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Deutsche Kurzfassung

Im Rahmen dieser Arbeit wurden mikrofluidische Mischer, welche im kon-
tinuierlichen Durchfluss betrieben wurden, zur zeitaufgelosten Untersuchung
von chemischen Reaktionen in wéssrigen Losungen mit Hilfe der FTIR-Spektro-
skopie genutzt. Der Vorteil dieser Messtechnik liegt darin, dass sich alle
chemischen Reaktionen untersuchen lassen, die durch das Mischen von zwei
Reagenzien gestartet werden konnen. Hierbei dient der Mischkanal des mikroflu-
idischen Mischers auch gleichzeitig als Messkanal fiir die Infrarotmessungen.
Die Messungen werden entlang dieses Kanals an definierten Positionen durchge-
fiihrt: Je weiter der Messpunkt (100 x 100 um?) vom Anfang in Richtung Ende
des Kanals verschoben wird, desto weiter ist die Reaktionszeit der ablaufenden
Reaktion fortgeschritten. Die erreichbare zeitliche Auflésung des Experiments
héngt von zwei Faktoren ab: Erstens von der Fliefsgeschwindigkeit im Kanal
und zweitens vom rédumlichen Abstand zwischen den aufeinanderfolgenden
Messpunkten. Unter Verwendung eines FTIR-Mikroskops lassen sich bei hohen
Flussraten Zeitauflosungen im Submillisekunden-Bereich erreichen. Verwendet
man hingegen langsame Flussraten, kann die messbare Reaktionszeit auf bis
zu 1000 ms ausgedehnt werden.

Zu Beginn dieser Arbeit wurde die Mischzeit des verwendeten Mikromischers
mit Hilfe einer schnellen Reaktion evaluiert und belief sich auf rund 5 ms.
Zusatzlich wurde die gleichméfige raumliche Verteilung der Fliissigkeiten im
Kanal evaluiert.

Im Anschluss wurde der H/D Austausch an Zuckern, die komplexe Reaktion
von Formaldehyd mit Sulfit und die Faltung des Proteins Ubiquitin, welches
durch die Mischung mit angesduertem Methanol vom natiirlichen in den "A"
Zustand umgewandelt wird, vermessen. Fiir die Reinigung des Mischers nach
einem Experiment wurde ein automatisiertes Fliefsystem verwendet, welches
durch ein neu entwickeltes LabVIEW Programm, namens ATLAS, gesteuert
wurde.

Zusatzlich dazu wurde die Mikromischer-Technologie mit der Step-Scan

Messtechnik kombiniert. Hierfiir wurde eine externe Fokussiereinrichtung
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verwendet um das IR Licht des Spektrometers auf den Mischer zu fokussieren
(Durchmesser des Messpunkts rund 1 mm). Gleichzeitig wurde ein Laser,
welcher zur Anregung der Reaktion im Mischer benétigt wird, mittels eines
dichroitischen Spiegels eingekoppelt und auf den Messpunkt fokussiert. Wird
die Probe im Messpunkt zwischen zwei Anregungen durch den Laser durch
einen kontinuierlichen Fluss im Kanal komplett ausgetauscht, so konnen auch
nicht-zyklische Reaktion mittels der Step-Scan Technik vermessen werden.

Mittels dieses Messaufbaus wurde die Riickbindungskinetik von Kohlen-
stoffmonoxid an Myoglobin (Mb), nach der Photodissoziation des Mb—CO
Komplexes, evaluiert und ein bi-exponentielles Verhalten sowohl fiir die Riick-
bindung als auch fiir die Verdnderungen an der Sekundarstruktur des Proteins
ermittelt. Die Vermessung des Photozyklus der Cytochrom-c-Oxidase scheit-
erte allerdings, da die maximal mogliche Konzentration des Proteins in Losung
zu niedrig war um bei einer Absorptionsstrecke von 10 um des Mischers ein
messbares Signal des Proteins im Bereich der Amid Banden zu erhalten.

Als dritter Ansatz fiir die zeitaufgeloste Messung von Reaktionen wurden
MOEMS Spektrometer evaluiert, welche eine sehr hohe Messgeschwindigkeit
pro Spektrum ermoglichen. Durch den frithen Entwicklungsstand der zur
Verfiigung stehenden Prototypen konnte allerdings keine ausreichendes Sig-
nal/Rauschverhéltnis ohne starke Mittelwertbildung erreicht werden, wodurch
der Geschwindigkeitsvorteil gegeniiber klassischen FTIR Spektrometern nicht

genutzt werden konnte.

Schlagworte: Zecitaufgeloste FTIR-Spektroskopie - Step-Scan Spektro-
skopie - Mikrofluidische Mischer - MOEMS Spektrometer - Formaldehyd
Sulfit Reaktion - H/D Austausch - Protein Faltung - Ubiquitin - Myoglobin

- Cytochrom-c-Oxidase



Abstract

Within this thesis, micro fluidic mixers, operated in continuous flow mode,
were used for time resolved FTIR studies of chemical reactions in aqueous
solution. Any chemical reaction, which can be started upon mixing two
reagents, can be examined with this technique. The mixing channel also serves
as the observation window for the IR measurements. The actual measurements
take place at well defined spots along this channel, corresponding to specific
reaction times: moving the measurement spot (100 x 100 um?) towards the
entry yields shorter reaction times, moving it towards the channel’s end gives
longer reaction times. The temporal resolution of the experiment depends on
the flow rate inside the mixing channel and the spacing between subsequent
measurement points. Fast flow rates, limited by the back pressure of the
mixer leading to leakages, allow time resolutions in the sub-millisecond time
range using a standard FTIR microscope, whereas slow flow rates allow the
measurement of reaction times up to 1000 ms.

Evaluating the mixer using a fast chemical reaction resulted in mixing
times of approximately 5 ms and a homogeneous distribution of the liquids
across the width of the mixing channel.

The mixer was then used for the measurement of the H/D exchange on
carbohydrates, the complex formaldehyde sulfite clock reaction, and the folding
of the protein ubiquitin from its native to the "A" state, induced by mixing it
with an acidified methanol solution. For cleaning the mixer a software tool,
called ATLAS, was developed in LabVIEW, which was used to automatize the
necessary cleaning steps performed by a dedicated flow system.

Additionally, the micro mixer technology was combined with the step scan
measurement technique using a beam condenser focusing the IR beam of an
FTIR spectrometer down to a spot size of 1 mm diameter and through the
mixer. The laser light, initiating the chemical reaction inside the mixing
channel, was coupled into the focusing unit using a dichroic mirror. By
continuously flowing sample through the measurement spot only fresh sample

was excited for each measurement cycle, allowing the measurement of non-
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cyclic reactions. The rebinding kinetics of carbon monoxide to myoglobin, after
photo dissociation of the carbonmonoxy myoglobin complex, was successfully
investigated, showing bi-exponential reaction kinetics for the rebinding of the
carbon monoxide and the relaxation of the induced changes in the protein’s
secondary structure. Measurements of the photo cycle of cytochrome ¢ oxidase,
however, failed due to physical limitations, such as the maximum possible
concentration of cytochrome c oxidase and the path length of 10 um needed
to be able to measure the Amide I band of proteins in aqueous solution.

As a third approach to time resolved measurements, fast scanning MOEMS
spectrometers were evaluated. Poor signal to noise ratios, due to the early
stage of the used prototypes, forced the use of intensive signal averaging,
which nullified the advantage of faster scan rates, compared to standard FTIR

spectrometers.

Keywords: Time resolved FTIR spectroscopy - Step Scan spectroscopy -
Micro fluidic mixers - MOEMS spectrometers - Formaldehyde sulfite clock
reaction - H/D exchange - Protein folding - Ubiquitin - Myoglobin - Cy-

tochrome ¢ oxidase
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CHAPTER 1

Introduction

Mid InfraRed (IR) spectroscopy is a well recognized technique in modern
analytical chemistry since mid IR spectra directly give access to structural
information of the sample molecule. Each molecule has its characteristic
fingerprint spectrum and can thereby be identified easily. Due to its simple
measurement technique IR spectroscopy has found its way into industry for
routine analysis. However if it comes to Time Resolved Fourier Transform
InfraRed (TR-FTIR) spectroscopy, instrumentation becomes more challenging
and measurements are limited by a number of factors.

Over the past years the technique of TR-FTIR spectroscopy applying
micro fluidic devices was steadily improved in the Chemical Analysis and
Vibrational Spectroscopy (CAVS) workgroup of Prof. Lendl, beginning with
Peter Hinsmann [1], who developed a micro mixer, which was used in stopped
flow mode in 2002. His successor Nina Kaun [2] developed a continuous flow
micro mixer together with Michael Harasek from the Institute of Chemical
Engineering in 2006, improving the mixing time and therefore its applicability
to faster chemical reactions. Peter Hinsmann’s original design generated a
sequence of 50 alternating 20 um thick fluid layers from two inlets, resulting
in a mixing time of 200 ms. A later design sandwiched two 10 pm thick
fluid layers horizontally improving the mixing time to 100 ms. Nina Kaun
further improved this design by reducing the layer thickness to 5 um and hence
reducing the mixing time down to 45 ms.

The scope of this work was to tie in with this enhancements and to further
improve the micro mixer and its handling. These improvements were achieved
in cooperation with Prof. Vellekoop’s work group at the Institute of Sensor

and Actuator Systems of the Vienna University of Technology.
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Beyond improving the mixer also other ways to conduct TR-FTIR mea-
surements were evaluated. This includes the application of Micro Opto Electro
Mechanical System (MOEMS) spectrometers. Using a MOEMS spectrometer
allows the reduction of the mirror weight and therefore faster mirror move-
ments resulting in faster scanning speeds compared to standard bench-top
spectrometers. To further increase the time resolution a technique called
step-scan spectroscopy can be employed. This technique is normally limited to
cyclic reactions only since the chemical system under investigation needs to
be measurement thousands of times to generate a whole spectral data set.

In this work we combined step-scan spectroscopy with micro mixers widen-
ing the applicability of the step-scan technique to non-cyclic systems. This
enables time-resolved experiments where two chemicals need rapid mixing
before starting the actual reaction by an external trigger, which is a standard
experiment in UV /VIS spectroscopy called flow-flash experiment. However, in
IR spectroscopy of aqueous solutions, where path lengths are limited by the
strong absorption of water, such an experiment underlies various limitations.
Usually those UV /VIS flow-flash experiments are conducted in a stopped-flow
manner. The reagents are mixed rapidly in a turbulent mixer, pumped into
the measurement cell, where the reaction is started by an external trigger,
such as a laser flash, and measured afterwards. In IR spectroscopy, however,
a stopped-flow experiment in aqueous solution can’t be achieved easily since
path lengths below 10 um are needed for transmission measurements with
standard bench-top Fourier Transform InfraRed (FTIR) spectrometers. In
such dimensions high pressures are needed to pump solutions through flow
cells and stopping the liquid abruptly before excitation becomes difficult. To
overcome this limitation a micro mixer in continuous flow mode was used in
such a way that fresh sample is provided in the measurement spot before the
excitation triggers the measurement and only 10 percent of the excited sample

is exchanged during data recording.
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1.1 Theory of infrared spectroscopy

In IR spectroscopy the physical phenomenon of absorption of light in the
infrared region of the electromagnetic spectrum by a target molecule is used to
gain information on its structural properties. By this the target molecule gets
excited to vibrational / rotational states and the transferred energy contains
information on functional groups, intra- and intermolecular interactions.
Light or radiation in general is characterized by its energy (E given in
equation 1.1 with h being the Planck constant and v the light frequency). More
commonly, however, scientists use wavelength (A, equation 1.2, ¢ denotes the
speed of light) to specify the energy of radiation. More particularly, scientists
working in the field of IR spectroscopy prefer wavenumber (v, equation 1.3)

over wavelength, which is directly proportional to the light frequency (v).

E=h-v (1.1)
A\ :S (1.2)
- 1
v=y (1.3)

The IR region is split into different sections (table 1.1) according to different
modes excited by IR radiation. The region with the most prominent bands
is the mid-IR region where typical stretching and bending modes are excited.
Using higher energies results in the excitation of combination vibrations and
overtones of mid-IR vibrations giving broader bands in the near-IR region.
Irradiation of the sample with light of the wavelength longer than 100 pm
mainly results in skeletal, intermolecular vibrations as well as pure rotations
in gases.

Those IR bands are the result of an energy uptake of the molecule and
an accompanying transition between quantized vibrational energy states V.
This energy states can be described by the model of an harmonic oscillator in

equation 1.4.
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Table 1.1: Classification of the IR spectral region

Region
Wavenumber (7)  Wavelength ()
Near IR 12500 — 4000 cm™! 0.8 — 2.5 um
Mid IR 4000 — 400 cm ! 2.5 — 25 pm
Far IR 400 — 1 cm ™t 25 — 10000 pm
THz region 100 — 1 cm™! 100 — 10000 pm

1
Vie="h-v;- (Ui+§) (1.4)

Vi, denotes the vibrational energy states, v; the fundamental energy of a
specific vibration and v; the vibrational quantum number of that vibration
(v; = 0,1,2,...). This harmonic model is only approximately valid for low
vibrational quantum numbers. For larger quantum numbers the model of
the anharmonic oscillator, equation 1.5, has to be used, which takes the

dissociation of molecules into account.

2
Y/;U:h-l/i~(Ui+%>+h-l/i-xi(vi+%> (1.5)

x; is the anharmonicity constant, a dimensionless number typically ranging
from -0.001 to -0.02. This anharmonic model not only allows for vibrational
modes (v; £ 1) but also combination vibrations (Av; = 1 and Av; = 1 with
J representing a second vibrational mode) and overtones (Av; = 2,3, ...) as
mainly observed in the Near InfraRed (NIR) region.

The number of possible vibrational modes can be derived from the number
of atoms in a molecule as follows: For every atom (/N) the molecule has three
degrees of freedom (3 - N). Of those degrees three represent the translational
motion along the three axis (x,y,z) and three the rotational motion about the
three axis giving a total number of degrees of freedom of 3- N — 6. In a linear
molecule the rotation about the axis of the molecule doesn’t displace any of

the atoms causing such a molecule to loose only two degrees of freedom and
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therefore has 3- N — 5 vibrational modes. For a diatomic molecule such as
HCI this gives only one possible vibration.

However, the IR spectrum of HCI in the gas phase contains various bands
due to rotational states. Those bands arise from the fact that the rotations
of molecules are quantized like vibrational modes and the rotational quantum
number, J also has to change by +1 upon absorption of light. A pure vibrational
transition (Av; = 1,J = 0) is therefore forbidden resulting in a gap of the gas
phase spectrum of HCI at the energy level of the vibrational transition. In
liquid phase spectra those fine structures can’t be observed because collisions
of molecules, hence energy transfer between them, occur at a greater rate than
the rotational frequency |[3].

The optical behaviour of a material is described by its complex refractive

index

() = n() + k(D) (1.6)

where n is the real and k is the imaginary part. The imaginary refractive
index k — oftened called absorption index — describes the absorption of light
whereas the real refractive index n is the ratio of the velocity of light in vacuum
to the velocity of light in the described material where no absorption is taking
place (k = 0) [4]. Figure 1.1 shows both the real and imaginary refractive
indices of water in the mid-IR range. The imaginary refractive index rises
at wavenumbers where absorption of light takes place. The real refractive
index, however, increases gently approaching an absorption band from lower
wavenumbers sharply decreasing right before the maximum of k and starting
to gently rise again after passing the maximum. This phenomenon is called
anomalous dispersion. Normal dispersion, on the other hand, describes the
steady increase of n with increasing wavenumbers in regions of absorption.

From the Maxwell’s equation of electromagnetism formula 1.7 can be
derived [4], calculating the attenuation of light of the intensity I after travelling

the distance [ through an absorbing medium.

I =1Iy-e 4™ (1.7)
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Figure 1.1: Real and imaginary refractive indices of water over the far and mid-IR

spectral region. [5]

Iy denotes the intensity of the incident light beam and the absorption of the
material is characterized by the imaginary refractive index k of the absorbing
material. Replacing 47k by the linear absorption coefficient o the absorption
of a medium can be written as

A(p) = —In IIO((’;)) —a-l (1.8)

Replacing o with the decadic molar absorption coefficient

e
ke =
In(10)c

introduces the concentration (c) dependence giving the Lambert Beer law:

(1.9)

(%)
Io(D)

k. only accounts for absorption effects of the material and not for potential

A7) = —log = k() -c-1 (1.10)

losses due to reflections at the measurement cell windows or absorptions of

the cell window material.
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Instrumentation for infrared

spectroscopy used in this thesis

2.1 FTIR spectroscopy

The measurement of I and I; in dependence of the wavenumber to be used in
formula 1.10 is achieved by the use of a spectrometer. First of all the sample
cell without the analyt is measured to obtain [y and afterwards the sample
of interest (/) is measured. In the simplest way a dispersive element, such as
gratings or prisms, disperses the light, passing the sample. By turning this
element all wavenumbers are scanned over the detector element giving the in-
tensity spectrum or single channel spectrum of the sample. However, since this
technique is time consuming in modern laboratories Fourier transform infrared
spectrometers are used instead. These instruments have three advantages over

dispersive spectrometers:

1. The Fellgett’s advantage or multiplex advantage describes the fact that
all wavenumbers are measured simultaneously in an FTIR spectrometer.
Therefore the Signal to Noise (S/N) ratio of a spectrum recorded in the
same time on an FTIR spectrometer exceeds the S/N ratio of the same
spectrum measured on a grating spectrometer by a factor of VN with

N spectral resolution elements.

2. The Jacquinot’s advantage or throughput advantage describes that the
optical throughput of an FTIR spectrometer is superior to that of dis-
persive instruments. A dispersive spectrometer has to use a slit to define

the spectral resolution and therefore the optical throughput is getting
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reduced for higher spectral resolutions, while for the FTIR spectrometer
the optical path difference (details in chapter 2.1.1) is increased, which
doesn’t affect the optical throughput.

3. The Connes’ advantage or calibration advantage describes the fact that
a FTIR spectrometer uses the interferogram of a HeNe laser for reading
the position of the movable mirror. In addition this interferogram is used
as an internal wavenumber standard for higher wavenumber accuracy

compared to dispersive spectrometers.

Combining the Felgett’s and Jaquinot’s advantage a FTIR spectrometer
is 2000 times more sensitive than a dispersive spectrometer [6, p.173]. The
Connes’ advantage additionally enables the improvement of the S/N ratio by
a factor of v/N by co-adding N spectra.

2.1.1 Rapid scanning — standard IR bench

Peter Griffiths defines a Rapid Scanning Interferometer as an interferometer

that translates the moving mirror at a constant velocity faster than 0.1 cm -s™1

[6, p-20| including all up-to-date commercially available spectrometers.

Figure 2.1: Layout of a Bruker IFS66 spectrometer. The light travels from the
source (S1) through an aperture into the interferometer. After the beamsplitter (BMS)
the light is focused through the sample onto the detector (D1).
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Figure 2.1 shows the layout of a classic FTIR spectrometer with a Michelson
type interferometer. The light source (S1) used for the mid-IR spectral region
is a rod made of silicon carbide, which is electrically heated to temperatures
of 1200 — 1500 K. The radiation emitted by such a blackbody is characterized
by Planck’s law giving its spectral energy density |6, p.161]:

C, -3

UolT) = Gaor —1 (2.1)

with C7 and Cs being the first and second radiation constants: C) =
2-h-c?=1191 x 1072 W-cm™2-sr(em ™), Cp = ¢ = 1.439 K- cm with k
being the Boltzmann constant.

After passing the interferometer, which will be described in detail later in
this chapter, and being absorbed by the sample according to equation 1.7 the
remaining intensity is detected. Two types of detectors are used throughout
IR spectroscopy. The Deuterated TriGlycine Sulfate (DTGS) detector is a
thermal detector directly responding to the incident radiation power of the
light. On the other hand Mercury Cadmium Telluride (MCT) detectors are
used giving a signal proportional to the number of photons hitting the detector
element. Due to the low energy of mid-IR photons MCT detectors have to be
operated at low temperatures — often cooled by liquid nitrogen — to reduce
the thermal agitation of the detector element. Cooling also reduces noise
originating from the readout circuitry.

In terms of specific detectivity D* — usually used to compare IR detectors —
MCT detectors are 10 to 50 times more sensitive than DTGS detectors |6, p.149]

also allowing for faster response times at the cost of a narrower detection range.

pr= YAD
NEP

(2.2)

with NEP being the noise equivalent power, which can be calculated
by dividing the Root Mean Square (RMS) noise voltage of the detector (in
V -+/Hz) by the voltage responsivity of the detector (in V-W~1). A denotes
the area of the detector element [6, p.161].

The centrepiece of an FTIR spectrometer, however, is its interferometer,

which was invented by Albert Michelson in 1891. An interferometer, as drafted
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Figure 2.2: Schematic of a Michelson Interferometer with its main components. In
the lower right corner an interferogram for a monochromatic light source is plotted

with the according mirror positions for constructive and destructive interferences.

in figure 2.2, splits a collimated beam of light into two halves by reflecting one
part towards a fized mirror and transmitting the second part towards a movable
marror. After being reflected by the mirrors the two halves are recombined
at the beamsplitter and directed through the sample to the detector. At
the zero path difference, where both mirrors are located equidistantly from
the beamsplitter, constructive interference occurs and all light is transmitted
towards the detector. Is the movable mirror displaced by }1)\, leading to an
optical path difference of § = %)\, the two beams are out of phase (phase
change 180°) and destructive interference occurs. At that point all light is

returning to the source.

Moving the mirror at constant velocity leads to a sinusoidal modulation of
the light for a monochromatic light source. The detector records the temporal
intensity changes, called interferogram, in dependence of the position of the
moving mirror position. For a poly chromatic light source the measured
interferogram is a combination of all interferograms, which exhibits very
high intensity — called centerburst — at the zero path difference where all
wavelengths interfere constructively. The frequency of the sinusoidal wave
for a single wavelength is called Fourier frequency f; and can be calculated

according to formula 2.3. The interference of the light of an HeNe laser at
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632 nm, coupled into the interferometer in addition to the IR radiation, is used
to monitor the position of the moving mirror by counting the zero crossings of

the HeNe laser interferogram.

f,=2V-D (2.3)

V denotes the speed of the moving mirror in cm-s .

The spectral resolution! that can be achieved by an interferometer is
another important criterion for a spectrometer. It is indirectly proportional to

the optical path difference generated by the moving mirror:

A =61 (2.4)

Measuring one spectrum therefore means moving the mirror from the
centerburst position to the maximum necessary optical path difference for the
chosen spectral resolution. Using the double sided forward backward acquisition
mode of the FTIR spectrometer yields four spectra in one complete mirror
movement.

As can be seen from the description above the temporal resolution in a
dynamic experiment, such as recording the kinetics of chemical reactions, with
a rapid scanning FTIR spectrometer strongly depends on the maximum speed
the interferometer can move its mirror as well as the lowest, still tolerable,
spectral resolution. Additionally the digitization of the signal has to be
considered and the Nyquist theorem has to be obeyed, stating that a signal
has to be digitized with at least twice the frequency of the highest frequency
of the signal. This also implies that the sampling frequency of the digitization
electronics has to be high enough to suffice the Nyquist theorem. Assuming
that the highest wavenumber reaching the detector is ., the electronics of
the detector has to sample at a rate of 2-V - 1/,,,. If the maximum sampling
rate of the detector is lower than this limit aliasing artefacts can occur in the

spectra. These can be avoided by lowering 7,,,, using optical filters.

IThe spectral resolution gives the spacing between two absorption lines in a spectrum

that can still be resolved by the spectrometer.
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However, the effective time resolution that can be achieved by a rapid
scanning spectrometer is limited by its duty cycle efficiency. The moving mirror
has to be accelerated to the constant scan speed and decelerated after the
necessary retardation of the mirror is reached for a certain spectral resolution.
After the mirror has halted it has to be accelerated again in the other direction,

reducing the active scan time dramatically:

data acquisition time

duty cycle efficiency = (2.5)

time between start of scans

The time needed for stopping and accelerating the mirror depends on the
maximum force that can be generated by the voice-coil of the interferometer.
C. Manning showed that measuring a spectrum with 4 cm ™! spectral resolution
within 1 ms at a mirror weight of 30 g would need a force of 375 N [7]. For a
conventional system this force is in the range of 1 — 2 N with mirror masses of
5 —500 g [6, p.98| and therefore limiting the scan speed of the interferometer.
For the high-end Bruker Vertex 80V spectrometer a maximum scan speed of
320 kHz can be achieved. Usually the speed of the moving mirror is given as
the Fourier frequency (f7) of the HeNe laser interferogram. Calculating the
effective speed of the mirror can be achieved by inserting the wavenumber
of the HeNe laser? and calculating the optical velocity (V) using formula 2.3.
The speed of the moving mirror is then half the optical velocity. For the case
of the Bruker Vertex 80V spectrometer this gives a maximum speed of the
moving mirror of 10.13 cm -s7L.

In figure 2.3 the scans per second at given spectral resolutions are plotted
for the Bruker Vertex 80V spectrometer® For example at a spectral resolution

1

of 8 cm™ a maximum time resolution of 12.5 ms can be achieved. Dividing

the distance moved by the mirror* needed for a spectral resolution of 8 cm™*

from formula 2.4 and dividing it by the maximum mirror speed gives the active
scan time of the instrument. According to formula 2.5 the Bruker Vertex 80V

reaches a duty cycle efficiency of 49.4 % at a spectral resolution of 8 cm™!.

2The HeNe laser emits light at 632.8 nm corresponding to 15800 cm~*

3Taken from the S129 "Option for Rapid Scan, Time-Resolved Spectroscopy (TRS) using

a FT-IR Spectrometer of the VERTEX Series" manual.
4The way of the moving mirror is half the optical path difference.
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Figure 2.3: Number of spectra measured by the Bruker Vertexr 80V spectrometer
operating at a mirror speed of 320 kHz in dependence of the chosen spectral resolution

plotted versus the duty cycle efficiency.

Faster time resolutions down to 1 ms were shown by replacing the moving
mirror by a rotating disc [8|. In this wultra-rapid-scanning FTIR spectrometer
the optical path difference is generated by a wedge shaped rotating mirror. The
angle of the mirror gives the spectral resolution, which was chosen to be 4 cm™!.
Rotating the mirror at a maximum rate of 500 Hz gives two interferograms
per full turn and a time resolution of 1 ms. The drawback of this design is
the way to change the spectral resolution, which can be done by changing the
rotating mirror to another angle or to move the point of incident of the light

beam on the surface of the mirror closer or further away from the center.

2.1.2 Rapid scanning — MOEMS spectrometer

As described in chapter 2.1.1 the scan speed of a spectrometer is mainly limited
by the weight of the moving mirror which has to be accelerated by the voice-coil
of the interferometer. By miniaturizing the interferometer the weight of the
mirror can be reduced to a minimum enabling scan times as little as 0.2 ms
for one spectrum [9]. However reducing the mirror size will also reduce the
possible throughput of the interferometer (©;) as can be seen in formula 2.6

with Aj; being the area of the mirror, A7 the spectral resolution and ,,,, the
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Figure 2.4: Layout and photograph of a 1°¢ generation MOEMS FTIR mirror with

2

an area of 1.65 mm~ suspended at two bending springs.

maximum wavenumber of interest in the spectrum. As a consequence reducing

the mirror size limits the S/N ratio that can be achieved.

2w - Ay - AT
@I:7~—MV.SI~ (2.6)

Vmaz

Applying microelectronic fabrication processes, such as lithography or
etching steps, those mirrors on the micro scale can be produced. Such devices
combine micro electro mechanical aspects with micro optics and are therefore
called Micro Opto Electro Mechanical Systems (MOEMS).

The main reason, however, to develop MOEMS type FTIR spectrometers
is the possibilty to produce small and reliable systems in large quantities at
admissible production costs for harsh environments [10], which would lead to

a higher distribution of IR spectroscopy in industrial process environments.

2.1.2.1 MOEMS FTIR spectrometer

The MOEMS FTIR spectrometer evaluated in this thesis utilizes a square
mirror of 1.1 x 1.5 mm? which is suspended on two long bending springs (figure
2.4). The MOEMS mirror was designed and fabricated by the Fraunhofer
Institute for Photonic Microsystems (FIPM) and integrated by Carinthian
Tech Research AG into an FTIR spectrometer prototype. The prototype uses
the classical Michelson interferometer design. Due to the compact mirror

size and the accompanying size limitations the HeNe laser is coupled to the
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Figure 2.5: Schematic of the MOEMS FTIR spectrometer. The reference laser is
coupled to the back side of the micro mirror to save space for the infrared beam on

the front side.

backside of the MOEMS mirror. A schematic of the optical layout of the
prototype is given in figure 2.5.

The mirror itself is produced by standard micromachining techniques on a
150 mm diameter SOI (silicon on insulator) wafer with a device thickness of
100 pm. To enhance the reflectivity of the mirror it is coated with a thin layer

of aluminium [10].

The movement of the mirror is electrostatically induced by a rectangular
shaped voltage oscillation applied to the drive electrodes. The amplitude and
frequency of the movement depends on the pressure surrounding the mirror as
well as the drive voltage. The frequency of the excitation is nearly twice the

mechanical resonance frequency of the mirror at a duty cycle of 50% [10].

This design is capable of a mirror movement of £100 um at a driving

voltage of 40 V resulting in a spectral resolution of around 50 cm™!,

For a
stable mirror movement, however, a pressure of 10 Pa has to be maintained by

connecting the vacuum packaging of the mirror to a vacuum pump.
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FhG-IPMS

Figure 2.6: Photograph of a 2** generation MOEMS FTIR mirror suspended on

two pantograph-type levers.

The applicability of this first MOEMS spectrometer prototype is limited by
its small mirror diameter limiting the light throughput and the poor spectral
resolution that can be achieved. Additionally the mirror exhibits a dynamic
mirror deformation at the turning points of between 600 nm and 900 nm [10]

causing problems with the dynamic symmetry of the interferograms [11].

In this thesis a first test of the applicability of this MOEMS spectrometer
was conducted by measuring CO, in aqueous solutions (see chapter 6.2).

In a latter design the mirror suspension was adopted to a pantograph type
lever and the diameter was optimized for better light throughput at the cost
of a reduced scan rate. The first pantograph type mirror had a diameter
of 3 mm increasing the mirror surface by a factor of 4.3 compared to the
initial design. The mirror plate was suspended on two sides of the mirror
with the pantograph levers shown in figure 2.6 allowing for a larger deflection
of the mirror at less dynamic deformation of the mirror plane [10]. A first
prototype FTIR spectrometer utilizing this mirror was built and tested giving
an optical path difference of 250 um yielding a spectral resolution of 42 cm™!
at a resonant frequency of the mirror of 518 Hz [12].

The mirror design was further improved within the MEMFIS project of
the 7" framework program of the European Union by suspending it on four

pantograph springs, as can be seen from figure 2.7(a), and further increasing
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Figure 2.7: MOEMS FTIR spectrometer developed within the MEMFIS project with

a spectral resolution of 13 cm™!.

the mirror diameter to 5 mm [13]. The implementation of the MOEMS mirror
into the FTIR spectrometer, shown in figure 2.7(b), was also adopted so that

the reference laser is coupled to the same side of the mirror as the IR light.

2.1.2.2 MOEMS grating spectrometer

Carinthian Tech Research also developed a MOEMS grating spectrometer for
the near infrared region [14] which was adapted for the mid infrared region
by changing the diffraction angle of the grating to f = 66.5° enabling the
measurement of dissolved CO, in aqueous solutions to evaluate its performance,
which can be found in chapter 6.1. However, the grating was optimized for
the spectral region of 1.2 — 2.5 um resulting in grating efficiency of only 0.4
for the mid-infrared which, however, seemed sufficient for testing purposes
compared to the effort needed to produce a new grating for the mid-IR region.

In such dispersive spectrometers the wavelength reaching the detector is
chosen by the angle of the dispersive element, such as prisms, or in this case
the grating. By rotating the grating different wavelengths are scanned over the
detector element. For a MOEMS device, however, it is favorable to oscillate
the micro-grating around its central axis instead of rotating it. The MOEMS
grating, developed by the the Fraunhofer Institute for Photonic Microsystems
(IPMS), used in this spectrometer achieves this oscillation by applying a pulsed
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Figure 2.8: Czerny-Turner monochromator layout of the MOEMS grating spec-
trometer with the MOEMS grating as the core element. Optimizations resulted in
a refracted beam being deflected by the grating under a total angle of 15° from the

mcident beam.

voltage to in-plane comb electrodes resulting in large deflection angles at low
driving voltages [15]. The grating structure is applied to the mirror surface
by anisotropic wet etching [16] and coating the grating afterwards with a thin
layer of aluminum to enhance its reflectivity in the mid-IR spectral region.

The spectrometer utilizes the Czerny-Turner monochromator configuration
[17,18], see figure 2.8, reducing aberrations resulting from the collimating
mirror. The light entering the spectrometer through a slit is collimated onto
the MOEMS grating by an off-axis parabolic mirror with a focal length of
10 mm. The first order diffraction of the grating is focused by a round mirror
through a order-sorting filter and the exit slit onto a thermo-electrically cooled
MCT detector [19].

The MOEMS grating, shown in figure 2.9, with a size of 3 x 3 mm? and
400 grooves - mm~ ' is driven at a pulsed voltage of 36 V resulting in a mechan-
ical deflection angle of £7°. Due to the diffraction angle of 66.5°, necessary
for reaching the spectral region of the CO, band at 2343 cm™!, the effective

2

grating aperture is reduced to 1.2 x 3 mm~. Oscillating at a frequency of

130 Hz the spectral range of 2500 — 2222 cm ™! could be scanned in 7.7 ms.
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(a) Packaged MOEMS grating. (b) 400 grooves/mm grating.

Figure 2.9: MOEMS grating with a mirror area of 3 x 3 mm?.

2.1.3 Step-scanning

In the last chapters the time resolution limitations of the classical rapid scan
interferometer, which is limited by the speed of the moving mirror or in rare
cases by the maximum sampling frequency of the Analog Digital Converter
(ADC) board have been discussed. The half-life of the kinetic event being
observed should be at least a factor of 10 longer lived than the duration of
one scan. Otherwise the intensity changes on the detector due to the kinetic
event will contribute heavily to interfergram points recorded at the beginning
of an event and less for later interferogram points [7]. This overlap will directly

transform into spectral noise and needs to be avoided.

Therefore, decoupling the time resolution of the experiment from the mirror
movement is desirable, which is achieved by the step-scan technique developed
by Sakai et al. [21]. Consequently, the moving mirror isn’t scanning continuously
but is moving step wise halting at each mirror position corresponding to an
interferogram point, illustrated in figure 2.10. At each stop the temporal
development of the evolving system is initiated and recorded. After all necessary
interferogram points have been recorded the data set is rearranged from the
temporal evolution at each point in that manner that interferograms spaced in
time are obtained. From these interferograms the spectra at each time can be

calculated.
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Figure 2.10: In a step-scan experiment the mirror is moving stepwise. After
stopping at a position the mirror stabilizes during the settling time. Then the actual
data recording is triggered by the experiment’s master. The data acquisition is repeated
until enough co-additions have been recorded for a sufficient S/N ratio. Graph based
on [20].

The temporal resolution that can be achieved in a step-scan experiment
only depends on the rise time of the detector and the speed of digitization of
the ADC. Modern MCT detectors allow for rise times in the region of a few
nanoseconds and ADC boards with band widths greater than 500 MHz are

available enabling TR-FTIR measurements on the nanosecond time scale.

From the way the data acquisition is conducted in a step-scan experiment
it is apparent that the kinetic event under investigation needs to be reproduced
for every time trace that needs to be recorded. To improve the S/N ratio
of the data set signal averaging will often be needed further increasing the
number of repetitions of the experiment, which can lead to measurement times
of several hours in the worst case. This need to precisely trigger the kinetic

event certainly limits the use of the step-scan technique.

One classical biochemical system studied by step-scan spectroscopy is the
membrane protein bacteriorhodopsin which undergoes a photocycle upon light
excitation of 5 ms with defined intermediates appearing in the ps to ms time

range. Since bacteriorhodopsin is a very stable protein, it can be illuminated
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many thousand times making it a thoroughly studied and well understood
protein often serving as a benchmark system for testing step-scan setups [22].

Rodig et al. used bacteriorhodopsin to systematically study potential
errors and artifacts that can occur during a step-scan measurement [23]. They
identified two main sources of noise contribution: mirror fluctuations and signal
fluctuations. For their Bruker IFS 88 spectrometer, using a home built vacuum
optical bench, mirror fluctuations in the region of 1.3 nmp, were observed,
causing only little distortions in the recorded spectra. Commercially available
step-scan spectrometers nowadays reach a RMS positional uncertainties of
better than 1 nm [6, p.128]. However, it is clearly necessary to avoid any
external disturbances, such as vibrations of the whole instrument, which would
further disturb the mirror.

The second contribution arising from signal fluctuations is attributed to
two effects. Triggering the chemical reaction is often done by light illumination.
Using pulsed lasers, as light trigger, the fluctuations between two pulses
can cause a different amount of sample to be excited, leading to different
amplitudes of the recorded time trace. Saturating the excited state of the
sample by choosing high enough laser powers cannot always be achieved
especially if the sample is degraded by too high laser powers. On the other
hand the energy of the laser gets absorbed by the sample which leads to a
temperature increase. This increase also induces fluctuations in the IR signal
reaching the detector.

These artefacts can be eliminated by averaging a larger number of spectra.
However, this may lead to impractically long measurement times. Artefacts
from fluctuating laser energies can best be compensated by additionally mea-
suring the intensity of every laser pulse and correcting the signal accordingly.
Temperature dependent changes can be measured by blocking the IR light
of the spectrometer and initiating the reaction by the laser. Signal changes
detected in that manner only arise from heating the sample by the laser. The
obtained spectrum can now be subtracted from the IR data set eliminating
the temperature induced signal fluctuations.

Developments expanding the step-scan technology to non-cyclic reactions

would allow the measurement of a larger variety of bio(chemical) systems:
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Using a microscope to probe only a small portion of a 15 mm diameter sample
of bacteriorhodopsin, which was squeezed to a 4 um thick film, Rammelsberg
et al. [24] were able to provide fresh sample for every step of the experiment
by moving the sample stage to a fresh sample position prior to the excitation.
Kauffmann et al. followed the ring-opening reaction of 1,3-cyclohexadiene
using a steady flow of 12.5 cm - s™! using a standard IR flow cell to excite fresh
sample at a rate of 10 Hz [25]. Cheng et al. also used a continuous flow device
to study the release rate of caged glutamate a potential biologically active
substance [26].

For step-scan measurements within this thesis a Bruker IFS 66v/S spectrom-
eter was used. The whole instrument was mounted on a vibration-cushioned
optical table to avoid any disturbances of the mirror. The signal was measured
with an MCT detector and digitized using a 16 bit 200 kHz ADC. The optical
bench was evacuated down to a residual pressure of < 3 mbar. The typical
experimental setting were a spectral resolution of 4.5 cm™! at a mirror speed
of 60 kHz in the single sided, fast return mode. The Blackman-Harris-3-Term
apodization function was used with a zero-filling factor of 2 and Mertz / No
Peak Search (phase resolution: 32 cm™!) was used for phase correction of the

interferograms.

2.2 FTIR microscopy

FTIR microscopy, the combination of IR spectroscopy with microscopy, gets
favourable as soon as the sample under investigation becomes smaller than the
IR beam diameter in the sample compartment (around 12 mm) of a classical
FTIR spectrometer. Focusing down the IR beam to the dimensions of the
sample increases the photon throughput and therefore enhances the S/N ratio
compared to the standard bench top spectrometer.

The spatial resolution of a microscope as well as the minimum spot size
of a focused beam is limited by diffraction. If light passes through a circular
aperture smaller then the wavelength of the incident light beam a diffraction
pattern is observed. This Airy pattern is called after Georg Biddell Airy who
depicted the phenomenon theoretically in 1835. It describes a bright central
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Figure 2.11: The diameter of the Airy disk is observed for an aperture of the

diameter d at a distance | occurring under and angle 6.

region, called Airy disk, and concentric bright rings around it with decreasing
intensities called Airy pattern, shown in figure 2.11.

The angle defining the diameter of the Airy disc observed for an aperture
of a diameter d depends on the wavelength of the incident light (A) and can

be written as shown in formula 2.7.

sinf = 1.22- 3 (2.7)

The possibility of an optical system to resolve two structures is described
by the Rayleigh criterion: As soon as the Airy disc of the first object coincides
with the first minimum of the Airy pattern of the second object the two objects
can be resolved. The spatial resolution (Al) can be calculated by multiplying
formula 2.7 with the distance (f) between the aperture and the object (2.8).

f-A

Al=122.-— 2.8
y 28)

In photography the factor g is called f~number (N). In microscopy, however,
it is more common to use the Numerical Aperture (NA) (equation 2.9) of the

microscope’s objective instead of the f-number.

d
NA=n-siny=mn-sin (arctcm2—> ~n

d

~ denotes the half angle of the objective, as can be seen from figure 2.12(b).

(2.9)

Replacing 5 in formula 2.8 with the NA gives equation 2.10 assuming the use

in air (n=1).
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|B

(a) Optical layout (b) Cassegrain objective

Figure 2.12: The Bruker Hyperion 3000 IR microscope uses two Cassegrain objec-
tives in transmission mode to focus the IR beam through the sample onto the single
point or FPA detector. The Cassegrain objectives have a back focal length of 160 mm
(A) and a working distance of 24 mm (B).

0.61- A
A pu—
! NA

(2.10)

In most IR microscopes the largest NA that can be achieved is around 0.6
resulting in a spatial resolution approximately in the region of the wavelength
of the incident radiation (2.5 — 25 pm for the mid-IR region) [6, p.306]. This
fundamental considerations of spatial resolution, however, are in practice often
limited by the S/N ratio that can be achieved by the FTIR microscope getting
worse if the aperture, shown in figure 2.12(a) right before the detectors, is

reduced to increase the spatial resolution.

2.2.1 FTIR microscopy using a thermal radiation source

2.2.1.1 Single point detector

For an IR microscope with a single element detector the S/N ratio can be

written as

Us(T)-©-Av-+/t-£-D*
VAp

S/N Ratio = (2.11)
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Figure 2.13: 100 % lines of the empty beam path attenuated by the 80 % attenuator

of the Hyperion 3000 microscope measured with the single point MCT detector at a

mirror velocity of 40 kHz and a spectral resolution of 4 cm™".

where U;(T) is the spectral energy density of the globar, discussed in
chapter 2.1.1, © the throughput, Ar the spectral resolution of the FTIR
spectrometer, t the measurement time, £ the total optical system efficiency,

D* the specific detectivity and Ap the area of the detector.

From equation 2.11 it is obvious that the S/N ratio will be higher for larger
D* and for smaller detector sizes. It is crucial to attune the size of the detector
element to the image size of the sample being projected onto the detector.

2 is imaged onto a 250 x 250 pum?

For example, if a sample of 100 x 100 pum
detector element without further magnification, only 16 % of the total area is
illuminated and generating a signal from the sample. The remaining detector
area is detecting background noise only. Larger detector elements, on the
other hand, are beneficial for the alignment of the microscope as well as for

reflection measurements. MCT detectors used in FTIR microscopes, therefore,
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have often an area of 250 x 250 um? as compromise. Figure 2.13 shows the
performance of the MCT detector of the Hyperion microscope.

The throughput of the instrument will in most cases be limited by the sample
size and not by the spectrometer® itself [27]. The sample area interrogated by
the light beam is limited by closing an aperture commonly located in the first
image plane after the sample. Closing this aperture to the dimension of the
incident wavelength will cause diffraction and therefore dramatically decrease
the throughput.

The optical efficiency of a standard FTIR rapid scan spectrometer is
normally assumed to be 0.1. For an IR microscope this factor needs to be
reduced to 0.06 due to the additional mirrors needed to divert the light through

the microscope [28].

2.2.1.2 Focal plane array detector

In contrast to a single detector element a focal plane array (FPA) detector
comprises several detector elements arranged in a matrix of n X m elements,
each of which has its own readout circuitry. The FPA detector installed in the
Bruker Hyperion 3000 microscope used in this thesis featured 64 x 64 pixel
elements at a total detector size of 2.5 x 2.5 mm?, resulting in a detector size
of a single pixel of only 39 x 39 um?.

As a consequence, the area illuminated by the optics of the microscope
cannot be designed for maximum light throughput at the smallest possible
focal point any more. It is rather important to evenly illuminate a larger area
of the sample to guarantee a homogeneous light distribution on all the detector
elements. Additionally, the optics of the microscope need to be designed very
carefully reducing chromatic aberrations to a minimum.

In analogy to formula 2.11, Snively and Koenig [28] state the S/N ratio of

an imaging FTIR instrument as

0.12-7-A- [1— 1—(NA)2] Us(T)- A~ D* /i
VAp

5See [6] for throughput limiting factors of FTIR spectrometers.

S/N Ratio =

(2.12)
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Figure 2.14: 100 % lines from one pizel located in the center of the 64 x 64 px FPA
detector of the Hyperion 3000 microscope measured at a mirror velocity of 1.6 kHz
and a spectral resolution of 4 cm™!.

