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Summary
Detailed understanding of chemical and enzyme catalysis constitutes a main focus of
current biochemical research. Fundamental insight in how (bio)catalysts function,
requires knowledge of their three dimensional structure and a wide range of time
resolved experiments that monitor the reaction progress. The ultimate aim is the
determination of the molecular structure of transition and transient states during the
chemical bond-breaking and bond-making step that occurs as part of the overall
reaction. Chemists claim to have observed transient or transition states with lifetimes
as short as 100-500 femtoseconds. Single steps in enzyme catalysis are usually slower
than this, although electron transfer and proton transfer can occur in picoseconds or
nanoseconds, respectively. The movements of protein domains which are critical to
drive enzyme catalysis because they directly promote the breaking and reforming of
chemical bonds, occur at a longer time scale of ~0.1-1 µs. This time range can thus
be regarded as the fastest in which formation of enzyme catalytic intermediates occur
or protein domains can fold into the native structure of the active enzyme.
To study catalytic mechanisms of enzymes and chemical reactions in detail, the
reaction should be initiated so rapidly that the subsequent formation and decay of all
reaction intermediates can in fact be detected. Even the fastest present-day
continuous-flow mixing equipment is too slow (~45 µs) to monitor the very beginning
of enzyme catalysis. In order to design a general kinetic instrument with a much
shorter dead-time to mix reactants and observe the reaction progress both the mixer
and observation cell need to be miniaturized to micrometer dimensions (~100 µm)
while maintaining high mixing efficiency and good optical quality. This thesis deals
with the design and development of a new kinetic instrument that can perform,
observe and detail, on the µs time scale, the catalytic mechanism of enzymes, in
particular those of the oxidoreductases.
Chapter 2 provides a review of turbulent, laminar continuous, and stopped-flow rapid
mixing instrumentation as well as rapid freeze-quenching and microsecond freezequenching/sampling methodologies. The specific design features of mixers and rapid
mixing instruments are discussed in relation to the various spectroscopic analyses
methods.
In Chapter 3 new types of turbulent tangential micro-mixers were designed and
characterized for their mixing and unwanted pre-mixing characteristics. The results
show that it is possible to completely mix two reactants within 160 ns, which is at
least 50-times faster than estimated for other micro-mixing devices. The Chapter 3
further provides several general guidelines to the design of fast mixers.
Based on the design principles outlined in Chapter 3, in Chapter 4 a continuous flow
ultra-fast mixing device has been developed with a greatly improved time resolution
indicated by the mixing and observation dead-time of 3.8 ± 0.3 µs. This instrument
contains a four-jet tangential micro-mixer that completely mixes two liquids within
3.5 µs. The mixer is integrated with a long cylindrical capillary flow-cell enabling the
recording of UV-Vis or fluorescence spectra between 300-700 nm using a sensitive
CCD camera. In the kinetic mode of the instrument, each UV-Vis spectrum
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corresponds to a different reaction time that is determined by the distance between the
mixer and a pixel of the CCD chip and the fluid flow rate. The reaction progress can
be monitored in steps of 318 ns for approximately 600 µs.
In Chapter 5 improvements in flow-cell design and optical performance of the ultrafast mixing instrument desribed in Chapter 4 are described without affecting the
short dead-time of 3.8 µs. The rectangular instead of cylindrical flow cell contains a
~30 mm long channel of 70 ± 5 µm height, constructed from two parallel sheets of
silver foil with 109 µm thickness that also acts as an effective shield for stray light.
This arrangement enables recording of spectral intensities that are linear up to at least
3.5 Absorbance units. The new instrument was used to study protein refolding of
denatured horse heart cytochrome c. After a very rapid initial phase (τ = 4.7 µs),
which has not been reported previously, partial refolding proceeds with time constants
of 83 µs and 345 µs. Using singular value decomposition the complete spectra of
three folding intermediates were determined. The instrument enables study of
(bio)chemical reactions on the microsecond time scale including protein folding.

2

Samenvatting
De studie van chemische en enzymatische katalyse vormt een belangrijk
aandachtsgebied binnen het huidige biochemisch onderzoek. Fundamenteel inzicht in
de wijze waarop (bio)katalysatoren werken, vereist kennis van hun driedimensionale
structuur gekoppeld aan talrijke tijdsopgeloste experimenten waarin de voortgang van
de reactie wordt vastgelegd. Het uiteindelijke doel vormt de bepaling van de
moleculaire structuur van de overgangstoestand en van of tijdelijke intermediairen
tijdens de reactie waarin de chemische bindingen worden gebroken en gemaakt.
Volgens chemici kunnen overgangstoestanden en tijdelijke intermediairen bestudeerd
worden met een levensduur van slechts 100-500 femtoseconden. De snelste stappen in
enzymgekatalyseerde reacties hebben in de regel een langere levensduur, maar toch
kunnen elektron- en protonoverdrachtsreacties plaatsvinden op een tijdsschaal van
respectievelijk picoseconden of nanoseconden. De beweging van domeinen binnen
enzymen is van belang om de chemische reactie te bewerkstelligen, omdat hierdoor
chemische bindingen kunnen worden gebroken en opnieuw kunnen worden gevormd;
deze bewegingen kunnen plaatsvinden op een tijdsschaal van of ~0.1-1 µs. Met
andere woorden, dit is de kortste tijdsschaal waarop katalytische intermediairen
gevormd kunnen worden of eiwitdomeinen zich kunnen vouwen tot de natieve
structuur van het actieve enzym.
Teneinde het katalytisch werkingsmechanisme van enzymen en chemische reacties te
kunnen ontrafelen zal men de reactie zo snel moeten kunnen starten opdat alle
daaropvolgende reactiestappen kunnen worden vastgelegd. Zelfs de snelste
continuous-flow mengapparatuur die heden ten dage beschikbaar is, en een dode tijd
heeft van ~45 µs, is te traag om de allereerste enzymatische (of chemische)
reactiestappen te kunnen observeren. Het ontwerp van een algemeen kinetisch
instrument met een veel kortere dode tijd om reactanten te kunnen mengen en
observeren, vereist miniaturisering van de meng- en meetapparatuur tot een
schaalgrootte van ~100 µm, terwijl tegelijkertijd de efficiency van menging behouden
blijft en de signaal-ruis verhouding van de optische detector om de reactie te kunnen
volgen voldoende hoog is. In dit proefschrift wordt het ontwerp en de
totstandbrenging van dergelijk nieuwe kinetische apparatuur beschreven om het
katalytisch werkingsmechanisme van enzymen, in het bijzonder van oxidoreductases,
te kunnen bestuderen op de tijdsschaal van microseconden.
Hoofdstuk 2 is een overzichtsartikel waarin turbulente, laminaire continuous-flow en
stopped-flow instrumenten worden beschreven alsmede verschillende snelle freezequench methoden. Aan bod komt verder welke de specifieke ontwerp factoren zijn
voor snelle mixers en hoe deze mixers geïntegreerd kunnen worden in opstellingen
om verschillende specifieke spectroscopische analyses te kunnen uitvoeren.
In Hoofdstuk 3 wordt het ontwerp van nieuwe typen turbulente tangential micromixers beschreven, welke worden getest op hun ongewenst voormengingsvermogen
en hun gewenst menggedrag. De analyses tonen aan dat het mogelijk blijkt om twee
reactanten compleet te mengen binnen 160 ns, hetgeen minstens 50-maal sneller is
dan geschat voor andere micro-mixers. De resultaten stellen ons in staat om een aantal
algemene regels voor het ontwerp van snelle mixers op te stellen.
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Op grond van de ontwerpregels in Hoofdstuk 3 wordt in Hoofdstuk 4 een
continuous-flow ultra-fast meng- meetinstrument beschreven met een totale dode tijd
van 3.8 ± 0.3 µs voor menging en observatie, hetgeen een significante verbetering in
dode tijd vertegenwoordigt. De vier-jet tangentiale micro-mixer mengt de reactanten
in 3.5 µs en is gekoppeld aan een lange cilindrische capillaire flow-cel waarin UV-Vis
of fluorescentie spectra kunnen worden opgenomen van 300-700 nm met behulp van
een gevoelige CCD camera. In de kinetiek modus van het apparaat correspondeert elk
UV-Vis spectrum met een andere reactietijd, welke wordt bepaald door de afstand
tussen de mixer en de positie van de pixel van de CCD camera en de lineaire
stroomsnelheid van de vloeistof met de gemengde reactanten. Daardoor is het
mogelijk om de reactie te volgen met een tijdsresolutie van 318 ns gedurende
ongeveer 600 µs.
In Hoofdstuk 5 zijn verbeteringen aangebracht in de ultrasnelle meng-meetopstelling
die beschreven is in Hoofdstuk 4. In plaats van een cilindrische cuvet, wordt nu
gebruik gemaakt van een rechthoekige cuvet, ~30 mm in lengte en 70 ± 5 µm breed.
Deze cuvet/flow-cel is vervaardigd uit twee parallelle plaatjes zilverfolie (109 µm dik
hetgeen correspondeert met de optische weglengte). De plaatjes zilverfolie dienen
tevens als afscherming van strooilicht, waardoor de spectrometer lineair is tot
minstens 3.5 Absorptie eenheden. Met deze nieuwe opstelling is de hervouwing van
gedenatureerd cytochrome c uit paardenhart bestudeerd. Na een zeer snelle initiële
fase met τ = 4.5 µs die niet eerder geobserveerd is, vervolgt de gedeeltelijke vouwing
met tijdsconstanten van 83 µs en 345 µs. Met behulp van singuliere waarden
ontbinding zijn de volledige spectra van drie vouwingsintermediairen bepaald. In zijn
huidige vorm is het met dit nieuwe meng- meetinstrument mogelijk om chemische en
biochemische reacties alsmede eiwitvouwing te bestuderen op een tijdsschaal van
enkele microseconden.
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Chapter 1
Introduction and thesis outline
1. Background
1.1 Enzymes
The great majority of biochemical conversions in a cell need the help of biocatalysts
to enhance the rate of the reaction in order to enable and to sustain life. The cell’s
biocatalysts are enzymes, a chain of amino acids joined through peptide bonds.
Enzymes fold into intricate and precise, but dynamical, three-dimensional structures
that are essential to their function, and may employ a wide range of organic or
inorganic (‘metal ion’) co-factors or co-enzymes, which, in addition to the greater
chemical variety of amino acids, may explain their greater catalytic variety. It is
therefore no surprise that enzymes are involved in all metabolic pathways.
Present day computational methods are not sufficiently accurate to reliably predict
3D-structures from the 1D amino-acid sequences of enzymes1. Moreover, the
associated functions of enzymes cannot be predicted a priori from the primary
sequences. An important reason for this failure is that bond angles and bond lengths of
thousands of atoms need to be known with enormous precision ‒ within 1-2 degrees
and within 10-20 pm, respectively ‒ in order to correctly account for example for the
large local electrostatic gradients that generally govern binding of substrates and
subsequent catalysis. Hence research on biocatalysts in general or enzymes in
particular, Enzymology, has a strong experimental character. Enzymology covers
among other things studies on: the subunit structure and composition of enzymes,
subunit folding and their spatial arrangement, co-factor identity, the 3D-structure and
the catalytic mechanism. This thesis deals with the development of new general
methods to observe in detail on the shortest possible time scale (microseconds) the
catalytic mechanism of enzymes, in particular those of the oxidoreductase family of
enzymes.
1.2 Oxidoreductases, general electron transfer characteristics
Oxidoreductases are enzymes catalyzing electron or hydride transfer reactions.
Because neither the electron nor the hydride ions are free species in solution,
oxidoreductases need at least two substrates (Eq. 1), an electron (hydride) donor
(Dred) and acceptor (Aox):
Dred + Aox → Dox + Ared

(Eq. 1)

Oxidoreductases usually follow a Ping-Pong mechanism. Although tyrosin,
tryptophan, cysteine and seleno-cysteine are redox active amino acids,
oxidoreductases often contain additional cofactors that enhance electron transfer rates
and/or enable complex redox chemistry2. The most common organic cofactors are
flavin, heme and nicotinamide; inorganic co-factors may contain one or more 3d, 4d
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or 5d transition elements (V, Mn, Fe, Co, Ni, Cu, Mo, W). Enzymes carrying metalions, not necessarily redox active metals but also Mg, Ca or Zn, are often called
metallo-enzymes. The different metal-ions give rise to an enormous variety of
catalytic centers including redox centers. Iron-sulphur centers may consist of 1, 2, 3,
4, 7 or 8 iron atoms, copper centers of 1, 2, 3 or 4 Cu-atoms. In addition, there are
mono- and di-nuclear iron centers, mixed metal centers (Fe-Ni in hydrogenases, V or
Mo with Fe in nitrogenases) and Mo- or W-pterin co-factors. Furthermore, some
redox enzymes contain several of these redox centers to enable electron transfer over
large distances (10-15 nm) within a single enzyme3,4.
Electron transfer between enzymes is called electron transport. Electron transport in
respiratory chains is carried out by a variety of benzo- or naphtoquinones anchored to
the membrane by an isoprenoid side chain consisting of five to twelve isoprene units
(ubi- and menaquinones) and by a diverse class of small electron shuttles such as
cytochrome c, blue copper proteins, rubredoxines, several types of ferredoxins and the
[4Fe-4S]-containing HIPIP5.
Redox enzymes are not essentially different from other enzymes regarding their
structure but often contain multiple redox centers or active sites. The various
interactions between amino acids, between co-factor and amino acids (His, Met, Cys,
Tyr, Glu, Asp, Gln, Asn, Lys, N-terminal NH3, C-terminal carboxylate and backbone
amide carbonyl oxygen or α-amine) and between substrate and active site comprise
electrostatic interactions (25-50 kJ mol-1), hydrogen bonding (2.0-7.5 kJ mol-1
between uncharged donor/acceptor pairs, 12-25 kJ mol-1 between charged pairs) and
Van der Waals interactions (6-8 kJ mol-1). The great number of hydrogen bonds and
van der Waals interactions contribute mainly to the stability of the enzyme, the
enzyme-co-factor and the enzyme-substrate complex whereas electrostatic
interactions and specific hydrogen bonding patterns are more prominent in
biocatalysis, promoting bond breaking and bond formation.
1.3 Oxido-reductases, functional considerations
The minimal catalytic cycle of an enzyme consists of the binding of a single substrate,
the formation of a single product followed by product release, all of which may be
reversible (Eq. 2):
E + S ↔ ES ↔ EP ↔ E + P

(Eq.2)

In practice, however, substrate binding (and product release) may be far more
complex, including exchange of solvent water, conformational rearrangement of the
enzyme (induced-fit) and/or the substrate (product). Also the pure catalytic step ‒ ES
↔ EP ‒ usually comprises several bond making and bond breaking events integrated
with enzyme conformational changes including changes in hydrogen-bond
interactions, protonation states and hence in local and global electrostatic
interactions1.
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Figure 1. Transition state occurs at the peaks of the energy profile of a reaction (TS1 and TS2), and
metastable, transient intermediates occupy the troughs.

Transition-state theory provides a simple framework for a qualitative assessment of
chemical and enzyme catalysed rates6. The transition state corresponds to the state
with the highest energy in the reaction coordinate diagram (Fig. 1). In the transition
state, chemical bonds are in the process of being made and broken, and it represents
the most unstable species (with an estimated lifetime of 100-500 fs7 in the reaction
pathway. Therefore, these states populate to very small amounts, which prevents
accurate determination of their structure. In contrast, (metastable or transient)
intermediates, whose bonds are fully formed, occupy the (relative) minima in the
diagram, have a longer lifetime, populate correspondingly higher and are easier to trap
and characterize. The theory assumes that the reaction rate is controlled by
decomposition of an activated transition-state complex, and that the transition-state is
in thermodynamic equilibrium with the reactants ground state. In this way and for an
unimolecular reaction, the concentration of the transition state can be calculated from
the difference in Gibbs free energy between the transition state, S‡, and the ground
state, S, that is ∆G‡.
‡

∙

‡

∙

∆ ‡

(Eq. 3)

Where K‡ is equilibrium constant for formation of the transition-state complex from
reactant, R is the gas constant, and T is the temperature1,6,8. The frequency at which
the transition-state complex decomposes to give product is the same as the vibrational
frequency of the bond that is breaking:
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~ 6.1 x 1012 s-1 or

~ 164 fs at 20oC

(Eq. 4)

where k B is the Boltzmann constant and h Planck’s constant.
Thus, the rate of decomposition of S is given by:
∙

‡

∙

∙

∙

∆ ‡

(Eq. 5)

The first order rate constant for the decomposition of S is given by:
∙

∙

∆ ‡

(Eq. 6)

The rate is dependent on ∆G‡ and not on the driving force ∆G (sees also Fig. 1). The
value of ∆G‡ or the activation energy when the Arrhenius equation is used, is
determined experimentally by measuring the reaction rate over a wide temperature
range. In order to calculate ∆G‡ accurately (±5kJ mol-1 or a rate that is accurate to
within a factor of ~10-50), the structure of the transition state needs to be known with
high precision which rarely is the case. Since enzymes speed up a reaction essentially
by lowering ∆G‡, the value of ∆G‡ is not a unique function of the reactants only, but
in addition dependent on the properties of the surrounding medium such as the
enzyme’s active site. Since structures of true transition states of enzymes have not yet
been determined, calculated rates for enzyme catalyzed reactions are easily off by a
factor of ~1000 (~15 kJ mol-1).
However, calculated rates for outer-sphere (pure) electron transfer using the Marcus
theory are more accurate (~5 kJ mol-1), and are therefore, predicted quite well9, within
a factor of 10. The Marcus theory describes the rate of electron transfer from a
reduced electron donor (Dred) to an initially oxidized acceptor (Aox):

Figure 2. Electron transfer between cofactor D and A.

The rate of the overall reaction depends on the difference between the midpoint
potentials ED and EA (the thermodynamic driving force), and on the distance between
two cofactors, D and A (Fig. 2). Marcus theory provides a way to understand why
cofactors involved in transferring electrons are often found to be arranged at distances
<15 Å.
If the metal ion in a complex is oxidized or reduced, its charge and size will change.
In addition, water molecules around the complex will rearrange their orientation and
distance. Most of these changes are slow and will limit the reaction rate. This
rearrangement is associated with the reorganization energy. For the overall reaction
between D and A, all these changes can be put together into a single ‘reaction
8
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coordinate’, and plotted versus the Gibbs free energy as function of this coordinate
(Fig. 1). For a redox reaction, ∆G = -nF(EA-ED), where F is the Faraday constant in C
mol-1, ∆G is in J mol-1 and E in J C-1. As Fig. 1 indicates, the maximum is the
transition state, and the rate of the reaction depends on random fluctuations
(temperature) that take the reaction coordinate across this maximum: k ~ exp(∆G‡/RT). The energy plot can be extended by assuming that both the initial state (Dred
+ Aox) and final state (Dox + Ared) are simple harmonic oscillators, giving a parabolic
dependence of the energy on deviation from the equilibrium reaction coordinate (Fig.
3):

Figure 3. Parabolic dependence of the energy of reactants (‒) and products (‒).

The crossing point of the parabolas represents the transition state. The reorganization
energy, λ, is defined as the energy required to change the geometry of the reactants
into that of the products without actually transferring electrons and can be determined
directly from Fig. 3.
A wavefunction of a free electron on a redox center is (de)localized in all directions.
The tail of the wavefunction extents to an adjacent redox center, and the ‘protein
medium’ between the two centers enables tunneling of the electron with a rate that
decreases exponentially with distance. The maximum tunneling rate of room
temperature electron transfer, kmax (in s-1) is given by following equation:
10

!"#$%&' $ ') *+ ,

(Eq. 7)

and is experimentally determined at ~1013 s-1 when R, the edge-to-edge distance
between redox centers is as short as possible at van der Waals contact (Ro = 3.6
Å)10,11. This maximal rate is similar to the value of 6.1 1012 s-1 quoted in Eq. 4. The
rate decreases with increasing R or β, where β is proportional to the square root of
barrier height. As a first approximation, β depends on the average density of protein
atoms in the volume between redox centers D and A, and the highest density (smallest
9
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β) is obtained with a chain of covalently bound atoms all the way between D and A.
For tunneling of electrons through a chain of σ-bonded carbon, β = 0.9 Å-1. A
conjugated (π-bonded) chain of atoms between D and A has β = 0 and it forms a
conduction wire. In proteins, the medium in between the cofactors contains many
atoms from the peptide. This means that small stretches of vacuum, hydrogen bonds,
σ-bonds and π-bonds can be found. Thus, the electron tunneling rate, k, through a
protein medium (β is between 0.8 and 1.4 Å-1 for most proteins) is much faster than
tunneling through vacuum (β = 2.8 Å-1) and is given by the generic equation:
logk = 13-0.6.(R-3.6)-3.1.(∆G+λ)2/λ

(Eq. 8)

where ∆G is the driving force, the difference in redox potentials between cofactors (in
eV) and λ (in eV) the reorganization energy11. The maximum rate occurs when
∆G = -λ. Thus when ∆G > -λ, which is designated as the inverted regime, the rate is
actually smaller than the maximal rate. In most proteins, the distances between
cofactors are found to be ≤14 Å (1.4 nm) and transfer over longer distances always
involves a chain of several cofactors. Although most cofactors in a chain appear to
have similar potential, in many natural electron transfer proteins such as hydrogenase
or nitrate reductase the midpoint potential of one of the redox centers in the chain is
much lower or higher than that of the surrounding cofactors11. Although steps that are
energetically uphill, are relatively slow and thus considered unfavorable for fast
electron transfer, the close proximity of redox centers in most natural systems
compensates for the unfavorable thermodynamics and these electron transfers (~µs)
are still much faster than catalytic turnover (~ms) of the redox enzyme and thus not
rate limiting for function.
In conclusion, calculated rates for pure electron transfer using the Marcus theory can
be predicted quite well compared to reactions involving bond making and bond
breaking because the activation energy is a simple expression of ∆G and λ .
2. Pre-steady state kinetic techniques
2.1 Introduction
The relation between enzyme function and protein (dynamic) structure is of great
interest in biochemistry. To study catalytic mechanisms of enzymes and chemical
reactions in detail, the reaction should be initiated so rapidly that the subsequent
formation and decay of all reaction intermediates could be detected. The pre-steady
kinetics of enzymes can be monitored by a great variety of spectroscopic techniques,
which provide electronic and/or true structures of intermediates: UV-Vis
spectroscopy, Fluorescence, Circular Dichroism, Fouriertransform IR, Electron
Paramagnetic Resonance (EPR), Resonance Raman spectroscopy, Nuclear Magnetic
Resonance (NMR) etc. Nowadays a variety of different pre-steady state instrumental
techniques are used to rapidly initiate a reaction: direct photoflash, release of a caged
compound by a photoflash, flow-flash, pressure jump, temperature jump, stoppedflow, continuous-flow, rapid quenched-flow, rapid freeze-quenching, microsecondfreeze hyperquenching and continuous flow hydrodynamic focusing7,12-29.
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2.2 Chemical relaxation techniques
Rapid reactions have been studied with chemical relaxation (single turnover)
techniques where the enzyme and substrate are usually premixed and at a state of
equilibrium10,14-18. The reaction system is disturbed from its state of equilibrium by a
sudden change of an external parameter, such as temperature, pressure or a pulse of
light from a laser. Hereafter the system relaxes (readjusts itself) either to a new
equilibrium state or returns to the original equilibrium state through a series of
intermediate steps. The laser flash may induce ‘natural’ photochemical reactions such
as electron transfer in plant and bacterial photosynthetic systems. In the caged
compound technique one of the substrates is an inactive photo-labile substrateanalogue (‘caged compound’) that is converted by a pulse of light into a true substrate
ready to react without need for mixing30-32. In particular, when the caged compound is
already bound to the enzyme before the light pulse, the reaction between enzyme and
substrate is potentially very fast, and limited only by the kinetics of the
photochemistry. Alternatively, a laser may rapidly change the temperature of the
enzyme/substrate mixture, which subsequently evolves to a new equilibrium at the
higher temperature. The advance of femtosecond pulse-probe laser flash photolysis
methods has made it possible to trap and characterize very short-lived transient
intermediates (if not transition states)7. Although, the time resolution of the relaxation
techniques is superior to that of the mixing techniques7,12-16, the majority of these
studies have focused on small molecules only. Moreover, chemical relaxation
methods require equilibrium conditions at the start of the experiment, which is not
always possible to achieve or in the case of complex (serial) reactions, not wanted.
2.3 The rapid mixing techniques
Mixing reactants followed by spectroscopic observation of the mixture on (sub)microsecond time scales, presents an important technological barrier. In spite of their
limitation in time resolution, the mixing techniques have a more general and wider
field of application than the relaxation techniques. To determine the kinetics of
processes that are not driven by light, rapid mixing of two or more reactants is the
most versatile and common method of initiating (bio)chemical reactions. The time
resolution of fast mixing devices offer opportunities to study enzyme and/or chemical
catalytic mechanisms in detail and to follow the time progress of (bio)chemical
reactions far from equilibrium in transient regions where most likely intermediate
states can be accumulated and detected. To do so successfully, a mixing instrument
should be able to do both, initiate the reaction by ultra-fast mixing of two or more
reactants e.g. enzyme and substrate, and enable monitoring of formation and decay of
all reaction intermediates. Although usually very high enzymes concentrations (up to
~mM) are required to monitor rapid reactions at acceptable signal-to-noise ratios,
rapid mixing techniques are of prime interest to determine biochemical and
biophysical properties of enzyme catalytic intermediates. Regarding chemical
synthesis, short mixing times of the reactants with respect to the timescale of the
reaction might prevent the formation of chemical side reactions improving chemical
purity and yield.
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2.4 The mixing efficiency
The mixing efficiency of a mixing device depends on the dimensionless Reynolds
number, Re, a criterion of whether fluid flow is absolutely steady (streamlined,
or laminar) or the average steady with (small) unsteady fluctuations (turbulent) and
it’s defined as the ratio of inertial forces to viscous forces in a fluid flow. Whenever
Re is less than about 2000, flow in a pipe is generally laminar, whereas, at values
greater than 2000, the turbulent flow regime begins33. Actually, the transition between
laminar and turbulent flow does not occur at a specific value of Re but sets on in a
range between 1000 to 2000 extending to between 3000 and 5000. The transition from
laminar to turbulent flow in a pipe depends on the product of the mass density of the
fluid ρ (1000 kg m-3 for water), υ, the average velocity of flow (m s-1 in a channel) and
l, a characteristic length (traveled length of fluid, or hydraulic diameter of a channel in
m) divided by η, the dynamic viscosity of the solutions (10-3 kg m-1 s-1 for water at
20°C). The Reynolds number Re is given by:
'

-∙.∙/
0

(Eq. 9)

According to the equation ρ and η are relatively constant in aqueous solution and the
instrumental mixing time depends mainly on the mixer’s geometry and dimensions
(width, depth and length of the channel) and on the flow rate. Therefore, to achieve
rapid and complete turbulent mixing in a minimal period of time requires high flow
rates, relatively small channel dimensions (<100 µm) and a sufficiently high Re.
When high concentrations of enzyme are required, the increase in viscosity of the
solutions may cause a decrease of Re below ~2000, which is often insufficient for
complete mixing. The viscosity also increases with decreasing temperatures, in
particular when cryo-solvents (glycerol or ethylene glycol) are used to perform
kinetics at sub-zero temperatures. To maintain high flow rates of viscous solutions a
powerful hydraulic/pneumatic drive-ram system is needed or HPLC pumps with a 40
MPa pressure limit23-25,33-35. High flow velocities require large amounts of samples
and lead to pressure (∆P) build-up according to Bernoulli’s velocity/dynamic pressure
equation:
∆1 = 0.5 ∙ 4 ∙ (< 6 >)8

(Eq.10)

