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Unravelling (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 micro-mixers 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 well-characterized 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 micro-mixers 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.

� 2014 Elsevier Inc. All rights reserved.
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 techniques [1,2]. Thanks to the develop-
ment 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)picosec-
ond kinetics of electron transfer in photochemically activated reac-
tion centers of chloroplasts and photosynthetic microorganisms
[3,4]. The time resolutions for turbulent mixing and subsequent
observation in stopped-flow (�0.5–1 ms [5,6]) and continuous-
flow (�11–50 ls [7–9]) 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 ls [1,2,8–14] 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 within the isomerases and ligases.
In general, the reaction progress of oxidoreductases can be
monitored by ultraviolet–visible (UV–vis)1 spectroscopy or
vibrational spectroscopy because they often contain heme centers
[2]; fluorescence spectroscopy is more appropriate for the study of
the other classes of enzymes. To approach the time scale of 0.1 to
1 ls experimentally, the need for mixing reactants can be obviated
by the application of cage compounds, that is, photolabile substrate
analogues that are premixed with the enzyme and activated on a
(laser) flash of light [1,2,15,16]. 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
ce liquid

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ab.2014.10.003&domain=pdf
http://dx.doi.org/10.1016/j.ab.2014.10.003
mailto:s.devries@tudelft.nl
http://dx.doi.org/10.1016/j.ab.2014.10.003
http://www.sciencedirect.com/science/journal/00032697
http://www.elsevier.com/locate/yabio


20 Mixing liquids in nanoseconds / S. Mitic et al. / Anal. Biochem. 469 (2015) 19–26
sample consumption rate employed a four-jet tangential mixer
(dead time of �10 ms [17]; improved a few years later to �2 ms
[18]) 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 Chance [19]. The time resolution of this now widely used instru-
ment 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 spectros-
copy, circular dichroism, Fourier transform infrared, resonance
Raman spectroscopy, nuclear magnetic resonance, or X-ray absorp-
tion spectroscopy [2]. Significant improvements in mixing time
resolution are achieved with the continuous-flow instruments
designed in 1998 by Röder and coworkers [7,8,20,21] and in
2007 by Takahashi’s group [9] that enable UV–vis and fluorescence
detection. The instrument designed by Röder employs a capillary
micro-mixer with smallest channel dimensions of approximately
200 lm where the flow is laminar and a Pt ball to mix the reactants
in 10 to 15 ls by turbulent mixing. The total dead time for
observation of this instrument amounts to approximately 50 ls,
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 dead time to approximately 11 ls. An important key to
improve the mixing time resolution in these latter studies was
miniaturization of the flow channels (�10 lm [9]), leading to
smaller dead volumes and, hence, to shorter dead times.

Micro-mixers (channels � <500 lm) are mostly used in ‘‘lab-on-
a-chip’’ devices for analytical purposes [22–24]. The use of micro-
fabricated structures and microfluidics offers many advantages,
including new functionalities, higher throughput, reduced sample
consumption, shorter analysis time, and reduced operating and
manufacturing costs [23,25,26]. 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 effi-
ciency 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 pipes [27], where Re is given by the equation

Re ¼ q� < t > �d
g

: ð1Þ

where q is the solvent density (equal to 1000 kg m�3 for water at
20 �C), < t > 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 g 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 lm, linear flow rates greater than 20 m s�1 are required. Such
high flow rates lead to a buildup of pressure (DP) according to
Bernoulli’s velocity/dynamic pressure equation [28]:

DP ¼ 0:5 � q � ð< t >Þ2: ð2Þ

The calculated pressure for the turbulent regime in channels of
100 lm 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 lTAS (micro total analysis system) and MEMS (micro electrome-
chanical system) devices [29]. 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-a-chip applications that operate at low hydrodynamic
pressures [23,30] 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 flows [28–35]. For example, contact areas
can be increased by splitting incoming flows into several narrower
streams that later join as described for 4-jet and 16-jet tangential
mixers [28,32].

In hydrodynamic focusing devices, a thin stream of, for
example, a protein solution is squeezed between two reagent
streams [2,36–42]. The small width and depth dimensions of the
stream carrying the protein solution (�30 nm–1 lm and �10 lm,
respectively) allow rapid diffusive mixing (�4–10 ls and with a
claim of only �1 ls [39]) with the reagent with minimal protein
consumption [41,42]. Thus, protein and RNA folding intermediates
that occur on a short time scale could be studied by fluorescence
spectroscopy, in particular by FRET (Förster 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 lm, enabling maximal linear flow rates
of 200 m s�1 and maximal operating pressures of 40 MPa [28]. This
mixer was integrated in an ultrafast freeze-quench instrument that
achieves a shortest dead time of 75 ls [28,43,44]. In this stainless-
steel micro-mixer, mixing appeared to be completed within
approximately 2 ls [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 mix-
ing 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-ls 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 like
mixers in future ultrafast real-time optical applications [7,8]. 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 ls [25]. High flow rates that generate sufficient turbu-
lence for complete mixing of (viscous) solutions were obtained
with two high-performance liquid chromatography (HPLC) pumps
with a 40-MPa pressure limit described previously [25,33,34]. In
this work, we report the properties of replicas of this stainless-steel
micro-mixer with minor variations. Mixers were made from



Fig.1. Schematic drawing of the four-jet tangential ABAB stainless-steel micro-mixer and its Plexiglass analogues. (I) The stainless-steel micro-mixer as designed in Ref. [25].
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. [6]). The channels are offset (III, IV),
by a full-width (stainless-steel) or two-thirds width (Plexiglass) of the channel.

Fig.2. Design and geometry of the four-jet tangential ABAB glass–silicon micro-mixer chips with orifice diameters of 25, 30, 50, and 70 lm.
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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 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 glass–silicon
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.