0.191625 us at Gain 1 and an offset of 255.

The FPA settings were an integration time of

with & being set to 0.06 and taking the throughput (©) of an imaging

spectrometer as

@zz-w-A-[l—\/m] (2.13)

A gives the sample area and N A the numerical aperture of the objective
and the condenser of the microscope (see figure 2.12(a)). The reduction of size
of one single detector element of the FPA array in comparison to the size of
the single element detector of the Hyperion 3000 microscope should result in
enhancement of the S/N ratio by a factor of &~ 6. However, comparing the
100 % lines, shown in figure 2.14, with the measurements performed with the
MCT detector (figure 2.13) shows that the performance of the FPA detector is
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(a) Measurement at 2300 cm ™! (b) Measurement at 3800 cm~!

Figure 2.15: Measurements of groups 6 and 7 of the USAF resolution target
performed on the Bruker Hyperion 3000 using the FPA detector at a spectral resolution
of 4 cm™! averaging 1024 scans. The image was recorded as a 2 x 2 map and shows
artifacts from incorrect stitching, which can be seen between elements 4 and 5 of group

7 for example. Blue color denotes high transmission, red color low transmission.

40 times® worse than the MCT detector, possibly caused by a lower D* value
of the FPA compared to the MCT detector.

In such an imaging system the spatial resolution isn’t determined by the
spot size of the beam, or a limiting aperture, anymore. Rather is the spatial
resolution given by the pizel size of the FPA detector and the imaging optics.
Using the 15 fold objectives of the Hyperion 3000 microscope a sample area of
175 x 175 um? is projected onto the detector resulting in a pizel resolution of
2.7 um at a pixel size of the FPA of 39 x 39 um?. Hence, the area seen by one
pixel of the FPA detector is smaller than the wavelength of the incident beam.

Peter Lasch and Dieter Naumann thoroughly investigated the spatial reso-
lution of a Hyperion 3000 microscope equipped with 15 and 36 fold Cassegrain
objectives [29] by measuring a USAF resolution target (see figure 2.15) in

6Peak to Peak Noise calculated in the range from 2100 — 1900 cm ™! for the 256 scan

lines.
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Table 2.1: Number of line pairs per mm of the USAF resolution target for groups 5

to 7. The higher the group and element number the more lines are present.

Group
Element | 5 6 7
1 32 | 64 | 128
2 36 | 71.8 | 144
3 40.3 | 80.6 | 161
4 45.3 1 90.5 | 181
5 50.8 | 102 | 203
6 57 | 111 | 228

transmission mode. This USAF resolution target consists of a chromium
pattern of periodically alternating bars of chromium with zero transmission
and spaces with 100 % transmission on a soda lime glass substrate, which
can unfortunately only be used for wavenumbers of 2300 cm™! or higher. The
pattern itself is divided into several groups each featuring 6 elements of alter-
nating bars. The width of the bars and spaces gets smaller with higher group
and element number and is given as line pairs per millimeter (Ip-mm™!), also
called spatial frequency. The sizes of the used elements for the analysis of the

resolution of the Bruker Hyperion 3000 microscope are given in table 2.1.

Analysing the images shown in figure 2.15 it can be clearly seen that the
separation of dark and bright parts in the images decreases the smaller the
elements get. It can also be seen that for smaller wavelengths (or higher
wavenumbers) the separation is better. This visual observation can be math-
ematically expressed as the contrast between dark and bright parts in the
image. For a periodic pattern, with equal widths for dark and bright parts,
the sum of maximum and minimum transmittance values should be equal to

100. The contrast can therefore be written as

_ T(bright) — T(dark)

C 100

-100% (2.14)
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(b) MTF function as a result of the transmission patterns of
groups 5 to 7 at 3800 cm ™! in blue and 2300 cm~! in red. The
dotted red line marks the Rayleigh criterion (26.4 % contrast).

Figure 2.16: USAF resolution target evaluation of the Bruker Hyperion 3000
microscope using the 64 X 64 pixel FPA detector.
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Figure 2.16(a) shows the obtained transmittance values versus the distance
on the FPA area for 5 elements of group 6 of the USAF target for two wave-
lengths. From every element four contrast values were derived and averaged.
Plotting this values versus the spatial frequency gives figure 2.16(b) showing
the so called modulation transfer function derived from groups 5 to 7 from the
USAF target. At a contrast level of 26.4 % the Rayleigh criterion is reached
and two structures can still be resolved. The resulting spatial resolutions are

summarized in table 2.2

Table 2.2: Measured spatial resolutions for the Bruker Hyperion 3000 microscope.
The theoretical limits applying the Rayleigh criterion were calculated according to

formula 2.10 with a given NA of 0.5 for the used 15x objective.

Wavenumber | Measured spatial resolution | Rayleigh limit
3800 cm~! 5.6 um
3.2 pm
(2.63 pm) 89.9 Ip-mm™!
2300 cm~! 6.6 um
5.3 pm
(4.35 pm) 75.7 Ip-mm™!

For comparison: Peter Lasch and Dieter Naumann found a spatial resolution
for the 15 fold objective at 4000 cm™' (2.5 um) of 5.1 um and 6.6 um at
2300 cm™! (4.35 pum) for their Bruker Hyperion 3000 microscope. For the 36
fold objective a spatial resolution of 2.4 um was measured being better than
the theoretical limit (see equation 2.10) of 3.05 pm for the given NA of 0.5
of the objective. They attributed this finding to the precise, but unknown,

optical configuration of the Hyperion 3000 microscope.






CHAPTER 3

Time resolved (TR) FTIR

spectroscopy of chemical reactions

in aqueous phase

3.1 FTIR spectroscopy of aqueous solutions

One of the most important substances on earth is liquid water. Hugh areas of
our planets surface is covered with water. It is essential for life as we know
it and serves as the solvent in biochemical studies. Nina Kaun cited Martin
Chaplin’s website!, which offers an extensive compendium of information
about water, with the words "... Martin Chaplin citing about one thousand
publications ..." in 2006 [2]. In february 2012 the number of citations has
climbed above 1700. This impressive number already gives some idea about
the complexity of the nature of water, its structure and its effect on our
environment.

This complexity can be attributed to the ability of the water molecule to
form hydrogen-bonds with surrounding molecules. In ice each water molecule
forms two hydrogen-bonds to its neighbors and excepts two more hydrogen-
bonds from two more H,O neighbors [30]. The hydrogen-bonding network
formed that way can be found in a nearly identical way in liquid water. IR
spectroscopy has shown that the same tetrahedral structure exists in liquid

water, only in a more distorted way than in ice [30].

http://www.lsbu.ac.uk/water/
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Figure 3.1: Molar absorption coefficient of H,O [5]. v and v3 represent the
symmetric and asymmetric stretch vibrations, do the bending vibration and Lo

libration modes.

Despite the value of IR spectroscopy to gain insights into the nature of
water, water itself is of great importance to IR spectroscopists due to its high
absorption coefficients (see figure 3.1) in the mid-infrared. This fact has to
be considered especially if water is used as a solvent for proteins: The amide
I band of proteins, a marker band for the protein secondary structure [31],

highly overlaps with the bending vibration (d3) of water.

Assuming that an absorption of 1 gives a satisfying S/N ratio one can
calculate the maximum allowed path length for the measurement of the amide
I band by inserting the molar absorption coefficient at the maximum of the
bending vibration of water (1644 cm™! taken from [5]) into the Lambert Beer’s

law (equation 1.10) giving equation 3.1.

1 Absorbance
959.9 m01/1 X 22.31644 em—1 l/mol ccm

=8.08-10"* cm ~ 8 um (3.1)

According to that calculation a path length of 8 pm or less has to be used
for protein measurements in H,O. As an alternative, water as the solvent can
be exchanged by D,O shifting the absorption bands to lower wavenumbers due

to the higher mass of deuterium. However, remaining H,O molecules react
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Figure 3.2: Spectra of HoO, HDO and D20 measured on a one-bounce diamond

ATR crystal. Band assignments are summarized in table 3.1

with D,O to HDO according to equation 3.2, giving rise to a bending vibration
of HDO, as can be seen in figure 3.2.

H,O + D,0 = 2HDO (3.2)

For H,O and D,O a coupling effect between the symmetric and asymmetric
stretching vibrations is observed leading to a broadening of the observed
absorption bands around 2500 cm™! for D,O and around 3330 cm™! for H,O.
HDO on the other hand doesn’t show this effect.

From the spectra measured with a one-bounce diamond Attenuated Total
Reflection (ATR) crystal, shown in figure 3.2, band positions for IR active

absorptions are derived and summarized in table 3.1.

The measured ATR spectra of H,O, HDO and D,0O will vary slightly in
absorption and band position from spectra measured in transmission due to
the changing penetration depth across the spectral region as can be seen from

formula 3.3.

A
d, = (3.3)
2mny [ sin?0 — (22)?
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Table 3.1: Absorption mazima measured for H,0, D,O and HDO with a one-bounce
1

diamond ATR crystal. The measurement of the libration mode below 600 cm™" wasn’t
possible due to restriction of the spectrometer used.
H,0 HDO D,O

1652.1 em™! (H,0)
bending vibration (d;) | 1636.6 cm™! | 1448.9 cm™! (HDO) | 1204.3 cm™!
1211.1 em™! (D,0)

combination of dy +
2099.3 cm ™! — 1541.2 cm™!
libration mode Lo

combination of sym.
3364.7 cm™! (OH)

3331.9 cm™! 2472.8 cm ™!
2484.6 cm™! (OD)

(1), asym. (v3)
stretching vibrations +

overtone of dy

libration mode below 600 ¢cm™?

ny is the refractive index of the ATR crystal, ny the refractive index of
the sample and 6 the angle of incidence under which the light hits the ATR
crystal.

Additionally, the refractive index (see figure 1.1 for refractive indices of
water) strongly changes in the area of strong absorption bands due to anomalous
dispersion. The refractive index, however, changes the penetration depth of
the IR light using an ATR crystal, altering the measured absorption. Higher
refractive indices of the ATR crystal reduce this effect since ns has less influence

on the term sin*¢ — (22)* in formula 3.3.

3.2 General concepts of TR-FTIR spectroscopy

In FTIR spectroscopy two well established techniques are know for time resolved

measurements. The first, rapid scanning, utilizes a standard interferometer
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at very high mirror speeds. The interferograms are stored and co-added in a
data acquisition processor and the Fourier-transform calculations are done at
the end of the experiment saving time during the experimental run. The time
resolution limiting element is the speed of the moving mirror, see chapter 2.1.1
for further details.

The second, step-scanning |6, p.400], decouples the time resolution from
the moving mirror by moving the mirror step-wise and recording time traces
at every interferogram position. As a consequence the time resolution only
depends on the rise time of the detector and the speed of the ADC. Less
well known techniques are stroboscopic [6, p.407| and asynchronous [6, p.408]
TR-FTIR spectrometry, which both use classical rapid scanning spectrometers
together with advanced sampling techniques to increase the achievable time
resolution.

All techniques share one challenge: precisely starting the reaction and
synchronizing it to the start of the data acquisition process. For step-scanning,
stroboscopic spectrometry and asynchronous spectrometry it is even necessary
to repeat the measurement several times with very precise timing to record a
whole time resolved data set. For rapid scanning this isn’t necessary since the
whole spectrum is recorded at once. However if the S/N ratio is insufficient
spectral averaging is required and the reaction under investigation also needs
to be repeated.

External triggers used to start chemical reactions can be light pulses from
lasers or light emitting diodes directly initiating photochemical reactions or
releasing caged compounds, temperature jumps or electrical fields. Kotting
et al. [32] investigated the potential interactions of small molecules with Ras-
GTP using the rapid scanning approach by caging GTP and releasing it upon
308 nm laser flashes. All components of the reaction were provided as a static
sample between two CakF, windows. After excitation each forward-backward
movement of the mirror resulting in four spectra, which were averaged, gave
one spectrum and no further averaging was needed.

Coupling a rapid-scanning spectrometer to a potentiostat Zhou et al.
recorded the oxidation of methanol on a nano structured platinum electrode.

At the beginning of the potential scan a trigger signal started the FTIR data
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acquisition. Spectra were recorded along the cyclic voltammogram and spectra
from nine voltammograms were averaged to improve the signal to noise ratio
of the IR spectra [33].

The intrinsic need of the step-scanning experiment to be repeated at least
once at every interferogram point corresponding to one mirror position limited
its use mainly to cyclic reactions. Examples range from the measurement
of photocycles [22] to excited states of metal complexes [34,35]. It can also
be applied to visualize the emission characteristics of infra-red lasers [36].
Extending the applicability of the step-scan technique to non-cyclic reactions
can be achieved by supplying fresh sample for every excitation at the cost
of higher sample consumption. This can be achieved by the use of a flow
cell and replacing the sample inside the cell after excitation [25,26]. This
method, however, has a high sample consumption making it unsuitable for
the measurement of biological or biochemical system where sample volumes
are often limited. Klaus Gerwert circumvented this drawback by coupling
the excitation laser into an FTIR microscope and supplying fresh sample for
every excitation by means of moving the XY-stage of the microscope to a spot
with fresh sample [24]. The downside of both techniques is that only reactions
of stable chemicals can be monitored since all reactants need to be in direct
contact well prior to excitation.

The simplest and most convenient way to start a chemical reaction is to
mix two or more chemicals together and follow the progress of the reaction.
For slow reactions this is for example possible by the use of an ATR fibre
probe measuring inline of the reaction vessel [37]. However, for fast chemical
reactions special techniques have to be applied, which are discussed in the

following chapter.

3.3 Mixing induced TR-FTIR spectroscopy

The disadvantage of the before mentioned time resolved techniques in is their
need for an external trigger to start the reaction, limiting their applicability.
Simply bringing the reactants in close contact and following the course of

the reaction is therefore favourable. A well know way for mixing induced



3.3. Mixing induced TR-FTIR spectroscopy 39

time resolved experiments is the stopped flow technique [38,39]. Two or more
reactants are rapidly mixed and pumped into the measurement cell. The flow
is stopped as soon as the mixture has filled the cell and the measurement is
initiated. Such systems are commercially available and mostly equipped with
Ultra Violett (UV)-Vis or fluorescence detection. The temporal resolution of
the experiment depends on the speed of the applied measurement technique,
the mixing time and the dead time needed to pump the prepared sample to

the measurement cell.

Moving to IR spectroscopy the detection principle poses a challenge since
the path lengths of the measurement cell have to be significantly reduced
compared to UV-Vis spectroscopy. Wharton et al. constructed a stopped flow
apparatus in combination with a 50 wm flow cell achieving mixing times below
40 ms and a transfer time between the mixer and the measurement cell of 15 ms.
The operating pressure of this device was around 19 MPa, which has to be
withstood by all components of the system. A similar system was constructed
by Dunn and Eyring using a Y-shaped mixer. The system, however, can’t
be used for aqueous solutions since NaCl windows were used [40]. Further
reducing the path length enables the measurement in the spectral region of the
bending vibration of water, which led to the development of an ATR stopped
flow system [41]. Using the ATR measurement technique, the path length is
determined by the ATR crystal allowing for thicker channels and therefore
reducing the backpressure of the system leading to faster mixing times due to
higher flow rates. The dead time of this system proved to be of approximately
150 ms.

If organic solvents, such as CH,Cl,, can be used, IR spectroscopy can be
coupled to commercial stopped flow systems. Manning et al. used on of those
in combination with a 500 um path length cell achieving dead times of 12 ms

and time resolutions of 5 ms [42].

All previously mentioned techniques share the drawback of some dead
time needed to bring the sample to the measurement spot after mixing. Peter
Hinsmann combined the mixing unit with the measurement cell into a "spaghetti
type" [43] and a "lasagne type" [44] micro mixing device for time-resolved

FTIR measurements, eliminating any transfer time between the mixer and the
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measurement cell. Both designs were optimized for an optical path length of
20 pm. Those small dimensions resulted in laminar flow conditions inside the
microfluidic device. The absence of any turbulent flow results in a diffusion
based mixing process. The rather slow diffusional process is described by Fick’s
law:

Co 22

c(x,t) = ———=-ebt (3.4)

vVr-D-1
¢o denotes the initial concentration of the diffusing species at the time
t = 0, the diffusion distance z = 0 and the diffusion coefficient D. Simplifying

formula 3.4 one can write

1'2

t o ) (3.5)
showing that the mixing time can only be decreased constructively? by
reducing the diffusion distance.

In the "spaghetti type" mixer two feeding channels produce an alternating
horizontal sequence of 50 streams with a thickness of 20 um each with a height
of 20 um, resulting in mixing times of 200 ms. The latter "lasagne type"
design improved the mixing time to 100 ms by stacking two 10 um thick fluid
layers vertically. Both designs were operated in stopped flow mode by means
of pumping the chemicals through the micromixer at very high speed (100 -
200 uL - min™') giving the solutions little time for premixing. After stopping
the flow diffusional mixing started and the reaction was observed directly
through the mixing channel with an FTIR spectrometer operated in rapid
scan mode. The diffusional mixing process is a very uniform process allowing
to repeat the mixing very precisely by switching the flow on and off again.
Therefore, the experiment can be repeated several times and by synchronizing
the stopping of the flow and the start of data acquisition several runs can be
co-added to improve the S/N ratio.

Is the flow rate inside the mixing channel reduced to a level where the fluid

streams are completely mixed shortly after entering the channel, the mixer

2The diffusion coefficient is temperature depended. Higher temperatures lead to faster

diffusion
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Figure 3.3: Continuous flow operating mode of a micro mizer: By moving the
micro mixer along its measurement channel within the measurement spot of an IR
microscope subsequent spectra (1, 2, 3, ...) are recorded. Moving away from the inlet

side of the mizer gives longer reaction times.

is operated in continuous flow mode and the reaction of interest is observed
along the mixing channel as outlined in figure 3.3. Moving the observation
window away from the mixing spot gives longer reaction times. The time
resolution in continuous flow mode now doesn’t depend on the speed of the
FTIR spectrometer used for the measurements any more as it does in stopped
flow mode. The age of the chemical solution inside the mixing channel can
be calculated by dividing the mizers cross section by the flow rate inside the
channel and multiplying it by the distance from the mixing spot.

The time resolution now depends on the size of the observation window,
the spacing between subsequent measurement spots and the flow rate: Smaller
spot sizes of the probing IR beam with narrower spacing and faster flow rates
enhance the time resolution. Using a F'TIR microscope for the measurements
the spot size can be controlled by closing the aperture until the S/N ratio is
becoming a limiting factor. The upper limit of the flow rate is determined by
the back pressure generated by the micro mixer causing leakages.

Within this thesis two continuous flow micro mizers were employed for

time resolved measurements and will be discussed in the following chapter.






CHAPTER 4
Micro-machined mixers for
TR-FTIR spectroscopy

used in this thesis

Within this thesis two mixer designs were used: First a two flow sheet mixer
developed by Nina Kaun [2| and a new mixer [45-47| designed in cooperation
with the Institute of Sensor and Actuator Systems featuring four flow sheets
reducing the diffusion lengths for faster mixing performances. Evaluating the
two mixers can be done by comparing their flow properties.

In fluid mechanics the Reynolds number is used for characterizing and com-
paring different flow regimes and can be calculated using physical parameters

of the flowing liquid (or gases):

prv-dpy
n
p is the density of the medium , v is the velocity, n the dynamic viscosity

Re = (4.1)

both at a given temperature and pressure and d;, the hydraulic diameter which
is defined, for non-circular channels as it is the case for our micro mixers, by:

dy = (4.2)

4-A
5
with A being the cross sectional area and P the wetted perimeter!.
At low Reynolds numbers viscous forces are dominating and the laminar
flow regime is prevailing. In laminar flow no cross currents perpendicular to

the flow direction occur and all fluid elements flow in parallel to the side walls.

!The perimeter of the cross sectional area that is in contact with the flowing medium.
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Table 4.1: Summarized Reynolds numbers for the old and new mixer design, calcu-
lated using the given channel dimensions and water as the flowing medium at a flow

rate of 10 pL - min~!.

Old Mixer | New Mixer

Channel width 300 pm 200 pm

Channel height 10 pm 8 um

Reynolds Number ~1 ~ 1.5

At Reynolds numbers > 2300 and < 4000 a transition from the laminar flow
regime to the turbulent flow regime, where inertial forces are dominating the
flow, occurs. In table 4.1 the Reynolds numbers for the two mixers calculated

for water? as the flowwing medium are summarized.

4.1 Two fluid layer "old" micro-mixer design

(a) Schematic of the mixer (b) Photograph of the mixer

Figure 4.1: 10 um path length, two flow sheet micro mizer.

The old mixer design used in this thesis was developed during the PhD
thesis of Nina Kaun [2| and used for coupling micro fluidic mixing with the
step-scan technique (see theory in chapter 2.1.3), presented in chapter 7 within
this thesis.

The micro mixer, shown in figure 4.1, is built from two CaF, plates serving

as top and bottom windows and SU8 polymer as the spacer material between the

ZProperties of water: p =998.23kg-m~3, =1.0 x 1073 kg-m~1-s71 at 20° [48]
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plates [49]. The two fluid streams containing the chemicals under investigation
are fed to the mixer through two holes in the bottom CakF, plate. A silver
layer separates the two 5 um thick fluid layers until they reach the 300 pm
wide and 11 mm long observation channel forming two laminar flow sheets.
The end of the silver layer marks the starting point of the diffusion based
mixing. The silver layer also masks the observation channel blocking all IR
radiation which would pass the observation channel on either side.

Typical flow rates for this mixer design were 0.5 pLmin ™' resembling a linear

1

flow velocity of 0.006 ms™ in the mixing channel. Computational Fluid Dy-

namics (CFD) simulations using a diffusion coefficient of D =5 x 1071 m?.s~!
and viscosities of water resulted in a mixing distance of 250 wm, corresponding
to 45 ms, for a mixing quality of 100 % [50]. The CFD simulation also showed
that the laminar flow regime leads to a wvelocity distribution across the mixing
channel’s cross section with faster flow rates towards the middle of the channel.
This expected behaviour leads to a further deviation between the observed and
the real reaction time.

These uncertainties cause that only a relative and no absolute time scale

for the reaction under investigation can be given.

4.2 Four fluid layer "new" micro-mixer design

Nina Kaun summarized different aspects of possible improvements on the two
fluid layer mizer design in her thesis [2, p.55]. She stated that the mixer cross
section should be reduced by downsizing the height of the mixing channel to
8 um to enable good measurements of the Amide I band in aqueous solutions.
This would additionally lead to faster mixing due to reduced diffusion lengths.
Further, the width of the channel should be reduced since state-of-the-art
IR microscopes are capable of focusing the IR beam down to smaller spot
sizes and the flow inside the channel would get more stable. By reducing the
cross section of the mixer, lower pumping speeds would lead to the same time
resolution at smaller sample consumption. By redesigning the inlet channels
of the mixer a more homogeneous flow speed distribution across the width of

the channel would be favourable.
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(a) Schematic of the mixer (b) Photograph of the mixer (6 x 17 mm?)

Figure 4.2: New mizer design building four vertically stacked fluid layers in the
8 um thick mizing channel. The wedge-shaped inlet channels are optimized for a

homogeneous distribution of the liquids A and B along the y-axis of the mizer.

4.2.1 Design and fabrication

The new mixer generation used in this thesis was developed by the Institute
for Sensor and Actuator Systems in cooperation with the CAVS workgroup
considering the experience on TR-FTIR measurements applying micro mixers
accumulated by Peter Hinsmann [1] and Nina Kaun [2]. The new mixer features
are a reduced cross section together with a reduced path length of 8 um for
IR measurements in the Amide I region. Figure 4.2 shows a schematic of the
mixer along side a photograph of the mixer chip.

The presented micro mixer is based on a design published by Kauffmann
et al. [51] featuring three straight inlet channels. Feeding a protein solution
in the middle channel and sandwiching it between buffer solution pumped
through the outer channels in an 8 pum thick channel a mixing time of 0.4 ms
was calculated by CFD simulations. However, no experimental proof of the
achieved mixing time was published. A disadvantage of the design is that all
three channels reach the mixing channel from the same side, leading to a dead
zone at that side of the mixing channel where only slow mixing occurs.

This inhomogeneous distribution of the liquids along the mixing channel,
observed as the mentioned dead zone, is a result of a pressure drop along the
feeding channel from the injection side to its far end. In our design, the velocity
distribution of the liquids inside feeding channel network was optimized, using

CFD simulations, resulting in a wedge shaped broadening of the lamination
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Figure 4.3: CFD simulations of the new mixer design with wedge shaped inlet

channels widening from 10 um to 22 pm.

inlets towards the far end. A widening from 10 pm to 22 pm gave an optimal
distribution of the liquids along the y-axis of the mixer. The feeding network,
which splits two inlet channels into the four lamination inlets, was carefully
designed to feed every inlet channel with a different, optimized fluid velocity.
As a result the thickness of each layer inside the mixing channel is optimized

for fastest mixing performance.

Figure 4.3 shows the obtained simulation results for the optimal wedge
shaped feeding channels. In figure 4.3(b) the four fluid layers formed across the
mixing channel are shown at three positions downstream the mixing channel.
At the side walls small dead zones are formed, which can be seen as blue/red
zones in part c¢. This is due to the — strictly laminar — flow profile formed by
the fluids. However since the probing IR beam is smaller than the well mixed

parts (width 160 um), these zones do not interfere with the IR measurements.

The fabrication process of the mixer is based on silicon micromachining
techniques structuring the feeding network on a 350 wm thick, double sided
polished, silicon nitride and silicon oxide covered, (100) lattice oriented silicon

walfer.

In a first step the backside of the silicon wafer is spincoated with a positive

photoresist and the inlet channels for the fluid inlets are patterned. After
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Figure 4.4: IR measurements in transmission of the SigN, and 510, covered Si
wafer before (top) and after the etching process (middle). At the bottom the spectrum
of the used PDMS polymer defining the channel height of the mixing channel is

shown.

removing the Si;N, layer by a plasma etching process, the inlet holes are
wet-etched using KOH. In a next step the fluid network is photo-structured
on the other side of the wafer and formed by deep reactive ion etching. Both
sides are cleaned by an oxygen plasma etching step removing any remaining

photoresist as well as the SizN, layer.

The mixing channel itself was realized on a CaF, wafer, with a thickness
of 1mm. In a first step a metal layer, serving as an aperture for the IR
measurements, with a width of 180 wm, masking the channel was applied.
The aperture elements are structured using a photoresist before a thin metal
layer is deposited on the CaF, wafer forming the aperture. By spincoating a
PDMS-like polymer onto the wafer resulting in an 8 um thick layer the height

of the mixing channel is defined. After a soft baking process the channel
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structures are patterned by UV-exposition and a development step removes
the remaining unexposed PDMS polymer.

As can be seen from figure 4.4 removing the Si;N, layer from the Si wafer
is an important step in the mixer production due to high absorptions caused
around 1100 cm~!. In figure 4.4 the IR spectrum of the PDMS polymer
is shown as well, which should be masked out in IR measurements by the
deposited aperture.

The two wafers are cold bonded in a last step for several hours, due to
different thermal expansion coefficients of silicon and CaF,. On a 100 mm
diameter wafer, 40 mixers can be fabricated. For experimental comparisons
mixers with the wedge shaped design as well as straight shaped inlet channels
of 10 um width have been produced.

On a later wafer also 50 um path length mixers were produced for the use
with an external cavity quantum cascade laser, which however was beyond this
thesis. Further information on the mixer design can be found in Publication

I and for additional information on the fabrication refer to Publication II.

4.2.2 Mixer support holder

Using micro fluidic devices always comes with the need to connect them to the
macroscopic world. For the micro mixer this connection means to connect the
chip to a pump, which is driving the two liquids through the mixing channel. In
the present work a kD-Scientific 100 syringe pump equipped with two Hamilton
syringes was used. The support holder, shown in figure 4.5 was connected to
the Hamilton syringes by PolyEtherEtherKetone (PEEK) capillaries to reduce
the dead volume between the pump and the mixer. The design of the support
holder becomes especially important if higher flow rates (up to 30 pL-min™")
are used producing high back pressure from the mixing chip causing leakages
between the mixing chip and the support holder. Therefore, it is important
to firmly press the mixer onto the support. Too high pressures, however, will
inevitably lead to breaking the brittle mixer.

The used holder within this thesis is an improvement on the design intro-
duced by Nina Kaun. By replacing the 1/4-28" fittings with thinner 10-32
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Figure 4.5: Support holder for the micro mizer built from PEEK polymer

fittings® the overall thickness of the holder could be reduced, resulting in less
dead volume inside the holder. A second crucial improvement was removing the
O-rings used by Nina Kaun between the mixing chip and the holder. Instead,
a typically 200 um thick silicone foil was used as a sealing layer. This has
the advantage of being a soft layer across the whole mixer’s area, mitigating
inhomogeneously applied pressure by the holding clamps pressing the mixer
onto the holder. Additionally the clamps were redesigned allowing to hold
the mixer from all four sides (instead of two in the previous design) by using
only one screw per clamp, leading to an evenly distributed pressure along the

clamp.

A last improvement deals with the risk to contaminate the mizer with
particles leading to a disturbance in the laminar flow profile or in worst cases
to the blockage of the mixer. By incorporating titanium filter frits* with a
pore size of 0.2 um right beneath the silicone sealing layer into the support
holder a prefiltering mechanism was implemented. The filters are now located

as close to the mixer as possible.

4.2.3 Experimental characterization

Evaluating a mixing device designed for TR-FTIR spectroscopy means to
measure the mixing performance. In comparison to the old mixer design the
new mixer exhibits unwanted premixing due to the fact that the four fluid

layers are superimposed already before the first possible measurement spot.

3Part number P-844 and P-840 at http://webstore.idex-hs.com
4Part number A-505 at http://webstore.idex-hs.com
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Figure 4.6: Single channel spectra (top) of the two different mizers filled with water
after coadding 32 scans. The measurements were taken on the Bruker Hyperion
3000 microscope using the 15 fold lenses in transmisson mode using the single point
MCT detector and an aperture size of 150 x 150 um?. The lower graphs show 100 %
lines calculated from two consecutive measurements. The RMS noise is about 4.5
times higher for the 50 um than for the 8 um mizer in the range from 1560 cm™! to
1000 cm~?
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It is therefore important to characterize this effect as well as the mizing time
itself.

Additionally, experimental proof of the spatial homogeneity across the
width of the mixing channel was obtained by taking FPA IR images of the
mixing zone and comparing straight shaped inlet channels to the optimal wedge
shaped structured mizer.

As a first benchmark for the new mixers 100 % lines were recorded by
subsequently recording a background and a sample single channel spectrum
and calculating the absorbance of mixers filled with pure water. As can be
seen from figure 4.6(a), the mixers with 8 pm path length exhibit only slightly
higher noise in the region of the H,O bending vibration (see chapter 3.1)
compared to the rest of the finger print region whereas total absorption occurs
for the bending vibration using the 50 um mixer (figure 4.6(b)).

The mixing and premixing times were analysed by using a very fast chemical

reaction — an acid-base neutralization reaction.

4.2.3.1 Acid-base neutralization

Evaluating the mixing performance of the mixer needs a chemical reaction that
proceeds faster than the expected mixing process itself. This pre-requirement
is met by acid base neutralization reactions. Rini et al. used photoacids ° to
prepare unreactive acid-base pairs weakly bonded by a hydrogen bond. Upon
an optical trigger pulse the acidity of the photoacid rises by several units of
pK, and the neutralization proceeds. The proton transfer was found to occur
in the femtosecond time regime [53, 54| being much faster than the mixing
process in our micro mixer.

As outlined in chapter 4.2.1, strong bases are used in the fabrication process
of the mixer to etch the inlet holes through the silicon wafer. Strong acids on
the other hand would dissolve the CaF,. Therefore a neutralization reaction of
a weak acid — acetic acid — with NaOH was chosen using only low concentrations

to avoid any damage to the mixer.

5A photoacid exhibits an excited state which represents a stronger acid than the ground

state and can be switched on by optical excitation [52].
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Figure 4.7: Neutralization reaction of 0.2 M acetic acid with 0.1 M sodium hydroxide

solution using a reagent flow rate of 10 uL - min~?.

Pumping 0.2 M acetic acid and 0.1 M NaOH through the mixer at a
constant flow rate of 10 uL - min~' for each reagent the acetate anion is formed

according to equation 4.3.

CH,COOH + NaOH = CH,CO0~ + Na* + H,0 (4.3)

The reaction is followed by using the Bruker Hyperion 3000 microscope
set up to average 32 scans at an aperture size of 100 x 100 pm stepping
100 um after each spectrum is recorded. Calculating the absorbance using one
sample run mixing water with water as the background single channel results
in one time resolved IR data set shown in figure 4.7. The observed bands,
plotted in figure 4.8(a), can be assigned to the asymmetric stretching vibration
(1525 ecm™!), the symmetric stretching vibration (1416 cm™!) of the acetate
ion. The band at 1710 cm ™! is assigned to the stretching of the carbonyl band
whereas the band at 1286 cm™! arises from the C-O stretching vibration of
the protonated acid.

Integrating and applying exponential fits (figure 4.8(b)) to data set for the
acetic acid and the acetate ion results in time constants of 1.8 ms for both

chemicals demonstrating the usability of the mixer. However, the data set also



54 Chapter 4. Micro-machined mixers for TR-FTIR spectroscopy

0.025 - o Acetic acid
——0.24ms 0.354 s Acetate ion
—— 84 ms

0.020 o

0.30
0.015

o
N
a
I

0.010

Absorbance

Area [cm']

0.005 020

0.000
0.15

-0.005 T T T T 1 T T
2000 1800 1600 1400 1200 1000 0 5 10 15 20 25 30

Wavenumber [cm"] Time [ms]

(a) First an last spectrum (b) Obtained time traces

Figure 4.8: FEwvaluation of the obtained data set from figure 4.7. Integrated areas for
the acetate band at 1416 cm™" and the acetic acid band at 1710 cm™! are evaluated

by applying exponential fits resulting in time constants of 1.8 ms for both fits.

shows that bands originating from the acetate ion are well present already in
the first spectrum recorded right after the last inlet channel. This shows that
a significant amount of acid and base have already reacted due to premixing
starting as soon as the first two inlet fluid layers are formed (figure 4.3).

The obtained exponential fit for the acetate band at 1416 cm™! has the
formula y = —0.116 - eTsor +0.297 and can be extrapolated to an acetate band
area of y = 0 assuming that no acetate ion® is present at the real starting point
of the reaction. This gives an x-value of -1.698 meaning that the reaction starts
1.7 ms prior to the first measurement spot located 50 um downstream from
the last inlet channel. Translating the obtained 1.7 ms back into an x-axis
value of the mixer an impossible premixing distance of 350 pm would be the
result. Only slight changes of the exponential fit towards a steeper slope for
the starting of the reaction would result in a shorter calculated premixing time.
Therefore an overestimation of the premixing time caused by an inaccurate fit
seems to be the most likely explanation for this unexpected result.

However, it can be clearly seen from the presented data that complete
mixing of the acetic acid with NaOH is achieved in the order of 5 ms when

the chemical reaction reaches an equilibrium state.

6The degree of ionization for a 0.2 M acetic acid solution in water (pH = 2.7) is 0.9 %.
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Figure 4.9: IR spectrum from one pixel of the FPA detector of the Hyperion 3000

microscope in the spectral region of the bending vibrations of HyO, D,0 and HDO.

4.2.3.2 H/D exchange in water

In a second evaluation step the lateral distribution of the the two feed liquids
was compared between a straight and a wedge shaped micro mixer. For this,
pure H,O was mixed with pure D,0O forming HDO according to formula 3.2.
The proton exchange again occurs on the femtosecond time scale [55] and is
therefore well suited for visualizing the mixing process.

By evaluating the H,O/D,0O mixture and integrating the HDO bending
vibration, shown in figure 4.9, between 1335 cm ™! and 1530 cm ™! after applying
a baseline correction at 2100 cm ™! data shown in figure 4.10 was obtained. The
shown IR images were recorded as 64 x 64 px images using the FPA detector
of the Bruker Hyperion 3000 microscope. The images were recorded slightly
overlapping with the last inlet channel and the aperture on the upper side of
the mixer for positioning reasons. These overlapping pixels showing only noise
were cut for the evaluation, resulting in an imaged area of 166.8 x 158.6 um?
(X xY).

From the shown data it can be concluded that the wedge shaped mixer
geometry outperforms the straight mixer in terms of mixing time and homo-
geneity across the y-axis, proving CFD simulation results. Further experiments

were therefore conducted only using the wedge shaped mixers.
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Figure 4.10: FPA images taken right after the last inlet channel in the top left
corner of the mizing channel showing 166.8 x 158.6 um? at different channel flow
rates. The top row shows images taken from a straight shaped inlet channel mizer
whereas the bottom row shows a wedged shaped mizer with the optimal geometry of
the inlet channels widening from 10 um to 22 pm. The colors represent the band
area of the HDO bending vibration from low (blue) to high (red) concentrations. It
can be seen that the wedge shaped mizer shows significantly faster mizing as well as

a homogeneous distribution across the width of the channel (Y-axis).
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4.2.4 Encountered difficulties in mixer life-time

Operating micro fluidic devices at laminar flow conditions goes hand in hand
with small fluid channel dimension down to 8 um in the case of the newly
developed micro mixers and to 5 um for the old design of Nina Kaun. Those
small dimensions resulted in various difficulties encountered during the use of

the mixers. Figure 4.11 illustrates those difficulties with photographs of the

old and the new mixer designs taken after use.

Figure 4.11: Figure (a) shows particle contamination inside the mizing channel,
delamination of the PDMS and slight misalignment between the Si and CaFy wafer.
Figure (b) shows corrosion of the metal aperture. Figure (c) illustrates the disturbed
laminar flow caused by dirt particles in the inlet channels of an old-type mizer. No
pink colouration shows zones where no reaction of the indicator phenolphtalein with

NaOH took place due to a disturbed laminar flow.
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Since every little particle inside the mixing channel disturbs the laminar
flow deteriorating the mixing efficiency of the mixer (figure 4.11(c)), contami-
nation of the mixer is the biggest difficulty encountered during its use. The
implementation of the filter frits into the new support holder (see chapter 4.2.2)
reduced that risk but couldn’t eliminate it completely. Partly, the problem was
exacerbated by the use of the silicone sealing layer due to particles sticking
onto the adhesive surface of the polymer. Intensive cleaning of the sealing
layer using iso-propanol was therefore inevitable before assembling the mixer
and its support. The formation of salt crystals, caused by drying solvents in
the mixing channel after use, was countered by an automated cleaning system
consisting of valves and a syringe pump controlled by Advanced Total Lab
Automation System (ATLAS) described in the next chapter.

Due to the fast mixing times of the new mixer high flow rates had to be
used to extend the measurable reaction range resulting in high pressures acting
on the mixer itself and the sealing layer, causing leakages. In some rare cases
this led to delamination of the cold-bonded PDMS layer from the silicon or
the CaF, wafer, as shown in figure 4.11(a).

For some of the mixer chips a slight misalignment of the silicon wafer and
the PDMS structures deposited on the CaF, wafer was observed, probably
affecting the mixing time. Those mixers were used in preliminary experiments
only.

Figure 4.11(b) shows another issue experienced with the micro mixers:
Sometimes the aperture layer masking the PDMS ridges corroded, forming
dark spots. However, a negative influence on the quality of the obtained
spectra is unlikely.

As expected the difficulties of particles inside the channel and leakages is

significantly less severe with the 50 um mixers compared to the 8 pm mixers.



CHAPTER 5
Advanced Total Lab Automation
System (ATLAS)

As described in chapter 4.2.4, the micro mixing device is very susceptible
to particles inside its narrow structures. Therefore, cleaning the mixer after
use is essential to extend its lifetime. This cleaning process consists of many
repetitive steps of rinsing the mixer with cleaning agents and deionized water
followed by a drying step where the mixer is flushed with nitrogen. This step
helps to minimize the risk of any liquid drying up inside the mixer forming any
kinds of residues. Taking the maximum possible flow rates inside the mixer
into account the cleaning can take more than an hour, making it favourable to
automatize it.

Developing such an automation systems for one specific task using always
the same sequence of cleaning steps can be easily achieved in various ways.
However, if the sequences change or the whole experimental setup needs to
be adapted, a flexible solution with regard to the control software is needed.
Expanding the idea of a variable liquid handling system to a complete analytical
measurement scenario increases the number of possible combinations by a large
value. In a simple liquid handling system, for example, one valve or a pump
might need to be changed. On the other hand in a more complex system the
ADC board at the detector side may be exchanged for a better S/N ratio. All
these changes often come together with the need to adapt the control software,
which was programmed for e.g. a specific ADC board only, resulting in extra
workload or costs for those changes.

In this workgroup, this issue was first perceived by Michael Haberkorn [56].

He developed a software package called Sagittarius, which consisted of a
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server program, called master, and various clients, which communicated over
Transmission Control Protocol / Internet Protocol (TCP/IP). All parts of this
package were developed using Visual Basic 6.0 and mainly contained clients
for liquid handling purposes.

Stephan Kulka [57] added two more clients to control a Dionex UV detector
as well as a Spellman high voltage supply to build a Capillary Electrophoreses
(CE) system using Sagittarius. However, writing the detector client was a
great challenge — for a chemist — due to the fact that Visual Basic 6.0 didn’t
offer any predefined elements for displaying the obtained graph from the UV
detector?.

However, the advantage of this distributed master/client system was its
sceripting language used to send commands from the server to the connected
clients. Each client executed those commands at the connected hardware. In
that fashion it was possible to realize different experimental setups without
changing the client programs. Only the script, used for the specific setup, had
to be rewritten.

Using Sagittarius was unfortunately not possible in the course of this
thesis due to an inherent problem with Visual Basic, which always needs to
compile a program to an executable before it can be used. Those executables
were not usable anymore because of changes made to Windows handling the
communication over RS232. Therefore, the Sagittarius clients couldn’t connect
to their hardware counterparts ,rendering Sagittarius useless.

Looking for a new programming language overcoming these difficulties and
making programs more prolonging, LabVIEW by National Instruments (NI)
came up as the ideal development environment. LabVIEW is — in contrast
to textual programming languages such as C++ — a graphical programming
language, which is organized in functional blocks, each handling a specific
task, called Virtual Instrument (VI). These VIs are connected through wires
transporting data values (see fig. 5.1 for an expample). Therefore, the flow of
variables within a program is automatically visualized in the source code itself,
making it easier to understand a program made by someone else. Altogether

LabVIEW offers the following advantages:

IPrivate communication with Stephan Kulka
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A XY-Graph
[

Figure 5.1: Simple example of LabVIEW’s programming language, called "G,
showing the generation of an XY graph in a for-loop using the number of iterations
as the X and random values for the Y values. Different colors of the wires symbolize
different variable types such as blue for integer, orange for double precision values

and pink for LabVIEW specific clusters.

o On-the-fly compiler (one can directly run the source code of a program)

o Upwards compatibility (older programs will also run on newer software

versions)

o Extensive support (also from third-parties) for different hardware by

downloading drivers from the NI website?

o Wide range of different NI hardware for various measurement and control
tasks directly supported by LabVIEW

o Easy-to-read source code
o Easy-to-learn for non-programmers

o Professional support even for complex problems

Within this thesis two LabVIEW based programs have been developed
and are described below. First a simple All-In-One program was realized
(Publication IIT), already using a scripting language, as proposed by Michael
Haberkorn [56], giving flexibility in combining the available hardware compo-
nents freely. After adding more and more components, the maintenance of

the original All-In-One program had become a too big hassle, so I decided to

2http://www.ni.com/downloads/idnet /
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13 FIA System.vi Frontpanel

Figure 5.2: GUI of the All-In-One program showing on the top left the settings
panel. The scripting commands are added to the Commands text field. Measured
IR or UV data are displayed in the according tab in the lower part of the program
window. After starting a script for execution the red indicator turns green indicating
a running script. For the easier reuse of scripts they can be saved and loaded from

within the program.

adopt Michael Haberkorn’s idea to distribute different hardware elements over
different software counterparts. The outcome of this effort is a master / client
software platform programmed in LabVIEW called ATLAS. ATLAS combines
the easy expandability of Sagittarius with the advantages offered by LabVIEW
(Publication IV).

5.1 All-In-One program

Out of the need to clean the mixers I developed my first LabVIEW program
which supported valves from Vici Inc. and pumps from Cavro (now Tecan
Trading AG). Using a scripting language as proposed by Michael Haberkorn [56]

allowed to change the sequential arrangement of different cleaning steps as
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well as the pumped volumes and times each cleaning agent remained inside the
mixer. At this point a master/client based approach didn’t seem necessary.
Over the time, however, colleagues wanted to use that program together
with other hardware as well. At the beginning it was easy to implement the
code needed but as the program grew the source code became harder to read
and adapting the program was nearly impossible in the end. The possibilities
of this extended program, shown in figure 5.2, were demonstrated by building
a CE system [58] by combining an injection valve with a selection valve and a
syringe pump forming a liquid handling system with a high voltage supply and
an UV detector. The second analytical system built by Sergio Armenta [58]
utilized the same program and was used to monitor enzymatic reactions with

an FTIR spectrometer.

