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This paper describes the fabrication of a micromachined
miniaturized array of chambers in a 2-mm-thick single
crystal 1000 silicon substrate for the combinatorial
screening of the conditions required for protein crystal-
lization screening (including both temperature and the
concentration of crystallization agent). The device was
fabricated using standard photolithography techniques,
reactive ion etching (RIE) and anisotropic silicon wet
etching to produce an array of 10 x 10 microchambers,
with each element having a volume of 5 uL. A custom-
built temperature controller was used to drive two peltier
elements in order to maintain a temperature gradient
(between 12 and 40 °C) across the device. The perfor-
mance of the microsystem was illustrated by studying the
crystallization of a model protein, hen egg white lysozyme.
The crystals obtained were studied using X-ray diffraction
at room temperature and exhibited 1.78 A resolution. The
problems of delivering a robust crystallization protocol,
including issues of device fabrication, delivery of a repro-
ducible temperature gradient, and overcoming evapora-
tion are described.

Following significant industrial and academic activities in the
field of genomics, the focus of attention has turned toward the
study of proteins, with a particular interest in the relationship
between the protein’s primary and secondary structures and its
three-dimensional form and function. This area of study, known
as postgenomics, includes the areas of structural determinations
using nuclear magnetic resonance NMR and protein crystal-
lography, as well as more generally the understanding of the
function of the biomolecules either in vitro or in the cell. Recently,
the scope of post-genomic studies has extended toward measuring
interactions between proteins and other biological or bioactive
compounds, including other proteins (as receptors), oligonucle-
otides, and chemical compounds (such as drugs).!

As stated, there are currently two major methods used to
determine the three-dimensional structure of a given protein,
namely NMR and X-ray diffraction. The advantage of NMR is that
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it can resolve the three-dimensional structure of proteins (with
molecular masses of ~20 KDa) in solution. In contrast, X-ray
diffraction methods can resolve the three-dimensional structures
of larger proteins or complexes, but the generation of crystals of
high structural quality is crucial in order to obtain robust, high-
resolution data.? The crystallization of such proteins is a multi-
factorial process that depends on the interplay of several inde-
pendent parameters, including pH, temperature, protein concen-
tration, crystallization agent concentration, and the presence and
nature of impurities or additives.?

Although a number of proteins have been reported to have a
temperature-dependent solubility, which can influence the quan-
tity, size, and quality of the crystals,* this parameter is still
frequently overlooked in crystallization studies (particularly be-
cause there is often a heat of crystallization). Although it has been
reported that temperature variations are important in finding
optimal crystallization conditions,® if these changes are not
recorded and controlled, it is difficult to obtain reproducible
results. By contrast with other crystallization parameters, tem-
perature is not invasive and, thus, can be readily and intentionally
modified and controlled once the crystallization experiment has
begun. Moreover, exploring the relationship between temperature
and other crystallization parameters increases the probability of
finding new or optimal crystallization conditions.*’

To optimize crystallization condition for a given protein, the
parameter space defined by the physiochemical variables of
temperature, pH, ionic strength, and additional agents have to be
explored, often requiring the use of large amounts of protein.
Despite advances in molecular biology, many interesting proteins
(e.g., the eukaryotic membrane-bound proteins) are still only
available in limited quantities. Therefore, there is a necessity to
produce low-volume crystallization reactors that use a reduced
amount of material (while maintaining high protein concentration)
and which can screen multiple variables, in a higher throughput
format, simultaneously.®
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A number of macroscale crystallization reactors with integrated
temperature control®®~15 have previously been reported. Others
studies have begun to investigate the role of microfabrication and
micromachining in devices that do not include an ability to control
temperature.’® In a significant collaboration between NASA and
Caliper, research is being aimed at investigating the control of
protein crystallization in lab-on-a-chip (closed) systems, although
both difficulties in removing intact crystals and the nonconven-
tional format of the assay currently present major practical
hurdles.t’

Our current work, described in this paper, focuses on both
the machining of microarrays of arrays for protein crystallization
and the integration of an in situ temperature control unit. To
demonstrate a proof of principle device, we have developed a 100-
array element, each chamber having a total sample volume of 5
uL (into which protein solution and crystallization agent are diluted
in equal amounts). Typically, the total amount of protein required
for each array is a maximum of 250 L (for 100 assays), although
all of the technologies described can readily be further scaled
while remaining compatible with standard laboratory procedures
for protein crystallization. Using the current device, we have
demonstrated the ability to investigate a humber of variables,
including pH, protein concentration, crystallization agent, and
temperature (each of which can be varied independently). In the
experiments that we describe, we have chosen to use the model
system involving lysozyme for optimization of the system. This
protein has well-defined and reproducible behavior and provides
a crystallization process that is sensitive to both the concentration
of the crystallization agent and the temperature.*

