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HIGHLIGHTS GRAPHICAL ABSTRACT

» Ultrasonically-levitated drops show
promise as reactors for studying bio- 0
chemical kinetics. Q
» Such drops are most interesting for
systems in which free radicals are re- ek
actants or products.
» Fluid handling and diagnostics are
sufficiently developed for near-term
application.
» Rate constants <1s~ ! (first order)
and <10°M~'s™! (second order)
should be measurable.
» Complex dynamics such as chaotic os-
cillations should be well-suited for
study in levitated drops.
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ARTICLE INFO ABSTRACT

Article history: Microreactors are desirable for exploring chemical and biological processes, as reactant consumption is min-
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iece“’e‘; '{lgr;‘l“seg ;%r]n; 18 March 2012 continuous and solid/liquid interfaces are absent or of lesser importance than in channeled microfabricated

ceepte varc flow reactors. Thus, reactant adsorption or wall catalysis possibly of importance in ordinary microfluidic sys-
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tems is absent in levitated drops. Transport of gaseous reactants or products is facile. Levitated drop micro-

reactors are amenable to batch or continuous flow study of biochemical reactions. The possibility of

f\(,lei{‘rli,oﬂrgisaic studying oscillatory enzyme-catalyzed reactions in drops is apparent. This review explains the physics and
Levitated drop chemistry of levitated drop microreactors and describes practical aspects of their design, fabrication, imple-
Kinetics instrumentation mentation, and optimization. Such considerations as drop evaporation, thermal control, protein behavior at
Microreactor the gas/liquid interface, and observation with spectroscopic and electrochemical probes are discussed.
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1. Introduction: the need for microfluidic kinetics measurements

Rates of protein association/dissociation, rates of enzyme-
catalyzed reactions, and the dynamics of networks of reactions are
central characteristics of living systems. Progress in understanding
biochemistry has paralleled the ability to make reliable rate mea-
surements. From the early work of Michaelis and Menten [1],
through the development of stopped- and continuous-flow methods
[2-4], the parallelism of centrifugal analyzers [5,6], and on to devel-
opment of network measurements [7], comparatively large amounts
of protein were required for rate studies. As the number of purified
proteins has increased, the number of structure/function measure-
ments needed to characterize these compounds has skyrocketed,
while the amounts of many interesting compounds have in many in-
stances been quite limited. Obtaining milligrams of, e. g., peroxidase
from plant roots is easy, but obtaining micrograms of other en-
zymes, e.g. post-translationally-modified variants or mutants of ki-
nases, may be challenging or impossible. Since diffusion-limited
reaction rates are proportional to concentration, not protein mass,
confining precious samples to small volumes increases rate while
minimizing reactant consumption. Thus, the advent of microfluidic
measurements [8-14] was widely hailed as important for progress
in understanding biochemical dynamics. Microfluidics led to
highly-parallel measurements, microfabricated sensor arrays, and
advances in cytometry [15-22]. Even synthesis involving toxic in-
termediates or producing libraries of compounds has benefitted
from the microfluidic revolution [23,24]. In response to these devel-
opments, a Flow Chemistry Society is newly formed [25].

Small samples imply the need to measure small amounts of ma-
terial, and thus the need for low detection limits. Fluorescence can
be used to detect single molecules, and nanoelectrospray mass spec-
trometry can be used for detecting femtomolar quantities of some
proteins (nanomolar concentration in <1 pL of sample) [26]. It is
thus feasible to characterize biochemistry in single cells or single
organelles. However, organelles are quite complicated assemblies,
and cells even more so. Biological dynamics are widely recognized
as an example of emergent behavior [27,28], consistent with but
not necessarily uniquely predicted by lower-level phenomena. To
understand such aggregate phenomena as morphogenesis, immune
response, or learning, one must not only identify the chemical spe-
cies involved in these phenomena but also understand the connec-
tivity and dynamics of the networks of which those species are a
part [29-31]. Before the spatiotemporal dynamics can be well-
characterized, rates of mass-action-limited reactions must be
known. Reactions in homogeneous solution are inevitably different
from those on surfaces or embedded in membranes. In part this is
due to cooperativity or catalysis, in part to molecular orientation,
and in part to rates of mass transfer. Distinguishing the influence
of various processes requires that a baseline rate under some simple

circumstances be established. The hypothesis underlying this review is
that reactions in homogeneous solution are more readily understood
and used as a point of reference than are reactions on surfaces or in
membrane-bound sites.

2. Why now-common microfluidic systems are inappropriate for
some measurements

The strengths of microfluidics typically focus on low reactant con-
sumption, diffusion-limited mixing, low mass detection limits for
analytical measurements, and safety. An equally important characteris-
tic is that microfluidic systems have a higher ratio of surface area to vol-
ume (S/V, cm™') than do macroscale systems. This means that
interactions between reactants and surfaces, perhaps of limited impor-
tance in macroscopic systems, can be dominant interactions in micro-
fluidics. This can be shown by an order-of-magnitude calculation.
Suppose one starts with a 1 pM solution. Further, suppose that the ma-
terial of which the walls of a reactor are composed has 1 binding site for
the reactant every 100 nm?, quite plausible for proteins. For arithmetic
convenience, model two limiting circumstances as cubes (even though
flow systems come in a variety of shapes, the same scaling issues apply).
For a cube 0.5 cm on a side, one has a volume of 1/8 cm?, a surface area
of 1.5 cm?, and S/V=12 cm ™ '. This size is typical of a single syringe in a
stopped-flow kinetics system or a 96 well plate. The solution contains
1.25x 10~ 1° moles. If the wall sites are saturated with reactant, there
are 1.5x 10'2 molecules on the surface or 2.5x 10~ ' moles. About 2%
of the molecules are adsorbed on the wall. A microfluidic system
might have characteristic dimensions ~0.1 mm or smaller. Volume is
~10~ % cm?, surface area is 6x10~4cm?, and S/V=600 cm~!. Now
there are sufficient wall sites to scavenge all the molecules originally
in solution. One typically tries to prevent such adsorption by coating
the microfluidic system with, e.g., polyethylene glycol [32], bovine
serum albumin [33], or poly-L-lysine [34]. If adsorbed species were in-
active, wall scavenging would lead to underestimation of rate constants
(for a particular observed rate, the actual reactant concentration would
be less than the formal concentration, so ks reactant, formal] = k¢e
[reactant, actual] implies Kgye > Kops)-

However, adsorption alone may not inactivate molecules. Indeed,
supported catalysts are nothing but adsorbed molecules on a solid
substrate. It has long been known that free radicals are catalytically
annihilated on, e.g., quartz surfaces. The scaling equations for the
case of pure diffusional mass transfer were reported by Noyes [35].

