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Formation of Arrayed Droplets by Soft
Lithography and Two-Phase Fluid Flow,
and Application in Protein Crystallization™*

By Bo Zheng, Joshua D. Tice,
and Rustem F. Ismagilov*

This paper presents an overview of our recent work on the use of soft
lithography and two-phase fluid flow to form arrays of droplets. The
crucial issues in the formation of stable arrays of droplets and alternating droplets of two sets of
aqueous solutions include the geometry of the microchannels, the capillary number, and the water
fraction of the system. Glass capillaries could be coupled to the PDMS microchannels and
droplets could be transferred into glass capillaries for long-term storage. The arrays of droplets
have been applied to screen the conditions for protein crystallization with microbatch and vapor
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diffusion techniques.

1. Introduction

Soft lithography uses poly(dimethylsiloxane) (PDMS)
“stamps” with patterns on their surface in order to generate
features with dimensions from tens of nanometers to hun-
dreds of micrometers.!] There are several soft-lithographic
techniques that can be used to construct microchannels.?!
These techniques play an important role in microfluidics be-
cause they enable one to construct microchannels rapidly and
at low cost.”! We usually fabricate PDMS-based microfluidic
devices by casting PDMS against a silicon wafer containing
relief structures complementary to channels. The silicon mas-
ter is, in turn, patterned by using a rapid prototyping tech-
nique.’) The PDMS “stamp” is then exposed to air plasma
and sealed to a piece of flat PDMS or glass in order to gener-
ate channels® that have dimensions in the range of 10 to
1000 um.

Various strategies have been demonstrated to fabricate
structures in confined spaces via fluid flow. For example,
structures as small as 10 wum have been fabricated by laminar
flow!! inside microchannels.”° As a unique type of struc-
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ture, arrayed droplets can be readily generated by shearing a
stream of an aqueous solution into a stream of oil inside mi-
crochannels.""" The resulting aqueous droplets are mono-
disperse and stable. With soft-lithographic techniques, one
can easily fabricate microchannels with various designs for
generating and controlling the movement of droplets. The for-
mation and evolution of droplets in confined space have been
of interest’>! because of the broad range of physical phe-
nomena that can be investigated in such systems. For example,
we have applied droplet-based microfluidics to measuring the
rate of chemical reactions on the millisecond scale.!™> This
method has the advantage of fast mixing and no dispersion
compared to a conventional pressure-driven laminar flow.!'!
More recently, arrays of droplets in microchannels have also
begun to find use as microreactors. 11318

2. Formation of Arrayed Droplets

Both the choice of material and the method of fabrication
are crucial issues involved in the formation of arrayed drop-
lets in microfluidic channels. The low Young’s modulus and
transparency of PDMS make it the ideal material for micro-
fluidic devices.”! However, the permeability to water vapor
of PDMS is detrimental to long-term storage of aqueous
droplets inside PDMS microchannels,'® therefore it is impor-
tant to be able to transfer the droplets from PDMS micro-
channels into other types of vessels such as glass capillaries
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and plastic tubing. We have recently fabricated PDMS/glass
capillary composite devices (Fig. 1) so that the droplets could
be transferred smoothly into a glass capillary after they had
been formed."”! To make a smooth connection between a

Figure 1. A photograph of a PDMS microfluidic device coupled to a glass
capillary. All inlets, channels, and the capillaries were filled with a red
aqueous solution for clarity.

PDMS microchannel with a square cross-section and a glass
capillary with a circular cross-section, the capillary was in-
serted into the outlet of the PDMS channel. Partially cured,
viscous PDMS was then deposited into the junction in order
to seal the gap between the capillary and the PDMS channel.
The viscous PDMS was drawn into the gap by capillary force
while the viscosity prevented excessive flow. After the PDMS
had been fully cured, the junction became watertight.

An array of droplets was formed as the stream of an aque-
ous solution was sheared into the stream of fluorocarbon as
oil (Fig. 2). The flow of oil transported the array of droplets
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Figure 2. Left: Schematic illustration of the formation of arrays of drop-
lets inside microchannels. Right: A microphotograph showing the arrays
of droplets of three aqueous streams formed in a stream of fluorinated
oil.
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into the capillary that was connected to the outlet of the
PDMS microchannel. The flow was stopped when the capil-
lary was filled with the array of droplets of the desired compo-
sition. If desired, the capillary could be disconnected and
sealed with wax for long-term storage. Formation of droplets
can be characterized by the capillary number (Ca): Ca= Uuly,
where U [ms™] is the velocity of the fluid flow, y [Nm™] is
the surface tension at the water/oil interface, and u [kgm™] is
the viscosity of the fluid. When Ca>1, the diameter of the
droplet became smaller than the dimensions of the channel.
In the system for generating arrayed droplets, Ca was main-
tained below one and the length of the droplets was weakly
dependent on the total flow rate and Ca.

The composition of the droplets was controlled by varying
the flow rates for individual aqueous streams. As shown in
Figure 3, aqueous streams combined in the junction area and
then sheared off to form a droplet. At a constant total flow
rate for the aqueous stream, the concentration of solutes in
the droplet was proportional to the instantaneous flow rate of
the individual aqueous streams.'®! As we varied the flow rate
of each aqueous stream, a gradient of concentrations of the
solutes was generated along the array of droplets (Fig. 3).
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Figure 3. Schematic illustration of the formation of an array of droplets
in which the concentration of one solute (blue) in each droplet gradually

increases while the concentration of the other solute (red) decreases
along the array.