2.5 The turbulent mixing techniques
The majority of rapid mixing devices rely on turbulent mixing. Turbulence is an
efficient mechanism to disperse the solutions into sufficiently small volume elements,
so-called turbulent eddies. The small size of the eddies enables fast diffusion of the
reactants over very short distances and constitutes the final step in mixing. Mixers of
various designs that enable efficient turbulent mixing have been constructed over
approximately the last hundred years and range from simple T- or Y-mixers to more
complex geometries, such as multiple-jet tangential mixers23-26,34-48. Mixers, with
channel and bore dimensions smaller than one millimetre, so-called micro-mixers,
date back some fifty years, e.g. the Berger ball mixer. The co-axial type micro-mixers
were first introduced some forty years ago. Micro-mixers with dimensions of
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approximately 100 µm or smaller, produced in particular for so-called Lab-on-a-chip
applications, have been introduced in the last two decades.
The various types of mixers might be integrated with an optical observation cell as in
the stopped-flow apparatus (SF, usually with millimeter dimensions) and in
continuous-flow instruments (CF, dimensions of ~250 µm), allowing monitoring of
the reaction by a great variety of optical spectroscopic methods at a single wavelength
and/or at multiple wavelengths simultaneously35.
The total dead-time of a mixing device in which kinetic changes are monitored by e.g.
optical spectroscopy is determined by the mixing time and the residence time of the
mixed reactants in the dead volume, i.e. the volume between the point of mixing and
area of observation. Both, the mixing time and residence time, decrease with smaller
dimensions of the compartments, hence increasing the (linear) flow rates. In micromixers, owing to their smaller dimensions, linear flow rates need to be higher than in
the larger mixers in order to obtain Re above ~ >2000 needed for turbulent mixing and
rapid completion of mixing.
The most commonly used kinetic techniques such as the stopped-flow, continuousflow and freeze-quench techniques are further detailed in Chapter 2.
3. Background and aim of the thesis
Determination of the molecular identity of transition and transient states is the key to
understanding chemical and enzyme catalysis. This thesis deals with the development
of new (bio)chemical kinetic analysis tools to observe and detail, on the shortest
possible time scale, the catalytic mechanism of enzymes, in particular those of the
oxidoreductases. Ideally a pre-steady-state kinetic study would be capable of
capturing each bond breaking and bond making step that occurs as part of the overall
reaction. Individual steps in enzyme catalysis may proceed on the sub-picosecond
time scale such as light-driven electron transfer in photochemical reaction centers.
Rotations of aromatic amino-acid side chains, proton transfer and hydride transfer
occur in the nanoseconds. Movements of the main chain or (small) protein domains
take place at the time scale of ~0.1-1 µs, as determined by NMR and Time Resolved
X-ray diffraction experiments16,53-55. The movements of protein domains are critical to
drive enzyme catalysis because they directly promote the breaking and remaking of
chemical bonds. In some cases, the characteristic enzyme motions that occur during
catalysis were shown to be already present in the free enzyme with frequencies
corresponding to the catalytic turnover rate. Motions are localized not only to the
active site but also take place in the wide dynamic network distant from the active
site57. Protein folding may occur at the same time scale as catalysis. A number of
small proteins and domains were shown to undergo two-state folding/unfolding
transitions with relaxation times as short as a few microseconds. For example, the
engineered 35-residue subdomain of the chicken villin headpiece has a folding rate of
0.7 µs-1, ref.53. The protein folding rate limit is estimated both empirically and
theoretically to be ~ (N/100 µs)-1, where N is the number of residues in the
polypeptide chain53. A time scale of 0.1 µs - 1 µs for the fastest catalytic steps appears
in agreement with the enzyme binding rate constant of kon ~ 109-10 M-1 s-1 for the
fastest enzymes for a physiological substrate concentration of ~1mM.
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In the light of the analysis above, our aim is to develop (bio)chemical kinetic analyses
tools that can monitor reactions that occur on the µs time scale, which appears to be
the time scale for formation of enzyme catalytic intermediates. The dead-time of
current continuous-flow mixing equipment is impressive but yet too slow (~45 µs) to
study the very onset of catalysis by enzymes. In order to design an instrument capable
of mixing reactants and observing the reaction progress on the microsecond time scale
both the mixer and observation cell had to be miniaturized (~100 µm) while
maintaining high mixing efficiency and satisfactory optical quality to enable presteady state kinetic analyses.
4. Outline of the thesis
Chapter 2 gives an overview of the current rapid mixing devices. In Chapter 3 new
types of turbulent micro-mixers are designed and tested regarding their true mixing
times providing routes to design mixers capable of mixing liquids within a a few
hundred nanoseconds. Chapter 4 describes the construction and testing of a new
Ultra-Fast turbulent mixing instrument. The device enables monitoring of
(bio)chemical reactions by optical spectroscopy and has a dead-time of 3.8 µs. In
Chapter 5 improvements in flow-cell design and optical performance of the ultra-fast
mixing instrument are described.
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1. Abstract
Rapid-mixing techniques are applied to delineate enzyme and/or chemical catalytic
mechanisms in detail. To do so successfully, mixing of the reactants must be
sufficiently fast to cover the pre-steady state time domain in which transient
intermediates are formed. The pre-steady kinetics of enzymes can be monitored by a
great variety of spectroscopic techniques, which provide electronic and sometimes
true structures of intermediates: UV-Vis spectroscopy, Fluorescence, Circular
Dichroism, Fourier Transform IR, Electron Paramagnetic Resonance, Electron
Nuclear Double Resonance spectroscopy, Electron Spin Echo Envelope Modulation,
Mossbauer spectroscopy, Resonance Raman spectroscopy, Nuclear Magnetic
Resonance or X-ray absorption spectroscopy.
This chapter details various aspects of turbulent, laminar continuous, and stoppedflow rapid mixing instrumentation as well as rapid freeze-quenching and microsecond
freeze-quenching/sampling methodologies. The specific design features of mixers and
rapid mixing instruments are discussed in relation to the various spectroscopic
analyses methods.
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Glossary
CCD, Charged Coupled Device
CD, Circular Dichroism
CF, Continuous Flow
ENDOR, Electron Nuclear Double Resonance
EPR, Electron Paramagnetic Resonance
ESEEM, Electron Spin Echo Envelope Modulation
EXAFS, Extended X-ray Absorption Fine Structure
FTIR, Fourier Transform InfraRed
MAS-NMR, Magic-Angle Spinning Nuclear Magnetic Resonance
MCD, Magnetic Circular Dichroism
MHQ, Microsecond freeze-HyperQuenching
RFQ, Rapid Freeze Quench
SF, Stopped Flow
XAS, X-ray Absorption Spectroscopy
d, channel diameter or diffusion path length (m)
D, diffusion constant (m2 s-1)
Re, Reynolds number (dimensionless)
t(diff), diffusion time (s)
<v>, the average linear flow velocity (m s-1)
ρ, solvent density (kg m-3)
η, dynamic viscosity (kg m-1 s-1)

τa, total sample-ageing time (s)
τm, mixing time (s)
τt, sample-transport time (s)
τc, cryofixation time (s)
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2. Background
2.1 Introduction
Enzymology is the branch of biochemistry aiming to understand how enzymes work
through the relationship between structure and function, and how they fold into their
native state. To understand enzyme catalytic mechanisms in-depth one must perform a
series of steady state and pre-steady state kinetic experiments and determine the
precise 3D-structure of the enzyme. The techniques of pre-steady state kinetic
experiments are described in this review. Enzymology is a multidisciplinary research
field and integrates areas of biochemistry, microbiology, molecular biology,
molecular genetics and biophysics. The core of enzymology consists of the
development of reliable activity assays, (over)expression and purification, steady-state
kinetic characterization and an initial basic structural characterization, which may
include determination of subunit structure, molecular mass, prosthetic group content,
co-factor requirement, and post-translational modifications. More detailed structural
and mechanistic characterizations often require comparison of the WT with mutants
and specifically labelled enzymes. In addition to the academic interest, understanding
enzyme catalytic mechanisms is essential for the successful application of enzymes in
industrial processes and for the development of enzyme inhibitors, which constitute a
major segment of all existing drugs (~50-60%).
The literature dealing with the determination of enzyme catalytic mechanisms is
enormous spanning biocatalysts as well as chemo-catalyst. A selected set of textbooks
and original articles is included to help the reader on his or her way1-24.
2.2 Steady-state kinetics
Steady-state kinetic analyses serve to determine reaction rates, reaction rate constants
and the rate law of chemical or enzyme catalysed reactions. Under steady state
conditions, the enzyme performs repeated turnovers. The equation for the simplest
enzyme mechanism, which applies to bio and chemo-catalysts, is given by
:+

9
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(Eq. 1)

Solving the steady-state rate equation for this mechanism yields the Michaelis-Menten
>
equation (assuming
is constant and [S] >> [E]) shown in Eq. 2:
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(Eq. 2)

In Eqs. 1 and 2 E, S and P denote enzyme, substrate and product concentrations,
I
(
F
)
respectively, and further ? = − = ; ?
= 9 ∙ [:] and J = KL GBH .
L

Steady-state kinetic experiments in which [S] is varied show a change from pseudofirst order kinetics at low [S] to zero-order at high [S]. These analyses provide values
for Vmax or kcat corresponding to the enzyme’s maximal rate of turnover and also for
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KM, defined as the [S] at which the rate is half-maximal. Although KM is often
associated with the binding affinity of the enzyme for its substrate, this is true only
when kcat << k-1. The quotient kcat/KM is called the specificity constant and has the
dimensions of a second order reaction-rate constant (M-1 s-1). The specificity constant
defines the minimal value for k1, the rate of substrate binding, i.e. k1 > kcat/KM. The
specificity constant is a rational means to distinguish between the specificities of
different substrates for an enzyme, and provides a much better criterion for substrate
selectivity than simply comparing the various Vmax or KM values.
The strength of the steady-state kinetic approach is its relative simplicity regarding
experimentation and derivation of the expression of the overall rate equation. The
steady-state approach enables, for example, facile discrimination between Ping-Pong
kinetics and Ternary Complex formation, or between the binding of one or two of the
same substrates yielding hyperbolic or sigmoidal relations between reaction rate and
[S], respectively. Experimental variation of pH, ionic strength, temperature, pressure,
solvents and the use of inhibitors is easy and already provides mechanistic insight,
which might be deepened by the application of isotopically labelled substrates or
generation of site-specific mutant enzymes8,10,17.
However, the major shortcoming of the steady-state kinetic method is that many
enzymes show substrate saturation kinetics described by the Michaelis-Menten
equation, which is therefore not very informative. By merely studying the overall
reaction, the obtained information is biased towards the characteristics of the slowest
step in the reaction path, obscuring the characteristics of other faster reaction steps.
No matter how complex the reaction sequence of an enzyme, one will almost always
be able to determine an apparent Vmax and KM. However, for multi-step reactions,
these parameters are complex functions of many rate constants, and although the
experimental value of Vmax will still signify the maximal turnover of the enzyme under
a specific set of conditions, the physico-chemical meaning of KM remains unclear. In
practice, even the simplest single substrate enzyme catalytic cycle will consist of
several intermediate steps (I1, In):
E + S ↔ ES1 →…→ ESn → I1 →…→ In → EP1 →…→ EPn → E + P

(Eq. 3)

The initial bimolecular binding or docking of substrate (ES1, the so-called Michaelis
complex) is represented in Eq. 3. An ‘induced fit mechanism’ is represented by the
sequence ES2 to ESn. The chemical conversion of substrate into bound product
generally involves a number of intermediate steps (I1‒EP1). Product release returns
the free enzyme, which is ready for the next turnover. Product release is often slow
and may follow a series of enzyme conformational changes induced by the bound
product (up to EPn), in a way similar to the changes induced by the binding of
substrate. Additional substrates increase the complexity of the reaction by introducing
more bimolecular steps. Some of the intermediates may bind/release H+ or OH-,
which, like the binding of substrate is also a bimolecular reaction. The presence of
intermediates that bind H+ or OH- can be detected by performing experiments over a
wide pH range.
The individual or elementary steps in the mechanism of Eq. 3 are necessarily faster
and often much faster than the overall reaction. The first order rate constants are
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generally between ~101 s-1 and ~106 s-1 (but may be 1012 s-1 in the case of electron
transfer) while the second order or bimolecular rate constants range between ~104 and
~1010 M-1 s-1.To solve enzyme catalytic mechanisms, the simplest, steady-state kinetic
analyses do not suffice and the experimental toolbox has to be extended to pre-steady
state kinetic methods.
2.3 Pre-steady state kinetics
Pre-steady state kinetic studies aim to resolve in time each individual step in a
catalytic reaction sequence. In pre-steady state experiments, enzyme and substrate are
very rapidly mixed and changes in the state of the enzyme are monitored over time.
When possible, changes of substrate and product concentrations are also monitored.
During catalysis, the optical, magnetic, vibrational and structural properties of the
enzyme, substrate and product may change, which enables spectroscopic detection of
transient intermediate states. Commonly used spectroscopic methods in kinetic
mixing instruments are UV-Vis, Fluorescence and CD spectroscopy, while specialized
instruments have been designed to enable FTIR, EPR EXAFS or NMR spectroscopy.
The frozen powder samples obtained by the rapid freeze-quench techniques can be
analysed by low-temperature UV-Vis, EPR, ESEEM, ENDOR, and EXAFS,
resonance Raman or Mossbauer spectroscopy.
In most pre-steady state analyses, the experiment is carried out in such a way that the
enzyme can perform a single turnover only. This allows intermediates to accumulate
from zero concentration and subsequently breakdown completely without reaching
their steady-state concentrations. A true intermediate is defined as one that is formed
and broken down faster than the steady-state turnover rate of the enzyme. Detection of
all intermediates is possible only when the mixing of the reactants and the observation
are much faster than the turnover rate of the enzyme and much faster than the fastest
step in the reaction sequence. There is no guarantee, in practice, that each individual
intermediate can indeed be observed, since an intermediate may be ‘spectroscopically
silent’ or sparsely populated below the instrumental detection limit. The latter may be
the result of a very short lifetime, caused by a much greater rate of breakdown than
rate of formation.
The substrate-binding step in Eq. 3 can in principle be made faster than any other step
in the reaction sequence, because it is the only bimolecular reaction. All other steps
occur at first-order rates, which are sensitive to sample conditions (temperature,
buffer, pH, etc.). Ideally, the pre-steady state experiment is performed at the highest
possible [S], so that at t = 0, all enzyme is in the state ES1, which subsequently decays
with a series of characteristic rate constants. This experimental approach works best
for enzymes for which product release is slow, so that the high [S] will not induce a
second turnover, or a steady-state kinetic behaviour of the intermediates.
In so-called relaxation (single turnover) pre-steady state experiments, the enzyme and
substrate are usually premixed and at a state of equilibrium. By suddenly disturbing
the equilibrium, for example by a pulse of light from a laser, the system will return to
its initial equilibrium or to a new equilibrium state. The laser flash may induce
‘natural’ photochemical reactions such as electron transfer in plant and bacterial
photosynthetic systems. In another type of relaxation pre-steady state experiment, ES1
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(Eq. 3) may be formed from a photo-labile substrate-analogue (‘caged compound’)
that is converted into a true substrate upon a pulse of light, obviating the need for
rapid mixing25-27. In particular, when the caged compound is already bound to the
enzyme before the light pulse, the reaction between E and S will be very fast, and
limited only by the kinetics of the photochemistry, which can be slow. Alternatively, a
laser may rapidly change the temperature of the enzyme/substrate mixture, which
subsequently evolves to a new equilibrium at the higher temperature. Similarly, an
equilibrated system may be subjected to a sudden change in pressure. As Table 1
shows, the time resolution of the relaxation techniques is superior to that of the
mixing techniques, which is mainly due to the advent of sub-femtosecond lasers24.
The mixing of liquids and subsequent spectroscopic observation of the mixture on a
µs or shorter time-scale presents an important technological barrier. In spite of their
time limitation, the mixing techniques offer a wider range of applications than the
relaxation techniques. Today a variety of different pre-steady state mixing instruments
is used in studies of biochemical or chemical systems such as stopped-flow,
continuous-flow, rapid quenched-flow, rapid freeze-quenching and microsecondfreeze hyperquenching.
Table 1. Dead-times of various pre-steady state kinetic techniques
Pre-steady state kinetic techniques
Instrumental dead-time*
Turbulent Flow Mixing Techniques
Continuous-flow (minimal mixing time)39
15 µs
Capillary micro-mixers23,39,41
45 µs
16,45,46
Microsecond Freeze-HyperQuenching (MHQ)
75 µs
Chemical Quenching23
60 µs/1 ms
28
Rapid Freeze-Quenching (RFQ)
5 ms
62
Stopped-flow
0.5 ms
Diffusive Flow Mixing Techniques
Continuous-flow hydrodynamic focusing51-55, *

1-500 µs

Relaxation techniques
Laser Flash Photolysis (shortest pulse)24
Photochemistry24
Pulse-probe (e.g. photosynthesis)24
Temperature jump111
Time resolved X-ray diffraction110
Caged compounds/Flow-Flash112,113
Pressure-jump114
*see section 4.5 for a discussion on the dead-times

< 1 fs
5 fs
100 fs
5 ps
200 ps
1 ns
50 µs

The King-Altman method is a well-established and easily applicable method to derive
steady-state rate equations for both simple and complex enzyme mechanisms10,17. The
derived equations generally provide quantitative fits to the experimental data.
Quantitative analysis of pre-steady state kinetic data requires analytical integration of
the rate equation in order to describe the substrate, intermediate and product
concentrations as a function of time. However, analytical integration of the fully
reversible Michaelis-Menten equation or of the three component reaction
A ↔ B ↔ C already presents a formidable challenge. The mathematical expression is
24
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greatly simplified when one or more reaction steps are (quasi-) irreversible or when a
relatively stable intermediate is formed. When all reactions are treated as irreversible
(Eq. 3), the analytical expressions describing the kinetics of the intermediate states
become progressively more complex in relation to the number of intermediates.
However, the numerical solution for an infinite series of reactions as in Eq. 3 requires
a short computer programming procedure. The equations of the type
> L
>
= ∙ : … N
O ∙ : O are repeatedly integrated to give the desired
quantitative time dependent concentration information.
3. The design of rapid mixers
3.1 Turbulent mixing
The ideal mixing device should, under turbulent flow conditions, enable complete
mixing over very short distances by uniformly dispersing the reactants to the
molecular level. Diffusion and collision of the reactants constitute the basic steps in
mixing, after which the reaction proceeds. Turbulence enables the solutions to breakup into very small volume elements known as turbulent eddies. Smaller turbulent
eddies yield shorter diffusion distances and hence faster mixing. Various mixers that
enable efficient turbulent mixing have been designed over the years. The most
commonly used mixers are the simple T-mixers (SF UV-Vis and RFQ), multiple-jet
tangential mixers (SF UV-Vis/FTIR and RFQ), the Berger ball mixer (SF UVVis/EPR/FTIR) and the co-axial type mixers such as the ball mixer used in the
capillary micro-mixers (CF UV-Vis/EPR) (Figs. 1, 2, 8 and 9 and Table 2)3,16,23,28-45.
a

b

Figure 1. (a) Commonly used T-mixer in stopped-flow devices. Channel bores are usually ~0.5-2 mm,
but only 60 µm in the T-mixer used for MHQ42. The figure is adapted from de Vries† 200719.
(b) Berger ball mixer used in stopped-flow devices. R1 and R2 denote reactant 1 and reactant 2,
respectively. The drawing is after Berger 196830.
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a

b

Figure 2. (a) Capillary ball micro-mixer used in continuous-flow devices. Approximate dimensions are
0.15 mm and 4 mm for the inner- and outer-capillaries, respectively and 0.25 mm for the observation
cell. The drawing is adapted from de Vries† 200719. (b) Schematic drawing of the four-jet-tangential
used in stopped-flow and rapid freeze-quench devices. The complete mixer is built by pressing the
three (Teflon) gaskets A, B and C on top of each other (as in the right part of the figure, see also Fig.
8). The four-jet tangential mixer can easily be extended to a multiple stream mixer. See text, Fig. 8 and
original papers for further details. R1 and R2 denote reactant 1 and reactant 2, respectively.
Table 2.Technical properties of various Continuous-flow rapid mixing devices and comparison with
commercial Stopped-flow apparatus*
Continuous-flow
Stopped-flow
Technical properties
Shastry et al.41
Majumdar et al.80
Commercial SF
quartz capillary
turbulent microType of mixer
T-mixer, Berger ball
mixer
mixer
pneumatic drive
double syringe
pneumatic drive ram or
Reactant driving system
ram
pumps
stepper motor
Path length of the optical
Observation in
2 mm fluorescence
250 µm
cell
free jet
10 mm absorbance
Mixing volume
~10 nL
~5 nL
30 µL
Channel or orifice
250
70
2,000
diameter (µm)
Re in mixing chamber or in
30,000
5,500
40,000
orifice
Maximum back pressure
1.0
>7.0 bar
0.2-1.0
(∆P, MPa)
-1
-1
Maximum flow rate
40 mL min
>30 mL min
50 mL s-1
Linear flow rate in channel
or jet (m s-1)

>10 in flow cell

79

20

Mixing dead-time (µs)
15
10
600
Total instrumental dead45-100
14-20
500-2000
time (µs)
3
-3
-3
-1 -1
*Calculations of Re and ∆P are based on 4 = 10 kg m and η = 10 kg m s

The efficiency of mixing depends on the dimensionless Reynolds number, Re, used to
characterize different flow regimes. Laminar flow, characterized by a smooth,
constant fluid motion, occurs at Re < ~2000 for flow through pipes, where viscous
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forces are dominant. Turbulent flow occurs at Re > ~2000 for pipe flow and is
dominated by inertial forces, according to equation:
' =

-∙.∙
0

(Eq. 4)

In Eq. 4, ρ is the density of the solvent (equal to 1000 kg m-3 for water at 20°C), < 6 >
the linear average flow velocity of the liquid (m s-1 in a channel), d the hydraulic
diameter of a channel (in m) and η the dynamic viscosity (equal to 10-3 kg m-1 s-1 for
water at 20°C). The values for ρ and η are relatively constant in aqueous solution and
the instrumental mixing time depends mainly on the mixer’s geometry and
dimensions (width, depth and length of the channel) and on the flow rate.
Consequently, in order to achieve rapid and efficient mixing with turbulent flow (Re >
2000-2500), in a minimal period of time, high flow rates are required as well as
relatively large channel dimensions (d > 100 µm). High flow velocities require large
amounts of energy to be delivered by the drive-ram systems. The high fluid flow
velocities can cause cavitation, which occurs when the pressure of the liquid falls
below its vapor pressure leading to evaporation. The vapor bubbles resulting from
cavitation are detrimental for optical analyses. High flow velocities also lead to
pressure (∆P) build-up according to Bernoulli’s velocity/dynamic pressure equation:
∆P = 0.5 ⋅ ρ ⋅ (< υ >)2

(Eq. 5)

At high concentrations of reactants, the mixing efficiency and/or rate of mixing may
decrease due to the increase of the viscosity of the solutions. As a consequence Re
may fall below ~2000 resulting in incomplete mixing. The viscosity also increases
with decreasing temperatures, in particular when cryo-solvents (glycerol or ethylene
glycol) are used to perform kinetics at sub-zero temperatures. To maintain high flow
rates of viscous solutions a powerful drive-ram system is needed such as a hydraulic
or pneumatic ram. Regular HPLC pumps capable of providing 40 MPa of pressure
may also be sufficient16,19,45,46. The air pressure of regular drive-ram systems of
commercial SF instruments (operating up to 1 MPa) may, however, be too low to deal
with viscous solutions as encountered in RFQ experiments, but a powerful steppermotor will do.
3.2 Laminar flow mixing
Mixing under laminar flow conditions will occur rapidly when the distance over
which fluids have to be diffusively mixed is very small. Laminar flow mixing is a
good alternative to turbulent mixing especially when one has limited amounts of
reagents. As a result of rapid developments in the fields of micro- and nanomachining and lithography, micro-mixers with flow channels as small as 1 µm or
even smaller have been manufactured. The diffusion time for solutes (tdiff) is given by
Eq. 6:
P

QRR

S

= 8∙T

(Eq. 6)

The diffusion time, tdiff is proportional to the square of the distance or the channel
diameter, d over which molecules have to diffuse. For a small molecule with diffusion
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constant: D ~ 10-9 m2 s-1 the diffusion time is ~500 µs for a channel of 1 µm. Thus, by
decreasing the diffusion distance, the mixing-diffusion time becomes shorter. Based
on this principle, different types of diffusive mixers have been developed, such as the
glass-silicon-glass mixer (SF FTIR) and the LIGA (lithography, electroplating and
molding) structured stainless-steel mixer (SF FTIR)47-49. These laminar-flow systems
require small sample volumes, and low flow rates of a few nL s-1, which is ideal for
the study of expensive biochemical samples. The operating pressure is very close to
ambient.
Hydrodynamic focusing represents a recent development to employ diffusive micromixers with minimal amounts of sample consumption. Through specific solvent
delivery and mixer geometries, a liquid flow is squeezed or ‘hydrodynamically
focused’ into a thin stream, reducing the diffusion distance to 50-100 nm and yielding
a diffusive mixing time in the microsecond time range50-55. However, the slow onset
of mixing may result in true dead-times that might in fact be longer, on the order of
~500 µs55. See also Paragraph 4.5 for a discussion on the reported mixing times.
3.3 Mixers and dead-times
Figs. 1 and 2 show the most commonly used mixers. The T-mixers are the simplest
and most classical types of mixers (Fig. 1a). At the point where the two fluids collide,
the mixing is initiated but generally not complete. Mixing is completed within a short
distance just downstream (dead volume), in the region between the initial collision
point of the two fluids and the observation chamber. The total dead-time of a stoppedflow apparatus with a T-mixer corresponds approximately to the time needed to fill
the dead volume region and the observation chamber. This dead-time depends on the
linear flow rate in the system and can be decreased by increasing the flow rate, which,
however, increases the pressure. The dead-times achieved by commercial stoppedflow devices (~1-2 ms) are often limited by the pressure the SF instrument can
withstand. In miniaturized stopped-flow cells, less time is spent filling the observation
cell, which results in dead-times of ~0.5-0.7 ms (Table 2).
In the Berger four-jet ball mixer (Fig. 1b), the mixing of two solutions is driven by
turbulence as the solutions flow at high velocities around a sphere30. Behind the
sphere, the solutions enter a zone of high turbulence where they are completely
dispersed into small volume elements resulting in complete mixing within 100 µs.
Mixing is rapid because diffusion occurs over very short distances. The design of the
co-axial capillary mixer (Fig. 2a) is based on the concept of the Berger-ball mixer39.
Co-axial mixers consist of an inner and an outer coaxial glass capillary, which form
the mixing chamber together with a small (50-250 µm) platinum sphere placed at their
junction and at the conical end of the outer capillary. The two solutions run parallel
through co-axially positioned capillaries over a short distance towards the sphere. At
this stage, the two solutions do not mix because of the low Re. Mixing occurs in the
small opening (5-10 µm wide) between the sphere and the outer capillary wall. The
rapid flow of the solutions around the sphere (~100 m s-1) produces a small area of
high turbulence (Re ~ 30,000) and the reagents are mixed behind the sphere within 10
µs (Table 2). Without the sphere, the channel dimensions and flow rates would yield
a calculated Re of ~1500, insufficient for rapid and complete mixing. The capillary
micro-mixers have proven to be fast and versatile mixing devices. The great
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advantage of the capillary micro-mixers is the short dead-time while operating at low
pressures.
Four-jet tangential mixers (Figs. 2b, 8 and 9) are used in stopped-flow instruments but
more commonly in RFQ and miniaturized MHQ (Figs. 8 and 9)16,28,34,44-46,56,57. The
four-jet tangential mixer used in SF and RFQ instruments consists of three parts (Fig.
2b). On top lies a thin gasket with two half-moon holes, each for one reactant. The
liquid stream of each half-moon channel is divided into two in the relatively thick
gasket containing the four-jet pattern. Here the liquid flows from the side to the centre
(‘the pre-mixing chamber’) and is subsequently forced downward through a small
hole in the centre of a thin gasket. In this last gasket the actual mixing occurs. The
mixing time in this mixing chamber is ~50 µs (Table 5). The three gaskets are pressed
together firmly in a mixer body to prevent solvent leakage (see also Figs. 2b, 8 and 9).
In practice the four-jet tangential mixers are capable of mixing concentrated protein
solutions more effectively than T-mixers. It is possible that the presence of the
angular momentum of the flow helps to accomplish this.
3.4 The stopped-flow method
The first turbulent-mixing instrument that was faster than manual mixing was
described by Hartridge and Roughton in 192358. The dead-time of this continuousflow instrument was ~10 ms and improved to ~2 ms in 193059-61. The two reactants
are efficiently mixed using a modified Rolls-Royce carburettor made of brass. The
approach is based on the principle of alternating multi-stream mixing of reactants by a
four-jet tangential mixer. The mixed reactants enter a flow observation tube and the
reaction progress is monitored perpendicular to the flow tube at various points. By
knowing the flow rate, the distance can be translated into reaction time. The high flow
rates require large sample volumes for experimentation.
The stopped-flow technique, introduced by Roughton in 1934 was greatly improved
by Britton Chance in 194031,61,62. It is currently the most frequently used method for
the pre-steady state enzyme kinetics studies because of its sample economy,
improvement in time resolution, and wide dynamic time range. In the commercial
stopped-flow systems (Fig. 3 and Table 2), small volumes of the two reactants, e.g.
enzyme and substrate, are simultaneouslyforced by a fast drive-ram system (a
pneumatic actuator or stepper motor) into a high efficiency mixer to initiate the
reaction. High flow rates of approximately 5-15 mL s-1 and relatively large channel
diameters of 1-2 mm ensure turbulent flow conditions (Re > 5000, Table 2). The
volume of the mixed reactants displaces the previous content of the relatively large
observation flow cell (40 µL cuvette, dimensions 2 mm x 2 mm x 10 mm). The
volume injected is limited by the volume set by the (emptied) stop syringe. When the
volume of the stop syringe is filled, the plunger hits a block, causing the flow to be
stopped ‘instantaneously’. This volume of the stop syringe is set so that just prior to
stopping, a steady state flow has been achieved. To prevent having any contamination
of the previous experiment in the mixing chamber, the volume of the stop syringe is
two to three times that of the volume of mixer and flow cell (~100 µl). The mixed
solution that enters the flow cell is ~1-2 ms old, which corresponds to the dead-time
of the stopped-flow device.
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Figure 3. Schematic diagram of the Stopped-Flow apparatus. When the stop syringe is omitted the
same setup can be used in the continuous-flow mode. Common dimensions of the optical cell are ~ 2
mm x 2 mm x 10 mm.