5.2 Master / Client system

By splitting the original All-In-One program into different clients and a master,
the complexity of each program could be decreased, and it got easier to add
new hardware components. Now it is only necessary to create a new client for
the new hardware. The other clients and especially the master don’t need any
changes at all. On the other hand it became possible to run different clients on
different computers, which is especially useful if the wiring to the connected
hardware have to be kept short or if it is not possible to connect all hardware
to the same PC.

One of the big advantages of this distributed approach, which is controlled
by a scripting language, is also one of its disadvantages. The more complex
a hardware component, such as a Daylight Solutions external cavity laser,
becomes the more complex the scripting language has to be to cover all
possibilities the hardware offers. This can be achieved by a large set of single
commands or by combining different options into one command. Both of them
hold the risk of confusing commands, which nobody can remember. Therefore
the ATLAS platform offers the possibility to program the script on the master
directly from each of the clients by interacting with its GUI. We call this mode

the programming mode of the clients.
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After a script is finished the clients are switched to the server mode. In
this mode the clients are remote controlled by the master, which executes
the programmed commands of the script in consecutive order. However, if
someone wants to use only a single client this is also possible in the local mode

where each user input is directly executed on the hardware.

5.2.1 The master

The master program, shown in figure 5.3, is the central communication element
of the ATLAS platform. Its main duty is to govern the scripts used for different
experimental setups. It allows to create, save, load and ezxecute scripts. The
script sequence itself is displayed in a text box which also allows editing the
script directly. On the right side of the window a list of all connected clients
also shows the status of each. While a red light indicates a busy client, a green
light stands for an idle client, ready to accept a new command.

After starting the script execution the master starts sending the script
commands (one command per line) to the according clients. Upon executing a
script the master also automatically saves the complete script together with
a timestamp of the execution start-time allowing to identify the script used
for data recorded later on. Furthermore, the master also keeps a log of all
commands sent to clients and their replies. This can be useful to find the cause
of an error that occurred if a script is running unattended for several hours.

Huge scripts can become confusing quite easily. To help keeping a clear
overview the master offers two possibilities to shorten scripts. First of all,
predefined aliases can be added to a script with a single command. These
aliases contain more scripting commands which are inserted into the script at
the alias position prior to execution. Aliases are especially handy if a certain
script sequence can be used within different scripts. An example for such an
alias could be the cleaning sequence for a liquid handling system.

The second possibility comes handy for well known situations in exper-
imental work where one task needs to be done over and over again. One
could multiply the according commands and insert them many times into

the script or use the more elegant way offered by ATLAS: Using for-loops
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Figure 5.3: GUI of the ATLAS master showing a simple script in the textbox on
the left and the server log of sent commands in the middle. On the right hand side
the list of available clients shows three connected clients. The Wait client (WA ), the
Beep client (BP) and the Cavro syringe pump client (CA). See chapter 5.2.2 for

further information on the clients.

allows to execute commands for a specified number of times by adding the
script commands once within the for-loop construct. For-loops offer another
significant advantage: the count of the actual repetition can be used within
the script offering possibilities such as switching a valve through its ports 1 to

10 automatically in a liquid handling sequence.

In addition the master also offers a possibility if the user wants to switch
the valve from the example above only through every second position: By
using a VI supplied by National Instruments® the master program can calculate

mathematical expressions and use their results within the script.

3http://zone.ni.com/reference/en-XX/help/371361G-01/gmath/advanced_

formula_vis/
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5.2.2 The clients

As already mentioned in the introduction each client can be operated in three

modes:

Local: The client only controls the connected hardware. Any user interaction

is executed directly.

Programming: The client sends the generated scripting command to the
master and the command is added at the cursor position of the script on

the server.

Server: The client is connected to the master and awaits commands to
execute. However, users can still directly interact with the hardware over
the GUI.

As soon as a client is connected to the master a continuous communication
between them starts as described later (chapter 5.2.3). The programming code
handling the communication with the master is available as a template and
new clients can easily be programmed by adding the hardware specific code to
that template. In addition this template also contains code for a steady state
machine* and a producer consumer architecture®. This steady state machine

has three states:

Inst: This state is called after starting the client and contains all necessary

steps to initialize the client and especially the connected hardware

Running: This state contains all the code for the actual program including

the producer consumer architecture

State changed: This state is called if the user changes the operating mode

of the client, such as from local to server mode.

The producer consumer architecture within the running state handles all
interactions of the user with the client over the GUI as well as the communica-

tion with the master. A typical producer consumer architecture consists of two

“http://zone.ni.com/devzone/cda/tut/p/id/2926
Shttp://zone.ni.com/devzone/cda/tut/p/id/3023
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parts: the first one produces commands or data (producer) and the second
one ezecutes them or evaluates the data (consumer). The producer is linked
to the consumer by a queue buffering commands or data if the consumer is
slower than the producer. In our clients we expanded this architecture by a

third loop in the following way:

Event handler loop: This first producer creates scripting commands upon

user interaction and adds them to the execution queue.

Server loop: Acts as a producer or consumer. In programming mode it sends
the commands generated by the event handler loop to the master filling
the Command list whereas in server mode it adds script commands

received from the master to the execution loop.

Consumer loop: This loop takes commands out of the execution queue and

runs the commands on the hardware one after the other.

In chapter 5.2.4 two example clients are discussed highlighting two aspects
of the client development. For a full list of available client refer to appendix
B. The next chapter, however, will focus on the communication between the

server and connected clients.

5.2.3 Communication principle

The communication between the master and the clients is handled only by the
master. This is achieved by polling the clients with a time interval of 50 ms
by sending the command status to the client. Upon the first reception of this
status query a new client answers with c¢md:ID where ID stands for a two
letter alphanumerical code identifying the client. This ID is used in further
communications between the master and that specific client to directly address
this client only. Any further status query can be answered by the clients in

three ways:

status:ready: Tells the master that the client is ready to accept new com-

mands.
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Figure 5.4: Communication between the master and one client during the execution

of a script.

status:wait: Tell the master that the client is executing a command and

wants the server to wait until it is finished.

status:error: Tells the master that an error occurred at the client side.

If the master is executing a script and receives a status:wait reply it doesn’t
execute the next command but keeps on querying the status of the clients
until it receives status:ready from all clients. After that it continues executing
the next command of the script by sending the next command from list to the
according client, identified by its ID. The communication between the master
and one client is exemplified in figure 5.4.

If a client replies with status:error the master distributes this error to all
connected clients and terminates the execution of the running script. Each
client is responsible to act on the error message by itself and measures can
range from doing nothing, stopping a pump or executing a complex shutdown
procedure consisting of many commands.

The transportation of the commands over TCP/IP is handled by the
STM library® maintained by National Instruments. This library simplifies
communication between more then two communication partners by offering a
communication manager. Further it offers specialized VIs handling all necessary

data manipulation to send and receive data over TCP /IP.

Chttp://zone.ni.com/devzone/cda/tut/p/id/4095
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5.2.4 Two Example Clients

In the following, two clients will be discussed in further detail, which both
illustrate certain aspects and challenges of the client development process very
clearly. First the client for controlling up to six valves from Vici AG is used to
illustrate the usefulness of the steady state machine and secondly the client

for syringe pumps from Tecan Inc. is discussed giving insights into the code
parallelization abilities of LabVIEW.

5.2.4.1 Vici valve client

Vici AG valves are connected to the PC over a classical RS232 connection.
However, the company decided to break the RS232 standard, which defines
the connection between two connection partners only. Vici allows to connect
up to ten valves to one RS232 port in parallel, where each of the valves is
programmed by an unique ID number. Every command is sent to all connected

valves, containing the ID number to address only one specific valve.

This fact is convenient because it reduces the number of RS232 connections
needed. However, it also complicates the use of the valves because the 1Ds
can be reprogrammed leading to errors if two valves use the same ID. Another
layer of complexity is added due to the fact that two types of valves can be

mixed on one RS232 port: injection and selection valves.

Therefore special thoughtfulness, while programming this client, was payed
to the ease of use connecting more then one valve at once. If the user changes
the COM Port in the GUI the init state of the steady state machine is called.
As can be seen in figure 5.5 the init state connects to the specified COM port
gathering information on the connected valves (a) and configuring the GUI
afterwards.(b).

After the execution of the init state and the successful identification of
connected valves the program changes into the running state and provides
the user with the GUI, shown in figure 5.6 which only displays the actual
connected valves along with their type and deactivates options not applicable

for certain valves.
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(a) First part of the init state of the Vici valve client aggregating information on connected
valves at the specified COM port by sending the CP command, querying the current position
of the valve, to all IDs from 0-9. If the reply contains "near" the queried valve has a
positioning error, if the reply contains "A" or "B" the connected valve is an injection valve.
In all other cases the program asks for the number of available ports of the selection valve.
If a framing error (code -1073807253) occurs at any point during the communication with
the valves it is most likely that two valves replied to the same query due to the identical
IDs The collected information is stored in a cluster and handed over to the program code

shown in figure 5.5(b).
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(b) By evaluating the cluster containing the information on connected valves only the GUI
elements of the available valves are made visible by a property node. In the case structure
further downstream all GUI elements not applicable for the connected valve are grayed out.
After the GUI elements are configured the cluster containing the valve information is written
to a functional global variable to make the information accessible in the running state of the

steady state machine where it is used to assign VALVE REFs to the real valve IDs.

Figure 5.5: G code of the init state of the Vici valve client
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Figure 5.6: GUI of the ATLAS client for valves by Vici. The graph shows two
connected valves, one selection and one injection valve. The selection valve can be
switched to a different port by rotating clockwise (CW), counter clockwise (CC) or
the valve can decide which way is faster (GO), whereas the injection valve only can

switch between two states (GO).

As can be seen from figure 5.6, each valve is assigned with a VALVE REF,
which is used to identify the valve in the scripts. This seems redundant at first
since every valve already has an unique ID. However, this is necessary if one
wants to use an old script with a new configuration of valves. In that case the
VALVE REF can be changed in the GUI to match the VALVE REFs used in

the old script so no changes need to be done in the script itself.

Using the steady state machine architecture a clear separation of the ini-
tialization routine and the rest of the program can be achieved. By searching
the COM port for all connected valves right at the beginning, possible miscon-
figurations of the valves can be detected and the GUI is adjusted to actual
connected hardware. By using the steady state machine it is very simple
to re-run this initialization procedure if the user changes the COM port by
simply calling this state of the steady state machine again. In addition to this
advantage the G code” of the program is easier to read since the complex G

code of the initialization is hidden while editing the rest of the program.

"The source code of a LabVIEW program is called G code.
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5.2.4.2 Tecan syringe pump client

One goal of the ATLAS platform was to give the user as much flexibility as
possible writing scripts. One of the challenges arising from this ambition is
the need to execute tasks on different connected hardware elements at the
same time. Using the ATLAS platform this can be achieved quite easily by
simply sending status:ready back to the master after starting the execution of a
certain task even if the task is still active. Using a classical producer consumer
design pattern (see chapter 5.2.2) on the client side, however, would lock up the
client during the execution of this specific task making it non-responsive for
input from the master and the GUI. If such a task is quick, such as switching
a valve to a new port, this fact is of no consequence. If this task takes several
seconds or even longer it needs to be decoupled from the interpretation and
execution of new commands.

In the case of the Tecan syringe pump the command to pickup or deliver
a defined volume just takes a few milliseconds to execute and is therefore
executed directly in the consumer loop of the client. The time needed to pump
the volume, however, takes much longer and since it is of great importance
to monitor the movement of the plunger this monitoring task needs to be
parallelized to the rest of the client program code. Only by doing so a possible
failure of the pump can be detected and the master can be notified.

Using LabVIEW this parallelization is simply achieved by adding another
loop parallel to existing loops. In figure 5.7 the monitoring loop for the pump
movement can be seen right above the producer loop monitoring user input
on the GUI. To minimize the CPU time used by this loop it is only executed
upon request by the consumer loop, indicated by the partial loop structure
at the very top of the figure. If a hardware error occurs the monitoring loop
is stopped and the master is notified, which will distribute the error to all

connected clients.
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Figure 5.7: Partial G code of the Tecan syringe pump client showing the producer
loop, the monitoring loop for the pump execution and the consumer loop indicated
by the partial loop structure (from bottom to top) indicating parallel code by placing
different loops next to each other. In the monitoring loop every 5 ms the status of
the pump is queried by sending the appropriate command over the RS232 connection.
As long as the pump answers that it is busy this loop keeps running. However as
soon as the pump answers that it is ready or that an error occurred the loop stops

and the master is notified.






CHAPTER 6

Evaluation of MOEMS

spectrometers

6.1 Grating spectrometer

6.1.1 Determination of CO, in aqueous solution

The optical setup for the determination of dissolved carbon dioxide COQ(aq) in
water consisted of a 20 W globar IR source, an off-axis parabolic mirror, which
focused the IR beam through a 25 um path length flow cell directly onto the
entrance slit of the MOEMS grating spectrometer. To avoid interferences from
water vapour and especially atmospheric CO,, the whole set up was encased in
a plastic box flushed with nitrogen (5.0) from a gas bottle. For each spectrum
3000 scans were averaged directly by the spectrometer electronics, resulting in
a measurement time of approximately 40 s per spectrum and an active scan

time of 23 s, giving noise values summarized in table 6.1.

Table 6.1: Typical noise values of the MOEMS grating spectrometer averaging 3000

scans

Range RMS | Peak to Peak (PP)
2500 — 2380 cm ™! | 0.011 0.048
2300 — 2215 cm ™! | 0.023 0.114

Due to the low solubility of carbon dioxide in water! the calibration

standards had to be prepared in-situ to avoid out-gassing. Therefore different

1Solubility of CO, in water at 20°: 1.7 g-17!
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Table 6.2: FEquilibria reaction of carbon diozide with water. Since only 0.1 % of the
dissolved COg(aq) forms carbonic acid the effective pK41 value has to be calculated

by pKa1 = 3.2 + 3.3 = 6.5 resulting in a very weak acid.

reaction pK,
CO2(g) : Coz(aq) ]..4
COz(aq) +H,0 == H,CO;4 3.2

H,CO; + H,0 == H;0" + HCO; 3.3
HCO; + H,0 = H,0" + CO3 104

concentration of NaHCO;, were prepared and by acidifying them with citrate
buffer (pH 3) COy(,q Was released according to the equilibrium reaction of
carbonic acid, shown in table 6.2. The mixing was achieved in a closed liquid
handling system consisting of a peristaltic pump and a t-shaped junction as
the mixing element.

To obtain the raw spectra of aqueous carbon dioxide, shown in figure
6.1(a) a mixture of pure water with citrate buffer solution was measured
as a background before water was replaced by the NaHCO; solution. As

can be seen from the spectra baseline drifts and especially a tilting of the
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(a) Spectra of 3000 averages (b) Linear calibration: R? = 0.993

Figure 6.1: Spectra and calibration curve of COQ(aq) obtained using the MOEMS
grating spectrometer developed by Carinthian Tech Research AG
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baseline was observed. Those baseline variations can partially be contributed
to the underlying absorption of water (combination of bending vibration d,
and libration mode Ls) as well as to temperature effects on the MOEMS
spectrometer caused by the powerful light source used in a closed environment.

Evaluating the spectra by applying a four point baseline correction? and
integrating the band between 2322 cm™! and 2359 cm™! resulted in a linear
calibration curve plotted in figure 6.1(b).

From the obtained data it has to be concluded that the MOEMS grating
spectrometer is capable of measuring IR spectra in a limited spectral range at
high speeds. However, the size of the grating (and in the case of the presented
COQ(aq) measurements the angle of the grating) is a limiting factor in terms of
energy throughput. The achieved S/N ratio allows for the quantification of
dissolved carbon dioxide, however due to intensive averaging the advantage of
speed is lost (Publication V).

Therefore the usability of this spectrometer for TR-FTIR measurements
is limited to chemical reactions with strong absorptions and slow reaction

kinetics.

6.2 FTIR spectrometer

6.2.1 Determination of CO, in aqueous solution

Within the time frame of this thesis only the MOEMS FTIR spectrometer
of the first generation, described in chapter 2.1.2, could be evaluated. The
experimental setup consisted of a 20 W IR source, a parabolic mirror focusing
the light through the measurement cell onto a chalcogenide fibre leading to the
spectrometer. The measurement cell consisted of two parallel CaF, windows
with an optical path lenght of 100 pum. The movement of the scanning MOEMS
mirror was limited to 100 um either side of the interferogram’s centerburst,
shown in figure 6.2 resulting in a spectral resolution of 50 cm~!. Averaging

typically 512 scans for one spectrum resulted in a measurement time of approx.

20PUS method E: baseline points at 2221, 2291, 2389, 2510 cm ™!
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Figure 6.2: Interferogram measured through 100 um of H,O.
0.7 s and gave noise values summarized in table 6.3 for the measurement of a
100 % line through 100 pm of water.

Table 6.3: Typical noise values of the MOEMS FTIR spectrometer averaging 512
scans in the spectral range 2850 — 2420 cm ™!,

Range ‘ RMS ‘ PP
2850 — 2420 cm ™t ‘ 0.023 ‘ 0.102

Using the same sample preparation as for the evaluation of the MOEMS
grating spectrometer, described in chapter 6.1, different calibration samples of
C02(?161)
figure 6.3.

Using a PFD Filling Device® from Anton Paar it was possible to measure

were prepared in-situ resulting in a linear calibration curve shown in

real world samples avoiding out-gassing effects. This device pierces the cap of
bottles or the bottom of cans immediately applying pressure to it through a
compressed air supply. This overpressure not only keeps the COQ(aq) dissolved
but it also presses the sample through the measurement cell.

Using this sampling system, spectra of mineral water, carbonated soft-

drinks and beer were measured (figure 6.4(a)). Due to the extended spectral

3http://www.anton-paar.com/Filling-Device-PFD/C02-Meter/60_Corporate_en?

product_id=309
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Figure 6.3: Linear calibration curve of CO, (aq) averaging 512 scans and integrating

the 002((“1) signal from 2400 cm™! to 2240 cm L.

range of the MOEMS FTIR spectrometer, compared to the MOEMS grating
spectrometer it was possible to additionally measure parts of the CH-stretching
vibration region above 2700 cm~!. The carbonated softdrink sample as well as

beer show absorption in this spectral region indicating the presence of sugars.
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Figure 6.4: (a) IR spectra measured with the MOEMS FTIR spectrometer at a

spectral resolution of 50 cm™!.

The spectra were baseline corrected at 2410 cm™*. (b)
IR spectra of 002(0,(1) measured on a Bruker Tensor 27 spectrometer at a spectral

resolution of 2 cm™1 showing the tilt of the baseline caused by dissolved carbohydrates.
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Comparing the obtained spectra with a reference spectrum (figure 6.4(b))
measured on a Bruker Tensor 27 FTIR spectrometer using a spectral resolution
of 2 cm~! shows that the maximum of the CO2( 2q) band is red-shifted* which
can be attributed to the low resolution of the MOEMS FTIR spectrometer.

In summary, the evaluated prototype with a spectral resolution of 50 cm™*
is severely limited by the maximum achieved optical path difference of the
interferometer. The high scan rate of this prototype again needs to be traded
for longer scan times to achieve better S/N ratios (Publication VI). For time
resolved studies, however, a higher spectral resolution is needed to be able to
distinguish different species by their IR spectra. Further improvements of the
MOEMS technology within the MEMFIS project already show improvements in

terms of spectral resolution and could enable the use of MOEMS spectrometers

for time resolved measurements in the near future.

4Band located at 2320 cm ™! for the MOEMS FTIR spectrometer and at 2343 cm ™" for
the bench-top FTIR system.



CHAPTER 7

Step-scan TR-FTIR spectroscopy

in a micro-fluidic system

As described in chapter 2.1.3, step-scan experiments on non-cyclic reactions
need special experimental considerations. In this chapter the use of micro
fluidic mixers for the measurement of non-cyclic reactions is discussed. Using a
micro mixer instead of a standard flow cell, as used in classic IR spectroscopy,
reduces the sample volume needed to a minimum, a pre-requirement for the
measurement of biochemical samples. Using the micro mixer to mix two
solutions right prior to the excitation for the step-scan experiment allows the
usage of meta-stable reaction partners that would over time start reacting even

without a trigger.

The developed measurement setup was intended for the infrared spectro-
scopic measurement of the reaction of cytochrome ¢ oxidase with oxygen on
the microsecond time scale. The reaction centre of the cytochrome ¢ oxidase
is reduced and deactivated by binding carbon monoxide to it. Using a light

trigger the bound CO is released and the reaction is monitored.

The proposed "flow-flash" setup was evaluated using myoglobin as a test-
molecule which was deactivated in the same way and the rebinding kinetics
of the CO to the myoglobin molecule were monitored after photo-excitation

under continuous flow conditions.
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7.1 Experimental setup

7.1.1 Optical setup

The optical setup, shown in figure 7.1(a), for the step-scan measurements
of aqueous protein samples consisted of an IR beamcondenser (schematics
shown in figure 7.1(b)) connected to a Bruker IFS 66v/S spectrometer. The
IR light was coupled out of the spectrometer through an exit port. Using a
gold-coated parabolic off-axis mirror (D), with a focal length of 69 mm, the
light was focused onto an X,Y,Z translational stage from beneath. The spot
size on the micro mixer, mounted on the stage, was approximately 1 mm.
The transmitted IR light was collimated by a second 69 mm parabolic off-
axis mirror (C) and deflected downwards by a dichroic mirror (B) (Keveley
Technologies, Chesterland, OH, USA) reflecting IR and transmitting visible
light. A third off-axis parabolic mirror (focal length 43 mm finally focused the
IR beam onto the MCT detector (E).

For the photo activation of the protein samples inside the micro mixer
laser light was used, which was tuned to the right wavelength using an Optical
Parametric Oscillator (OPO) (Opta GmbH, Bensheim, Germany) (A). The
OPO was pumped by the third harmonic of a Nd:YAG laser (Quanta-Ray Lab-

1
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Figure 7.1: (a) Optical setup of the experimental set-up used for the Flow-Flash
time resolved step-scan measurements. See the text for details. (b) 3D schematic of

the used beamcondenser showing the IR beam path in red and the laser beam in green.
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150, Spectra Physics, Mountain View, CA, USA). The laser light was directed
towards the IR beamcondenser using dielectric mirrors. Before entering the
beamcondenser the laser light was widened using a concave lens and a round
aperture fully illuminating the parabolic mirror (C) to reduce the energy

density down to approx. 0.2 mJ-cm™2.

Otherwise the gold coated mirror
would have been damaged due to absorptivity of gold in the visible spectral
region. At the sample spot the focused laser beam had an energy density of
around 4 mJ-cm~2.

To ensure that only sample, that was also probed by the IR light beam, was
illuminated by the laser flashes, the mixer was covered with an additional metal
aperture located on top of the mixer chip. The aperture had a rectangular
shape of 1 x 1 mm and was located at the end of the mixing channel. First the
IR beam and the mixer position were optimized for maximum IR throughput.
Afterwards the laser beam was adjusted using the last dielectric mirror to fully
illuminate the area of the aperture hole.

Using the old mixer design, consisting of two CakF, plates, the transmitted
laser light through the mixer had to be blocked from entering the spectrometer.
Using a Germanium filter (Laser Components, Olching, Germany) ensured
blocking the laser without strongly attenuating the IR beam (D).

To reduce the number of recorded data points, necessary to suffice the
Nyquist criterion, in the step-scan experiments the IR light reaching the
detector was limited by a broadband filter (E) before reaching the detector. For
measuring the fingerprint region of the protein samples a longpass filter ranging

! was used, reducing the number of interferogram

from 1973 cm™! to 0 cm™
points to 1024 at a spectral resolution of 4.5 cm™!. A bandpass filter from
2429 ecm ™! to 1669 cm ™! was used for the measurement of the CO band region

reducing the interferogram points to 169.

7.1.2 Data acquisition

The step-scan experiments had to be conducted at a repetition rate of 10 Hz,
limited by the OPO. At that rate the Nd:YAG laser triggered its flash lamp and

180 ps later the laser flash was emitted. Using a Transistor Transistor Logic
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(TTL) signal provided by the Nd:YAG laser marking the ignition of the flash
lamp, the data acquisition by the Bruker IFS 66v/S spectrometer was started.
The MCT detector’s pre-amplifier was connected to the external detector port
of the spectrometer, which was used as a power supply for the pre-amplifier.
The detector signal was amplified and the DC output of the pre-amplifier was
off-set compensated using a specially designed electronic device. This signal
was then digitized by the spectrometer’s ADC at a resolution of 16 bit and a
bandwidth of 200 kHz. For all measurements 1000 data points were acquired
at a temporal resolution of 5 us. The first 36 spectra were recorded prior to
the laser flash and their average was used as a reference spectrum to calculate
the time resolved difference spectra.

The flow rate of the sample inside the mixing channel was chosen in a way
that the sampled volume (10 x 300 x 1000 um = 3 nL) was flushed four times
between two subsequent laser flashes to ensure that only fresh sample was
measured. Therefore the flowrate inside the channel was set to 8 puL - min™!.
Allowing that no more than 10 % of the sampled volume was exchanged during
the measurement time only the first 2.5 ms of each time-resolved data set were

used for data evaluation.

7.2 Measurements on myoglobin

7.2.1 Sample preparation

First 1 mL of 4 mM myoglobin solution from horse heart was prepared in
a 25 mM phospate buffer at pH 7.0. After centrifuging it at 14000 rpm the
supernatant was filtered using a 0.2 um syringe filter. The solution was
then carried over to a 25 mL bottle neck flask and sealed with a silicone
septum. Afterwards the atmosphere inside the flask was exchanged with argon
by applying five cycles of evacuating and aerating with argon under steady
stirring of the solution.

The sample solution was then reduced by adding sodium dithionite to a
final concentration of 16 mM under a counter current of argon through one of

the bottlenecks. The reduced form of myoglobin, shown in figure 7.2(a) has a
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Figure 7.2: Crystal structure of myoglobin.

dark red colour compared to the brown colour of native myoglobin. Finally,
the argon atmosphere was replaced with carbon monoxide using ten cycles
of evacuating and aerating. The solution was then stirred for 30 min to form
the carbonmonoxymyoglobin (Mb-CO), shown in figure 7.2(b) which has a
bright red colour. The final solution was saturated with carbon monoxide at a
concentration of approximately 1 mM.

The 3D models were calculated using the software package Pymol! using
data from [59] for the deoxy-form and [60] for the Mb-CO data. Upon the
uptake of the carbon monoxide, an out-of-plane movement of the Heme iron
takes place, which leads to backbone displacements of various helices. As a
consequence the histidine-64 amino acid moves into the Heme pocket and the
side chain of the leucine-29 rotates slightly [61,62].

The formation of the Mb-CO complex was verified by recording UV /VIS
spectra before the sample was used. Figure 7.3 shows a comparison of myo-

globin, deoxy-myoglobin and the Mc-CO complex showing a strong shift in

"http://www.pymol.org/. Data downloaded from the Protein Data Bank: http://www.

pdb.org
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Figure 7.3: Typical UV/VIS spectra of the three forms of myoglobin. (a) shows the
strong absorption of the Soret bands and (b) a zoomed in view of the spectral region

of the a and B bands.

the Soret absorption? (figure 7.3(a)) for the three different states. The absence
of a shoulder at 434 nm in the spectrum of the Mb-CO complex shows that all
reduced myoglobin was converted to the Mb-CO complex. However, a slight
shoulder at 409 nm is evidence for remaining oxidized myoglobin.
Additionally to the shift in the Soret band the binding of carbon monoxide
leads to a split of the @ band, shown in figure 7.3(b). Upon the binding of CO
the o band splits into a stronger 5 band at 540 nm and a remaining weaker «
band at 575 nm. For the initiation of the flow-flash experiment the laser was

tuned to the maximum of the 5 band at 540 nm using the OPO system.

7.2.2 Measurements

The presented measurements on myoglobin have been recorded using the old
micro mixer design described in chapter 4.1 with the purpose to evaluate the
proposed flow-flash setup (see chapter 7.1).

As a first test a single-channel spectrum of the Mb-CO complex was recorded

in AC-coupled mode, shown in figure 7.4(a), inside the mixing channel. At

2The spectral region of 400 to 500 nm is called Soret band and is widely used for

spectrophotometric determination of metalloporphyrins [63].
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Figure 7.4: (a) Single channel spectrum of 4 mM Mb-CO solution recorded inside
the micro mizer using the beamcondenser setup. The absorption at 1944 cm™" is the
result of carbon monozide. (b) Absorption spectrum of myoglobin measured inside

the micro mizer showing the strong Amide I and II absorption features.

1944 cm™! the stretching vibration of carbon monoxide can clearly be seen.
Recording a single channel spectrum of water inside the mixer allowed to
calculate an absorption spectrum of the 4 mM myoglobin solution inside the
mixer. However, due to the high concentration of myoglobin a negative
absorbance at 1644 cm™! occurred as a result of the displaced water molecules.
To obtain the absorption spectrum shown in figure 7.4(b) a spectrum of
water was added to the absorption spectrum of myoglobin in such a way
that the negative absorption of the combination vibration of water around
2100 cm ™!, which doesn’t interfere with the Amide I absorption of myoglobin,
was minimized.

The data shows that recording decent protein spectra in the mixer is
possible and also proves in addition to the UV /VIS measurements that the
Mb-CO complex was formed successfully and is stable enough to be transferred
to the syringes used to fill the mixer with the sample solution.

In a next step the flow flash setup was tested recording step-scan data using
laser flashes at 540 nm to dissociate CO from myoglobin. The IR light reaching
the detector was limited by a bandpass filter, which was mounted in front of

the MCT detector. Averaging 40 time slices at each of the 169 interferogram
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Figure 7.5: Result of a flow-flash experiment showing the rebinding of the carbon

monozxide to the deoxy-myoglobin.

points, a whole time-resolved data set was recorded consuming just 22 pL of
the sample solution. Taking the average of the first 36 spectra, which were
recorded prior to the excitation, and using their average as the background
spectrum difference spectra were calculated. As a result, a 3 dimensional data
set of the flow-flash experiment, shown in figure 7.5, was obtained. Allowing
that only 10 % of the sample was exchanged during the measurement the
evaluated time frame had to be reduced to 2.5 ms?® being too short to follow
the complete rebinding of the carbon monoxide.

The observed negative band at 1943 em ™! is the result of the dissociation of
the Mb-CO complex after the laser excitation. The dissolved carbon monoxide
in the solution is then rebinding to the Heme iron. Figure 7.6(a) shows the
difference spectrum 10 us after excitation, extracted from the data shown in
figure 7.5. Figure 7.6(b) shows the rebinding kinetics of the carbon monoxide to
myoglobin. Applying a bi-exponential fit to the data results in time constants
of 71 = 185 us and 7 = 1 ms.

In figure 7.6(c) and (d) the order of the rebinding kinetics is evaluated. By
plotting the inverse of the deoxy-myoglobin concentration against time results
in a linear fit for second order reaction kinetics, whereas plotting the natural
logarithm of the deoxy-myoglobin concentration against time gives a linear

relation ship for first order kinetics.

3This value poses a compromise between the repetition rate of the laser, the time needed
to flush the sample volume four times between two laser flashes and only 10 % of sample

volume being exchange during the measurement.
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Figure 7.6: (a) Difference spectrum of the deoxy-myoglobin form observed after
photo dissociation, showing negative absorption at the band position of the CO
stretching vibration at 1943 cm™t. (b) Bi-exponential fit for the CO band (1 = 185 ps,
To = 1ms). (¢) Plotting the reciprocal of the deoxy-myoglobin concentration against
the reaction time indicates a second order reaction for reaction times < 1 ms. (d)
Plotting the natural logarithm of the deoxy-myoglobin concentration indicates a

pseudo-first order reaction for reaction times > 1 ms.
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From figures 7.6(c) and (d) it is apparent that for reaction times up to
approx. 1 ms the rebinding of carbon monoxide to the deoxy form of myoglobin
follows a second order kinetic and a first order kinetic for reaction times > 1 ms.
This means that for the beginning of the rebinding the concentration of the
deoxy-myoglobin as well as the concentration of the carbon monoxide in the
sample solution are time limiting factors. After the dissociation of the Mb-CO
complex the concentration of carbon monoxide in the solution is approximately
5 mM and much higher than the equilibrium concentration of dissolved carbon
monoxide at room temperature (1 mM) resulting in a second order kinetic.
For later time slices the concentration of carbon monoxide in the solution
approaches the equilibrium concentration and the reaction is of pseudo-first
order.

For the spectral region of the Amide bands of the protein a second exper-
iment was conducted using an appropriate optical filter. Due to the lower
S/N ratio in that region 150 scans had to be averaged, consuming 230 uL of
sample, and advanced signal processing techniques were required to extract
the protein signals. Data presented in Publication VII.

The obtained kinetics for the CO rebinding are in good agreement with
data from Dixon et al. [64], proving that the proposed flow-flash setup is
capable of recording time-resolved data of proteins in flow if the exchanged
sample volume is small enough during the measurement time of each time
slice. In the presented case 10 % of the probed volume was exchange during

the evaluated measurement time of 2.5 ms.

7.3 Measurements on cytochrome c oxidase

Cytochrome c¢ oxidase is the complex IV of the electron transfer chain that
generates chemical energy by producing Adenosine TriPhosphate (ATP). Cy-
tochrome c¢ oxidase takes four electrons from four cytochrome ¢ molecules
transferring them to one oxygen molecule, producing two molecules of water
while pumping four protons across the inner cell membrane. Thus, it con-

tributes to the proton gradient necessary to produce ATP by the ATP-synthase.
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Heme a

Figure 7.7: (a) Crystal structure of the cytochrome ¢ oxidase, showing the subunits
I (green), II (red), III (blue) and IV (purple). Electrons are being transferred from
the Cu, over the Heme a to the active reaction centre of the cytochrome c¢ oxidase
consisting of the Heme a3 and the Cup. (b) Reaction cycle of the cytochrome c
oxidase. Refer to the text for a detailed description. The figure is reproduced with
kind permission from Michael Schleeger [65].
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For the presented work, cytochrome c¢ oxidase from Rhodobacter spaeroides
[66] was used. A 3D model of the used cytochrome ¢ oxidase rendered from
crystallographic data is shown in figure 7.7(a). The different subunits (I-IV)
are shown in different colours and the active centres of the cytochrome c
oxidase located in subunit I (shown in green) consisting of the Cuy ion and
the Heme a3 are show in red and orange. A Cu, pair is located in subunit II
(shown in red), which is accountable for the uptake of the electrons from the
cytochrome ¢ molecules. Additional co-factors of the cytochrome ¢ oxidase are
Ca and Mg ions located in subunit I.

A full reaction cycle of the cytochrome ¢ oxidase is shown in figure 7.7(b)

starting at the state O where all four redox centres are oxidized [65]:

e Transition O — E: One electron is taken from a cytochrome ¢ molecule
and transferred by the Cu, over the Heme a to the reactive center of the
cytochrome ¢ oxidase, reducing the Cug to Cug, pumping one proton
across the membrane and taking up one proton in the reactive center.
This proton is transferred to a hydroxyl-ligand and a water molecule is

released.

e Transition E — R,: The uptake of a second electron reduces the iron
center of the Heme a3 (Fely — Fel,). Again, one proton is pumped
and another proton is taken up again being most likely transferred to
a hydroxyl-ligand and released as a water molecule. Comment: A fully
reduced state of the cytochrome c¢ oxidase, called R, state, where all
co-factors are reduced, is not observed in nature but can be produced

artificially by using a reducing agent.

e Transition R, — P);: The Heme a3 binds one molecule of oxygen,
breaking the O, double bond to give an oxo-complex of the Heme iron
(Fel, — FelY) and a hydroxyl-complex of the Cu (Cug — Cug). Four
electrons are needed, three of which are provided by the metal centres
and the fourth one coming from an amino acid (tyrosin 288) forming a

radical.
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e Transition P,; — F: Another electron is taken up and transferred to

the amino acid radical forming an anion in the F state.

e Transition F — O: In this step another electron is used to reduce the
Heme a3 iron (Fely — Feli) and a proton is transferred to the oxo-
complex forming a hydroxyl-ligand. The state of the tyrosin 288 is
described as protonated and deprotonated in literature. This reaction
step is again coupled to pumping a proton, and the slowest step with a

reaction constant of 7 =1 to 3 ms.

The reaction of the cytochrome ¢ oxidase can be summarized in the following
equation:

O, + 4 Cyt - c(IT) + 8 H;,

inside

Cyt. ¢ Oxidase

2H,0 +4Cyt - (1) + 4 H_ 4o

The reaction pathways how the three protons are transferred to the tyrosine
anion and the hydroxyl-ligands is still being discussed in literature. Mixing an
oxygen rich buffer solution with the artificial R, state of the cyctochrome ¢
oxidase using the flow-flash setup described in chapter 7.1 promised to give
new insights into the described reaction mechanism. First steps towards this

proposed experiment are described below.

7.3.1 Sample preparation

The sample was prepared as described in chapter 7.2.1 for the myoglobin
samples. Adding Na,S,0, to a final concentration of 29 mM resulted in the
fully reduced form of cytochrome ¢ oxidase (R4). Cytochrome ¢ oxidase
concentrations larger than 300 uM lead to aggregation effects limiting the
highest possible sample concentrations. For the pursued experiment, mixing
such samples with a oxygen rich buffer would result in a protein concentration,
which is less concentrated by a factor of 27 compared to the myoglobin
concentration used for testing the flow-flash setup.

The samples were again measured in the UV /VIS range. The obtained
spectra are shown in figure 7.8. From the shoulder at 421 nm in the spectrum
of the CO bound R, state (blue) it can be seen that a little percentage of the

oxidized cytochrome c¢ oxidase form was not reduced and CO bound.
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Figure 7.8: UV/VIS spectra of the three states of cytochrome c oxidase. A blue
shift of the Soret band and the o band identifies the CO bound cytochrome ¢ complex
compared to the fully reduced form (R4) [67].

7.3.2 Measurements

The sample was transferred into a BaF, cuvette with a path length of 25 um
and measured using the beamcondenser for a first offline test. In analogy to
the flow-flash experiment on myoglobin the CO complex of the R4 state was
excited by a laser flash (590 nm, 4 mJ - cm™?) resulting in a negative difference
band at 1964 cm™!, shown in figure 7.9, and a rebinding to the cytochrome
¢ oxidase. In contrast to the measurements using the micro mixer a higher
photon throughput was possible due to the missing aperture, giving a better

S/N ratio as well as a higher path length was used.

Transferring the experiment into the micro mixer failed. Averaging the data
from 22 experiments each containing 20 coadditions recorded on cytochrome
¢ oxidase in flow inside the 10 pm path length mixer led to a S/N ratio
comparable to the one obtained in the stationary experiment. However, a
signal from the CO excitation could not be recorded, most probably due to
the smaller path length and a reduced sample concentration that had to be
used because of the high viscosity of a 300 uM cytochrome ¢ oxidase solution

which couldn’t be pumped through the mixer any more.
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Figure 7.9: Difference spectrum measured for the R/ state of cytochrome c ozidase
using a static sample in a BaF, cuvette with an optical path length of 25 pm averaging

10 coadditions.

Increasing the photon throughput while increasing the path length, however,
could enable the proposed experiment in the future. One possible way would
be to use an external cavity quantum cascade laser instead of the step-scan
spectrometer, taking advantage of the higher spectral energy density of the
laser. Increasing the path length of the mixer would result in a slower mixing
time, which can be accepted since the measurements are taken at one spot
only, which can be located at a point where the mixing process is already

finished.






CHAPTER 8
Rapid scan TR-FTIR spectroscopy

in a micro-fluidic system

The reactions, described in the following, have been measured in continuous
flow mode as outlined in chapter 3.3 using the mixers of the new generation,
described in chapter 4.2 by mixing two reagents under steady flow and following
the advancing chemical reaction using the Bruker Hyperion 3000 microscope.
By moving the measurement spot away from the mixing spot later reaction

times are observed. Mixing induced measurements have been summarized in
Publication VIIIL.

8.1 Experimental set-up

The mixing chip was mounted in its support holder, described in chapter 4.2.2,
and screwed onto a metal plate, suitable for the use with the X,Y table of
the Bruker Hyperion 3000 microscope. The two input connections were fed
through PEEK capillaries to avoid pressure fluctuations due to stretching of
the wall material of the tubings. The inner diameter of the tubings was 250 um
and they were connected to Hamilton glass syringes of 500 or 1000 puL volume.
These syringes were mounted on a KDS100 syringe pump (KD Scientific Inc.,
MA, USA), which is capable of delivering even low volumes at constant flow
rates.

The metal plate was then fixed on the X,Y stage by the provided clamps.
Due to the stiffness of the PEEK tubings the plate was additionally fastened
using two strips of adhesive tape. According to Nina Kaun this measure is

not enough for holding the mixer in place |2, p.56], however, no deficiency has
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been observed. One adversity observed was the fact that the mixing channel
could never be arranged parallel to the X direction of the microscope. This
fact was taken into account while calculating the measurement positions for
the experiment by an introduced offset in Y direction after an appropriate
number of measurement positions. Using this method the measurement spots
were kept in the middle of the channel independent from the tilting of the
mixer. The spacing of the measurement positions was chosen according to the
selected aperture width of the microscope.

The height of the aperture was normally chosen to be 100 um considering
the width of the mixing channel of 200 um, thus eliminating the areas on the
side of the mixing channel where poor mixing occurred due to the laminar
flow profile. The width of the aperture was also set to 100 um for S/N ratio
considerations, giving a sufficient S/N ratio at 100 x 100 pm aperture size at
32 scans. Increasing the time resolution of the experiment was attained by
changing the flow rate inside the mixing channel rather than by closing the
width of the aperture.

In the following, three different chemical systems have been investigated in

continuous flow mode using the new micro mixer design.

8.2 Formaldehyde sulfite clock reaction

The outstanding feature of clock reactions is the sudden appearance of a product
some time after the initial mixing of reagents |68]. For the formaldehyde sulfite
clock reaction such behaviour is observed in a closed batch reactor manifested
by a slowly increasing pH value at the beginning, followed by a rapid increase.
Conversely, a bistable behaviour oscillating between a low and a high pH state
was reported for an open flow reactor [69]. Kovacs et al. summarized the
formaldehyde sulfite clock reaction in the reaction scheme shown in table 8.1.

The rate determining step of the reaction can be found in the dehydration
of methylene glycol — a dimer formed by formaldehyde in aqueous solution —
releasing formaldehyde (step 1). The slow increase of the pH at the beginning
of the reaction is due to an internal sulfite - bisulfite buffer (step 2) which

supplies HSO; and H" which are consumed through reactions three and four.
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Table 8.1: Mechanism of the Formaldehyde sulfite clock reaction [69]

reaction rate constants (kjs, kr)
CH,(OH), == CH,O + H,0 55x 1073571, 10571 (1)
HSO; == SO +HT 3.1x 103571, 5 x 1010 M~ 15! (2)
CH, 0 + 502 —— CH,(07)SO; 5.4 x 106 M~ 151 (3)
CH,(07)SO; + HT == CH,(OH)SO; 1x10° M~ 1s71 2 x 1073571 (4)
H,0 == H" + OH"~ 1x 1073 M~ 1s7 1 1 x 101 M~1s~1  (5)
CH,O0 + HSO; — CH,(OH)SO; 4.5 x 102 M~ 1s—1 (6)
CH,(OH), +S03" — CH,(07)SO; + H,0 2.5 M~ 15! (7
CH,(OH), + HSO; — CH,(OH)SO5; + H,0 0.48 M~1s~! (8)

As soon as all HSOj is consumed the pH of the reaction solution starts to
increase rapidly. Reaction step 6 was added to the reaction scheme to explain
the system’s behaviour at low S’V concentrations and reaction steps 7 and 8
together with reaction 1 are responsible for determining the computed induction
time of the reaction. The proposed reaction mechanism however does not
explain the observed pH oscillations in a flow reactor which would need some
kind of a feedback process [69].

Measuring the reaction in our micro mixers allows for the direct observation
of reaction species by following their progression over time. A typical data
set recorded with the Bruker Hyperion 3000 microscope while mixing a 0.2 M

aqueous solution of Na,SO,; with a 0.2 M aqueous formaldehyde solution is

Beginning of the channel
——— End of the channel
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Figure 8.1: Data set recorded for the formaldehyde sulfite clock reaction using an

8 um path length micro mizer at channel flow rate of 10 uL-min~!.
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Figure 8.2: Reference spectra of pure Nay,SO4 and formaldehyde solutions measured
inside an 8 pm mixzer showing the only observed bands in the mid-IR region located

at 941.8 cm™! and 1105 cm™! for Na,SO4 and at 1031.8 cm™! for formaldehyde.

plotted in figure 8.1(a) and figure 8.1(b) shows the first and last spectrum of
the shown 3D plot pointing out the observed spectral changes.

Band assignments for the observed absorption bands are difficult due to the
surprisingly complex chemistry of aqueous SO, solutions |70]. Recorded refer-

ence spectra are shown in figure 8.2 showing an intensive band at 941.8 cm™!

and a band of low intensity at 1105 cm™1.