Two additional situations may further complicate the use of
microfabricated microfluidic systems for study of kinetics. In some in-
stances, gasses are reactants, intermediates, or products of reaction.
While some materials, such as polydimethylsiloxane (PDMS), are
oxygen-permeable, equilibration of gasses with surroundings is
most facile when there is a solution/gas free surface. In most micro-
fluidic systems, care is taken to avoid such surfaces in order to fully
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contain reactant streams. Thus, controlling gas uptake and release is
difficult (although the specific combination of PDMS and O, does
lend itself to some interesting engineering [36]). Secondly, long-
term use of a microfluidic device is impractical. Disposability is typi-
cally considered an asset, as cross-contamination can be prevented.
However, if surface passivation is required, seasoning of a surface
may, asymptotically, provide reproducibility. Such seasoning, in
some instances, may be due to biofilm formation, so one faces a no-
win choice: either select a one-use device (but have little confidence
in the control of surface chemistry) or use the same device multiple
times (but perhaps have a biofilm or other modified surface whose
character is poorly understood [37]).

To fully assess the potential of microscale reaction technology, ad-
vantages and limitations of the macroscale batch and microscale reac-
tors must be identified. A Continuously-Stirred Tank Reactor (CSTR) is
the model for an ideally mixed macroscale reaction vessel, where one
or more reactants are continuously flowed into a well-mixed, homo-
geneous reactor, and the output flow contains the reaction product,
intermediates, and any unreacted input species. Microscale reaction
systems involving microfluidics have advantages over macroscale re-
action systems including reduction of sample and reagent volumes,
and potentially reduction in reaction times to the extent that small
spatial dimensions speed mixing and kinetics. For reactors used to de-
tect limited amounts of analytes, precise flow and mixing control may
improve sensitivity and precision [38]. However, the development
and design of a microfluidic system requires more than simple scale
down from a macroscale reactor system. There are differences in
fluid behavior, in the relative importance of convection and diffusion,
in the effects of viscosity, in the relative importance of bulk and sur-
face properties, as well as differences in heat and mass transfer. Con-
versely, scale-up may be challenging, as the surface area to volume
ratio drops as volume increases (typically~volume'”). In addition
to changes in surface area to volume ratio, mixing times may change.
If the mixing patterns change within a batch reactor system, there
may be convectively-driven concentration fluctuations in the macro-
scopic system not found in the microfluidic system.

For the sake of brevity and focus, conventional microfluidic sys-
tems will not be further reviewed here. Further, “droplet” will be
used to mean a sub-microliter bolus of fluid, particularly one that
may merge with a larger fluid bolus. A “drop” will be an isolated
bolus, regardless of size, or the larger of two boli that may interact.
While a number of cited sources refer to “microdroplets,” we depre-
cate use of the term.

3. Existing approaches to systems with high surface area/volume
ratios; pendant drops, sessile drops, and drops in flowing
fluorocarbon oils

Drops may abut any form of matter. While liquid/gas interfaces are
of primary interest to the authors, significant progress has been made
in liquid/liquid and liquid/solid interfaces for drops and their surround-
ings. Shear flow in confined channels allows formation of aqueous
drops in fluorocarbon oils [20,22,39-47]. Individual drops are on the
order of picoliters in volume, and can be generated at the rate of several
thousand per second. Because of the small size of the drops, diffusive
mixing and approach to homogeneity can occur nearly instantaneously.
For small molecules in aqueous solution, with diffusion coefficient
~10~%cm? s~ !, characteristic mixing time is 0.5 s, as a 10 pL drop has
a radius ~1073cm and d = v2D t where d is diffusion distance, D is
the diffusion coefficient, and ¢ is the characteristic time. Flowing
streams of such drops can be observed at steady state, allowing contin-
uous flow kinetics experiments. Single cells or organelles can be encap-
sulated in such drops, allowing measurement of the distribution of
individual unit behavior without requiring immobilization. Further, be-
cause fluorocarbon liquids typically can dissolve high oxygen concen-
trations and are not miscible with water, gas transport is facile and

wall adsorption typically inconsequential. So long as experiment dura-
tion is compatible with flow channel length and fluid velocity, such sys-
tems are attractive. If one wishes to mix solutions, allow equilibration,
and then add additional reactants, such design is possible, though not
necessarily easily or flexibly accomplished.

Recent advances with pressure driven microfluidic devices allow
creation of a droplet in the channels of a microreactor, allowing control
of discrete volumes of liquid [48-50]. Such “digital microfluidics” or
“droplet microfluidics” can use a variety of methods to create and ma-
nipulate drops or droplets, allowing flexibility in the system configura-
tion. By manipulating device geometry through T-junctions [51-53],
flow focusing [49,50], acoustic [54-59], or electrochemical methods,
such as electrowetting [39,60-64], control of each independent drops
through a series of micro-plates creates microreaction vessels where
the drops can be mixed and analyzed. Electrowetting is the modification
of the wetting behavior of a drop on an electrode due to a direct or alter-
nating polarity electric field. If an electric field is applied non-uniformly,
then a surface energy gradient is created which can be used to manipu-
late the position, shape, or velocity of a droplet sandwiched between
two plates [60,61,65]. Droplet microfluidics by electrowetting have
many biological and chemical applications [48] including the use of
droplets for glucose sensing [66], DNA sequencing [67], and sample pu-
rification [68].