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) setup [25]. Reactant
channels are 300 lm in diameter for the four-jet tangential ABAB
stainless-steel mixer and all of the Plexiglass mixers or 500 lm
in diameter for the four-jet tangential ABAB glass–silicon micro-
mixer chips (Fig. 2). These wide channels narrow to micro-channels



Table 1
Dimensions of micro-mixers.

Type of mixer

Stainless steela Plexiglassa Glass silicon

Solvent inlet channel (diameter, lm) 300 500 500
Premixing chamber inlet channel (depth, width, lm) 50, 50 60, 60 70, 70
Premixing chamber (length, width, depth, lm) (volume, nl) 100, 100, 50 V = 0.50 100, 100, 60 V = 0.60 105, 105, 70 V = 0.77
Vortex chamber (diameters Ø1–Ø2, length, lm) (volume, nl) Conical 60–20 � 67 V = 0.09 Conical 60–20 � 67 V = 0.09 Cylindrical 100 � 257 V = 2
Mixing chamber (diameter, length, lm) (volume, pl) Cylindrical 20 � 33 V = 10 Cylindrical 20 � 33 V = 10 Cylindrical 25/30/50/70 � 33

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).

Fig.3. Percentage of mixing by tangential micro-mixers observed in a free-flowing
jet (20 lm diameter). Shown are the four-jet tangential ABAB stainless-steel mixer
(green d and N) with fluorescence standard error values of ± 4.9 and 1.8%,
respectively, the four-jet tangential ABAB Plexiglass mixer (blue d [± 8.0%] and N [±
6.1%]), the four-jet AABB Plexiglass mixer (red d [± 6.2%] and N [± 6.6%]), and the
two-jet AB Plexiglass mixer (black d [± 4.8%] and N [± 6.6%]). Fluorescence
appearance/quenching was monitored using HPTS in deprotonation (d)/protonation
(N) reactions, respectively. NaOH/HCl ratio was 15/10 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 Section 5A of Supplementary material). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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within the mixer body and meet at a cross section, the ‘‘premixing
chamber.’’ The micro-channels (50, 60, or 70 lm 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 stainless-steel 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 lm (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. 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 lm orifice, 3 mm in outer diameter, and 100 lm
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. [25]) 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 lm) 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 lm
(see Supplementary Fig. 1 in online Supplementary material). 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-hydrox-
ypyrene-1,3,6-trisulfonic acid (HPTS) in acid–base reactions was
determined in a free jet (Fig. 3 and Section 5A of Supplementary
material). In these experiments, a low (1.5-fold) excess of acid over
base (or vice versa) was used to ensure that fluorescence quench-
ing (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
Section 5A of Supplementary material). 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 that the two-jet
and four-jet ABAB tangential micro-mixers with alternating reac-
tant 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 instruments
[1,2,46] 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 diffi-
culties 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).

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 inte-
grated with an optical cell to monitor the kinetics of (bio)chemical



Fig.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 lm 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 Section 5 of Supplementary material for initial and final [HCl], [NaOH], and
[HPTS]. Images are 125 � 125 lm, the diameter of the vortex chamber is 100 lm, and the microscope focus is halfway into the vortex chamber (see Supplementary Fig. 3).
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reactions. To determine where and to what extent premixing
occurs, fluorescence measurements were performed in the opti-
cally 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 lm and
257 lm 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). 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 Section 5 of Supplementary material). 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, respec-
tively, 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-lm 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
(11.5–16.9%).

Fig. 6 and Supplementary Table 1 (see Supplementary material)
summarize the premixing behavior of the four glass–silicon mixers
with different dimensions of the mixing chamber (orifices of 25,
30, 50, and 70 lm); however, note that all mixers have the same
dimensions of the 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 cham-
ber 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-lm 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). 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-lm orifice) to 15% (for a
70-lm 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 stainless-steel mixer (20-lm orifice), it is
possibly even lower than the approximately 9% observed for the
glass–silicon mixer with the 25-lm mixing chamber (orifice)
because the length of the vortex chamber is shorter (67 vs.
257 lm; 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



Fig.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 lm 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 Section 5 of Supplementary material for initial and final [HCl], [NaOH],
and [HPTS]. Images are 125 � 125 lm, the diameter of the vortex chamber is 100 lm, and the microscope focus is halfway into the vortex chamber (see Supplementary
Fig. 3).

24 Mixing liquids in nanoseconds / S. Mitic et al. / Anal. Biochem. 469 (2015) 19–26
(V = 90 pl, Re � 417) is 1.4 ls 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 geom-
etries. 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 con-
stants 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 pressures [47], further indicated by the general experience
that these HPLC pumps can be used for purification of native
active proteins and enzymes by column chromatography. 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 us [28,43,44,48,49] are similar to those determined
by others working at ambient pressures [5,6,8,12]. In general,
oligomeric proteins start to dissociate at pressures of 100 to
200 MPa, and monomeric proteins denature at approximately four
times higher pressures [47]. 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 the key design aspects for a micro-
mixer that mixes liquids in nanoseconds are 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 pipe [24]. 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 chamber [29]. 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



Fig.6. Percentage of premixing in the vortex chamber of the glass–silicon
micro-mixer chips with orifice diameters of 25 lm (black d), 30 lm (green ),
50 lm (blue .), and 70 lm (purple N). Experimental data of the fluorescence
appearance during deprotonation of HPTS (HPTS in HCl vs. 30-fold excess NaOH)
are shown as averaged values of three independent measurements (two for 70 lm)
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 lm), 0.029 (30 lm), �0.006 (50 lm), and 0.0096 (70 lm).
Standard deviation for triplicates (duplicates) equals ± 0.04 times the measured
values. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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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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