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The development of low volume, high throughput platforms for (a) Pattern microwells , = (b) Crystallization set-up
screening and manipulating protein crystallization has been driven, oDy ¥ 110 |m 1 e
in part, by the importance of understanding protein strueture | Glass |¥ P
function relations. Recently, significant attention has been directed Functionalize surface
to design protein crystals as higher efficiency catalytic matérials hydrophilc ¥ "V“mprf’bic %‘
and to use crystalline proteins for controlled protein/drug delib@ry. [ ¥ g i e holder
In the latter case, micrometer or submicrometer crystals with | ‘

uniform shapes are attractive for improving bioavailability and Load crystalization solution Protein crystals in microwells
providing alternative release routes. Controlling the growth of Y - # n
protein crystals with small sizes, however, is a challenge for ,_-_-_-_‘ | |
conventional vapor-diffusion methods and robotics techniques _ - o )

o . Figure 1. Scheme for crystallizing proteins in patterned microwells.
because the smallest volumes are limited to/Q.using standard
pipettes. Alternative strategies, such as microfluidics, can confine
the volumes for crystallization down to nanoliters, but the crystals
produced are ca. one hundred micrometers or l&rger.

This Communication reports how patterned microwells can be
used as crystallization vessels to grow protein crystals. This surface-
patterned approach for crystallizing proteins requires only small

volum_es (fL in |nd|V|duaI_ wells) and enables the growth_ of and the reservoir solution caused water to evaporate from the wells
submicrometer crystals with well-controlled shapes and uniform . . . -

. ) ._until supersaturation was reached. Then, nucleation was initiated,
sizes. Previously, patterned surfaces have been used to crystallize

organic molecules such as alveindand organic semiconductors and crystals formed. The presence of the dye did not cause any
ingl dlin ntu N u ndeg%z ttern dg L rat ! for ul in appreciable change in the morphology of the protein crystals (Figure
wgrl; co?nggse?jcgf g; 25.um sqigsa geol deislzl; dz \?vr(\eiihc;)rg dyucceﬁ S1). The dye was added to the crystallization solution (analogous
, o 01 : ; "
different polymorphs of organic crystals ranging from 10 to 350 o the "izit” test®) to (1) monitor the protein crystallization

S ; rocess and (2) verify that the crystals formed in the wells were
um in size. Here we introduce a method based on smaller, patterneo‘O 2) fy y

. L . X protein and not inorganic salts (Figure S2).

mlcrovlvells_ (slo um ;n dlamete(rj) that can grow unlfﬁrm prottlalln When the crystallization was performed in 46+ wells, envi-

consited of  ransparent gfass batiom (hich aliwee the growtn MEN2l scaning elecion microscopy (SEM) revealed tha
'SP 9 : g O|ysozyme crystals were ca—B um in size and had tetragonal

process tg be monltort_ad using quoresc_enpe microscopy) surrounde shapes (Figure 2a), similar to those grown under bulk hanging drop

by gold sidewalls (Wh'Ch enapled the |n_5|de_qnd outer areas OT the conditions (Figure S1). As we reduced the diameter of the wells to

wells to have oppqsne chemical fgnctlonalltles). Three prqtelns, um, two different crystal morphologies with well-defined

lysozyme, thaumatin, and glucose isomerase, were crystallized as

. . . crystalline facets were found in a single well: tetragonal and plate-
model systems to demonsrate the generality of this tec_hnlque. WeIike (Figure 2b). Interestingly, as we decreased the size of the wells
found that different polymorphs could be formed simply by

controlling the evanoration conditions to less than Zm (or even as small as 250 nm), only single crystals
. 9 porat o . were formed in individual wells (Figure 2c), and the morphology
Microwells for protein crystallization were generated using

. o i . . : of these protein crystals had plate-like shapes.
microfabrication techniques and then selectively functionalized Although many factors can influence crystal morphology
:fé?grg:t(i);lf;elgzgg Sir?t;h?r:eth\/evcecllrzszliligiarlgoTasgﬁgogucp?:cl)?tizz including the precipitant, solvent evaporation rates, and crystal
Information). The diameters and shapes of the wells were defined growth rates, the polymorphlsm of Iysgzyme in microwells mpst
by the feat ' the chromi K d in ohotolith h likely resulted from a combination of different water evaporation

y the lealures on the chromium masi used in photoitnograpny g gng supersaturation conditions as the volume of the well
and are referred to abum wells, whered = 2—10. The depth of