A microfluidic device utilizing surface acoustic waves (SAWSs) has
the advantage of manipulating the drop on a hydrophobic surface
without the use of pumping systems, due to the fluid being trans-
ported on the device by the SAW [54]. Typically, the SAWs are
micrometer to nanometer electroelastic waves, which are excited by
an interdigitated transducer, and then propagate along the surface
of a piezoelectric substrate, causing fluid movement driven by propa-
gation of the wave [54,57]. With the use of one or two interdigital
transducers, either a single drop or multiple drops can propagate
along an electrode-free platform, with the potential to individually
heat or mix the droplet along the way [69]. Such freedom allows
the drop to be a transport device for biological material, such as a pro-
tein. Qi et al. have shown that atomization using SAWs makes it pos-
sible to extract bovine serum albumin (BSA), ovalbumin, and yeast
cells on a paper microfluidic device [70]. In addition, microfluidic
devices utilizing self-assembled monolayers (SAMs) can also be ap-
plied for purification of proteins for mass spectrometry applications
[69,71,72] or as a means of droplet formation for drug delivery
systems [73].

The main advantage of using a drop-based system over a continu-
ous flow system is the reduction of contact with solid surfaces, also
reducing adsorption and adhesion problems [38]. However, there
are some disadvantages with microfluidic devices, such as difficulties
in detection due to reduced sample volume and signal, difficulties in
control of the fluid flow due to inhomogeneous surface composition,
temperature, buffer characteristics, hydrodynamic effects, and cost
of materials, depending upon the type of device [74,75]. There are
also disadvantages to reaction conditions due to substrate interaction
with the walls of the reaction vessel such as protein or enzyme ad-
sorption [76], biofilm formation [37], or reactivity of the walls or sub-
strate due to radical scavenging [77] and gas permeation. As already
noted, if S/V is high enough, adsorption may significantly deplete
some reactants, particularly proteins, from bulk solution, leading to
confusion concerning mass transfer of species leading to reaction.
Other issues encountered in reactor systems involving enzymes and
enzyme entrapment include membrane fouling, protein concentra-
tion gradients, and decreases in pump performance with time [78].

4. Electrostatic, magnetic, and ultrasonic levitation
Complete avoidance of liquid/solid interactions can be achieved

through drop levitation. At the price of creating a gas/liquid interface,
adsorption and surface reactions are eliminated. One may introduce
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Fig. 1. Drops with gas/liquid interfaces. A. Pendant. B. Sessile. C. Levitated.

solid surfaces to such drops, allowing demonstration of interface ef-
fects, but such introduction is optional. The three types of drops
with gas/liquid interfaces are sketched in Fig. 1.

The potential for levitated drop reactors (LDRs) for use as micro-
analysis systems was recognized no later than 1996 [79]. As with
the flowing drop and digital microfluidic devices, sample volumes
are reduced, and mixing conditions are controlled, but unlike the
microfluidic microreactors, reactions in a levitated drop are not con-
tained by the walls of a reaction vessel [79]. A small S/V is advanta-
geous for biological reactions, especially in those involving proteins,
which are likely to behave differently at an interface than in bulk so-
lution. However, the limited amounts of material available for many
biomolecules mitigate in favor of small volumes, and thus large S/V.
Levitation of a drop can be achieved by optical [80,81], diamagnetic,
aerodynamic, electrostatic or electromagnetic [82-85] or acoustic
[86-92] levitation. A levitated drop is a unique reaction cell, as it
has no solid walls, has facile exchange of gaseous reactants with the
surroundings, and has a renewable surface, so applications of a levi-
tated drop can include, but are not limited to, windowless optical
cells, micro-liquid handling reaction cells, renewable gas samplers,
and sample introduction interfaces [93-95]. These applications are
an indication of the wide range of applicability of levitated drop
microreactors to biological and chemical problems. Barnes et al.
have shown that detecting single molecules is possible in picoliter
drops [96], demonstrating much “room at the bottom” [97] for sam-
ple preparation and analysis in a levitated drop.

Sample preparation and sample introduction have been demon-
strated using both electrostatic and acoustical levitation techniques.
Bogan and Agnes have shown that droplets with a net charge can be
created ‘on demand’ and levitated, as well as ejected, from an electrody-
namic balance (EDB) for further purification and analysis [98]. As is the
bane for many measurement techniques, when only limited sample
volumes are available, minimum mass detection levels are achieved
via preconcentration. Here, Bogan and Agnes utilized the evaporation
of the droplet to concentrate the peptide leucine enkephalin and reduce
the sample volume, as small spot sizes are needed for the technique
they were using — matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF-MS). After levitation, the
drops are ejected from the EDB onto a MALDI plate for analysis by
TOF-MS [98]. They further used this combined levitation and analysis
of charged drops on larger peptide and protein molecules to create pm
spot sizes for UV-MALDI and found a decrease in detection limits for
peptides and proteins, with nanoliter amounts of sample needed [99].

Chung et al. have also developed a levitator with electrostatic lev-
itation to grow protein crystals in a containerless environment [82].
They grew lysozyme crystals in both a non-rotating and a horizontally
rotating drop to test the effects of rotation on crystal growth. As the
crystals grew larger, the rotation speed of the drop was not enough
to keep the crystals in bulk solution, and it was noted that the crystal
shapes depended upon rotation speed. Thaumatin crystals were also

grown in rotating drops and compared with those of the lysozyme
crystals, and were found to have differing crystal shapes under similar
drop conditions.

Liu and Dasgupta have demonstrated a drop in a pendant drop sys-
tem consisting of an organic phase and an aqueous phase, which shows
that sample purification can be done by extraction in a levitating drop
[100]. Other applications include the study of samples with liquid mem-
branes [100]. Petersson et al. have also shown that sample enrichment
for capillary electrophoresis can be performed in an acoustically-
levitated drop [101]. They used a mixture of amino acids in ethanol to
exploit ethanol's volatility in order to increase the concentration of
the amino acid mixture. When the amount of time necessary for evap-
oration to generate the desired enrichment had passed, the sample
was removed from the levitator and analyzed by CE.