Mixing options for the stopped-flow technique include multi-mixing (also known as
double- or sequential-mixing) where more than two reactants are mixed in two or
more consecutive mixing steps. Moreover, for applications where only very small
quantities of reactants are available, variable ratio mixing using syringes of different
sizes is preferable. In stepper-motor driven stopped-flow devices, variable mixing
ratios can be obtained by programming different motor speeds for each syringe. Most
stopped-flow equipment operates over a wide temperature range (-80 to +50°C).
To monitor the reaction progress, the contents of the observation cell are illuminated
by a light source and the change in optical properties (absorbance, fluorescence,
circular dichroism) is monitored in real time either from the moment when the mixed
reactants enter the observation cell (using a pre-trigger) or when initiated by the stop
of the stop syringe. Improvement in the time resolution (to ~0.5 ms) came recently
with miniaturization of the observation cell by several stopped-flow manufactures.
Since the first introduction of the stopped-flow method, its field of application has
expanded enormously. Present date stopped-flow devices are well-suited to deal with
a great variety of non-aqueous solvents and enable anaerobic experiments, studies at
sub-zero temperatures, at very high temperatures63,64. High-pressure stopped-flow
instruments have been developed that operate at 200 MPa (2-3 ms dead-time) to study
protein (un)folding25. In addition, stopped-flow instruments have been designed that
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enable fluorescence lifetime measurements, FTIR (dead-times of 5-100 ms), NMR,
EPR, and EXAFS analyses35,43,44,48,49,56,57,63,65-79.
3.5 Continuous-flow instruments
Continuous flow methods are used in pre-steady state enzyme kinetic studies and
kinetic studies of protein folding. In the continuous flow experiment two or more
fluids are continuously forced at high flow rates through a mixer where they are
completely mixed under turbulent flow conditions. The progress of the reaction is
then observed at different times under steady-state flow conditions at several distances
from the mixer along the flow cell. Monitoring of the reaction is most commonly
performed by fluorescence or UV-Vis absorbance spectroscopy. The dead-time of
continuous-flow instruments is considerably shorter than of the stopped-flow
apparatus, however, the consumption of reagents is much higher23. Reduction of
sample amount became possible with advances in mixer design and detection
methods. These advancements made it possible to achieve efficient, ultra-fast mixing
and to acquire a complete kinetic profile in a few seconds.
In 1985, Regenfuss et al. introduced a continuous-flow capillary jet mixer where the
principle of co-axial mixing was combined with the Berger ball mixer (Figs. 1b and
2a)29,30,39. The original design of the co-axial ball mixer or capillary micro-mixer by
Regenfuss et al. was impractical because it was delicate and difficult to manufacture,
and the progress of the reaction had to be monitored in an unstable, free-flowing jet
by measuring fluorescence emission at various distances downstream from the
mixer41. Continuous-flow experiments involving a free-flowing jet, in general,
encounter difficulties due to instability of the jet and optical scattering artefacts80.
Shastry et al. have successfully overcome the limitations of the Regenfuss continuousflow capillary mixing apparatus by replacing the glass with a more sophisticated
quartz capillary mixer with a fused-silica fluorescence observation flow cell, and a
custom-made partially opaque absorbance flow cell, both of which have 0.25 mm path
length23,41. The design was further improved by integrating a digital camera with a
UV-coated CCD detector into the detection system, which covers almost the entire
UV-Vis spectral region (200-1000 nm) (Fig. 2a). The mixing time of 15 µs and the
dead-time of 45 ± 5 µs of this mixing apparatus made it possible, for example, to
study the kinetics of the early stages of protein folding by recording either the
fluorescence profile or the transmittance/absorbance spectra along the whole length of
the observation cell (10-15 mm) starting from the dead-time to about 2 ms.
4. Specialized stopped-flow and continuous-flow instruments
4.1 Stopped-flow FTIR
Fourier transform infrared spectroscopy coupled to the stopped-flow is a technique of
particular interest because it provides direct structural and kinetic information on
proteins in their native state in aqueous solution or in membranes. For example,
secondary structures in proteins can be analyzed from the characteristic amide I
bands around 1650 cm-1 or the binding of diatomic gases to metal centers can be
probed using isotopes. Water, the natural solvent for many biological
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macromolecules, has a strong absorbance at 1643 cm-1 that overlaps with the spectral
areas that provide the corresponding protein structural information. To achieve good
signal/noise ratios in the amide I region with protein solutions in water, the influence
of water has to be minimized by decreasing the IR cell path length below 10 µm49.
The alternative is to work with concentrated (~mM range) protein solutions in
deuterated water so that IR cuvettes with long path lengths of 25 µm up to 100 µm
can be used to increase the S/N ratio43,44,48. Table 3 shows some technical properties
of various infrared stopped-flow instruments and a comparison with the commercial
stopped-flow apparatus.
The design of an IR cuvette coupled to the stopped-flow system is accompanied with
several technical problems. The flow resistance of the thin cell increases with the
inverse cube of the path length, which results in a high pressure build-up. Even a
slight pressure variation can induce noticeable changes in the path length and thus in
apparent IR-signal intensities. This problem can be resolved by using a more robust
sealed cell of small internal volume, with thicker (4 mm) CaF2 walls and with a fast
relaxation time, τr, - the time required for the cell to relax from the pressurized to its
depressurized path length when the flow is stopped49. Therefore, the IR cell has to be
of high mechanical stability and maintain a constant path length because even
relatively low flow rates of ~3 mL min-1 lead to high pressure drops in the cell49.
High flow rates are often a requirement for efficient turbulent mixing of aqueous
solutions, in particular, when working with concentrated viscous proteins. In this
respect, the design of an SF-FTIR apparatus that operates at reduced flow rates and
low pressures enabling fast mixing by diffusion was a very constructive
development48,49. Moreover, in order to avoid high pressure fluctuations, while
decreasing the dead volume and preventing formation of air bubbles, the stoppedflow apparatus was equipped with HPLC components, rather than a drive-ram
system. Fig. 4 shows the diagram of the FTIR stopped-flow apparatus designed by
Masuch44.
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Figure 4. Schematic drawing of the Fourier Transform Infrared stopped-flow instrument. The figure
has been redrawn after Masuch and Moss 200349.

33

Chapter 2
___________________________________________________________________________
Table 3. Technical properties of various Infrared Stopped-Flow instruments and comparison with
commercial Stopped-Flow apparatus
Technical
properties

Stopped-flow
Infrared
Commercial SF

White et al.44

Kakuta et al.48

Tang and Gai43

Masuch and
Moss49

Scanning speed
(resolution)

4 s-1 (2 cm-1)

4 s-1

50 ns
MIR diode laser

30 ms (4 cm-1)

Type of mixer

T-mixer

six-jet turbulent
mixer

glass-siliconglass
diffusive mixer

Berger ball
mixer

LIGAstructured
stainless-steel
diffusional
mixer

Reactant driving
system

pneumatic drive
ram or stepper
motor

pneumatic drive ram
operating at 0.55
MPa

double syringe
pump

stepper motor

single highpressure syringe
pump

Path length of the
optical cell

2 mm
fluorescence
10 mm
absorbance

50 µm

25 µm

100 µm

<10 µm

Max. back
pressure

200-800 KPa

2-3 mL s-1

3.5 MPa mixer
10 MPa flow
cell
0.05 mL s-1

15 µL

0.7 µL

5.7 ms

90/120 ms

Max. flow rate
Volume of the
optical cell
Total instrumental
dead-time

19 MPa in the drive
system

50 mL s-1

0.83 µL s-1

40 µL

10 µL
1cmx 2cmx 50mm

0.5-2 ms

40 ms

> 1.4 s

The time resolution of the stopped-flow IR devices is also determined by the
scanning rate of the Fourier transform interferometer, and the mechanical movement
of the mirror. Scanning rates are typically 100 s-1 at 8 cm-1 spectral resolution, but a
rate of 25 s-1 at 2 cm-1 is needed to resolve overlapping bands characteristic of
specific conformers of enzyme-bound ligands. Depending on the SF-FTIR apparatus
used, the time resolution may vary, but is roughly in the range from 40 to 90 ms
(Table 3)44,49. Scan averaging is used to achieve higher time resolution and improve
the signal-to-noise (S/N) ratio at the cost of large quantities of reagents.
By designing an IR detection system equipped with a mid-infrared diode (MIR) laser
and a mercury cadmium telluride detector (MCD #41), Tang and Gai greatly
improved the dead-time of the stopped-flow IR apparatus to 6-15 ms, which was
dependent on the flow rates and limited by the mixing time only43. By using a
quantum cascade (QC) MIR laser, both the time resolution (~6-10 ms) and the S/N
ratio of the stopped-flow IR instrument can be slightly improved because a QC laser
provides more power, enables broader tunability, and is more stable than the
commonly used MIR.
4.2 High-pressure stopped-flow and temperature-jump stopped-flow instruments
Pressure and temperature are both thermodynamic parameters. Changes in
temperature simultaneously perturb both volume and internal energy while pressure
changes contribute to a change in volume and temperature of a system. The equations
that describe the dependence of reaction rates on pressure or volume are analogous to
the Arrhenius equation, which links reaction rates to temperature. Furthermore,
pressure effects are governed by Le Chatelier’s principle, which states that a system at
equilibrium subjected to a stress, will shift its equilibrium in order to minimize the effect
of that stress, for example, by an increase in pressure67. Therefore, both pressure and
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temperature are powerful tools in the study of the stability and dynamics of proteins
and for the study of protein-ligand (substrate) interactions. They affect the interaction
between solvent and chemical groups on the protein surface, substrate binding,
enzyme stability and activity by perturbing the enzyme’s active site. In addition, high
pressure (and/or temperature) causes changes in the native protein conformation,
which eventually leads to protein denaturation. The volume increase upon
denaturation can be assessed from the effect of pressure. Pressures of 100-200 MPa
are sufficient to cause (the onset of) dissociation of oligomeric proteins and protein
complexes, whereas small monomeric proteins are usually denaturated in the pressure
range from 400 to 800 MPa67. Careful selection of buffers that are insensitive to
pressure and have minimal ionization volumes are recommended to distinguish
pressure effects from changes in pH.
The volume of a protein in solution is determined by three contributions: 1) the
intrinsic volume composed of the volume of all individual atoms, 2) the void volume
that is represented by the volume of internal cavities within the protein due to the
imperfect packing of amino acid residues and which is the most compressible volume
and 3) the solvation volume that is due to interactions of chemical groups on the
surface of the protein with the solvent66. Solvation includes the interaction between
water molecules and the apolar domains, dissociation of substrate, breaking of ionic
salt linkages, charge transfer interactions as well as the stacking of aromatic
residues81. Only the second and the third contributions to the volume of proteins are
usually significant in determining pressure dependent changes in structure and
activity. The void volume contributes positively and the solvation volume contributes
negatively to the total volume change when going from low to high pressures.
Denaturation is accompanied by a large increase in solvation, yet an overall decrease
in molar volume.
High-pressure stopped-flow (HPSF) instruments facilitate the study of a great number
of enzyme reactions at elevated pressures and low and/or high temperatures (Table 4).
Experiments at low temperature are not only desirable because the reaction rates
decrease, thus enabling detection of transient enzyme-substrate intermediates, but also
because protein denaturation can be avoided. Even a moderate pressure increase can
lead to enzyme inactivation without a clearly discernable change in the protein’s
secondary structure. Such slight perturbations in the active site of an enzyme can be
analyzed by HPSF experiments.
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Table 4. Technical properties of Temperature- and Pressure-jump Stopped-Flow instruments
Stopped-flow
T jump
P jump
High P, wide T range
Technical
Hui Bon
properties
Kintses
Balny et al.56
Hui Bon
Bugnon et al.57
Hoa et
64
66
et al.
Hoa et al.
al.63
2-jet tangential
Type of mixer T-mixer
4-jet tangential mixer
mixer
Max. flow rate 18 mL s-1
1 mL s-1
Path length of
2 mm fluorescence
10 mm
5 mm
the optical cell
10 mm absorbance
Volume of the
25 µL
40 µL
30 µL
400 µL
optical cell
P jump
100-800
Pressure range
200 MPa
200 MPa
±20 MPa
MPa
Temperature
T jump
-40 to
-20 to +30OC
-40 to +100OC
Range
of 60OC
+30OC
Total
instrumental
0.9 ms
< 3 ms
< 2 ms
20/50/100 ms
seconds
dead-time

One of the first high-pressure systems called the ‘optical bomb’ was designed by Hui
Bon Hoa in 19823. This instrument was easily incorporated into conventional
spectrophotometers and could handle pressures as high as 700 MPa, and was capable
of absorbance and fluorescence detection between -40°C to +30°C. The main
components of the system were a high-pressure chamber (equipped with 10 mm thick
sapphire windows and immersed in a thermostat bath containing liquid ethanol,
silicon oil or n-pentane), Bridgman’s high-pressure seals, a metallic transducer for
monitoring the pressure and a high-pressure generator. An optical sample cell, made
from a special quartz square tube (5 mm path length, 400 µL in volume), sealed by a
flexible Teflon membrane was mounted inside the pressure chamber. Dry nitrogen
gas was used to prevent ice formation at the windows or the sample cell. Even though
the sample cell could be pre-cooled and rapidly closed prior to the mixing
experiments, the instrumental dead-time was quite long, in the minute time range. In
this case the dead-time comprises the time to fill the sample cell with mixed solutions
and closing the cell.
A subsequent high-pressure system designed by Balny was a modification of the
‘optical bomb’ described above and could only operate in UV-Vis absorbance
mode56,65. The instrument can handle pressures and temperatures in the range of 10-4
MPa to 200 MPa and -20°C to +30°C, respectively. The instrumental dead-time was
greatly improved to 20, 50 and 100 ms in water at 20°C, in 40% ethylene
glycol/water at 20°C and at -15°C, respectively. The improvements included a rapid
optical detection system and maintenance of thermal and pressure homogeneity in the
high pressure-bomb by housing of the stopped-flow apparatus (equipped with the
two-jet tangential turbulent mixer) inside the bomb56. To avoid possible metal-ion
sample contamination, the sample cuvette (2 mm x 10 mm) was made from glass or
plastic. One of the key design elements of an HPSF system that is capable of
operating at low temperature, is the choice of the liquid pressure transmitter (silicon
oil), since it must be transparent in the UV-Vis spectral region, be noncorrosive, be
inert towards biological compounds and must remain fluid under high pressure and
low temperature conditions.
36

Rapid mixing techniques for the study of enzyme catalysis
___________________________________________________________________________

The developments of stopped-flow instruments at the end of the last century made it
possible to study fast enzyme reactions over wide temperature and wavelength ranges
between -40°C and +100°C and 220-850 nm, respectively, and at pressures up to 200
MPa57. The modern HPSF system can be used with various solvents, and is capable
of recording simultaneously in absorbance and fluorescence modes. This HPSF
system can be easily integrated into a conventional ambient pressure setup by using
light guides. The dead-time of the setup (time needed for the reacting components to
travel from the 4-jet tangential mixer to the observation cell) was <2 ms in aqueous
solution, up to 200 MPa and at room temperature. The observation cell (2 mm x 2
mm x 10 mm) has 2 mm and 10 mm path lengths in fluorescence and absorbance
modes, respectively.
Pressure and temperature-jump techniques are suitable methods to reveal mechanistic
details of enzyme reactions. An apparatus able to produce 20 MPa changes in
pressure with a dead-time of <3ms was designed by Hui Bon Hua66. The basic
principle is to apply a pressure jump by quickly applying an excess of pressure via a
pneumatic valve to a system at equilibrium and to monitor the rate at which the
system reaches the new equilibrium state. In contrast, the novel temperature-jump
stopped-flow (T-jump SF) technique enables one to study enzyme reactions at
extremely high temperatures, even above the denaturation temperature, provided that
the reaction rates exceed those of the denaturation process itself66,82. The mechanism
of an enzyme reaction can be resolved in greater detail if the temperature
dependencies of the various individual reaction steps are different. Furthermore, Tjump SF is helpful to determine the relation between protein (un)folding and
temperature over a wide range of temperatures. With this apparatus (Fig. 5) single
and double mixing experiments can be performed. In the case of single mixing
experiments, the heat-sensitive enzyme and the heat-stable substrate are first
equilibrated at room temperature. The reactants are then rapidly pushed from the two
syringes. The substrate is quickly heated to a temperature well above the reaction
temperature by passing it through a heating loop on its way to the mixer. When the
enzyme and the heated reactant meet in the mixing chamber the reaction temperature
is established. Very high temperature jumps of 60°C can be achieved almost instantly
by applying the double or sequential mixing technique. After the first stopped-flow
push of the drive ram system, the substrate is preheated in the heating loop (up to a
temperature of 90°C) and mixed with the heat-sensitive enzyme. On their way to the
second mixer, the reactants come to thermal equilibrium by flowing through a delay
line during which time the enzyme should not denature. After the second stoppedflow push, the reacting solution is heated to its final temperature when it makes
contact with the hot buffer of the second mixer. Since the rapid T-jump occurs
simultaneously with the mixing of reactants, there is no additional increment to the
instrumental dead-time (1 ms) due to the T-jump. This strategy allows enzymes to be
characterized in much wider temperature ranges and consequently Arrhenius and van
‘t Hoff plots can be determined in broader temperature ranges too.
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Figure 5. Schematic representation of the Temperature-jump stopped-flow instrument. The
approximate volume of the cuvette is 25 µL. The figure is drawn after Kintses et al. 200664.

4.3 Continuous-flow EPR and stopped-flow EPR
EPR spectroscopy can usually be performed at room temperature when monitoring
radicals, as opposed to transition metal ions, which must be monitored at lower
temperatures. A continuous-flow aqueous sample cell for X-band EPR spectroscopy
has been commercially available for a long time. This aqueous sample cell setup has a
dead-time of ~5 ms and an improved modified version has an estimated dead-time of
~1 ms; both setups are suitable for kinetic studies on radical systems83. Continuous
flow systems are, however, very uneconomical in terms of reagents.
The first stopped-flow EPR instrument was reported in 1980 using a four-jet
tangential mixer75. The dead-time was only ~1 ms owing to the large flow velocities.
However, the vigorous stop of the liquid flow produced strong mechanical shocks of
the finely tuned resonant cavity (microphonics), which resulted in large artificial
peaks in the EPR spectrum, limiting the kinetics analyses75. Two developments have
greatly improved the performance of continuous-flow and stopped-flow EPR devices.
One is the use of stepper motors to drive the syringes containing the reactants. The
second one is in the cavity design. The new instruments use a so-called loop-gap or
dielectric ring resonator.
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The continuous-flow EPR device described by the Scholes group has a sophisticated
aqueous sample cell which enabled the kinetic resolution of the rapid refolding of
spin-labelled iso-1-cytochrome c with a time resolution of 150 µs. The aqueous
sample cell is based on the continuous-flow capillary mixer35,41,77. The major
disadvantage of this system remains the uneconomical use of protein (~1 mL at
~0.5mM for one experiment), in spite of the very small detection volume of only ~ 0.5
µL. EPR spectroscopy at room temperature in aqueous solution is rather insensitive
requiring high concentrations of sample. The practical consequence is that the low
population of native transient radicals which accumulate to <10% usually fall below
the detection threshold, thereby limiting the main biochemical applications of EPR to
spinlabel-modified proteins. The study of native transient radicals is facilitated by the
RFQ and MHQ instruments.
A sophisticated stopped-flow EPR setup was recently reported, which builds further
on the continuous-flow device described the Scholes group that incorporates a loopgap resonator and stepper motors76. The device has a hard-stop valve and is built in a
compact way to minimize microphonics. Mixing is achieved with a small Berger ball
mixer with a total dead-time of 330 µs. The full technical details, which deal to a great
extent with the optimization for EPR studies, have not been included in this review.
Further details are provided by Lassman et al., who gives a detailed historical
overview of the development of continuous-flow and stopped-flow EPR equipment76.
4.4 Other stopped-flow techniques
Stopped-flow NMR instruments were first constructed in the 1970s73. The key to
producing the short dead-time is to position the mixer and observation cell close
together. The mixer components usually disturb the magnetic field homogeneity
hampering reliable data acquisition. As a consequence the mixer is placed outside the
magnetic field coils. Most instruments have dead-times of 100-200 ms, but the best
apparatus has a total dead-time of approximately 15 ms68-73. Another miscellaneous
stopped-flow technique using EXAFS detection has been described with a dead-time
of ~5 ms, but no biological applications have been reported so far78.
4.5 Hydrodynamic focusing
As a fluid flow is squeezed or ‘hydrodynamically focused’ into a thin stream, the
diffusion distance is reduced to as little as a few nanometers, yielding diffusive
mixing times in the microseconds. Hydrodynamic focusing (lamination) was first
proposed by Brody et al. and has opened new avenues to achieve rapid mixing at low
pressures and with minimal sample consumption50. Hydrodynamically focused
continuous-flow mixers, capable of mixing liquids within 10 ms, with sample
consumption rates of nanoliters per second were developed by Knight et al. in 199853.
This mixer consists of four channels (two inlet-side channels, a central inlet- and
single outlet-channel), which are 10 µm deep and wide and intersect at the center of
the mixer chip (cf. Fig. 6). The buffer solutions from two symmetric orthogonally
positioned inlet channels focus the sample solution from the center channel, which
ends in a nozzle of 2 µm, into a thin stream down to the exit channel. Once focused,
this thin stream maintains its small width of less than 50 nm unless it is broadened by
an increase in channel width or by diffusion into the side flow. The width of the
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focused stream does not depend on the magnitude of the applied pressure, but rather
on the ratio (α) of the side pressure (Ps) to the inlet pressure (Pi), α = Ps/Pi. This
ratio is, however, controlled by varying the flow rate ratios at the mixer intersection
(Fig. 6). Hertzog et al. improved the methodology to create a device with a mixing
time of 8 µs52. The mixer consists of a sample stream (60 µm wide and 9 mm long)
that enters the mixing chamber through a central nozzle (~1-2 µm wide) and is
focused by two side supply channels (60 µm wide and 9 mm long) into a 0.11 µm thin
stream down to the exit channel (200 µm long, constant width). Moreover, the
optimization of the mixer design entailed the use of small nozzle diameters and a high
exit velocity (2.9 m s-1). The flow-rate ratios of the central and side channels of 1:100
resulted in a very short mixing time. The mixing time was decreased from 8 µs to 4 µs
with only femtomoles of sample consumption by fabrication of a small nozzle at the
intersection of the three inlet channels, which provides a local flow velocity increase
in the region where the jet is formed51. In 2007 Yao et al. improved the mixing
uniformity across the streamlines prior to the jet formation by reducing the size of the
nozzle (the intersection of the three inlet channels) and by minimizing the bend of the
side channel streamlines54. By increasing the local velocity in the mixing chamber and
the total flow rate of this redesigned micro-fluidics device the mixing time was
reduced to 1 ± 1 µs. These micro-machined devices with very short mixing times,
sensitive detection of very small amounts of fluorescent sample by confocal
microscopy and very low reagent consumption constitute impressive achievements.
However, the mixing times quoted by the researchers are in the authors’ opinion, not
realistic. The diffusion mixing time of ~1 µs would correspond to diffusion lengths of
~50-100 nm, which are roughly similar to the widths of the focused streams
reported51-54. However, the detection methods used to assess the mixing time,
fluorescence quenching by iodine of fluorescein and FRET (Foster or fluorescence
resonance energy transfer) in the single-strand DNA study are not reliable to establish
mixing. Both fluorescent methods work at a distance. Furthermore, the experimental
iodine to fluorescein ratio was 0.5 M to 10 µM, which is such a high excess of the
quencher that only a small amount of diffusion of the iodine would be required to
quench the fluorescence. Neither method involves a direct collision between the
reactants to quench the fluorescence, in contrast to all other test reactions that are
employed to determine dead-times of (turbulent) mixing instruments. A better test for
the determination of the dead-times of the hydrodynamic focusing instruments would
be a simple acid-base reaction with the reagents in an approximate 1:1 ratio with a
pH-sensitive fluorescent dye like HPTS (1-hydroxypyrene-3, 6,8-trisulfonate).
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Figure 6. Continuous flow hydrodynamic focussing. (a) Hydrodynamic focusing with Pi = 5 psi and
α = 1.1 in the mixing region of the continuous-flow mixer. The three dimensional structure of
hydrodynamically focussed streams with Pi = 5 psi and (b) α = 0.5, (c) α = 1.0 and (d) α = 1.1.
Redrawn after Figs. 1 and 2 in Knight et al. 199853.

5. Rapid freeze-quenching techniques
Rapid-mixing/rapid-freezing techniques (RFQ) were developed in the 1960s and
1970s and initiated by workers in the field of metallo-redox-enzymes.3,28,84-88. These
researchers aimed to understand the role of transition-metal centers in enzyme
catalysis for which EPR spectroscopy is of enormous value. However, EPR
spectroscopy of transition metals must generally be performed at low temperatures to
slow down spin relaxation, which renders the continuous-flow and stopped-flow
techniques described above inadequate. In addition, EPR and several other
spectroscopic methods require relatively high concentrations of proteins or enzymes,
yielding solutions of high viscosity. In order to obtain Re > ~2000 a four-jet tangential
mixer was designed that proved capable of mixing viscous solutions in conjunction
with a more powerful sample delivery device or drive-ram system than is normally
used in the stopped or continuous-flow devices.
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Figure 7. Basic sketch of the rapid-mixing rapid freezing setup as used in the RFQ and MHQ devices.
Liquid isopentane is cooled to 130-140 K; the shortest distance between mixer body and isopentane is
~1-2 cm. In MHQ devices, rotating cold plates are often used to quench the reaction. R1 and R2 denote
reactant 1 and reactant 2, respectively. The drawing is adapted from de Vries† 200719.

5.1 The rapid-mixing / rapid freezing sampling technique (RFQ)
A schematic diagram of the rapid mixing/rapid freezing setup is depicted in Fig. 7.
The instrument is commercially available and is essentially a continuous-flow system
with the addition of a quenching bath filled with liquid isopentane at ~130-140 K35.
The construction, mixer dimensions and specifications of the RFQ have been
reviewed in detail by the original designers3,28,84-88. Briefly, the RFQ instrument
consists of a powerful (~373 W) hydraulically, pneumatically or stepper-motor driven
ram to ensure that the pistons, which are tightly sealed into the syringes, are pushed at
a constant speed. The reactants are mixed in the mixing chamber (a four-jet tangential
mixer Fig. 8) and subsequently enter a tube that ends in a nozzle (diameter ~0.25
mm). The mixed reactants are sprayed through the nozzle into a bath containing the
cryo-medium where the reaction is rapidly quenched due to freezing. In most setups,
the distance between the mixer body and the liquid isopentane is approximately 1-2
cm. In order to vary the reaction time, the length of the tubing is changed rather than
the ram speed because a low a ram speed will result in inadequate mixing of the
viscous solutions (Re < ~ 2000). The shortest reaction times are obtained by omitting
the tubing and mounting the nozzle directly on the mixer body (Fig. 8). The minimal
dead-time of the RFQ is 5-7 ms19,28,33. Liquid isopentane (at ~135 K) is the most
commonly used cryo-medium for quenching, but liquid ethane (at ~90-120 K) can
yield shorter freezing times. The advantage of liquid ethane over liquid isopentane is
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that it can be pumped off under vacuum providing a solvent-free powder amenable to
resonance Raman spectroscopy, for example, at low-temperatures89,90.

Figure 8. Ballou-Palmer four-jet tangential mixer used in Rapid Freeze Quench shown in the
configuration with the shortest dead-time when the spraying nozzle is attached to the mixer body. For
longer reaction times, tubings of various lengths are attached to the mixer body, ending with a spraying
nozzle. The mixer body is made from Lucite. Figure redrawn from Ballou and Palmer 197428.

The cold powder that is obtained after spraying into the cryo-medium is difficult to
handle because of its electrostatic nature. The static electricity can be greatly reduced
by using an anti-static gun, greatly facilitating packing the powder in X-band EPR
tubes. The electrostatic nature of the fine-grained powder may cause clogging and
sticking to quartz or glass during sample preparation. Samples packed in EPR tubes
are adequate for low-temperature UV-Vis diffuse reflectance spectroscopy, resonance
Raman spectroscopy or EPR spectroscopy. However, specific devices and sample
holders must be constructed for low-temperature UV-Vis spectroscopy, Q- or Wband EPR, ENDOR, ESEEM, MCD, Mossbauer spectroscopy or x-ray absorption
spectroscopy (XAS or EXAFS)91-100. In spite of this, the sampling methodologies
enable one to study enzyme catalytic mechanisms by many different spectroscopic
methods.
The RFQ setup (Fig. 7) is easily extended to a double mixing system by using three
syringes plus a second mixer, similar to the sequential stopped-flow setup. The
sequential mixing strategy (‘push-push’) enables one to study reactions in which one
of the reactants is an unstable or metastable compound. Moreover, sequential mixing
is used in chemical-quench instruments, which may be considered a variant of the
double mixing RFQ setup101. In chemical-quench studies the contents of the third
syringe serve to quench the reaction. The tube connecting the two mixers or delay line
determines the reaction progress. The quenching media may be a highly acidic or
basic solution, or a solvent in which the reaction no longer proceeds, and/or media
which generates a phase separation of the reactant/products. The overall dead-time of
~2 ms is somewhat shorter than for rapid freeze quench. However, the dead-times of
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60 µs for chemical quenching obtained with capillary micro-mixers described above
are superior to that obtained with an RFQ-like instrument23.
5.2 The RFQ mixers and dead-time estimation
The components of the four-jet tangential mixer used in the RFQ have been described
in Paragraph 3.3 and Fig. 2b. The complete mixer as constructed by Palmer and
Ballou is shown in Fig. 83,28. The mixing time in this mixing chamber is ~50 µs
(Table 5). The three gaskets are held together in the mixer body by four long screws
that are tightened until the system is free of leaks. The spraying nozzle can be screwed
into the mixer body to obtain the shortest reaction times, or connected to tubing of
different length to vary the reaction times. Despite the short mixing time of ~50 µs,
the total dead-time of the RFQ instrument is 5-7 ms. The dead-time of freeze-quench
instruments is usually determined using the reaction of metmyoglobin with azide,
changing the initial high-spin state of the ferric heme to the low spin state, of which
the kinetic parameters have been well established16. The two spin states have different
non-overlapping EPR signals, and the amount of conversion at a particular time can
be determined in a single sample. This technique has great advantage because the
calibration of the dead-time is independent of sample packing, which can vary ±1520% between different samples. In addition to EPR, the sample analysis can be done
by low temperature UV-Vis spectroscopy or by resonance Raman
spectroscopy89,90,102.
In general, the total instrumental dead-time of the freeze-quench mixing-and-sampling
procedure (both RFQ and MHQ, see below) can be divided into three steps. In the
first step, the reactants are mixed with a characteristic mixing time (τm). In the second
step, the sample is transported from the mixing chamber to the cryo-medium through

a tube (of variable length) and subsequently as a free jet, giving τt, the sampletransport time. Finally, the sample is quickly frozen in the cryo-medium (e.g., liquid
isopentane) or on a rotating cold plate (MHQ), quenching the chemical reaction,
yielding τc, the cryofixation or quenching time19,103.