Investigations by Pichler et al.
showed that with increasing concentrations of HSOj; a sharp absorption band
at 966 cm ™! rises which isn’t observed for concentrations of 0.5 M but very
strong for ~ 3.6 M due to the S,02  anion formed by the condensation reaction
2HSO; = S,0% + H,O [71]. Herlinge et al. assigned a broad band of strong
intensity at 961 cm™! to the S—O stretching vibration of the S,02 and SO

1

anions, a band at 1022 cm™" was assigned to the HSOj species and a very

strong band at 1050 cm ™! also results from the S,0? anion [72].

In figure 8.1(b) two absorption bands are observed for the first spectrum
recorded inside the mixer. The stronger one observed at 942 cm™! comes
close to the reported S—O vibration of S,02 but wasn’t observed by Pichler
et al. for concentrations of 0.2 M as used for our experiments. From the
reaction progress shown in figure 8.1(a), however, it is apparent that the

species contributing to this absorption are consumed during the reaction and

are most likely a result from overlapping absorptions of different species. The
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Figure 8.3: Reproducibility tests for the formaldehyde sulfite clock reaction. (a)
Using the same mizer on the same day at different flow rates gives very reproducible
results. (b) Comparing two different mizers on different days using the same flow
rates also gives reproducible results. However, slight deviations for the rising product

band were observed.

second observed band at 1025 cm™! is caused by the C—O stretching vibration
of the methylene glycol form of formaldehyde overlapping with spectral features
of HSOs.

During the proceeding reaction a broad band at 1180 cm™! with a shoulder

! rises, whereas the band located at 1025 cm™! splits into two

around 1228 cm™
bands located at 1024 cm™! (assigned to HSOj;) and 1036 cm™'. Hinsmann
et al. assigned the first one to the asymmetric SO, stretching vibration [43],
while Pichler et al. observed strongly overlapping bands of HSO3 and 820?
from 1000 to 1300 cm™!.

The observed changes were evaluated by integration using the software
package OPUS from Bruker Optics. A one point baseline correction was applied
at 1320 cm™! to remove slight shifts in the baseline and the absorptions at the
maximum of the bands were taken with reference to this baseline. For the
evaluation of the shoulder of the product band the absorption was taken at

a fixed wavenumber of 1226.75 cm~!. The obtained time traces for different

mixers at different channel flow rates are plotted in figure 8.3.
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Figure 8.4: Fwaluation of the changes in the formaldehyde band by subtracting

the minimum between the two emerging bands from their maxima (in blue). For

comparison reasons the evolution of the product band is plotted in red.

From figure 8.3 it can also be seen that the maximum of the product
band stays at a constant level until approximately 25 ms before it starts
rising, whereas the shoulder of the same band already starts to increase at
the beginning of the mixing channel. From the sulfite band it seems that it
exhibits an induction time similar to the product band maximum but starts
to decrease at a slightly earlier reaction time. The observed reaction kinetics
can’t be fitted using a mono or bi-exponential fitting as it was possible for
classical reaction kinetics as observed for the myoglobin experiments presented
in chapter 7.2 underlining the complex reaction type of this kind of reaction
which wasn’t observed in earlier mixing experiments by Nina Kaun [73| and
Peter Hinsmann [43].

I was eval-

The temporal evolvement of the split in the band at 1025 cm™
uated by subtracting the absorption of the minimum between the newly
developing bands at 1030.8 cm™! from the absorption of the two emerging
bands at 1024 cm~! and 1036 cm™!. The resulting kinetics show a surprising
difference between the two difference signals, which can be seen in figure 8.4.
While the band at 1024 cm ™! exhibits the same sigmoid behaviour as the prod-
uct band at 1180 cm ™, the band at 1036 cm™! starts to change immediately

and exhibits a nearly exponential reaction kinetic.
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From the presented data the characteristic behaviour of a clock reaction —
the delayed starting of the reaction after an induction time — could be confirmed.
However, it is difficult from the measured IR spectra to conclude on single
sulphur species of the complex reaction due to strongly overlapping bands.
From the kinetic evaluation presented in figure 8.3 and 8.4 three different
species can be identified. The kinetics of the band at 1024 cm™! can possibly
be linked to the evolution of the product band at 1180 cm™!. The difference
in the behaviour for the band at 1036 cm™~! suggests another chemical species,
but can’t be properly assigned. The induction times described by Kovacs et
al. range up to 30 s, compared to observed induction times on the millisecond
time scale for the micro mixer experiments representing a huge difference for a
yet unknown reason.

The oscillating behaviour in a flow reactor, which the micro mixer represents,
wasn’t observed at the chosen experimental conditions or the time frame of
the experiment wasn’t long enough. However, it is not possible to operate the
micro mixer at flow rates low enough to extend the observation window into

the time scale of several seconds as reported by Kovacs et al [69].

8.3 H/D exchange on carbohydrates

Aqueous solutions of small carbohydrates are intensively studied in litera-
ture [74-77] not only because of their important role in food science. One
outstanding sugar is trehalose, a disaccharide linking two glucose units with an
a(l — 1)a-glucoside bond, making trehalose unique under all naturally oc-
curring disaccharides [78]. Since both anomeric carbon atoms are participating
on the glucosidic linkage trehalose is a non-reducing sugar.

Trehalose was found to be a highly efficient bioprotector for living organisms
serving as a substitute for water upon dehydration [79]. It was also found to
stabilize liposomes during freeze-drying [80]. Over the years several different
hypotheses have been published trying to explain those unique properties of
trehalose.

Green et al. reported that the glass transition temperature of different

sugars [81] coincides well with their ability to prevent dehydration-induced
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Figure 8.5: Due to its unique linkage between the subunits trehalose can form a

stable clam shell formation.

fusion between liposomal membranes as found by Crowe et al. [82], with
trehalose being the most effective sugar. Branca et al. investigated the O—H
stretching region of water in the presence of different sugars finding a more
marked destructuring effect on the H,O network for trehalose than other
sugars [83-85]. This theory is supported by molecular dynamics simulations
attributing trehalose that it reduces the size of water clusters more efficiently
than sucrose or maltose [86]. Additional measurements using inelastic neutron
scattering, Raman and IR spectroscopy support a stronger hydrogen-bond

interaction between trehalose and water than for sucrose [87].

More recent neutron diffraction experiments, however, show exactly the
opposite: A very limited number of sites on the trehalose molecule that can
interact with water and a surprisingly small influence on the water network [8§].
Again molecular dynamics simulations back up these findings stating that there
is little special about trehalose from the view point of water dynamics [89).

It seems more likely that the cryoprotection ability of trehalose is a result
of the direct interaction of it with membranes. Albertorio et al. attribute this
feature to the a(1 — 1)« linkage of trehalose leading to a stable clam shell
formation, as can be seen in figure 8.5 where both glucopyranose rings can form
hydrogen bonds with surrounding lipid molecules stabilizing the membrane
upon drying [78].

Differences in the hydrogen bond network of different sugars should influence
the proton exchange between OH groups of the sugar and surrounding water
molecules. Therefore, mixing different sugar solutions with D,O should give

different exchange kinetics for different sugars. Conducting such an experiment
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Absorbance

Figure 8.6: Measurement data showing the changes on the spectrum of trehalose

upon mizing with D,O. The flow rate was set to 12 pL - min~! for each syringe.

in a microfluidic mixer consists of two measurement runs. First, only H,O is
mixed with D,O for the background measurement and afterwards the aqueous
sugar solution is mixed with D,O for the sample measurement. This procedure,
however, leads inevitably to spectral changes in the region of water absorption
due to a displacement of water molecules by the sugar molecules, which doesn’t
overlap with the sugar absorptions observed in the spectral region ranging

from 1200 to 900 ecm~!. A typical data set is shown in figure 8.6 showing the
H/D exchange on trehalose.

To compare the H/D exchange rates the same measurements as for trehalose
were recorded for maltose, a disaccharide formed by two a(l — 4) linked
glucose units. Maltose is found to be the second most effective sugar for

bioprotection after trehalose.

Extracted raw spectra for both sugars, where both experiments were
measured at a mixing channel flow rate of 24 puL - min™!, are plotted in figure
8.7. Band assignments for the observed absorptions are summarized in table
8.2. The most prominent changing bands for trehalose are at 1082 cm~! and
995 cm™!. For maltose the band at 1078 cm™! and the shoulder at 996 cm ™!
are changing. As can be seen from the band assignment table, the band

at 995 cm™! is assigned to the glycosidic linkage by Kanou et al. [90] and
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Figure 8.7: FEztracted spectra of the H/D exchange reaction of (a) trehalose and
(b) maltose of the first four measurement position inside the channel and after the

exchange is completed at 15 ms.

Kacurakova et al. who assigned this vibration to a bending vibration of

COH [77].

Table 8.2: Band assignments for the observed IR bands in the fingerprint region for

Trehalose and Maltose. (sh) marks shoulders and * bands used for kinetic analysis.

Trehalose Maltose Band Assignment [77] Band Assignment [90]
946 cm ™! Ring
995 cm~1* | 994 cm~1* (sh) §(COH), v(C - 0) glycosidic linkage
1036 cm™! | 1027 cm~! (sh) | §(COH), v(C — O), v(C —C)

1027 cm ™! (sh) C-O-H
1036 cm ™! 1040 cm~1 C—4—OH

1040 cm 1! unknown

1050 cm™! | 1055 cm™! (sh) a—D—Gle
1050 cm~1! §(COH), v(C —0), v(C - C)
1081 cm—1* 1078 cm—1* §(COH), v(C — 0), v(C - C) C-1-H
1109 cm 1! 1111 cm~?! v(C — O), ring CO ring, C—4-0, C—6—-0
1151 cm—1 1149 cm~—1 v(C —0) pyranose ring
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Figure 8.8: Time traces evaluated by band integration. (a) Absorption band around
1080 cm ™! resulting in time constants T, = 0.97 ms for trehalose and 71 = 1.24 ms
for maltose.(b) Absorption band around 995 cm™! resulting in time constants of
71 = 1.12ms for trehalose and 7 = 1.22 ms for maltose. R? of fits: 1080 cm ™ :
Trehalose 0.97, Maltose 0.98; 995 cm™': Trehalose 0.86, Maltose 0.87.

This overlap in bands seems to match with the observations for the H/D
exchange reaction experiments since only the hydroxyl groups of the sugars
can exchange the hydrogen atom with deuterium, whereas the glycosidic bond
shouldn’t be effected by an H/D exchange. Further, the band for trehalose as
well as the shoulder for maltose show changes but do not disappear completely

after the H/D exchange is finished, indicating an overlap in bands.

The second strongly changing absorption band for both sugars was assigned
to a C—1—H vibration by Kacurakova et al., which again shouldn’t be effected
by the H/D exchange, with contributions from a bending vibration of COH.
In fact, while C—H — C—D labelling is widely used in carbohydrate research,
this requires harsh conditions, such as refluxing the sugar solution with a

catalyst or applying microwave-assisted techniques, to complete [91].

For evaluating the change of the bands at 995 cm~! and 1080 cm™! the
spectral data set was Min/Max normalized in the spectral region between
1180 cm™! and 980 cm™! using the Bruker software OPUS and integrated

afterwards.
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The obtained time traces are plotted in figure 8.8 and show first order
exponential decays for both sugars and both evaluated bands. From the time
traces it can be seen that the H/D exchanges is finished after approximately
5 ms and the observed time constants are on the magnitude of 1 ms for all time
traces. These decay times are on the same time scale as the evaluated mixing
time of the micro fluidic devices, shown in chapter 4.2.3.1. The observed
kinetics therefore are strongly overlapping with the mixing process and do not
allow any conclusion on differences in the H-bonding network of the different
sugars.

However, following H/D exchange reactions in other chemical environments
may assist in band assignments of overlapping bands or exhibiting slower

kinetics that can be separated from the mixing process.

8.4 Protein folding reactions

Protein folding investigation is a wide field in modern biochemistry with over
7000 hits in Scopus limiting the search to reviews only! studying conforma-
tional changes of proteins due to external influences. One method combined
with various detection techniques is rapidly mixing [92] the protein under
investigation with a second liquid [93] inducing the changes. Using IR spec-
troscopy as the detection principle gives access to the high information content
of infrared spectra and is a valuable tool for investigating protein structure
and folding [31].

For protein folding measurements in the micro fluidic mizer the smallest
ubiquitous protein in nature was chosen: ubiquitin. With its 76 residues it
forms a very stable native state and is therefore often used in research labs.
Ubiquitin is stable from pH 1.2 to 8.5 and from 23 to 80 °C [94]. Despite from
the native state, ubiquitin is known to exhibit a partially unfolded state called
A-state in a mixture of water and methanol at low pH [95]. More recently it
was discovered that in aqueous solution the native and A-state coexist but the

native state is strongly favoured [96].

1Search for "Protein folding" on http://www.scopus.com, July 2012
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Figure 8.9: Three dimensional structure of ubiquitin, the smallest naturally occur-

ring protein. Data taken from [97]

According to Brutscher et al. the change in protein structure from the
native to the A-state mainly causes the C-terminal part (residues 39-72, marked
in red in figure 8.9) of the protein to change from a [-sheet to a predominantly
a-helical structure. The N-terminal (blue) with its S-sheet and central a-helix
remain native-like [98]. Those changes in the secondary structure can be

1 which arises from

readily monitored by the Amide I band around 1650 cm™
the C=0 stretching vibration with minor contributions from the out-of-phase
CN stretching vibrations, CCN deformation and NH in-plane bending modes
of the amide bonds of the protein backbone [31].

Figure 8.10 shows offline measurements of acidified aqueous ubiquitin from
bovine enthrocytes in its native state as well as the A-state formed by dissolving
it in a mixture of 60 : 40 % methanol : H,O. As expected a blue shift in the
Amide I band from 1642 cm~! to 1652 cm ™! occurs due to increasing S-sheet
content in the A-state [31].

For the mixing experiments an acidified 6 mM ubiquitin solution was mixed
with pure methanol, which was also adjusted to pH 2 using HCl. The flow rate

was set to 3 uL - min~! for each syringe resulting in a measurement window of

135 ms at a time resolution of 1.6 ms.
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Figure 8.11: Measurement results of mizing a 6 mM aqueous ubiquitin solution

with pure methanol at a channel flow rate of 6 uL-min=t. (a) Spectral changes of

the Amide I and II region over time (b) First and last spectrum recorded inside the

micro mizer showing a band shift of the Amide I band from 1640 cm™' to 1647 cm ™!,
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Figure 8.12: Band positions of the Amide I band of manually selected spectra with
little water vapour interferences against time showing the trend in the band position

towards higher wavenumbers.

The data set obtained from the mixing experiment, shown in figure 8.11,
had to be corrected for the displacement of water molecules due to the high
concentration of ubiquitin in the sample spectra compared to the background
measurements. This compensation was achieved by manually adding a spec-
trum of water to each spectrum recorded along the mixing channel minimiz-
ing the negative absorption of the combination vibration of water around
2100 cm~!. Afterwards all spectra were normalized to the height of the Amide
I band.

For the mizing experiment a blue shift in the Amide I band was observed

too, shifting the band maximum from 1640 cm™! to 1647 cm™!

, as can be
seen from figure 8.11(b). A kinetic evaluation of the data set couldn’t be
performed due to strong water vapour interferences, seen in figure 8.11(a).
This disturbance to single spectra along the mixing channel was inevitable due
to the open beam-path of the Hyperion 3000 microscope at that time. Figure
8.12 summarizes the observed band positions by plotting manually selected

spectra, showing only little water vapour disturbances, versus time.

The presented measurement data prove that it is possible to follow protein
changes using our micro mixer. However, absolutely stable conditions of the
used FTIR microscope are a prerequisite for successful measurements. A

plexiglass housing, which was installed in the mean time around the optics
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of the Bruker Hyperion 3000 microscope, allows already for more stable
measurements by purging the whole optics with dry air. The limited supply
of mixers limited the number of possible experiments (see chapter 4.2.4 for
a description of challenges while using the micro mixers), leaving room for

future investigations.



CHAPTER 9

Conclusion & Outlook

Time resolved mid-FTIR spectroscopy is a versatile technique to elucidate
chemical reactions due to its content rich spectra. Over the years several
techniques have been established and commercialized, of which step scan
technology and rapid scanning are the most prominent ones. However, the
step scan technique is usually limited to cycle reactions and can be extended
to classical chemical reactions only by applying different approaches. Still, the
system under investigation needs to be precisely repeatable after being started
by an external trigger to completely record all necessary time traces.
Chemical reactions that can’t be inhibited therefore can’t be studied by the
step scan technology. For such reactions, starting upon mixing of the reagents,
microfluidic mixers can be used. In this thesis a new micro mixer design was
tested and applied to several chemical reactions, such as the formaldehyde sulfite
clock reaction, H/D exchange on carbohydrates and protein foldings. With its
optimized geometry drawbacks of previous mixer designs concerning mixing
time and spatial homogeneity have been overcome, resulting in faster mixing
times compared to the last design used by Nina Kaun [2]. Additionally, the
connection between the micro mixer and the macroscopic world was enhanced
reducing the dead volume of the support holder and placing particle filters
directly at the mixer inlets. Therefore, difficulties with dirt particles disturbing
the laminar flow inside the mixer, which would render the mixer useless, could
be reduced. Nonetheless, working with the mixers poses challenges taxing the
user’s patience. Especially the high pressures resulting from the usual flow
rates needed can cause leakages. In combination with the brittle materials used
breaking the mixer can easily occur trying to tighten the clamps responsible

for sealing.
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In addition to the classical approach of time resolved spectroscopy using
mixers, an external focusing unit was used to couple micro mixers to a step
scan FTIR spectrometer. This allowed to carry out step scan measurements on
chemical systems not stable enough to be mixed off-line prior to the experiment
by mixing the reagents directly before triggering the reaction. Measurements on
carboxy-myoglobin using this system resulted in data being in good agreement
with previously published literature.

Besides applying micro mixers fast scanning MOEMS spectrometers were
tested allowing up to 1000 scans per second, which, however, were not suitable

for kinetic measurements in their present early development stage.

Future developments of micro mixers should focus on further improving
the mizing efficiencies, and no less important on possible ways to clean the
mizers. One way to achieve easier cleaning could be the possibility to open the
mixer itself and use solvents in combination with an ultrasonic bath. Flushing
the mixer using the described ATLAS system helped to keep the mixers clean,
but failed to dissolve residues after they had been introduced into the mixing
channel.

Further developments could also focus on temperature stabilizing the mixer
and its holder, since reaction kinetics of all (bio-)chemical reactions are highly
temperature dependent. Accurate temperature measurements would need to
be conducted right inside the mixing channel but should not interfere with the
probing IR beam.

The emerging field of quantum cascade lasers and especially external cavity
lasers will be able to overcome the need for small path lengths of 8 um for
measurements in aqueous solutions due to their high energy density. Combining
them with the 50 um micro mixer design briefly tested in this thesis might

lead to successful measurements on cytochrome c oxidase in the near future.
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Abstract We present a horizontal multi-lamination mi-
cromixer with specially wedge shaped vertical fluid inlets
for fast and highly uniform fluid mixing in the low milli-
second range. The four-layer laminar flow is created by a
fluidic distribution network, reducing the amount of fluid
connectors to the macroscopic world to two. All the
geometries of the channel inlets and the distribution net-
work were optimized for low flow rates and hence for low
sample consumption using CFD simulations. The device
materials applied feature low absorption in the mid-infra-
red (wavelength 3—-10 pm) allowing to use this device for
time resolved infrared spectroscopy. The micromixer itself
can be built by silicon micromachining techniques without
the need of complicated fabrication steps. Due to a trans-
parent calcium fluoride cover optical measurements are
possible as well which were used to characterize the
device. Mixing times in the range of 1 ms with optical
color measurements of aqueous solutions and with time
resolved infrared measurement of the proton exchange
reaction of H>,O and D,O are achieved.
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1 Introduction

Many advancements in the field of on-chip biological and
biomedical analysis systems have been made in the last
decades with the goal to decrease reagent consumption,
lower processing time, increase throughput, lower the cost,
introduce disposable platforms or to study new phenomena
(Nguyen and Wereley 2002; Hardt et al. 2005). In bio-
logical or medical processes two or more reagents need to
be mixed before a reaction can occur. The mixing must be
fast and uniform at micrometer scale so that the reaction
can fully develop and reaction dynamics can be studied.
In general, mixers can be divided into active and passive
mixing principles. Active mixers need external energy or
actuation and are, therefore, often more complex while
passive mixers rely on diffusion or chaotic advection and are
operated autonomically. A review summarizing the most
common design approaches is given by Nguyen and Wu
(2005), Mansur et al. (2008). A simple electromagnetically
actuated micromixer was presented by Wen et al. (2009)
with mixing times in the 1 srange. Designs utilizing
acoustic waves achieved mixing times down to 7 ms (Ahmed
et al. 2009; Johansson et al. 2009). Another active mixing
principle with an actuated cantilever in the mixing channel
was investigated by Williams et al. (2009) without stating
actual mixing times. Mao et al. (2010) presented a chaotic
bubble mixer with mixing times of 20 ms which uses
monodisperse microbubbles for stirring. To overcome the
need of an external energy source, which often leads to a
complex device design, passive mixing principles are
attractive. The probably most investigated passive mixing
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principle is based on a T-shaped channel crossing, a so called
T-mixer, with several channel variations. Mixing times in the
1 srange can be achieved with these designs in low Reynolds
number flow regimes (Hossain et al. 2009). To reduce
mixing time in T-mixers in the order of one magnitude, pillar
structures (Chen et al. 2009) or herringbone structured walls
(Park et al. 2010; Cortes-Quiroz et al. 2009) can be used,
which introduce chaotic advection of the fluid. As many
chemical and biochemical reaction times occur in the mil-
lisecond range, fast mixing at low flow rates, and thus small
sample consumption, is desirable. Because the infrared (IR)
absorption of aqueous solutions can be dominant compared
to IR absorption changes caused by chemical reactions, the
mixing channel height should not exceed 8§—10 um and be
constant along the measurement section. The reduced cross
section area of the mixing channel combined with a low flow
rate, results in very low Reynolds numbers (Re < 1). This
indicates strictly laminar flow conditions and mixing only
occurs due to diffusion. Gambin et al. (2010) presented a
design recently, which uses three dimensional flow focusing
for fast mixing. However, this design with a focusing spot of
about 5 pum is not applicable for IR spectroscopy because a
measuring spot of about 150 pm in diameter is necessary to
gain an acceptable signal to noise ratio. High aspect ratio
laminar flow sheets were firstly used by Hinsmann et al.
(2001a) for a stopped flow mixing device. The mixing
time ¢ of a diffusion based mixing system scales inversly
proportional with the diffusion coefficient D and direct
proportional with the square of the diffusion length d ;s
g

roc—pn (1)
A multilaminar flow design was presented by Kauffmann
et al. (2001) and a similar design by Lipman et al. (2003)
with mixing times of 50 ms. Figure la shows a laminar
fluid structure with two layers (left) and four layers (right).
In the right image the layers in the middle differ in
thickness compared to the layers next to the channel wall.
According to Eq. 1, the mixing time can be reduced by a
factor of nine with this approach. A first design utilizing
layers that differ in thickness was introduced by Kanai
et al. (2002). Simulations show that with diffusion lengths
of around 1 pm, mixing times of 1 ms are possible
assuming fluid properties of water. However, if a multila-
minar flow structure is used the off-chip effort increases as
for every layer a fluid pump is needed or complicated
fabrication steps are necessary to cross over fluid channels.

2 Materials and methods

In our design presented here, different fluid layers were
laminated in a horizontal way by four vertical channels
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Fig. 1 a Cross section of fluidic channel with two lamination layers
left and four lamination layers right. By doubling the layers from two
to four the diffusion length decreases by a factor of three, the
diffusion time by a factor of nine. b Schematic of the micromixer,
forming four lamination layers. Two different reagents are pumped
into ports 1 and 2. The mixing channel itself serves as measurement
area. By moving the scanning IR-beam along the channel a time
resolved measurement is achieved. ¢ Two dimensional flow simula-
tion of the micromixer to determine the individual flow velocities of
each channel inlet for optimizing the thickness of each fluid layer

which lead into a horizontal mixing channel. A schematic
of the design is given in Fig. 1b which shows the filled
fluid channels, the wedge shaped inlet channels, and the
mixing channel (Rigler et al. 2008). In order to keep the
fluidic setup as simple as possible, the inlet channels with
the same reagent are fed from one side through a fluidic
distribution network. The exterior fluid connectors are
indicated by ports 1 and 2 for the two different reagents. In
contrary to previously presented designs, this system can
be supplied by one double-syringe pump. To achieve the
shortest mixing time and low premixing, the number of
lamination layers in combination with the channel dimen-
sions and geometry were investigated by computational
fluid dynamics (CFD) simulations with Comsol Multi-
physics. Simulations showed that wedge shaped inlets yield
much faster mixing than straight inlets. The difference in
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mixing performance between this novel wedge design and
the classical straight design is investigated with simulations
and measurements in the following.

2.1 Simulations

In first simulations the feeding channels and the fluid dis-
tribution network were designed before a full three dimen-
sional model was investigated. For fully simultaneous
diffusion of all lamination layers their thickness was varied
until unwanted effects like premixing were minimized.
Different flow velocities of the fluid junctions are also
comprised in the simulations. To generate an individual
optimum for each layer thickness, a fluid distribution net-
work utilizes the pressure drop along a microchannel to feed
the inlet channels with different fluid velocities. These
velocities were predetermined by a two dimensional simu-
lation of the micromixer shown in Fig. 1c. In this simulation
port 1 was modeled with a reagent concentration R1 of
1 mol/m® and port 2 with a reagent concentration R2
of 0 mol/m®. The diffusion coefficient was set to D =
5-1071m? /s to suppress mixing and clearly show the dif-
ferent fluid layers. In addition, a flow rate of 30 pl/min was
chosen, which is the maximum flow rate used with this mi-
cromixer. The resulting values of the relative flow velocities
in the inlet channels are given in Table 1. These were used to

design the fluidic distribution network according to Eq. 2
dp
dx

flow rate Q in rectangular channels (b = channel width,
h = channel height and & < b), where # means the dynamic
viscosity (Nguyen and Wereley 2002).

Q-74bh3 _dp\ |, 192 >, tanh ()
T3y \ dx

wh i=123... P

The cross section of the concentration profile of a three
dimensional micromixer design is shown in Fig. 2. The
channel width was set to » = 200 pm so if the measure-
ment spot of the IR-spectrometer is placed in the middle
there will be an edge of 25 um on each side. These areas
are excluded from the measurement to cancel time differ-
ences occurring at the border fluid layers due to the para-
bolic velocity profile caused by the pressure driven flow.
To gain a lower off-chip complexity, each inlet is fed from

which gives the pressure drop (57) depending on the change in

)

Table 1 Simulation result of normalized flow rates for the optimal
non-uniform lamination layers

Lamination inlet Normalized flow rates

Port la 0.18
Port 1b 0.32
Port 2a 0.375
Port 2b 0.125

one side. A certain pressure drop occurs between the
injecting and the far side of the channel inlet. This causes
an inhomogeneous velocity and pressure distribution and
hence non-uniform layers of fluid, as depicted in Fig. 2,
profile A. Therefore, fast mixing of the reagents is inhib-
ited. The cross sections in Fig. 2 show the four fluid layers
in the mixing channel right after they are formed (profile
A) and 50 pm after the layers were formed (profile B). The
distance between profile A and B equals 2.5 ms with
the used flow rates. Proper mixing is only occurring in the
middle areas and the lamination structure in Fig. 2 profile
A shows a kind of a zigzag shape. This limits the time
resolution of the mixing chip because dynamic measure-
ments can only be recorded of chemical reactions slower
than the mixing procedure. To reduce the mixing time and
form uniform fluid layers, the contact surface is increased
by using a special geometry for the lamination inlets. The
inlet broadens to a wedge shape at the far end of the
feeding, resulting in a constant pressure distribution and
hence uniform fluid layers.

An integration of the z-component of the fluid velocity
over the channel width (y-component) gives information
about the amount of fluid Q' added into the channel cor-
responding to Eq. 3

o) = / (o). (3)

The result of this integration is plotted on the y-axis, see
Fig. 3a. In the two dimensional plot the x-axis shows the
channel width b with the measurement region from 25 to
175 pm. If the quantity Q' is constant over the width of the
mixing channel, uniform fluid layers are formed. The
optimum geometry is found by comparing the variation of
Q' in the measurement area:

175_“m’Q,(y) _ 7Q’(y) )
- ')

A graphical illustration of AQ is given in Fig. 3b. The
best results can be achieved with a wedged inlet channel
opening from w, = 10 pm to w, = 22 um. As a result, the
pressure and hence the flow velocity variations are below
3% of their mean value. The geometry of this optimized
wedge shape is strongly depending on the depth of the
feeding channel (200 pm in this design), the inlet chan-
nel width (w, = 10 pm), the mixing channel height
(h = 8 pum) and the flow velocity if varied in a wide range.

The simulation of Fig. 2 was repeated with the calcu-
lated wedge shape of w;, = 10 um and w, = 22 pm. A top
view of the schematic and the corresponding concentration
profile at the same times as in Fig. 2 are given in Fig. 4. In
contrary to the straight shaped micromixer, profile A shows
uniform lamination layers. Due to this precondition, the

AQ = 4)
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Fig. 2 Two dimensional

concentration profile of the

straight micromixer at the point

where the four fluid layers are

formed and 2.5 ms further down

the mixing channel. The

reagents in channels 1 and 2 are b
dark colored. Proper mixing of

the reagents is occurring in the

bright region

R1t

A o
8
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R2 §
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z
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. o
: 100% R2

0 25
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mixing performance in profile B yields far better results.
The region of £10% of ideal mixing concentration ranges
over a total width of 160 pm in a channel of 200 um width,
which perfectly suits the IR measurement region of
150 x 150 pm>

A simulation of the mixing performance at a flow rate of
30 pl/min and with four different diffusion coefficients is
given in Fig. 5. The diffusion coefficients model different
solutions, for instance, D =2-10""m?/s models the
diffusion coefficient of aqueous solutions (Crowell and
Bartels 1996) whereas D = 5 - 1071 m? /s models the dif-
fusion of large biomolecules in aqueous solutions (e.g.,
proteins) which diffuse much slower. However, after a
distance of x99 = 200 pm in the channel, a mixing quality
of 90% 1is reached for a diffusion coefficient of D =
2-107°m?/s which corresponds to a mixing time of
tog = 0.64 ms.

2.2 Fabrication

The micromixer was fabricated according to the process
depicted in Fig. 6 by silicon micromachining techniques on
a silicon (Si) wafer (360 um thick, double-side polished,
silicon-nitride covered, (100) lattice orientation) and a
calcium fluoride (CaF,) wafer (1 mm thick, Korth Kristalle
GmbH, Altenholz, GER). Both wafers have a diameter of
100 mm. The fluid inlets and the distribution network were
processed on the silicon wafer. The photoresist AZ6612
and the resist developer AZ826 used for these steps were
purchased from AZ Electronic Materials (Branchenburg,
NJ, USA). The mixing channel was structured in WL-5150,

@ Springer

Measurement region

a photopatternable spin-on silicone (Dow Corning Corpo-
ration, Midland, MI, USA), on the CaF, wafer. To utilize
this device for IR spectroscopy, it was necessary to use
materials with low absorption in the mid IR region
(3-10 pm). Silicon and calcium fluoride suit these
requirements and CaF, is also transparent in the visible
region so that this microchip can also be used for optical
measurements with a light microscope. For more details
about the IR absorption of materials and the setup of the IR
spectrometer see Hinsmann et al (2001). Other cleanroom
chemicals used for processing steps were alkali hydroxide
etchant-KOH, propylene glycol monomethyl ether acetate-
PGMEA and for cleansing ethanol, acetone, and isopropyl
alcohol (Sigma Aldrich, St. Louis, MO, USA).

In the first step, the Si wafer was spin coated with a
positive photoresist (Fig. 6a). A photomask was used to
pattern the inlet holes for the fluid connections. Silicon
nitride (Si3N4) was partly removed by plasma etching,
acting as etch mask for wet-etching. The inlet holes were
wet-etched using KOH to form pyramidal grooves
(Fig. 6b). To form the fluidic distribution network, a deep
reactive ion etching (DRIE) process was applied on the
other side of the silicon wafer after the inlet distribution
structure was patterned by photolithography (Fig. 6¢). For
this process step precise backside alignment with a double-
side mask-aligner was necessary to join the KOH etched
grooves with the DRIE trenches. The fabrication was then
continued by spincoating a calcium fluoride wafer with
WL-5150 (Fig. 6d). This layer was soft baked before pat-
terning of the mixing channel by UV-exposure. After a
post-exposure bake, the desired pattern was developed
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Fig. 3 a Integrated flow velocity Q' over the x-component of the
inlet wedge. The homogeneity of Q' in the measurement area is
crucial for uniform fluid layers. b The y-axis shows AQ, the relative
change of the integrated flow velocity while the x-axis shows
different values of w, (w, was fixed to 10 pm). The minimum of this
plot defines the optimal wedge geometry for homogeneous fluid
layers

(Fig. 6e). WL-5150 is an elastic material (bulk elongation
37.6 %) which allows bonding of silicon and calcium
fluoride despite their highly different thermal expansion
(os5i =2 - 107%1/K and oc,p, = 18.85-
1076 1/K). The cold bonding procedure was applied for
several hours at room temperature (Fig. 6f). The
fully processed 100 mm wafer contains 40 devices
(6 x 17 mm?). To connect the microfluidic chip to a
commercial syringe pump from KD Scientific Inc
(Holliston, MA, USA), a custom holder was designed. To
provide excellent chemical resistance combined with
mechanical strength polyetheretherketon (PEEK), a partly
crystalline plastic was chosen as material for the holder.
The custom device holder with an integrated micromixer

coefficients

is shown in Fig. 6. A window opening in the custom holder
underneath the mixing channel enables measurements with
a FTIR brightfield microscope.

2.3 Experimental results and discussion
2.3.1 Color experiment

A suitable reaction of two reagents was chosen to verify the
simulation results. It is not possible to use a dyed and a
colorless liquid to distinguish between a layered and a
mixed system without a confocal microscope as the mixing
principle relies on vertical diffusion and the mixing process
is observed from top. As the mixing channel is only 8 pm
high, a simple pH indicator was also not satisfactory
because the color intensity was not sufficient. Therefore,
we applied a very strong color reaction. Tests showed that
the reaction of colorless thiocyanate (SCN™) and slightly
yellowish iron(III) (Fe**) solution forms a deep red
complex of adequate color intensity (Fe** 4+ SCN~ —
[FeSCNJ*"). For the following experiments 1.1 mol
potassium thiocyanate KSCN and 0.1 mol iron(IIl) chlo-
ride FeClj solutions were used. To get comparable results,
the mixing quality M, was defined according to Eq. 5.
MQ _ Im - Iback ) (5)
I, cm T Iback

To cancel the coloration intensity of the background
image lp,ck, it is subtracted from the coloration intensities
of the mixing experiment I, and the completely mixed
coloration value /I ,,. In the experiment the micromixer was
flushed solely with iron(IIl) solution and a premixed
complex solution to get the respective color intensity
values. For the experiment two micromixers, one with a
wedge shaped inlet channel design and another one with a
straight inlet channel design, was used. The mixers were
driven by a dual syringe pump to gain stable and even flow
rates ranging from 1 up to 30 pl/min in the mixing channel.
Images were taken during the experiments with a digital
camera applied to a microscope. The mixing times were
calculated from the intensity values of a greyscale bitmap
image by processing it with Matlab software.

The experimental result for the two different designs is
shown in Figs. 7 and 8. An exponential curve fitting was
applied for both measurements and the distance and time
values at 90% mixing quality is calculated (x99 and tq).
In addition, a R-square value is given, showing the quality
of the curve fitting, where one corresponds to a perfect fit.
The resulting mixing time for the wedge shaped design of
oo, = 0.9 ms is in good agreement to the simulation
results. The slightly faster result from the simulation could
lead from a difference of the actual diffusion coefficient of
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Fig. 4 Two dimensional
concentration profile of the
optimized wedge shaped
micromixer at the point where
the four fluid layers are formed
and 2.5 ms further down the
mixing channel. The reagents in
channels 1 and 2 are dark
colored. Proper mixing of the
reagents is occurring in the wa
bright region
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e = o == when moving further down the channel in the flow direc-
% e / |7 i L i tion. In the IR experiment the proton exchange reaction of
S a0 / ’,/ o = D[m?/s]) H,0 and D,O forming 2 HDO is investigated. This is a

- 10" . . .

8 o et — <L T ?‘124 well-known reaction, which is commonly used for char-
E 20 [~ - = 210° acterizing microfluidic devices used in IR spectroscopy
0 g 15107 (e.g.. Chan et al. 2009). Further, this reaction occurs
0 200 300 400 500 between small water molecules which mix faster than lar-

distance in mixing channel [um]

Fig. 5 Simulation result of the mixing performance with a flow rate
of 30 pl/min in the mixing channel and different diffusion coeffi-
cients. The diffusion coefficient of D =2 - 107" m?/s represents the
diffusion of water molecules

the used reagents compared to the one used in the simu-
lation model. A significant result is the improvement of
mixing time of the wedge shaped design compared to the
straight channel design in Fig. 8. The distance at which
90% mixing quality is reached for the straight channel
design is not visible in Fig. 8 , but was calculated from the
exponential fit to be xgo; = 1200 um This corresponds to a
mixing time of #9o; = 3.8 ms which is a factor four slower
compared to the optimized wedge design. Consequently,
the wedge design leads to a higher time resolution when
analyzing kinetics of fast chemical reactions (e.g., Jung
et al. 2008).

2.3.2 IR experiment

This micromixer uses the mixing chamber of a diffusion
mixer as measurement region for time resolved
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ger biomolecules. If the measurement of the mixing pro-
cedure of such a fast reaction can be shown, it is obvious
that other bioreactions, which are normally slower, can be
measured with the device. The infrared measurements were
carried out in transmission mode on a Hyperion 3000
microscope [Bruker Optics (Ettlingen, GER)], which was
equipped with two 15-fold Cassegrain objectives. A mer-
cury cadmium telluride (MCT) detector (Infrared Associ-
ates (Stuard, FL, USA)) with an element size of
250 x 250 pm? was used. A picture of the optical beam
path of the microscope is depicted in Fig. 1 ESM. The
micromixing device was mounted in a custom chip holder
and clamped onto the automated XY stage of the micro-
scope. The two reagents were pumped through the mixer
by a kdS 100 syringe pump (KD Scientific Inc (Holliston
MA, USA)), which was equipped with two 500 pl syringes
at a pumping speed of 15 pl/min per syringe resulting in a
flow velocity of 31 cm/s in the mixing channel. The optical
aperture of the microscope was limited to 150 pm width.
The first measurement spot was positioned 75 um down-
stream from the last outlet channel. By moving the mixer,
placed on a XY stage, the measurement spots were equally
spaced 150 pm apart. This resulted in a time resolution of
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Fig. 6 Top fabrication procedure of the micromixer: a spin coating of
positive photoresist on Si wafer, b KOH etching of the inlet holes
after a photolithographic step and plasma etching of the Si3;Ny layer, ¢
spin coating of the other side and DRIE etching of the inlet channels,
d spin coating of the CaF, wafer with a photopatternable silicone, e
photo-patterning of the mixing channel, f bonding of the CaF, and the
Si wafer. Bottom image of the custom built chip holder and a mounted
micromixer, which enables using standard fittings as fluid connectors

0.48 ms between two spectra. At each measurement spot
32 co-additions at a spectral resolution of 4 cm™' were
recorded. The diffusion coefficients of D,O and H,O are
found in Crowell and Bartels (1996), which lead to cal-
culated mixing times of about 1 ms as outlined in Sec. 2.1.
D,0 was purchased from Sigma Aldrich (St. Louis, MO,
USA) whereas deionized H,O was taken from the lab. Each
experiment consisted of two separate measurements. First,
both syringes were filled with water and background
measurements along the mixing channel were recorded.
This procedure was necessary due to slight inhomogenei-
ties in the transmission behavior along the mixing channel.
Afterwards, one syringe was replaced with a syringe filled
with D,O and the experiment was repeated while mixing
D50 and H,O. After both measurements were recorded, the
absorbance spectrum was calculated with OPUS and plot-
ted with Origin, Fig. 9. The dataset shows the deformation
vibrations of H,O (1640 cm™!), HDO (1456 cm™!) and

distance in mixing channel [um]

Fig. 7 Recorded measurement result with the optimized wedge
shaped design. The mixing quality was averaged over the channel
width. The mixing time was calculated with MATLAB after an
exponential fit was applied. Measurements along the mixing channel
(x-axis) correspond to a reaction time defined by the flow velocity
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Equation y = ATexp(-x/tl) + y0
b 1183um
804 |90 3.79ms
= adj. R-square 09912
S5 70
< —— 30p/min
=2 60 1 exp. fit of 30 plimin |
g 50+
o
@ 40
=
‘E 304
20 4
10 4
0 : . . | |
0 100 200 300 400 500

distance in microchannel [um]

Fig. 8 Recorded measurement result with the straight shaped design.
The mixing quality was averaged over the channel width. The mixing
time was calculated with MATLAB after an exponential fit was
applied. Measurements along the mixing channel (x-axis) correspond
to a reaction time defined by the flow velocity

D,0 (1212 cm™"), measured along the mixing channel.
The H,O band appears negative due to the fact that H,O
served as the background of the measurement (Fig. 9a).
The integrated band area of the HDO and H,O bands,
including mono-exponential fits to the data, are presented
in Fig. 9b.

3 Conclusion
The microfluidic device presented is the first highly uni-

form multilamination mixer utilizing wedge shaped inlet
channels, which can be applied for very fast time resolved
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Fig. 9 a This dataset shows the deformation vibrations of H,O
(1640 cm™"), HDO (1456 cm™") and D,O (1212 cm™') measured
along the mixing channel. The H,O band appears negative due to the
fact that H,O served as the background for the measurement, b shows
the integrated band area of the HDO and H,O bands including mono-
exponential fits to the data, resulting in reaction time constants of H,O
1.4 ms for the straight shaped mixer and 0.4 ms for the wedge shaped
mixer

optical and infrared measurements. Simulated mixing times
of around 1 ms could be confirmed through optical and
infrared spectroscopic methods. Due to the optimized
wedge shaped inlet channel, this design is applicable for
very low flow rates down to 1 pl/min and hence reduces
costly reagent consumption to a minimum. Further, this
device is applicable for IR spectroscopy to analyze the so
far unclear kinetics of chemical reactions. The fabrication
procedure of this device is simple and time efficient as the
channel structures are processed on a silicon wafer by
standard micromachining techniques. An easy device
upgrade for mixing more than two reagents is possible by
simply adding further lamination layers. In the same way, a
two stage mixer can be realized where first two reacting

@ Springer

fluids are mixed and monitored before a third reagent is
added (e.g., to quench the chemical reaction). The easy
setup and handling with the custom holder and standard
fluid connectors make this device an attractive tool for
studying chemical reaction kinetics. In further experiments,
this micromixer could also be used for determining diffu-
sion coefficients of different fluids.

Acknowledgments For the sensor fabrication and technical support
we thank E. Svasek and P. Svasek (ISAS Technology Lab and ZMNS,
Center of Micro- and Nanostructures, Vienna University of Tech-
nology) and P. Hudek at the Vorarlberg University of Applied Sci-
ences. For financial support we gratefully acknowledge the COMET
Competence Center Program of the Austrian Government.