However, drop removal from the levitator does not have to occur
in order to analyze the sample. In fact, for many cases, in stilla sample
detection would be preferred so as not to disturb or disrupt the reac-
tion system, as in the case of a biological system, in order to retain
sample integrity. (Note: In [92], we used in stillo. Here, we use the
correct, feminine, gender in the Latin, in stilla.) A study by Weis and
Nardozzi demonstrated that the rate of an alkaline phosphatase-
catalyzed hydrolysis reaction in a levitated drop was similar to that
in bulk, and the levitation process does not change enzyme activity,
at least for this enzyme [90]. Experiments in drops do, however, per-
mit measurement of reaction rate below 0 °C, as drops freeze only at
sub-zero temperatures. Sample detection methods must maintain
sample integrity. Detection in a levitating drop can be accomplished
in numerous ways, including Raman spectroscopy, absorbance, fluo-
rescence, and light scattering [102]. Laser techniques are useful for
determining drop characteristics such as composition, diameter and
temperature [103]. Kaiser et al. used Raman spectroscopy to study
coated drops and compared the spectra of a levitated drop with that
of the sample in a cuvette [81]. All of the major sample vibrational
components were present both in the levitated drop spectrum and
the cuvette spectrum, plus a nitrogen peak due to mixing of air
appeared in spectra of the levitated drop, but not from bulk solution.
Esen et al. used Raman spectroscopy to analyze the progress of a po-
lymerization reaction in a levitated drop [80], showing the advan-
tages of coupling Raman spectroscopy with levitated drops to track
a chemical reaction.

Fluorescence and absorption measurements are also quite useful
to study reactions in a levitating drop. With the use of fiber optics, an-
alyte concentration can be measured directly or via spectral changes
monitored during, e.g., titration in a drop [104]. Laser-induced fluo-
rescent measurements were used to study changes in intensity as a
result of evaporation or a change in pH in a levitated drop [88]. In
this study by Santesson et al., as the droplet evaporated, the fluores-
cence intensity ratio for two excitation wavelengths but a fixed emis-
sion wavelength increased, demonstrating how drop evaporation can
skew fluorescence or absorption measurements. The intensity ratio
was stabilized when the levitated drop volume was controlled by
the addition of droplets to minimize the effects of evaporation. The
pH studies were performed by the addition of acetic acid by a droplet
generator to a levitating drop and simultaneously monitoring the
fluorescence signal of the fluorophore. These studies demonstrate
how levitating drops can be stabilized in an acoustic field, allowing
the study of biochemical reactions on a system through the addition
of external reactants. Work on drop positional and shape stability
has been an on-going focus of research [105-113].

Work by our group also showed the promise of using an LDR as a
biological microreactor. An acoustically levitated drop was used to
measure kinetic data from a reaction between NADH and pyruvate
catalyzed by lactate dehydrogenase (LDH) to produce lactate [114].
The reactants were introduced into the levitator by a capillary net-
work, and the drop was levitated at the end of the capillaries, mini-
mizing the surface interaction with the capillary. As the NADH and
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pyruvate react in the presence of LDH, the fluorescence from NADH
decays, following Michaelis-Menten kinetics.

Work to date only begins to show the possibilities for the application
of a levitated drop reaction system to biological problems. Since mixing
in the drop is continuous and can be diffusional or convective, the levi-
tated drop as a microreactor is a well-stirred system, potentially useful
for study of enzyme kinetics. This contrasts with common stopped-flow
methods, where greater amounts of enzyme are required. Continuous
flow methods, e.g. with droplets in microfluidic systems employing
fluorocarbon oils to keep aqueous droplets from contacting walls, use
smaller volumes per drop, but rapidly exceed the volume of solution
needed in levitators. If 1 L is employed in a levitated drop, then 10°
10 pL drops would consume the same volume of enzyme solution. For
droplets generated at 1 kHz, this is ~100 s of measurement. In an LDR,
not only is solid-surface chemistry not a factor, but neither is interaction
with the fluorocarbon oil. If gases are substrates or products for the
enzyme, transport from the surrounding medium into the drop or
from the drop into the surrounding gas is facile. Access by multiple
diagnostics simultaneously may also be easier, though to date this is
more of an advantage in principle than in practice.

5. Batch vs. continuous flow approaches

For drops to be useful microreactors, one must have clean, simple,
reliable means to introduce reactants and obtain homogeneous solu-
tions. Both delivery and mixing present challenges. As can be found in
any introductory text on reactor design [115], instantaneous mixing
is an ideal only approximated in reality. Chapter 4 of [115] cogently
explains the idealizations for reactors with and without draw-off of
reactor contents. If influx volume balances efflux volume, and homo-
geneity is maintained, one has a continuous flow stirred-tank reactor
(CSTR). If there is no efflux and the reaction is initiated instanta-
neously in some manner (injection of catalyst, addition of an initiator,
instantaneous addition and mixing of one reactant), one has a batch
reactor. If reactant is continuously added but there is no efflux, one
has a semi-batch reactor. If there are evaporative losses of solvent
precisely balanced by reactant solution influx, one can tune a semi-
batch reactor to be constant volume, and thus to have constant cata-
lyst and intermediate concentration. While not common industrially,
such tuned, semi-batch methods have been employed in research
(see, e.g. for a macroreactor, [37,116-119]).

5.1. Bolus introduction of reactants to drops

A simple model of injecting a droplet into a drop has much in common
with shooting a projectile from one point to another. With appropriate
initial velocity, a droplet will intersect a drop with sufficient kinetic energy
to overcome the surface tension, merge with the drop, and mix rapidly. In
practice, precision aiming of droplets is difficult. Santesson et al. show tra-
jectories of piezoelectrically-launched droplets spiraling into a drop [102].
They used a piezoelectric droplet launcher, so the only forces guiding the
droplet are gravity and acoustic pressure. Of late, we have been using
electrostatically-launched droplets, with alternation of droplet charge to
ensure that the droplet is electrostatically-attracted to the growing drop
[120,121]. As explained earlier for picoliter drops, diffusional mixing
time increases as the square of drop radius. For a 5 L, spherical drop
with r~0.11 cm, diffusional mixing requires t>5x 10 s, about 1.5 h. Ob-
servation of microliter drops in transmitted light with nanoliter NaOH
droplets merging with HCl/phenolphthalein drops gives spontaneous
mixing times of ~3-5 s, an improvement of 3 orders of magnitude. By
modulating ultrasound intensity, sub-second mixing times are achiev-
able. While kinetics as fast as that observable with stopped-flow mixing
[122,123] appears to be unreachable, observation of reactions with ~1 s
half-lives is within reach. For second-order reactions with ~pM concen-
tration of each reactant, rate constants up to 105 M~ ! s~ ! should be
measurable. Obviously, if fluorescence of reactants or products gives

low detection limits for these species, lower concentrations may be
employed, with corresponding increase in the maximum measureable
rate constant.