The total sample-ageing time, τa, is expressed as the sum of three terms:

τa=τm + τt + τc

(Eq. 7)

In the case of RFQ the τm is ~50 µs; the shortest transport distance to the cold liquid
isopentane bath is 1-2 cm when the spraying nozzle is directly attached to the mixer
body. At the maximal linear jet speed of ~44 m s-1 the shortest sample-transport time

τt is 0.5-1 ms. The actual freezing time τc in isopentane at 135 K is 4-6 ms with a
nozzle diameter of 200-250 µm28. Thus the total dead-time for the RFQ setup isτa 5-7

ms (Table 5). The rate of freezing is dependent on the nozzle diameter, the jet speed
and the temperature of the quenching medium. For isopentane at 100 K the freezing
time is estimated to be 8-9 ms28.
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Table 5. Specifications of rapid mixing devices performing at the limit to achieve the shortest deadtimes.*
RFQ38
MHQ
Cherepanov and
Tanaka et al.42
Lin et al.102
Technical properties
16,19,45,46
de Vries†
Mixing volume
68 nL
10 pL
5.6 nL
450 pL
Exit channel diameter, µm
200
20
60
10x100µm
Re in mixing chamber
7,000
4,000
3,000
700
Max. back pressure (∆P, bar)
9-15
200-400
12
4
Max. flow rate (ml min-1)
Linear speed (m s-1)
in channel or jet
Mixing time
Experimental Quenching time

83

4

8.4

1.2

44

200

49

20

50 µs
4-6 ms

<1µs
30-50 µs

40 µs
270-450µs a

20 µs
96-159 µs a

Total instrumental
~ 200 µs
5-7 ms
70-80 µs
Dead-time
~ 500 µs a
*Calculations of Re and ∆P are based on ρ = 103 kg m-3 and η = 10-3 kg m-1 s-1
a
Calculated by the authors of this review as described in the text

~ 50 µs
~ 175 µs a

5.3 Microsecond freeze-hyperquenching (MHQ)
The dead-time of the classical RFQ methodology of 5-7 ms is too long to study fast
enzyme reactions (turnover time below ~1 ms) such as the initial steps in the reactions
of oxidoreductases. Over the last decade the dead-time of freeze-quench instruments
has been improved to cover the microsecond time range (~100 µs). In these MHQ
(Microsecond freeze-HyperQuenching) instruments the freezing is so fast that the
produced cold powder is initially composed of vitrified water rather than tiny ice
crystals. Key to the new instrumental devices is the use of a micro-mixer, which can
be constructed by micro-machining technology. The micro-mixers that have been
described are a miniaturized four-jet tangential mixer (Fig. 9) and a T-mixer both
made from stainless-steel and a micro-fluidic mixer made from silicon16,42,45,46,102,104.
The silicon mixer contains alternating passages of 10, 20 and 50 µm (Fig. 10) that
enable mixing at low Re in the non-turbulent regime (Table 5). The advantage of this
mixer is that relatively low flow rates are needed for fast (20-25 µs) and complete
mixing and that as a consequence the build-up of pressure in the system is low (Table
5). The mixing time in the four-jet tangential micro-mixer is <1 µs due to the small
dimensions of the mixing chamber with a volume of 10 pL (Table 5). All three MHQ
instruments use HPLC pumps for solvent delivery instead of a pneumatic or hydraulic
drive-ram system as in the RFQ.
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Figure 9. Schematic drawing of the four-jet tangential micro-mixer used in MHQ16,32,45,46. Mixing
occurs in the orifice of the Pt inlay (MHQ). R1 and R2 denote reactant 1 and reactant 2, respectively.
Channels in the mixer body are 300-µm diameter, the channels leading to the pre-mixing chamber are
50-70 µm wide and deep; the orifice diameter is 20 µm. The mixed reactants of the jet are quenched in
liquid isopentane or on a tungsten-coated rotating cold plate45,46. The drawing is adapted from de Vries†
200719.
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Figure 10. Silicon micro-mixer used in MHQ by Lin et al.102. The alternating passages in the upper
part are drawn as ovals and create passages for the liquid stream of 10, 20 or 50 µm. The residence
time in the lower part leading to the jet is 23 µs; the shortest distance to the rapidly rotating silver (or
copper) rollers is 0.5 mm. The silver rollers are immersed approximately half way in a bath of liquid
nitrogen.

In spite of the miniaturization, the mixing times of the micro-mixers are not
significantly better than that of the RFQ mixer, except for the four-jet tangential
miniature mixer (Table 5). As a consequence, the speed of the jet in MHQ
instruments is not significantly higher than in RFQ setups, except for the MHQ setup
of Cherepanov and de Vries† (Table 5). All three MHQ instruments use a solid cold
surface for quenching, while the MHQ setup of Cherepanov and de Vries† can also be
used with liquid isopentane16,45,46,104. Quenching occurs on fast rotating silver or
copper wheels at 77 K in the MHQ devices of Tanaka et al. and Lin et al.,
respectively, while a rotating cylinder at 80 K is used in the setup of Cherepanov and
de Vries†45,46,104. The free jet trajectory, the distance between the mixer exit and the
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cryo-medium, is minimally 6 mm for the rotating cylinder or 2 cm when isopentane is
used in the MHQ device of Cherepanov and de Vries†16. This corresponds to minimal
sample transport times of 30 µs and 100 µs for the rotating cold plate and isopentane
quenching devices, respectively. The minimal free jet trajectory for the instruments of
Tanaka et al. and Lin et al. are ~10 mm and only 0.5 mm, respectively, yielding
minimal transport times of 200 µs and 25 µs, respectively. The sample transport times
of the MHQ devices are considerably shortened with the respect to the RFQ
instruments (Table 5).
Tanaka et al. and Lin et al. tested the dead-times of their devices with the
metmyoglobin-azide reaction and concluded that these were similar to the calculated
values of ~200 µs and ~50 µs from the mixing and sample transport times. However,
the metmyoglobin-azide test reaction reported was performed at maximal rates of
1580 s-1 (τ ~ 630 µs) and with such a comparatively low reaction rate, one cannot
determine the dead-times quoted above reliably102. Therefore, the authors of this
review consider the apparent correspondence between calculated and measured deadtime fortuitous. In addition, the calculation ignores the true freeze-quenching time,
which was carefully determined at azide concentrations where the reaction with
myoglobin proceeds at rates >10.000 s-1 16. The authors determined true freezing
times of 30-40 µs using liquid isopentane and 40-50 µs using the rotating cold
plate16,45,46. It was further determined that the freezing time is proportional to the jet
diameter, as theoretically expected45,46,105-107. Thus the true freezing time of 4-6 ms for
RFQ where the diameter of the jet is ~200-250 µm, is in fact totally consistent with
the true freezing times of 30-50 µs for a jet diameter of 20 µm for the MHQ device
designed by Cherepanov and de Vries† and a total dead-time of 70-80 µs (see Table
5). Using the jet diameters of the micro-mixers designed by Tanaka et al. and Lin et
al. the true freezing times of their MHQ instruments are calculated as 270-450 µs and
96-159 µs, respectively, yielding total instrumental dead-times of ~500 µs and ~175
µs, respectively (Table 5). These calculated dead-times are further consistent with the
detection by the de Vries† at al. but not by Tanaka et al. or Lin et al. De Vries† at al.
performed similar experiments of hitherto unknown transient tryptophan radicals in
cytochrome bo3 oxidase and of a new short-lived (~100 µs) high-spin ferric-azide
intermediate by resonance Raman spectroscopy in the reaction between
metmyoglobin and azide16,19,89,102,104,108.
The great advantage of the MHQ devices of Tanaka et al. and Lin et al. is the sample
packing procedure. The cold powder is ground by the copper or silver wheels used for
quenching to a non-electrostatic coarse powder, which is easily packed to a density of
60% in X-band EPR tubes. In contrast, in the MHQ device of Cherepanov and de
Vries† the density of sample packing is only 10% for quenching in liquid isopentane
and 20% for quenching on the rotating cold plate. Moreover, the packing procedure
for the fine electrostatic cold powder requires special open-ended EPR
tubes45,46,97,104,109.
The pressures up to ~400 bar (40 MPa) that occur at very high flow rates (Table 5)
may seem high, but are similar to those that occur in the French pressure cell to break
open cells and do not lead, in general, to denaturation of the enzymes under study.
The HPLC system that is used for the MHQ experiments shuts off at 40 MPa, is also
successfully used to purify proteins and enzymes. In the author’s experience, none of
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the approximately twenty enzymes that have been studied denature during MHQ
experiments, evidenced by the 90-100% preservation of enzyme activity determined
after thawing and assaying the freeze-quenched samples.
6. Conclusions and outlook
The stopped-flow, continuous-flow and rapid-mixing/sampling freeze quench
techniques have contributed enormously to our insight into the catalytic mechanisms
of a wide range of enzymes despite the superior time resolution of (light-initiated)
relaxation techniques. The stopped-flow and continuous-flow devices enable reactions
to be monitored across wide temperature and pressure ranges by UV-Vis,
fluorescence, CD, NMR, FTIR and EPR spectroscopy. To this list of the
spectroscopic methods the RFQ and potentially the MHQ methodologies enable
resonance Raman, Mossbauer, ENDOR, ESEEM and EXAFS spectroscopy. The
rapid-mixing techniques described in this review are general and versatile and because
they are easily combined with various spectroscopic techniques, applicable to the
study of enzyme catalytic mechanisms. In the nearly 100 years since the development
of the first rapid-flow methods, the pre-steady state kinetics of numerous enzymes
have been analyzed. This has provided information on conformational-, substrate-,
ligand- and protonation-state changes during catalysis in all classes of enzymes. With
respect to the oxidoreductases, such studies have afforded, in addition, rates of
electron transfer and oxido-reduction kinetics of heme centres, iron-sulphur centres,
mono and di-iron centres, single and multiple Mn-, Fe-, Co-, Ni-, Cu-, Mo-, W-sites,
amino-acid main-chain and side-chain radicals, quinone, flavin, pterin radicals et
cetera.
The production of hyperquenched samples by the recently developed MHQ methods
makes it possible to study enzymes and enzyme intermediate states in the (near)
native state of vitrified water, as if in aqueous solution. MAS-NMR at low
temperatures is a promising technique to study enzyme mechanisms103. The
application of MAS-NMR to MHQ frozen samples below the ice-glass phase
transition temperature would yield a 3D-structure of a true catalytic intermediate in
the native state. The structures of a series of intermediates could provide a 3D-movie
that delineates the structure-function relationship of enzyme catalysis as has been
done successfully in a relaxation-type experiment using time-resolved x-ray
crystallography110.
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Abstract
Unraveling (bio)chemical reaction mechanisms and macromolecular folding pathways
on the (sub)microsecond time scale is limited by the time resolution of kinetic
instruments for mixing reactants and observation of the progress of the reaction. To
improve the mixing time resolution, turbulent four- and two-jet tangential micromixers were designed and characterized for their mixing and (unwanted) premixing
performances employing acid-base reactions monitored by a pH-sensitive fluorescent
dye. The mixing performances of the micro-mixers were determined after the mixing
chamber in a free-flowing jet. The premixing behavior in the vortex chamber was
assessed in an optically transparent glass-silicon replica of a previously wellcharacterized stainless-steel four-jet tangential micro-mixer. At the highest flow rates,
complete mixing was achieved in 160 ns with only approximately 9% premixing of
the reactants. The mixing time of 160 ns is at least 50 times shorter than estimated for
other fast mixing devices. Key aspects to the design of ultrafast turbulent micromixers are discussed. The integration of these micro-mixers with an optical flow cell
would enable the study of the very onset of chemical reactions in general and of
enzyme catalytic reactions in particular.
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Introduction
Studies to delineate the mechanism of (bio)chemical reactions are performed in either
of two different ways. A reaction can be initiated by rapidly mixing two or more
reactants, or an initial equilibrium is suddenly disturbed, for example, by a short laser
pulse, so-called relaxation techniques1,2. Thanks to the development of the laser
during the 1960s and of ultrafast lasers during the past two decades, the time
resolution of relaxation techniques is below femtoseconds, enabling characterization
of ultra-transient states in chemical reactions or determination of the (sub)picosecond
kinetics of electron transfer in photochemically activated reaction centers of
chloroplasts and photosynthetic microorganisms3,4. The time resolutions for turbulent
mixing and subsequent observation in stopped-flow (~0.5-1 ms5,6) and continuous
flow (~11-50 µs7-9) mixing instruments are much lower than those for relaxation
techniques. The shortest time scale for protein and RNA folding or breaking and
making chemical bonds in reactions catalyzed by enzymes is 0.1 to 1 µs1,2,8-14 and,
thus, is not accessible with mixing techniques. Fast enzymes with kinetic phases on
the (sub)microsecond time scale include many members of the oxidoreductases (e.g.,
catalase, cytochrome oxidases), hydrolases (e.g., acetylcholinesterase), and lyases
(e.g., carbonic anhydrase) but are also found among the isomerases and ligases. In
general, the reaction progress of oxidoreductases can be monitored by ultravioletvisible (UV-Vis)1 spectroscopy or vibrational spectroscopy at least for heme
containing enzymes2; fluorescence spectroscopy is more appropriate for the study of
the other classes of enzymes. To approach the time scale of 0.1 to 1 µs
experimentally, the need for mixing reactants can be obviated by the application of
caged compounds, that is, photolabile substrate analogues that are premixed with the
enzyme and activated on a (laser) flash of light1,2,15,16. However, the study of the
catalytic cycle of the great majority of enzymes requires that enzyme and substrate be
rapidly mixed. A comparison of the shortest time scales of enzyme-catalyzed
reactions and of the best mixing instruments indicates the need to improve the mixing
time resolution of the kinetic equipment in particular to record as many transient
states as possible to define the catalytic mechanism.
The first instrument with subsecond time resolution developed to mix two solutions
was described in 1923 by Hartridge and Roughton. This continuous-flow instrument
with its inherent high sample consumption rate employed a four-jet tangential mixer
(dead-time of ~10 ms17; improved a few years later to ~2ms18) and was used to study
the binding kinetics of O2 to hemoglobin by means of UV-Vis spectroscopy. The long
axis of the transparent flow tube served as the time axis; optical changes were
monitored perpendicular to the long axis. The next development in time resolution (~1
ms) along with a great reduction in sample consumption was the stopped-flow
instrument designed in 1940 by Chance19. The time resolution of this now widely
used instrument cannot be significantly improved to below approximately 0.5 ms, in
spite of miniaturization, because it is determined by the speed of arresting the fluid
flow. The stopped-flow instrument allows detection of reactions by UV-Vis and
fluorescence spectroscopy, circular dichroism, Fourier transform infrared, resonance
Raman spectroscopy, nuclear magnetic resonance, or X-ray absorption spectroscopy2.
Significant improvements in mixing time resolution were achieved with the
continuous-flow instruments designed in 1998 by Roder and coworkers7,8,20,21 and in
2007 by Takahashi’s group9 that enable UV-Vis and fluorescence detection. The
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instrument designed by Roder employed a capillary micro-mixer with smallest
channel dimensions of approximately 200 µm where the flow is laminar and a Pt ball
to mix the reactants in 10 to 15 µs by turbulent mixing. The total dead-time for
observation of this instrument amounts to approximately 50 µs, which includes the
mixing time, the dead volume, and the time to fill the observation chamber. In the
instrument designed by Takahashi, the reagent flows are nonlaminar before mixing,
which increases the mixing efficiency when the flows collide, decreasing the deadtime to approximately 11 µs. An important key to improve the mixing time resolution
in these latter studies was miniaturization of the flow channels (~10 µm 9), leading to
smaller dead volumes and, hence, to shorter dead-times.
Micro-mixers (channels ~ <500 µm) are mostly used in ‘Lab-on-a- chip’ devices for
analytical purposes22-24. The use of microfabricated structures and microfluidics offers
many advantages, including new functionalities, higher throughput, reduced sample
consumption, shorter analysis time, and reduced operating and manufacturing
costs23,25,26. However, the majority of the micro-mixers used in lab-on-a-chip devices
usually operate in the laminar flow regime at low Reynolds numbers (<100) that
generally limits their mixing efficiency and time resolution, in particular in the case of
simple mixer geometries (T- and Y-mixers). The efficiency or degree of mixing
depends on the dimensionless Reynolds number, Re. Rapid and complete mixing
requires turbulent flow conditions to disperse the reactants to the molecular level of
the solvent(s) so that the collision rate of the reactants is governed only by diffusion.
The transition from laminar to turbulent flow occurs at Re ~2000 for flow in pipes27,
where Re is given by the equation
Re =

ρ × < υ > ×d
η

(Eq. 1)

where ρ is the solvent density (equal to 1000 kg m-3 for water at 20 °C), < υ > is the
linear average flow velocity of the liquid in a channel (m s-1), d is the hydraulic
diameter of the channel (m), and η is the dynamic viscosity (equal to 10-3 kg m-1 s-1
for water at 20°C). To enter the turbulent regime in micro-channels of 100 µm, linear
flow rates greater than 20 m s-1 are required. Such high flow rates lead to a buildup of
pressure (∆P) according to Bernoulli’s velocity/dynamic pressure equation28:
∆P = 0.5 ⋅ ρ ⋅ (< υ >)2

(Eq. 2)

The calculated pressure for the turbulent regime in channels of 100 µm amounts to at
least 0.2 MPa but may be as high as 0.5 to 1 MPa in practice due to wall friction and
increased viscosity of concentrated solutions. Pressures greater than 0.2 MPa are
much higher than those usually generated by the hydrodynamic flows in µTAS (micro
total analysis system) and MEMS (micro electromechanical system) devices29. High
pressures require a robust design that appears to be incompatible with the majority of
lab-on-a-chip devices. For these reasons, many types of micro-mixers for Lab-on-achip applications that operate at low hydrodynamic pressures23,30 while able to mix
reactants in approximately 1 ms have been designed. This is achieved by introducing
complex premixing geometries that generally increase the contact areas between the
reactant flows28-35. For example, contact areas can be increased by splitting incoming
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flows into several narrower streams that later join as described for 4-jet and 16-jet
tangential mixers28,32.
In hydrodynamic focusing devices, a thin stream of, for example, a protein solution is
squeezed between two reagent streams2,36-42. The small width and depth dimensions of
the stream carrying the protein solution (~30 nm - 1 µm and ~10 µm, respectively)
allow rapid diffusive mixing (~4-10 µs and with a claim of only ~1 µs39) with the
reagent with minimal protein consumption41,42. Thus, protein and RNA folding
intermediates that occur on a short time scale could be studied by fluorescence
spectroscopy, in particular by FRET (Forster resonance energy transfer)41,42.
Inspired by the developments listed above, we were interested in the design
requirements for turbulent micro-mixers with mixing times in the (sub)microsecond
time domain for use in real-time spectroscopic instruments for the characterization of
ultra-transient intermediates. Premixing in such mixers should, in contrast to mixers
used in lab-on-a-chip application, be minimized and preferably be absent because it
significantly adds to the dead-time for observation. In view of this, the authors
previously designed a stainless-steel turbulent four-jet tangential micro-mixer with
channels of 100 µm, enabling maximal linear flow rates of 200 m s-1 and maximal
operating pressures of 40 MPa28. This mixer was integrated in an ultrafast freezequench instrument that achieves a shortest dead-time of 75 µs28,43,44. In this stainlesssteel micro-mixer, mixing appeared to be completed within approximately 2 µs 28,
which is at least five times faster than in Refs.7,8. However, given a smallest mixing
volume of 10 pL, the true mixing time of this stainless-steel mixer can be calculated
as approximately 160 ns (cf. Fig. 1). Precise knowledge of the mixing time was not so
important for the freeze-quench procedure because the time resolution of the setup is
determined mainly by the 40- to 50-µs freezing time. However, exact knowledge of
the premixing and mixing behavior, which determines the total mixing time, is a
prerequisite to successful integration of this or similar mixers in future ultrafast realtime optical applications7,8. To validate the calculated mixing time of 160 ns, we
designed several four-jet and two-jet turbulent micro-mixers that are optically
transparent analogues of the stainless-steel four-jet tangential micro-mixer and
determined their premixing and mixing times. The results show that mixing liquids on
the nanosecond time scale is possible, and guidelines to build instruments for kinetic
research with the highest possible time resolution are discussed.
Materials and methods
We previously designed a stainless-steel four-jet tangential micro-mixer (Fig. 1)
capable of completely mixing two liquids within 2 µs 28. High flow rates that generate
sufficient turbulence for complete mixing of (viscous) solutions were obtained with
two high-performance liquid chromatography (HPLC) pumps with a 40-MPa pressure
limit described previously28,43,44. In this work, we report the properties of replicas of
this stainless-steel micro-mixer with minor variations. Mixers were made from
plexiglass or from glass-silicon. The stainless-steel and plexiglass micro-mixers were
used to quantitatively determine the final mixing performance by measuring
fluorescence appearance in a free-flowing jet. We also constructed an optically
transparent glass-silicon chip with a four-jet tangential mixer to quantitatively
determine the premixing profile. Each mixing setup consists of a mixer body
58

Design of turbulent tangential micro-mixers that mix liquids on the nanosecond time scale
___________________________________________________________________________

connected to the HPLC solvent delivery system and, as defined below, comprises a
premixing chamber, a vortex chamber, and a mixing chamber. The (mixed) reactants
leave the mixing chamber, which is essentially an orifice, as a free jet (see Figs. 1 and
2). The glass-silicon mixer did not, however, produce a stable free-flowing jet,
preventing direct quantitative determination of its final mixing performance. The high
flow rates used in this work require high pressures. Approximately 30% of the glasssilicon mixers remained intact at pressures up to 10 to 15 MPa. The glass-silicon chip
was fabricated using standard micro-fabrication techniques with one Pyrex glass
wafer and one double-sided polished silicon wafer, standard substrate cleaning steps,
(three) film photoresist deposition steps and (three) photolithography steps, and a
glass-silicon anodic thermal bonding step, as outlined in Ref.45. The channel etching
in the silicon was done by the dry etching Bosch process.

Figure 1. Schematic drawing of the four-jet tangential ABAB stainless-steel micro-mixer and its
plexiglass analogues. (I) The stainless-steel micro-mixer. Reactants A and B enter the mixer body as
shown, are subsequently split, and meet at a ‘cross’, the premixing chamber. Liquids may meet in the
ABAB (III) or AABB (IV) arrangement. (II) After the premixing chamber, the fluids enter the vortex
chamber (shown as cross section; in the AABB mixer, channel A and channel B would meet) present in
the Pt inlay and are then forced through the orifice. The Pt inlay is fitted to the mixer body by a brass
screw cap (not shown; see in Ref.28). The channels are offset (III, IV), by a full-width (stainless-steel)
or two-thirds width (plexiglass) of the channel.
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Figure 2. Design and geometry of the four-jet tangential ABAB glass-silicon micro-mixer chips with
orifice diameters of 25, 30, 50, and 70 µm.

Micro-mixer designs
The schematics of the setup and dimensions of the mixers are shown in Figs. 1 and 2
and Table 1. The two reactants, A and B, are delivered from sample bottles by two
HPLC pumps (Schimadzu LC-20AT and Waters 515) into the mixer body as in the
MHQ (microsecond freeze-hyperquenching) setup28. Reactant channels are 300 µm in
diameter for the four-jet tangential ABAB stainless-steel mixer and all of the
plexiglass mixers or 500 µm in diameter for the four-jet tangential ABAB glasssilicon micro-mixer chips (Fig. 2). These wide channels narrow to micro-channels
within the mixer body and meet at a cross section, the ‘premixing chamber’. The
micro-channels (50, 60, or 70µm wide and deep; see Table 1) are offset with respect
to each other by a full-width of the channel in the four-jet tangential ABAB stainlesssteel mixer, by two-thirds of the channel width in all of the plexiglass mixers, or by a
half-width of the channel in the four-jet tangential ABAB glass-silicon micro-mixer
chips. For example, the dimensions of the premixing chamber (in width × width ×
depth) are 100 × 100 × 50 µm (0.50 nL volume) for the four-jet tangential ABAB
stainless-steel mixer (Table 1). The offset of the channels induces a vortex in which
the four (or two in the case of the two-jet tangential mixer) liquid streams rotate
around one another.
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Table 1. Dimensions of the micro-mixers
Stainless-steela

Type of mixer
Plexiglassa
Glass silicon

Solvent inlet channel
300
500
500
(diameter, µm)
Premixing chamber inlet channel
50, 50
60, 60
70, 70
(depth, width, µm)
Premixing chamber
(length, width, depth, µm)
100, 100, 50
100, 100, 60 105, 105, 70
(volume, nL)
V = 0.50
V = 0.60
V = 0.77
Vortex chamber
Conical
Conical
Cylindrical
(diameters Ø1-Ø2, length, µm)
60-20 x 67
60-20 x 67
100 x 257
(volume, nL)
V = 0.09
V = 0.09
V=2
Mixing chamber
Cylindrical
Cylindrical
Cylindrical
(diameter, length, µm)
20 x 33
20 x 33
25/30/50/70 x 33
(volume, pL)
V = 10
V = 10
V = 16, 23, 65, 127
a
The vortex chambers and mixing chambers of the stainless-steel and plexiglass mixers are located in
the Pt seal (Figs. 1 and 2)

After the premixing chamber, the reactants enter the ‘vortex chamber’, which is
oriented perpendicularly to the plane of the channels. In the four-jet tangential ABAB
stainless-steel mixer and all of the plexiglass mixers, the vortex chamber and mixing
chamber are located in the Pt inlay (Fig. 1 and Table 1). The Pt inlay (20 µm orifice,
3 mm in outer diameter, and 100 µm thick; obtained from Baltic Preparation) also acts
as a seal and is mounted on top of the channels and the premixing chamber and is
fixed with a fine threaded screw cap (not shown in Fig. 1, but see in Ref.28) to the
mixer body. The shape of the Pt vortex chamber is conical, whereas the shape of the
mixing chamber is cylindrical (Fig. 1 and Table 1). The volume of the mixing
chamber is only 10 pL (Table 1). In the glass-silicon mixer, the vortex chamber is
cylindrical and very long (257 µm) owing to the thickness of the silicon (Table 1 and
Fig. 2). The vortex chamber of the glass-silicon mixer ends in a cylindrical mixing
chamber (silicon orifice) with diameters between 25 and 70 µm (see Supplementary
Fig. 1). In all mixers, the mixed fluids leave the orifice as a free jet. More details are
provided in the Supplementary material.
Results and discussion
To determine the mixing efficiency of the turbulent micro-mixers, the appearance or
quenching of fluorescence of 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) in acidbase reactions was determined in a free jet (Fig. 3 and Supplementary Section 5A).
In these experiments, a low (1.5-fold) excess of acid over base (or vice versa) was
used to ensure that fluorescence quenching (or disappearance) is due to near
stoichiometric encounter of H3O+ and OH-, a prerequisite to assess mixing efficiency.
As a result of this experimental condition, fluorescence quenching (or disappearance)
or mixing efficiency can be calculated only when the reaction has progressed for more
than two-thirds (Fig. 3 and Supplementary Section 5A). The four-jet tangential
ABAB stainless-steel mixer mixes the reactants for more than 90% at Re ~500, and
full mixing is obtained at Re > 1000 to 1500. The plexiglass analogue of this mixer
and the two-jet tangential plexiglass mixer behave similarly, given the experimental
error (Fig. 3), although full mixing by the latter mixers might require somewhat
higher Re ~ 2000 to 2500. The four-jet AABB plexiglass mixer is less efficient,
showing a maximal amount of mixing obtained at Re > 3000. Therefore, we conclude
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that the two-jet and four-jet ABAB tangential micro-mixers with alternating reactant
channels have similar mixing qualifications and that the AABB configuration
performs less efficiently, presumably due to a smaller contact area between the fluid
flows. The AABB mixer configuration is often used in rapid freeze-quench
instruments1,2,46 and, thus, can easily be improved. Unfortunately, the experiment
shown in Fig. 3 could not be successfully performed with the four-jet tangential
ABAB glass-silicon mixers due to difficulties of forming a stable free jet, preventing
direct quantitative assessment of the mixing efficiency. However, we could confirm
by eye that the jet emanating from the glass-silicon mixers is fluorescent and, hence,
that the fluids are mixed for more than 66.7% (cf. the ordinate in Fig. 3).

Figure 3. Percentage of mixing by tangential micro-mixers observed in a free flowing jet (20 µm
diameter). Shown are the four-jet tangential ABAB stainless-steel mixer (● and ▲) with fluorescence
standard error values of ± 4.9% and 1.8%, respectively, the four-jet tangential ABAB plexiglass mixer
(● [±8.0%] and ▲ [±6.1%]), the four-jet AABB plexiglass mixer (● [±6.2%] and ▲ [±6.6%]), and the
two-jet AB plexiglass mixer (● [±4.8%], ▲ [±6.6%]). Fluorescence appearance/quenching was
monitored using HPTS in deprotonation (●)/protonation (▲) reactions, respectively. NaOH/HCl ratio
was 15 mM/10 mM = 1.5 for deprotonation and the reverse for protonation. HPTS] = 1.5 mM. The
dotted line (from zero to 66.7% fluorescence) indicates the threshold below which the percentage
mixing cannot be calculated (see Supplementary Section 5A).
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To determine the actual mixing time of the micro-mixers, one should determine
whether the mixing occurs exclusively in the relatively small mixing compartment or
already to some extent earlier in the larger vortex chamber and/or premixing chamber.
Mixing, or rather premixing, in the vortex or premixing chamber would constitute a
dead volume that would add to the total dead-time, for example, in a setup where the
micro-mixers are integrated with an optical cell to monitor the kinetics of
(bio)chemical reactions. To determine where and to what extent premixing occurs,
fluorescence measurements were performed in the optically transparent vortex
chamber of the four-jet tangential ABAB glass-silicon mixers (Figs. 4 and 5). In these
experiments, a high (30-fold) excess of base over acid was used to determine the
maximal rate of diffusion of OH- across the fluid boundaries and, thus, the maximal
extent of premixing in the vortex chamber. The images of the vortex chamber
(diameter of 100 µm and 257 µm in length; see Table 1 and Fig. 2) were recorded
with the inverted microscope focused approximately halfway into the vortex chamber
(see Supplementary Fig. 3).

Figure 4. Determination of the amount of premixing in the vortex chamber. Fluorescence appearance
due to deprotonation of HPTS was measured in the vortex chamber of the glass-silicon chip (25 µm
orifice diameter) at flow rates of 0.6 mL min-1 (A-C) and 2.4 mL min-1 (D-F). (A, D) HPTS in HCl
versus HCl (zero fluorescence control). (B, E) HPTS in HCl versus 30-fold excess NaOH. (C, F) HPTS
in NaOH versus NaOH (100% fluorescence control). See Supplementary Section 5 for initial and
final [HCl], [NaOH] and [HPTS]. Images are 125 µm x 125 µm, the diameter of the vortex chamber is
100 µm and the microscope focus is halfway into the vortex chamber (see Supplementary Fig. 3).