EXPERIMENTAL SECTION

Fabrication of the Microarray. The method of batch crystal-
lization of protein requires that a solution of protein is mixed with
the crystallization agent at a concentration such that supersatu-
ration is instantaneously reached.® To adapt this method to the
crystallization of protein across many elements, an array of 10 x
10 chambers was machined into a 3-in.-diameter [1000single-
crystal silicon wafer (2 mm thick with 100 nm of low-pressure
chemical vapor deposited (LPCVD) silicon nitride on both sides).

The dimensions of the array and the choice of the materials
were such that there were small temperature variations across
an independent titer chamber but significant differences between
adjacent chambers (due to both the different thermal conductivi-
ties of silicon and water and convection currents in the chamber).
The process of array fabrication is outlined as a schematic
diagram, Figure 1. A layer of positive photoresist (S1818 from
Microposit) was spun onto one side of the wafer at 1000 rpm.
The template for the microchamber array, with each chamber
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Figure 1. Schematic diagram of the fabrication process of the
crystallization device.

Figure 2. Photograph of the crystallization array in which each
individual chamber has dimensions of 3 (W) x 3 (L) x 1.1 mm (D)
and a separation of 2 mm.

having a footprint of 3 x 3 mm, was defined in the photoresist
using UV exposure through a corresponding photomask. The
pattern was subsequently transferred into the SisN4 layer by
development of the photoresist (to provide a masking layer),
followed by a reactive ion etch using an Oxford Plasma RIE-80
with a C,F; etch, a flow meter reading of 80%, corrected flow 20
sccm, and an RF power of 100 W. The wafer was then wet-etched
using a 40% aqueous solution (v/v) potassium hydroxide (Micro
Image Technology Ltd. 215-181-3) to a final depth of 1.1 mm. Care
was taken during the process of silicon micromachining to control
the temperature of the wet-etch bath in order to ensure uniform
and reproducible depths to each of the chambers. After micro-
chamber formation, the remaining SizN,, on both sides of the wafer
was finally removed using the same RIE procedure. A photograph
of the array is shown in Figure 2.

The Microarray System. A schematic representation of the
experimental setup of the microarray and temperature controller
is shown in Figure 3. Temperature control was achieved by a
simple feedback system incorporating thermistors, peltier ele-
ments, and a two-channel proportional controller built in-house.
To assess the temperature stability of the system, the thermistor
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Figure 3. Schematic representation of the experimental setup. For clarity, a 5 x 5 array of chambers is shown, whereas crystallization
experiments were generally carried out using a 10 x 10 array. The figure also shows the directions of the assumed heat flow. The silicon wafer
has a diameter of 3 in. and a thickness of 2 mm. Note: The silicon wafer and the heatsink are not in contact (there is an air gap between them).

The heatsink is required for efficient operation of the peltier element.

signals were logged using a data acquisition system. Analysis of
these data confirmed a long-term stability of £+ 0.1 °C between 0
°C and 50 °C. The time to reach equilibrium was dependent upon
the ambient environment, which was maintained locally at 27 °C
with minimal airflow. Of particular interest in studying the design
of the array is the steady state thermal behavior of the system.
To a first approximation, modeling has been carried out using
the one-dimensional equation of heat flow per unit area, Q,
according to

- k4T

where K is the thermal conductivity.

Because both sides of the device are held at a fixed temper-
ature, it is reasonable to assume that the heat flow across the
bulk of the device is constant, yielding the simple linear solution

—c-9
T=C— )

where C is a constant of integration subject to ambient conditions.
Heat losses will occur at the perimeter of the device, which in a
regulated environment will add a corrective constant term to the
value of Q, in this case x. As expected, at the edges of the wafer,
the gradient is less uniform, and in practice, measurements are
best made in the center of the array. In a working device, such
deviations could be readily compensated for either in the physical
design or experimentally.

Crystallization Reagents. Hen egg white lysozyme was from
Fluka (Rieden-de Hagn); sodium acetate (S-9513) and sodium
nitrate (22,134—1) were purchased from Sigma Chemical Co.

Protein cleaning solution was from Protein Solutions Inc. All other
reagents, unless stated, were from Aldrich. Where appropriate,
all of the solutions were prepared with deionized water from a
Millipore Elix 10 System and were subsequently filtered using a
0.22-um Whatman filter.

