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This paper reports a composite microfluidic system for
performing protein crystallization trials in nanoliter aqueous
droplets inside capillaries suitable for X-ray diffraction and
the evaluation of the quality of the crystals directly by on-chip
X-ray diffraction. Crystallization conditions can be screened
with both microbatch and vapor-diffusion techniques by
eliminating evaporation of solutions and by controlling
diffusion of water between droplets.

Growing of high-quality crystals of proteins and other
macromolecules plays an important role in structural biology.
Crystallization conditions are usually identified by perform-
ing a large number of trials in which variable ratios of
solutions of a protein, precipitants, and additives are pipetted
together by hand (� 1 mL droplets) or with a robotic dispenser
(� 100–10 nL droplets).[1] This process could be improved by
a system that minimizes the amount of protein sample
consumed, reduces labor, and is simple and economical
enough to be implemented in individual laboratories. Micro-
fluidics could serve as a platform for such a system because it
allows sophisticated handling of small volumes (nL–pL) of
reagents in a potentially simple, inexpensive format.[2] In
addition, microfluidics may provide an opportunity to per-
form experiments that are difficult to do on larger scale—for
example, Hansen et al. have crystallized proteins on a
polydimethylsiloxane (PDMS) microfluidic device by free
interface diffusion.[3] Previously, we screened crystallization

conditions[4] on a PDMS microfluidic chip by using nanoliter
droplets[5] formed in microfluidic channels.

In this work, we rely on the same droplet-based platform,
but take three steps that advance this work beyond our
previous report. 1) We implemented the microbatch tech-
nique, in which we completely eliminated problems of un-
controlled evaporation through PDMS. PDMS is water- and
oil-permeable, and the crystallization of proteins in PDMS,
at least in our hands, previously required careful control of
humidity to limit evaporation. 2) We implemented a con-
trolled vapor-diffusion technique, in which the rate of
removal of water from the droplet containing the protein
could be easily adjusted. 3) We developed a method for
evaluating the quality of crystals by direct on-chip X-ray
diffraction. This method eliminates the need for manual
handling of crystals that was previously required for the
extraction of crystals from the device and subsequent
mounting. Manual handling was tedious and had the potential
to damage the crystal.

We used composite PDMS/glass capillary microfluidic
devices to eliminate the evaporation of solutions during
crystallization trials (Figure 1a, b). Composite microfluidic

devices are well known, especially in capillary electropho-
resis.[6,7] Glass capillaries have been used to grow protein
crystals by using the microbatch technique[8] and several
diffusion techniques, such as equilibrium dialysis,[9] free
interface diffusion,[10] and gel-acupuncture methods.[11,12]

Crystallization of organic molecules has also been performed
in glass capillaries.[13–15] We used the PDMS section of the
device to generate droplets that contain protein, additives and
precipitants in controlled ratios by using a procedure
described previously.[4] Briefly, we flowed aqueous streams
that of solutions of the protein, additives, and precipitants into
a flowing stream of fluorinated oil, in which all the aqueous
streams formed droplets surrounded and carried by the flow
of oil (Figure 1a). We varied the composition of the droplets
by varying the relative flow rates of the aqueous streams. The
flow of oil transported droplets into a glass capillary attached
to the outlet of the PDMS section. The flow was stopped when
the capillary was filled with droplets of desired composition,
and the capillary was disconnected, sealed with wax, incu-

Figure 1. a) A schematic illustration of the method of forming droplets
for protein crystallization trials in a PDMS/glass capillary composite
microfluidic device. b) A photograph of the composite device. All inlets
and channels were filled with [Fe(SCN)x]

(3�x)+ solution for clarity. c) A
microphotograph of thaumatin crystals grown inside droplets in a
capillary. Droplets were generated by the method illustrated in (a).
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bated at 18 8C, and monitored periodically. Crystals formed in
the droplets (Figure 1c) under the conditions similar to those
we found by using the previous system.[4] In contrast to the
case in which droplets were incubated in the PDMS channels,
droplets and crystals incubated in a sealed glass capillary were
stable even in the absence of humidity control, and did not
show signs of evaporation over six months. This long-term
stability is crucial for protein crystallization on nanoliter scale,
because the probability of a nucleation event decreases as the
volume of the solution decreases.[16–18] For example, nuclea-
tion rate is proportional to droplet volume for homogeneous
nucleation and to the surface area of the droplet for
heterogeneous nucleation. We have observed that it takes a
longer time to obtain crystals in nL droplets than mL droplets
under microbatch conditions. The acceleration of nucleation
while still using nanoliter volumes would be desirable for
protein crystallization used in high-throughput structural
determination.

Vapor diffusion may be used to accelerate the nucleation
of protein crystals. During protein crystallization by vapor
diffusion, a droplet containing the crystallization mixture is
placed in the vicinity of a reservoir that contains a high
concentration of salt. Slow diffusion of water from the
crystallization solution into the concentrated solution of salt
is due to the difference in osmotic pressures of the two
solutions. This diffusion leads to a decrease in volume of the
crystallization solution, and therefore to a sufficient increase
in the supersaturation of the crystallization solution for the
nucleation of the protein crystal to occur.