63

Chapter 3
___________________________________________________________________________

In the very center (Fig. 4) or slightly off-center (Fig. 5), the intense fluorescence is
due mainly to the mixing in the mixing chamber where the jet leaves the mixer. To
determine the degree of premixing, this central fluorescence was subtracted from the
total fluorescence (see Supplementary Section 5). The fluid flow profiles recorded
for the controls (Fig. 4C and F) at low and high fluid flow rates show near irrotational
and rotational flow patterns, respectively, in good agreement with calculations in
Ref.27. There is very little cross-boundary diffusion of the fluorescent dye. This is
further confirmed in the other images of Fig. 4, which indicate only 6.7 to 8.4%
premixing due to diffusion across the boundary. Although the mixer with a 70-µm
orifice (Fig. 5) would require higher flow rates to produce full mixing in the mixing
chamber (Re > 2000), the observed amount of premixing remains quite low (11.516.9%).

Figure 5. Determination of the amount of premixing in the vortex chamber. Fluorescence appearance
due to deprotonation of HPTS was measured in the vortex chamber of the glass-silicon chip (70 µm
orifice diameter) at flow rates of 2.0 mL min-1 (A-C) and 10.0 mL min-1 (D-F). (A, C) HPTS in HCl
versus HCl (zero fluorescence control). (B, E) HPTS in HCl versus 30-fold excess NaOH. (C, F) HPTS
in NaOH versus NaOH (100% fluorescence control). See Supplementary Section 5 for initial and
final [HCl], [NaOH] and [HPTS]. Images are 125 µm x 125 µm, the diameter of the vortex chamber is
100 µm and the microscope focus is halfway into the vortex chamber (see Supplementary Fig. 3).

Fig. 6 and Supplementary Table 1 summarize the premixing behavior of the four
glass-silicon mixers with different dimensions of the mixing chamber (orifices of 25,
30, 50, and 70 µm); however, note that all mixers have the same dimensions of the
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vortex chamber. Fig. 6 shows that at a given flow rate, the amount of premixing is
fairly independent of the orifice diameter. The calculated Re values increase in the
premixing chamber from 13 to 265, and in the vortex chamber from 27 to 531, with
increasing flow rates from 0.5 to 10 ml min-1. The increased Re in premixing and
vortex chambers could explain why the amount of premixing increases with fluid flow
rate (but apparently not for the mixer with a 50-µm orifice for reasons currently
unknown; see Fig. 6) even though the flow is predominantly laminar. The laminar
flow regime is suggested by the approximately linear relation between fluid flow rate
(and thus Re) in the vortex chamber and the percentage premixing (Fig. 6).

Figure 6. Percentage of premixing in the vortex chamber of the glass-silicon micro-mixers chips with
orifice diameters of: 25 µm (●); 30 µm (■); 50 µm (▼) and 70 µm (▲). Experimental data of the
fluorescence appearance during deprotonation of HPTS are shown as averaged values of three (two for
70 µm) independent measurements as a function of both, flow rate and Reynolds number in the mixing
chamber at the orifice, Remix. Full mixing in the orifice is at Re 1000 to 1500. The dotted straight line is
a linear fit to all data points with a slope of 0.0137 (% premixing/Re). Individual slopes are 0.0215 (25
µm), 0.029 (30 µm), -0.006 (50 µm) and 0.0096 (70 µm). Standard deviation for triplicates (duplicates)
equals ±0.04 times the measured values.
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Because the geometries of the glass-silicon mixer and the stainless-steel mixer are
very similar, they are expected to produce very similar mixing and premixing profiles.
Thus, the onset of mixing in the glass-silicon mixers occurs at similar Re values
(~500-1000; see Fig. 3) and appears complete at Re ~ 1500 to 2000. Fig. 6 indicates
that at these latter Re values needed for complete mixing, the premixing amount
varies from approximately 9% (for a 25-µm orifice) to 15% (for a 70-µm orifice). The
low amount of premixing is a key requirement to minimize mixing dead-times.
Although the amount of premixing could not be directly determined in the stainlesssteel mixer (20-µm orifice), it is possibly even lower than the approximately 9%
observed for the glass-silicon mixer with the 25-µm mixing chamber (orifice) because
the length of the vortex chamber is shorter (67 vs. 257 µm; see Fig. 1). This implies a
shorter time for diffusion of reagents across the tangential fluid boundaries and,
hence, a lower degree of premixing. For the stainless-steel mixer, the shortest
calculated residence time of the liquids in the vortex chamber (V = 90 pL, Re ~ 417) is
1.4 µs at the maximal flow rate of 4 ml min-1; under these same flow conditions, there
is 9% or less premixing in the glass-silicon mixer (Fig. 6), which we assume to be
true for the stainless-steel mixer in view of their similar geometries. At the flow rate
of 4 ml min-1, the reactants are completely mixed (Fig. 3), whereas the residence time
in the mixing chamber of the stainless-steel mixer (V = 10 pL, Re ~ 4246) is only 160
ns. This also means that complete mixing is achieved within 160 ns. Even at flow
rates of 2 ml min-1 (Re ~ 2100, where the fluids are completely mixed; see Fig. 3), a
maximal mixing time of just approximately 310 ns is calculated with the advantage
that the ambient pressure is greatly reduced (~ 4-fold to ~ 10 MPa). Because the great
majority of the glass-silicon micro-mixers were stable at pressures of 10 MPa, they
can indeed be employed for large-scale production of nanosecond mixers. We further
point out that the extent of premixing determined here using a pH-sensitive dye is
considered an upper limit given that H+ and OH- diffusion constants are
approximately 10 times and 5 times larger, respectively, than those of other small
ions. In conclusion, the turbulent micro-mixers do completely mix liquids within 160
ns with little premixing.
Pressure buildup is a necessary consequence of the high linear fluid velocities in
turbulent (micro-) mixers. The high flow rates and pressures reported here are
provided by HPLC pumps that operate up to 40 MPa. The great majority of proteins
are stable at these pressures47. In our freeze-quench experiments using the same
HPLC setup and stainless-steel mixer described here, we have never encountered
denaturation problems and the rate constants determined at 20 to 40 MPa by
us28,43,44,48,49 are similar to those determined by others working at ambient
pressures5,6,8,12. In general, oligomeric proteins start to dissociate at pressures of 100
to 200 MPa, and monomeric proteins denature at approximately four times higher
pressures47. In view of the quadratic relation between pressure and fluid flow rate (Eq.
2), the micro-mixers described here could be used at approximately 2-fold higher flow
rates before protein denaturation sets in, potentially decreasing the mixing time to less
than 100 ns.
By measuring both the premixing characteristics and mixing performance, we reason
that one of the key design aspects for a micro-mixer that mixes liquids in nanoseconds
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is the ABAB configuration of the four-jet tangential mixer in which the channels are
offset by one-half to one channel diameter. This offset creates a vortex of four fluids
that rotate around one another, which leads to a decrease in the diffusion distances and
improves the mixing performance. As a result, (near) complete mixing occurs at Re ~
1000 to 1500 (Fig. 3), which is well below the value of 2040 ± 10 for the onset of
sustained turbulent flow in a pipe24. Although a two-jet tangential mixer might be as
efficient as a four-jet tangential mixer (Fig. 3), the extension to 8 or 16 tangential
fluid channels leads to more or even complete premixing in the vortex chamber29.
This behavior is certainly suitable for lab-on-a-chip applications where a 1-ms time
resolution is adequate, but not for the design of instruments with (sub)microsecond
time resolution. For such devices, premixing should be prevented as much as possible.
To minimize the amount of premixing, the height (or length) of the vortex chamber
should be as small as possible to reduce the retention time for diffusion across the
fluid boundaries. On the other hand, the diameter of the vortex chamber should be as
large as possible with respect to the diameter of the mixing chamber. This will
maximize the ratio of the Re values in the mixing chamber and vortex chamber and,
thus, minimize premixing resulting from turbulence at the fluid boundaries. The ratio
of the diameters of the mixing chamber and vortex chamber in the designs used here,
three for the stainless-steel and plexiglass mixers and four for the glass-silicon mixer,
yield less than 9% premixing in the vortex chamber under conditions that complete
mixing occurred in the mixing chamber in nanoseconds. The future challenge is to
integrate an optical cell with the micro-mixer that would allow spectroscopic
observations in nanoseconds, thereby enabling study of the very onset of chemical
reactions in general and of enzyme catalysis in particular.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.ab.2014.10.003 and in Supplemental information section.
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Supplemental Information
Contents
1) Section SI 1 shows images of the chips. Section SI 2 describes the design of the
high-pressure glass-silicon chip holder, Section SI 3 recording of fluid flow and jet
flow using the fluorescent dye pyranine, Section SI 4 shows the relation between
pressure and flow rate and the analyses of the data to calculate mixing performance
are described in Section SI 5.
2) Sections SI 1-SI 4 contain Supplementary Figs. 1-4
3) Supplementary Table 1
4) References
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SI 1: Images of the chips

Supplementary Figure 1. Photographic images (A, B), schematic drawing (C) and Scanning Electron
Microscope (SEM, D-F)) images of the four-jet tangential ABAB glass-silicon micro-mixer chip. (A)
The four inlet holes and the central outlet hole in silicon. (B) Bottom view of A, covered by a glass
slide, showing four inlet holes and four inlet channels forming the premixing chamber, the latter
schematically depicted in C. (D) SEM image of B. (E) the orifice (25 µm diameter) that serves as the
fluid outlet channel. (F) The central cross section. The four ABAB inlet channels (70 µm wide, 70 µm
deep) meet at the premixing chamber. The fluids flow subsequently down the vortex chamber (V, 100
µm diameter).

SI 2: Design of the high-pressure glass-silicon chip holder
Supplementary Fig. 2 shows a series of images as to how the glass-silicon chip is
mounted into the high-pressure chip holder that can be positioned under an inverted
fluorescence microscope. The stainless-steel body of the holder has four fluid inlet
delivery channels at the four corners of the square chip compartment (Supplementary
Figs. 2A-C). The central hole serves as the fluid or mixer outlet (Supplementary
Figs. 2A, B and E). The round aluminium plate has four small rectangular recessions
to hold the tubing and further a central milled compartment to clamp the body of the
holder. Both the body of the chip holder and the round plate are fitted together, and
secured on the plate of the inverted microscope, by four screw clamps
(Supplementary Figs. 2D and E). To prevent solvent leak, reduce stress on the chip
and prevent breaking of the chip(s) due to the high pressure in the setup, five
supporting O-rings are used (Supplementary Fig. 2B). The viewing hole in the
middle of the aluminium plate enables fluorescence measurements of the premixing
and the vortex chamber (Supplementary Fig. 2D). To this end the high-pressure
holder is positioned under an inverted fluorescence microscope (Nikon Eclipse type
TE 300), equipped with an objective (CFI Plan Fluor, 40x magnification, N.A.=0.60,
ELWD 2.7-3.7 mm), in such a way that the fluorescence of the HPTS dye is observed
in the vortex chamber covered by the 1 mm glass slide (Supplementary Fig. 1A).
Fluorescence was monitored using the GFP-B filter set (excitation band pass filter
460-500 nm, dichromatic mirror 505 nm and emission barrier filter 510-560 nm).
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Images (Supplementary Figs. 3, 4 and 5) were recorded with a CCD Hamamatsu
Orca C4742-95-12NRB black and white camera, 1024 x 1024 pixels, in 4 x 4 binning
mode, equipped with a Nikon TV lens (0.6x magnification).

Supplementary Figure 2. Steps in mounting the glass-silicon chip onto the high-pressure chip holder
positioned under the inverted fluorescence microscope. (A-C) Stainless-steel body of the chip holder
equipped with (A) PEEK tubing and tubing connectors, (B) silicon O-rings and (C) the glass-silicon
micro-mixer chip. (D) Round aluminium plate with cut outs for the chip and tubing connectors. (E)
The glass-silicon chip [close up] mounted onto the high-pressure chip holder with four screw clamps
and positioned under the inverted fluorescence microscope.

SI 3: Recording fluid flow
Images of the premixing chamber and the vortex chamber can be recorded separately
with the inverted microscope focused on the premixing chamber (Supplementary
Fig. 3A) or focused approximately halfway along the vortex chamber’s length
(Supplementary Fig. 3B). The fluorescence in the latter image (Supplementary Fig.
3B) is, however, that from the vortex chamber along its total length due to
contributions from out-of-focus fluorescence light. Furthermore, would there be any
premixing in the premixing chamber, this would show up as a light intensity above the
background in the dark areas in Supplementary Fig. 3B. Therefore, with the focus
halfway into the vortex chamber (Figs. 4 and 5), reliable values for total premixing
(premixing in the premixing chamber, in general very small, plus premixing in the
vortex chamber) could be calculated.
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Supplementary Figure 3. Inverted Microscope images of the four-jet tangential ABAB glass-silicon
micro-mixer chip (25 µm outlet hole). (A) The four inlet channels forming the premixing chamber
(recorded with an objective of 10x magnification) with focus on the premixing chamber. (B) The
vortex chamber (recorded with an objective of 40x magnification) with the focus halfway into the
vortex chamber. The middle figure is a schematic drawing (not to scale) showing the two focal points
to produce 3A and 3B. Channels A contained non-fluorescent alkaline buffer, Channels B, the same
buffer plus the fluorescent HPTS.

SI 4: Relation between pressure and flow rate in the tangential stainless-steel and
glass-silicon micro-mixers
Supplementary Fig. 4 shows that with increasing flow rates the pressure in the micromixers increases. The pressure increase (∆Π) is parabolically related to the volumetric
flow rate (v) according to Supplementary Eq. 1:
∆∏

V ∗ X ; Y ∗ X8

(Supplementary Eq. 1)

In Supplementary Eq. 1, the linear term contains the wall friction coefficient a, and
the quadratic term describes the flow through an orifice (see Eq. 2). The experimental
values for coefficients a and b determined by fitting the experimental pressures to a
parabola (Supplementary Fig. 4) are 3.5 and 0.2, respectively, for the glass-silicon
mixer with 70 µm orifice diameter. For smaller orifice diameters, 25 µm and 20 µm,
coefficients a (18.57 and 4.61) and b (54.08 and 23.83) both increase indicating a
larger relative contribution by the orifice. At the maximal flow rate of 4 mL min-1 in
the stainless-steel mixer (20 µm orifice diameter) the pressure builds up to
approximately 40 MPa, while for example at the maximum flow rate of 2.2 mL min-1
in the glass-silicon mixer with 25 µm orifice diameter, the pressure builds up to 30
MPa.
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Supplementary Figure 4. Measured (symbols) and calculated (lines) dependence between pressure
and flow rate of the four-jet tangential micro-mixers. Stainless-steel mixer with 20 µm orifice diameter
(‒). Glass-silicon micro-mixer chip with an orifice diameter of 25 µm (‒), 30 µm ( ‒), 50 µm (‒), and
70 µm (‒). Lines through the data points are fitted with Supplementary Eq. 1.

SI 5: Data recording and data analyses
5A: Fluorescence detection in a free jet and calculation of mixing performance
Fluorescence in a free jet fluorescence was detected at an angle of 90° using a CCD
camera (Andor Newton DU-940N-BU, 512 x 2048 pixels of 13.5 x 13.5 µm) covered
with a long-pass 510 nm filter (ZVL0510, Optoprim Corporation, Germany).
Excitation was by light of 474 nm from a Xenon arc lamp (75 Watts, Uschio) fitted to
a scanning monochromator (Optical Building Blocks Corporation) that had passed an
excitation GFP-B band pass filter (460-500 nm). Monochromatic light was collimated
by a bi-convex lens (150 mm focal length, 50 mm diameter,) and then focused on the
jet by a plano-convex lens (CSX025 UV Fused Silica Precision uncoated Cylindrical
Lenses, Newport, 19 mm x 50.8 mm x 25.4 mm, width x length x focal length).
Fluorescence light at 90° was collected by a second plano-convex lens (25.4 mm x
25.4 mm x 100 mm, width x length x focal length) in front of the CCD camera. The
jet was imaged between 1-27.6 mm from the orifice. Every light count was recorded
under identical experimental conditions, at an exposure time of 0.5 sec during which
15 images were accumulated and averaged. Images were acquired in digital form and
displayed in the Andor Solis imaging program (Andor Newton CCD).
To determine the mixing efficiencies, a fast chemical reaction must be selected that is
completed within the mixing dead-time of the set up. The mixing performance of the
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mixers was assessed by mixing solutions of NaOH and HCl using the highly
fluorescent HPTS (8-hydroxypyrene-1, 3, 6-trisulfonic acid, also known as pyranine,
Invitrogen, Molecular Probes) as indicator for the pH change. The pKa is
approximately 7.3 in aqueous buffers and the protonation and deprotonation rate
constants 1.8 1011 M-1 s-1 and 1-2 1010 M-1 s-1 (time constant of 50-100 ps),
respectively1,2. At the mM concentrations of HCl used first order protonation rates are
between ~0.25-5.5 109 M-1 s-1 (time constant of ~0.18-4 ns). The control or reference
images were acquired by mixing the dye in alkaline buffer with alkaline buffer
presenting Base Control (100% fluorescence (Imax)) and similarly for the Acid Control
(0% fluorescence (Imin)). To determine the percentage of mixing (ηmix%) images of
deprotonation and protonation of HPTS (Imix) were acquired in two types of
experiments: Acid to Base and Base to Acid. For the Acid to Base mixing experiment,
acidic buffer (20 mM HCl + 3 mM HPTS + 30 mM NaCl) was mixed with alkaline
buffer (30 mM NaOH + 50 mM NaCl) giving base/acid ratios of 1.5. Similarly, for
the Base to Acid mixing experiment, alkaline buffer (20 mM NaOH + 3 mM HPTS +
30 mM NaCl) was mixed with acidic buffer (30 mM HCl + 30 mM NaCl) giving
acid/base ratios of 1.5.
Since fluorescence in the jet is seen only in the Acid to Base experiment when the
[OH-] > [H+] (and the reverse for the Base to Acid experiment), mixing must be
completed by at least 66.7% at the acid/base ratio of 1.5 used here. Conversely,
absence of fluorescence in the jet only indicates mixing of the reactants is <66.7%.
For the remaining 33.3% mixing, the fluorescence can be approximated as
proportional to the fraction of the maximal fluorescence (Supplementary Eq. 2)
since the concentration of the fluorescent dye HPTS (3 mM) is much lower than the
concentration of acid + base (50 mM). The percentage of mixing (ηmix%) was then
calculated using the following correlation:
Z

Q %

= 66.7 +

^A_C ^A_N
^ABC ^A_N

∙ 33.3

(Supplementary Eq. 2)

5B: Determination of the percentage of premixing in the four-jet tangential glasssilicon micro-mixer chip
Images of the vortex chamber of the glass-silicon chip were acquired in digital form
and simultaneously displayed in the High Performance Image 32 software
(Hamamatsu Orca CCD). A single series of experiments was performed at a fixed
exposure time for which the light intensity was maximal for HPTS in alkaline buffer,
or the reverse, minimal intensity for the dye in acidic buffer. Light counts for
reference and premixing images were recorded under identical conditions at each
separate flow rate, in a sequence of 20 images with 1 second intervals. The total light
intensity of each recorded image was calculated by integration of the values of the
pixel intensities from a corresponding .tiff image. The values of a series of 20
sequences were averaged. Controls (100% and 0% fluorescence images) were
acquired as described in the experimental section. Alkaline buffer contained NaOH
(10 mM), acidic buffer HCl (10 mM), and further 15 µM HPTS and 50 mM NaCl. In
experiments to determine the percentage premixing (Figs. 4 and 5) acidic buffer (20
mM HCl + 30 µM HPTS + 50 mM NaCl) was mixed with alkaline buffer (600 mM
NaOH + 50 mM NaCl) yielding a base/acid ratio of 30. The total fluorescence of the
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vortex chamber contains contributions from the mixed solutions that form highly
fluorescent water drops at the exit of the chip rather than a jet). To correct for this
contribution, a circle at the origin of the vortex chamber with a diameter of 25 of the
100 pixels or ~6% of the area, (Figs. 4 and 5), was subtracted from the fluorescence
count. The correction (subtraction) amounted to 16.7 %, 13.6%, 10.0% and 8.3 % of
the total fluorescence for mixers with orifices of 25, 30, 50 and 70 µm, respectively.
Since fluorescence in the premixing chamber is only detected when [OH-] > [H+]
fluorescence is detected from a mixing level of 3.3 % for the base/acid ratio of 30,
ignoring the low concentration of HPTS (30 µM) relative to the acid + base
concentrations (620 mM). Supplementary Eq. 3 was used to calculate the percentage
of premixing in Figs. 4 and 5.
Z

Q %

^

= 3.3 + ^ A_C

ABC

^A_N

^A_N

∙ 96.7

(Supplementary Eq. 3)
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Supplementary Table 1: Pressure dependence on the flow rate for the glass-silicon mixers with orifice
diameters of 25, 30, 50 and 70 µm and for the stainless-steel mixer (20 µm). For the glass-silicon
micro-mixers the amount of premixing is indicated (Fig. 6). The calculated Reynolds numbers for the
premixing, the vortex and the mixing chambers are given (based on the dimensions in Table 1) as well
as the fluid retention times (tpremix, tvortex, tmix, respectively). The premixing percentage could not be
experimentally determined for the stainless-steel mixer (20 µm) because it is not transparent (N.A.)
orifice
Vtot
Repremix Revortex
(µm) (mL min-1)
70
2.0
53
106
3.0
79
159
4.0
106
212
5.0
132
265
6.0
175
350
7.0
185
372
8.0
212
425
9.0
238
478
10.0
265
531
50
2.0
53
106
3.0
79
159
4.0
106
212
5.0
132
265
6.0
159
318
7.0
185
372
30
0.5
13
27
1.0
26
53
1.5
40
80
2.0
53
106
2.5
66
133
3.0
79
159
3.5
93
186
4.0
106
212
4.5
119
239
25
0.6
16
32
0.9
24
48
1.2
32
64
1.5
40
80
1.8
48
96
2.10
56
111
2.40
63
127
20
0.6
31
63
0.9
47
94
1.2
63
126
1.5
79
157
1.8
94
189
2.10
110
220
2.4
126
252
2.75
144
288
3.0
157
315
3.25
170
341
3.5
183
367
3.75
197
393
4.0
210
420
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Remix
607
910
1213
1517
2002
2123
2426
2730
3033
849
1274
1699
2123
2548
2972
354
708
1062
1415
1769
2123
2477
2831
3185
510
764
1019
1274
1529
1783
2038
636
955
1273
1592
1910
2228
2546
2918
3183
3448
3713
3978
4250

tpremix
µs
23.2
15.4
11.6
9.3
7.0
6.6
5.8
5.1
4.6
23.2
15.4
11.6
9.3
7.7
6.6
92.6
46.3
30.9
23.2
18.5
15.4
13.2
11.6
10.3
77.2
51.5
38.6
30.9
25.7
22.1
19.3
55.0
35.5
26.5
21.5
18.0
15.1
12.5
11.5
10.5
10.0
9.0
8.5
8.0

tvortex
(µs)
60.5
40.3
30.3
24.2
18.3
17.3
15.1
13.4
12.1
60.5
40.3
30.3
24.2
20.2
17.3
242.1
121.0
80.7
60.5
48.4
40.3
34.6
30.3
26.9
201.7
134.5
100.9
80.7
67.2
57.6
50.4
10.0
6.4
4.8
3.9
3.3
2.7
2.5
2.1
1.9
1.8
1.6
1.5
1.4

tmix Premixing Pressure
(µs)
%
MPa
0.7
3.8
11.5
2.5
12.3
1.5
2.2
1.9
12.7
2.7
1.5
12.6
3.3
1.1
13.5
3.9
1.1
13.9
4.6
1.0
14.2
5.4
0.9
14.4
0.8
16.9
6.1
1.94
11.2
0.8
1.5
1.30
12.0
2.6
1.0
12.7
4.1
0.8
11.2
6.0
0.7
10.5
0.6
10.6
8.7
2.8
7.2
0.3
1.0
1.4
7.3
2.2
0.9
8.1
3.5
0.7
9.2
5.8
0.6
10.1
0.5
11.0
8.9
12.4
0.4
12.3
16.6
0.4
12.7
21.4
0.3
13.7
1.6
6.7
2.8
5.8
1.1
7.0
9.8
0.8
7.5
14.8
0.7
8.1
20.8
0.5
8.2
27
0.5
8.3
36
0.4
8.4
1.1
N.A.
1.1
2.3
0.71
N.A.
0.53
N.A.
4.4
6.0
0.43
N.A.
8.5
0.36
N.A.
11.4
0.3
N.A.
14.9
0.27
N.A.
0.23
N.A.
19.3
0.21
N.A.
22.8
26.6
0.20
N.A.
30.8
0.18
N.A.
0.17
N.A.
35.3
0.16
N.A.
39.8
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Chapter 4
Design and characterization of a continuous flow ultra-fast
mixing instrument for the study of transient (bio)chemical
reactions by optical spectroscopy
Sandra Mitić and Simon de Vries†
1. Summary
A continuous flow ultra-fast mixing device has been developed with major advances
in time resolution (dead-time of 3.8 ± 0.3 µs) and enabling the recording of UV-Vis
spectra between 300-700 nm. The instrument employs a four-jet tangential micromixer that completely mixes two liquids within 3.5 µs. The mixed liquids enter a
high-pressure capillary flow-cell that is aligned with the long axis of a fast CCD
2048x512 chip detector. This arrangement produces one spectrum per pixel of the
CCD chip and allows the simultaneous recording of ~ 1900 UV-Vis spectra in a
single scan of the monochromator. In the kinetic mode of the instrument, each UVVis spectrum corresponds to a different reaction time that is determined by the
distance between the mixer and a pixel of the CCD chip and the fluid flow rate. The
reaction progress can be monitored in steps of 318 ns for approximately 600 µs at the
highest flow rate. The dead-time of 3.8 ± 0.3 µs of the mixing device was determined
from the reaction between ferrocytochrome c and sodium ferrihexacyanide. This
newly designed ultra-fast mixing device has a 100-fold shorter mixing/observation
time than the stopped-flow and is approximately 10-fold faster than current
continuous-flow instruments, which, however, record optical changes at a single
wavelength. This ultra-fast mixing device fills the current gap in instrumentation to
study (bio)chemical reactions on the microsecond time scale and enables detailed
kinetic analyses of the very onset of biocatalysis and protein folding.
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2. Introduction
To study catalytic mechanisms of enzymes and chemical reactions in detail, the
reaction should preferentially be initiated so rapidly that the subsequent formation and
decay of all reaction intermediates can be monitored. To determine the kinetics of
processes that are not driven by light, rapid mixing of two or more reactants is the
most versatile and common method of initiating (bio)chemical reactions. To achieve
complete mixing the majority of rapid mixing devices both rely on optimization of
turbulent mixing. Turbulence is an efficient mechanism to disperse the solutions into
sufficiently small volume elements, so-called turbulent eddies. The small size of the
eddies enables fast diffusion of the reactants over very short distances and constitutes
the final step in mixing. Mixers of various designs that enable efficient turbulent
mixing have been constructed over the years and range from simple T- or Y- mixers
to more complex geometries, such as multiple-jet tangential mixers, the co-axial type
micro-mixers and the Berger ball mixer1-21. The mixers might be integrated with an
observation cell as in stopped-flow (SF) and continuous-flow (CF) instruments,
allowing monitoring of the reaction by a great variety of spectroscopic methods22.
While the SF instrument is relatively easy to construct, has a favourable sample
economy and wide dynamic time range, the instrumental dead-time of ~ 1ms is often
too long to accurately determine events during the very onset of biocatalytic reactions
or of protein folding and compares unfavourably with that of CF instruments (~50
µs)5-7,15,17,23-25. The total dead-time of a mixing device in which kinetic changes are
monitored by e.g. optical spectroscopy is determined by the mixing time, the
residence time of the mixed reactants in the dead volume, i.e. the volume between the
point of mixing and area of observation, and finally by the time required to fill the
observation chamber. Both the mixing time and residence time decrease with
increasing (linear) flow rates. In micro-mixers, owing to their smaller dimensions,
linear flow rates need to be higher than in the larger mixers in order to obtain
Reynolds numbers above ~ >2000 needed for turbulent mixing and rapid completion
of mixing26. So, a key feature to design instruments with shorter dead-times is
miniaturization of both mixer and observation compartments as has been done in set
ups employing a capillary micro-mixer5,6,15-17. Similarly, the microsecond freezehyperquenching (MHQ) instrument has been designed in which the use of a stainlesssteel micro-mixer enabling very high flow rates has led to an improvement of the
freeze-quenching dead-time from ~5 ms in ‘classical’ instruments1,4,27-33 to ~75
µs2,21,34,35. Miniaturization itself, the small observation compartments and the high
pressures caused by the high fluid flow rates present design challenges in the fields of
accurate micro-machining and instrumental sensitivity. Below we describe the design
and performance of a continuous flow ultra-fast mixing device that is tightly fitted to
a small high-pressure capillary optical cuvette. The instrument has a dead-time of 3.8
± 0.3 µs and produces good quality optical spectra enabling the study of very shortlived enzyme intermediates.
3. Results
3.1 Overview of the setup
The continuous-flow ultra-fast mixing setup (Fig. 1) is a home built ultra-fast mixing
device that uses the same type of stainless-steel micro-mixer and reactant delivery
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system (HPLC pumps) as the microsecond freeze-hyperquenching (MHQ) set up2.
The observation chamber is a long cylindrical cuvette - capillary flow-cell - integrated
in the cuvette holder. Both micro-mixer and cuvette holder are fitted together via a Pt
or Cu seal that is precisely positioned at their interface to prevent solvent leaks and
joint together by four long screws to withstand pressures up to ~400 bar. The micromixer and cuvette holder are mounted on two independently adjustable three-axes
manipulators enabling their alignment in the light path between the monochromator
and the CCD camera. The CCD camera, the manipulators, the lens and the mixercuvette unit are all housed in a lightproof black box.

Figure 1. Schematic drawing of the continuous-flow ultra-fast mixing device integrated with the
components of the UV-Vis spectrometer. Monochromatic light is produced by a horizontally placed
Xenon arc lamp, fitted to a scanning monochromator. Light that is collimated by a bi-convex lens is
next focused by a plano-convex lens on a slit (not shown) mounted on the plexiglass cuvette holder that
contains a cylindrical capillary flow-cell that acts as the cuvette. Detection is by a CCD camera
positioned directly behind the cuvette holder. The CCD camera and the scanning motor of the
monochromator are synchronized by the computer. Reactants are delivered via the injection ports of
two HPLC pump to the stainless-steel micro-mixer, and finally to the fused-silica flow-cell. The two
three-axes manipulators to outline the various components, lens holders and the lightproof black box
are omitted from the figure. The various components are not drawn to scale.