5.2. Drops as continuous flow reactors

While not entirely free of solid-liquid interfaces, pendant drops
may have the majority of their surfaces as gas-liquid interfaces. Con-
tinuous flow, with influx and efflux balanced, makes such drops
CSTRs. Our early attempt at making a 5 pL CSTR [114] failed, as we
only had passive controls available to balance the flows. A servo con-
trol to maintain drop volume would likely solve this problem. The
availability of inexpensive CMOS cameras and machine vision soft-
ware (e.g. LabView drivers and virtual instruments) that can rapidly
report drop size may assist in developing such a servocontroller.
Note that hydrophobic coating of capillaries is essential to prevent
wicking of drops up the side of the capillary bundle. We have found
CYTOP® to work well, but any sufficiently hydrophobic coating
should work. The capillary bundle needs to be positioned so that
the drop is just below an acoustic node, ensuring that the drop is sup-
ported by the acoustic field, not surface tension attachment to the
capillaries. Mixing time for 2.5uL s~ ! influx to a 2.5 L drop has
been observe to be ~2 s, indicating that convective mixing is over-
whelming diffusional transport as desired. For a drop to operate as a
CSTR, the residence time in the drop must be significantly greater
than the mixing time. For a 5 L drop, 2 s mixing time, one may oper-
ate the system as a CSTR for residence times of 10 s or greater and
flow rate of all reactants combined below 0.5pLs™'. Such slow
flows may most easily be maintained by using Poisseuille flow
through capillaries of suitable length. Given:

AP4
Q="g1 M

where Q is flow rate (cm> s~ '), AP is pressure drop across the capil-
lary (typically, gauge pressure on the feed solution in dyne cm ™2, as
the drop is at ~1 atmosphere), L is capillary length (cm), r is capillary
radius (cm), and 7 is solution viscosity (Poise) [124]. Because 1) de-
pends on solution composition and temperature, it is the least reliable
of the parameters in the equation. For distilled water ()= 0.01 Poise),
capillary length 1 m, capillary radius 50 um=>5x 10~ > cm, and pressure
28 psi=2 atmospheres = 202.6 kPa=2.0x10° dyne cm~2, resulting
in Q=5x10"*cm?s~ =500 nLs~ '. Two inflow capillaries running
at 500 nL s~ ! would give a residence time of 5 s for a 5 pL drop, so one
sees that headspace pressures can be quite modest and flows readily
slowed to speeds compatible with residence times of many minutes
(e.g. for radius 10 um, all else constant, flow slows by a factor of 625,
giving T~1 h).

5.3. Mixing in drops; convection and diffusion

Levitated drops are sufficiently large that diffusion is inadequate
to maintain homogeneity on a time scale commensurate with many
biochemical events. Fortunately, the no-slip boundary condition at
the interface between phases ensures that there will be circulation
in any levitated drop, since acoustic waves are traveling waves in
air. Even though standing waves are spatially static, they have a
time-dependent amplitude at all points save nodes, and thus provide
time-dependent, spatially inhomogeneous pressure on the gas-liquid
interface, ensuring that convection occurs. Circulation in drops has
been studied in non-reacting systems [111,112,125-134]. Flow and
homogeneity have also been modeled in spherical drops in which
first-order reactions occur that consume gas diffusing through the
gas/liquid interface [135]. For drops of static shape, levitated on-axis
in a cylindrically-symmetric acoustic field, the center of the drop is sta-
tionary for small drops, but vortices can form in large drops. Circulation
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proceeds at speeds that increase monotonically to the surface of the
drop. Under one set of conditions for a 30 uL drop [132], maximum
velocity at the drop equator was 80 mm s~ . Since drop diameter was
approximately 4 mm, this is approximately 6 rotations per second,
and flow is laminar. While shear (velocity increases along a radius)
ensures that mixing is more rapid, azimuthally, than diffusion, radial
mixing is also accelerated. If the drop moves off-axis, there is a break
in axisymmetry, and oscillations in drop shape increase in frequency,
but are ~50-100 Hz for a few mm departure from the axis of levitation
[111]. Drop shape can be driven into oscillation by modulation of the
acoustic field magnitude. In such cases, the drop shape oscillates with
a radian frequency o, of

o _old 1)3(l+2) @

pa
with I the oscillation mode number (I =1 for cylindrical symmetry, [ =2
for the lowest non cylindrical mode, etc.), a is the radius of a spherical
drop of the same volume as the levitated drop, o is surface tension,
and p is density. As water has a surface tension of about 72 dyne cm ™!
at 25 °C, one obtains a frequency ~110 Hz for the lowest frequency
mode a 5 pL drop. Mixing by driving drop distortion thus requires sev-
eral tens of milliseconds at best. Yarin has studied how low-amplitude
ultrasound perturbation of the appropriate frequency can drive drops
into high-amplitude oscillation, thus optimizing convective mixing
[136]. One anticipates that drop homogenization may be driven to
occur in times well below 0.5 s, but not below 0.05 s. Stopped flow mix-
ing times (~ 5 ms) are not likely to be reached with levitated drops, but
mixing times well below those obtained by manual mixing should be
easily obtained.

6. Problems facing adoption of levitated drops as microreactors

Just as adoption of microfluidics for routine use in biophysical re-
search has required considerable time, so adoption of levitated drops
has been a slow process. Aside from the limitations posed by the lack
of turnkey systems, what technical problems limit the wide-spread
adoption of levitated drop microreactors?

6.1. Positional stability

Levitating drops is easy. Levitating drops such that they are posi-
tionally stable within a few microns over a period of tens of minutes
is more difficult. Any deviation from cylindrical symmetry, and any
non-random modulation of the waveform driving the ultrasound
transducer initiates drop motion or distortion. This complicates spec-
troscopic monitoring of the drop, as optical signals are modulated at
the frequency of drop precession or oscillation. Because drop shape
is a function of ultrasound power and the ratio of acoustic power to
gravitational force, drop position subtly drifts as solvent evaporates.
If droplets are injected into drops, conservation of momentum re-
quires that the combined drop + droplet will be pushed off the levita-
tor axis and that momentum must be dissipated before the drop
returns to the levitator axis. Mixing is a dissipative process; drop or-
bital decay to the levitator axis is a slower dissipative process. If
drops are to be used to study rapid reactions, it will be necessary to
monitor drops while they are still orbiting the levitator axis after
droplet injection. In principle, one can use piezoelectrically-
steerable mirrors, servo-controlled to point the optical axis at the
drop, to allow stable measurement even as the drop moves. In prac-
tice, we know of no implementation of such a strategy to date.
Fig. 2 shows that an orbiting drop can be tracked by a 2-mirror system
if fluorescence is to be monitored, but must be tracked by a 3-mirror
system if absorbance is to be monitored (in both cases assuming that
light is focused onto the drop rather than using diffuse illumination).