. changed. We tested this hypothesis by controlling the water
the wells was controlled by the amount of gold deposited and was . ) . .
) i evaporation rates in @m wells. To increase the evaporation rate,
kept fixed at 20 nm; the resulting well-volumes ranged from 0.08 P B P

A ST . . the concentration of NaCl was increased from 1 to 2 M, which
to 2 fL. Protein crystallization in the microwells was carried out

. dified sitting-d thod (Fi 1b). wh " d decreased the solubility of protein in the crystallization solution
using a moditied siting-arop metho ( igure ), where patterne and established a larger concentration gradient between the solution
substrates filled with the crystallization solution were carefully

laced int | beaker and set over a bulk resenvoir solution in the microwells and the reservoir. Lysozyme crystals were formed
place 0 @ glass beaker and set over a bulk reservolr solution-;, 4 day instead of 2 and exhibited only plate-like shapes (Figure
* Department of Chemistry. 3a) whose heights were around 600 nm (Figure S3). To decrease

* Department of Materials Science and Engineering. the evaporation rate and reach supersaturation conditions more

To grow lysozyme crystals, the crystallization solution was a
mixture of 1:1 (by volume) protein solution (100 mg/mL in®)
and reservoir solution (50 mM sodium acetate buffer, pH 4.6, 1 M
NaCl) as well as 2% rhodamine 6G (10 mM in®). In a sealed
environment, the difference in initial concentrations of the NaCl
precipitant between the crystallization solution in the microwells
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Figure 2. SEM images of lysozyme crystals grown in (a) A0 wells,
(b) 3-um wells, and (c) 2¢m wells.
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Figure 3. Lysozyme crystals formed under high and low evaporation rates
in 3-um wells. SEM images of (a) plate-like and (b) tetragonal crystals
and fluorescence images of (c) plate-like and (d) tetragonal crystals.
slowly, a layer of paraffin oil was placed on the top surface of the
reservoir solutio? We observed that lysozyme crystals formed
after 3 days instead of 2, and the crystals had a tetragonal
morphology (Figure 3b). Epifluorescence microscopy was also used
to monitor the crystallization process to show that the crystals in

adjacent wells had nearly the same shapes (Figure 3c,d), and the

intensity profile indicated that the sizes were fairly uniform
since similar quantities of dye were incorporated into the crystals
(Figure S4).

Thus, we found that slower evaporation rates and larger well-
volumes facilitated the growth of tetragonal crystals, which is the
morphology in bulk solutions, while fast evaporation rates favored
the formation of plate-like shapes. These results are consistent with
those reported for the confined crystallization of glycine, where
fast crystallization conditions tended to modify the shape of the
crystal from granular to needle-likeln addition, for bulk vapor
diffusion methods, variations in evaporation rates and voléfmes
produced only larger sizes and fewer numbers of protein crystals,

1Tum

Figure 4. SEM images of (ac) thaumatin and (¢f) glucose isomerase
crystals grown under (a,b and d,e) slow and (c,f) fast evaporation rates.

while surface-patterned platforms with very low volumes allowed
high-energy polymorphs to be crystallizeé®loreover, we selec-
tively controlled the shape of thaumatin protein crystals by
manipulating the sizes of the wells and water evaporation rates. In
10-um wells, thaumatin crystals with tetragonal shapes were formed
(Figure 4a), which were the same morphologies as those grown in
a bulk hanging drop (Figure S5). Different shapes of crystals could
also be selectively grown in @m wells under different water
evaporation rates (Figure 4b,c). Also, glucose isomerase crystals
were grown using the same strategy, and different polymorphs were
formed under controlled evaporation conditions (Figure 4e,f and
Figure S6).

In summary, we demonstrated that microscale wells provide a
flexible platform for controlling the crystallization of protein crystals
with sizes as small as 600 nm using industry-standard crystallization
conditions. Although the proof-of-concept studies presented here
focused on three simple proteins, this approach is general and could
be expanded to more complex proteins, organic molecules, and
anticancer drugs. Furthermore, this surface-patterned method to
generate protein crystals may provide an alternative approach to
produce drug crystals with well-defined sizes and shapes that could
be useful in delivery applications.
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