To implement crystallization by vapor diffusion inside
capillaries, we wished to generate droplets of the crystalliza-
tion mixture alternating with droplets that contained a high
concentration of salt. We hypothesized that if the oil
separating the droplets were water-permeable, crystallization
would occur as water diffused from droplets of low concen-
tration to droplets of high concentration until osmotic
pressures were equalized. We found that alternating droplets
of two sets of aqueous solutions can be easily generated by
flowing the two sets of aqueous solutions head-on into a
flowing stream of water-immiscible oil (Figure 2a). In the

experiment shown in Figure 2b two of the three aqueous
streams from the upper set were labeled with a red dye, and
two of the three aqueous streams from the lower set were
labeled with a green dye. Flowing oil served as the barrier
between the two sets of aqueous streams, thus preventing
them from coming into contact (Figure 2b). We used fluo-
rescent markers to confirm that there was no cross-contam-
ination between the two sets of solutions.

We used alternating droplets formed with 1.5m and 0.5m
aqueous solutions of NaCl to measure the rate of transport of
water through various oils by measuring the change in size of
the droplets (Figure 3a). We found that perfluoroalkanes
were impermeable to water, and over a period of several
weeks we observed no transport of water between adjacent
droplets separated by � 100 mm of a perfluoroalkane. This
result is consistent with our results in microbatch crystalliza-

Figure 2. a) A schematic illustration and b) a microphotograph of the
microfluidic method of forming alternating droplets in the microfluidic
channel. Alternating droplets formed spontaneously when water and
aqueous solutions of food dyes (red and green) were continuously
flowed into a steady stream of fluorinated oil.

Figure 3. Protein crystallization by vapor diffusion in capillaries: a) A
schematic illustration of the principle of vapor diffusion in a capillary.
Water diffused through oil from droplets that contained a low concen-
tration of salt to droplets that contained a high concentration of salt.
b) A plot of change in the volume of droplets that were initially 25 nL
(DV) as a function of time (t). Legends on the right side of each curve
show the distance between the droplets. The concentrations of NaCl in
the droplets are also indicated. c) A schematic illustration of the
PDMS/glass composite device for setting up pairs of droplet for pro-
tein crystallization under vapor-diffusion conditions in capillaries.
d) Two microphotographs that show a pair of droplets immediately
after (left) and 24 h after (right) the setup. The droplet of the protein
solution yielded a crystal after it had lost about 50% of its water con-
tent. Dashed lines were added to show the interface between the aque-
ous droplets and oil.
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tion, in which we used perfluoroalkanes as the oils and did not
observe any transport of water between adjacent droplets. We
found that polytrifluoropropylmethylsiloxane homopolymer
(FMS-121) was permeable to water. A similar oil has been
used to absorb water from small droplets to drive the self-
assembly of colloids.[19] To quantify the rate of transport of
water through this oil in capillaries, we formed isolated pairs
of droplets containing 1.5m and 0.5m aqueous solutions of
NaCl. To aid visualization we colored 0.5mNaCl solution with
0.05m [Fe(SCN)x]

(3�x)+ in 0.3m KNO3. Each pair of droplets in
a capillary was separated by � 50 to � 400 mm of oil.
Capillaries were stored at 18 8C and monitored. Initially, all
droplets were � 25 nL in volume, but the increase in volume
of the droplets that contained 1.5m NaCl and the decrease in
volume of the droplets that contained 0.5m NaCl became
noticeable in a few hours (Figure 3b). The initial change of
volume was linear with time, and linear changes of up to 30%
were observed over several days (Figure 3b). The rate of
transport decreased as osmotic pressure inside the droplets
equalized. The observed rate of change in volume is similar to
that used in traditional vapor diffusion methods, and can be
tuned by controlling the distance between the droplets
(Figure 3b). This distance can be controlled by changing the
relative flow rates of the aqueous and fluorous phases.[20] The
control of the evaporation rate of water is important for
protein crystallization under vapor-diffusion conditions. An
increase in the rate of evaporation of water results in shorter
equilibration time, therefore the crystallization trials can be
carried out more rapidly.[21] On the other hand, it has also
been proposed that larger, fewer, and better quality crystals
are more likely to be obtained by reducing the evaporation
rate.[22] Both approaches could be appropriate depending on a
specific protein, and both of them can be implemented in this
microfluidic system.