A

Fig. 2. Compensating for drop motion to allow spectroscopic monitoring in a moving
drop. Inset A: fluorescence can be monitored using 2 tracking mirrors. Inset B: Absor-
bance monitoring requires 3 tracking mirrors. Aqua circle represents drop centered
on the levitator axis; dark blue drop is the offset drop. Dotted lines show how the op-
tical axis must move to maintain alignment, and the light blue mirrors show how rota-
tion of the mirrors maintains the alignment.

6.2. Environmental stability and heat transfer

Two separate phenomena are dependent on temperature, humid-
ity, and pressure in levitated drop reactors. One is the chemistry
under study in the drop, and the other is the levitation and evapora-
tion of the drop. Levitation requires that the acoustic transducer be at
mechanical resonance, and that the transducer/reflector gap also be
in resonance. Such resonance occurs when the transducer/reflector
gap supports an acoustic standing wave. The speed of sound in a gas
has the same relationship to wavelength and frequency as for any lin-
ear, longitudinal wave:

Av=cC (3)

where \ is wavelength, v is frequency (typically in Hertz), and c is the
speed of sound in the gas.

While one may use planar transducers and reflectors [90,137,138],
it is typically more efficient to use at least one concave component
(typically the reflector, but both transducer and reflector may be con-
cave) [92,110,113,139]. For planar components, resonance occurs for
a transducer/reflector spacing H such that m is an integer and

2Hv =mc (4)

For non-planar components, m is a non-integer constant which may
be found by numerical modeling or by empirical observation.

For 5 °C<T<30 °C, the speed of sound in air as a function of pres-
sure, temperature, [CO,], and humidity is known and fit to a smooth,
polynomial function [140]. It is thus possible, in principle, to servo-
control a levitator to always be in resonance. Our experience is that
such control is easier in principle than in practice. For v~20 kHz,
the resonator air spacing must be precise within 0.01 mm (nominal
acoustic wavelength ~17.2 mm). Because the reflector is concave,
finding a reference zero spacing is challenging. However, once the
right spacing is found, the acoustic field in practice does conform to
theory; drops orbit in a toroidal acoustic potential minimum near
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the planar transducer and are positionally stable on the resonator axis
at nodes higher in the resonator [110,111,139,141]. Temperature con-
trol is readily achieved for temperatures above ambient, and ultra-
sonic humidification or chiller/heater humidification can adjust
relative humidity.

Humidity influences the rate of drop evaporation, and temperature
is obviously critical in carrying out kinetics experiments. As we have
not performed kinetics experiments lasting more than 1 min as yet, it
is unclear whether evaporation is going to be an important issue. The
rate of droplet evaporation for solute-free drops is well-known as a
function of drop size, temperature, and humidity [142]. While one
might expect simple evaporative behavior as one sees e.g. in droplets
subject to heating in reactive flows [143],

D* = D} —kt (5)

where D is instantaneous drop diameter, Dy is initial diameter, t is time,
and k is a constant dependent on temperature, solution composition,
and gas composition, in fact the situation is much more complicated.
Yarin [142] starts from the approximation that

4D’ (6)

but quickly moves to the more complicated situation where circulation
in the levitated drop and ultrasound-correlated transport in the gas
phase makes Eq. (5) an oversimplification. Drops of interest for bio-
physical measurement will doubtless have solutes, surfactants, and pro-
teins contaminating the gas-liquid interface, and thus will alter
evaporation rates [144]. Our chosen means to deal with evaporation is
simply to have a droplet launcher with distilled water available, and
to monitor drop size. Should the drop shrink sufficiently, we launch a
few tens of nanoliters of distilled water to re-grow the drop.

Of greater concern is maintenance of thermal equilibrium. The sup-
port gas bathes the levitated drop, but evaporation will cool the drop,
and reactions may either heat or cool the drop depending on the
endo- or exothermicity of the reaction. Heat transfer from gases to liq-
uids is inefficient. Circulation, or acoustic streaming in the drop, en-
hances heat transfer compared to an otherwise similar situation in
static air. Rather than attempt to model this complex situation, perhaps
it is best to compute the maximum endo- or exothermicity yielding less
than 1 °C temperature change in the absence of rapid heat transport i.e.
for adiabatic conditions. Given the 1 calorie/gram degree or 4.184 J/g de-
gree heat capacity of water, a reaction in a 5 pL drop would need to pro-
duce or consume no more than 20 mJ. If a reactant is present at 1 mM
concentration, 5 pL contains 5 nmol; if a reaction produces or consumes
100 kJ/mol, temperature control absent heat transfer will be adequate
by better than 1 order of magnitude even for instantaneous reaction.
While such approximate calculations are reassuring, measurements of
drop temperature as a function of time would be preferable. Fluores-
cence measurements have proven useful for droplets in flames
[145-151], but the small temperature changes expected for biochemical
reactions may prove technically challenging to follow spectroscopically.

6.3. Continuous flow vs. instantaneously-initiated reactions

Two limiting cases for studying kinetics come from continuous flow
systems and pulsed or (approximately) delta function-excited systems.
If reactants are provided continuously to a system, then for plug flow
(same velocity everywhere across the flow system lumen), the time at
which a reaction is observed is the distance downstream divided by
the linear flow velocity. If flow is laminar, the velocity profile across
the lumen is parabolic, so time to any given position is radially-
dependent and concentration dispersion is influenced by Aris-Taylor
diffusion [152]. Except for electro-osmotic flow, where there is a slip-
plane between the moving solution and the conduit wall, plug flow is

only a good approximation in packed tubes (common in chromatogra-
phy) or in turbulent flow. Both limiting cases present problems for ki-
netics measurements, although continuous flow experiments date to
1923 [153] and interrupted, or stopped-flow methods to the 1940s
[2,4,154,155]. For biophysical measurements, instantaneous mixing/
delta function excitation is convenient, as initial rate measurements
can be exploited to measure rate constants, determine the appropriate-
ness of simple rate laws, or be employed to measure the concentration
of enzymes or substrates. For studying complex reaction dynamics or
asymptotic, long-term behavior, continuous flow is more appropriate.
To what extent can either limiting case be realized with levitated drops?