Alternating droplets of two sets of aqueous solutions were
formed when we used a microchannel with an arrangement of
two head-on aqueous inlets (Fig. 4a). The size of the droplets
increased with the water fraction (wf),') and the distance
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Figure 4. a) Schematic illustration of the formation of alternating drop-
lets. b,c) A series of microphotographs showing the formation of alter-
nating droplets at water fraction wf of 0.2 and 0.6, respectively (water
fraction is defined in the text). Both the size of droplets and the distance
between adjacent droplets changed when the value of wfwas varied.
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between adjacent droplets decreased as the wf increased
(Figs. 4b—d). The water fraction was defined as the ratio be-
tween the combined flow rate of the aqueous streams and the
total flow rate of the oil and aqueous streams. At a given wf,
there existed an optimal Ca range for the reliable formation
of stable alternating droplets (0.001 < Ca <0.15). When the Ca
was lower than 0.001, the aqueous streams reached the inlet
junction and coalesced before alternating droplets could be
formed. When Ca was too high (Ca>0.15), shear force domi-
nated and induced laminar flow and the formation of droplets
became unstable."”! This understanding of the physics for the
formation of droplets is critical in the use of arrayed droplets
in applications such as protein crystallization.

3. Applications of Arrayed Droplets in Protein
Crystallization

Growing high-quality protein crystals is important to struc-
tural biology. The conventional methods for protein crystalli-
zation consume at least 100 nL of protein solution per trial. In
order to reduce the consumption of sample, microfluidics has
been used in screening conditions for protein crystallization.
For example, Hansen et al. fabricated nanoliter-sized reaction
chambers in order to confine the solutions of protein and pre-
cipitant and to implement a free-interface diffusion method
for crystallization.[zo] Here we use droplets to confine the mix-
tures of protein and precipitant solutions. 718!

We found that arrays of droplets were easy to fabricate and
were capable of reproducing the results of conventional tech-
niques with a much smaller amount of protein solution.
Arrays of droplets are analogues of the conventional micro-
batch plates, containing arrays of microwells for the mixtures
of protein and precipitant solutions. As the flow rate of aque-
ous streams was changed during the generation of arrays of
droplet (Fig. 2), each droplet that was formed contained a dif-
ferent concentration of protein and precipitant, therefore an
array of droplets would represent a series of trials of crystalli-
zation conditions. The small volume (~10 nL) of these drop-
lets allows us to perform hundreds of trials in order to screen
conditions for protein crystallization with microliter amounts
of protein solution.8!

Within the small volume of each droplet, the nucleation
rate is significantly reduced. One approach to accelerating the
nucleation process is to concentrate the droplet gradually so
that the concentration of both protein and precipitant would
increase, thus increasing the supersaturation of the solution
and the rate of nucleation. The gradual increase of concentra-
tion of solutions, commonly used in the vapor-diffusion meth-
od of crystallization, was achieved by employing alternating
droplets inside capillaries. We successfully generated arrays in
which droplets of protein solutions alternated with droplets of
concentrated salt solutions. The oil was permeable to water,
and diffusion of water from droplets of protein solution to
their adjacent droplets of salt solution was caused by the dif-
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ference in osmotic pressure of the two solutions.!"” This diffu-
sion drove the crystallization of proteins. At the optimal ex-
perimental conditions we were able to obtain high quality
protein crystals (Fig. 5). X-ray diffraction patterns that had a
resolution better than 2.0 A were obtained from the crystals
directly on chip, in which crystals grew inside the capillary.[”]

200 pm

Figure 5. Polarized-light microphotograph of a segment of an array of
droplets in a glass capillary. Three crystals of protein thaumatin were
grown under microbatch condition in these droplets.

4. Conclusions and Perspective

The simplicity and versatility of soft lithography enabled us
to perform many exploratory experiments, followed by both
fundamental studies and applications. Using the devices fabri-
cated by soft lithography, we have demonstrated the forma-
tion and transport of the array of droplets under a two-phase
fluid flow. We have also illustrated the use of the array of
droplets for screening conditions in protein crystallization.
We resolved the problem caused by the permeability of
PDMS to water by coupling the PDMS device to glass capil-
laries or plastic tubing. The liquids used in the system
(including fluorocarbon and water solutions) are compatible
with PDMS. In addition to screening of conditions for crystal-
lization, the array of droplets could find other applications.
Droplets of polymers that have been patterned by soft lithog-
raphy have been used as microlenses,”'*?! and the periodic ar-
rays of droplets in microchannels may also be of interest in
optical applications. This is because the period between drop-
lets and the refractive index of the liquid within droplets in
the array could be easily varied. Elastomeric properties of the
materials used in soft lithography may be utilized to change
the shape of droplets.[%?] Patterning inside confined spaces
can be achieved using arrays of droplets—either by chemical
reactions which occur inside the droplets, or by removal of the
solvent from the droplets.[24] These applications will require
that the material properties of microchannels—for example,
compatibility with organic solvents,>2] permeability to gases
and liquids, and mechanical properties—can be controlled.
We now understand the basic physics describing the formation
of arrays of droplets in terms of the capillary number. How-
ever, the more complicated systems that involve non-Newto-
nian fluids, such as solutions of polymer and concentrated sus-
pensions, remain to be investigated. As this knowledge and
the new materials for soft lithography become available, it is
anticipated that arrays of droplets will find an even broader
range of applications.
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