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ABSTRACT: We demonstrate a general strategy for de-
termining structures from showers of microcrystals. It uses
acoustic droplet ejection to transfer 2.5 nL droplets from the
surface of microcrystal slurries, through the air, onto mount-
ing micromesh pins. Individual microcrystals are located by
raster-scanning a several-micrometer X-ray beam across the
cryocooled micromeshes. X-ray diffraction data sets merged
from several micrometer-sized crystals are used to deter-
mine 1.8 Å� resolution crystal structures.

Microcrystals measuring only a few micrometers along an
edge are often easy to obtain, even from viruses, membrane

proteins, protein�protein complexes, or protein�nucleic acid
complexes. They are ubiquitous but difficult to use because they
are too small to yield a suitable diffraction pattern with conven-
tional macromolecular crystallography (MX). Fortunately, ad-
vances in X-ray sources at third-generation synchrotrons and free
electron lasers (FEL)1,2 are rapidly reducing the sample size3�5

and exposure time required for atomic-level crystal structure
determination.6,7 As an example, consider that an MX beamline
at National Synchrotron Light Source II (NSLS-II) currently
under construction at the Brookhaven National Laboratory
will produce a 1 μm diameter X-ray beam with sufficient inten-
sity that a similarly sized protein crystal is projected to reach its
maximum dose limit in as little as 5 ms.8 However, as the crystal
size is reduced, so is the signal relative to the noise in the X-ray
diffraction data. Consequently, an essential strategy for improv-
ing the signal-to-noise ratio is to reduce the background scatter-
ing, especially from themother liquor surrounding amicrometer-
sized crystal. Unfortunately, removing all the excess mother
liquor is very difficult as the crystal size approaches a few cubic
micrometers. Therefore, robust new strategies must be devel-
oped to manipulate microcrystals for structure determination.

To address this critical gap, we are developing acoustic droplet
ejection (ADE) methods to accurately and gently transfer small
protein crystals (roughly 10 μm on each side) within micro-
droplets of mother liquor from the crystallization well, through a
short air column (1�10 cm), to a standard X-ray diffraction
mounting mesh. The acoustic droplet ejection instrumentation

uses sound energy to transfer nanoliter to picoliter volumes from
the surface of liquids. The principle that sound waves of great
intensity near the surface of a liquid will eject droplets was
demonstrated in 1927.9 If sufficient energy from the transducer is
focused near the surface, then a controlled ejection occurs. This is
because the sound waves carry energy from a transducer to the
focal point, where it produces a displacement of the surface that
ejects a small droplet (Figure 1A). Potential energy transfers
from a periodic compression wave to kinetic energy of an ejected
particle. The wavelength of the sound governs the volume into
which the energy is deposited.10,11 Therefore, the ejected droplet
diameter is proportional to the wavelength; consequently, smal-
ler volume droplets are produced by higher-frequency (shorter
wavelength) sound waves. The proportionality also yields very
accurate ejected volumes (σ < 4%) that scale to 12 μm in
diameter (1 pL in volume) or less.10,12 If the hydrodynamic
characteristics of the fluid are suitable and the sound wave is well
focused, then the initial velocity of the ejected droplet is
proportional to the amplitude of the focused wave.13 Conse-
quently, the transfer momentum of the droplet over a range of
destination distances can be precisely controlled.

We and others have shown that ADE can rapidly transfer vari-
able volumes of virtually any liquid with very high precision.11,14