References

Ahmed D, Mao X, Shi J, Juluri BK, Huang TJ (2009) A millisecond
micromixer via single-bubble-based acoustic streaming. Lab
Chip 9(18):2738-2741

Chan KLA, Gulati S, Edel JB, de Mello AJ, Kazarian SG (2009)
Chemical imaging of microfluidic flows using atr-ftir spectros-
copy. Lab Chip 9(20):2909-2913

Chen L, Wang G, Lim C, Seong GH, Choo J, Lee EK, Kang SH, Song
JM (2009) Evaluation of passive mixing behaviors in a pillar
obstruction poly(dimethylsiloxane) microfluidic mixer using
fluorescence microscopy. Microfluid Nanofluid 7(2):267-273

Cortes-Quiroz CA, Zangeneh M, Goto A (2009) On multi-objective
optimization of geometry of staggered herringbone micromixer.
Microfluid Nanofluid 7(1):29-43

Crowell R, Bartels DM (1996) H20/D20 Isotope effect in geminate
recombination of hydrated electron. J Phys Chem 100:17713—
17715

Gambin Y, Simonnet C, VanDelinder V, Deniz A, Groisman A
(2010) Ultrafast microfluidic mixer with three-dimensional flow
focusing for studies of biochemical kinetics. Lab Chip 272(23):
5962-5970

Hardt S, Drese KS, Hessel V, Schnfeld F (2005) Passive micromixers
for applications in the microreactor and TAS fields. Microflui-
dics Nanofluidics 1(2):108-118

Hinsmann P, Frank J, Svasek P, Harasek M, Lendl B (2001) Design,
simulation and application of a new micromixing device for time
resolved infrared spectroscopy of chemical reactions in solution.
Lab Chip 1(1):16-21

Hinsmann P, Haberkorn M, Frank J, Svasek P, Harasek M, Lendl B
(2001) Time-resolved FT-IR spectroscopy of chemical reactions
in solution by fast diffusion-based mixing in a micromachined
flow cell. Appl Spectrosc 55(3):241-251

Hossain S, Ansari MA, Kim KY (2009) Evaluation of the mixing
performance of three passive micromixers. Chem Eng J
150(2-3):492-501

Johansson L, Johansson S, Nikolajeff F, Thorslund S (2009) Effective
mixing of laminar flows at a density interface by an integrated
ultrasonic transducer. Lab Chip 9(2):297-304

Jung SY, Liu Y, Collier CP (2008) Fast mixing and reaction initiation
control of single-enzyme kinetics in confined volumes. Lang-
muir 24(9):4439-4442

Kanai M, Uchida D, Sugiura S, Sato H, Mori Y, Sakamoto K,
Nakanishi H, Shoji S (2002) Optimal design of the micromixer

using nonhomogeneous multilayer laminar flow. In: Proc. Micro-
TAS, vol 1, pp 73-75



Microfluid Nanofluid (2011) 10:889-897

897

Kauffmann E, Darnton N, Austin R, Batt C, Gerwert K (2001)
Lifetimes of intermediates in the beta-sheet to alpha-helix
transition of beta-lactoglobulin by using a diffusional ir mixer.
Proc Natl Acad Sci USA 98(12):6646-6649

Lipman E, Schuler B, Bakajin O, Eaton W (2003) Single-molecule
measurement of protein folding kinetics. Science 301(5637):
1233-1235

Mansur EA, Ye M, Wang Y, Dai Y (2008) A state-of-the-art review
of mixing in microfluidic mixers. Chinese J Chem Eng 16(4):
503-516

Mao X, Juluri BK, Lapsley MI, Stratton ZS, Huang TJ (2010)
Milliseconds microfluidic chaotic bubble mixer. Microfluid
Nanofluid 8(1):139-144

Nguyen N, Wu Z (2005) Micromixers—a review. J Michromech
Microeng 15(2):R1-R16

Nguyen NT, Wereley ST (2002) Fundamentals and Applications of
Microfluidics. MEMS Series, Artech House

Park JM, Seo KD, Kwon TH (2010) A chaotic micromixer using
obstruction-pairs. J Micromech Microeng 20(1):015023 (11 pp)

Rigler A, Wagner C, Svasek P, Jachimowicz A, Hudek P, Kraft M,
Vellekoop M (2008) Improved lamination micromixer with
wedge shaped inlet channels for IR spectroscopy. In: Proceed-
ings of 22nd international eurosensors conference

Wen CY, Yeh CP, Tsai CH, Fu LM (2009) Rapid magnetic
microfluidic mixer utilizing AC electromagnetic field. Electro-
phoresis 30(24, Sp. Iss. SI):4179-4186

Williams AM, Griffiths DJ, Vlachos PP (2009) Laminar mixing using
oscillating cantilevered ionic polymer actuators. Sensor Acutat A
Phys 153(1):105-113

@ Springer






139

Publication II

W. Buchegger, C. Wagner, P. Svasek, B. Lendl, M. Kraft, and
M.J. Vellekoop, Sensors and Actuators B: Chemical 159, 1, 336-341
(2011), DOI: 10.1016/j.snb.2011.06.083.


http://dx.doi.org/10.1016/j.snb.2011.06.083




Sensors and Actuators B 159 (2011) 336-341

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

Fabrication and characterization of a vertical lamination micromixer for mid-IR

spectroscopy

Wolfgang Buchegger?*, Christoph Wagner®, Peter Svasek?, Bernhard Lendl?,

Martin Kraft¢, Michael ]. Vellekoop?

2 Institute of Sensor and Actuator Systems, Vienna University of Technology, Gusshausstrasse 27-29, 1040, Vienna, Austria

b Institute of Chemical Technologies and Analytics, Vienna University of Technology, Austria

¢ Carinthian Tech Research AG, Villach, Austria

ARTICLE INFO ABSTRACT

Article history:

Received 13 May 2011

Received in revised form 27 June 2011
Accepted 30 June 2011

Available online 7 July 2011

Keywords:
Micromixer

Passive mixing
Lamination mixer
Mid-IR spectroscopy
Microfabrication

holder.

A multilamination micromixer for time resolved infrared spectroscopy, optimized by fluid simulations
is characterized by fluidic means for different flow rates. The mixer is fabricated with silicon microma-
chining techniques. Using four instead of two lamination layers yields a reduction of the diffusion length
and decreases mixing time significantly. Measurement results show the ultrafast mixing performance of
this micromixer (<1 ms for aqueous solutions) with high uniformity. An infrared measurement (mid-IR
spectral range, 3-10 wm) proves the applicability of the device to monitor fast (bio)chemical reactions.
The mixer operates in a high dynamic range enabling the investigation of a variety of chemical reaction
kinetics in the time range of 10-300 ms. A high yield in fabrication is achieved due to well controlled
processes. Easy chip handling and higher pressure durability is provided by a dedicated custom chip

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The use of micromixers in time resolved mid-infrared (mid-IR)
spectroscopy is an effective method to investigate the kinetics of
(bio)chemical reactions including interaction processes [1-4]. In
contrary to other detection techniques like optical or fluorescence-
based methods the reaction under investigation does not have to
be labeled for the measurement. Hence, the applicability of this
technique is broadened because of the limited availability and
selectivity of suitable labels. To study such reaction kinetics the
mixing of reagents has to be completed before a reaction evolves.
Therefore, mixing time is crucial for investigating fast chemical
reactions. To limit the amount of - often costly - reagents, low flow
rates are preferred. Recent developments of micromixers together
with variety of different design approaches can be found in Refs.
[5,6]. The resulting small dimension of the channel and the low flow
rates cause a strictly laminar flow regime (Reynolds number<1),
which inhibits fast mixing. To support mixing, active principles can
be applied. Designs utilizing acoustic waves were published in Refs.
[7,8]. A mixer using mono disperse micro-bubbles for mixing was
presented in Ref. [9]. The mixing design shown in Ref. [10] utilized
a magnetic actuated stir bar. Most of the active mixing designs
require active transducers in the mixing channel, e.g. electrodes,

* Corresponding author. Tel.: +43 1 58801 76690; fax: +43 1 58801 36699.
E-mail address: wolfgang.buchegger@tuwien.ac.at (W. Buchegger).

0925-4005/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2011.06.083

beams, bubbles which would disturb the IR measurement. Hence,
passive mixing principles, reported in Ref. [11], are preferred. A
typical design is the T-mixer, which simply employs a junction of
two channels into a perpendicular channel. Design variations with
pillar structures [12] or herringbone structured walls [13] improve
the mixing quality. In the visible spectrum a stopped-flow approach
together with external trigger methods can be used to study chem-
ical reactions [14]. Nevertheless, these techniques are subject to a
certain limitation in the mid-IR spectral region. Due to excessive
infrared absorption by aqueous media [15], a channel height of
10 wm should not be exceeded. The resulting small cross-section
of the mixing channel yields high pressure gradients in the mix-
ing device resulting from stopping flow abruptly in the channels.
Therefore, a continuous flow mixing device is highly attractive to
avoid this problem. A diffusional flow cell for investigating chemi-
cal reactions operated in a stopped flow principle was presented in
Ref. [16]. Alternate vertical fluid layers of two reagents were cre-
ated and mixing times in the 200 ms time range were achieved.
Lamination of two fluid layers was proposed in Ref. [1] allowing
to increase mixing speed by a factor of 2. To further improve mix-
ing and reduce mixing times multilayered diffusional mixers were
introduced. A one sided fed horizontal diffusional micromixer with
one inlet for each of the three layers was reported with mixing
times in the order of 50 ms by Ref. [17]. Time resolved Fourier trans-
form infrared (FTIR) measurements with a lamination micromixer
with two inlets, using two horizontal fluid layers in a 10 wm deep
channel were presented by Ref. [18].
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Fig. 1. (a) Photograph of the micromixer and the chip holder with detailed section of distribution network, wedged inlets and mixing channel which also serves as
measurement area, (b) simulation result of a side view of the mixing channel with individual fluid layers.

In our continuous flow approach, the mixing channel also serves
as measurement area. Wedge shaped inlet channels yield a highly
uniform mixing of reagents. The chemical reaction can then be fol-
lowed by recording IR spectra along the mixing channel (1,2,3...
n), see Fig. 1(a). The time resolution of the experiment is deter-
mined by the spotsize of the lightbeam (150 umx 150 wm) and the
flow rate of the liquids inside the measurement channel, allowing
to average at each measurement position in any desired order. A
smaller spotsize or faster pumping gives higher time resolutions.
In this contribution the fabrication and flow characterization of
our micromixer designed for fast mixing of aqueous solutions is
presented. A bio-chemical model reaction investigated by infrared
microscopy serves as an illustration for the broad applicability of
this device. The improved mixer design generates four laminated
fluid layers out of two fluid feeds by a distribution network shown
in Fig. 1(a). Straight, rectangular inlet channels would generate
a non-uniform flow distribution across the channel [19]. There-
fore, wedge shaped inlet channels are used to compensate this
interaction and achieve a uniform pressure and concentration pro-
file of both liquids across the channel width. The mixing time is
proportional to the square of the diffusion lengths in the channel
(tmix~l%iff) [20]. The fluid layers have different thicknesses, taking
into account that diffusion occurs on both sides on the inner lay-
ers. In this way the mixing time can be reduced by a factor of 9
compared to a two layer system. A transparent cover of calcium
fluoride (CaF,) enables the optical characterization and eases the
handling and positioning of the mixing device for the infrared anal-
ysis. The fluid support for the chip is provided by a custom holder
which allows the use of standard 1/4 in. fluid connectors. These two
exterior fluid feeds are driven by syringe pumps. Flow rates ranging
from 2 pl/min up to 30 wl/min were investigated experimentally.

2. Simulation

Simulations were carried out with COMSOL Multiphysics 3.5a
using the Incompressible Navier — Stokes and the Convection and
Diffusion Model. Three different diffusion constants were assumed

in the simulations, where a concentration of 50 wmol/l is mixed
with 0 wmol/l. Further, properties of the reagents were assumed
to be similar to water. To optimize the channel geometry and
the fluid distribution network, CFD (computational fluid dynamic)
simulations were used. The fluid distribution network forms four
horizontal fluid layers out of two fluid feeds connected to the macro
world. A two dimensional simulation result of a side view of the
micromixer is depicted in Fig. 1(b). For this simulation a diffu-
sion coefficient of water Dy, = 2 x 1079 m?/s and a flow rate of
20 pl/min was used to show the individual fluid layers. Mixing of
the reagents is achieved after a very short distance in the mixing
channel consequently the following chemical reaction can be inves-
tigated thereafter by IR spectroscopy. Simulation results were also
applied to find an optimized inlet wedge shape for a homogeneous
sample distribution over the channel width [20]. The calculated
Reynolds number (1) representing the ratio between momentum
and viscous friction lies in the range of Re=0.5 for a flow velocity
of v = 0.2 m/s. The Peclet number (2) giving the ratio between the
mass transport due to convection divided by that of diffusion with
values Pe <80 shows that mixing is diffusion dominated, see Ref.
[6]. In the calculation the hydraulic diameter Dy ~ 15w m is about
one order of magnitude higher than the mixing path length L due to
the multilaminar mixing approach Dy/L~ 10. Therefore, according
to Fick’s law (3) a mixing time of t~ 0.64 ms can be estimated.

Re = %D“ 1)

Pe = % (2)
L2

t=55 (3)

Further, three different fluids were modelled and investigated
by simulations. A liquid of large and slow diffusing molecules is
represented by D=1 x 10~ m?/s. A diffusion coefficient of Dy, =
2 x 1072 m?/s represents aqueous and D=5 x 1072 m?/s very fast
diffusing solutions of small molecules. A mixing time was calcu-
lated at a distance of 90 % mixing and plotted over the designed



338 W. Buchegger et al. / Sensors and Actuators B 159 (2011) 336-341

D=1x10" m%/s

0,050 1 =,
(IR —— 2 pl/min
0,045 "‘ . - =38 ul/minl
g \ SN T T N ey 20 pl/min
\ MY RN - i
S 0,040 A . 30 pl/min
£ NN
§ 0,035 A e
5 \ \ . =
< N TS
g 0,030 \ R S
g O ...
© 0,025 — — —
0,020 |
0 50 100 150 200 250 300
mixing length (um)
- 9 2
D=5x10" m?/s
0,050+
| ——2 pl/min
— 0,045 — — 8 pl/min
£ -‘.\ === 20 pl/min
?E> 0,040 — = =30 pl/min
£ “
3] b
3 0,035 VN
c
8 00304 1
c U\
8 A AA
0,025 —_———— = =
0,020 |
0 50 100 150 200 250 300

mixing length (um)

D=2x10" m?/s

0,050
" —— 2 pl/min
00454 — — 8 pl/min
T U AN - = - 20 pl/min
3 L — - =30 pl/min
0,040 g
E Y \ NN
5 \ 0
20,0354 b
= \ AN
[=4 ~ N N
8 0,030 . -
c \ .. .
<] \ L3 o.. e
0,025 - o< ~IES N
0,020 .
0 50 100 150 200 250 300
mixing length (um)
———a = D=1x10° m?¥s
12 T e D=2x10°ms
A D=5x10° m?s
0
£09
Q
£
T e somsos .
X
€
A
0,3 =g e i
0 4 8 12 16 20 24 28 32

flow rate [pl/min]

Fig. 2. Simulation of the concentration along the mixing channel when mixing a 50 pmol/l solution with a 0 mol/l solution, 90% mixture is marked. The graph shows the
mixing behavior of liquids with three different diffusion constants and the calculated mixing times at the bottom right.

range of flow rates, see Fig. 2. All modelled fluids mix in the low
millisecond time regime. The graph shows an almost constant mix-
ing time for increasing flow rates of the same diffusion constant
which means that there is no performance loss in a wide range of
flow rates. A small distortion at very low flow rates is recognizable
but can be explained by premixing of the reagents. A mixing time
of tmix =0.7ms for aqueous solutions and t;,;x =0.29 ms for small
organic molecules, were determined by simulation results.

3. Fabrication

The micromixer was fabricated using standard micromachining
techniques on a silicon wafer (350 wm thick, (100) lattice orien-
tation) and a calcium fluoride (CaF,) wafer (1 mm thick, Korth
Kristalle GmbH, GER). Both wafers have a diameter of 100 mm.
Fig. 3 shows the fabrication procedure schematically. A double-
side polished silicon (Si) wafer covered with a silicon oxide (SiO)
and silicon nitride (Si3N4) layer was spin coated with a protec-
tive layer of positive photoresist AZ1512 on the bottom side before
removing the SiO, and SizN4 layer on top by plasma etching (a).
A layer of positive resist AZ6624 was spin coated onto the bottom
side of the wafer followed by a photolithographic step with devel-
oper AZ826 to pattern the inlet holes for the fluid inlets. SiO, and
Si3N4 were partly removed by reactive ion etching (RIE). This pat-
tern was then used as an etch mask for a alkali hydroxide etchant
- KOH etch process of the pyramidal inlet grooves from the bot-
tom with a depth of 150 wm (b). Then the top side of the Si wafer
was spin coated with AZ624 and patterned by lithography after a

backside alignment step (c). The structure of the distribution net-
work was established by deep reactive ion etching (DRIE) (d). Etch
tests showed that after applying 340 “Bosch-Process” steps an etch
depth of 200 wm with an aspect ratio of 1:20 could be achieved. A
final cleaning step with O, plasma from both sides was applied to
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a d
S Si,N CaF,
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b e
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Fig. 3. Fabrication process of the mixer: (a) spin coating of the lower side of a Si
wafer, (b) KOH etching of the inlet holes, (c) spin coating of the upper side, (d)
DRIE etching of the inlet channels, (e) spin coating the CaF, wafer with silicone, (f)
photo-pattern of the mixing channel, (g) bonding of the CaF, and the Si wafer.
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remove the remaining photoresist. The fabrication continued with
a 1 mm thick CaF, wafer. The mixing channel itself was realized in
a photosensitive silicone (WL-5150, Dow Corning, USA). To achieve
alayer thickness of 8 um, the silicone was diluted in a ratio of 16:1
of WL5150:Mesitylen and spin coated onto the CaF, wafer (e). The
wafer was then soft baked before UV-exposure. This occurred with
a proximity lithographic step as the mask would stick to the sil-
icone layer on the wafer. After a post-exposure bake, the desired
pattern was developed with Mesitylen (f). The two wafers were
then aligned on top of each other without contact as the WL5150
structure would immediately stick to the silicon wafer. Taking into
account the different thermal expansion coefficients of calcium
fluoride and silicon (factor 9), the two wafers were finally cold
bonded for 4 h (g). Other cleanroom chemicals used for processing
were propylene glycol monomethyl ether acetate (PGMEA) and for
cleansing ethanol, acetone, isopropyl alcohol (Sigma Aldrich, USA).
On a fully processed 100 mm wafer 40 devices (6 mmx17 mm)
are fabricated. A custom holder was designed to connect the fluid
inlets to polytetrafluoroethylene (PTFE) tubings. To provide chem-
ical resistance and mechanical strength the holder was fabricated
in polyetheretherketon (PEEK). For the fluid support a commercial
syringe pump was used (Fusion200, Chemyx Inc., USA).

Fig. 4 shows scanning electron microscopic (SEM) images from
the silicon part of the mixer. As preparation the mixer was cut
in half lengthwise with a wafer saw. This enables to observe the
deep etched grooves fabricated by DRIE. Due to the inhibited gas
exchange in the narrow regions the grooves with a high aspect ratio
normally etch much slower than broader areas. In our design the
wedge shaped inlet channels form such a structure. However, in our
case there is only a small difference in etch depth between the wide
and the narrow region as shown in Fig. 4(a) due to a well controlled
process. Although, aspect ratios as high as 1:20 are fabricated a
high yield of almost 100% can be achieved on a wafer. In Fig. 4(b)
a part of the distribution network, which generates the individual
fluid layers by splitting up the fluid stream, is depicted. Simulations
showed that the splitting ratio of the fluid stream in this section
has a great influence on the mixing behavior of the fluids so that
straight channel walls and narrow tolerances are required. In the
picture the etching cycles with about 1 wm in depth are indicated
by the bright horizontal lines, see Fig. 4(b). The deep etched groove
shows a very smooth channel wall and low roughness which leads
to a well controlled fluid handling.

4. Experimental
4.1. Optical characterization

To determine the mixing performance two transparent liquids
forming a strongly colored reaction product when mixed were
used. This is necessary since, as the mixer is observed from the top
and the liquids are mixed vertically, it is not possible to use a simple
dye to distinguish between the established fluid layers and a mixed
solution. The model reaction of iron (III) (0.1 mol/l Fe(NO3)3 solu-
tion, which is slightly yellow), and a colorless rhodanide (1.1 mol/l
KSCN) solution were used. When mixed, these two reagents form
a bright red complex that can be measured optically with a stan-
dard light microscope. A standard double-syringe pump with 1 ml
syringes provided the solutions at different flow rates. The liquids
are assumed to have a diffusion coefficient of D=2 x 10-9 m?/s. To
compare the experimental results with the CFD simulations the
flow rates of 2, 8, 20 and 30 pl/min were used. Results showing
a very uniform mixing across the channel width are depicted in
Fig. 5. A marker indicates the calculated 90 % mixture from sim-
ulations which matches the results of the experiment very well if
compared to Fig. 2. All marked distances match a mixing time of
about tix =1 ms.

Fig. 4. Scanning electron microscopic image of the silicon part of the micromixer of
(a) a lengthcut of the micromixer with the wedge shape inlets and (b) a part of the
distribution network. High aspect ratio grooves with aspect ratios as high as 1:20
are fabricated by deep reactive ion etching. The well controlled fabrication yields
very smooth and vertical sidewalls with a uniform depth.

4.2. Infrared measurements

With the mixer the rapid hydrogen deuterium (H/D) exchange
reactions of carbohydrates in aqueous solutions were studied. Fig. 6
shows the H/D exchange reaction of the OH groups of an aqueous
(H50) 0.2 mol/I trehalose solution upon mixing with D, 0. The fast
H/D exchange between H,0 and D,0 was taken as the background
measurement (Ip) prior to recording the reaction of trehalose solu-
tion with D,O(I). After applying Beer’s law (4) the absorption
spectrashownin Fig. 6 are obtained and plotted without any further
data treatment.

A=log (170) (4)

Measurements were taken on a Bruker Hyperion 3000 micro-
scope attached to a Bruker Tensor mid-IR Fourier transform
spectrometer applying a rectangular aperture of 180 . mx100 . m
averaging 32 scans at each measurement position to improve the
S/Nratio. The flow rate in the mixing channel amounts to 24 p.l/min.
According to Ref. [21] the changing bands observed at 1082cm™?,
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Fig. 5. Mixing experiments of Fe3* and SCN~ (D=2 x 10~? m?/s) with the optimized wedge geometry. The result of 90% mixture of the simulations (tyx =0.7 ms) is marked
and the distance from the inlet is given. Mixing times resulting from measurements are in good agreement to the simulated values.

Ha,
oH oH oo o
0, 0;0 0,
HO" oH — = o 0D
HO oo
OH L oD P
o o
HO

0.05 4
[—o02ms 5(COH) 5(COH)
————— 1.4 ms w0y
------30.6 ms
0.04
=) v(C-0) &(COH) i
S. +ring _A'
8 0.03]
[=
©
£
[=]
2 o002
2 002
0.01 4
000 T T T T T - 1

T
1250 1200 1150 1100 1050 1000 950 900
Wavenumber [cm™]

Fig. 6. Time resolved FTIR measurement of trehalose with D, O at a total flow rate of
24 pl/min in the mixing channel. Three different spectra at specific times along the
mixing channel are plotted, showing the decrease of OH bands during the exchange
to OD.

995cm~! and in the region around 1042 cm~! can be assigned to
the COH bending vibrations (§ (COH)) of the different OH groups.
The band at 1109cm~! is a combination of the CO stretching (v
(C-0)) and a ring vibration. The clear difference in the absorption
spectra between t=0.2 ms and t= 1.4 ms show the suitability of this
micromixer for the investigation of fast (bio)chemical reactions by
mid-IR spectroscopy in the low millisecond time range. Most signif-
icant changes take place until a reaction time of about t =4 ms. The
measurement indicates that the equilibrium state of the reaction is
almost reached after t=30.6 ms.

5. Conclusions

The presented passive micromixer can be applied for
time resolved optical and infrared measurements of various
(bio)chemical reactions. Optical measurements show that the opti-
mized inlet wedge shape of this design yields fast mixing times of
around 1 ms for aqueous solutions at very low flow rates down to
1 pl/min. Hence, costly reagent consumption is reduced to a min-
imum. Further, this device is applicable for time resolved mid-IR

spectroscopy because of the selected materials of this micromixer.
The IR measurement of the H/D exchange occurring in trehalose
upon mixing of an aqueous (H,0) trehalose solution with heavy
water (D,0) shows the ability of the system to monitor fast
(bio)chemical reactions with high S/N ratio. The fabrication pro-
cedure of this device is simple and time efficient as the channel
structures are generated in silicon by micromachining techniques.
Further, this technology enables the easy integration of other sens-
ing elements (e.g. temperature, flow rate, etc.). The easy setup and
handling with the custom chip holder and standard fluid connectors
make this device an attractive tool for studying chemical reaction
kinetics.
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The development of new analytical techniques often requires the building of specially designed devices,
each requiring its own dedicated control software. Especially in the research and development phase,
LabVIEW has proven to be one highly useful tool for developing this software. Yet, it is still common
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for studying the inhibition of enzymatic reactions using a SIA system with FTIR detection.
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1. Introduction

Current trends in analytical chemistry clearly aim at developing
fully automated, integrated analytical solutions, comprising neces-
sary sample (pre-)treatment, the actual analyte detection, and data
processing. Hence, nowadays, practically all newly developed ana-
lytical methods involve computers for system control and/or data
recording. Yet, in research and development the configurations of
the experimental set-ups change frequently, making it necessary to
adapt not only the analytical system itself, but also very often the
software. In this context, the possibility of flexible control software
for the automation of an experimental set-up and the correspond-
ing data analysis would be of great practical value. Such a software
platform would allow quick adaptation of experimental set-ups to
new findings and ideas, thus focusing on the evaluation of new
approaches and characterisation of their analytical performance,
rather than re-writing software.

LabVIEW, by National Instruments, is widely used as a control
software development tool in both academic and industrial R&D.
This software allows programming of virtual instruments (VIs),
combining electronics with computer resources to control instru-
ments and collect sets of data [1-3]. In contrast to C++ or Visual
Basic for example, LabVIEW is a graphical programming language
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enabling the creation of high quality programs within short time
periods. Typically, different (sub-)VIs, each fulfilling its own specific
duties, are placed on a programming diagram and wired together.
These virtual wires directly visualise the program and all data flows
while writing the program, making it easier to interpret programs
compiled by someone else and adjust them to specific needs. Fur-
thermore, it also helps by keeping a sustainable knowledge base,
allowing the handing over of software responsibility from one
employee/student to another. Using controls and indicators from
a large set of predefined elements, a user-friendly graphical user
interface (GUI, called a panel) can easily be designed [4]. A final
practical advantage of LabVIEW is that a parallelisation of code
execution can easily be achieved, something that can be of great
advantage, e.g. for decoupling data acquisition and data processing
and evaluation.

A variety of previously published papers describe such
LabVIEW-based programs aiming towards the automation of
specific analytical systems fulfilling a particular task, including
developing a new flow injection analysis (FIA) method by replac-
ing the mixing coil with a continuously variable volume reactor
[5], measuring picomolar concentrations of silver in seawater [6],
monitoring particle/water interactions [7], determining morphine
by a sequential injection analysis (SIA) system [8] or coupling such
a system to a combined electro-generated chemiluminescence and
amperometric detection [9]. Altogether, applications range from
automating sample pre-treatment using a FIA system over auto-
sampling devices to the possibility of combining versatile liquid
handling with different kinds of detectors, like SIA with capillary
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electrophoreses (CE) separation [10,11]. Irrespective of the actual
analytical detection principle, a common denominator of these and
many other analytical systems is the need to precisely handle flu-
ids, very often different types of liquids. Still, each of these VIs is
highly specialized and not very well suited to rapid adaptation for
new systems and requirements.

This circumstance was the motivation behind the development
described here. The goal was to develop a VI that allows the exper-
imentalist to flexibly combine different laboratory equipment into
new setups, without having to rewrite the control software. As out-
lined above, this requires combining fluid handling systems based,
for example, on one of the various embodiments of flow injection,
with different types of analytical detectors, and eventually some
sort of analyte separation. A detailed analysis of these methods
show that, while diverse and complex in overall operation, the
active hardware core elements are essentially just a few pumps
and valves. The resulting solution thus focused on designing a sys-
tem that can flexibly control different such devices, irrespective
of their specific combination or function in the analytical set-up.
These functions are supplemented by a number of interfaces to
optical detectors and auxiliary instruments, such as high-voltage
supplies for CE separation.

The possibilities of the resulting control platform are demon-
strated by successfully applying the identical control software
to two widely different analytical devices, (i) a fully automated
SIA-CE-UV system and (ii) label-free inhibition monitoring of an
enzyme using a second SIA system coupled to an FTIR spectrome-
ter. While the first analytical set-up includes capillary conditioning,
sample preparation and analyte detection using a UV detector, the
second example application requires rapid mixing of an enzyme
solution with an inhibitor/substrate solution, transfer of the mix-
ture into an IR measurement cell before the reaction of the enzyme
with the substrate starts, and monitoring of minute spectral fea-
tures changes over time.

2. Experimental
2.1. System components

In its present form, the program supports Vici’s selection- and
injection valves (Vici AG, Switzerland), Cavro’s XP3000 and XL3000
syringe pumps and Smart Valves XL (Cavro Scientific Instruments,
Sunnyvale, CA, USA), the kDS200 syringe pump (KD Scientific,
Holliston, MA, USA) and Gilson‘s Miniplus peristaltic pump series
(Gilson Inc., Middleton, WI, USA). For data acquisition, interfaces to
both a UV detector (Dionex, Sunnyvale, CA, USA) and Bruker’s FT-
IR spectrometers (Bruker Optics GmbH, Ettlingen, Germany) have
been implemented, together with a control device for a Spellman
CZE 1000R high voltage power supply (Spellman, NY, USA).

The valves, the syringe pumps and the UV detector were inter-
faced to the PC running the LabVIEW VI using standard RS232 data
connections, both for sending commands and receiving confirma-
tion or error responses, which in turn allow the program to react
to such events immediately. It is worth noting here that one RS232
interface can control up to nine different Vici valves.

The Gilson pump and the high voltage supply were connected
via a cDAQ system from National Instruments using application
specific protocols. For the Gilson pump this comprised two TTL
signals, switching between the ON/OFF state and selecting the
rotation direction, respectively, and a speed control in form of a
continuously variable 0-5 V signal, corresponding to 0-100% of the
maximum speed, as manually entered on the pump’s control panel.
The high voltage power supply was similarly controlled by a con-
tinuously variable 0-10V input voltage signal, here corresponding
to 0-30kV output voltage.

Table 1
Typical example commands for sequence programming.
Command Effect
PPn Pick up n steps with the Cavro pump and do not wait
to finish
PDWn Dispense n steps with the Cavro pump and stay further

program execution until it finishes

Switch the Vici valve with ID n to port k, choosing the

fastest way (clockwise or counter-clockwise)

0osn|k Start an IR measurement, where n is the number of
spectra to be recorded and k the time between two
spectra acquisitions in seconds

GOnlk

UVnlk Start an UV measurement, where n is the sampling rate
in microseconds and k the total measurement time in
minutes

HVnlk Apply n Volts in k seconds, using the Spellman high
voltage power supply

SM Stop running UV or IR measurements as soon as the
Cavro syringe pump stops moving

WAnR Wait for n milliseconds

LOOPn END LOOP Repeat the sequence between LOOP and END LOOP for
n times

The Bruker spectrometers were controlled over a network con-
nection through interaction with an OPC (OLE for Process Control)
server, which is part of the “Process” package of the OPUS software.
Due to the complexity of an IR measurement and to limitations in
the OPC software itself, in its present development state the Lab-
VIEW program is only capable of starting background and sample
data acquisition; all setup parameters, such as optical resolution,
number of scans as well as data post processing, have to be defined
in a process control script in OPUS. Another restriction to the IR
measurements is the fact that the “Process” package does not sup-
port rapid scanning or step-scan measurements yet.

Altogether, a large number of different system components can
be integrated and controlled by the VI developed here, allowing the
realisation of practically any relevant liquid sample pre-treatment.
Furthermore, the modular approach of LabVIEW allows easy incor-
poration of sub-VIs for almost any other hardware component that
can be controlled by LabVIEW.

2.2. The program

Since the program has been designed to control a variety of dif-
ferent hardware modules at once, and to keep the graphical user
interface (GUI) as simple as possible (Fig. 1), all the commands con-
trolling the hardware are entered in a text box (refer to Table 1
for command code examples out of more than 40 available com-
mands). Every command is written on a separate line. This list of
commands is then taken by the program code and executed from
top to bottom. This approach keeps the graphical user interface sim-
ple and each of the sequences can be stored as plain text files for
archiving. While running a sequence, all upcoming commands are
displayed in a second text box in order to see the actual execution
state of the sequence. The hardware setup parameters, including
COM ports, channel numbers for the analogue outputs or the host-
name of the computer running OPUS, can be entered in a separate
setup area. The outputs of the UV detector and/or the IR spectrom-
eter are displayed in two different tabs to save room on the GUI. A
third tab holds all the error displays.

The internal design of the program code consists mainly of five
parallel loops. The first loop, the master loop, executes the sequence
entered by the user. When a command to move the plunger of the
Cavro syringe pump is executed, a second loop is triggered by the
master-loop, sending a notifier message to monitor the plunger
movement. This can be done in parallel to the script execution,
enabling data acquisition in the meantime, or the sequence can
wait for the pump to finish its movement, which can be useful e.g.
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Fig. 1. Graphical user interface showing three different sections: in the upper row on the left is the communication port selector, on the right the interfaces for entering
commands and surveying the sequence execution; in the lower row, a display with three tabs displays the data output of the UV and the IR detectors, and error messages,

respectively.

during cleaning steps. The third loop polls an Abort button, so the
user can terminate the script execution if an error occurs that is
not recognized by the program itself. As soon as an error occurs
or the Abort button is pressed, the program tries to shutdown any
attached pump and the high voltage power supply. In addition, it
switches to the error tab and displays a comprehensive error mes-
sage. The two remaining loops handle IR and UV data acquisition.
These two measurement loops are also triggered by the master-
loop by a notifier message. The measurement loops will send back
a notifier message to the main loop as soon as the measurement
begins. This approach ensures that the entered sequence is kept in
the event of any delay.

3. Results and discussion

3.1. Application I: sequential injection analysis - capillary
electrophoresis with UV detection

Sequential injection analysis (SIA) is a viable tool to automate
sample pre-treatment steps like pre-concentration and/or purifi-
cation, applying chemical reactions and diluting samples. Capillary
electrophoresis (CE) is a highly effective separation technique sep-
arating molecules by their charge to size ratio. Coupling SIA with
CE has been successfully demonstrated in literature combining the
advantages of both techniques making it even easier to apply con-
ditioning or cleaning steps to the separation capillary. However, the
main problem associated with this coupling arises from the discon-

tinuous sample introduction mode of CE, where the system needs
to be decoupled and coupled before and after the application of the
separation voltage. This usually requires specially designed inter-
faces [11]. One of the first coupling systems by Arce et al. used a
programmable arm to connect a FIA system to an at-line commer-
cial CE analyzer [12]. Zacharis et al. used a special micro valve with
avery low port-to-port volume and a CE capillary as a kind of injec-
tion loop [13] to couple the SIA system to the CE separation part. Wu
et al. utilized a Lab-on-Valve approach for this purpose [14]. Both
ways share the need for special equipment for the coupling process
and the introduction of the electrodes needed to apply the separa-
tion voltage. Another approach by Kulka et al. used T-connection
pieces connecting the capillary and the electrodes to the SIA sys-
tem [10]. This manifold suffers from the fact that using capillaries
with bigger inner diameters than 50 p.m, as used by Kulka et al., can
be problematic as the valve used to close the system for cleaning
purposes creates some backpressure, even in the opened position.
This results in the sample already being injected into the capillary
while pumping it through the T-piece.

In the presented work the capillary is connected directly to an
inexpensive valve, making special valves unnecessary, and over-
coming pressure problems with capillaries.

3.1.1. Material and methods

3.1.1.1. Instrumentation. The manifold shown in Fig. 2 used a Cavro
XP 3000 (Cavro Scientific Instruments, Sunnyvale, CA, USA) pump
equipped with a 2500 wl syringe, a Valco (Valco Instruments Co.
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Fig. 2. Schematic view of the SIA-CE-UV manifold. (A) Cavro syringe pump; (B) 500 pl Teflon holding coil; (C) Vici selection valve; (D) Vici injection valve; (E) Capillary
(100 wm ID) with UV detection window (not shown): Spellman high voltage power supply to apply 15kV between the buffer reservoir and either Port 1 or Port 3.

Inc, Houston, TX, USA) six-port injection valve and a Valco ten-port
selection valve. The HV system was a Spellman CZE 1000R (Spell-
man, New York, USA), capable of delivering up to 30 kV and 300 p.A.
Two metal tubings, each of the length of 2 cm, were connected to
ports 1 and 3 of the injection valve and served as connections for
the ground electrodes. The negative potential was applied by using
aplatinum wire (0.5 mm OD, OGUSSA, Austria) placed inside a glass
vial. The capillary (Polymicro Technologies LLC, Phoenix, AZ, USA)
had an ID of 100 pm, an OD of 350 .m, a total length of 60 cm and
was covered by a Teflon tubing (1.588 mm OD) on the end con-
nected to the injection valve. UV detection was achieved with a
fiber optic Ultimate UV-Vis detector (Dionex, Sunnyvale, CA, USA)
at 50 cm capillary length.

3.1.1.2. Procedure. A new capillary was first initialized by flushing
it with 0.10M sodium hydroxide and BGE buffer solutions using
an automated sequence. By placing the injection valve in position
B (ports 1-2, 3-4 and 5-6 connected), the syringe pump pressur-
ized the whole SIA-CE system, forcing the solutions to flow through
the capillary. Before each separation run the capillary was flushed,
applying the same procedure with BGE buffer only. As the elec-
trophoresis process alters the running buffer pH by electrolysis
and subsequently changes the electro-osmotic flow (EOF), the sep-
aration buffer was renewed before every run by pumping buffer
through port 9 of the selection valve.

The separation background electrolyte consisted of 100 mM
phosphate buffer at pH 6.8. The UV detector was set to 241,270 and
294 nm, corresponding to the absorption maxima of the three ana-
lytes, the applied voltage used for electrophoretic separation was
15kV and samples were introduced into the capillary in the elec-
trokinetic injection mode. The samples were prepared on the fly
by aspiring small volumes of pyridine-2-aldoxime methochloride,
thiamine and 1,10-phenantroline (3500 mgL~! each) in a sequen-
tial order, repeating the sequence 10 times, into the holding coil.
By varying the aspirated volume of each of the substances, differ-
ent sample concentrations could be produced. In the electrokinetic
injection mode, the sample flowed from the selection valve to port
1 of the injection valve, which was in position A (ports 1-6, 2-3
and 4-5 connected). Then, the injection valve changed to position
B following counter clockwise rotation and the high voltage power
supply applied a constant potential of 15kV for 10s. Finally, the
2-way valve switched back to position A by clockwise rotation con-
necting the capillary with the buffer reservoir at position 3 of the
valve and the electrophoretic separation was initiated by applying
15kV.

3.1.2. Results

The analytical performance of the SIA-CE-UV automated sys-
tem was evaluated by considering the linearity, linear range, limit
of detection (LOD), limit of quantification (LOQ) and precision
expressed as relative standard deviation (RSD).

An electropherogram obtained is shown in Fig. 3. The linear rela-
tionships deduced between absorbance and drug concentration are
summarized in Table 2. The LOD and LOQ were calculated as 3 and
10 times, respectively, the standard deviation of the intercept of
the calibration line divided by the slope of the curve. The intra-day
precision of the method was evaluated using the results obtained
for five independent runs of 500mgL-! pyridine-2-aldoxime
methochloride, 1000mgL-! thiamine and 500mgL-! 1,10-
phenantroline standards mixture and the results were expressed
as RSD. The linearity was tested using a pure error lack of fit test
with simple regression, which was not significant at the 5% level.

3.2. Application II: SIA-FTIR coupling for enzymatic reaction
monitoring

To demonstrate the suitability of the developed LabVIEW pro-
gram for the automated control of analytical instrumentation in
process monitoring and analysis of evolving systems, an enzy-
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Fig. 3. Electrophoretic separation of pyridine-2-aldoxime methochloride, thiamine
and 1,10-phenantroline using a capillary with an internal diameter of 100 wm by
applying 15kV potential. See the text for further details.
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Analytical features of the SIA-CE-UV automated procedure for the determination of pyridine-2-aldoxime methochloride, thiamine and 1,10-phenantroline.

Pyridine-2-aldoxime methochloride Thiamine 1,10-Phenantroline
Wavelength (nm) 294 241 270
Migration time (s) 201 227 303
Regression equation
Slope 0.00628 +0.00016 0.00261 +0.00005 0.0175+0.0006
Intercept -0.124+0.11 —0.10+0.08 -0.4+04
Linearity (R?) 0.997 0.998 0.996
Linear range (mgL-!) 52-1273 90-2722 66-1273
LOD (mgL-') 52 90 66
LOQ (mgL-1) 174 299 220
RSD area (%)° 5.0 5.1 4.2
RSD migration time (%) 34 33 4.5

2 LOD and LOQ established as 3 and 10 times, respectively, the standard deviation of the intercept of the calibration curve divided by the slope of the calibration line.
b Relative standard deviation value of five independent runs of 500 mg L~ pyridine-2-aldoxime methochloride, 1000 mg L~" thiamine and 500 mgL-! 1,10-phenantroline

standards mixture.

maticreaction, the dephosphorylation of fructose 1,6-bisphosphate
(F16BP) to fructose 6-phosphate (F6P) and inorganic phosphate
in the presence of divalent cations, such as Mg2*, and its inhibi-
tion by adenosine 5-monophosphate (AMP) was selected as a case
study. In this way, the use of infrared spectroscopy allows the direct
monitoring of enzymatic activity because of the specific absorption
bands in the middle infrared spectral range providing molecular
specific information on the substrate and reaction products.

The most critical step of reaction process monitoring, especially
of enzymatic systems, is the accurate control of the process starting
point. Itis absolutely necessary to use of a fully automated system to
define the starting point of the reaction, thus avoiding human error
and thereby increasing the quality of the obtained analytical data.
This problem has been overcome by using a SIA system coupled
to a FTIR spectrometer both controlled by the developed LabVIEW
program.

3.2.1. Material and methods

3.2.1.1. Instrumentation. Enzymatic experiments were carried out
on an Equinox 55 FTIR spectrometer (Bruker Optics GmbH., Karl-
sruhe, Germany) equipped with a narrow band mercury cadmium
telluride (MCT) detector. Spectra were recorded by co-adding 128
scans at a resolution of 4cm~! and a scanner velocity of 100 kHz
HeNe frequency.

A

The IR cell consisted of a temperature-controlled aluminium
flow cell [15] with CaF, windows (thickness 2 mm) separated by a
polyethylene spacer of 25 wm, thus establishing a constant IR path
length.

The SI manifold (Fig. 4) was set up with a Cavro XP 3000 syringe
pump (Cavro Scientific Instruments, Sunnyvale, CA, USA; syringe
size 5000 wL) and a Valco (Valco Instruments Co. Inc, Houston, TX,
USA) 10 port selection valve. A 1.5mL safe-lock Eppendorf tube
placed in a TTS2 minishaker (IKA Works Inc., Wilmington, NC, USA)
was used as a mixing chamber to ensure a complete and homoge-
neous mixing prior to measurement.

3.2.1.2. Procedure. Different and accurately measured volumes of
F16BP, AMP and working buffer were aspirated sequentially into
the holding coil, and delivered into the mixing chamber obtaining
a final volume of 250 L. After that, FBPase solution was added and
homogenized by shaking. The mixture was injected into the car-
rier stream and the flow was stopped at a fixed time, with the bulk
of sample in the flow cell. FTIR spectra were recorded for 15 min
at equal time intervals of 30s to monitor the course of the reac-
tion taking place using the spectrum of the cell filled with working
buffer as background.

Using FTIR difference spectroscopy enabled the monitoring of
the progress of the enzyme catalyzed reaction even though enor-

(D)

Buffer

Enzyme

Buffer

Substrate
Inhibitor
Mixing Device
Waste

Fig. 4. Schematic view of the SIA-IR manifold for measuring enzymatic reactions. (A) Cavro syringe pump; (B) Teflon holding coil (500 w.l); (C) Vici selection valve; (D) IR

flow cell 25 pm path length.
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Fig. 5. FTIR difference spectra of the dephosphorylation of F16BP to F6P and phosphate in the presence of FBPase (a) three dimensional view, (b) projection on the space
defined by the time and wavenumbers and (c) absorbance values of the selected wavenumbers (1109 and 1156 cm™') in the difference spectrum used for data evaluation.

mous similarities between the products and the substrate infrared
spectra exist. Difference spectra, containing the spectral fingerprint
of the reaction under investigation, were obtained by subtracting
the first spectrum from the whole dataset, as it can be seen in
Fig. 5. The absorbance difference between two selected wavenum-
bers (1109 and 1156cm~'), a maximum and a minimum, in the
difference spectrum were used for data evaluation. The concentra-
tion of hydrolyzed F16BP was obtained by interpolation of those
difference values in a calibration curve obtained from synthetic
mixtures of substrate and products with the same data treatment.

3.2.2. Results

FTIR spectroscopy has been demonstrated to be an appropri-
ate technique for the rapid investigation of enzymatic reactions
[16,17] as the recording of a spectrum takes only a few seconds
and is able to monitor the reaction of interest directly, in real-time.
The starting point of the reaction can be accurately controlled and
reproduced by using the automated SIA system for sample prepa-
ration and introduction into the FTIR cell. Thus, from the mixing of
the enzyme with the substrate and buffer into the mixing cham-
ber to the recording of the first spectrum only a few seconds (15s
approximately) passed, obtaining a highly reproducible starting
point.

The Michaelis—-Menten constant (Ky;) can be determined in con-
ditions of zero order kinetics with respect to the substrate. The
K value was calculated from the Lineweaver-Burk graph, plotting
the reciprocal of initial velocity against the reciprocal of substrate
concentration. Ky was found to be 14.1g L1,

Moreover, the inhibitor activity of AMP on the enzymatic
dephosphorylation of F16BP at different inhibitor concentrations
was evaluated. Kinetic studies demonstrate the capability of the
methodology for label free monitoring of enzyme inhibition. The
presence of increasing concentrations of the inhibitor AMP (0, 7.5
and 15 M) reduces the maximum rate of the reaction without
changing the apparent binding affinity of the catalyst for the sub-
strate (Michaelis-Menten constant Ky”PP). The obtained Ky”PP

values were determined tobe 12.5and 12.2 gL, for 7.5and 15 uM
AMP, respectively. The results obtained were published in detail
separately [18].