3.2 Optical components
From the optical point of view, the setup in Fig. 1 is a scanning UV-Vis spectrometer,
but instead of a rectangular cuvette it employs a 35 mm long cylindrical fused silica
cuvette (100 µm path length) in which mixed reactants move away from the mixer at
high linear flow rates. A fast CCD detector rather than a photomultiplier or
photodiode is used to record spectra (Fig. 2). In a single run of the monochromator
(e.g. 300-700 nm) approximately 2000 spectra are recorded by the CCD chip, one in
each vertically binned pixel (z-axis, Fig. 2) thus corresponding to one spectrum per
pixel on the y-axis. In the kinetic mode of the setup the different pixels along the yaxis of the CCD camera correspond to different reaction times (Fig. 2). The (reaction)
time is determined by the distance between the mixer exit – recorded as ‘the 1st pixel’
– and a particular pixel, as well as by the (linear) flow rate of the liquid. At the highest
flow rate of 20 mL min-1 the time resolution equals 318 ns per pixel resulting in a total
time span of approximately 600 µs. Calculation of the total reaction time further needs
determination of the dead volume, which is calculated below from the reaction
between ferrocytochrome c and ferrihexacyanide (see also below Section 8).
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The only optical components of the setup consist of a bi-convex collimating lens that
collimates the divergent monochromatic light beam along the whole length of the
cylindrical cuvette and a plano-convex lens that focuses light on the capillary flowcell. To minimize scattering effects, two slits are mounted parallel to the optical
cuvette, at opposite sides of the plexiglass holder and aligned with the 100 µm inner
diameter of the fused-silica cylindrical cuvette. Both slits are fixed on the cuvette
holder and mounted using a microscope equipped with a long working distance lens.
The entrance slit has a 70 µm or 100 µm aperture, i.e. similar to the diameter of the
cylindrical cuvette. The exit slit has a 0.25-0.29 mm aperture and faces the rectangular
CCD chip of the CCD camera. In some arrangements an additional slit (0.25-0.29 mm
aperture) is mounted on the plexiglass holder between plano-convex lens and the 70
µm or 100 µm aperture slit.

Figure 2. Schematic drawing of the lenses, the cylindrical cuvette holder and the CCD chip.
Monochromatic light is collimated by a bi-convex collimating lens (150 mm focal length, 50 mm
diameter) and focused on the capillary flow-cell by a plano-convex lens (100 mm focal length, 25x50
mm). The plexiglass cuvette holder is equipped with a cylindrical fused-silica cuvette (0.1 mm in inner
diameter, 0.36 mm in outer diameter, 35 mm in length), and two slits: the entrance slit (0.07-0.1 mm
aperture) and the exit slit (0.25 mm aperture). An additional slit (0.25 mm, not shown in the figure)
may be placed between the plano-convex lens and the entrance slit. The rectangular CCD chip
measures 512 pixels x 2048 pixels (height x length, each pixel being 13.5 µm x 13.5 µm). The image of
the cylindrical cuvette recorded by the CCD camera in the ‘Image Mode’ is shown in the figure.

The optical parts of the setup such as the cylindrical cuvette, the cuvette holder and
slits are micro-machined with tolerances of ±5 µm. In the absence of such
imperfections, the CCD chip would detect only light passing through the inner
diameter of the cylindrical cuvette (‘sampled light’, Fig. 3). In practice, however,
imperfect machining, slight misalignments of the 70 µm or 100 µm entrance slit with
the 100 µm cylindrical cuvette along the length of the cuvette and imperfect
collimation may lead to uncontrollable light scattering effects (Fig. 3). Hence, while
the optical arrangement enables light to be absorbed when passing through the
solution, part of the light might bypass the solution (non-absorbed light) and/or be
scattered by the round cuvette before reaching the CCD chip via the exit slit. These
scattering effects are particularly visible as an apparent broadening of the capillary
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flow-cell from 100 µm to 400µm - 650 µm (30-50 vertical pixels) on the image of
CCD camera (Fig. 2; NB: the vertical stripes on the CCD image are due to vertical
streaking caused by the relatively long exposure time used for this image). Since the
cuvette and the CCD chip are approximately 22 mm apart, and the image of 0.1 mm
cuvette appears as 0.4 mm - 0.65 mm wide, the vertical divergence, due to light
scattering from the cuvette, is approximately 0.022 (Fig. 2).
In order to minimize vertical divergence and to block out stray light further, only the
bottom 30-50 pixels of the CCD camera (in the z-direction, Fig. 2) are used and
accessible to light, while the rest of the CCD camera is shielded by a black cover.
Data are then recorded in the so-called CROP 30 (or CROP 50) mode (and later
processed by taking the average of these 30-50 pixels at each position in the ydirection), which not only speeds up the recording of data, but also selects as much as
possible only the fraction of absorbed light. In spite of these measures, i.e. covering
the CCD camera and a total of three slits, approximately 30% of all light reaching the
CCD camera is due to stray light (see Section 4.3). The use of different materials
(plexiglass, fused silica) might yet be another source of uncontrollable scattering
effects. Given the refractive indexes of the various media light falling at angles >66°
on the cylindrical cuvette is externally reflected (Figs. 3 and 4). The external
reflection caused by the cylindrical shape of the cuvette and the fact that the cuvette is
round rather than flat results in a reduction of the extinction coefficient (shorter mean
pathway for light to be absorbed compared to a rectangular shaped cuvette) to a
theoretical value of 51.4% determined by the refractive indices of the fused silica and
the plexiglass (Fig. 4). In practice, reduction of the extinction coefficient was
determined to be between 50% - 60% of the value for a rectangular cuvette.

Figure 3. Side view of the optical setup highlighting the possible light paths through the cylindrical
cuvette. Focused monochromatic light enters the cylindrical cuvette through the entrance slit (0.07 mm
or 0.1 mm aperture has been used); at the cylindrical cuvette, part of the light is absorbed by the
solution in the inner volume, another part may be scattered while light falling at angles >66° is
externally reflected. Transmitted and scattered (non-absorbed) light passes the exit slit (0.25 mm
aperture), before falling on the CCD chip producing an image as shown in Fig. 2.
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Figure 4. Enlarged side view of the light paths through different medias of the cylindrical cuvette
holder. From right to left: Focused monochromatic light, entrance slit (0.07 or 0.1 mm apertures have
been used), capillary flow-cell (0.1 mm in inner diameter, 0.36 mm in outer diameter), the rectangular
plexiglass holder (dotted), calculated pathways of externally reflected light, sampled light. ns, nfs and
nplexiglass are the approximate refractive indexes of the sample, fused-silica and plexiglass, respectively.
Incident angles (from top to bottom are): 66° (total external reflection angle), 30°, 0°, 30° and 45°; the
refraction angles are calculated using the refractive indexes indicated.

An important issue related to the time resolution is how well the y-axis (the time axis)
is projected on the CCD chip, as the cylindrical cuvette and CCD chip are 22 mm
apart. Collimation by a lens is never perfect (Fig. 5). With the monochromator exit slit
width of 0.1 mm (the usual setting), the light intensity distribution spread
approximately ±1 pixel in the y-axis direction of the CCD chip. The peak spreading of
±1 pixel at 0.1 or 0.2 mm slit width of the monochromator corresponds to a minimum
of ± 0.3 µs in time at the highest possible flow rate of 20 mL min-1. The divergence in
the direction of the z-axis is irrelevant since the light intensity data are recorded in the
so-called full vertical binning mode (FVB or CROP mode), and each column of the
CCD camera is represented by a single light intensity value.
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Figure 5. Top view of the light paths through the lens and the cylindrical cuvette indicating the effect
of lens divergence on a collimated beam.

4. The optical performance of the UV-Vis spectrometer
4.1 Relation between absorbance and transmittance along the cylindrical flowcell
In order to record absorbance spectra with a single beam UV-Vis spectrometer (Fig.
1) separate reference (Iref) and sample (Isam) transmission spectra are recorded and the
absorbance spectrum is calculated as:
^

b = −cde ^fBA
ghi

(Eq. 1)

Fig. 6 shows the particular transmittance profiles of reference and sample solutions in
each FVB column/pixel of the CCD camera – along the whole length of the capillary
flow-cell – recorded at 416 nm, the maximum of the Soret band of ferrocytochrome c.
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Figure 6. Non-uniform distribution of light intensity (416 nm) along the length of the cylindrical
cuvette. Light intensity profiles of 20 mM phosphate buffer at pH 7.0 (–) and of 0.5 mM reduced
cytochrome c (–) in the same buffer. (b) The blow-up of (a) highlighting the position of the first pixel,
at number 1900 of the y-axis of the CCD camera. The first pixel is located at the interface of the micromixer and the flow-cell. Since the micro-mixer is non-transparent, the light intensity drops off sharply
(by 50% in two pixels) towards the right, but not completely to zero. Pixels 1902/4-2047 are so-called
dark pixels, but they nevertheless reproduce similar spectra as those observed in pixels 1900 to zero,
albeit at a much higher noise due to the low light intensity (see e.g. Fig. 8). The increase in the noise at
pixel numbers greater than 1900 from ±0.001 ∆A to ~ ±0.01 ∆A is indicated by (–) at the bottom of
(b).

The light intensity along the flow-cell is seen to vary approximately threefold at 416
nm and similarly at other wavelengths (not shown). Both the reference and the sample
display similar light intensity patterns, but the intensity of the latter is lower due to
absorbance by ferrocytochrome c. Since the law of Lambert-Beer predicts that the
absorbance is independent of the light intensity (but the signal to noise ratio is not),
and because Absorbance is proportional to log(Isam/Iref), similar intensities in each
pixel for the absorbance spectra are expected. Fig. 7 shows that, contrast to
expectation, the absorbance intensity (A416 and A551, the maxima of the Soret- and
α-band of ferrocytochrome c, respectively) also varies along the flow-cell though to a
smaller extent (~1.5 fold) than the light intensity, while the ratio A416/A551 is more
constant (variation is ~1.25 fold). The variation in absorbance is ascribed to small
imperfections in the micro-machined 70 µm or 100 µm slit and to slight
misalignments of this slit with the capillary flow-cell along its length (35 mm).
Together this leads to differences in the proportion of absorbed versus non-absorbed
light and hence to local (i.e. per pixel) differences in scatter (cf. Figs. 3 and 4). The
variation in absorbance appeared to be constant for a particular alignment of the slits
in respect to the flow-cell and for the position of the flow-cell plus slits in respect to
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the light beam. Thus in practice the apparent differences in the absorbance can be
calibrated in a manner to (re)produce the same intensity (±1%) in each pixel, which is
sufficiently accurate to analyze kinetic data.

Figure 7. Non-uniform distribution of the absorbance at 416 nm (–) and 551 nm (–), and the ratio
between these absorbances (–) along the length of the cylindrical cuvette. Cytochrome c concentration
and recording is as in Fig. 8. Note the increase in absorbance (A416 and A551) at pixel #1900.

The sharp interface between the transparent flow-cell and the non-transparent micromixer is geometrically well defined (see also below Section 6). This interface is
routinely positioned at pixel #1900 of the CCD camera (Fig. 6b and Fig. 7). To the
right (pixel numbers >1900) the light intensity drops off sharply (50% in two pixels)
because here the micro-mixer covers the CCD camera ‘dark pixels’. However, the
light intensity does not drop to zero, and spectra are produced albeit at a much poorer
signal to noise ratio (Fig. 8).

89

Chapter 4
___________________________________________________________________________

Figure 8. Absorbance spectra of ferrocytochrome c (0.5 mM in 20 mM phosphate buffer pH 7.0) in
individual pixels, along the capillary flow-cell, i.e. at 13.5 µm intervals - the size of a pixel of the CCD
camera. BSA (10 mg ml-1) in 50 mM phosphate buffer pH 7.0 served as a reference solution. Spectra
were recorded at 50 nm s-1 with monochromator entry and exit slits at 1.0 and 0.2 mm, respectively.

The light falling on the ‘dark pixels’ has thus passed the sample solution in the
capillary flow-cell, and could not be blocked by e.g. putting additional black shields
around the cuvette holder. We presume that this light is reflected back and forth
between the window of the CCD chip and the flow-cell. The absorbance profile (Fig.
7, traces A416 and A551) shows a sharp increase between pixels 1904 and 1900 (Fig.
8). The increase in noise is clearly visible in the ‘dark pixels’ (>1900). For kinetic
measurements, it is important to know where precisely the flow-cell begins, since it is
the ‘time zero’ for observation; to this ‘time zero’ the dead-time for mixing and filling
the mixing chamber must be added (see Section 8) to obtain the total instrumental
dead-time. The data in Figs. 7 and 8 suggest that the spectra in pixels 1900-1902
represent the boundary between flow-cell and mixer and hence correspond to the first
observable kinetic data points.
The (high frequency) noise in the spectra of a single pixel is approximately ±0.001
∆A, under the conditions of recording (a single scan at 50 nm sec-1, 18.4 ms
illumination time per nm, monochromator entry and exit slits at 1.0 mm and 0.2 mm,
respectively). The noise is determined mainly by instabilities of the arc of the Xenon
lamp and for only 10% - 15% by shot noise from the CCD camera. Once the setup has
been outlined, the light intensity distribution along the flow-cell remains stable for
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several hours, long enough to perform a series of kinetic measurements. The signal to
noise ratios are for most pixels >50, sufficient to perform biochemical and kinetic
analyses. The volume of a single pixel corresponds to only 0.1 nL and the amount of
cytochrome c (at 0.5 mM) to 53.0 femtomol underscoring the sensitivity of this
spectrometer.
4.2 Recording absorbance spectra
The general practice to record absorbance spectra with a single beam UV-Vis
spectrometer (Fig. 1) is to use pure buffer as the reference solution. The sample
solution is then prepared by adding a dry powder or a small volume of a concentrated
sample (e.g. protein) solution to the reference solution. In the UV-Vis spectrometer
designed here this simple protocol failed to yield reproducible absorbance spectra
(Fig. 9a). Sinus-like periodic absorbance signals appear at various wavelengths some
of which with similar intensities as the true peaks of metmyoglobin.

Figure 9. Absorbance spectra of 0.94 mM metmyoglobin in 20 mM potassium phosphate (pH 7.0)
recorded in different pixels, i.e. at different positions along the capillary flow-cell. (─) The spectrum in
pixel #1900 is approximately the first time point in kinetic experiments. (a) A buffer of 20 mM
potassium phosphate (pH 7.0) served as the reference solution. (b) A buffer of 20 mM potassium
phosphate (pH 7.0) with in addition 22 mg mL-1 BSA served as the reference solution.

This sinus-like pattern was slightly different in each pixel as well, thus the buffer
appeared not to constitute a proper reference solution. The short path length of the
round flow-cell (100 µm) necessitates the use of concentrated protein solutions,
approximately 100-200 more concentrated than needed for a 10 mm rectangular
cuvette. As a consequence, there is a relatively large difference between the refraction
indices (∆n) or solution densities (∆ρ ~ 0.001-0.003) between the reference and
sample solutions. This causes differences in the angular distributions of absorbed and
scattered light trajectories by reference and sample solutions (see e.g. Figs. 3 and 4)
and hence the CCD camera detects different light intensities even for two colourless
solutions with different refraction indices. The differences in angular distributions of
light between solutions of different densities appear more prominent in this setup than
in regular spectrometers owing to the small dimensions of the slits and the small size
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of the pixels of the CCD camera (one pixel is 13.5 µm x 13.5 µm). The angular
distribution of light intensities is described – at least qualitatively – by a Frauenhofer
scattering intensity function:
^fBA
^ghi
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p

(Eq. 2)

Herein sinc is the hyperbolic sine function, nsam and nref the refraction indices of
sample and reference solutions, respectively, and λ the wavelength of the incident
light. Although this function leads to the sinus-like patterns observed (Figs. 8 and 9),
it was in practice not possible to correct UV-Vis spectra satisfactorily with this
function. Therefore an experimental approach was chosen, that is to make reference
solutions with the same density/refraction index as the protein solution under study.
This is a (simple) matter of trial and error. Fig. 9b shows that with 22 mg mL-1 of the
colourless protein Bovine Serum Albumine (BSA) as a reference solution for 0.94
mM metmyoglobin (16.5 mg mL-1) good quality optical spectra were obtained lacking
the sinus-like absorbances. In order to obtain reference and sample solutions with the
same refraction index the particular BSA concentration has to be determined
separately for each protein under study. Once the equivalent BSA concentration has
been determined at one particular concentration of the sample protein this information
can be used to prepare reference BSA solutions for different concentrations of the
sample protein since the refraction indices scale in the same proportional manner.
4.3 Deviations from the law of Lambert-Beer
To test the proportionality between absorbance and concentration, as expressed by the
law of Lambert-Beer, absorbance spectra of reduced cytochrome c were recorded in
the concentration range from 0.025 mM to 2 mM with the UV-Vis spectrometer. As
shown in Fig. 10, the absorbance appears to saturate to a maximum value of
approximately 0.55 ± 0.02 AU at the highest concentrations of cytochrome c used, a
value that corresponds to 28.5% stray light. This stray light is due to light that does
not pass the capillary flow-cell that contains the cytochrome c solution, but
nevertheless reaches the CCD camera. Machining and alignment imperfections of ±10
µm would produce ~10% differences in stray-light and accounts more or less
quantitatively for the observed differences of the absorbance between pixels (Figs. 68). The UV-Vis spectrometer is linear up to absorbance values of approximately 0.3
AU (Fig. 10). Spectra appear broadened at higher absorbance values as is particularly
clear for the Soret band of ferrocytochrome c. The good optical quality of the spectra
is evidenced by the ratio of 5.41 for the Soret- and α-band maxima at non-saturating
concentrations (<0.2 mM) ferrocytochrome c, the ratio found also with commercial
UV-Vis spectrometers.
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Figure 10. (a) Absorbance spectra of ferrocytochrome c at various concentrations. (b) The relation
between absorbance and concentration of ferrocytochrome c at 416 nm (─) and 551 nm (─). The
straight lines (─) are fits to the data points of the non-saturated spectra (0.2 mM). The ratio of the
slopes for A416 and A551 of these lines equals 5.41, identical to the ratio of the extinction coefficients
for the Soret- and α-band maxima determined in commercial UV-Vis spectrometers. Ferrocytochrome
c concentrations were: 0.025, 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 mM. Spectral deformations occur for
absorbances >0.3 AU. The spectra are the average of the spectra recorded in pixels 0-1900, along the
whole length of the flow-cell, and were put arbitrarily at zero at 630 nm.

The spectra of ferrocytochrome c up to 0.20 mM (or AU 0.3) in Fig. 10 are virtually
identical to those obtained with commercial UV-Vis spectrometers using a rectangular
cuvette (at concentrations below 10 µM) with the exception of the absorbance region
above ~580 nm. The spectrum of ferrocytochrome c should be flat in this region at
approximately zero absorbance, but the spectrometer designed here yields a slightly
curved shape. The reasons for this discrepancy are currently not understood. Control
experiments with non-absorbing buffers (BSA) produced spectra with flat baselines at
zero absorbance from 300 nm - 700 nm. So the effects seen with cytochrome c might
be due to (second or higher order) grating artifacts of the monochromator.
4.4 Comparison between static absorbance spectra and spectra recorded during
fluid flow
The spectra shown so far were recorded without liquid flow. For kinetic experiments
the fluid in the capillary flow-cell moves at high speeds up to 40-45 m s-1 and at
volumetric flow rate of 20 mL min-1. At this high flow rate, spectra recorded under
static and flow conditions appear virtually identical (Fig. 11).
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Figure 11. Absorbance spectra of ferrocytochrome c (0.5 mM) recorded without liquid flow (–) and at
a liquid flow rate of 20 mL min-1 (–). The top two spectra are the average of the spectra obtained in
pixels 0-1900. Spectra were recorded as in Fig. 8.

5. The relation between pressure and temperature and the flow rate in the
continuous-flow micro-mixer
Fig. 12 shows that with increase of flow rate, both, pressure and temperature in the
cylindrical cuvette increase too. The pressure increase (∆∏) is parabolically related to
the volumetric flow rate (v) according to Eq. 3:
∆∏

V ∗ X ; Y ∗ X8

(Eq. 3)

In Eq. 3, the linear term contains the wall friction coefficient a, and the quadratic term
describes the flow through an orifice. Experimental values for a and b determined by
fitting the experimental pressures to a parabola (Fig. 12) are approximately 37.01 and
8.09, respectively, indicating substantial wall friction. At the maximal flow rate of 20
mL min-1 the pressure builds up to approximately 4000 PSI or 275 bar (27.5 MPa).
Under these conditions, the temperature also increases to approximately 7°C higher
than ambient. The increase in temperature is determined with Eq. 4:

94

Design and characterization of a continuous flow ultra-fast mixing instrument for the
study of transient (bio)chemical reactions by optical spectroscopy
___________________________________________________________________________
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(Eq. 4)

where 4 is density of water, 1000 kg m-3, 6 is the average flow velocity (m s-1), ΔΠ is
the pressure in the cuvette (N m-2) and yz is the heat capacity of water 4186 J kg-1°C-1.
Δr

8.{t∗ s s|
} {~∗ sss

6.8°C

Application of Eq. 4 yields an increase of 6.8°C at 20 mL min-1 in good agreement
with the measurement (cf. Fig. 12).

Figure 12. Parabolic dependence between pressure (–) or temperature (–) and flow rate in the
cylindrical cuvette. (●) and (●) are experimental values, while (–) and (–) are fits according to Eqs. 3
and 4.

6. Assembly of mixing and optical components
The continuous-flow stainless-steel micro-mixer of the setup is a four-jet tangential
alternating stream or ABAB micro-mixer (Fig. 13). Reactants are delivered by two
HPLC pumps as in the MHQ setup2. The micro-mixer and the cuvette holder are
mounted on two independently adjustable three-axes manipulators in the light path
between the monochromator and the CCD camera. The micro-mixer and the cuvette
holder are separated by a Cu inlay (3 mm in outer diameter and 50 µm thick) that
contains a hole (130 µm diameter), which is precisely positioned in front of the
cylindrical cuvette by means of a Cu shim (5 mm in outer diameter, 3 mm in inner
diameter and 25 µm thick), see Fig. 13. The Cu inlay acts both as a tight seal to
prevent leaking of the reactants (at least up to 400 bar) and as the micro compartment
where mixing is completed.
As Fig. 13 indicates, each reactant enters two opposite channels (∅ 300 µm in
diameter) before meeting at a cross section, ‘the premixing chamber’. The four microchannels leading to the premixing chamber are 50 µm wide and deep. The four micro95
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channels are offset in respect to each other by a full width of the channel to induce a
vortex of the four liquid streams by which mixing is enhanced. The dimensions of the
pre-mixing chamber are: 100 µm x 100 µm x 50 µm (width x width x depth, 0.5 nL
volume). Here the reactants are premixed at relatively low Reynolds numbers,
Repremix. After the premixing chamber, the reactants are forced into ‘the mixing
chamber’ perpendicular to the plane of the channels, i.e. into the hole in the Cu inlay
(130 µm diameter, 50 µm long or 663 pL in volume). Here the linear velocity of the
liquids is highest and hence also the Reynolds number, Remix leading to complete
mixing. By increasing the flow rate, the residence time of the liquids in the
premixing- and the mixing chamber – the dead volume – becomes shorter. The
minimal residence time in the ‘dead volume’ or dead-time is obtained at the highest
flow rate of 20 mL min-1 (or 0.33 nL µs-1), and is calculated as 1.5 µs and 2.0 µs for
the premixing chamber and mixing chamber, respectively, totaling 3.5 µs. After the
mixing chamber, the mixed reactants directly enter the optically transparent fusedsilica cylindrical cuvette where UV-Vis measurements are made. After the cuvette the
fluid flows through a wide bore flexible tubing and is finally dispensed in a waste
container.

Figure 13. (I) Geometry of the four-jet tangential stainless-steel ABAB micro-mixer and the plexiglass
cuvette holder equipped with a fused silica cuvette. The micro-mixer and cuvette holder are separated
by a Cu inlay, precisely positioned with respect to one another by a Cu shim. The micro-mixer body
and cuvette holder are held together by four long screws (not shown in the figure). Reaction
components A and B enter the mixer body as indicated and subsequently flow to the four channels
arranged in a cross (see III). The components are then forced through a 130 µm wide hole (‘mixing
chamber’) in the Cu inlay. (II) Slice through the mixer body (‘side view’) and the Cu inlay along two
channels (A-A; B-B (not shown)). The premixing chamber is located between the mixer body and the
mixing chamber. (III) Alternating ABAB channel arrangement (‘top view’) and the premixing
chamber (of the dismounted mixer). The premixing chamber has dimensions of 100 x 100 x 50 µm3
yielding a volume of 500 pL.
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7. The mixing efficiency of the four-jet tangential ABAB micro-mixer
7.1 The reaction between HPTS and acidic and alkaline solutions
To determine the mixing efficiency of mixing devices, a chemical reaction must be
selected that is completed within the mixing dead-time of the set up. Most suitable for
this purpose are the fast protonation/deprotonation reactions with pH-sensitive dyes.
HPTS (8-hydroxypyrene-1, 3, 6-trisulfonic acid, also known as pyranine) is a highly
water-soluble pH-sensitive dye with a pKa of approximately 7.3 in aqueous solution.
The protonation and deprotonation rate constants are 1.8 1011 M-1 s-1 and 1-2 1010
M-1 s-1, respectively36,37. So under our experimental conditions [H+] or [OH-] ~10
mM) protonation/deprotonation of HPTS occurs well within our time resolution of
318 ns per pixel at 20 mL min-1 fluid flow rate, and the mixing efficiency can thus be
determined from the ratio of protonated versus non-protonated HPTS in the first point
of observation, here called the ‘1st pixel’.
In alkaline solution HPTS absorbs maximally at 458 nm, whereas in acidic solutions
there is no absorbance at this wavelength (Fig. 14a, blue). In acidic solutions the
maximal absorbance is at 406 nm, a wavelength where the dye in alkaline solution has
a small absorbance (Fig. 14a, black). The optical properties and the high
protonation/deprotonation reactivity make HPTS a suitable dye to determine the
mixing efficiency of the four-jet tangential micro-mixer when recording spectra
between 380 nm to 500 nm along the length of the cylindrical cuvette (Fig. 14).
Observation starts immediately after the liquids have left the Cu inlay and enter the
cuvette.
The absorbance spectra of the protonation (Base to Acid; Fig. 14b, black) and
deprotonation (Acid to Base; Fig. 14b, blue) kinetics were acquired using a 1.5 fold
excess of acid over base, or the reverse, respectively. The control or reference
absorbance spectra are obtained by mixing a dye in alkaline buffer with alkaline
buffer and similarly for the dye in acidic buffer (Fig. 14a, spectra in blue and black,
respectively). The percentage or degree of mixing in a Base to Acid, or Acid to Base
experiment can now be determined using Two-component analysis (for details see
Material and Methods).
Fig. 14b indicates, that at the high flow rate of 20 mL min-1 mixing is complete in the
very first time point (318 ns after mixing in the (pre-)mixing chambers) evidenced by
the appearance of only one spectral component in the 1st pixel, here pixel 1901. Either
the (‘acidic’) 406 nm peak is visible for the Base to Acid reaction (black spectra), or
the (‘basic’) 458 nm peak for the Acid to Base reaction (blue spectra). The residence
time in the pre-mixing and mixing chambers (dead volume) at a flow rate of 20 mL
min-1 is 3.5 µs, hence mixing is completed within 3.8 µs.
Fig. 15 shows kinetic traces of the Acid to Base and Base to Acid reactions calculated
by the Two-component analysis method. The traces in Fig. 15 indicate also that the
mixing is completed in the first time point (pixel 1901) recorded in the capillary flowcell. The value of coefficient a (the fraction of acid, black) is very close to 1 but starts
from zero, while coefficient b (the fraction of base, blue) equals 0 but its initial value
was 1 in the case of conversion of the Base to Acid form of HPTS (Fig. 15b).
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Figure 14. The absorbance spectra of HPTS dye recorded within the first 6.36 µs (20 pixels) at a liquid
flow rate of 20 mL min-1. (a) Base control spectra - 3 mM HPTS in 10 mM NaOH (pH 12) mixed vs 10
mM NaOH (pH 12) (–); Acid control spectra - 3 mM HPTS in 10 mM HCl (pH 2) mixed vs 10 mM
HCl (pH 2) (–). (b) Kinetic traces of the Base to Acid reaction - 3 mM HPTS in 20 mM NaOH (pH
12.3) mixed vs 30 mM HCl (pH 1.52) (–) and Acid to Base reaction - 3 mM HPTS in 20 mM HCl (pH
1.7) mixed vs 30 mM NaOH (pH 12.48) (–). The final concentration of HPTS dye was 1.5 mM. To
minimize the spectral effect due to the formation of salt, 30 mM NaCl was added to each solution.

Figure 15. Kinetic traces of (a) HPTS Acid to Base reaction and (b) HPTS Base to Acid reactions
determined in the first 64 pixels (20.35 µs). The spectra were analysed using Two-component analysis
(see Eq. 8 in Material and Methods). The finding that coefficient a (─) and coefficient b (─) have
values close to zero and one, respectively, in the first data point (‘time zero’) indicates complete
conversion from the Acid to Base form of HPTS or the reverse. The first pixel, pixel 1901 covers the
time from 0-318 ns, after mixing in the premixing and mixing chambers. The experimental conditions
are the same as in Fig. 14.

7.2 Relation between Reynolds number and mixing efficiency
To determine at which Reynolds number the mixing is completed at the very first
point of observation the experiment shown in Fig. 14 was repeated at flow rates
between 0.5-7 mL min-1 using a 100 µm Pt instead of Cu inlay; the Pt inlay is
normally used in the MHQ setup2. As Fig. 16 shows, the mixing is completed already
at a flow rate of approximately 5 mL min-1 where the calculated Re in the 100 µm Pt
inlay orifice is 1060. This value is considerably lower than the onset of turbulence in
pipe flow, which occurs at Re = 2040 26. That mixing is apparently complete in a pre-
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turbulent regime may be due to the vortex experienced by the four tangential liquid
flows that is induced by the channel offset (see Fig. 13 and reference2).