Crystallization Experiments. The samples were prepared in
Eppendorf tubes by adding equal volumes of a solution of
lysozyme (at a final concentration of 30 mg mL™!) and the
crystallization agent, sodium nitrate (with a range of final
concentrations varying in a stepwise manner between 33 and 800
mM). All solutions were equilibrated in acetate buffer, pH 4.5.
Once the final crystallization solutions were made, the crystal-
lization arrays were filled with 5 uL of the these solutions using
a micropipet, in a temperature- and humidity-controlled environ-
ment. To minimize the effect of the evaporation, sealing of the
device was performed immediately using the industry-standard
Crystal Clear sealing tape from Hampton Research Co. Alternative
strategies to overcome evaporation, including the use of polymers,
such as moulded poly(dimethylsiloxane) overlayers, were tested,
although the self-sealing tape provided the most convenient and
robust method to mitigate against evaporation and to enable the
recovery of the crystals at the end of the experiment.

The peltier elements were maintained at 12 and 40 °C,
respectively, and the temperature in each microchamber was
measured using a precision calibrated thermistor (RS products,
U.K.). The crystallization experiment was stopped and examined
for crystals after 12 days.

RESULTS AND DISCUSSION

The use of silicon as a substrate for the protein crystallization
array has some clear advantages, including the fact that these
are well-established procedures for its micromachining, enabling
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Figure 4. Temperature variation along the center of the device.
The spacing (center to center) of the chambers is 5 mm.

a robust and reproducible fabrication process. Silicon has a
thermal conductivity of K ~ 150 W m~1 K1 at 20 °C, which makes
it a good substrate for devices that require a rapid and efficient
heat transfer.’” The use of silicon does, however, present some
disadvantages, namely the high cost of nonstandard wafers and
the lack of optical transparency (which makes observation of the
protein crystals difficult without the addition of a dye). However,
the device can be readily cleaned and reused, although care must
be taken in the cleaning protocol to avoid contamination between
proteins (commercial solutions for removing proteins are readily
available).

Miniaturization of the array, and the associated peltier ele-
ments, requires less power for heating and cooling the sample.
The dimensions of the chambers described in this paper are
limited not by the fabrication methods used, but rather by
considerations of the user interface in a standard laboratory
(where robots may not be available).” In contrast to other devices
for thermal manipulation of fluids, such as those used for
polymerase chain reaction (where volumes may be <1 ul, but
reaction times are fast), protein crystallization experiments may
take several days or months. As a result, one of the major
problems was the sealing of the crystallization chambers % (to
prevent evaporation). This led us to use a larger volume that might
be the case at the limits of miniaturization. Indeed, future
experiments currently underway and including those involving
vapor diffusion and counter diffusion crystallization methods, can
more readily be formatted in closed microsystems and may be
more amenable to further reductions in size (for example, using
“industry-standard” formats of array element densities, such as
1536 or 3456 footprints).

The temperature of individual chambers was measured using
thermistors, Figure 4, and showed a close correlation with the
model proposed in egs 1 and 2. As shown in Figure 5, there was
a linear gradient across the bulk of the microarray, although as
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Figure 5. 2D temperature distribution measured across one-half
of the device. The crosshatched boxes indicate the approximate
relative positions of the peltier elements.

100 pm

Figure 6. Protein crystals obtained with the crystallization device
using crystallization conditions in which the protein concentration was
30 mg mL~1, crystallization agent concentration (NaNOg) was 0.4M,
and the pH was 4.50. A—D are images of chambers at the different
temperatures where the protein crystals were grown: 13.6, 17.6, 23.1,
and 25.8 °C, respectively.

expected, there is a reduced heat loss from those chambers
situated close to the peltiers. Initial crystallization experiments
involving lysozyme concerned the use of sodium nitrate as a
crystallization agent, making this protein more sensitive to the
temperature changes.?! In Figure 6, clear morphological differ-
ences can be observed as a function of the temperature gradient
across the device at constant concentration of the crystallization.
Rodlike clusters appear at lower temperatures (Figure 6a), which
gradually transform to single crystals at higher temperatures
(Figure 6b—d). These results agree closely with complementary
data previously published? based upon a single chamber protein

(21) Jones, W. F.; Wiencek, J. M.; Darcy, P. A. J. Cryst. Growth 2001, 232, 221—
228.