4. Conclusion and outlook

The developed LabVIEW program has been shown to be suitable
for controlling various different liquid handling systems and cou-
pling them to different analytical measurement techniques. The
next steps will focus on expanding the program to work with
other hardware, such as quantum cascade lasers or oscilloscopes.
In essence, any hardware with LabVIEW drivers, or defined control
interfaces reacting to specific input signals, could be incorporated
into the program. Setting up an archive of relevant sub-VIs repre-
senting different hardware functionalities is another future step of
this development. These VIs can be directly placed and wired in
the program'’s case structure, executing corresponding hardware
functionalities triggered by a command in a scripted sequence. This
makes it easy even for inexperienced programmers to add new
functionalities to the LabVIEW program.

If you are interested in using this program please do not hesitate
to contact the authors by email.
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Advanced Total Lab Automation System
(ATLAS)

Christoph Wagner, Andreas Genner, Georg Ramer and Bernhard Lendl
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Austria

1. Introduction

In modern analytical chemistry not only do new measurement principles have to be
investigated but newly found techniques also need to be developed into integrated and
more and more automated analytical solutions. Exploring new techniques in research and
development (R&D) environments mostly means designing different setups incorporating a
huge variety of different equipment. Whether this hardware is a pump, a valve or more
complex elements such as oscilloscopes, lasers or detectors, in one way or another they can
be controlled by a computer or the acquired data is digitized and evaluated afterwards.
Those setups, however, change frequently in R&D labs to evaluate new ideas or to improve
a current setup. Inevitably whenever the setup chances, the software controlling it will also
need adaptation. An ideal software platform, therefore, would reduce the time needed for
making those changes to a minimum, giving the researcher the possibility to focus on the
evaluation of new approaches and the characterization of new techniques. Especially for
small startup companies it might also be of great interest that the needed software packages
can be maintained and adopted by the scientist himself instead of the need to outsource it to
a software company. This would not only reduce the cycle time from a new idea to the first
prototype but also has the potential to decrease the associated costs.

One programming language ideally suited for such a software environment is LabVIEW
from National Instruments. Due to its graphical programming language all data flow is
visualized directly in the source code. This fact makes it easier to read and understand a
given program, especially for beginners without programming experience in classical
programming languages, such as C++ or Visual Basic. Another point where LabVIEW
outperforms other programming languages is it’s rich library of Graphical User Interface
(GUI) elements, for example XY graphs are predefined as well as 3D graphs. Another
advantage of LabVIEW is the very simple way to create parallel running tasks. In
combination with LabVIEW’s queues, which represent a "first in - first out" buffer system,
separating the readout of data and its evaluation can be separated easily. Using National
Instruments hardware for the data readout brings easy integration for the software
developer. Secondly interfaces for RS-232, GPIB, USB etc. are also provided for
communicating with third party hardware.

All these advantages make LabVIEW a good choice for developing software in R&D
laboratories. Generally speaking, laboratories focus on the development of software for their
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current experimental setup ending up with a LabVIEW program built for this specialized
task. Dominguez et al. designed a LabVIEW program to control a Sequential Injection
Analysis (SIA) system (Dominguez et al., 2010) which consisted of a valve and a peristaltic
pump. Jitmanee et al. used a more complex liquid handling system consisting of three
valves and three pumps to automatically prepare samples for Inductive Coupled Plasma
Mass Spectrometry (ICP-MS) measurements (Jitmanee et al., 2007). Barzin et al. proposed a
spectrophotometric method for pH measurements in miniaturized systems where LabVIEW
handles data acquisition from a flowmeter and a spectrometer and is linked to a Matlab
feedback loop to calculate the appropriate flow rate which is sent to a syringe pump
afterwards via LabVIEW (Barzin et al., 2010). In all these examples the program is limited to
control the hardware it was designed for. In the first two examples automation tasks are
carried out whereas in the latter one a complex control feedback loop is realized. When we
started working with LabVIEW we wanted to create a software platform, which gives the
operator the freedom to combine different hardware elements in any imaginable way
without the need to make changes to the program code. Only adding new hardware to the
software platform should require software changes, which would be easier using LabVIEW
than any other programming language.

First we created a program that allowed the combination of valves, pumps and an high
voltage supply for the sample preparation with an UV detector and infrared spectrometers
from Bruker Optics to build different setups including SIA (Rézicka, 1992) and flow
injection analysis (FIA) (Riazicka, 1981) systems as well as capillary electrophoreses systems
(Wagner et al., 2010). To address all necessary components in a simple way we decided to
use a scripting language containing commands representing tasks including switching a
valve, applying voltages or starting measurements. The script was written manually and
afterwards started sending commands to the connected hardware consecutively. This
system allowed the easy combination of the integrated hardware into different analytical
systems. However, after adding support for additional hardware and the need for more
complex commands the GUI became too crowded with elements and writing the scripts
became more and more difficult due to the number of available commands.

Our first program allowed the scientist to combine all integrated components with ease but
adding new hardware components to the program became more and more sophisticated
due to the growing source code. Therefore, we decided to create a new platform based on a
client server approach, where every hardware component is controlled by a dedicated client
which can be controlled remotely by a server application. A schematic of this software
platform can be seen in figure 1. Each of the clients can be run in three different modes. The
local mode directly interacts with the connected hardware upon user input, the programming
mode sends commands to the server application and in the server mode the clients receive
commands from the server and execute them on their hardware. In that manner adding new
hardware is done by adding client specific program code to a provided client template,
containing all necessary code to handle the communication with the server. Additionally the
user doesn’t need to remember client specific commands because the programming of a
sequence can be done with the GUI of each client.

In the following we will describe our Advanced Total Laboratory Automation System (ATLAS),
including a list of existing clients as well as two examples of experimental setups controlled
by ATLAS.
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Fig. 1. Schematic of our Advanced Total Laboratory Automation System (ATLAS). Each
hardware component is controlled by a dedicated client program which can communicate
with the ATLAS server to be remote controlled.

2. The ATLAS platform

The ATLAS platform consists of one server application and numerous client applications.
Each client controls connected hardware such as a pump, valves or a spectrometer. The
server is used to remote control connected clients by sending script commands over a
TCP/IP connection to the clients. Each client can be used in a local mode, as well, to control
connected hardware directly. The server application was designed so that adding new clients
can be done without modifying the server application.

2.1 Client server communication

2.1.1 Simple TCP/IP Messaging (STM)

The ATLAS software is based on the Simple Messaging Reference Library (STM)! maintained
by National Instruments, which contains a set of VIs for developing server/client-based
applications. Beside the TCP Connection Manager VI, which handles connection informations,
the library contains also VIs for transporting data over TCP/IP connections.

First of all, a server, handling several clients, requires a New Connection Monitor?, which
creates a listener on a certain port (e.g. 8080) and waits until a client tries to establish a TCP
network connection. In the next step the server defines meta data, which basically define
data channels for data transportation. All information concerning a certain client connection
is stored using the TCP Connection Manager VI, which represents a Functional Global
Variable (FGV). All further communication between the server and the connected clients is
handled in a seperate loop, called the server loop, by accessing this FGV.

The TCP Connection Manager VI offers also the functionality for listing all established
connections. The resulting output is an array of connection-IDs which has to be indexed for
sending or receiving data to a specific client. If the communication to a client breaks down
due to hardware- (e.g. network cable is unplugged), or software problems (e.g. client
program crashes) it is necessary to remove the connection information of this client from the

1 http:/ /zone.ni.com/devzone/cda/tut/p/id /4095
2 http:/ /zone.ni.com/devzone/cda/tut/p/id/3055
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FGV. Otherwise the server may try to send data to an unreachable client which would lead to
a timeout. All data between the server and the clients is transported by using the STM Write
Message and STM Read Message Vls. Beside the string that has to be sent, a cluster, containing
timeout settings, can be attached to the STM Write Message V1. At first, the meta data index,
containing the data channel names is obtained, flattened to a string and concatenated with
the data to send. In the next step the byte length of this data string is calculated and attached
to the beginning of the string. Finally, the complete string is written to the TCP connection.
The receiving program utilizes the STM Read Message VI to read the first four bytes of the
transported string. These four bytes are converted to an integer representing the length of
the remaining data string. In a second step this value is taken to read the residual data.
Finally, the transported string can be accessed for further processing.

2.1.2 Communication principle

The communication between the server and the connected clients is controlled by the server
only. This means that the server sends commands to the clients, which reply to the server
afterwards (for a typical communication sequence see figure 2). Every 50 ms the server queries
the status of the connected clients by sending the command status. Receiving the status request
for the first time after establishing the connection to the server a client replies with cmd:ID
identifying itself with its client identifier, where ID consists of two device depending
alphanumerical characters. Upon the reception of a cmd:ID string the server stores the new
client and the according STM connection ID. This data is accessed by the server to send client
specific commands only to the according client in any further communication.
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Fig. 2. Simplified communication scheme between the ATLAS server and one client.



Advanced Total Lab Automation System (ATLAS) 7

Receiving further status queries from the server clients respond with either status:ready,
status:wait or status:error. status:ready means that the client is ready to accept instructions
from the server and that both, software and hardware, are working correctly. status:wait will
be sent if the client is executing a command, such as measuring a voltage or recording a
spectrum. In the case that a hardware failure occurred or an invalid command was sent to
the client, it will respond with status:error.

After the user starts the execution of the sequence by clicking the corresponding button, the
server checks whether all required clients are connected. If so, it will run the command
interpreter, described in section 2.2.2. Afterwards the server begins distributing commands
to the correct clients. After a command was sent the server goes on with polling the status of
the connected clients. The addressed client starts executing the received command and
answers status:wait to the server. The server will continue the execution of the script as soon
as its status requests are answered with status:ready instead of status:wait.

In case a device failure occurs (e.g.: a tubing is plugged, a device becomes disconnected) or
an invalid command was sent, the client controlling the according device will answer the
status request from the server with status:error. As a result the server terminates the running
sequence and executes the alias-command AL |error. As explained later in section 2.2.2 the
server notifies all connected clients of the error event. The clients will execute a special
protocol that contains commands for such an error case. Usually it is sufficient to abort the
experiment, but some devices have to be shut down in a special way to avoid further
problems.

2.2 Server application
2.2.1 Description
The central part of ATLAS server is a timed loop structure, further referred to as server loop,
and can be seen in the middle of the plotted code in figure 3. As already mentioned in
section 2.1.1 the TCP Connection Manager VI is used to list all connections established to
clients. The resulting array of connection IDs of connected clients is treated in a for-loop
structure. In this for-loop the server requests status information from the currently
addressed client. It can respond with one of the following strings which is evaluated by the
server in a case structure:

e cmd:AD: The client-ID is added to the list of available client commands.

o programming: The received string is added to the commands_list.

e  status:ready: In that case the corresponding LED in the available client commands-list turns
green.

e statusqwait: A variable is set to prevent sending the next command. In addition, the LED
next to the client-ID turns red, indicating that the client is currently executing a task.

e status:error: The command queue is flushed and therefore the command AL |error is
interpreted. As the software should also display an error message, the client-ID is
inserted into a queue. Outside of the communication loop is a while loop which is only
used for displaying error messages. This makes it possible, to go on with sending the
error information immediately to all clients instead of waiting for an user interaction.

If a time-out occurs while the server awaits the answer from the client because the

connection was interrupted, the TCP Check Connection VI removes the connection from the

Connection Manager VI and the client-ID is removed from the list of available clients. This

client list is displayed on the GUI to visualize the status of the connected clients. Finally, the

received string from the client is logged together with a timestamp for debugging purposes.
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This procedure is repeated in the for-loop for each client and after each client responds
status:ready the server takes the next available command from the script. The corresponding
client is identified by its client ID and the command is sent over the corresponding TCP
connection. In addition the timestamp and the sent string are logged and the progress of the
script execution is visualized.

User input such as loading, saving, starting and canceling of sequences, as well as saving the
server-send-log, is treated by an additional event handler structure. Whenever a script is
executed the server automatically saves the script sequence to be able to connect recorded
measurement data unambiguously with the used sequence.

2.2.2 Additional server features

Before the ATLAS server starts distributing the commands to the corresponding clients, the
sequence has to pass an interpreter. It enables three useful features which are a for-loop, a
mathematical formula solver and the use of aliases. Moreover, the software supports the
usage of comments, which have to start with a hash key. These features can be used to
program complex script sequences and are summarized in table 1.

‘ feature ‘ code ‘ result ‘
comment #this is a comment
loop loop ($i=5]9]1) WA|5|sec
WA|S$1i|sec WA|6|sec
loop end WA|7|sec
WA |8 |sec
WA|9|sec
mathematics | loop ($i=012]1) WA|4.349]|sec
WA| (57°$1+272-exp (0.5)+sin(1.5)) WA|8.349|sec
loop end WA|28.349|sec
alias AL|name|sample 001 AA|name|sample 001
AB|name |sample 001
AC|name |sample 001
AD|name | sample 001

Table 1. Examples for the script-interpreter features. It is able to handle loops, formulas and
aliases.

2.2.2.1 Loop constructions in the script sequence

Often a part of a sequence has to be executed many times. For example, a scientist wants to
measure a large number of liquid samples by using valves and pumps. One way to solve
this problem is to enter every line of the sequence manually, which means that every change
of the valve-position and every operation of the pump has to be written down in the
sequence. As this way is inefficient and hard to adopt to further experiments, the ATLAS
server implements a function that is similar to a for-loop in conventional programming. In
C++, for example, a for-loop begins with for (int i=5; 1i<13; i++) { and ends with }
whereas the repeated code is located between the braces. Scientists, who want to use such a
function in their ATLAS sequence, have to write the repeated section between the lines
loop ($i=5|13|1) and loop_end. The opening bracket is followed by $, a variablename,
= and the starting point for the variable. The next number is the last variable value and the
third number represents the increment. Nested loops are also allowed whereas different
variable names have to be used.



10 LabVIEW - Modeling, Programming and Simulations

2.2.2.2 Solving mathematic formulas

It is important to mention that the loop-feature only allows for a constant increment. To
overcome this limitation the ATLAS server can solve formulas based on NI_Gmath.lvlib:Eval
Formula String.vid. The mathematical expressions are defined by writing them between
brackets and the result will have a precision of 3 digits after the decimal separator. As the
loop-function is interpreted before any formula is solved, it is also possible to use loop-
variables in these mathematical expressions.

2.2.2.3 Aliases

Another feature in the ATLAS scripting language are aliases. These are abbreviations for
longer program sequences which are used frequently. For example, a cleaning procedure in
a liquid handling system, consisting of many single instructions, can be saved in the file
<ATLAS directory>\Server\alias\cleaning. txt. After that the cleaning procedure
is inserted in the script sequence by using the command AL|cleaning.txt, which
shortens the script sequence and makes it easier to comprehend the whole sequence.

Aside from custom built aliases, the ATLAS server can access the aliases
AL|name |measurement name and AL|error. Their special characteristics are that the
server replaces the alias-indicator AL by all available client-identifiers. Using
AL|name |measurement name will distribute a measurement filename to all connected
clients which will save their measurement data by this name. AL | error is used to distribute
the information, that an error has occurred, to all connected clients immediately.

2.3 Client applications

Each client can be operated in 3 different modes: The server mode, the programming mode
and the local mode. If a client is switched to the server mode, it tries to connect to the ATLAS
server over TCP/IP and after the connection has been established the device can be remote
controlled by the server. The programming mode offers a comfortable way to create a script
sequence on the server since every user event will be sent to the ATLAS server as the
according script command instead of executing it. In local mode the connected device is
controlled directly and user input is executed immediately.

The code structure is based on a state-machinet and a simplified scheme of the state-
machine used is shown in figure 4. It consists of three states called init, state changed and
running. The init state is used for initializing the user interface, setting constants, configuring
a RS-232 connection etc. The state changed state is called if the user changes the client mode.
Depending on the selected mode the network connection to the ATLAS server is established.
If the connection initialization fails, the client automatically switches back to the local mode.
All other functionality of the client is located in the running case of the state-machine.

The running state contains code elements for communicating with the ATLAS server,
handling user inputs and controlling the connected device. An overview of the code can be
found in figure 5. To simplify the block diagram all client specific hardware functionalities
have been removed. The code inside the running state is based on a producer consumer
architecture5 consisting of three loops in our case. The first loop contains an event handler for
user interactions whereas a second loop receives script commands from the ATLAS server

3 http:/ /zone.ni.com/reference/en-XX/help/371361G-01/ gmath/advanced_formula_vis/
4 http:/ /zone.ni.com/devzone/cda/tut/p/id/2926
5 http:/ /zone.ni.com/devzone/cda/tut/p/id/3023
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Fig. 4. Scheme of the client’s architecture, which consists of a state-machine. It enables the
software to switch between the different operating modes "client", "server" and local".

in server mode and passes them on to the third loop functioning as the consumer loop. In
programming mode, however, the second loop is used to send script commands to the
ATLAS server upon user interaction. The consumer loop interprets the script commands
and translates them into hardware interactions. The exchange of commands between these
three loops is realized by a queue (referred to as command queue) code structure. A second
queue (referred to as status queue), which can also be seen in figure 5 is used to transport
the status of the client from the consumer loop to the server loop and on to the ATLAS
server if the client is in server mode. The differences in program execution for the three
different states are explained in further detail below.

e local mode: The communication between the server and the client is deactivated. User
interaction on the front panel triggers the event handler which assembles a script
command, representing the user input from the GUI, and adds this script command to
the command queue triggering the consumer loop execution.

e programming mode: The server loop is used to send script commands received via the
command queue to the ATLAS server after receiving a status request from the server. The
consumer loop, however, does not pass on any command to the connected hardware.

e server mode: The server loop is used to receive script commands from the ATLAS
server and adds them to the command queue. The event handler structure, however,
can still add commands to the command queue on user input to enable the user to
interrupt automated script execution. The server loop is also used to reply to status
requests from the ATLAS server according to the current state of the client, which is
transported over the status queue as described above.

2.3.1 Available clients
At the moment 16 different clients are available and listed below. The list contains the client
identifiers and a short description of the client functionality.
AC: Self-developed 230V AC power socket.
The AC client can switch a power socket and is connected to the PC via a RS-232-port.
BC: Self-developed Boxcar-Integrator.
This client reads the data, whereas the gating- and trigger-delay have to be set manually
at the device.
BP: Beep client.
If the ATLAS server has to alert the user, the BP client can be used. It produces an audible
tone with a certain frequency for 100 ms and is already included in the ATLAS server.
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CA: Syringe pumps by Cavro Scientific Instruments (Sunnyvale, CA, USA).
Liquids can be aspired and dispensed from two liquid connections at different speeds.
The ramping up and down to the programmed speed can also be programed.

DB: A digital board from TVE Elektronische Systeme GmbH (Vienna, Austria).
This board is a combination of a 16-bit-AD converter for a thermoelectrical cooled
infrared detector. The integrated CPU supports features such as trigger delay, internal
averaging and base line correction and is connected to the PC via USB.

DI: Micro dispenser from Picology AB (Sweden).
The piezo-element of the dispenser is controlled by burst signals from an Agilent
33120A function generator. The size of the dispensed drops and the number of drops
per second can be adjusted.

DL: External Cavity Quantum Cascade Laser from Daylight Solutions Inc. (CA, USA).
The wavenumber and the intensity of the emitted light can be set among other laser
parameters. The DL client also supports a scanning mode, where the emission
wavenumber of the laser is tuned automatically.

GIL: Miniplus 3 peristaltic pump from Gilson Inc. (Middleton, WI, USA).
The speed as well as the pumping direction can be controlled.

HV: CZE 1000R high voltage supply from Spellman (NY, USA).
It is supported via an DAC module from National Instruments. The output voltage of
the module is transformed into high voltage output (10 V equal 30 kV).

LC: Waverunner 64-Xi oscilloscope from LeCroy Corp. (NY, USA).
Only the most important features such as setting V/div, timebase and trigger-
parameters are implemented. Single pulses can be read and stored.

OP: FTIR spectrometers from Bruker Optik GmbH (Ettlingen, Germany).
This client connects to OPUS over a DDE connection and can trigger measurements
utilizing predefined experiment files. Single and repeated measurements are supported.

TE: TDS 220 oscilloscope by Tektronix (OR, USA).
Only the most important features such as setting V/div, timebase and trigger-
parameters are implemented. Single pulses can be read and stored.

UV: Capillary UV-Detector from Dionex (Sunnyvale, CA, USA).
The client allows to set four wavelengths for absorption measurements. It can autozero
the absorbance values and record the absorbance over time.

VI: Valves from Vici AG (Switzerland).
Injection and selection valves are supported by this client.

WA: Wait client
The wait client allows a delay of the execution of the next command by a defined time
period. It is also included in the ATLAS server as the BP client.

XY: Custom-built XY stage.
The XY stage is operated by a Trinamic TMCM-610 stepper motor control, which is
controlled by the XY client. This client allows the user to move the stage for a certain
distance by a predefined speed.

3. Sample applications

3.1 Example I: Quantification of lactate in aqueous solution using an External Cavity
Quantum Cascade Laser

In clinical diagnostics numerous parameters, such as glucose, phosphate and lactate in
blood have to be measured with high precision and accuracy in short time intervals. One
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measurement principle suitable for such requirements is infrared spectroscopy. Using
classical Fourier transform infrared spectrometry (Griffiths & Haseth, 2007) two approaches
can be chosen. Measuring the solution in transmission requires low path lengths typically
below 25 ym in the spectral region of 1000 - 1250 cm-! due to the high absorbance of water
in the region of interest. The measurement cell can suffer from bio-fouling on the window
materials when biological samples are measured. Additionally, particles in the sample
solution can cause cell-clogging in such small path lengths. The second suitable
measurement method overcoming the clogging problem is attenuated total reflection (ATR).
Using the ATR technique the light doesn’t transmit through the sample solution but is
coupled into an IR transparent crystal (e.g. Germanium). At the surface between the crystal
and the sample total reflection of the light occurs and the evanescent field of the
propagating light is reaching into the sample. This evanescent field interacts with the
sample and is absorbed by the target molecules. Applying the ATR technique allows the use
of flow cells on top of the crystal with bigger dimensions since the light doesn’t need to
penetrate the whole sample thickness. This advantage comes with the tradeoff that the
penetration depth of the light into the sample is small compared to the transmission
measurement. Therefore, one must expect higher limits of detection limits of detection and
less sensitivity according to Lambert Beer’s law (1). Additionally bio fouling on the crystal
surface is an even bigger issue due to the low penetration depth.

A(em™) = —log{l(Ll)] =g-c-l 1)

In this formula Iy denotes the measured intensity of the light reaching the detector without
sample whereas I gives the intensity after the light was absorbed by the sample. ¢[L/cm] is
the molar absorption coefficient at a given wavenumber. c[mol/L] denotes the concentration
of the analyte and l[cm] gives the path length of the measurement cell.

Increasing the optical path length of the measurement cell would solve both drawbacks,
described above, at the same time. Larger cell dimensions would make the cleaning of the
cell easier, accompanied by better sensitivity because of the increased interaction length.
Replacing the IR spectrometer with a Quantum Cascade Laser (QCL) (Faist et al., 1994)
enables the penetration of higher path lengths at one wavenumber due to the higher energy
output of the laser compared to the light source of an IR spectrometer. Applying an External
Cavity Quantum Cascade Laser (EC-QCL), which can shift its emission wavenumber over a
range of 200 cm-! gives a spectrum instead of a single absorbance value at a given
wavenumber.

Using an EC-QCL enabled us to use an optical path length of 130 ym for the measurement of
physiological relevant compounds in Ringer solution. Using ATLAS we realized an
experimental setup for the measurement of liquid samples and tested it on lactate samples
in Ringer solution.

3.1.1 Experiment

For our studies we combined an EC-QCL (tuning range: 1030 - 1230 cm-?) from Daylight
Solutions Inc. with a thermoelectrically cooled Mercury Cadmium Telluride (MCT) detector
and a Sequential Injection Analysis (SIA) system for sample preparation (Brandstetter et al.,
2010). The detector signal was digitized by a specially designed analogue to digital
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Fig. 6. Experimental setup for the measurement of lactate in Ringer solution using an
External Cavity Quantum Cascade Laser.

converter (ADC) board which was read out by the digital board ATLAS client. Using a SIA
system improves on manual sample injection by means of reproducibility and repeatability.
Applying the SIA system also helps to reduce sample contaminations since the system can
be cleaned automatically before a new sample is injected for the next measurement.

For this setup, shown in figure 6, the ATLAS clients for the digital board, the EC-QCL from
Daylight Solutions Inc., the syringe pump from Cavro Inc., valves by Vici Inc. and the client
for the Gilson Miniplus 3 peristaltic pump were connected to the ATLAS server. All
hardware parts were connected to a notebook by RS-232 connections over USB-to-RS-232
converters. The peristaltic pump in the setup was only used if air bubbles were found in the
tubings. In that case the system was purged with ethanol first to drive the bubbles out of the
system and afterwards the ethanol flask was exchanged with Ringer solution manually and
the tubings were filled with Ringer solution again.

In a first experiment lactate in Ringer matrix was pumped through the measurement spot
repeatedly to examine the achieved flow profiles. Therefore, the whole system was filled with
Ringer solution first. The laser parameters were sent by the client to the laser control unit and
the emission wavenumber was tuned to 1130 cm-L. After initiating the emission of light the
data acquisition was started and the intensity of the detected signal was streamed onto the
hard drive continuously. In the meantime the syringe pump picked up the lactate sample
through the 14-way-valve into the holding coil. After switching the 14-way-valve back to
connect the holding coil with the measurement cell the syringe pump dispensed the lactate
sample through the measurement cell. The pickup and dispense procedure was repeated
while the data acquisition continued. In figure 7 the obtained flow profile for two repetitions is
plotted against time. Whenever the sample solution passes the measurement cell the measured
intensity on the detector decreases due to absorption taking place in the cell. The obtained flow
profiles are in good agreement with theory. Optimization of the pumped lactate volume and
the used flow rates allowed adjustments of the system in such a way that, at the maximum of
the absorption, undiluted sample was measured. Knowing the exact time when this maximum
reached the flow cell was crucial for the following experiment.

To obtain a calibration curve for lactate in Ringer solution a second command sequence was
programmed. Firstly Ringer solution was pumped through the measurement cell utilizing a
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Fig. 7. Lactate solution was pumped through the measurement cell twice while the EC-QCL
emitted light at 1130 cm-! and the digital board read out the detector values.

Cavro syringe pump. After the cell was purged the flow was stopped and the ATLAS server
sent a signal to the digital board to start recording. Afterwards the EC-QCL was started by
the server to scan over a wavenumber region ranging from 1030 to 1230 cm-!. This
measurement served as Ip(cm-?) in equation (1). Then the valves switched positions allowing
the syringe pump to pick up a sample of lactate into the holding coil. After the 14-way-valve
was switched to connect the holding coil with the flow cell the sample was pumped into the
measurement spot. Subsequently, the flow was stopped at the absorption maximum
determined earlier. Now the EC-QCL received a trigger signal from the server to start
another measurement, which gave I(cm-!) in equation (1). Then the valve of the syringe
pump was switched to the opposite direction and picked up Ringer solution from the
storage flask. After switching the valve back the whole system was purged again. This step
was repeated twice to flush any possible remaining lactate out of the measurement spot.

The sequence described above was automatically repeated for all five sample concentrations
by changing the 14-way-valve to the appropriate position in each of the measurement runs.
Afterwards the absorbance spectra were calculated manually and the data shown in figure 8
were plotted in Origin. Calculating a linear calibration function for the measured
absorbances at the band maxima gave a R2 value of 0.996.

In conclusion we can report that setting up a SIA system using ATLAS can by achieved
easily. The integration of the EC-QCL and the data acquisition electronics into the SIA
sequences was simple too after the ATLAS clients for the laser and the ADC board had been
developed.

3.2 Example lI: Using IR spectroscopy as a detector for liquid chromatography
Liquid chromatography (LC) is a widely used technique in analytical chemistry to separate
mixtures of substances before detecting and quantifying them. The sample is injected onto a
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Fig. 8. 5 different concentrations of lactate in Ringer solution were measured and the
absorbance values at 1131. 7 cm-! are plotted as a calibration curve giving a R2value of 0.996.

separation column where different molecules in the analyte mixture are retained for a
varying time dependent on the nature of the column and the analyte itself. The analytes are
driven through the column by a single solvent mixture, called isocratic mode, or the
composition of the solvent mixture is changed during the elution, which is called gradient
mode. Classical detectors used for detection in LC are mass spectrometry (MS) and UV-VIS
spectroscopy. IR spectroscopy was not commercialized until today as a detection principle
for LC because the solvents used cause high absorption in the infrared spectral region and
overlap with the very small absorptions of the analyte molecules. However IR spectroscopy
has some advantages as detection principle. First it is a non destructive detection principle,
compared to MS. Second, the IR spectrum can be seen as a fingerprint of a target molecule
which simplifies the identification of target molecules compared to UV-VIS spectroscopy.
Using IR spectroscopy as the detection principle in LC can be done in two ways. In the
online method the exit of the separation column is connected to a flow cell and IR spectra
are recorded during the elution of the analytes. Since the time resolution of the
chromatogram depends mainly on the time needed to record a spectrum a tradeoff has to be
made here. Increasing the spectral averaging will give better signal to noise levels and
therefore better sensitivity. However, the time resolution of the chromatogram will decrease
and two peaks, which are eluted shortly after each other, might be not detected separately.
The strong absorption of the solvent can be easily subtracted in an isocratic eluation whereas
background correction algorithms have to be used in gradient elution (Quintds et al,
2009a;b).

The second possible method is based on physically eliminating the solvent from the sample
and the IR spectra are measured afterwards as traces on an IR transparent substrate. This
method enables averaging of as many spectra as needed without decreasing the time
resolution of the chromatogram because the time resolution is mainly determined by the
deposition method of the eluents on the measurement substrate.

Using ATLAS we have coupled a Dionex Ultimate 3000 capillary LC system to a micro
dispenser (Laurell et al., 1999), which was used for eluate deposition on CaF, windows
followed by subsequent IR detection. The setup described below was already used by
manually controlling all components before ATLAS became available and proved capable of
measuring pesticides down to concentrations of 2 pg/mL (Armenta & Lendl, 2010).
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Fig. 9. Experimental setup for the coupling of a liquid chromatography system with offline
IR detection utilizing a micro dispenser for sample deposition.

3.2.1 Experiment

Our system, as shown in figure 9, was built combining an Ultimate 3000 capillary LC system

(Dionex, Sunnyvale, CA, USA), which is not implemented in ATLAS yet, a Dionex UV

detector, a home built XY stage and a micro dispenser from Picology AB (Bjaerred, Sweden).

The UV detector was configured and read out via a RS-232 connection by an ATLAS client.

The stepping motors of the XY stage were connected to a controller board (Trinamic TMCM-

610) which was controlled by another ATLAS client. The piezo crystal of the micro

dispenser was actuated by a specially designed electronics board which amplified a burst

signal generated by an Agilent 33120A function generator. The burst period, giving the

number of droplets dispensed each second, and the burst amplitude, giving the volume of

each dispensed drop, were set by a dedicated dispenser ATLAS client. The droplets of the

eluent were dispensed onto a heated plate of IR transparent CaF, mounted on the XY stage

moving the plate constantly during the deposition.

A typical experiment consisted of the following steps. First the injection of the sample onto

the LC column was initiated manually since the LC system is not implemented into the

ATLAS system yet. Immediately afterwards a preprogrammed ATLAS control sequence

was started containing the following steps:

e  The desired wavelengths for the UV measurement are set

e  The absorbance signal of the UV detector is set to zero

e The dispenser parameters are set

e The movement of the XY stage is initiated at a certain speed and a programmed
distance to travel

e The UV measurement is started

e  The dispensing of the droplets is triggered

After the elution of the injected substances was completed the CaF; plate was removed from

the XY stage and was analyzed on a Hyperion 3000 IR microscope from Bruker Optics

(Ettlingen, Germany). The plate was measured in transmission mode applying a line scan

along the deposited material.
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Fig. 10. Measurement results from the coupling of a liquid chromatography system with
offline IR detection.

First results testing the ATLAS system were obtained by injecting 1 uL of a 60 ppm solution
of caffeine onto a C18 separation column. A mixture of water and acetonitrile (50:50 % v/v)
with 0.1% acetic acid served as the mobile phase flowing at a speed of 2 yL/min. The UV
detector was set to measure at 200, 210, 250 and 350 nm wavelengths every 500 ms for 15
min and the XY stage was moved with 25 ym/s for a distance of 3 cm. The dispense rate
was set to 25 drops/s.

The obtained chromatogram of caffeine is plotted in figure 10. The time delay between the
UV and IR measurement can be explained by the distance between the UV measurement cell
and the micro dispenser. The IR trace was obtained by integration of the caffeine band
located at 1657 cm-1. The plotted IR spectrum of caffeine represents the maximum of the IR
trace.

Concluding we can state that using ATLAS enabled us to setup a measurement system
coupling a LC system with online UV detection and offline IR detection. Inclusion of the
Dionex Ultimate 3000 chromatograph would allow for fully automated measurements with
this system eliminating the manual injection of the sample.

4. Conclusion and Outlook

In this chapter we introduced ATLAS, our LabVIEW programmed lab automation system.
While LabVIEW is routinely used in many labs to control laboratory equipment, usually
these programs are ad-hoc solutions which are used for one type of experiment only and are
never published. What sets our system apart from previously reported works are its
expandability and flexibility. Through its Server-Client layout the ATLAS system can easily
be expanded to be able to control a wide range of lab equipment - any instrument, that can
be controlled by LabVIEW, can be controlled by our program - and experiment parameters
can be easily changed.

To give the reader an idea of possible applications of ATLAS we described two ATLAS
controlled experiments, which would have been very inconvenient to do manually, but
were easily implemented with the help of the presented lab automation system.

In the future we plan to extend our program by the ability to send measurement data from
clients to the server and have the server make decisions based on this data. Furthermore, the
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final version and the source code of ATLAS will be made available on our website
(http:/ /www.cta.tuwien.ac.at/cavs), to allow other users to use and improve it.
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Abstract — In the last few years several types of MEMS-based
spectrometer systems emerged, mainly addressing the NIR
spectral range. The presented MEMS-based sensor prototype
operates in the mid-IR range between 2200 cm™ and 2500 cm™.
The main element is a blazed micro-electro-mechanical reflec-
tive grating device with an aperture of 3x3 mm?. The optical
setup of the sensor corresponds to a Czerny-Turner type
monochromator with an immense potential for further minia-
turization due to its MEMS core. This allows designing and
building competitively priced handheld analyzers for a range
of applications that up to now has been restricted to large and
expensive instruments. This work focuses on the development
of an analyzer for dissolved CO, showing the methodology and
also first implementation steps towards a sensor solution.
COy(aq) calibration samples were prepared by different
NaHCOj; concentrations in solution. Spectra and calibration
data acquired with the prototype are presented.

I INTRODUCTION

The number one advantage of infrared (IR) spectroscopic
sensors is their capability to directly and specifically detect
and quantify (most) chemical substances by their inherent
vibrational absorption properties [1,2]. An obstacle, how-
ever, is the limited availability of suitable, competitively
priced sensor instrumentation, in particular in the mid-IR.
Currently, most mid-IR sensors use non-dispersive (NDIR)
technology, i.e. measure at a small number of wavelengths
only. While simpler and hence smaller and cheaper in in-
strumentation, the reduction of the spectral information to a
few pre-determined wavelengths forfeits the inherent capa-
bility of spectroscopic devices to selectively detect single
substances even in the presence of spectrally interfering
sample constituents. Fully spectroscopic sensors capable of
scanning a wider spectral range around the target analytes’
spectral absorption features would have significant advan-
tages here, including the option of using smart chemometric
algorithms for advanced data evaluation.

One such example where a fully spectroscopic sensor would
have clear advantages over NDIR devices and other sensors
is the detection of dissolved carbon dioxide in aqueous solu-

K This R&D project was co-financed within the Austrian Kplus
PfU ' Competence Centre programme.

1-4244-2581-5/08/$20.00 ©2008 IEEE

Ch. Wagner, B. Lendl
Chemical Technologies and Analytics
Vienna University of Technology
Vienna, Austria

A. Wolter

Hiperscan GmbH
Dresden, Germany

tions (CO,(aq)). The concentration of dissolved CO,, e.g. in
carbonised beverages or beer, significantly influences the
sensory experience during consummation. CO,(aq) levels
hence are a key parameter in (on-line) quality control. Pres-
ently, CO(aq) levels are mostly determined using gas ex-
traction methods [3]. The classical technique is to expand the
volume over a sample and measure the change in gas pres-
sure due to out-gassing of CO,. While well proven, this
method relies on sampling and thus is limited in its applica-
bility for on-line process monitoring. An alternative is the
use of semi-permeable membranes that allow a part of the
dissolved CO, to diffuse into a measurement chamber, where
it is detected directly using an NDIR detector or optically
through its influence on a pH-sensitive dye. The chief limi-
tation of these approaches is the limited compatibility with
industrial food processing, in particular its stringent clean-in-
place (CIP) requirements. Also, equilibrating between so-
lutions and sensing devices may cause a time lag that limits
the practical process applicability.

For industrial in-line monitoring, the ultimate solution
would be a sensor that directly measures the dissolved car-
bon dioxide, e.g. in a process line or a storage tank. While
well suited for measuring gaseous CO,, NDIR sensors have a
problem with this, since the absorption band of CO,(aq) at
2343 cm’ / 4,27 pm overlaps with the short-wavelength
tailing of the water combination band at 2130 cm™ / 4,7 pm
(Figure 1). As mid-IR water absorptions are variable with
temperature and the nature and concentration of chemically
or physically dissolved substances, the shape and intensity of
this interfering water band will change with e.g. the levels of
sugars, alcohol or dissolved salts present in the beverage.
Another complication is the pH-dependent equilibrium pres-
ence of spectrally different CO,-related chemical species, i.e.
hydrogen carbonate (HCO5") and carbonate (CO32') ions.

This clearly calls for the application of a sensor system
capable of reliably discerning between the CO,(aq) feature
and such interferences.
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Figure 1. Absorption spectrum of an aqueous solution of 1.5 g/L carbon

dioxide in water at 21 °C and pH 6; the shaded area indicates the spectral
working range of the MEMS-GS CO, sensor prototype
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To determine the relevant spectral range, the absorption
spectra of various aqueous solutions containing dissolved
carbon dioxide together with other typical beverage ingredi-
ents, such as sugars, artificial sweeteners, phosphates or al-
cohols, were measured under controlled laboratory condi-
tions. The subsequent analysis resulted in the identification
of a spectral range (2550 cm™ - 2200 cm™ / 3.9 um —
4.55 um) containing the significant spectral signatures of
both the target analyte and relevant interferents. With a width
of about 0.6 pm this required spectral range is sufficiently
narrow to be covered with a grating spectrometer device us-
ing a single refraction grating.

MEMS SPECTROMETER HARDWARE

Based on that, a previously developed compact near-IR
scanning grating (SG) spectrometer using a micro-electro-
mechanical (MEMS) grating mirror [4,5] was redesigned to
meet the specific needs of this application, i.e. operation in
the mid-IR around 4.2 um. Implementing MEMS technology
allows realising compact and reliable spectral analysers with
good spectral properties and fast response times. Together
with outstanding mechanical stability and a potentially low
price due to the mass production of MEMS elements, such a
system has the potential for being used as in-line sensor in
industrial environments, e.g. directly flanged to a transfer
line.

A.  Monochromator Layout

The spectral analyser was designed using a modified
Czerny-Turner monochromator layout with 15° deviation
angle (Figure 2). The incident light from the sample is colli-
mated by an off-axis parabolic mirror with 10 mm focal
length. Together with the 3 x 3 mm?® aperture of the scanning
grating micro-element, this yields a good compromise be-
tween compact size, high radiation throughput (1/3.7) and
good spectral resolution. The first order diffractions are di-
rected towards a spherical mirror focussing the beam through
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an order-sorting filter (Spectrogon LP-3500) and an exit ap-
erture onto a thermo-electrically cooled single-element MCT
detector (Vigo PVI-2TE-5-0,5, BaF, window; VIGO S.A,,
Poland).

parallel beam
entrance optics

entrance slit

MEMS reflection
rating element
collimation gERn

mirror

focusing
mirror ||
TE-cooled

MCT detector

=3 [

order-sorting
longpass filter

B

detector
heat sink

°

5cm

Figure 2. Optical layout of the prototype MEMS grating monochromator
for operation in the 4.0 — 4.5 um range

B.  MEMS Component

To scan a grating monochromator through, the diffraction
grating needs to be able to rotate or oscillate. On the micro-
element scale, this translates favourably into a resonantly
driven, electrostatically actuated oscillating micro-mirror
device developed by the Fraunhofer Institute for Photonic
Microsystems (IPMS) [6]. Using a number of in-plane comb
electrodes to actuate an oscillatory movement around a cen-
tral axis, large mechanical deflection angles can be achieved
at low actuation voltages [7]. Depending on the design, os-
cillating micro-mirror components with deflection angles ex-
ceeding 10° can be driven at voltages less than 40 V. In order
for such a component to function as a reflection grating ele-
ment, the top surface of the mirror plate has to be modified
by “cutting” a grating structure into it. In MEMS compo-
nents, this can be achieved through anisotropic wet etching
[8], followed by covering the structure with a thin metallic
reflection coating, e.g. 100 nm aluminium, to ensure a high
reflectivity in the mid-IR.

For the present study, a MEMS device with 3x3 mm? ap-
erture and a 400 grooves/mm V-shaped grating was used
(Figure 3). Using a pulsed driving voltage of 36 V, the mi-
cro-mirror was operated at a mechanical deflection angle of
+ 7° at an oscillation frequency of 130 Hz. Designed for the
spectral range 1.2 - 2.5 pm, operating this grating at a dif-
fraction angle B = 66.5° yields a first order centre wave-
length of 4.25 pm and allows covering the relevant spectral
range from 4.0 to 4.50 pm.
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Figure 3. MEMS micro-mirror component with a 2.5 pm spaced V-
groove grating mirror, as used for the MEMS-SG CO, sensor; on the right a
part of a one Euro-cent coin for size comparison.

C. System Performance

The resulting spectrometric device covers a spectral
range from 3,968 pm to 4.520 um at a (simulated) spectral
resolution of 10 nm; the experimental verification yields a
spectral resolution better 15 nm, which is consistent. While
not optimal in terms of grating efficiency (simulated average
efficiency of 0.4) and effective grating aperture (the high
angular inclination against the incident beam reduces the
lateral aperture to approx. 1.2 mm), when compared to the
effort of designing and producing a new grating the perform-
ance was deemed sufficient for proving or disproving the
basic feasibility of the concept.

Another interesting feature of this device is its high scan-
ning speed. At an oscillation frequency of 130 Hz the sensor
can acquire one spectral scan every 7.7 ms, or one spectrum
integrating 1000 scans within less than 8 s. It is thus easily
possible to compensate for the inferior signal-to-noise ratio
by co-adding a high number of spectral scans within a few
seconds.

Encased in a robust standard housing, the MEMS-SG
spectral transducer prototype has a typical footprint of 100 x
80 x 75 mm?, a weight of 0.6 kg and a typical power con-
sumption of less than 5 W.

III. EXPERIMENTAL

A. Sample Preparation

As the equilibrium solubility of carbon dioxide in water
is low, aqueous solutions containing dissolved CO, need to
be kept under pressure to avoid uncontrolled out-gassing. For
this study, aqueous solutions containing controlled amounts
of dissolved CO, were produced in a closed flow system by
mixing sodium hydrogen carbonate (NaHCO3) solutions in
equal parts with a citrate buffer adjusted to pH 3.0. The
change in the pH of the solution causes the hydrogen car-
bonate (pK,(H,CO;) = 6.35) to transform into dissolved
carbon dioxide, resulting in well-controlled standard solu-
tions. In addition, a number of real samples (different min-
eral waters, dry sparkling wine, carbonated and sweetened
dark coloured soft drink) were measured by pumping the
respective sample through the measurement cell.

The measurement cell, a transmission flow cell with par-
allel CaF, windows spaced 25 pum apart, was directly con-
nected to the flow system. The system proved pressure-stable
up to 6 g/L NaHCO; in the stock solution, equalling about
1.6 g/L dissolved carbon dioxide in the final standard solu-
tion. At higher concentrations the pressure provided by the
peristaltic pump was no longer sufficient to reliably prevent
the formation of gas bubbles in the flow cell.

B. Data Acquisition & Post-Processing

All samples were measured in an open parallel beam
setup consisting of a 20 W ceramic filament IR source, an
off-axis parabolic mirror, the 25 pm transmission flow cell
and the MEMS-SG spectral analyser. The standard solutions
were measured in flow at 1000 scans per spectrum (time
resolution approx. 8 s) against a water/buffer background. To
prevent water vapour or atmospheric carbon dioxide from
interfering, the setup was encased in a glove box continu-
ously flushed with dry nitrogen gas.

The measured absorption spectra were evaluated by inte-
grating the peak area in the range 2327 cm™ to 2353 cm’
(4.30 — 4.25 pm), using a parabolic four-point baseline fit to
compensate for baseline distortions due to the underlying
water band.