If droplet-borne reactants are ballistically-launched into a levitat-
ed drop, using piezoelectric or electrostatic droplet launchers, drop
volume becomes the sum of pre-existing drop and launched droplet
almost instantaneously. Because the impingent droplet has linear mo-
mentum, conservation of momentum ensures that the merged drop
will move away from the levitator axis; in turn, the merged drop
has angular momentum and begins to orbit the levitator axis. If
impingent droplet momentum is high enough that the levitated
drop moves outside the region of adequate sound pressure, the com-
bined drops may fall, ending any utility of the system. Our experience
with electrostatically-launched drops in air has been that speed is
~1ms~!, and displacement is not a problem for launched droplets
~10% of the volume of the originally-levitated drop. Nilsson has
shown videos of piezoelectrically-launched droplets spiraling into a
levitated drop. In the latter case, finding ¢t = 0 is difficult, but drop dis-
placement is not a problem.

As noted in §5.1, once drops have merged, they are not immedi-
ately well-mixed. Obtaining rapid mixing in microfluidic systems of
any type is challenging. Diffusion in aqueous solution can homoge-
nize over a distance of only ~10 um in 1 s. While some improvement
over current performance may occur, we expect that mixing time
~0.1-1s is as rapid as is likely to be feasible in ~uL collisionally-
merged levitated drops.

Continuous flow, on the other hand, allows for steady flow and
controlled residence time to be achieved. Enclosed flow reactors are
attracting attention for some types of synthetic work, among the rea-
sons for which is the ability to control temperature and mixing due to
the high S/V ratio [156,157]. Perhaps the previously-cited work on
pendant drops is the best precedent work to using ultrasonically-
levitated drops as continuous flow reactors [93-95,100]. However,
in pendant drops, mixing is due only to diffusion and streaming
from injection of new reactant and withdrawal of drop content. Not
only is mixing time a function of flow rate, but so is the rate of
approach to homogeneity. In an ultrasonically-supported drop,
ultrasound-induced circulation augments mixing and homogeniza-
tion. It is not sufficient, in most cases, to simply create homogeneity
and expect it to be maintained; spontaneous pattern formation can
occur in any system where different components diffuse at different
rates so that no single value of the Damkéhler number [158] is appro-
priate for comparing the rate of chemical reaction to mass transfer
[115,159,160]. Thus, the stream driven by ultrasound makes a levitat-
ed drop a better-mixed, more-nearly-ideal CSTR than a pendant drop
of the same size, fed at the same flow rate. To date, we know of no ex-
amples of levitated drops used as CSTRs but have plans to do so.

6.4. Mass, momentum, and thermal mixing

When droplets are injected into drops, mass, momentum, and
energy of course must be conserved. If the kinetic energy of an im-
pinging droplet is too great, secondary droplets may be ejected from
the original drop, carrying with them reactants and solvent. We
have found (article in preparation) that a 700 nL droplet impinging
on a 3L drop at ~1ms™ ' does not produce secondary droplets,
but it does cause distortions in drop shape 180° from the point of
entry, suggesting that higher impinging speed for drop and droplet



8 A. Scheeline, R.L. Behrens / Biophysical Chemistry 165-166 (2012) 1-12

of these sizes may well lead to release of secondary, or spalled,
droplets.

Conservation of momentum means that when a ballistic-
launched droplet merges with a levitated drop, the combined
drops will move in the direction of the center of mass of the pair
of drops. For the example started in the previous paragraph, the ini-
tial speed of the merged drop is ~0.19 m s~ .. Viscous drag and the
potential well created by the sound field both act to slow the
merged drop. We have seen the lateral motion of the drop halt
over a distance of a few millimeters and in <10 ms. In the process
of slowing, both momentum and energy dissipate into several
modes. The merged drops have angular momentum with respect
to the levitator axis, and so start orbiting that axis. Frictional losses
in the drop convert linear momentum into oscillations in drop
shape and, eventually, heat. If all the kinetic energy in the entering
droplet were converted to heat, the temperature rise would be ap-
proximately 23 pK. Thus, so long as the droplet and drop are initially
at the same temperature, they will remain so. Drop motion actually
damps over an extended period. While we see mixing over a period
of a few seconds, the drop continues to orbit the axis at a radius
greater than the drop radius for >5s. One thus expects that mea-
surements of rapid kinetics will require tracking mirrors to keep
the drop aligned with collection optics. While we have started de-
signing such a tracking system, and there are analogies in adaptive
optics for astronomy and defense applications, we do not yet have
an example assembled.

6.5. Protein behavior at gas/liquid interfaces

Proteins are, to varying degrees, hydrophobic. At an air-water
interface, one would thus expect the hydrophobic portions of the
molecules to favor the air side of the interface, with hydrophilic por-
tions remaining in solution, away from the interface. Such behavior
was first suspected in the 19th century and understood in structural
terms no later than 1938 [161]. Graham and Phillips showed that
the structural changes at the gas/liquid interface took place over a
period of hours, and that the kinetics were dependent on the specif-
ic chemistry of each protein [162,163]. Microscopic details awaited
the availability of intense collimated X-ray sources, e.g., the work
of Gidalevitz, Huang, and Rice [164]. Sum-frequency generation
now provides a convenient means of characterizing interfacial pro-
tein films [165-169]. Whether denaturation at the gas/liquid inter-
face is a significant problem will likely depend on experiment
duration, rigidity of any enzyme active site, and the hydrophilicity
of the protein. One may expect that some proteins will misfold
upon first exposure to the interface, while others will be inert to
rearrangement over hours to days. In advocating the exploration of
drops for studying biochemical processes, we have clearly gambled
that enough proteins will be sufficiently stable that useful results
will be obtained. The relative freedom from radical-radical annihila-
tion at the gas-liquid interface is in competition with protein dena-
turation as influences on the validity of experiments. In unpublished
experiments, we found that lactate dehydrogenase and horseradish
peroxidase maintain the same activity in 10 pL sessile drops over a
period of 1 h as they have in bulk solution. Alcohol dehydrogenase,
however, loses half its activity in 15 min. Our work is direct to
study of myeloperoxidase, as this enzyme is known to generate
and consume free radicals (e.g. [170-183]), and the enzyme is pos-
itively charged at biological pH.