To use this system for the crystallization of proteins by
vapor diffusion, one may envision flowing the crystallization
solutions through one set of channels, and flowing solutions
containing high concentrations of salts through the other set
of channels (Figure 3c). For simplicity, Figure 3c shows only
two channels for each set of solutions, but we have performed
these experiments with up to four channels for each set; the
device shown in Figure 1b has three channels for each set of
solutions. To screen the crystallization conditions, all concen-
trations were varied by changing the flow rates of the
corresponding aqueous streams.[4]

To demonstrate crystallization of a protein by vapor
diffusion in capillaries, we generated a sequence of droplets
that contained lysozyme and precipitants in the first set of
droplets, and contained a high-concentration of salt in the
second set of droplets (Figure 3c). After 24 hours of
incubation, � 50% of the water in the droplets of lysozyme
solution had diffused into salt droplets, thus inducing
crystallization (Figure 3d). More than half of the droplets of
lysozyme solution yielded crystals after two days. To demon-
strate that crystallization is due to the transport of water, a
control experiment was performed. The capillary was filled
with droplets of lysozyme solution, all at identical concen-
trations equal to those used in the vapor-diffusion experi-
ment, so that no water transport between droplets could

occur. None of the droplets yielded crystals after an
incubation period of one month.

The evaluation of the quality of the crystals is an
important part of the screening process. The ultimate test of
crystal quality is X-ray diffraction. Crystals obtained from 10–
20 nL droplets had dimensions of about 50–200 mm on each
side and were large enough for synchrotron diffraction
experiments. We have been able to extract crystals grown
inside droplets in capillaries simply by cutting the capillary
and gently flowing or wicking the liquid our together with the
crystal. More importantly, we could obtain diffraction pat-
terns from crystals grown in these thin-walled capillaries
without manipulation of the crystals, by subjecting the
capillaries with crystals directly to the synchrotron X-ray
beam (Figure 4). We have observed scattering patterns from

the glass and the mother liquor present around the crystal, but
this scattering did not obscure the diffraction of crystals.
Thaumatin crystals diffracted to � 1.8 E resolution (Figure 4,
diffraction to 2.0 E is shown). A tetragonal space group with
correct unit-cell dimensions could be obtained from a single
diffraction image. The diffraction image shown in Figure 4
was refined to unit-cell dimensions a= 58.45 E, b= 58.45 E,
c= 149.02 E and a= b= g= 908 by using 567 unique reflec-
tions; and the literature values are a= 58.60 E, b= 58.60 E,
c= 151.80 E and a=b= g= 908.[23] Lysozyme crystals dif-
fracted to � 1.8 E resolution. The unit-cell dimensions of the
crystal derived from the diffraction were a= 78.99 E, b=
78.99 E, c= 38.40 E and a= b=g= 908. The reported
values are a= 79.10 E, b= 79.10 E, c= 37.90 E and a= b=

g= 908.[24]

Exposure of a crystal to synchrotron radiation at room
temperature is known to damage the crystal. We observed
deterioration of the diffraction patterns for these simple

Figure 4. The capillary containing protein crystals (top) can be directly
subjected to X-ray diffraction. A diffraction pattern (bottom) of thau-
matin crystal from on-chip X-ray diffraction that shows the reflections
on the edge of the image at a resolution of 2.0 H.
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proteins after 20–50 exposures, each exposure lasting five
seconds. From one crystal at room temperature, it would be
difficult to obtain a complete set of data required for
structural determination, especially for less-stable proteins.
Most protein crystals should survive at least a single short
exposure to the beam (or two exposures along orthogonal
axes) required to obtain a single diffraction frame. As is, this
technique would be especially valuable for evaluating and
comparing the intrinsic quality of crystals obtained under
different crystallization conditions, quality that has not
deteriorated through handling and freezing. Freezing of
crystals, either extracted from the capillary or directly inside
the capillary, should increase their stability sufficiently for
structural determination, and we are currently exploring both
of these approaches by using a range of cryoprotectants.

In conclusion, we have demonstrated a versatile micro-
fluidic system for screening protein-crystallization conditions
in droplets inside capillaries. The system is compatible with
both microbatch and vapor-diffusion methods, both of which
have advantages and disadvantages.[25] The quality of crystals
obtained in this system can be evaluated directly by X-ray
diffraction. Several steps may be taken to improve this system
further. We could not obtain capillaries longer than 10 cm,
thus limiting us to � 100 experiments per capillary. The cost
of capillaries (� $2 each) was a less significant limitation. A
source of inexpensive long glass or plastic capillaries suitable
for X-ray diffraction would make this system even more
useful. Fluorocarbons used as carrier fluids in this system can
dissolve large amounts of oxygen, and care must be taken to
degas the fluids when working with air-sensitive proteins.
Once the fluids are deoxygenated, they may be saturated with
other gases. Because the capillaries are sealed after the
experiment, this method maybe useful for long-term crystal
growth of proteins[26,27] that require a controlled environment.
An important application of the vapor-diffusion method is to
concentrate very low volumes of solutions of proteins. This
method may be useful for the crystallization of proteins that
cannot be obtained at high concentrations, and may also find
applications for concentrating solutions of other samples
available in small quantities. Overall, we believe this micro-
fluidic system will be useful for fundamental studies of
crystallization phenomena, and will find applications for
crystallizing targets ranging from small organic and inorganic
molecules to large biological macromolecules.
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