IV. RESULTS

Figure 4 shows some example spectra of CO,(aq) stan-
dard solutions. The strong variability of the baseline, in this
case most likely due to temperature variations during the out-
of-sequence measurement of the different standards, is
clearly discernible, illustrating the need for a spectrometric
analytical device able to identify and correct such baseline
artefacts. A baseline-corrected integration of the area under
the CO,(aq) peak yields a linear calibration curve (Figure 5,
R?=0,991) with an estimated level of detection of 0,25 g/L.
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Figure 4. Absorption spectra of CO»(aq) solutions at different concentra-
tion levels, baseline offset corrected for the peak range. The shaded area
indicates the peak integration range used for quantitative data evaluation.
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Figure 5. CO,(aq) calibration curve measured with the MEMS-SG CO,
sensor prototype

When attempting to measure strongly carbonated real
samples out-gassing occurred, causing bubbles in the meas-
urement cell. This out-gassing manifests itself also in the
spectra (Figure 6), namely in a general decrease of intensity
and the appearance of the characteristic double feature of
gaseous CO,.
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Figure 6. Typical absorption spectra of a strongly carbonated soft drink
after partial out-gassing. The component spectra of dissolved CO,, gaseous
CO, and the baseline distortion are shown in overlay.

V. CONCLUSION & OUTLOOK

The findings of this study prove that using micro-electro-
mechanical optical elements to build compact, robust spec-
trometric devices that could be used as the transducer core
for dedicated IR sensors is feasible. Using dedicated gratings
optimised for the respective wavelength range of interest,
such devices can be tuned to specific analytes. Exploiting the
fully spectroscopic measurement, multiple analytes absorb-
ing in the same spectral region could be qualitatively and
quantitatively detected, while interferents can be corrected

727

for. Exploiting the rapid scanning capabilities of the MEMS
grating element, the limited optical signal throughput could
be successfully compensated by co-adding large numbers of
spectral scans in very short time. Thus, for the example ap-
plication “dissolved CO, in aqueous solutions” satisfactory
results could be obtained even under less than optimal cir-
cumstances.

Next steps will include designing a mirror specifically for
the spectral range 4 — 5 um. Besides improving the grating
efficiency, this will allow increasing the f-number of the
monochromator, thus improving the signal-to-noise charac-
teristics. Combined with a high-pressure sample delivery
system, this layout will be used for further measurements,
including a wider study of real samples. Parallel to that, ef-
forts will be made to further miniaturise the monochromator,
with the aim of fitting it into a cube of about 5x5x5 cm’.
Produced using standardised components, many of which
can be produced cheaply using standard semiconductor proc-
essing technology, this could significantly reduce the prices
for spectrometric analysers and thus make spectrometric IR
competitive against their NDIR brethren.
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ABSTRACT

With MEMS, it became possible to build pocket-sized spectrometers for various spectral ranges, including the near-IR or
mid-IR. These systems are highly rugged and can measure spectral changes at ms time resolution or co-add several
hundreds of scans to one spectrum achieving adequate signal-to-noise ratios. Two spectrometer systems a scanning
grating based spectrometer and a FT-IR spectrometer both based on a micromechanical scanning mirror technology are
presented. Furthermore, the focus of this work is on the development of an analyzer for dissolved CO, showing the
methodology and also first implementation steps towards a sensor solution. CO,(aq) calibration samples were prepared
by different NaHCO; concentrations in solution. Spectra and calibration data acquired with both MEMS based
spectrometer prototypes are presented.

Keywords: MEMS; MOEMS; Scanning Grating Spectrometer; FT-IR Spectrometer; dissolved CO,; CO,(aq)

1. INTRODUCTION

With a definite trend towards the use of spectrometric systems in various fields of science and technology, there is an
increased demand for compact spectrometers. Compact low-cost spectrometers for the near-IR above 1,7 pm or even the
mid-IR would be of high interest for numerous applications, such as industrial process control and chemical sensing.
State of the art for wavelengths above 2 um are i) monochromator systems and ii) Fourier-Transform (FT) spectrometers,
both using a single detector element but the necessity of having massive, moving optical components limit both the
acquisition speed and the achievable degree of miniaturization. This is where MEMS components come in. MEMS
components are usually produced using well-established semi-conductor production processes allowing for a convenient
combination of e.g. semiconductor materials, dielectric layers and metals. Thus, intricate, powerful and highly reliable
micro-devices can not only be produced in large quantities and at low cost but can also, within certain limits, be flexibly
adapted to specific application requirements. Some efforts have been reported to miniaturize such instruments [1,2,3,4]
based on various MEMS technologies. Furthermore the excellent mechanical stability of MEMS has the potential for
being used as in-line sensor flanged directly to the main process pipeline. In this context a MEMS based sensor for the
measurement of dissolved carbon dioxide for quality control of carbonized beverages and beer is of certain interest. At
present dissolved CO, in beverages is determined mainly by measuring the partial gas pressure. This method is well
proven but has several drawbacks e.g. the error of measurement introduced by other dissolved gases, and the need of
complex and bulky mechanics leading to high costs especially in applications where in- or on-line measurements are
demanded.

The spectrometric approach offers an alternative for the measurement of CO,(aq) with the advantage of not being
interfered by other gases since IR spectrometry is a method of detection for (most) chemical substances by their inherent
vibrational absorption properties [5,6]. Most industrial mid-IR sensors use non-dispersive (NDIR) technology, i.e.
measure at a small number of wavelengths only. While simpler and hence smaller and cheaper in instrumentation, the
reduction of the spectral information to a few pre-determined wavelengths forfeits the inherent capability of
spectroscopic devices to selectively detect single substances even in the presence of spectrally interfering sample
constituents. Fully spectroscopic sensors capable of scanning a wider spectral range around the target analytes’ spectral
absorption features would have significant advantages here, including the option of using smart chemometric algorithms
for advanced data evaluation. One such example where a fully spectroscopic sensor would have clear advantages over
NDIR devices and other sensors is the detection of dissolved carbon dioxide in aqueous solution (CO,(aq)).



Here we present two approaches towards a fully spectroscopic sensor, robust, fast and competitively priced to NDIR
devices to observe the absorption band of CO,(aq) at 2343cm™: A spectrometer based on a micro-electro-mechanical
reflective scanning grating [7], and a recently developed FT-IR spectrometer [8] with the potential to yield extremely
short measurement times.

2. INSTRUMENTATION DEVELOPMENT

2.1 MEMS Scanning Grating Spectrometer

The optical system of the spectrometer uses a Czerny-Turner monochromator setup where the spectrum is scanned across
the detector on the basis of a rotating diffraction grating. As this system requires only a single detector, significant
advantage over array spectrometers in terms of price as well as performance can be achieved especially in the NIR and
mid-IR. While previously described MEMS scanners would be suitable in principle, the fact that these devices have to be
operated at kilovolts makes integration into a portable instrument at least problematic.

Resonantly driven micro-mirrors developed by the Fraunhofer Institute for Photonic Microsystems (IPMS) yield large
scanning amplitudes and optical apertures at comparatively low driving voltages [9,10]. The micromechanical scanning
grating device is manufactured in a CMOS-compatible process. In an additional photolithographic step the mirror surface
is structured with a high efficiency reflection grating [11].

For the present study, a MEMS device with 3x3 mm? aperture and a 400 grooves/mm V-shaped grating was used
(Figure 1). Using a pulsed driving voltage of 36 V, the reflection grating micro-device was operated at a mechanical
deflection angle of + 7° at an oscillation frequency of 130 Hz. The grating was originally designed and hence optimized
for the spectral range 1.2 - 2.5 um. Aligning this grating to a diffraction angle B = 66.5° yields a first order center
wavelength of 4.25 um and allows covering the relevant spectral range from 4.0 to 4.50 um.

. torsional anchor
mirror spring

(@) (b)

Figure 1: Micro scanner device (a) schematic and (b) housed device carrying a CMOS processed reflective grating with a
2.5 um spaced V-groove.

This device is the core of the spectral analyzer shown in Figure 2. After the incident light from the sample has been
focused on an entrance slit, it is collimated by an off-axis parabolic mirror with 10 mm focal length. Together with the
3x 3 mm? aperture of the scanning grating micro-element, this yields a good compromise between compact size,
reasonable radiation throughput (f/3.7) and good spectral resolution. First order diffractions are directed towards a
spherical mirror under 15° deviation angle. After passing an order-sorting filter, a second spherical mirror focuses the
beam through an exit slit onto a thermo-electrically cooled single-element MCT detector.
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Figure 2: (a) layout of the optical bench, (b) scanning grating spectrometer prototype. The scanning micro grating is
encircled. The shown fiber coupling was exchanged by a CaF, for operation in the 4.0 — 4.5 um range as shown in the
layout (a).

The resulting spectrometric device covers a spectral range from 3.95 um to 4.52 um at a spectral resolution of 15 nm as
proved in Figure 3. While not optimal in terms of grating efficiency, the simulated average efficiency across the
observed spectral range is 0.4, and the reduced effective grating aperture of approx. 1.2 x 3 mm” due to the high angular
inclination against the incident beam, when compared to the effort of designing and producing a new grating the
performance was deemed sufficient for proving or disproving the basic feasibility of the concept.
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Figure 3: Transmission spectra of two interference filters (CWL 4055 nm and 4373 nm) for calibration and characterization
of the scanning grating spectrometer prototype. The spectra were acquired averaging 1000 single scans.

Due to the high scanning speed it is easily possible to compensate for the perhaps insufficient signal-to-noise ratio (SNR)
of a single scan by co-adding a high number of spectral scans within a few seconds. At an oscillation frequency of
130 Hz of the MEMS grating the spectrometer can acquire one spectral scan every 7.7 ms, or one spectrum integrating
1000 scans in less than 8 s.



2.2 MEMS FT-IR Spectrometer

A FT spectrometer requires a MEMS mirror component that is capable of linear movement. While a number of
translatory MEMS elements have been described, the amount of linear travel is usually limited to several 10 um. Since
spectral resolution is related to this parameter a maximum travel is favorable. Again, resonantly driven micro-mirrors
developed by the Fraunhofer IPMS proved to be a feasible solution. The devices are electrostatically driven by applying
a rectangular-shaped voltage to the in-plane inter-digital comb fingers [9,10]. When applying pulsed voltages the
interlocking comb-structured electrodes induce electrostatic forces which actuate a sinusoidal forward-backward
oscillation of the mirror plate. Since the electrostatic force always acts to pull the mirror from maximal elongation back
towards the center, the frequency used for the driving signal must be twice the mechanical resonance frequency.

FhG—IPMS

Figure 4: (a) SEM micrograph of a translatory micro-mirror component with pantograph-type suspensions. (b) suspension
detail (¢) SEM micrograph of the first generation mirror, used in an early FT-spectrometer prototype.

Figure 4 shows two different translatory mirror devices. These types of mirror devices have been described and
characterized in [12,13,14]. Figure 4 (a) and (b) show a device with the mirror plate suspended by pantograph-type
structures. Pantograph-type suspensions have the potential to enable mirror travels up to + 500 um which would yield a
spectral resolution of 10 cm™ or better. A device showing this performance is currently under development and will be
integrated in the next generation MEMS based FT-spectrometer which is the objective of the EU FP7 project ‘MEMFIS’.

The mirror of the actual device, shown in Figure 4 (c), travels up to + 100 um. When applying rectangular shaped
voltages up to 40 V, the electrostatic forces actuate a quasi-harmonic oscillation of the mirror plate. This nonlinear
motion has to be compensated at acquisition or the sampled interferogram has to be interpolated to get sample points
which are equidistant in terms of optical path difference before applying the FFT. For this purpose the position of the
MEMS mirror is monitored using the interference signal of a diode laser-reference interferometer, which uses the
reflection from the backside of the actuator. The reference signal from the photodiode is used to precisely clock the IR
interferogram, as outlined in much detail in [8]. From the interferogram, the IR spectrum is obtained via a Fourier
transform. The system electronics are designed to perform averaging of multiple scans and calculation of the spectrum
onboard, in order to provide a small standalone unit.

The layout optimization resulted in a classical Michelson arrangement, as illustrated in Figure 5. Encased in a rugged
housing and using a thermo-electrically cooled MCT detector, the MEMS FT-spectrometer features a typical footprint of
180 x 120 x 120 mm? and a weight of about 1.5 kg.
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Figure 5: (a) FT-spectrometer optical layout and signal path (schematic). A laser reference interferogram is generated using
the backside of the micro-mirror. The laser signal itself is used to clock the sampling. (b) Photograph of the FT-
spectrometer prototype. The necessary vacuum chamber has been opened to show the translatory micro-mirror
(encircled).

The prototype covers a spectral range from 5000 cm™ to 1600 cm™ at a spectral resolution of 50 cm™ as shown in
Figure 6 (a). The current spectral resolution is likely not suitable for gas analysis but it is interesting for the addressed

application due to the high potential of this spectrometer, namely the extremely high scanning speed and the expected
improvements in terms of spectral resolution and throughput.

Due to the mirror oscillation frequency of >1 kHz, a single scan can be acquired within 1 ms. As an example for a time
resolved plot with a resolution of 20 ms (20 scans averaged per spectrum) Figure 6 (b) shows two spectral features
significant for aliphatic CH and CO, in a flame of a Bunsen burner during ignition.
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Figure 6: (a) Transmission spectrum of a Polystyrene film as a result of a 1000 scans average acquired within 1s compared
to a reference acquired with a laboratory instrument at a resolution of 2 cm™. (b) 20 ms time resolved spectral
characteristics of different states of a Bunsen burner flame.



3. EXPERIMENTAL
3.1 Sample Preparation

As the equilibrium solubility of carbon dioxide in water is low, aqueous solutions containing dissolved CO, need to be
kept under pressure to avoid uncontrolled out-gassing. For this study, aqueous solutions containing controlled amounts
of dissolved CO, were produced in a closed flow system by mixing sodium hydrogen carbonate (NaHCOj3) solutions in
equal parts with a citrate buffer adjusted to pH 2.8. The change in the pH of the solution causes the hydrogen carbonate
(pKai(H,CO3) = 6.35) to transform into dissolved carbon dioxide, resulting in well-controlled standard solutions.
In addition, real samples (carbonated and sweetened soft drinks) were measured by pumping the respective sample
through the measurement cell.

3.2 Data Acquisition using the MEMS Scanning Grating Spectrometer

All samples were measured in an open parallel beam setup consisting of a 20 W ceramic filament IR source, an off-axis
parabolic mirror, a measurement cell and the MEMS-SG spectral analyzer. The measurement cell, a transmission flow
cell with parallel CaF, windows and 25 pm sample thickness was directly connected to the flow system. The system
proved pressure-stable up to 6 g/LL NaHCO; in the stock solution, equalling about 1.6 g/L dissolved carbon dioxide in the
final standard solution. At higher concentrations the pressure provided by the peristaltic pump was no longer sufficient to
reliably prevent the formation of gas bubbles in the flow cell. The standard solutions were measured in flow at 1000
scans per spectrum (time resolution approx. 8 s) against a water/buffer background. To prevent water vapour or
atmospheric carbon dioxide from interfering, the setup was encased in a glove box continuously flushed with dry
nitrogen gas.

The measured absorption spectra were evaluated by integrating the peak area in the range 2327 cm’ to 2353 cm’
/4.30 — 4.25 pm, using a parabolic four-point baseline fit to compensate for baseline distortions due to the superimposed
water band.

3.3 Data Acquisition using the MEMS FT-IR Spectrometer

In this setup the samples were measured in a transmission flow cell with 100 um layer thickness and sampling was
accomplished using a special tap device. The advantages are that out-gassing of the sample was avoided as far as
possible and the sample was flushed through the sample cell by it own overpressure. As IR source a 20 W ceramic
filament was used. After transmitting the sample, the IR radiation is coupled into a Chalcogenide fiber leading into the
MEMS interferometer. The samples were measured in flow with 512 scans per spectrum yielding a time resolution of
approx. 0.7 s. against a water/buffer background. Also this setup was encased in a box flushed with dry nitrogen gas due
to the reasons mentioned before.

4. RESULTS

For industrial in-line monitoring, the ultimate solution would be a sensor that directly measures the dissolved carbon
dioxide, e.g. in a process line or a storage tank. NDIR sensors which are capable of measuring gaseous CO, are not strait
forward applicable, since the absorption band of CO,(aq) at 2343 cm™ /4.27 um overlaps with the short-wavelength
tailing of the water combination band at 2130 cm™ /4,7 pm (Figure 7). As mid-IR water absorptions are variable with
temperature and the nature and concentration of chemically or physically dissolved substances, the shape and intensity of
this interfering water band will change with e.g. the levels of sugars, alcohol or dissolved salts present in the beverage.
Another complication is the pH-dependent equilibrium presence of spectrally different CO,-related chemical species, i.e.
hydrogen carbonates (HCOs-) and carbonate (CO32’) ions.
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Figure 7: Absorption spectrum of an aqueous solution of 1.5 g/L carbon dioxide in water at 21 °C and pH 6; the shaded area
indicates the spectral working range of the MEMS-Scanning Grating CO, sensor prototype. The working range of the
MEMS-FT-IR CO, sensor prototype extends over a much wider spectral range as shown in Figure 6.

To determine the relevant spectral range, the absorption spectra of various aqueous solutions containing dissolved carbon
dioxide together with other typical beverage ingredients, such as sugars, artificial sweeteners, phosphates or alcohols,
were measured under controlled laboratory conditions. The subsequent analysis resulted in the identification of a spectral
range (2550 cm™ — 2200 cm™ / 3.9 um — 4.55 pm) containing the significant spectral signatures of both the target analyte
and relevant interferents. With a width of about 0.6 pm this required spectral range is sufficiently narrow to be covered
with a grating spectrometer device using the specified MEMS diffraction grating.

4.1 MEMS Scanning Grating Spectrometer Measurements

Figure 8 (a) shows spectra of CO,(aq) standard solutions used for calibration. The strong variability of the baseline, in
this case most likely due to temperature variations during the out-of-sequence measurement of the different standards, is
clearly discernible, illustrating the need for a spectrometric analytical device able to identify and correct such baseline
artefacts. A baseline-corrected integration of the area under the CO,(aq) peak yields a linear calibration curve (R?=0.991)
with an estimated level of detection of 0.25 g/L as shown in Figure 8 (b).
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Figure 8: (a) Absorption spectra of CO2(aq) solutions at different concentration levels, baseline offset corrected for the peak
range. The shaded area indicates the peak integration range used for quantitative data evaluation. (b) CO2(aq)
calibration curve as a result of the integration.



When attempting to measure strongly carbonated real samples out-gassing occurred, causing bubbles in the measurement
cell. This out-gassing manifests itself also in the spectra (Figure 9), namely in a general decrease of intensity and the

appearance of the chara

cteristic double feature of gaseous CO,.
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Figure 9: Typical absorption spectra of a carbonated soft drink after partial out-gassing. The component spectra of dissolved
CO2, gaseous CO2 and the baseline distortion are shown in overlay.

4.2 MEMS FT-IR Spectrometer Measurements

Figure 10 shows CO,(aq) absorption spectra of various real beverage samples. Due to the more sophisticates sampling
equipment and the better matched thickness of the flow cell, out-gassing and the formation of gas bubbles could be better

controlled.
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Figure 10: Absorption spectra of carbonated soft drinks, beer, carbonated water and tap water acquired wit the MEMS
FT-IR spectrometer. Due to the spectral range up to 2850 cm’' absorption bands of CH compounds can be detected in

parts.



The FT-IR spectra cover a wider spectral range but features a inferior spectral resolution of 50 cm™ which corresponds to
a bandpass of 90 nm at 2343cm™ /4.27 um (the central wavelength of the CO,(aq) peak) compared to the scanning
grating spectrometer which shows a bandpass of 15 nm (Figure 3). The spectral resolution of the MEMS FT-IR
spectrometer is currently limited to this value [8]. Due to this factor the CO,(aq) peak could not be resolved in detail.
Hence for quantitative analysis CO,(aq), HCO3- and gaseous CO, remain indistinguishable. However, a calibration curve
was derived based on standard solutions and the spectra of real samples were evaluated. The results are shown in
Figure 11.
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Figure 11: Peak integration values of baseline-corrected calibration solutions and the resulting linear calibration curve
(dashed). Real samples are plotted according to their peak integration values. The corresponding peak integration area
is indicated in Figure 10 as grey area labeled with CO,.

Based on the FT-IR spectral data shown in Figure 10, we could determine the concentrations of dissolved CO, as
follows: Mild mineral water 3.5 g/L and carbonated (sparkling) mineral water 5.5 g/L. for these samples calibration data
was known. The evaluation of the other samples is based on the derived calibration curve: Beer 4.6 g/l and carbonated
soft drinks about 6.3 g/L dissolved CO,. However, absorption spectra of carbonated soft drinks, beer and carbonated
water also indicate the presence dissolved carbohydrates (sugar, etc.).

S. CONCLUSION & OUTLOOK

The findings of this study prove that using micro-electro-mechanical optical elements to build compact, robust
spectrometric devices that could be used as the transducer core for dedicated IR sensors is feasible. Using dedicated
gratings optimised for the respective wavelength range of interest, such devices can be tuned to specific analytes.
Exploiting the fully spectroscopic measurement, multiple analytes absorbing in the same spectral region could be
qualitatively and quantitatively detected, while interferents can be corrected for. Exploiting the rapid scanning
capabilities of the MEMS grating element, the limited optical signal throughput could be successfully compensated by
co-adding large numbers of spectral scans in very short time. Thus, for the measurement of dissolved CO, in aqueous
solutions encouraging results could be obtained even under less than optimal circumstances.

Next steps will include designing a MEMS grating specifically for the spectral range 4 — 5 um. Besides improving the
grating efficiency, this will allow increasing the f-number of the scanning grating spectrometer, thus improving the SNR
Combined with a high-pressure sample delivery system, this layout will be used for further measurements, including a
wider study of real samples.



In general, the first approaches to build practically applicable compact spectrometers based on MEMS devices with large
amplitude in-plane actuators have exceeded initial expectations by far. The systems show the potential to be extremely
fast and significantly cheaper than established spectrometers. Thus, MEMS spectrometers could significantly contribute
to closer process surveillance and a better understanding of the underlying processes. For high-speed monitoring
applications, spectral changes that could be monitored are at present restricted to more strongly absorbing substances or
higher concentration levels. Still, improvement potentials, like increasing the spectral resolution and throughput, etc. will
be exploited to facilitate such applications. Further developments will focus on hardware improvements, new
applications and on implementing data evaluation algorithms directly into the spectrometer aiming at total analysis
instruments that could provide the user directly with the relevant information and measures.
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Time-resolved flow-flash FT-IR difference spectroscopy:
the kinetics of CO photodissociation from myoglobin
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Abstract Fourier-transform infrared (FT-IR) difference
spectroscopy has been proven to be a significant tool in
biospectroscopy. In particular, the step-scan technique
monitors structural and electronic changes at time resolu-
tions down to a few nanoseconds retaining the multiplex
advantage of FT-IR. For the elucidation of the functional
mechanisms of proteins, this technique is currently limited
to repetitive systems undergoing a rapid photocycle. To
overcome this obstacle, we developed a flow-flash exper-
iment in a miniaturised flow channel which was integrated
into a step-scan FT-IR spectroscopic setup. As a proof of
principle, we studied the rebinding reaction of CO to
myoglobin after photodissociation. The use of microfluidics
reduced the sample consumption drastically such that a
typical step-scan experiment takes only a few 10 ml of a
millimolar sample solution, making this method particularly
interesting for the investigation of biological samples that
are only available in small quantities. Moreover, the flow
cell provides the unique opportunity to assess the reaction
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mechanism of proteins that cycle slowly or react irreversibly.
We infer that this novel approach will help in the elucidation
of molecular reactions as complex as those of vectorial ion
transfer in membrane proteins. The potential application to
the oxygen splitting reaction of cytochrome c¢ oxidase is
discussed.

Keywords Carbonmonoxymyoglobin -
Cytochrome c oxidase - Microfluidics -
Step-scan spectroscopy - Vibrational spectroscopy

Introduction

Myoglobin is a monomeric oxygen transporting and storing
protein of muscle tissue. The protein is well characterised
and considered the hydrogen atom of biology [1]. The
structure of the protein comprises eight helices A—H. The
cofactor, heme b, is embedded in a hydrophobic pocket
between helices E and F and ligated to the protein via a
proximal histidine residue. The central ferric iron of heme b
is able to bind oxygen and other small molecules, like
carbon monoxide or nitric oxide. Substrate binding and
rebinding kinetics after photolysis of myoglobin have been
intensively studied, e.g. by X-ray crystallography [2, 3],
time-resolved UV/Vis spectroscopy [4, 5] and time-
resolved infrared spectroscopy [6, 7]. Instead of the natural
ligand oxygen, infrared (IR) spectroscopy mostly uses the
polar CO as IR probe which is photo-labile with a quantum
efficiency of photolysis of close to unity [7]. Photodisso-
ciation of carbonmonoxymyoglobin (Mb-CO) yields a
short-lived photoproduct, which relaxes to the deoxy form
of myoglobin (deoxy-Mb) [8]. Deoxy-Mb exhibits several
structural differences to Mb-CO, in particular heme-doming

@ Springer



M. Schleeger et al.

due to the out-of-plane movement of the heme iron, protein
backbone displacements of helices B, C and E and, to a
lesser extent, of helices F and G. As a consequence, single
amino acids change their positions: H64 (sperm whale
numbering) moves into the heme pocket, and the side chain
of L29 rotates [2, 9]. The photo-dissociated CO is able to
exit the protein through transiently opened cavities [10].
Rebinding of CO from the solution to the heme recovers the
initial Mb-CO state. This recovery, which takes several
milliseconds, has shown to be an intricate reaction with a
number of intermediate states. The intermediates were
studied with spatially resolved techniques such as crystal-
lography with kinetic resolutions down to the sub-
nanosecond time range [2, 3, 11].

To study the rebinding kinetics and the subsequent
protein relaxation, step-scan Fourier-transform infrared (FT-
IR) spectroscopy with high time resolution was also
employed [6, 7, 12]. This method takes advantage from
both the sensitivity of IR spectroscopy to electronic
changes of the heme cofactor and structural changes of
the apo-protein, as well as from the multiplex advantage of
FT spectroscopy.

Up to now, most of the applications of step-scan FT-IR
spectroscopy to biological samples are restricted to revers-
ible or fast cycling systems. The reason is the necessity to
record hundreds of time traces at the various sampling
positions of the interferometer to generate the time-resolved
data set. It is mandatory that the reaction under study must
be precisely synchronised and strictly reversible for the
~1.000 sampling points that constitute the interferogram at
a given optical resolution of 4 cm™'. In total, as much as
100.000 repetitions of the same experiment are not
uncommon to achieve sufficient signal-to-noise ratio in a
time-resolved step-scan experiment of a large protein [13].
This is most practically realised in studies of light-activated
proteins by the use of pulsed laser sources [14, 15]. The
sample is optically excited and measured and eventually
recovers back to the initial state before the next reaction is
induced.

For the investigation of irreversible reactions, it is
essential that each measurement is performed on a fresh
sample of identical concentration. Rodig and Siebert
implemented a sample-changing wheel to provide fresh
sample after each reaction [16]. Rammelsberg et al.
reported a step-scan experiment using an IR microscope
and an xy-stage that moves the sample after each excitation
[17]. A major problem in both approaches is the change in
optical path length when moving from one sampling
position to the next because absorption changes as small
as <1%o are recorded on a film thickness of <10 pm!
Moreover, both experiments employed hydrated films of
membrane protein in which the concentration of com-
pounds is difficult to control.

@ Springer

Here, we present a novel approach to perform step-scan
FT-IR experiments for kinetic investigations of irreversible
reactions of biological samples in solution. In our setup, the
fresh sample condition is provided by continuously pump-
ing the protein solution through a miniaturised flow cell
with a sampling volume of only a few nanoliters. The
rebinding reaction of CO to myoglobin was studied as a
model for the catalytic reaction performed by highly
complex heme proteins, like e.g. cytochrome c oxidase.
The investigation of the mechanism of the irreversible
reaction of cytochrome ¢ oxidase with molecular oxygen
was pioneered by Gibson and Greenwood when they
developed the so-called flow-flash technique [18, 19].
There, a solution of the CO complex of reduced cyto-
chrome c oxidase was mixed with oxygenated buffer in an
observation tube. Heme-bound CO was displaced by a short
photolysis flash, molecular oxygen binds to the vacant
position and is immediately split [19]. Our experimental
setup is designed to finally perform a time-resolved flow-
flash IR experiment on the oxygen reaction of cytochrome
¢ oxidase, the terminal enzyme of the mitochondrial
respiratory chain.

Experimental section

Optical setup All measurements were carried out on an
IFS 66v/S FT-IR spectrometer (Bruker Optics, Rheinstet-
ten, Germany) which was controlled by OPUS™ soft-
ware. The collimated infrared light beam exiting the
spectrometer through an external port was focused (focal
diameter 1.0 mm) onto a microfluidic flow cell by a
homemade focusing unit described in Fig. 9a [20]. The
micro-fluidic device is positioned within the focus using
an xyz-stage. The transmitted light is collected by the
second off-axis parabolic mirror (B in Fig. 1) and
transferred to a LN,-cooled MCT detector. To limit the
IR radiation to the range(s) of interest, suitable interfer-
ence filters (E in Fig. 1; OCLI, Santa Rosa, CA, USA and
Spectrogon, Tédby, Sweden) were inserted into the beam
path. Photodissociation of Mb-CO was initiated with a
10 ns, 540 nm light pulse that is absorbed by the (3-band
of CO-bound heme of myoglobin. Laser pulses were
produced by a tuneable optical parametric oscillator
(OPO) system (Opta GmbH, Bensheim, Germany)
pumped by the third harmonic of a Nd:YAG laser
(Quanta-Ray Lab-150, Spectra Physics, Mountain View,
CA, USA) at a repetition rate of 10 Hz. The laser pulse
was enlarged by a concave lens (C in Fig. 1), and the
diameter was adjusted by an aperture. The laser beam is
made colinear to the IR beam via a dichroic mirror (3 x3
in. MirrlR plate, Kevley Technologies, Chesterland, OH,
USA; item A in Fig. 1) that is highly reflective to the
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Fig. 1 Setup of the combination of the flow-flash and the time-
resolved step-scan FT-IR experiment using the flow-channel of the
micromixer. The black-body emission from the globar source is
collimated before passing the interferometer and the exit port of the
spectrometer and is focussed on the micromixer by a concave mirror
(B). After transmitting the micromixer and reflection via a series of
mirrors, the IR beam is fed onto the MCT detector. Before hitting the

infrared radiation but transmissive to the visible laser
light. The laser pulse was focused onto the micro fluidic
device by the same parabolic mirror that collects the
transmitted infrared radiation (B in Fig. 1). To avoid
damage to the spectrometer, the intense laser pulse was
blocked by an infrared transparent germanium filter after it
passed the micro fluidic device (D in Fig. 1). The whole
optical setup was encased by a Plexiglas box that was
purged by dry air (dew point —70°C).

Fig. 2 a Optical setup of the
focusing unit with the IR beam
shown in red and the laser beam
in green. The microfluidic
device (b) is placed in the focal
point of the IR beam.

b Schematic layout of the
micromixer with the dimensions
as indicated. The IR beam
probes an area of about

0.3 mm?of the measuring
channel

IR interference filter

detector, the IR beam is filtered by interference filters (£) that limit the
free spectral range of detection. The pulsed laser emission from the
OPO, driven by the third harmonic of the Nd:YAG laser, is coupled
into the path of the focusing optic by the use of a dichroitic mirror that
is transmissive to visible light but reflective to IR radiation (4). After
photoexcitation of the sample, the intense laser pulse is blocked by a
germanium filter (D) from entering the spectrometer

Micro mixer/liquid handling A previously described micro-
mixer was used as a flow cell [21]. This microfluidic device
consists of micro-channels made of SU8 epoxy resin that
are embedded between two 1-mm thick CaF, windows. As
illustrated in Fig. 2, the measurement channel itself is
300 um wide and 10 pm deep. With the diameter of
1,000 pum of the IR beam, a volume of 3 nl is sampled. Two
inlet channels having a height of 5 wm are superimposed in
the measurement channel where diffusion-based mixing
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takes place due to the forced laminar flow. The mixer was
pressed onto a special mounting made of stainless steel by
two PEEK clamps, and the openings between the CaF, of
the mixer and the support are sealed by O-rings. The
support connects two inlet and one outlet capillary made of
PEEK with the microfluidic device. Solution was pumped
through the mixer with the help of two 1-ml Hamilton
syringes simultaneously driven by a syringe pump (KDS
Model 200, Novodirect, Kehl/Rhein, Germany). Because
the micromixer was used as a continuous flow cell in this
experiment, both syringes were filled with the same
solution. The solution was filtered with 0.2 um PEEK in-
ferrule frits (Upchurch Scientific) to avoid blockage of the
measurement cell by solid particles. A flow rate of 8 pl/min
was chosen to ensure that no more than 10% of the sample
volume was exchanged during the sampling time of a single
step-scan experiment of 2.5 ms. The sample volume was
exchanged more than four times from one laser pulse to the
next which ensures that fresh sample was in the measure-
ment spot before the next photo-excitation.

Sample preparation A 4 mM solution of myoglobin (from
horse heart 90%, Sigma) was prepared in 25 mM phosphate
buffer at pH 7.0. The solution was placed in an ultrasonic
bath for 1 h and centrifuged at 21,900xg (Hettich, Micro
22R, Tuttlingen, Germany). The supernatant was sterile
filtrated (0.2 um cutoff) to remove insoluble components.
The resulting myoglobin solution was chemically reduced
by the addition of dithionite (final concentration of 16 mM)
under anaerobic conditions at a Schlenk line (five cycles of
vacuum and purging by Argon). In the final step, Argon
was replaced by carbon monoxide, and the resulting
solution was stirred for 30 min, yielding a solution of
Mb-CO in the presence of an excess of 1 mM non-bound
carbon monoxide. The formed Mb-CO complex is stable in
solution but photolabile. For UV/Vis spectroscopy, the
sample was diluted by 1:100 with 16 mM Na,S,0, in water
to control the formed Mb-CO state of the protein. Shortly
before the time-resolved FT-IR experiments were started,
the two gastight Hamilton syringes were filled with sample
and connected to the inlets of the microfluidic cell under a
stream of argon.

Time-resolved FT-IR experiments and data analysis Step-
scan spectroscopy was performed with a spectral resolution
of 4.5 cm ! and a time resolution of 5 ps. Other technical
details have been previously described [22]. The FT-IR
experiments were performed in two different spectral
regions, 2,429-1,669 cm ' and 1,973-0 cm !, by using
suitable broadband and long-pass interference filters,
respectively (E in Fig. 1). Ten time traces were co-added
for each mirror position of the interferometer. Each step-
scan experiment was repeated four times for the spectral
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region 2,429-1,669 cm ' and 15 times for the region
1,973-0 cm ', At the given flow rate of the myoglobin
solution, these acquisition conditions resulted in a total
sample consumption of 22.4 ul for measuring the first
spectral range 2,429—1,669 cm™', 469 mirror positions, four
averaged full spectral datasets) and 229.5 ul for the second
spectral range (1,973-0 cm ' and 1,024 mirror positions,
15 averaged full spectral datasets). The first 36 spectra of a
step-scan experiment, before the laser flash hits the sample,
were averaged and used as the reference spectrum to
calculate the difference spectra. The resulting difference
spectra after photo-activation covered the time range from
5 ps to 2.5 ms. After generation of the matrix of 500 IR
difference spectra at the respective time, singular value
decomposition (SVD analysis) was applied [13, 23]. Global
fit analysis was used to analyse the spectral range of 1,800—
1,500 cm™ ' as described by Majerus et al. [24].

Results and discussion

The functionality of proteins is critically dependent on the
water content, calling for an aqueous environment. Unlike
UV/Vis spectroscopy, the strong absorptivity of water
presents a problem in IR spectroscopy of proteins. Thus,
an optical path length of a few micrometres is typically
used, and hydrated films are often employed to maximise
the protein concentration. The challenge of time-resolved
IR spectroscopy is to record difference spectra in the
presence of the strong background absorption by the
aqueous protein solution. IR spectroscopy of proteins in
solution suffers from the fact that proteins are difficult to be
concentrated to higher than a few millimolar. These
considerations set the limits to the design of a microfluidic
cell for IR spectroscopy as described in the experimental
section. The optical path length of the mixer is 10 um
allowing FT-IR measurements in the spectral regions of
water absorptions. The width of the measurement channel
of 300 um compromises adequate transmission of the
focussed measuring beam and minimal sample consump-
tion. The sample volume in the measuring spot is
exchanged within 23 ms at the chosen flow of 8 pl-min .
Thus, sample consumption is minimised to about 250 pl of
4 mM protein solution for the entire time-resolved step-scan
experiments.

The microfluidic cell was filled with an anaerobic
solution of Mb-CO. Figure 3a shows the single-beam IR
spectrum which reflects the spectral emission of the globar
source limited primarily by the detector’s spectral response.
The strong absorption bands of water (3,360, 2,130 and
1,641 cm ') overlapped by the weak bands of the protein
backbone (amide A at 3,300 cm !, amide I at 1,650 cm ™!
and amide II at 1,549 cm™') are evident. Small contribu-
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Fig. 3 a Spectral intensity of 4 mM Mb-CO in 25 mM phosphate
buffer pH 7.0 measured in the flow channel of the micro mixer. The
very weak absorption of the bound CO at 1,943 cm ! was detectable
even in the single beam spectrum (see inset for the zoom-out). b
Absorption spectrum of the aqueous Mb-solution with the IR
spectrum of buffer solution as reference. The short path length of
the microcell allows for the clear detection of the amide I and amide 1T
absorption bands of the protein backbone

tions from atmospheric CO, are visible at 2,362 and
2,336 cm ', The inset of Fig. 3a depicts the band of the
stretching vibration of heme-bound CO (1,943 cm™'). The
absorption spectrum of the protein (Fig. 3b) is calculated
from the single-beam spectrum of the Mb-CO solution and
of pure water. The latter was manually corrected for the
displaced water, giving a flat baseline between 1,700 and
1,800 cm '. The amide I and II absorption bands show
maxima at 1,654 and 1,547 cm ', respectively, character-
istic for the predominant o-helical structure of myoglobin.

For time-resolved experiments, the photoreaction of Mb-
CO was induced by a nanosecond laser pulse to dissociate
bound CO from myoglobin. The laser pulse was spatially
overlapped with the measuring IR beam (Fig. 1). Absorp-
tion changes were recorded with the step-scan technique
where the intensity changes at each position of the moving

0.001

0.0004

=0.001
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-0.002+

-0.003 1943 cm™

T T

Ll L
2100 2000
wavenumber / cm™'

T
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< -0.002
<

-0.0034

0.0 ' U.IS ' 1 .ID ) 1.I5 ' 2?0 25
time /ms

Fig. 4 a Time-resolved step-scan difference spectrum of the photo-
dissociation of CO from myoglobin at r=10 ps after pulsed laser
excitation. The negative band at 1,943 cm™' corresponds to the
stretching vibration of the photolabile CO ligand. b Time trace of the
C-O stretching vibration at 1,943 cm '. The solid line is a bi-
exponential fit to the data with time constants 7,=185 ps and 7=
1.0 ms and relative amplitudes of 21% and 79%, respectively

mirror were recorded over time. To follow the kinetics of
CO dissociation, the spectral range was limited by an
interference filter to the 2,300—1,850 cm range where the
C-O stretching vibration of the ligand absorbs. The filter
also blocked stray light of the exciting laser from hitting the
detector and prevented spectral aliasing. As an additional
benefit, undersampling was applied which effectively
reduced the number of sampling positions required for a
full interferogram.

As a consequence of the photodissociation of CO, a
pronounced negative difference band appears at 1,943 cm '
(Fig. 4), indicating the loss of absorption in the newly
generated state of the protein (deoxy-Mb). Due to the time-
resolution of 5 us of the setup, this band appears
instantaneously. At room temperature, the released carbon
monoxide is able to leave the protein through exit pathways
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Fig. 5 Kinetic analysis of the recovery of the C-O stretching
vibration. a The early kinetics (5 ps to 1 ms) exhibit second-order
recovery kinetics as shown by the linear behaviour of the plot 1/[Mb]
vs time. b The later part of the recovery kinetics display first-order
kinetics as shown by the linear behaviour of the plot In{{Mb]}/mM} vs
time

that are transiently opened by protein fluctuations [2]. Re-
binding of carbon monoxide from the solvent to the heme
iron of myoglobin results in the decay of the negative
difference band over time (Fig. 4b). The difference band at
1,943 cm™' corresponds to the A;-band of the CO-stretching
vibration. A shoulder corresponding to the Ag-band is
expected at 1,963 cm™', but this band is difficult to be
distinguished from noise [6, 25]. The time trace of the
absorption at 1,943 cm ! is plotted in Fig. 4b. The absence
of large fluctuations in the kinetics of the change in
absorbance demonstrates the constant optical path length
during the experiment. The time trace is fitted using the sum
of two exponentials (solid trace) which yields phenomeno-
logical time constants of 185 us and 1 ms, respectively. A
detailed kinetic analysis revealed that the reaction of the
deoxy state of myoglobin to carbonmonoxymyoglobin obeys
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Fig. 6 Time course of the FT-IR difference spectra of CO recombination
to myoglobin. The spectral range is 1,800-1,500 cm ! and covers the
amide I and amide II vibrational bands. The time range of 10 us to
2.5 ms is plotted on the logarithmic scale. Data shown are those
reconstructed from fitting the absorbance changes to a sum of three
exponentials (see text for details on the global fitting analysis)

(pseudo-) first-order kinetics, if the concentration of carbon
monoxide does not change significantly during reaction [25].
Thus, the kinetics of the reaction are described by simple
integration of the differential rate law of a first-order reaction
which results in:

InMb] = k) x ¢t + ¢

were [Mb] is the concentration of the decaying deoxy state
of myoglobin, & the first-order rate constant, ¢ the reaction
time and ¢ a constant that depends on the initial concentra-
tion. A plot of In[Mb] vs ¢ should result in a straight line if

- T -
1650 1600 1550

N T
1750 1700
wavenumber / cm™’

1800 1500

Fig. 7 Species-associated difference spectra (SADS) as a result of the
global fitting to the step-scan difference spectra of CO-poised
myoglobin. Three intermediate spectra were identified with time
constants of 7,=16 us, 7,=1.8 ms and 73=00 with the latter not
decaying during the recording range of 2.5 ms. The calculation of the
spectra from the raw data is described in the text
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the assumption of a first-order reaction is valid. For the case
where the concentration of carbon monoxide affects the
reaction rate, the integrated rate law of the reaction
corresponds to

1 1

by, v,

with £, as the second-order rate constant and [Mb], as the
initial concentration of deoxy myoglobin. The temporal
change of [Mb], was derived from the absorption difference
at 1,943 cm'! using the extinction coefficient eco=
1.920 M 'em™' as described by Plunkett et al. [7]. The plot
of 1/[Mb] vs. ¢ yields a linear relationship, if the reaction
follows a second-order rate law. In agreement with Dixon et
al. [25], the first part of the reaction (¢<1 ms) exhibits
second-order kinetics that depend on the concentrations of
both the unbound myoglobin and the free carbon monoxide
(Fig. 5a). The initial concentration of photolysed CO
significantly exceeds the concentration of dissolved CO in
the buffer solution because of the high concentration of
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Fig. 8 Time trace of two difference bands in the amide I spectral
region a at 1,658-1,664 cm™', b at 1,670-1,676 cm™". Solid line Bi-
exponential fit to the data. The slow components agree well to the
slow component of the C-O stretching band kinetics (see Fig. 5b)

myoglobin used in the experiment (Fig. 5b). After the
concentration of free carbon monoxide is reduced to
the level of dissolved carbon monoxide (~1 mM at 293 K),
the kinetic behaviour changes to pseudo first-order behav-
iour (Fig. 5b). In our experiment, this takes place for
rebinding kinetics at £>1 ms.

In a second set of step-scan experiments, the spectral
range of 1,800-1,500 cm” ! was studied where the structural
response of the protein is examined after CO dissociation.
Because of the smaller magnitude of the difference bands as
compared to the C-O stretching vibration band (vide supra),
it was necessary to average more experiments for a
sufficient signal-to-noise ratio. To further reduce the noise
level, SVD analysis was applied, and the 3D data set was
reconstructed using the three most significant components
(see Fig. 6 for a 3D representation) [22]. It is evident that
the vibrational changes across the spectral region of 1,800—
1,500 cm ™" are much more complex than those reflected in
the CO kinetics at 1,943 cm™' (Fig. 4b). Therefore, global
kinetic analysis was applied which identified three species-
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Fig. 9 Kinetic analysis of the decay of the difference band 1,658—
1,664 cm L. a The plot of 1/A4 vs time exhibits linear behaviour in the
time range of 15 ps to 1 ms. b The plot of InAAA4(1,658-1,664 em )
shows linear behaviour between 1 ms and 2.5 ms
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associated difference spectra (SADS): a fast decaying
component (7;=16 ups) which is followed by a second
component (7,=1.8 ms). The final SADS (73=w) corre-
sponds to the difference spectrum at the end of data
recording because rebinding of CO from the bulk has not
reached completion.