Figure 16. Percentage of mixing in the first pixel (first time point) of the cylindrical cuvette as a
function of the flow rate and the Reynolds number calculated for the 100 µm Pt inlay orifice.
Percentage of mixing is presented as disappearance of acid (─) and appearance of base (─) for the Acid
to Base reaction (a) and as appearance of acid (─) and disappearance of base (─) for the Base to Acid
reaction (b). (─●─) and (─●─) are experimental values. The experimental conditions are the same as in
Fig. 14.

8. Calculation of the dead-time of the continuous-flow micro-mixer
To determine the dead-time of the set up, the reaction between ferrocytochrome c and
sodiumferrihexacyanide was studied as a model reaction:
‚ƒPdy„…d† y 8F + ‡

^^^

(‚ˆ)~ ]

⇄ ‚ƒPdy„…d† y

F

+‡

^^

(‚ˆ)~ ]}

(Eq. 5)

The second order rate constant of this reaction has been determined using stoppedflow (SF) kinetic measurements38. The rate constants (at pH 7) reported in the
literature vary between 0.87 x 107 M-1 s-1 and 1.2 x 107 M-1 s-1. At concentrations of
100 mM sodiumferrihexacyanide the turnover frequency is approximately ~1 µs,
suitable for our purposes. Given the uncertainty in the rate constants reported in the
literature, which may lead to substantial errors in the dead-time determination of the
set up, we determined the rate constant for the reaction ourselves by the stopped-flow
method at various temperatures.
8.1 Stopped-flow kinetic measurements
The dead-time of our stopped-flow instrument is 2.5-2.6 ms, hence the reaction is
completed within the dead-time already at ~300 µM sodiumferrihexacyanide. To
obtain reliable rate constants, the reaction was studied with excess ferrocytochrome c
over sodiumferricyanide under both first- and second-order conditions. In this way the
concentration of sodiumferrihexacyanide can be determined accurately from the
amount of oxidation of ferrous cytochrome c. The stopped-flow traces were analyzed
from the kinetics at 550 nm (Fig. 17) or by Two-component analysis (Fig. 18). The
results are shown in Table 1. The calculated rate constants are close to those reported
in the literature, while single wavelength analysis and Two-component analysis
methods agreed within approximately 10%. Since the Two-component analysis
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method uses the whole spectrum for calculation rather than a single wavelength, it
should be more accurate. More importantly, the rate of the reaction is found to be
almost independent of temperature as might be expected when outer-sphere (pure)
electron transfer is rate limiting39.
Table 1. Rate constants at 0.1 M ionic strength for the reaction between ferrocytochrome c and
sodiumferrihexacyanide
Analysis Method
Rate constant (M-1 s-1)
Stopped-flow
550 nm peak
19.3oC
(0.88 ± 0.23) x 107
o
34.4 C
(0.94 ± 0.1) x 107
Two-component analysis
19.3oC
(1.03 ± 0.14) x 107
o
34.4 C
(1.05 ± 0.07) x 107
Continuous-flow set up
27.5oC
(0.96 ± 0.03) x 107

Figure 17. Stopped-flow traces of the oxidation of ferrocytochrome c by sodiumferrihexacyanide
calculated with two-component analysis. The fraction of reduced cytochrome c has been plotted (dots).
(a) 19.3oC and (b) 34.4oC. Experiments were performed at 29.6 µM ferrocytochrome c mixed with
ferrihexacyanide in 50 mM potassium phosphate (pH 7.0): 1 µM (–); 2 µM (─); 3 µM (─); 6 µM (─);
10 µM (─) and 20 µM (─). The black lines (─) are second-order fits used to determine the rate constant
of the reaction.

Figure 18. Stopped-flow traces of the oxidation of ferrocytochrome c by sodiumferrihexacyanide
monitored at 550 nm at temperatures: (a) 19.3oC and (b) 34.4oC. Experimental conditions and color
coding are the same as in Fig. 17.
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8.2 Kinetic measurements with the continuous-flow ultra-fast mixing instrument
To calculate the rate constant and the instrumental dead-time, the reaction was studied
with excess sodium ferrihexacyanide over ferrocytochrome c under both first- and
second-order conditions (Fig. 19). Analysis of the traces indicated that kobs was not
proportional to the concentration of ferrihexacyanide above approximately 10 mM
(Fig. 20, black data points). Therefore, the calculated second-order rate constant (k2nd,
blue data, Fig. 20) is not constant and was found to decrease by about a factor of ten,
i.e. from ~107 to 106 M-1 s-1 when the concentration of ferrihexacyanide was increased
from 1 mM to 100 mM. However, the increase in the concentration of oxidant leads to
an increase in the ionic strength and this will reduce the rate of the reaction because it
involves two oppositely charged reactants (Eq. 5). The oxidant ferrihexacyanide
carries a high net negative charge of -3 (Z1=-3) and hence the total ionic strength
increases from 0.1 M to 0.7 M in the ferrihexacyanide concentration range from 1
mM to 100 mM; the phosphate buffer contributes 0.094 M to the ionic strength. The
total charge of reduced cytochrome c is +6.5 (Z2=+6.5)40. The effect of ionic strength
on the rate of electron transfer reactions is well described in the literature. Eq. 16 in 40
was used to calculate the effect of ionic strength on the rate of electron transfer:
cŠ = cŠ
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(Eq. 6)

Herein the ionic radii R1 and R2 were taken as 4.5 Å and 16.6 Å for ferrihexacyanide
and ferrocytochrome c40. The ionic strength parameter for water, k is equal to 0.329
µ 1/2 Å-1 wherein µ is the ionic strength. The rate constant at zero ionic strength is k0.
The second-order rate constants corrected for ionic strength are plotted in Fig. 20 (red
data points and fit) and yield for 0.1 M ionic strength the value of 0.96 x 107 M-1 s-1
(Table 1). This value is in good agreement with that obtained from the stopped-flow
data and within the range of values reported in the literature.
Fig. 19b shows that the second-order fits cross at a single time point where the
fraction of the reactant, ferrocytochrome c, equals 1.0. This time point represents the
true ‘time zero’. Approximately 3.8 µs (or 12 pixels on the CCD camera) beyond this
time zero, the second-order fits agree well with calculated fractions of reduced
cytochrome c. The calculated dead-time of the instrument is thus 3.8 ± 0.3 µs. This
value agrees well with the total dead volume of the micro-mixer of 1.15-1.2 nL, which
is equivalent to 3.5 ± 0.1 µs at a fluid flow rate of 20 mL min-1. With the CCD camera
outlined with the first pixel at #1900, the time zero is at pixel 1912 ± 1, and the first
part of the experimental trace that falls on the second-order fit is at pixel 1900 ± 1,
just beyond the sharp increase in light intensity of the transmission profile (see Figs.
6-8). The time uncertainty of ±0.318 µs that corresponds to ±1 pixel is in agreement
with the monochromator exit slit of 0.2 mm (see Fig. 5). In a similar kinetic
experiment as described but using 1 mm slit width, the same second-order rate
constant was found, but the apparent dead-time had increased to 7 ± 2 µs (data not
shown) owing to broadening of the peaks on the CCD camera.
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Figure 19. Kinetic traces of the reaction between ferrocytochrome c (0.48 mM) and various
concentrations of sodium ferrihexacyanide at 27.5°C recorded with the Continuous-flow setup. The
graphs show the data after Two-component analysis as the Fraction of ferrocytochrome c vs time (a)
and after calculating the logarithm of this fraction (b). The buffer was 50 mM potassium phosphate (pH
7, Ionic strength is 0.1 M). Final ferrihexacyanide concentrations were: 1 mM (–), 2 mM (–), 5 mM (–),
10 mM (–), 20 mM (–) and 50 mM (–); the data obtained at 100 mM are omitted from the figure. The
black line (–) is the sum of (oxidized + reduced) cytochrome c (only shown for the reaction at 2 mM
sodium ferrihexacyanide), which should remain constant at 1.0. The lines through the data points (b)
are second-order fits with the rate constants indicated in Fig. 20 (●). The fits all cross in a single point
(±1 pixel or 318 ns) where the fraction of reduced cytochrome c equals 1. Kinetic traces are shown
from a time of 3.8 µs (the determined dead-time). From this time onwards, the data follow the fits.

Figure 20. The effect of ionic strength caused by high concentrations of ferrihexacyanide on observed
(kobs, ─) and calculated (k2nd, ─) rate constants for the reaction between 0.48 mM ferrocytochrome c
and sodiumferrihexacyanide. The values of the second-order rate constant corrected for ionic strength
by Eq. 6 are given by (●) and fitted to a horizontal line yielding a value of (0.96 ± 0.1) x 107 M-1 s-1.
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9. Discussion and conclusions
The test results and the kinetic experiments described here demonstrate that the newly
designed continuous flow ultra-fast mixing instrument has a dead-time of 3.8 ± 0.3 µs.
This dead-time is 10-20 fold shorter than any other (continuous-flow) mixing
instrument in the world and represents an improvement of at least factor of 300 in
time resolution over commercially available stopped-flow instruments, which achieve
a dead-time of 1.5 ms at best41. The instrument produces 1900 UV-Vis spectra
separated in time by only 318 ns for 600 µs at the highest flow rate of 20 mL min-1.
The flow rate can be reduced to approximately 5-7 mL min-1 with complete mixing in
the first data point thus extending the time base to ~2 ms, overlapping with that of the
stopped-flow. The optical sensitivity of the instrument is illustrated by a signal-tonoise ratio >50 of the spectra, which are recorded in a volume of only 106 pL with 1090 femtomol of enzyme.
Turbulent mixing at high fluid flow rates imply the built up of high pressures up to
~400 bar. The high flow rates also lead to a temperature increase (by maximally 7°C
at 20 mL min-1). The current setup is not equipped with a thermostat so the reaction
temperature is equal to the ambient temperature (20-22°C) plus maximally 7°C.
Although the increase in temperature relative to ambient cannot be avoided, the
micro-mixer plus cuvette holder could be provided with a thermostat expanding the
applications of the current setup.
Unlike stopped flow, the continuous-flow approach requires high amounts of
reagents, usually at high concentrations (0.2-1 mM) to obtain sufficient optical
absorbance at a path length of 100 µm. The high amount of reagents needed remains a
general disadvantage of continuous-flow over stopped-flow methods. This limitation
can be overcome in part by increasing the sensitivity or signal-to-noise ratio by using
a light source with higher power density than used in this work. The UV-Vis
spectrometer was also successfully used in either front-face or 90-degree fluorescence
mode (data not shown). The latter arrangement was implemented by placing a
transparent plexiglass window within the black plexiglass body (Fig. 1) perpendicular
to the capillary flow cell.
Taken together, the specifications of the current continuous flow ultra-fast mixing
setup and the experiments described here show that it is possible to study
(bio)chemical reactions on the microsecond time scale filling a gap in current
scientific instrumentation that relies on the mixing of reactants. The new setup enables
detailed kinetic analyses of the very onset of substrate and ligand binding, biocatalysis
and protein folding.
10. Materials and methods
10.1 Instrumentation and construction of the capillary flow-cell
The following parts were used in the ultrafast mixing device. The sample delivery
system and stainless-steel micro-mixer were the same as used in the MHQ setup as
described in2. The high-speed scanning monochromator equipped with a 75 Watt
Xenon short-arc light source (Ushio) was purchased from Optical Building Blocks
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Corporation (OBB). It runs under Moco software program provided by OBB. The
Newton DU-940N-BU CCD camera was purchased from Andor. Data are acquired
with the Andor Solis imaging software, which runs the CCD detector. Fluid flow was
initiated manually whereafter the CCD camera was activated. The CCD software was
used to trigger the Moco program to initiate the scanning monochromator.
The two three-axes manipulators (x, y, z linear stage and the two-axis tilt and rotation
stage), a plano-convex and bi-convex lens and lens holder were from Newport
Corporation. The manipulators were machined to fit on top of one another and
adapted to carry the micro-mixer plus cuvette holder and are used to outline the
capillary flow-cell with respect to the light beam. The CCD camera is next aligned to
the flow-cell. The CCD camera is mounted on a small table allowing manual
translations in the x, y plane; vertical manual translations of the four supports were
performed with four fine screws. The capillary fused silica flow-cell (100 µm inner
diameter, 360 µm outer diameter) was from Polymicro Technologies. The various
slits (70 µm, 100 µm, 250 µm) are made from brass and mounted very precisely on
the cuvette holder.
The cuvette holder is made from UV transparent and black plexiglass. The capillary
optical flow-cell is first glued between two UV transparent plexiglass surfaces (2.5 x
18.5 x 30 mm), one containing a U-shaped groove, the other a mirror image T-profile.
To each surface a piece of black plexiglass (9 x 18.5 x 30 mm) is glued in which four
holes are drilled for screws to connect to the body of the micro-mixer. The UVtransparent and black plexiglass bloc constitute the cuvette holder (Figs. 1 and 2). An
aluminium stopper is mounted on the fluid exit of the cuvette holder to hold the
capillary flow-cell in position; this stopper contains a hole (diameter of 0.2 mm) for
fluid drain. On the mixer end of the cuvette holder a black plexiglass bloc (5 x 18.5 x
23 mm) with a central 5 mm hole is mounted that serves as a guide to connect the
cuvette holder to the mixer body. On the light entrance side of the cuvette holder a 7-8
mm deep groove is made along its whole length up to 1 mm from the capillary flowcell; the 70 µm or 100 µm entrance slit is positioned in the groove exactly aligned
with the capillary flow-cell (Fig. 2). The cuvette-holder is physically connected to the
micro-mixer via a disc-shaped seal of soft material of platinum or copper (50 µm or
100 µm thick). The connection is made in a leak free manner to withstand the
pressures generated up to 400 bar by the fast flow of the fluids. The seal contains a
single cylindrical hole of dimensions of the micro-mixer and capillary (~100-130
µm). The seal acts in practice also as the main mixing compartment. Seals with
mixing volumes between 0.5-1.0 nL were used. The ends of the capillary flow-cell
and the blunt ends of the plexiglass surfaces are flattened using 1 µm diamond paper
to avoid solvent leaks and provide a flat surface for illumination, respectively. The
various parts are machined in the laboratory’s workshop. Precision outlining and
construction were done with the help of a long-working distance microscope (10 cm,
15x magnification). All components are mounted on a 1.5 cm thick stainless-steel
base plate. The CCD camera, cuvette holder and lenses are contained in a lightproof
box.
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10.2 Alignment of the setup and recording of spectra
In order to precisely outline the setup light of 474 nm was used, the maximum of the
emission spectrum of the Xenon lamp and the capillary flow-cell filled with milli-Q
water. The various components are outlined until the image of the flow-cell is
projected approximately in the middle of the CCD camera operating in image mode.
The cuvette holder is manipulated precisely parallel to the bottom of the base plate
using a mini leveler and perpendicular to the light beam, i.e. to a position where the
‘first pixel’ has a minimum peak width. The height and tilt of the CCD camera are
subsequently adjusted in respect to the image of the flow-cell so that the latter is
precisely horizontally aligned with the CCD chip. Finally, the CCD camera is
elevated so that the image of the flow-cell is projected on the lowest 30 (or 50)
vertical pixels of the CCD chip and a cover, that acts as a permanent shutter, is placed
over the front of the CCD camera so that only the lower 30 (or 50) pixels are
illuminated. This arrangement in conjunction with the various slits minimizes stray
light and allows recording of data in the fast CROP 30 (or 50) mode. In CROP 30 (or
50) mode the light intensity in the z-direction of 30 (or 50) vertical pixels is binned,
i.e. the intensity of the vertical pixels is added, producing a single value for a pixel at
a particular position of the flow-cell (y-direction or the time axis).
UV-Vis spectra from 300-800 nm or part of this spectral range were recorded with 0.1
mm or 0.2 mm monochromator exit slit and between 1-2 mm entrance slit. Kinetic
data were recorded in general at 50 nm sec-1 and the recording speed of the CCD
camera was adjusted so that each recording cycle took 20 ms, This produces UV-Vis
spectra with a data resolution of 1 nm whilst the spectral resolution determined by the
exit slit was 0.35 nm or 0.7 nm (with the entrance slit at 0.1 mm or 0.2 mm,
respectively). The CCD camera settings are as follows: Acquisition mode ‘kinetic
series’, data type ‘counts’, frequency of 50 Hz (50 scans sec-1, vertical shift speed of
14.625 µs, pixel readout rate of 2.5 MHz, temperature of the CCD of -650C, number
of active pixel rows 30 (or 50), number of accumulated scans 1. This cycle time of 20
ms yields an illumination time of 18.4 ms. In particular for static measurements,
slower scanning speeds may be selected or more scans accumulated, increasing the
signal to noise ratio of the spectra. To obtain UV-Vis absorbance spectra separate
dark count, sample and appropriate reference traces are recorded under identical
alignments and settings of the CCD camera (see Sections 3 and 4, and the text below
for further details).
10.3 Data acquisition, processing, analyses and graphical presentation of data
Spectral data are acquired with the Andor Solis imaging program. Data are collected
as multi-scans in .SIF format, in general as 1 nm for one scan, each scan containing
2048 pixel data points. Processing, analysis, fitting and graphical presentation of data
are performed with the software package Igor Pro v. 5.05 or 6.04 (Wavemetrics). The
software was written to open Andor Solis .SIF files by Igor, to calculate and plot
(2048) UV-Vis spectra and to perform kinetic analyses (see below). In order to
calculate the UV-Vis spectrum, the background counts were subtracted from the light
counts of sample and reference.
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UV-Vis spectra were analysed using Component Analysis42, in particular Twocomponent analysis. Spectra are fitted to Eq. 7:
f ( x, y ) = a ⋅ x + b ⋅ y + c

(Eq. 7)

in which x and y correspond to the one-component UV-Vis spectra, i.e. oxidized
cytochrome c and reduced cytochrome c for the reaction between ferrocytochrome c
and sodiumferrihexacyanide, or, in the case of HPTS, the acid, and base forms,
respectively. The coefficients a and b, which indicate the degree of conversion, vary
between 0 and 1 (the maximal amount or concentration of a component); coefficient c
is a vertical offset (and determined in all analyses <0.01). The three coefficients are
calculated using linear regression with the starting and final component UV-Vis
spectra (oxidized cytochrome c and reduced cytochrome c, or the acid and base forms
of HPTS) as the input basis set. In general these basis UV-Vis spectra were recorded
separately from the spectra recorded in the kinetic experiment, although in principle
they could be determined to good approximation from the initial and, in particular,
from the final spectra of a kinetic experiment. The advantage of using the whole
spectrum for analysis rather than a single wavelength (i.e. 550 nm for cytochrome c)
is that the whole spectrum contains ~300 spectral data points which greatly improves
the reliability of the determination of the degree of conversion and similarly produces
kinetic traces with much better signal-to-noise ratio (√300, or 17-fold). The kinetic
traces thus obtained are fitted to equations describing irreversible first-order or
second-order reactions. The second order equation is given by:
‘b’ (P) = d““, P + bY,”Š“ +

(’0 −b0 )∙•∙Y
(’0 −b0 )∙ (’0−b0)∙P∙ 2Š— −1

(Eq. 8)

in which offset is a free parameter, bY,QOR is absorbance at infinite time and • the
effective extinction coefficient of ferrocytochrome c. A0 and B0 are initial
concentrations of ferrocytochrome c and sodiumferrihexacyanide in M, t is time in
seconds, k2nd the second order rate constant in M s-1.
10.4 Kinetic experiments
The stopped-flow experiments were performed with an Applied Photophysics SX21
instrument for which the dead-time was determined at 2.5-2.6 ms. Experiments were
performed in the SF photo-diode array mode, allowing absorbance spectral recording
in the wavelength range from 195 nm to 740 nm. In all experiments, 2.96 x 10-5 M
ferrocytochrome c (reduced by 6 x 10-5 M of ascorbic acid) was mixed with
sodiumferrihexacyanide at concentrations varying from 1-20 x 10-6 M. Kinetic
measurements were performed in 50 mM phosphate buffer at pH 7, at two different
temperatures, 19.3oC and 34.4oC. Acquired kinetic absorbance spectra were analysed
in two ways: 1) using the whole spectrum and applying Two-component analysis (Eq.
8) or 2) by extracting the single wavelength traces at 550 nm.
Continuous-flow kinetic measurements with the new setup were performed at a total
flow rate of 20 mL min-1, at 27.5oC, in the spectral range from 350 nm to 650 nm. A
stock solution of 2.2 x 10-3 M ferrocytochrome c (the oxidized form reduced by 4.4 x
10-3 M of ascorbic acid) was diluted to 0.96 x 10-3 M; this latter solution was mixed
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with different sodiumferrihexacyanide concentrations varying from 1-100 mM. All
solutions contained 50 mM phosphate buffer (pH 7.0). In separate experiments
oxidized and reduced cytochrome c (0.96 x 10-3 M) were mixed versus buffer only.
The data from these latter experiments served as the basis set for Two-component
analysis. Optical reference solutions contained BSA (20 mg mL-1) in 50 mM
phosphate buffer (pH 7.0); these reference solutions were mixed with buffers
containing the same ferrihexacyanide concentrations as in the oxidation
experimentsHPTS (8-hydroxypyrene-1, 3, 6-trisulfonic acid, or pyranine) was
supplied by Invitrogen, Molecular Probes. Cytochrome c from equine heart,
sodiumferrihexacyanide, and ascorbic acid were from Sigma Aldrich.
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An optically improved continuous flow ultra-fast mixing
instrument for the study of transient intermediates
Sandra Mitić, Marc J.F. Strampraad, Wilfred Hagen
and Simon de Vries†
1. Summary
A continuous flow ultra-fast mixing device with a rectangular flow cell has been
developed with similar advances in time resolution (dead-time of 3.8 ± 0.3 µs) as
described in Chapter 4, but with greatly improved optical qualifications to record of
UV-Vis spectra. The rectangular flow cell contains a ~30 mm long channel of 70 ± 5
µm path length constructed from two parallel sheets of silver foil with a thickness of
109 µm. The silver foil also acts as a shield for stray light thus producing a
spectrophotometer that is linear up to at least 3.5 Absorbance. The noise in each
spectrum has decreased from ±0.001 ∆A to ±0.0003 ∆A. The new instrument was
used to study the partial refolding kinetics of acid denatured cytochrome c in a pHjump experiment. After a very rapid initial phase (τ = 4.7 µs) not observed hitherto,
partial refolding proceeds with life times of 83 µs and 345 µs. Using singular value
decomposition the complete spectra of three folding intermediates were determined.
The spectra indicate a high spin to low spin change of the heme iron in the 345 µs
folding phase. The newly detected phase of 4.7 µs is proposed to reflect formation of
the heme-iron bond with His18, an event, which triggers amino-acid residues Trp59
and Ile75 to initiate the folding of the two distal α-helices that surround the porphyrin
ring. Our experimental results show that this new instrument enables study of
(bio)chemical reactions on the microsecond time scale including protein folding.
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2. Introduction
In Chapter 4 we indicated that a complete study of the catalytic mechanism of
enzymes and of chemical reactions in general, requires that the reaction is initiated so
rapidly that the subsequent formation and decay of all reaction intermediates can be
monitored. A setup was designed that acquires UV-Vis spectra with a dead-time of
3.8 µs using the oxidation of cytochrome c by ferrihexacyanide as a test reaction.
Here we report on the optical improvement of this setup and further provide a study of
the refolding kinetics of acid denatured cytochrome c.
Globular proteins often display cooperative unfolding transitions in which mixtures of
native and partially denatured molecules accumulate at equilibrium. The compact
folded (native) structure is proposed to be stabilized by a great number of weak
interactions that are cooperative in nature and consequently, the partially folded states
are inherently unstable1,2. A long-standing question is whether protein (un)folding
proceeds via a series of specific intermediates that are partially folded or that
compaction/denaturation of the protein chain are nonspecific condensation/unfolding
processes, respectively.
Partially folded states – structures intermediate between or en route to the completely
folded or unfolded state – accumulate under denaturing conditions, e.g. at extreme
acidic or alkaline pH or in the presence of denaturants like >0.5 M guanidine HCl
(GuHCl)2,3. Although these partially folded states are often unstable they represent
distinct thermodynamic states with well-defined secondary structures, which can be
resolved kinetically1-4. Protein folding studies provide evidence for the occurrence of
kinetic intermediates even in small, single domain proteins5,6. The study of structural,
kinetic and thermodynamic properties of protein folding contributes to our
understanding of many diseases such as Parkinson and Alzheimer caused by protein
misfolding or aggregation of partially denatured proteins7. Cytochrome c is a
polypeptide of 104-residues and synthesized as the apoprotein. The apoprotein folds
into a stable globular structure only after covalent attachment of the heme, which
occurs in the mitochondrial intermembrane space8,9. Cytochrome c is bound to the
mitochondrial innermembrane and serves as the electron shuttle between the
cytochrome bc1 complex and cytochrome c oxidase. Release of cytochrome c into the
cytosol for example as a result of structural damage to the mitochondrion leads to
apoptosis, programmed cell death10.
Cytochrome c has been used in many studies on electron transfer and more recently as
a model system for the study of protein folding because unfolding and (re)folding are
reversible processes that occur in the absence of chaperones and without protein
degradation11. At pH 2, cytochrome cis fully unfolded and it completely refolds upon
neutralization. Oxidized cytochrome c exhibits five states between pH 1 and 12,
labeled with Roman numerals I-V12. State III is the fully folded native state, states IV
and V have been populated under alkaline conditions. When the oxidized cytochrome
c is exposed to alkaline conditions at pH 11.5 for a week, the protein undergoes a very
slow conformational transition from state V to a partially unfolded state M. This state
is very stable even under physiological conditions (pH 7 and room temperature)13.
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Folding of cytochrome cin vivo is initiated by the covalent attachment of the heme
group to two cysteine residues (Cys14 and Cys17). In, the fully folded native protein,
His18 and Met80 serve as axial ligands to the low spin heme iron and a cluster of
three α-helices is grouped around one edge of the heme. In horse heart cytochrome c a
conserved tryptophan residue, Trp59, is located within 10 Å of the heme iron, and its
fluorescence is almost completely quenched upon folding via energy transfer to the
covalently bound heme3. Strong denaturing conditions result in a large increase in
Trp59 fluorescence (up to ~60% of that of free tryptophan in water) indicative of a
major increase in the average heme-tryptophan distance, greater than 35 Å, ref.14.
However, excitation-wavelength-dependent fluorescence spectroscopy studies by
Kleinermananns at al.15 show that upon excitation of cytochrome c at 280 nm actually
both Trp59 and porphyrin fluorescence contribute to total fluorescence and that their
relative contributions depend on pH. At pH 2 the fluorescence originates almost
completely from the Trp59 residue. At pH 3-7, the porphyrin system contributes 80%
to the total fluorescence.
In one of the first studies, Akiyama et al. using a continuous-flow CD instrument with
a shortest time resolution of 400 µs, were able to resolve the changes in the far-UV
region of the spectra associated with the (τ = 500 µs) and (τ = 2 ms) phase of folding
of oxidized cytochrome c. Extrapolation to time zero, indicates that in the first 400 µs
of the refolding approximately 20% of the native α-helical structure is formed.
By using Trp59 heme Fluorescence quenching due to nonradiative energy transfer
from the Trp to the heme and far-UV Circular Dichroism D. Elove et al.16 detected
formation of a compact (loosely folded state) intermediate IC with a native-like helix
content, which accumulates during the first few milliseconds of refolding. Studies on
the folding of cytochrome c by Roder and Elove17 have shown that the paring of the
N- and C-terminal helices leads to formation of the partially folded INC intermediate
that accumulates within 10-20 ms under refolding conditions (pH> 6). Thus, under the
refolding conditions (pH 6.3, 0.7 M GuHCl), the folding mechanism is described by
two sequential intermediates: IC, which accumulates on the (sub)millisecond time
scale and is in rapid equilibrium with the unfolded states, and INC, which is populated
within 10-100 ms.
Using the continuous-flow capillary mixing instrument (dead-time of ~45 µs)
Roder2,18 investigated both, the fluorescence changes and heme absorbance changes in
the Soret region (360-430 nm) during the refolding of oxidized cytochrome c. The
reaction was initiated by a jump from pH 2, where the protein is completely unfolded,
to pH 4.5 where partial refolding rapidly occurs. The data indicate a bi-exponential
decay with a rapid phase (time constant of 59 ± 5 µs) that accounts for 60% of the
total fluorescence changes (indicative of the formation of anassemble of compact
states) followed by a smaller change of ~435 µs that contributes approximately 30%
to the total amplitude. Combined continuous-flow and stopped-flow absorbance
kinetic data indicated three time constants of 65 µs, 500 µs and 2 ms, and
accumulation of two intermediates, I and M. The two intermediates show absorbance
properties distinct from both the initial (unfolded, U) and the final (totally folded,
native, N) state. In a recent study1 NMR was used to observe H/D exchange of 50
backbone NH groups with 140 µs time resolution allowing to directly detect
hydrogen-bond formation in refolding cytochrome c. The results showed rapid folding
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of two α-helical segments in the C-terminus. The N-terminal helix remained largely
unstructured and folded in the millisecond time range. These findings were proposed
to indicate that the initial folding steps occur through specific interactions ‘among a
subset of α-helical segments’ rather than a general hydrophobic collapse1.
Combining time-correlated single photon counting – TCSPC, which measures the
distance between the heme of the protein and a covalently attached dye moleculewith fluorescence correlation spectroscopy – FCS, which measures changes in the
overall physical dimensions of the protein over the range of pH values, Godwin et al.
(2006)19 indicated that the acid-unfolded structure of cytochrome c is in is in rapid (30
µs) dynamic equilibrium with a compact intermediate structure.
Resonance Raman kinetic studies with ~100 µs time resolution of cytochrome c
folding by Rousseau et al.20-23 provide direct information on the ligation state of the
heme iron. The authors suggest that at pH 2 in denatured cytochrome c the heme is
five-coordinate high spin. None of the histidine residues (His18, the native ligand, or
His26 and His33) are coordinated, the fifth ligand being water. During folding the
heme iron becomes six-coordinate with water and His18 as ligands before folding
proceeds to yield the native low spin His18/Met80 coordinated heme iron. It was
further observed that non-native intermediates may form during folding or unfolding
such as the six-coordinate low-spin bis-His intermediate where His18 and His26 (or
His33) serve as ligands to the heme iron.
As indicated above, Raman, Fluorescence and UV-Vis spectroscopy are frequentlyused techniques to study the (re)folding of cytochrome c. In spite of their good time
resolution (~30 µs for TCSPS and FCS, ~50 µs the capillary flow mixer) and the
information on the heme iron ligation state, the protein structural information that one
can obtain is limited. Circular Dichroism is more informative yielding the amount and
type, but not location, of secondary structure. NMR is the most informative technique
providing direct evidence for the position of secondary structure based on the Cα
resonances, thus local rather than global information1. It is important to establish the
very first events in refolding and the recent NMR work1 gives hints for structural
changes occurring at rates of 150.000 s-1 or higher. Our optically improved continuous
flow ultra-fast mixing instrument can approach this latter time scale. Our results show
that the initial refolding of denatured oxidized cytochrome c occurs very rapidly with
τ = 4.7 µs, a phase not observed before, and is followed by partial refolding steps with
time constants of 83 µs and 345 µs.
3. Results
3.1 Optical components and optical performance of the setup
The optically improved continuous-flow ultra-fast mixing setup uses the same type of
instrumental components as the instrument described in the previous Chapter 4, Fig.
1, but instead of a cylindrical cuvette it employs a 30 mm long rectangular cuvette
(Fig. 1 and compare with Chapter 4, Fig. 2). The rectangular observation flow cell is
constructed from two parallel sheets of silver foil with a thickness of 109 µm (the
optical path length) and separated by 70 ± 5 µm. The silver sheets not only form a
rectangular microchannel for fluid flow, but also act as an efficient shield for stray
light. The high reduction in stray light is illustrated in Fig. 2. The UV-Vis
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spectrometer is linear up to an absorbance value of at least 3.5 AU and superior to
most commercial UV-Vis spectrometers that are linear up to an absorbance of 1-1.5
AU.