Figure 7. (a) Micrographs of the protein crystals. The crystals were
grown at 14.4+ 0.8 °C using different concentrations of crystallization
agent (NaNOgz): (A) 0.30, (B) 0.40, (C) 0.50, and (D) 0.60 M. Note
that D was photographed at higher magnification for a clearer
observation of the crystals (which were extremely small). (b) Micro-
graphs of the protein crystals. The crystals were grown at 18.2 + 0.6
°C using different concentrations of crystallization agent (NaNO3): (A)
0.30, (B) 0.40, (C) 0.50, and (D) 0.60 M. Note that parts C and D
were photographed at higher magnification for a clearer observation
of the crystals.

crystallization assay, with integrated thermal control. In contrast
to our microsystem, this single device? provides discrete data
points, rather than a continuum of information concerning the
change in the solubility of the sample associated with a change
in temperature.

Experiments were conducted over 12 days, and the results
indicate that at low concentrations of sodium nitrate (33—200
mM), there was no crystallization, a fact that is explained by the
high solubility of the protein under these conditions (data not
shown). As the concentrations of crystallization agent are in-
creased between 300 and 600 mM, crystals of decreasing size are
formed (see Figure 7a,b). The influence of the crystallization agent
and temperature on the size of the crystals is presented in Table
1. For clarity of presentation, only length is tabulated, similar
trends exist for both crystal width and depth. At the highest
concentrations of sodium nitrate studied (800 mM), an amorphous
semicrystalline precipitate was formed.

To verify diffraction quality of the crystals obtained with this
device, a crystal from the condition shown in Figure 7d was

Table 1. Mean Length of Two Sets of Crystals for
Different Concentrations of the CrystallizAtion Agent
NaNO32

concn NaNOs/ mean crystal length/ mean crystal length/
M

pmP pume
0.30 233 408
0.40 125 292
0.50 40 79
0.60 41 amorphous
a0.30—0.60 M. b Crystals grown at 14.4 + 0.8°C. ¢ Crystals grown
at 18.2 £ 0.6 °C

Figure 8. Example of diffraction pattern from our lysozyme crystal
with the resolution of 1.78 A at the edge of the detector.

chosen for X-ray diffraction analysis. The crystals obtained were
from the monoclinic system, space group P2;, with the cell
dimensions a = 28.010 A, b = 62.947 A, ¢ = 60.512 A, and 8 =
90.698 deg. Diffraction data were collected at room temperature,
for the crystal mounted in the capillary, using an in-house X-ray
source (Nonius FR591 Rotating Anode Generator and an image
plate detector MacScience DIP2000).

Figure 8 shows an example of the diffraction pattern from our
lysozyme crystal with the resolution of 1.78 A at the edge of the
detector. A total of 180 frames were collected (1°, 20-min
exposure/image), which produced 20 163 unique reflections. The
average /s for all data was 7.8; the average redundancy, 3.6; the
overall completeness, 99.7%; and Rperge 8.3%. Processing of the
data was performed using the programs from the HKL suite of
programs. These data demonstrate that the crystals produced with
this device are suitable for high-quality X-ray diffraction analysis.

CONCLUSIONS
A micromachined array of chambers for protein crystallization

has been presented that includes a simple method of establishing
a temperature gradient across the array of protein crystallization
chambers. In addition to discussing the relative merits of the
materials system (in the context of cost, reproducibility, optica,
and thermal properties) a simple argument based on physical heat
flow is also presented and is shown to correspond closely with
the measured temperature distribution. The behavior of the
system has been demonstrated using the crystallization of a model
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protein, thereby demonstrating the effect of temperature and the
concentration of crystallization agent.

Further work currently in progress concerns the fabrication
of microarrays for vapor diffusion and counterdiffusion crystal-
lization methods, both of which will utilize a similar temperature
gradient across closed system devices. In the future, the ability
to screen the conditions of crystallization and define the optimal
parameter space will increase the probability of finding new
crystallization conditions. Such devices will be particularly valuable
in optimizing the conditions for intractable biological systems,
including those such as membrane-bound proteins that are not
only difficult to purify in large amounts, but also are difficult to
crystallize (requiring agents and detergents).

Notwithstanding the problem of evaporation, reduction in the
size and increasing numbers of the crystallization chambers will
be possible in future devices, providing a route for high-throughput
screening of crystallization conditions for postgenomics. In this

3510 Analytical Chemistry, Vol. 74, No. 14, July 15, 2002

report, the chamber size, geometry, and spacing, as well as the
choice of materials will also be critical in determining final array
densities. Inevitably, robotic systems for loading the samples and
for monitoring the growth of the protein crystals will be of
increasing importance in such systems and will drive.
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