6.6. Detection

Microreactors are useful only if the species produced or consumed
in the drop can be monitored. Methods employed to date include op-
tical absorption [184,185], fluorescence [90,114], chemiluminescence
[114], Raman scattering [80,81,186], mass spectrometry [187-189],

X-ray diffraction [190], capillary electrophoresis [11], and liquid chro-
matography [11]. The last of these typically employ the distil end of
the injector or capillary to “swallow” the drop, and the injected por-
tion of the drop is analyzed in a manner similar to the common
uses of the separation techniques. We are developing microprobes,
so we can do amperometric measurements in drops [191]. For re-
views of earlier measurements, see the review by Santesson and
Nilsson [102].

6.7. Automation and flexibility: speed of sound, dimensions

When our group became interested in drop levitation, we found
that little attention was paid in the literature to automating the pro-
cess of setting the transducer resonance frequency and matching
the air gap to the transducer for mutual resonance. This meant that
at the start of each workday and after any significant changes in tem-
perature, humidity, or atmospheric pressure, manual adjustments
were necessary to maintain levitation. Such temperamental behavior
is aggravating, and dissuades anyone focused on applications rather
than levitation from using acoustically-levitated drops for biophysical
measurements. We have been developing servocontrols that are still
not completely reliable. While knowledge of the dispersion relation-
ship for humid air [140] certainly helps, the zeroing of the transduc-
er/reflector spacing is challenging for non-planar reflectors, and the
levitated drops influence the optimum spacing, particularly for high
Q, well-tuned resonators [138]. We continue efforts in this area.
Adoption of servocontrol, automated injection of reactants, and auto-
mation of optical alignment are developments that will be essential if
drop levitators are to become part of the standard armamentarium of
the biophysicist or biochemist.

7. Chemical oscillations and levitated drops

Our motivation in devising levitated drop reactors was to allow
study of oscillatory biochemical reactions. Such reactions require a
network of interacting species, with feedback and feed-forward dy-
namics to couple fundamental reactions into a non-steady-state
network. Characterization of such networks requires that either
transient oscillations be monitored while the system is far from
equilibrium, or that the system be maintained far from equilibrium
by continuous feed of reactants and removal of products [192,193].
As has already been noted, continuous feed conflicts with the con-
straints of many biological problems where the amounts of protein
or nucleic acid available may be severely constrained. How might
levitated drops help study such systems? We will suggest two sce-
narios for study of myeloperoxidase as referenced in §6.5:

1) Semi-batch reactor: the only experiment in which myeloperoxi-
dase catalyzed an oscillating reaction was that reported by Brasen
et al. [194]. They carried out the reaction in a quartz cuvette 1 cm?,
buffer volume 1.2 mL. Myeloperoxidase was estimated by optical
absorption to be 1.5-2 uM, or approximately 2 nmol. With a mo-
lecular weight of 1.46 x 10°Da, this is 300 pg. This heroic experi-
ment, one which would rapidly bankrupt even well-funded
groups if carried out once daily, resulted in 8 transient oscillations
in [0;] and concentration of various enzyme redox forms over a
period of 2 h. The surface area to volume ratio was (approximate-
ly) 5 cm~ ! of liquid/solid interface and 1 cm~ ! of liquid/gas inter-
face. Free radical recombination at the solid/liquid interface may
have been significant [37], while oxygen transfer was limited to
1/6th of the total surface area. Suppose that, instead, the reaction
had been carried out in a 5pL levitated drop. Surface area is
0.14 cm?, all liquid/gas interface. Surface area to volume ratio is
28 cm ™~ !, with no solid surfaces at which radicals can recombine.
Instead of enzyme absorbance at 360 nm being ~0.6 and ~0.1 at
other wavelengths shown in Fig. 3 of [194], the absorbance



A. Scheeline, R.L. Behrens / Biophysical Chemistry 165-166 (2012) 1-12 9

would drop to 0.06 and 0.01, well within limits for useful mea-
surement on the relevant time scale. Further, only 1.5 nug of en-
zyme would have been required, a reduction of two orders of
magnitude in cost. A limitation of this arrangement is that no
Clark oxygen electrode would be present, so monitoring [O;]
would need to be performed either by a fluorescence lifetime
measurement or by microfabricating a Clark electrode, re-
introducing a small solid/liquid interfacial region. Mass transfer
between gas and liquid phases would be facile, and the drop
would be well-stirred on the time-scale of the reaction. Damped
reaction from consumption of substrates would be anticipated,
but any semi-batch oscillatory reaction eventually damps.

Continuous flow stirred reactor. To sustain oscillations, one must
work in an open system. A drop levitated on the end of a set of capil-
laries, operated as a well-mixed reactor with controlled residence
time [78] but with total volume 5 uL would permit observation of
sustained oscillations while also allowing introduction of perturbing
substrates or inhibitors. Again, facile diffusion of O, from the sur-
rounding gas would be anticipated. While some radical recombina-
tion on the capillary ends would be expected, this would be less
intrusive than in a quartz cuvette. Using open-bore capillaries
would mean that enzyme would be removed from the drop and so
would need to be continuously re-instilled. For a residence time of
10 min (about the duration of a single oscillation), enzyme consump-
tion would be 9 ug h™!, permitting several days of experiments with
the amount of enzyme consumed in the Brasen et al. [194] experi-
ment. If dialysis membrane could be used to cap the efflux capillary
so that enzyme could be retained in the drop while small molecules
could still be removed without excessive pressure drop, then enzyme
consumption would be no greater than in the semi-batch reactor.

From the standpoint of economy, freedom from reaction artifacts,

and optical/diagnostics access, levitated drops hold great promise for
the study of complex biochemical dynamics.
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