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Protein crystals are important for the determination of 3D
structures of proteins, binding affinities, and in pharmaceutical
research.1 Crystallization of proteins is often a laborious process
requiring optimization of several experimental variables including,
for example, temperature, pH, protein concentration, and the
delivery rate of an appropriate precipitant.2 In this context, there
has recently been much interest in new experimental methods that
would screen multiple crystallization conditions simultaneously,
require minimal amounts of often-expensive reagents, and produce
good quality crystals. Microfluidics3 has been widely used to
achieve these objectives4 and several ingenious systems have been
developed to produce X-ray quality microcrystals.5,6 Recently,
Ismagilov’s5,7 and Quake’s8 groups have applied microfluidics to
study the kinetics of crystal growth; these systems, however, have
not yet produced quantitative information relating diffusive transport
(e.g., rates of water evaporation or precipitant delivery) to crystal
morphologies/sizes. Here, we describe a conceptually different
experimental method that yields such information from a reaction-
diffusion process9 initiated by wet stamping (WETS).10 In this
approach, a hydrogel “stamp” is used to set up time-evolving,
diffusive gradients of precipitant concentration over an array of
gel-filled, nanoliter wells containing the protein (here, lysozyme).
Because the precipitant flux varies with the distance from the stamp
and with time, the array of wells realizes multiple growth conditions,
which lead to crystals of various habits and dimensions. Importantly,
statistical averaging over wells equidistant from the source of
precipitant allows quantification of nucleation and growth rates that
agree with those established in macroscale experiments. These
results suggest that microscale RD can provide a basis for large-
scale protein microcrystallization and for quantification of its key
parameters.

Figure 1 illustrates the experimental arrangement (also see
Supporting Information). First, nanoliter-volume wells (100× 100
× 100 µm3) in an oxidized PDMS master are filled with 1% w/v
high-strength agarose (OminPur) and are soaked overnight in a 60
mg/mL protein solution (chicken egg white lysozyme, Sigma). A
dialysis membrane (100µm thick, D9777, Sigma-Aldrich) is then
placed onto the surface, and a thin, 400µm “transport layer” of
5% w/v agarose solution is applied. A 1 cm× 1 cm× 2 cm block
(“stamp”) of 10% w/v agarose soaked in 15% w/v of a precipitant
(NaCl) is placed near the edge of the substrate, and the entire system
is immersed under paraffin oil to minimize evaporation. The crystals
are then grown for timesτexp ≈ 50 h.

Unlike macroscopic setups for crystallization in gel media11

where both the precipitant and the protein are free to diffuse, the
dialysis membrane eliminates diffusion of protein out of the wells
but allows diffusive delivery of the precipitant. In this way, each

well becomes a separate crystallization microreactor (Figure 1b),
and the crystallization conditions are controlled by the rate of
precipitant delivery. Specifically, the time-dependent concentration
of the salt precipitate,Cs, at different locations,x, and times,t, can
be approximated by solving (cf. Supporting Information) the one-
dimensional diffusion equation∂Cs(x,t)/∂t ) D∂2Cs(x,t)/∂x2 over the
0 ex e L domain (L ≈ 2 cm corresponds to the far-end of the
substrate), with the diffusion coefficient of salt in 10% w/v agarose
D ≈ 5 × 10 - 6 cm2/s,10 and with the initial/boundary conditions
Cs(x,0) ) 0 (no salt in the wells att ) 0), Cs(0,t) ) Cs

0 (delivery
stamp maintains constant salt concentration), and∂Cs(L,t)/∂x ) 0
(no diffusion through the far boundary atx ) L).

Solution of the diffusion equation shows that the time-dependent
concentrations profiles of precipitant are different for wells located
at different distances,x, from the stamp (Figure 2a and Supporting
Information). These differences, in turn, translate into different
crystal growth conditions and affect the qualities and morphologies
of the crystals that ultimately emerge (cf. Figure 1c). Close to the
stamp (x ≈ 0-4 mm), where the flux is initially high, each well
contains many (N ≈ 20) small, needle-like crystals. Further away,
where the delivery of precipitant is slower, the crystals become
fewer, larger, and have plate-like, tetragonal morphologies typical
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Figure 1. (a) Side view schematic of the experimental setup. Protein
precipitant diffuses from the stamp through the transport layer (turquoise)
and into the microwells (light blue) through a dialysis membrane (yellow).
The entire assembly is immersed in paraffin oil. (b) An optical micrograph
showing different regions of an array of wells containing lysozyme
microcrystals. (c) Magnified images of typical crystals grown in the regions
shown in panel b and corresponding tox1 ≈ 4 mm, x2 ≈ 6 mm, x3 ≈ 16
mm, x4 ≈ 18 mm. Side of each microwell) 100µm. More images of the
crystals are included in the Supporting Information.
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of lysozyme. Atx > ∼ 6 mm, each well has, on average,N ) 4
crystals and the zone over which crystals grow over the course of
experiment extends tox ≈ 18 mm. The aspect ratio,R ) H/W, of
the crystals decreases with increasingx (Figure 2b) and the crystals
gradually change from having large{110} to large{101} faces.