Figure 1. Schematic drawing of the lenses, the rectangular cuvette holder and the CCD chip.
Monochromatic light is collimated by a bi-convex collimating lens (150 mm focal length, 50 mm
diameter) and focused on the rectangular flow-cell by a plano-convex lens (100 mm focal length, 25 x
50 mm). The two halves of the plexiglass cuvette body are separated by two parallel sheets of silver
(109 µm thickness, 11.515 mm height). The two sheets of silver are held in position by six horizontal
screws (not shown in the drawing) that press together the two plexiglass halves that make up the
cuvette body. The rectangular CCD chip measures 512 pixels x 2048 pixels (height x length, each pixel
being 13.5 µm x 13.5 µm). The image of the rectangular cuvette recorded by the CCD camera in the
‘Image Mode’ is shown in the figure.

The spectra of ferrocytochrome c were arbitrarily zeroed at 650 nm; between ~580
and 650 nm the absorbance should be flat and close to zero, however, the spectra
slightly deviate from zero (see also Chapter 4, Fig. 10a) proportional to the
concentration of ferrocytochrome c yielding a curved negative absorbance profile.
When low pass filters of 320 nm or 450 nm were used – placed at the exit slit of the
monochromator, the absorbance between 580-650 nm was flat (not shown) suggesting
that the negative absorbance is due to a second or higher order diffraction effect of the
grating in the monochromator. Between 300 and 580 nm the spectra were found
within experimental error to be the same to those determined in commercial
spectrophotometers, including the ratio of the Soret-band to α-band absorbance of 55.3. The noise in each single spectrum, i.e. recorded in a vertically binned single
pixel, equals ±0.0003 AU under the specific conditions of recording (single scan at 50
nm s-1, five cycles per data point, see also Materials and Methods).
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Figure 2. (a) Absorbance spectra of ferrocytochrome c at various concentrations. (b) The relation
between absorbance and concentration of ferrocytochrome c at 415 nm and 550 nm. The straight lines
(b) are fits to the data points. The ratio of the slopes for A416 and A551 of these lines equals 5.0,
similar to the ratio of the extinction coefficients for the Soret- and α-band maxima determined in
commercial UV-Vis spectrometers. Ferrocytochrome c concentrations were (– to – traces): 0.001,
0.002, 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 mM, respectively. The spectra are the average
of the spectra recorded in pixels 0-1900, along the whole length of the rectangular flow-cell, and were
put arbitrarily at zero at 650 nm.

3.2 Comparison between static absorbance spectra and spectra recorded during
fluid flow
For kinetic experiments the fluid in the rectangular flow-cell moves at high speeds up
to 40-45 m s-1 at the maximal volumetric flow rate of 20 mL min-1. In spite of this
high flow rate, spectra of ferricytochrome c recorded under static and flow conditions
appear virtually identical (Fig. 3 bottom spectra). For ferrocytochrome c the intensity
of the α-band slightly decreases while that for the Soret-band slightly increases. The
reason for these small spectral changes remains unclear, but it is not due to the
pressure in the system (maximum ~260 bar) since spectra of cytochrome c are
unaffected by pressures up to 6 kbar or 600 MPa20.
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Figure 3. Absorbance spectra of ferro- and ferricytochrome c without fluid flow (–) and with a fluid
flow rate (–) of 20 mL min-1. Bottom spectra are ferricytochrome c. The spectra of ferrocytochrome c
are offset by 0.5 A for clarity.The spectra are the average of the spectra recorded in pixels 0-1900,
along the whole length of the flow-cell.

3.3 Calculation of the dead-time
To determine the dead-time of the set up, the reaction between ferrocytochrome c and
sodiumferrihexacyanide was studied as in Chapter 4:
‚ƒPdy„…d† y 8F + ‡
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(Eq. 1)

Spectra of cytochrome c in reaction with 20 mM ferrihexacyanide recorded in the
time span from 3.8 µs (the first data point) to 70 µs after initiation of the reaction are
shown in Figs. 4 and 5.
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Figure 4. Spectra of cytochrome c (0.5 mM) in reaction with 20 mM ferrihexacyanide recorded in the
time span from 3.8 µs to 70 µs after initiation of the reaction. The spectrum with the largest amplitude
at 415 and 550 nm (─) represents the t = 0 sample, recorded separately. The figure shows 190 spectra,
i.e. the time resolution of the spectra is 350 ns.
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Figure 5. Selection of spectra of cytochrome c (0.5 mM) in reaction with 20 mM ferrihexacyanide (─)
and comparison to the spectra of ferri- (─) and ferrocytochrome c (─) that both served as reference
spectra to calculate the amount of conversion by component analysis.

The kinetic analyses (Figs. 6 and 7) were performed exactly as described in Chapter
4. Two-component analysis employed the spectra of ferri- and ferrocytochrome c as
basis spectra (Fig. 5). Separate analyses were made for the Soret spectral region (352450 nm, Fig. 6a) and for the α-band (500-600 nm, Fig. 6b); these latter analyses were
combined to calculate the ionic strength (0.1 M) corrected second order rate constant
(Fig. 7) yielding k = 0.986 ± 0.028 107 M-1 s-1. The value determined here is in very
good agreement with that determined in Chapter 4 (k = 0.96 ± 0.03 107 M-1 s-1). Also
the dead-time of 3.8 ± 0.3 µs indicated by the crossing of the simulated traces where
the fraction of the reactant, ferrocytochrome c, equals 1.0 (Fig. 6) is the same as
determined in Chapter 4. This is expected because the dead volume of the mixer
channels and the Pt inlay are the same (1.2 and 1.3 nL) as well as the experimental
fluid flow rate of 20 mL min-1.
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Figure 6. Kinetic traces of the reaction between ferrocytochrome c (0.48 mM) and various
concentrations of sodium ferrihexacyanide at 27.5°C recorded with the improved continuous-flow
setup. The graphs show the data after Two-component analysis as the fraction of ferrocytochrome c vs
time and after calculating the logarithm of this fraction (inset) for (a) the Soret region 352-450 nm and
(b) the α-band region 500-600 nm. The buffer was 50 mM potassium phosphate (pH 7, Ionic strength
is 0.1 M). Final ferrihexacyanide concentrations were: 1 mM (–), 2 mM (–), 5 mM (–), 10 mM (–), 20
mM (–), 50 mM (–) and 100 mM (–). The lines through the data points (b) are second-order fits (1 and
2 mM ferrihexacyanide) and first-order exponentials. The fits all cross in a single point (± 1 pixel or
318 ns) where the fraction of reduced cytochrome c equals 1. Kinetic traces (dotted) are shown from a
time of 3.8 µs (the determined dead-time). From this time onwards, the experimental data follow the
fits.

Figure 7. Observed rates (kobsserved) as a function of the ferrihexacyanide concentration. (∆) are from
analysis of the Soret band, (o) of the α-band. (●) are the observed rate constants after corrections for
the ionic strength (see text and Materials and Methods) and the average of the analyses performed for
the Soret band (Fig. 6) and α-band (Fig. 7); (─) is a linear fit through the origin and the data points
yielding a second-order rate constant of 0.986 ± 0.028 107 M-1 s-1.
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3.4. The refolding of denatured cytochrome c
Acid denatured cytochrome c at pH 2 refolds partially when the pH is rapidly changed
to a final pH 4.52,3,18. Using Fluorescence spectroscopy to monitor changes in Trp59
or single wavelength UV-Vis absorbance spectroscopy in the Soret region two kinetic
phases (τ = 59 ± 5 µs and ~435 µs) were observed in the first few milliseconds of the
refolding reaction2,3,18. Althoug the rapid phase (τ = 59 µs) is close to the instrumental
dead-time (50 µs), Roder et al. concluded from extrapolation of the kinetic traces to
time zero, that this phase was not preceded by an earlier (UV-Vis or Fluorescence
observable) folding event.

Figure 8. Spectral components obtained after SVD analysis. Unfolded - time zero, pH 2 (─), I1 (─), I2
(─), I3 (─) and Folded – native, pH 6 (─). The spectral regions: (a) 350 – 650 nm and (b) 480–650 nm.
The appearance of bands in the ‘so called’ Q region at 495 nm; and 530 nm and 560 nm are indicative
for the formation of high spin (HS) and low spin (LS) species, respectively24. The 500–580 nm region
in I3 is indicative for the presence of bis-His coordination (His18/His26 (or His33), (Fig. 8 in24). The
appearance and disappearance of the band at 620 nm is considered to result from the formation of HS
and LS ferric heme during the reaction, respectively (see also Table 1). The spectra were put

arbitrarily at zero at 650 nm.

The new instrument was used to study the refolding kinetics of denatured cytochrome
c by the same pH-jump technique as described by Roder. The experiment was
performed at 20 mL min-1 fluid flow rate providing a total reaction window of 0.65 ms
(Figs. 8 and 9). Singular value decomposition (SVD) analysis of the spectra obtained
during the reaction yielded four significant spectral components. Three rate constants
and four spectra were calculated according to the following model: U(Unfolded) → I1
→ I2 → I3. Herein I3 is the final, partially folded, intermediate at pH 4.5. After a very
rapid initial phase (τ = 4.7µs) not observed before, partial refolding proceeds with life
times of 83 µs and 345 µs relatively close to the values quoted in ref.18. The
uncertainty in these τ values was estimated as follows: the root mean square error
(RMSE) values between the reconstructed and the modeled time traces for each of the
four traces (cf. Fig. 9) were added to a single sum RMSE value. Then the three kvalues in the model were modified by a certain percentage and the sum RMSE value
was calculated between model and modified model. Correspondence between this and
the previous sum RMSE value determined a general percentage uncertainty in the k
values and therefore approximately so in the τ values. The found uncertainty was
circa ±20%. The Soret maxima of the three calculated spectral intermediates (I1, I2
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and I3) progressively shift to the red during the reaction from 395 nm to 408 nm for I3
(Table 1). In addition, appearance and disappearance of the absorbance at 620 nm
indicates a change from HS to LS of the heme iron during the reaction, respectively
(Fig. 8, Table 1). The calculated spectrum of I3 differs from the fully folded native
cytochrome c (Fig. 8, Table 1) indicating that the protein does not fold to the native
state on this time scale (Table 1,18,20-22).

Degree of conversion
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0.4
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0.0
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Figure 9.Kinetic traces of acid denatured cytochrome c in a pH-jump experiment obtained after SVD
analysis. Unfolded - time zero, pH 2 (─), I1 (─), I2 (─) and I3 (─).
Table 1. Kinetic and structural properties of native cytochrome c and folding intermediates
Q region
(nm)b

Band at
620 nmb

Formation
time
constant,
τ (µs)

395
(HS)
397
(HS, LS)
400
(HS, LS)

495
(HS)

No intensity
(LS)
620
(HS)
No intensity
(LS)

4.7

345

Soret
maximum
(nm)ab

State

Heme Fe-ligation
(Spin state)

2a

W and/or W-W (HS)
H18-M80, H18-H26/33 (LS)

I1

H18-W (HS, LS)

I2

H18-W (HS, LS)

I 3a

H18-M80 (LS)
H18-H26/33 (LS)
W, W-W (HS)

408
(LS)

530 and 560
(LS)

620
(HS)

Native

H18-M80 (LS)

410
(LS)

530 and 560
(LS)

No intensity
(LS)

83

a,b

Assignments of heme ligation based on24,25, respectively). W is water as ligand.LS = predominantly
low spin, HS = predominantly high spin; LS, HS = a mixture of low and high spin.

4. Discussion and conclusions
A rectangular flow cell was designed to reduce uncontrollable light scattering effects,
which occur in the cylindrical flow cell described in Chapter 4. The microchannel of
the flow cell is constructed from two parallel sheets of silver (Fig. 1). Both light loss
and stray light are greatly reduced in the rectangular microcuvette compared to the
cylindrical cuvette (Fig. 2). As a consequence, the absorbance is linear with
concentration up to at least 3.5 AU. In contrast to the cylindrical cuvette, where the
extinction coefficient is approximately halved (Chapter 4) the extinction coefficient
determined for regular (e.g. 1 cm path length) rectangular cuvettes applies using a
path length of 109 µm, the thickness of the silver sheets. In addition, the spectra can
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be referenced against buffer; using a calibrated BSA solution with the same density as
that of the protein or buffer as reference produced the same spectra. The reduction in
loss of light made it possible to average each data point five times and was the main
determinant decreasing the noise level from ± 0.001 ∆A to ± 0.0003 ∆A. The deadtime of the improved setup remained the same (3.8 ± 0.3 µs) because the dead
volumes of the mixer and Pt seal were the same as described in Chapter 4.
The refolding kinetics of acid denatured cytochrome c was studied using the pH-jump
technique. Using SVD analysis three time constants and four spectra were calculated
that represent the main components formed in the first 0.65 ms of the reaction. The
reaction was previously assumed to consist of two irreversible steps as indicated
above but actually three intermediates were found. A very rapid initial phase (τ = 4.7
µs) not observed before significantly improved the analysis. The calculated life times
(83 and 345 µs) are similar (59 and 435 µs, respectively) to those found by the group
of Roder18. The process with a life time of 4.7 µs has not been observed previously
and significantly improved the analysis.

Figure 10. Structure of (native) cytochrome c around the heme. (●) Orange sphere Fe3+. (─) The two
α-helical stretches (Res61-69 and Res71-74) surrounding the heme. Trp59 and Ile75 are located at the
beginning of the first and at the end of the second α-helical stretch, respectively. (─) Sulphur from
Cys14 and Cys17 covalently linked to the porphyrin ring; sulphur from Met80 (not bonded to Fe3+).
The Fe-His18 bond and coordinating water are not shown. Drawing made with Swiss-PdbViewer from
PDB 1HRC.
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At the initial pH 2, the heme Fe3+ is high spin with one or more weakly coordinating
ligands25. Resonance Raman spectroscopic analysis indicated that at pH 2 a mixture of
different components is present (Table 1 in refs.22,25). Progressive unfolding by
lowering the pH leads to protonation of His18 and dissociation from the heme iron,
which is then coordinated by one or two water ligands. The high spin form at pH 2
exhibits a Soret maximum at 395 nm and another band at 495 nm indicative of HS
heme iron, suggesting coordination with two weak-field ligands according to ligand or
crystal field theory. Shifts in the Soret maximum generally report both spin state and
polarity changes. Coordination of one strong-field ligand and one weak-field ligand
produces a mixture of high- and low-spin configurations having a Soret maximum
between 396 nm and 400 nm25. Therefore, I1 and I2 are both mixtures of high- and
low-spin configurations and because I1 spectrum contains the 620 nm band (Table 1).
The shift in Soret maximum from 395 to 400 nm (I1 to I2) suggests a decreased
polarity of the heme environment in I2. In the last intermediate, I3, Fe3+ is
predominantly in the low spin state because the Soret maximum is above 400 nm and
Q bands are found at 530 nm and 560 nm, suggesting coordination by two strong-field
ligands24.
Work described in20-22 considers the His18 - Fe3+ - so called W intermediate central
both to the formation of the native structure (His18 - Fe3+ - Met80) and to the
misfolded state His18 - Fe3+ - His26 (or His33) where after ~1-2 ms both these states
are formed20-22. The spectrum of I3 in terms of its Soret maximum at 408 nm and its
intensity at ~530-560 nm (Fig. 8 in24) is consistent with a mixture of native and
misfolded forms in the proportion given in Table 1.
The recent NMR H/D exchange study1 showed rapid folding (in 0.6 M urea, pH 9.8)
of the two α-helical segments that surround the heme (Fig. 10). Although the time
resolution was 140 µs, the results indicated solvent shielding of the α-helical segments
(61-69 and 71-74) with rates of the individual residues between 8-20 µs. Moreover,
solvent shielding for W59 and Ile75 was even faster, estimated <6.7 µs (Fig. 5 in1).
We therefore propose that the 4.7 µs phase observed here represents the very initial
event of helix formation (I1) triggered by residues W59 and Ile75. The formation of αhelical segments 61-69 and 71-74 and that of the C-terminal α-helix (89-120, with
individual solvent shielding rates of 20-100 µs (Fig. 5 in ref.1), might collectively be
represented by the 83 µs phase (I2). Formation of these α-helical segments is expected
to lead to loss of solvent water surrounding the heme and thus to a lowered polarity,
consistent with the Soret maximum of I2 at 400 nm. Formation of the C-terminal αhelix is important to bring Met80 into contact with the heme iron and to form the
native structure. Production of the misfolded His18 - Fe3+ - His26 (or His33) state is
probably due to the slow (1-2 ms) formation of the N-terminal α-helix (Res3-13). The
formation of the native and misfolded low spin forms (I3) takes 345µs (Table 1). The
misfolded and native states are in rapid (~30 ms) equilibrium via the His18 - Fe3+ - W
state20,21, which subsequently can fold to the native state.
Our results show that following a pH jump from pH 2 to pH 4.5, His18 deprotonates
and ligates to the heme Fe3+. Deprotonation and bond formation can actually occur
well within 4.7 µs. The local structural change brought about by formation of the ironhistidine bond affects the local structure of Trp59 and Ile75, detected as a very fast
protection against H/D exchange1, which we propose is the first step (4.7 µs) in the
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formation of the two α-helical segments 61-69 and 71-74 around the heme (Fig. 10)
and in the formation of the C-terminal helix, collectively detected as the 83 µs phase.
At this stage the heme Fe3+ is HS and ligated by His18 and a water residue. From this
intermediate the native and the misfolded bis-His states are formed, the latter
equilibrating to the native state as the N-terminal helix progressively forms over time.
Under in vivo conditions the Fe3+ - His18 bond is likely formed immediately
following covalent linkage of the two Cys residues to the heme, i.e. the state seen here
in the first few microseconds of the reaction. From there on the protein folds into its
native conformation with the possible reversible formation of a misfolded
intermediate His18 - Fe3+ - His26 (or His33).
5. Materials and methods
5.1 Instrumentation and construction of the rectangular flow-cell
The improved ultrafast mixing device employs the same parts as the Continuous Flow
Ultra-Fast Mixing Instrument described in Chapter 4 but instead of a cylindrical
cuvette it employs a 30 mm long rectangular cuvette (70 ± 5 µm path length)
integrated in the cuvette holder (Fig. 1). The rectangular flow channel is constructed
from two parallel sheets of silver foil with a thickness of 109 µm separated by 70 ± 5
µm. The silver foil acts as a seal to prevent leakage of the pressurized fluid (up to
~400 bar) and also acts as an effective shield to reduce stray light thus producing a
spectrophotometer that is linear up to at least 3.5 Absorbance Units.
The cuvette-holder is physically connected to the stainless-steel micro-mixer via a
disc-shaped seal of soft material of Pt (50 µm thick, with a central hole of 100 µm).
Light from a 75 W Xenon lamp was passed through an Optical Building Blocks
monochromator with a 1,200 g mm-1 500 nm blaze grating. A collimating and a
plano-convex lens were used to focus light on the flow channel as described in
Chapter 4.
Alignment of the setup, spectral recordings, data acquisition, processing, analyses and
graphical presentation of data were performed in the same way as in the Chapter 4.
Monochromator entrance and exit slits were set at 0.1 mm (0.4 nm) and 0.95 mm (3.8
nm), respectively. Spectra were recorded in crop 200 mode of the CCD camera at a
rate of 50 nm s-1 or 20 ms. The illumination time was 220 µs per cycle. In each scan
of 20 ms five cycles were recorded and averaged, i.e. the total dark time was 18.9 ms,
the total illumination time 1.1ms. SVD analyses were performed with home-written
programs in IgorPro by S. de Vries† and later in LabView by W.R. Hagen following
the guidelines in26.
5.2 Kinetic experiments
Continuous-flow kinetic measurements with the improved setup were performed at a
total flow rate of 20 mL min-1, at 27.5oC, in the spectral range from 350 nm to 600650 nm. A stock solution of 2.2 mM ferrocytochrome c (the oxidized form reduced by
4.4 mM of ascorbic acid) was diluted to 0.96 mM; this latter solution was mixed with
different sodiumferrihexacyanide concentrations varying from 1-102 mM. All
solutions contained 50 mM phosphate buffer (pH 7.0). In separate experiments
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oxidized and reduced cytochrome c (0.96 mM) were mixed versus buffer only. The
data from these latter experiments served as the basis set for Two-component analysis.
Refolding experiments of acid denatured cytochrome c were performed at flow rates
of 20 mL min-1. Ferricytochrome c (0.5 mM) was dissolved in water and adjusted to
pH 2 with HCl. This solution was rapidly mixed with a buffer of 50 mM phosphate,
50 mM acetate (pH 6.08) yielding a final pH after mixing of 4.54 and a final
concentration of 0.25 mM cytochrome c. The time zero spectrum used to calculate the
reaction progress was prepared by mixing two solutions of 0.25 mM cyt c at pH 2.
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Chapter 6
Conclusions and outlook
Understanding the chemical details of enzyme catalyzed reactions constitutes a main
focus of current research in the fields of biochemistry and biocatalysis. Such
fundamental knowledge is needed to more successfully employ enzymes for
application purposes e.g. in drug discovery and medical science in general, and
providing ‘green catalytic’ alternative solutions to current approaches in the chemical
industry that in many cases produce too much waste or too many side products.
Fundamental insight in the function of (bio)catalysts requires knowledge of their three
dimensional structure and a wide range of time resolved experiments aiming to
unravel each and every chemical step of the overall reaction. This thesis has focused
on the design, development and characterization of new rapidly mixing micro-mixers
to perform time-resolved experiments. One such micro-mixer, a four-jet tangential
micro-mixer, has been fully characterized for its flow and mixing properties and was
integrated in a new kinetic instrument that enables monitoring (bio)chemical reactions
by UV-Vis spectroscopy that can observe reactions in the microsecond timescale,
with a dead time of 3-4 microseconds. This is close to the timescale (~0.1-1 µs) for
the fastest formation of enzyme intermediates involving bond-breaking and bondmaking reactions and for the folding of (small) protein domains.
It was realized approximately ninety years ago that in order to study catalytic
mechanisms of enzymes and chemical reactions in detail, the reaction should be
initiated so rapidly that the subsequent formation and decay of all reaction
intermediates can be detected. With this in mind rapid mixing equipment was
developed that replaced the then current practice of mixing reagents by hand. The first
instruments (between 1923-1930) were continuous-flow mixing set ups in which the
reaction time increases along the observation cell; the best instrument had dead-time
of ~2 ms. In the 1930’s and early 1940’s the stopped-flow instrument was developed
(dead-time ~1 ms) and in the last twenty years instruments with a miniaturized mixer
(dead-time ~0.5 ms). The consumption of reagents in the stopped-flow setup is greatly
reduced compared to that in continuous-flow instruments, which is the main reason
for the wide-spread use of the stopped-flow for research purposes. However, the deadtime of the stopped-flow instrument is limited by how fast the fluid flow can be
arrested and hence, the dead-time of ~0.5 ms is not likely to be improved further.
With the advance of microsystem technology in the last twenty years it became
possible to construct micro-mixers with microfluidic (~ < 500 µm) channels. These
micro-mixers are mostly used in continuous-flow ‘lab-on-a-chip’ devices for
analytical purposes but can also be used in kinetic instruments. The fastest presentday continuous-flow mixing instruments with UV-Vis read out have mixing times of
~11 µs and ~45 µs and employ a T-mixer or co-axial ball mixer, respectively. We
have previously designed a stainless-steel four-jet tangential micro-mixer that is used
in a microsecond freeze quench set up. The mixing properties of this mixer are not
known, except that it mixes solutions faster than 10 µs.
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Four-jet tangential mixers
In order to build a kinetic instrument with microsecond time resolution we first
determined the premixing and mixing properties of the stainless-steel four-jet
tangential micro-mixer using optically transparent glass-silicon micro-mixer chips of
similar geometry. Employing acid-base reactions monitored by a pH-sensitive
fluorescent dye the optical and stainless-steel mixers show very similar (unwanted)
premixing and mixing profiles in the vortex chamber and after the mixing chamber in
a free-flowing jet, respectively. The amount of premixing varies from ~9% (for 25 µm
orifice chips) to a maximum of 15% (for chips of 70 µm orifice) and is even lower
than 9% in the stainless-steel mixer (20 µm orifice) because the length of the vortex
chamber is shorter. The ABAB configuration of the mixers in which the channels with
the same reagents (A or B) are opposed (rather than side-by-side as in the AABB
configuration) and offset by one-half to one channel diameter creates a vortex of four
fluids that rotate around one another, which leads to a decrease in the diffusion
distances and improves the mixing performance. As a result, (near) complete mixing
occurs at Re ~ 1000 to 1500, which is well below the value of 2040 ± 10 for the onset
of sustained turbulent flowing a pipe. For the stainless-steel mixer, we calculated a
mixing time of only 160 ns (for a 20 µm orifice), which is at least 50 times shorter
than estimated for other fast mixing devices.
Continuous flow ultra-fast mixing instrument
A continuous flow ultra-fast mixing instrument with major advances in time
resolution was built with a dead-time of 3.8 ± 0.3 µs which is 10-20 fold shorter than
any other continuous-flow mixing instrument in the world and represents an
improvement of at least factor of 300 in time resolution over commercially available
stopped-flow instruments.
The instrument employs a four-jet tangential stainless-steel micro-mixer that
completely mixes two liquids within 3.5 µs. This dead-time is solely determined by
the dead volume of the four channels with ~50 µm x ~50 µm dimensions. These
channel dimensions are determined by the dimensions of the optical path length (~100
µm) to produce high quality – nearly free of stray light – UV-Vis spectra (S/N > 50)
even when using a highly sensitive CCD camera. Each spectrum is recorded in a
volume of only 106 pL with 10-90 femtomol of enzyme, which with a path length of
~100 µm requires high concentrations of reagents ~0.2-1 mM,. The latter remains a
general disadvantage of continuous-flow over stopped-flow methods. In a typical
experiment, ~1900 UV-Vis spectra are recorded in a single scan of the
monochromator between 300-700 nm and separated in time by only 318 ns for 600 µs
at the highest flow rate of 20 mL min-1. The new instrument was successfully used to
study protein refolding of denatured horse heart cytochrome c. After a very rapid
initial phase (τ = 4.7 µs) not observed before, partial refolding proceeds with time
constants of 83 µs and 345 µs. Using singular value decomposition the complete
spectra of three folding intermediates were determined.
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Final remarks
Four-jet tangential micro-mixers with an ABAB channel configuration described in
this work are faster than any other mixing device design so far. The extension to 8 or
16 tangential fluid channels leads to more or even complete premixing in the vortex
chamber9. This behavior is suitable for lab-on-a-chip applications where a 1-ms time
resolution is adequate, but for the design of instruments with (sub)microsecond time
resolution premixing should be prevented as much as possible. The research described
in this thesis allowed us to formulate a set of guidelines in order to design fast mixing
micro-mixers. To minimize the amount of premixing, the height (or length) of the
vortex chamber should be as small as possible to reduce the retention time for
diffusion across the fluid boundaries. On the other hand, the diameter of the vortex
chamber should be as large as possible with respect to the diameter of the mixing
chamber. This will maximize the ratio of the Re values in the mixing chamber and
vortex chamber and, thus, minimize premixing resulting from turbulence at the fluid
boundaries. In view of the quadratic relation between pressure and fluid flow rate, the
micro-mixers described here could be used at approximately 2-fold higher flow rates
before protein denaturation sets in, potentially decreasing the mixing time to less than
100 ns. Because the great majority of the glass-silicon micro-mixers that were used to
study the premixing and mixing behavior were found to be stable at pressures up to 10
MPa, they themselves can be employed for large-scale production of nanosecond
mixers.
The continuous flow ultra-fast mixing instrument is used for the study of transient
(bio)chemical reactions by optical spectroscopy. Although an increase in temperature
relative to ambient cannot be avoided due to the energy release during turbulent
mixing, the micro-mixer plus cuvette holder could be provided with a thermostat
expanding the applications of the current setup. The UV-Vis spectrometer can be used
either in front-face or 90° fluorescence mode by placing a transparent plexiglass
window within the black plexiglass body perpendicular to the capillary flow cell. The
continuous flow ultra-fast mixing device described in this thesis fills the current gap
in instrumentation to study (bio)chemical reactions on the microsecond time scale and
enables detailed kinetic analyses of the very onset of substrate and ligand binding,
biocatalysis and protein folding.
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