The difference bands shown in the spectra of Fig. 7 were
assigned to specific structural changes mainly in secondary
structure with weak contributions from amino acid side
chain vibrations [7, 8, 26, 27]. The differential shaped
feature at 1,701 (—) and 1,683 cm™ ' (+) represents a shift of
the C—O stretching band of the terminal —-COOH of the
heme-propionic acid [8, 9]. The difference bands in the
amide | range are indicative for changes in the structure of
the protein backbone. The bleach at 1,669 cm ' (-)
was assigned to a change in a turn structure, the band
at 1,658 cm ' (+) to a shift of an a-helix, the band at
1,650 cm ™! (+) to an unordered structure and the features at
1,637 (+) and 1,624 cm™' (=) to B-type turn structures [28].
The negative bands at 1,561 and 1,543 cm ! are related to
the structural changes in the amide II region, corresponding
to the aforementioned changes in (-turn and o-helical
structures [28].

The kinetics of two distinct difference absorption bands
in the range of the amide I vibrations are plotted
exemplarily at 1,658 cm™' in Fig. 8a and at 1,670 cm™ ' in
Fig. 8b. To account for baseline drifts, the difference to
nearby isosbestic points (1,664 cm ' in Fig. 8a and
1,676 cm ! in Fig. 8b) were taken. Analogous to the
rebinding kinetics of carbon monoxide to myoglobin, the
kinetics of the protein structural changes do not exhibit
simple mono-exponential behaviour. Again, a bi-
exponential fit is used to describe the decay of these bands.
While the fast components of the fit are too fast to be
correlated to the CO-recombination process (7=17 us), the
slower components exhibit a time constant of 1.2 ms that
corresponds well to the slow time constant of CO
recombination (see Fig. 4b). The kinetics of secondary
structure changes, as monitored by the changes of amide 1
difference bands, should tally to the rebinding kinetics of
CO, if the binding of CO to the heme is the rate-limiting
step in the formation of Mb-CO from deoxy-Mb and if the
relaxed deoxy-state is already formed at the start of the
measurement due to the fast relaxation of the ligated
conformation of myoglobin after photolysis. Although the
kinetics of the band at 1,658 ¢cm ™! are noisier than those
determined at 1,943 cm ' (Fig. 5), it is evident that the fast
kinetics exhibit linear behaviour in the time range up to
1 ms. This contrasts to later times (>1 ms) where a clear
deviation from a linear fit is observed (see Fig. 9a). The
early secondary structure changes exhibit second-order
kinetics as it was observed for the CO rebinding kinetics.
Plotting the reaction time of 1 to 2.5 ms against the natural
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logarithm of the absorption reveals the first-order behaviour
for later timescales (Fig. 9b).

A detailed view on the early time range (5 to 30 us
in Fig. 9a) shows that the kinetics exhibit a significant
deviation from the linear behaviour demonstrating that
these structural changes are not correlated to the CO
rebinding kinetics. A possible interpretation of this
behaviour is an ongoing relaxation of the ligated confor-
mation of myoglobin to deoxy-Mb after photolysis. Step-
scan FT-IR experiments on myoglobin from horse-heart in
D,0 performed by Plunkett et al. agree with our data [7].
These authors found that the decay of the amide I
difference band exhibited faster second-order kinetics than
the recovery of CO. In contrast, studies on sperm-whale
myoglobin in D,O using a tuneable CW lead salt diode
infrared probe laser, concluded that protein relaxation after
photolysis of CO from Mb-CO is complete after 100 ns
[8]. The variation in the experimental results may be
attributed to the different behaviour of myoglobin from
different organism (horse heart vs. sperm whale) and to the
influence of the solvent isotope effect (H,O vs. D,0).

Conclusion

It is demonstrated that the combination of microfluidics
with time-resolved step-scan FT-IR spectroscopy can be
successfully applied to studies of the reaction kinetics of
proteins in solution. As a proof of concept, we studied the
kinetics after CO photodissociation from myoglobin.
Rebinding of CO from solution to the heme-iron was
monitored together with the subsequent protein structural
changes. The major technological advance of this novel
spectroscopic approach lies in the fact that it allows for
step-scan spectroscopy on non-cyclic reactions of proteins
in aqueous solution. Previous step-scan studies were
commonly performed on hydrated films to reduce the
absorption of water in the IR range. We minimised the
sample consumption by using a microfluidic flow cell
which enables to record multiple co-additions to improve
the signal-to-noise ratio while keeping the sample con-
sumption at realistic levels of milligram amounts of protein
for a full step-scan experiment. The noise level is reduced
by using a dedicated focusing unit which optimises optical
throughput of our microfluidic setup.

An additional benefit lies in the opportunity to mix two
solutions immediately before excitation. This flow-flash
approach has provided valuable insights into the mecha-
nism of the oxygen splitting reaction of cytochrome c
oxidase by monitoring the visible absorption of the heme
and copper cofactors [18, 19]. Up to now, the short optical
path length of ~10 wm mandatory for mid-IR spectroscopy
of aqueous solutions has prevented the application of the
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classical flow-flash technique to time-resolved IR spectros-
copy. As mixing experiments have been successfully
performed with the micromixer [21, 29], an oxygen-
containing solution will be rapidly mixed with the reduced
and CO-bound cytochrome ¢ oxidase, and the irreversible
reaction of the enzyme with oxygen is initiated by
photodissociation of the carbon monoxide complex. Tem-
poral synchronisation of the flow, photolysis and mirror
movement of the interferometer was achieved as demon-
strated by the experiments shown here. Thus, the experi-
mental prerequisites are now implemented to perform a
flow-flash experiment with FT-IR detection on cytochrome
¢ oxidase in order to study the oxygen-splitting reaction of
this central membrane complex of the respiratory chain.
These experiments are currently under way.
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Abstract A specially designed micro-mixer made of
silicon, calcium fluoride, and silicone with an optical
transmission path of 8 um has been used for mid-IR
spectroscopy monitoring of mixing-induced chemical reac-
tions in the low millisecond time regime. The basic
principle of the proposed continuous-flow technique is to
mix two liquids introduced in two times two alternatingly
stacked layers through diffusion at the entrance of a
200 um wide, 1 cm long micro-fluidic channel also serving
as measurement area. By using this special, dedicated
arrangement, diffusion lengths and hence the mixing times
can be significantly shortened and the overall performance
improved in comparison to previous systems and alterna-
tive methods. Measurements were carried out in transmis-
sion mode using an Fourier transform infrared (FTIR)
microscope, recording spectra with spot sizes of 180x
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100 um? each at defined spots along this channel. Each of
these spots corresponds to a specific reaction time: moving
the measurement spot towards the entry yields shorter
reaction times, moving it towards the channel’s end gives
longer reaction times. This principle is generic in nature and
provides a solution for accurate, chemically induced
triggering of reactions requiring the mixing of two liquid
reagents or reagent solutions. A typical experiment thus
yields up to 85 time-coded data points, covering a time
span from 1 to 80 ms at a total reagent consumption of only
about 125 pL. Using the fast neutralization reaction of
acetic acid with sodium hydroxide as a model, the time
required for 90% mixing was determined to be around
4 ms. Additionally, first experiments on ubiquitin changing
its secondary structure from native to “A-state” were
carried out, illustrating the potential for time-resolved
measurements of proteins in aqueous solutions.

Keywords IR spectroscopy - Microfluidics - Kinetics

Introduction

Time-resolved IR measurements Today, infrared spectros-
copy knows two well-established techniques with which to
follow chemical reactions over time. The first, rapid
scanning, operates on a time scale in the low millisecond
range. Here, the moving mirror of the infrared spectrometer
is moved rapidly and as many interferograms as possible
are recorded and stored separately, with the Fourier trans-
formations calculated after the end of the experiment. In
theory, state-of-the-art rapid-scan spectrometers with rotat-
ing mirrors can thus measure at time resolutions of down to
1 ms [1]. Recent efforts have been made to minimize the
moving parts in classical IR spectrometers in order to
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further increase scanning rates [2,3]. Chase and Rabolt
developed an alternative method that decouples the tempo-
ral resolution from the speed of the moving mirror. Their
so-called planar array infrared spectrograph uses a grating
to disperse the infrared light over a focal plane array (FPA)
detector. Initially, this instrument covered only a spectral
range from 3,400-2,000 cm ' [4], but with advances in
FPA technology also the IR fingerprint region is now
accessible [5]. Still, rapid-scanning approaches can only be
applied to reactions with sufficient signal-to-noise ratios
requiring only little averaging, or the time advantage will
be lost. Applying a Manning Applied Technology URS-
FTIR spectrometer coupled to a modified Olis stopped-flow
system, time resolutions of 5 ms have been successfully
realized for monitoring chemical reactions in CH,Cl, [6].
Kotting et al. averaged four interferograms recorded during
one complete mirror movement of a Bruker IFS 66v/s to
follow drug protein interactions at a time resolution of
around 100 ms using a static sample [7].

For further increased temporal resolution, the method of
choice is usually step-scanning [8]. There, the time
resolution is no longer dependent on the speed of the
moving mirror, but only on the detector’s rise time and
signal digitization. With this technique, temporal resolu-
tions on the order of 10 ns have been achieved [9] and with
improvements in technology even higher time resolutions
may be possible in the future. Yet, in practice the step-
scanning approach suffers from some major drawbacks: the
reaction under investigation needs to be repeatable many
times to record all data points required to generate time-
resolved interferograms, and only chemical reactions that
can be triggered by an external stimulus can be studied, due
to the need to start the reaction over and over again with
very precise timing to ensure an accurate starting point.
Together with the often limited amount of available sample,
this often limits step-scanning techniques to cyclic reactions
where the same sample can be excited repeatedly, resulting
in little sample consumption—a necessary pre-condition for
studying most biochemical reactions. Measuring non-cyclic
reactions is significantly more complex. Rammelsberg et al.
developed a system to monitor non-cyclic reactions of
biological reactions in thin films [10]. More recently, a
technique using a micro-fluidic cell was developed for
studying non-cyclic reactions in solutions with step scan
technology at low sample consumption [11], facilitating the
measurement of biological systems in their natural environ-
ments. Another approach to facilitate step-scanning meas-
urements of non-cyclic reactions uses caged compounds,
which can be released by a laser flash to start the chemical
reaction under investigation [12].

Micro-fluidic mixers Despite the range of optical, electrical,
thermal and other triggering methods described in the
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literature, the most convenient and simplest way to initiate a
reaction would still be to simply mix the chemicals
involved in the reaction. In UV/VIS spectroscopy, this can
be easily achieved using a stopped-flow apparatus. In IR
spectroscopy, however, certain limitations need to be
considered, especially the intense absorptions of water in
the mid-infrared range, limiting the maximum transmission
pathlength to 8-50 um. Of particular importance for the
study of biological molecules are the amide I and II bands,
as they reflect the structural composition of proteins [13].
Thus, the overlap of the amide I band with the deformation
vibration of water at 1,645 cm ™' is a significant problem,
making it necessary to either reduce the optical pathlengths
to 8 um or smaller, or work in D,O, which enables
transmission pathlengths of 30 pm for measurements in the
region of the amide I band. In any case, the tradeoff of this
technique is a lower sensitivity caused by the smaller
pathlength, a fact that can only be partially compensated for
by using solutions with higher concentrations.

Given these dimensions, stopped-flow measurements are
notoriously difficult, mainly due to the high pressures
required for pumping liquids through a narrow measure-
ment cell, and then stop them abruptly. An alternative
would be the continuous-flow mode, where the reactants
under investigation are constantly flowing through the
mixing channel. This is of high practical interest also since
the reaction evolves further with the observation window
being moved downstream from the point of mixing [14].
Still, this approach requires fast mixing times to ensure a
precise starting point of the reaction. As the narrow
channels allow only laminar flow conditions, efficient and
fast mixing cannot be easily achieved the standard way, i.e.,
through creating turbulences in the flow [15], an obstacle
that can be circumvented in two ways.

The first and more complex way is to design an active
mixer element that utilizes external forces to perturb the
laminar flow. Ahmed et al. demonstrated a single-bubble-
based acoustic streaming mixer where an air bubble trapped
in a horseshoe-like structure is excited at its resonance
frequency by a piezo transducer [16]. In other approaches,
an oscillating micro-cantilever implemented in a micro-
mixing channel by Williams et al. showed a significant
impact on the laminar flow [17], as did ultrasonic trans-
ducers [18], surface acoustic wave elements [19], and
magneto-hydrodynamic actuators inducing body forces in
the fluid [20].

The second fundamental method for inducing mixing in
strictly laminar flow regimes is through diffusion. Since the
mixing time in such a device is proportional to the square
of the diffusion lengths in the channel (tmix~lD2), the most
promising approach to shorten mixing times is to reduce
these distances to a minimum. In the past, a few different
approaches have been developed to ensure fast mixing
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times. The split and recombine (SAR) technique splits the
liquid up horizontally and recombines it vertically (or vice
versa) to reduce the diffusion lengths [21,22]. In chaotic
advection mixers, static elements in the mixing channel
induce steady chaotic flows and thereby reduce the
diffusion lengths [23]. Finally, a third way to passively
mix liquids is laminar diffusion mixing, where laminar flow
sheets are formed in the mixing channel [24]. One such
micro-mixer, designed by Manz et al. [25], was used to
investigate the folding of ubiquitin via both infrared
spectroscopy [26] and NMR spectroscopy [27]. Also, a
special embodiment of laminar flow mixers where the
analyte is pumped through a narrow nozzle and sandwiched
between two thicker reagent streams [28], often referred to
as hydrodynamic focusing, was successfully used by
Hertzog et al. to study protein folding by Forster resonance
energy-transfer measurements [29].

Still, given various limitations most of these designs are
not suitable for time-resolved IR measurements. Most
active mixer designs require, e.g., electrodes or transducers
in or over the measurement channel, thus obstructing the
infrared measurement beam. The same applies to passive
mixers based on SAR or built-in elements in the mixing
channel; even if the materials used were transparent in the
mid-infrared region, they would still distort the transmitted

Fig. 1 a Basic measurement
principle for time-resolved
measurements in a laminar
continuous-flow micro-mixer,
shown for a device with hydro-
dynamically optimized wedge-
shaped inlet channels. Measure-
ments are carried out along the
mixing channel in consecutive
order (positions 1, 2, 3, etc.) by
moving the mixer under the
microscope. Measuring further
downstream from the point of
mixing gives longer reaction
times. b CFD simulation results
of inlet streams and diffusive
mixing in a side view of the
micro-mixer: each inlet channel
forms one fluid layer in the
mixing channel, thus minimiz-
ing the diffusion lengths and
enable faster mixing

beam. To ultimately combine time resolutions achievable
with a stopped-flow-rapid-scanning approach with low
channel heights and thus transmission pathlengths enabling
mid-infrared detection in aqueous systems in one device,
several different continuous-flow micro-mixers have been
designed and tested over the years. Hinsmann et al.
proposed a “spaghetti mixer” design where two feeding
channels produce an alternating sequence of 50 streams
with a thickness of 20 um each [30], facilitating mixing
times of around 100 ms. In a later design, two fluid layers
with a thickness of 5 um were superimposed horizontally,
resulting in shorter mixing times [14,31]. Kaufmann et al.
added a third fluid layer and investigated the (3-sheet— -
helix transition of 3-lactoglobulin [32], with the protein fed
into the middle channel while buffer was added to the top
and bottom layers. Yet, one critical drawback of this design
is that the cross section of the mixing channel exhibits
severe inhomogeneities in mixing quality, in particular at
the side of the fluid inlets. To overcome this obstacle
affecting the actual analytical performance of the system,
we used a novel four-layered micro-mixer with wedge-
shaped inlet channels [33,34] (Fig. 1) specially designed to
overcome the inhomogeneous concentration distribution of
the chemicals over the width of the mixing channel
observed by Kaufmann et al. [32].
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As can be seen in Fig. 1, the measurements may take
place anywhere along the mixer channel, starting right after
the last inlet channel. The actual reaction time can be
calculated by dividing the cross section area of the mixer by
the flow rate inside the channel and multiplying it with the
distance from the chosen zero-point. The corresponding
time resolution of the experiment is determined mainly by
two factors: the spot size of the microscope and the flow
rate of the liquids in the mixing channel. Generally, the
smaller the spot size of the IR beam and the faster the flow
rate, the better the time resolution. The spot size can be
easily controlled by the aperture of a state-of-the-art IR
microscope, but only to the point where the signal-to-noise
ratio becomes a limiting factor. The flow rate of the liquids
is limited by the mechanical designs of the mixer holder
and the mixer, by the pumps used and by the permissible
reagent consumption. With the system reported here, a
maximum flow rate of 30 pl/min could be achieved for
aqueous solutions having roughly the same viscosity as
water.

System characterization To characterize the system’s time
behavior, we first evaluated the mixer performance with a
fast acid—base reaction [35,36] mixing acetic acid with
sodium hydroxide. To characterize the mixing performance
across the width of the mixing channel, a 64 x 64 pixel focal
plane array detector was then used to monitor the formation
of HDO from D,O and H,O, allowing to directly compare
mixers equipped with hydrodynamically optimized wedge-
shaped inlet channels with those with straight, parallel
standard inlet channels. To directly compare the mixing
times and performance with our previous two-layered
mixer, we revisited the formaldehyde—sulfite clock reaction
used by Kaun et al. [37], and finally demonstrated the
feasibility of our new mixer for measuring biochemical
reactions by mixing ubiquitin with methanol and following
the resulting changes in the protein’s secondary structure.

Experimental
Mixing device

The micro-mixer used in this work [33,34] was specially
designed to meet the requirements for the measurements of
dissolved proteins in aqueous solutions in the mid-infrared,
using IR-transparent materials like silicon and CaF,, a
mixing channel height of 8 um and a channel width of
200 pm. The latter follows geometric considerations
regarding the mixing quality, as do the wedge-structure
inlet channels shown in Fig. 1. Widening from 10 to
22 um, they render a homogeneous concentration distribu-
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tion possible, a design that was determined by a series of
computational fluid dynamic (CFD) simulations. An addi-
tional special feature is that, to further minimize the
effective diffusion lengths, the top and bottom layers are
thinner than the middle layers sandwiched in between. This
is achieved by carefully designed, slight pressure loss
differences of the different distribution channels between
the split and the wedge-shaped outlets. These distribution
channels simultaneously split the two liquids entering the
mixing chip through two inlet holes at the bottom of the
chip into the four streams forming the four layers.

The micro-fluidic devices were produced using a series
of standard semiconductor processing steps, including
photo structuring, deep reactive ion etching and chemical
etch steps, and special procedures like cold bonding of the
CaF, [34], making the micro-mixers potentially suitable for
production in larger quantities. As a special measure, a
metal layer with a 180 um wide slit was deposited on the
CaF, window, serving as an integrated optical aperture. For
measuring, the assembled mixers were mounted in stainless
steel supports, using a typically 200 pum thick silicone foil
as sealing layer. These supports were specially designed to
keep the dead volume of the liquid handling system as low
as possible to minimize sample consumption, and feature
integrated titanium frits with a pore size of 0.2 um located
immediately before the support-mixer interface. The design
thus effectively prevents any contamination of the mixer
with small particles that could affect the desired formation
of undisturbed laminar flow sheets.

Reagents

Formaldehyde (37 wt.% aqueous solution), heavy water
(D0, 99.8%), methanol (>99.9%), and ubiquitin (from
bovine erythrocytes, 98%) were purchased from Sigma-
Aldrich (Schnelldorf, Germany). Sodium sulfite and sodi-
um hydroxide, both of analytical grade, were purchased
from Merck (Darmstadt, Germany). Acetic acid (99.8 wt.
%) was purchased from Riedel-de Haen.

All solutions used for the experiments were made with
deionized water additionally filtered through a 0.2 pm pore
size filter to remove any particle contamination that might
get stuck in the micro-mixer, as this could lead to a
reduction of the mixing quality.

Infrared measurements

All experiments were carried out in transmission mode on a
Hyperion 3000 microscope with a 15-fold Cassegrain
objective, attached to a Tensor 37 spectrometer (Bruker
Optics, Ettlingen, Germany), with the micro-mixer in its
support mounted onto the automated XY stage of the
microscope. The measurements were conducted with a
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150x150 um? single-element MCT detector and a 64 x 64
pixel FPA detector with a total element size of 2.5x
2.5 mm?, respectively. For single-element measurements,
the rectangular aperture of the microscope was closed to
100 pm in width; the height was limited to 180 pm by the
aperture of the mixer. The first measurement spot along the
mixing channel was placed 50 pm downstream from the
last inlet channel, so that no light could pass through this
channel and affect the measurement; the further measure-
ment spots were then each spaced 100 pm apart from the
previous. The spectra were recorded at 4 cm ' spectral
resolution, averaging 32 scans for each measurement spot.
When using the FPA detector, the aperture was left open,
and only one image located in the upper left corner of the
mixing channel, with the first pixels overlapping with the
last inlet channel on the left side and the aperture of the
mixer at the top to accurately determine the beginning of
the mixing channel, was recorded for each experiment.
Here, 128 scans were averaged at a spectral resolution of
4 cm', and the resulting image data processed with
Cytospec (Www.cytospec.com).

Each time-resolved measurement consisted of two
measurement runs. Firstly, background reference spectra
were acquired for each measurement position of the micro-
mixer, through which deionized water was being pumped at
the respective flow rate. Afterwards, the sample solutions
were pumped through the mixer at the same speed, and
measurements at the same spots were taken. This measure
was taken to account for slight differences in the absorption
characteristics of the micro-mixer filled with sample at
different measurement spots. The absorbance spectra were
then calculated manually using the OPUS software.

The two reagents used in each experiment were pumped
through the mixer by two 500 pl Hamilton glas syringes
driven by a kDS100 syringe pump (KD Scientific Inc., MA,
USA) at a constant flow rate; thus, the flow rate in the
mixing channel equals twice the flow rate of each single
reagent. The measurements were initiated around 2 min
after the pump was started so that the pressure conditions
inside the flow system could stabilize.

Results and discussion

Calculating the zero-absorption lines of the water-filled
mixers for a spectral resolution of 4 cm™' and 128 co-added
scans per spectrum yielded a root mean square noise level
of 2.1x107* for the spectral range 1,500-1,700 cem | fe.
region of the water’s strong deformation vibration absorp-
tions, and of 1.0x10™* for the region 1,900-2,100 cm .
With this first step proving the basic spectroscopic
suitability of the measurement setup for the intended
applications, examining the actual mixing characteristics

of the micro-mixer requires choosing a chemical reaction in
which the diffusive process in the mixer is the time-limiting
factor. Both acid-base reactions and the proton—deuterium
exchange between water and heavy water meet this
requirement.

Temporal mixing characterization Knowledge of the actual
mixing performance of a given mixer is important, as it
allows correcting the actual starting point of the chemical
reaction under investigation by the delay caused by the
mixing process. For the characterization, 0.2 M acetic acid
was mixed with 0.1 M sodium hydroxide solution at
constant reagent flow rates of 10 ul/min, with 60 spectra
recorded for different positions along the mixing channel.
The substances involved in this reaction exhibit four strong
absorption bands in the mid-IR region: the asymmetric
and symmetric stretch vibrations of the acetate ion at 1,525
and 1,416 cm™' respectively, the stretching vibration of
the carbonyl group at 1,710 cm ' and a fourth band at
1,280 cm ™" assigned to the C—O stretching vibration of the
protonated acid.

Figure 2 shows the integrated areas of the 1,416 cm™'
(acetate) and 1,710 cm! (acetic acid) bands plotted against
time. Obviously, for the first measurement spot in the
mixing channel, roughly two thirds of the equilibrium
amount of acetate were already formed. After around 7 ms
both liquids have mixed completely, resulting in an
equilibrium state in the mixer. Exponential fits applied to
both bands yielded time constants of 1.80 ms for the acetate
and 1.87 ms for the acetic acid band. Extrapolating the
exponential fit for the acetate band towards zero, i.e., the
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Fig. 2 Time traces of the rising acetate band at 1,416 cm ™' (black
spheres) and the falling acetic acid band at 1,710 cm ™' (hollow
spheres), recorded at a flow rate of 20 pl/min in the mixing channel.
The black and dashed lines show exponential fits to the data, yielding
time constants of 1.8 ms
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factual reaction start, and applying a 90% mixing quality
criteria yielded a mixing time of about 4 ms. This is in
acceptable agreement to the results of corresponding CFD
simulations. Using standard thermodynamic and hydrody-
namic properties of the liquid (water) at the given temper-
ature (293 K) and setting the binary diffusion coefficient
to D=2x10"°m’s !, which is a typical value for small
molecules like H,O in liquid form [38], the simulations
yielded a 90% mixing time of about 1 ms for a channel flow
rate of 20 pl/min. The deviation between the experimental and
the theoretical mixing times could be explained by the
difference of the real binary diffusion coefficients of acetic
acid and water. Furthermore, the mixing time can only be
derived from an extrapolation and the exact reaction speed at

the beginning remains unknown, adding an additional
uncertainty factor. The effect will be the objective of further
studies.

Spatial mixing characterization In a further study, we
aimed at confirming CFD simulation results indicating that
traditional straight inlet channels yield less effective and
homogenous mixing in comparison to wedge-shaped
channels. According to the CFD calculation, the overall
mixing process of fast reactions should be completed within
the first 200 um when using a channel flow rate of 30 uL/
min [39]. These investigations were performed with a 64 x
64 focal plane array detector, allowing to simultaneously
acquire 4096 IR spectra covering an area of 170% 170 um?.
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As the noise levels of these FPA pixel spectra are higher
than the ones obtainable with a single-element MCT
detector in the same experimental setup, the proton
exchange reaction induced by mixing D,O with H,O was
chosen as a model system with strong absorption features
and fast reaction kinetics.

Different flow rates were applied to both micro-mixer
types, i.e., such with straight channels and such with
wedge-shaped inlets, to study the stability of the mixing
process also for different reagent throughputs. As shown in
Fig. 3a for the formation of HDO, reagent flow rates of 6,
10, and 15 pl/min yield well comparable mixing behaviors.
Comparing the distribution of HDO between the straight
and the wedge-shaped mixer design furthermore shows that
the mixers containing wedge-shaped inlet channels have a
significantly more homogenous distribution of the fed
liquids across the mixer’s width (y-axis).

Integrating the area under the HDO band for all pixels
along the center of the channel in downstream direction and
plotting them against time yields the correlations shown in
Fig. 4. Again applying exponential fits to the curves
obtained for different flow rates, the time constant of the
reaction of H,O with D,O can be derived as consistently
0.45 ms for all investigated flow rates, proving the
suitability of the mixer for kinetic measurements at different
flow rates.

Reaction monitoring and kinetics studies Following the
fundamental system characterization, we examined a more
complex reaction: the sulfite-formaldehyde acid-to-alkali
clock reaction of a 0.2 M sodium sulfite solution with a 0.2 M
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Fig. 4 Integration of the HDO band along the middle of the mixing
channel. Black lines show exponential fits to the data points, yielding
a uniform time constant of 0.45 ms that is independent of the reagent
flow rate per syringe

formaldehyde solution. Figure 5 illustrates the spectral
changes occurring over time for different flow rates. The
strong band at 940 cm ' is a result of the S—O stretching
vibration, whereas the band at 1,027 cm™! is due to the C-O
stretching vibration of the methylene glycol form of
formaldehyde in water. The product band rising at
1,180 cm ' results from the antisymmetric stretching
vibration of SO,, and the split in the band at 1,027 cm’!
is caused by an overlap of the C-O stretching and the
symmetric stretching vibration of SO,.

In a comparison of different reagent flow rates (4, 5, 6,
and 7 ul/min), the evolution of the product band at
1,180 cm ™' shows a very similar progress (Fig. 6), proving
that the mixing is dominated by diffusion, and also takes
place reproducibly at low flow rates. The underlying
sigmoidal time dependency, which was never observed in
previous studies using slower mixers [37,40], can be related
to the complex interacting reaction kinetics of the reaction
that are not yet fully elucidated [41]. Comparing our results
with results obtained by Kaun et al. using the two-layered
mixing design with two 5 pm thick flow sheets, we found
an improvement in mixing efficiency by a factor of ~25.
This realized improvement is a prerequisite to study this
complicated inorganic reaction in more detail, showing for
instance the illustrated sigmoid behavior at the reaction start
for the first time, and a starting point for future inves-
tigations in the field.

Protein folding studies Finally, first experiments on protein
folding were carried out in the mixer using ubiquitin, the
smallest naturally occurring protein. A 6 mM solution of
ubiquitin acidified with hydrochloric acid was mixed with
acidified methanol (both pH 2). According to Brutscher et
al., methanol induces a transition from the ubiquitin’s
native state to its “A-state”, changing the structure of the C-
terminal from [-sheet structures to a predominantly -
helical character [42] and thus causing a shift of the amide I
band to higher wavenumbers [13].

As the comparatively high concentration of ubiquitin
caused negative water absorptions when referenced to the
corresponding water background, a data processing step
was required prior to the actual data evaluation. A pure
water spectrum was added manually to each ubiquitin
spectrum acquired along the time axis to compensate this
negative absorption. Afterwards, the spectra were nor-
malized to the amide I band. The following data
evaluation of the amide I band position showed a band
center position shift from 1,640 to 1646.7 cm ' within
72 ms, reflecting the change from (-sheet to o-helical
secondary protein structures (Fig. 7). Future work will aim
at reducing the presently significantly disturbing effect of
changing water vapor interferences in the open beam-path
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Fig. 5 a Time-resolved mea-
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experimental setup, allowing to take full advantage of the
experimental possibilities offered and conduct, e.g., detailed
kinetic analyses of the conformational protein changes.

Conclusions

With a height of only 8 um and effective 90% mixing times
of 4 ms, the specially designed four-layered laminar micro-
mixer investigated in this work has proven its suitability for
time-resolved IR measurement of reactions and has clearly
outperformed previous two-layered designs with mixing
times of typically 45 ms [37]. Vibrational images using a
focal plane array detector showed that using wedge-shaped
inlet channels indeed significantly improves the mixing
homogeneity across the mixing channel in comparison to
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previous designs featuring linear structures, a fact that is of
particular importance when using the mixer with single-
element detectors.

The theoretically predicted mixing times could be
experimentally verified using two independent reactions
with high-reaction kinetics, the hydrogen—deuterium ex-
change between water and heavy water and the neutraliza-
tion reaction of acetic acid with sodium hydroxide. Both
verified the range of mixing times to be in the low single-
digit ms range, and both showed the expected exponential
reaction kinetics. For the much more complex multi-species
reaction between formaldehyde and sulfite, entirely differ-
ent reaction kinetic pattern matching dose response curves
were observed for the first 100 ms of the reaction. This data
clearly indicate complex, intricate reaction kinetics for this
type of clock reaction, which have been recorded in the
mid-IR spectral range for the first time.
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Fig. 6 Dose response fits for the evolution of the 1,180 cm™' band
during the sulfite-formaldehyde clock reaction, showing that the
mixing behavior is quite similar for different flow rates. The stated
flow rates denote the reagent flow for each of the two inlet channels;
given a 1:1 mixture of the reagents, the corresponding channel flow
rate in the mixing channel is twice that number

Finally, the low optical path of the developed mixer
allowed measuring changes of the amide I band in aqueous
solution during conformational changes of a proteins
secondary structure. The change of the conformation of an
acidified aqueous solution of ubiquitin upon mixing with
acidified methanol was successfully recorded, proving that
micro-mixers can be a key asset in the elucidation of (bio)
chemical reactions using infrared microscopy.

In future works, we plan to continue to improve the
robustness and performance of the overall experimental
setup. This concerns an improved purge for reducing
interference from changing water vapor in the experimental
setup. Furthermore, since achieving acceptable signal-to-
noise ratios for limited path lengths of 8 pm poses quite a
challenge, strategies to increase the signal-to-noise ratio
have to be developed. Current plans in this direction
include increasing the light throughput through the mixer
by applying antireflection coatings to one side of the Si-
wafer. Additionally, we consider replacing the employed
FTIR spectrometer by external cavity quantum cascade
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lasers. Their meanwhile achieved high spectral power

density along with tuning ranges of 200 cm

! and more

makes them very promising light sources to be used in the
field of time-resolved IR spectroscopy of chemical reac-
tions in solutions in the near future.

Acknowledgment

We gratefully acknowledge the financial support by

the COMET Competence Centre Program of the Austrian Government.
The authors also want to thank Greta Lindermuth and Karin Wieland,
who contributed to this paper during their B.Sc. theses.

References

—_

o8}

W

f=a)

~

oo

e

10.

12.

13.

14.

. Griffiths PR, Hirsche BL, Manning CJ (1999) Ultra-rapid-

scanning Fourier transform infrared spectrometry. Vib Spectrosc
19(1):165-176

. Kenda A, Kraft M, Wagner C, Lendl B, Wolter A (2008) MEMS-

based spectrometric sensor for the measurement of dissolved
CO2. Sensors, 2008 IEEE:724-727

. Kraft M, Kenda A, Frank A, Scherf W, Heberer A, Sandner T,

Schenk H, Zimmer F (2006) Single-detector micro-electro-
mechanical scanning grating spectrometer. Anal Bioanal Chem
386(5):1259-1266. doi:10.1007/s00216-006-0726-5

. Elmore D, Tsao M, Frisk S, Chase D, Rabolt J (2002) Design and

performance of a planar array infrared spectrograph that operates
in the 3400 to 2000 cm( ") region. Appl Spectrosc 56(2):145-149

. Pellerin C, Snively C, Chase D, Rabolt J (2004) Performance and

application of a new planar array infrared spectrograph operating
in the mid-infrared (2000-975 cm("")) fingerprint region. Appl
Spectrosc 58(6):639-646

. Reback M, Roske C, Bitterwolf T, Griffiths PR, Manning CJ

(2010) Stopped-flow ultra-rapid-scanning fourier transform infra-
red spectroscopy on the millisecond time scale. Appl Spectrosc 64
(8):907-911

. Kétting C, Suveyzdis Y, Bojja R, Metzler-Nolte N, Gerwert K

(2010) Label-free screening of drug—protein interactions by time-
resolved fourier transform infrared spectroscopic assays exempli-
fied by ras interactions. Appl Spectrosc 64(9):967-972

. Uhmann W, Becker A, Taran C, Siebert F (1991) Time-resolved

FT-IR absorption spectroscopy using a step-scan interferometer.
Appl Spectrosc 45(3):390-397

. Chen P, Palmer R (1997) Ten-nanosecond step-scan FT-IR

absorption difference time-resolved spectroscopy: Applications
to excited states of transition metal complexes. Appl Spectrosc 51
(4):580-583

Rammelsberg R, Boulas S, Chorongiewski H, Gerwert K (1999)
Set-up for time-resolved step-scan FTIR spectroscopy of noncy-
clic reactions. Vib Spectrosc 19:143-149

. Schleeger M, Wagner C, Vellekoop MJ, Lendl B, Heberle J (2009)

Time-resolved flow-flash FT-IR difference spectroscopy: the
kinetics of CO photodissociation from myoglobin revisited. Anal
Bioanal Chem 394(7):1869-1877. doi:10.1007/s00216-009-2871-
0

Cheng Q, Steinmetz MG, Jayaraman V (2002) Photolysis of y-(x-
carboxy-2-nitrobenzyl)-L-glutamic acid investigated in the micro-
second time scale by time-resolved FTIR. J Am Chem Soc 124
(26):7676-7677

Barth A (2007) Infrared spectroscopy of proteins. Biochimica et
Biophysica Acta (BBA)-Bioenergetics 1767 (9):1073-1101. doi:
10.1016/1.bbabio.2007.06.004

Kaun N, Kulka S, Frank J, Schade U, Vellekoop MJ, Harasek M,
Lendl B (2006) Towards biochemical reaction monitoring using

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

FT-IR synchrotron radiation. Analyst 131(4):489-494.
doi:10.1039/b514102h

. Brody JP, Yager P, Goldstein RE, Austin RH (2005) Biotechnol-

ogy at low Reynolds numbers. Biophys J 71(6):3430-3441.
doi:10.1016/S0006-3495(96)79538-3

. Ahmed D, Mao X, Shi J, Juluri BK, Huang TJ (2009) A

millisecond micromixer via single-bubble-based acoustic stream-
ing. Lab Chip 9(18):2738-2741. doi:10.1039/b903687¢

. Williams AM, Griffiths DJ, Vlachos PP (2009) Laminar mixing

using oscillating cantilevered ionic polymer actuators. Sens
Actuators A 153(1):105-113. doi:10.1016/j.sna.2009.04.028
Johansson L, Johansson S, Nikolajeff F, Thorslund S (2009)
Effective mixing of laminar flows at a density interface by an
integrated ultrasonic transducer. Lab Chip 9(2):297-304.
doi:10.1039/b815114h

Renaudin A, Chabot V, Grondin E, Aimez V, Charette PG (2010)
Integrated active mixing and biosensing using surface acoustic
waves (SAW) and surface plasmon resonance (SPR) on a common
substrate. Lab Chip 10(1):111. doi:10.1039/b911953a

Bau H, Zhong J, Yi M (2001) A minute magneto hydro dynamic
(MHD) mixer. Sens Actuators B 79(2-3):207-215

Schwesinger N, Frank T, Wurmus H (1996) A modular microfluid
system with an integrated micromixer. J] Micromech Microeng 6
(1):99-102

Fang W-F, Yang J-T (2009) A novel microreactor with 3D
rotating flow to boost fluid reaction and mixing of viscous
fluids. Sensor Actuat B Chem 140(2):629-642. doi:10.1016/j.
snb.2009.05.007

Stroock AD, Dertinger SKW, Ajdari A, Mezi¢ I, Stone HA,
Whitesides GM (2002) Chaotic mixer for microchannels. Science
295(5555):647-651

Hessel V, Hardt S, Léwe H, Schonfeld F (2003) Laminar mixing
in different interdigital micromixers: I. Experimental characteriza-
tion. AIChE J 49(3):566-577

Bessoth F, deMello A, Manz A (1999) Microstructure for efficient
continuous flow mixing. Anal Commun 36(6):213-215

Kakuta M, Hinsmann P, Manz A, Lendl B (2003) Time-resolved
Fourier transform infrared spectrometry using a microfabricated
continuous flow mixer: application to protein conformation study
using the example of ubiquitin. Lab Chip 3(2):82-85.
doi:10.1039/b302295a

Kakuta M, Jayawickrama D, Wolters A, Manz A, Sweedler J
(2003) Micromixer-based time-resolved NMR: applications to
ubiquitin protein conformation. Anal Chem 75(4):956-960.
doi:10.1021/ac026076q

Knight JB, Vishwanath A, Brody JP, Austin RH (1998)
Hydrodynamic focusing on a silicon chip: mixing nanoliters in
microseconds. Phys Rev Lett 80(17):3863-3866

Hertzog D, Michalet X, Jager M, Kong X, Santiago J, Weiss S,
Bakajin O (2004) Femtomole mixer for microsecond kinetic
studies of protein folding. Anal Chem 76(24):7169-7178.
doi:10.1021/ac048661s

Hinsmann P, Frank J, Svasek P, Harasek M, Lendl B (2001)
Design, simulation and application of a new micromixing device
for time resolved infrared spectroscopy of chemical reactions in
solution. Lab Chip 1(1):16-21. doi:10.1039/b104391a

Kaun N, Vellekoop MJ, Lendl B (2006) Time-resolved fourier
transform infrared spectroscopy of chemical reactions in
solution using a focal plane array detector. Appl Spec 60
(11):1273-1278

Kauffmann E, Darnton N, Austin R, Batt C, Gerwert K (2001)
Lifetimes of intermediates in the-sheet to-helix transition of-
lactoglobulin by using a diffusional IR mixer. PNAS 98
(12):6646-6649

Rigler A, Wagner C, Svasek P, Jachimowicz A, Hudek P, Kraft M,
Vellekoop MJ (2008) Improved lamination micromixer with



Mixing-induced time-resolved mid-IR spectroscopy

34.

35.

36.

37.

wedge shaped inlet channels for IR spectroscopy. In: Proceedings
EUROSENSORS XXII:187-190

Buchegger W, Wagner C, Kraft M, Lendl B, Vellekoop M A
(2010) Highly uniform lamination micromixer with wedge shaped
inlet channels for time resolved infrared spectroscopy. Microfluid
Nanofluid (available online) doi:10.1007/s10404-010-0722-0
Rini M, Pines D, Magnes B, Pines E, Nibbering E (2004) Bimodal
proton transfer in acid-base reactions in water. J] Chem Phys 121
(19):9593-9610. doi:10.1063/1.1804172

Cox MJ, Timmer RLA, Bakker HJ, Park S, Agmon N (2009)
Distance-dependent proton transfer along water wires connecting
acid-base pairs. J Phys Chem A 113(24):6599-6606

Kaun N, Vellekoop MJ, Lendl B (2006) Time-resolved fourier
transform infrared spectroscopy of chemical reactions in solution
using a focal plane array detector. Appl Spectrosc 60(11):1273—
1278

38.

39.

40.

41.

42.

Mills R (1973) Self-Diffusion in normal and heavy water in the
range 1-45 °C. J Phys Chem Us 77(5):685-688

Buchegger W, Kraft M, Vellekoop MJ (2010) Characterization of
a vertical lamination micromixer for IR spectroscopy. Procedia
Engineering 5 (C):1348-1351. doi: 10.1016/j.proeng.2010.09.364
Hinsmann P, Haberkorn M, Frank J, Svasek P, Harasek M, Lendl
B (2001) Time-resolved FT-IR spectroscopy of chemical reactions
in solution by fast diffusion-based mixing in a micromachined
flow cell. Appl Spectrosc 55(3):241-251

Kovacs K, Mcllwaine R, Gannon K, Taylor A, Scott S (2005)
Complex behavior in the formaldehyde-sulfite reaction. J Phys
Chem A 109(1):283-288

Brutscher B, Bruschweiler R, Ernst R (1997) Backbone dynamics
and structural characterization of the partially folded A state of
ubiquitin by H-1, C-13, and N-15 nuclear magnetic resonance
spectroscopy. Biochemistry 36(42):13043—-13053

@ Springer






APPENDIX B

List of available clients for ATLAS

AC:

BC:

BP:

CA:

DB:

DI:

Self-developed 230 VAC power socket.
The AC-Client can switch a power socket and is connected to the PC
via a RS-232-port.

Self-developed Boxcar-Integrator.
This client reads the data, whereas the gating- and trigger-delay have to

be set manually at the device.

Beep client.

If the ATLAS server has to alert the user, the BP client can be used.
It produces an audible tone with a certain frequency for 100 ms and is
already included in the ATLAS server.

Syringe pumps by Cavro Scientific Instruments (Sunnyvale, CA, USA).
Liquids can be aspired and dispensed from two liquid connections at
different speeds. The ramping up and down to the programmed speed

can also be programed.

A digital board from TVE Elektronische Systeme GmbH (Vienna, Aus-
tria)

This board is a combination of a 16-bit-AD converter for a thermoelec-
trical cooled infrared detector. The integrated CPU supports features
such as trigger delay, internal averaging and base line correction and is

connected to the PC via USB.

Micro dispenser from Picology AB (Sweden).
The piezo-element of the dispenser is controlled by burst signals from an
Agilent 33120A function generator. The size of the dispensed drops and

the number of drops per second can be adjusted.
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Appendix B. List of available clients for ATLAS

DL

GI

HV:

LC:

OP:

TE:

UV:

VI:

External cavity quantum cascade laser from Daylight Solutions Inc. (CA,
USA).

The wavenumber and the intensity of the emitted light can be set among
other laser parameters. The DL client also supports a scanning mode,

where the emission wavenumber of the laser is tuned automatically.

The Miniplus 3 peristaltic pump from Gilson Inc. (Middleton, WI, USA).

The speed as well as the pumping direction can be controlled.

CZE 1000R high voltage supply from Spellman (NY, USA).
It is supported via an DAC module from National Instruments. The

output voltage of the module is transformed into high voltage output

(10 V equal 30 kV).

Waverunner 64-Xi oscilloscope from LeCroy Corp. (NY, USA).
Only the most important features such as setting V/div, timebase and
trigger-parameters are implemented. Single pulses can be read and

stored.

FTIR spectrometers from Bruker Optik GmbH (Ettlingen, Germany).
This client connects to OPUS over a DDE connection and can trigger
measurements utilizing predefined experiment files. Single and repeated

measurements are supported.

TDS 220 oscilloscope by Tektronix (OR, USA).
Only the most important features such as setting V/div, timebase and
trigger-parameters are implemented. Single pulses can be read and

stored.

Capillary UV-Detector from Dionex (Sunnyvale, CA, USA).
The client allows to set four wavelengths for absorption measurements.
It can autozero the absorbance values and record the absorbance over

time.

Valves from Vici AG (Switzerland).

Injection and selection valves are supported by this client.
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WA:

XY:

Wait client

The wait client allows a delay of the execution of the next command by
a defined time period. It is also included in the ATLAS server as for the
BP client.

Custom-built XY stage.
The XY stage is operated by a Trinamic TMCM-610 stepper motor
control, which is controlled by the XY client. This client allows the user

to move the stage for a certain distance by a predefined speed.
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