It is important to emphasize that spatial variations in the sizes/
dimensions of the crystals over the microwell array are not due to
the ultimate concentrations of the precipitant (since in all wells,
Cs(x,t) asymptotically approaches the same value,C0; Figure 2a)
but rather due to different “schedules” of salt delivery. These
schedules at a given location/well can be approximated
piecewise by analytical functions:CS(x,t) ≈ C0 erfc(x/x4Dt) for
short times (i.e.,tD/L2 < 0.2) andCS(x,t) ≈ C0[1 - (4/π) sin(πx/
2L) exp(-π2Dt/4L2)] for longer times. These dependencies might
be useful in translating the results of microarray crystallization to
other experimental settings, where to obtain crystals of morphol-
ogies similar to those observed in the microwells at locationx, one
should deliver the precipitant at a “diffusive-like” rate:rS )
V∂CS(x,t)/∂t, whereV is the volume of the crystallization vessel.

When the process of crystal growth is studied as a function of
both x and time,t, the changes in the dimensions and numbers of
microcrystals in the wells can be relatedsby reaction-diffusion
modeling9,10sto the underlying nucleation rates and the rates of
growths of individual faces. In the RD model, the nucleation rate
is expressed according to classical nucleation theory asJ )
ACP(x,t) exp{-B/[ln(CP(x,t)/CP

* (x,t))]} , whereA and B are con-
stants12 (A ) 60000 crystals mg-1 min-1; B ) 85), CP(x,t) is the
protein concentration, andCP

* (x,t) ) (8.7 × 10 - 4 w/v) exp[-Cs-
(x,t)/(1.8× 10- 4 w/v)] determined previously2 relates the solubility
of lysozyme to the concentration of the salt (here, determined by
the diffusion equation). In each time interval,∆t, a new crystal is
nucleated in a well of volumeV with probability,pnuc) JV∆t. These
equations are coupled to those describing the growth of each
nucleated crystali (of dimensions≈ Wi × Hi along the{110} and
{101} faces, respectively) and to the equation describing protein
depletion (for details, see Supporting Information):

wherei ) 1...N, the k’s are the growth rates of the crystal faces,
n’s are constants for given growth conditions,13 andνP is the molar
volume of the protein crystal. For a given set of parameters, these
coupled differential equations can be solved numerically and their
solutions compared to experimentally measured quantitiesN(t),
W(t), H(t). Figure 2 parts c and d show one such comparison (here,
for wells atx ) 6 mm) where the experimental time-dependencies
of the numbers of crystals per well and the dimensions of crystal
faces agree with the values calculated by the RD equations. Figure
2b confirms that with the same simulation parametersA, B, k’s,
andn’s, the model also reproduces experimental crystal dimensions
for rows at other distances. Together these results suggest that the
RD equations capture the key features of crystal-growth process
and that, when applied to proteins other than lysozyme, they should
be capable of extracting physically meaningful nucleation/growth
parameters from the counts and morphologies of crystals grown in
the array’s microwells.

To summarize, we described a simple reaction-diffusion system
in which spatiotemporal changes in the flux of precipitant control
the growth of protein microcrystals over an array of microscopic
wells. The major virtues of this system are that it realizes multiple
crystal-growth conditions in a single experiment and can relate the
qualities/dimensions of the forming microcrystals to the “schedule”
of precipitant delivery and to the underlying nucleation/growth
parameters. In the future, the reaction-diffusion approach could be
extended to other precipitant/protein combinations and could
provide a basis for a high-throughput platform with which to study
and optimize protein crystallization.
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Figure 2. (a) Calculated time-dependencies of salt concentration,CS(x,t)
in wells at different distances,x. Green dashed lines give examples of
piecewise fits for short and long time scales (atx ) 16 mm). Horizontal
dashed line corresponds toCS ) C0. (b) Dependence of the crystals’ aspect
ratios, R (defined in the inset), onx. Dashed line gives the fit obtained
from the RD model of crystal nucleation/growth. Scale bar for the inset
image) 50µm. (c) Numbers of crystals per well and (d) heights and widths
for crystals grown in microwells atx ) 6 mm. The lines are fits obtained
from the RD model. In panels c and d, the average values and standard
deviations are based on measurements of ca. 120 crystals from 6 independent
array experiments per each data point.

dWi /dt ) 2k110Cp ln(CP/CP
* )n110;

dHi/dt ) 2.2k101Cp ln(CP/CP
* )n101

dCP/dt ) -∑
i)1

N

(Wi
2 (dHi /dt) + 2HiWi(dWi /dt))/(νPV)
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