Consequently, it is ideal for many applications, including drug
discovery.15 However, ADEmust not impact the crystal lattice and
consequently its diffraction quality, which is inherently more
fragile than covalent bonds. Indeed, ADE has been used very
recently for seeding protein crystallization trials,16 but to the best
of our knowledge, not for X-ray diffraction and structure determi-
nation. Here, we report that ADE methods are well-suited for
transferring 2.5 nL droplets of microcrystal slurries of insulin or
lysozyme from a 384-well plate to standardMiTeGen (Ithaca,NY)
micromesh mounting pins. After cryocooling, the micrometer-
sized crystals are located on the mesh with the X-ray beam via a
raster-scan strategy by the presence or absence of diffraction. Once
microcrystals are located, partial data sets are collected and crystal
structures determined to better than 2 Å resolution from merged
data sets. Importantly, high-resolution structures can be deter-
mined from slurries of microcrystals that traditionally would have
been discarded.
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We prepared slurries of Sus scrofa (pig) Zn2þ insulin or Gallus
gallus (hen egg white) lysozyme microcrystals as detailed in the
Supporting Information (see also Figures S2�S4). Briefly, rhombo-
hedral insulin microcrystals (space group R3) were obtained under
low-salt conditions when the temperature was slowly lowered from
313 to 293K.17 Prior to ADE transfer, the insulin crystal slurrieswere
concentrated by mild centrifugation and excess mother liquor was
removed until the volume of crystalline material to the total volume
was ∼50% for the 10 μm and 25% for the 20 μm microcrystals.
Lysozymemicrocrystals of tetragonal lattice (space group P43212) in
the 5�20 μm range were obtained at room temperature from a
highly saturated solutionwith sodiumchloride and constant agitation
using a reciprocating rocker.18 The lysozymemicrocrystal slurries, in
which∼10%of the total volume consists of crystallinematerial, were
not concentrated and used as is for ADE transfer.

We used a modified Echo liquid handling system at the
Labcyte facility (Sunnyvale, CA) to transfer slurries of micro-
crystals of insulin and lysozyme. Briefly, some of the character-
istics important to crystallography include (i) x/y translation
control for both the source and the destination plate, (ii) two on-
axis optical visualization cameras, and (iii) an off-axis optical strobo-
scopic system. We typically transferred one to four 2.5 nL droplets
from a source well containing 100 μL of a slurry of microcrystals
suspended in mother liquor augmented with cryosolvents to a

MiTeGen 400/25 micromesh and then immediately plunged the
mesh into liquid nitrogen to flash-cool the samples.

X-ray diffraction data were collected at the NSLS and at the
APS (Figure 1B, Table 1 and Table S1 of the Supporting
Information). At each beamline, software designed for raster-
scan searching (Figure 1C), X-ray diffraction image evaluation,
and meta-data handling were used to find and collect X-ray
diffraction data from the microcrystals.19 Complete data sets
were obtained by merging data from a small number of micro-
crystals (between 2 and 14) that were simultaneously ejected
with one of the 2.5 nL droplets. Molecular replacement solutions
were readily obtained for both insulin and lysozyme data using a
polyalanine search model. The insulin crystals also yielded an
anomalous signal in the data from two Zn2þ atoms located on the
3-fold symmetry axis. The small anomalous signal (∼2.4%) and
the phasing ambiguity that arises from anomalous scatterers
located on a symmetry axis make insulin a challenging test case
for SAD-based structure determination and have previously been
used to evaluate new phasing methods.20 The anomalous SAD
data readily gave a correct heavy atom substructure. The initial
maps obtained after density modification improvement of SAD
phases from the 20 μm insulin crystals were clearly interpretable
(Figure 2) and led to a high-quality SAD structure. All insulin
structures determined from ADE transfer microcrystals revealed
intact disulfide bridges (Figure S1 of the Supporting In-
formation) indicating that the microcrystals had not experienced
significant X-ray-induced radiation damage. We conclude that
the diffraction quality of microcrystals is not appreciably im-
pacted by the sound waves inherent to ADE methods or other
forces encountered during droplet capture and cryocooling.

TheX-ray brilliance and flux at new third-generation synchrotrons
and X-ray FELs provide an opportunity to collect full diffraction data
sets in,1 s. Advances in technology and automation are required to
support high-throughput use of micrometer-sized crystals to fully
exploit these X-ray sources. Our results demonstrate the feasibility of
using ADE and raster-scanning strategies in microcrystallography at
sources like NSLS-II. Moreover, by matching the frequency of the
incident sound wave to the size of the crystals within the slurry, we
are able to mount a single microcrystal with minimal solvent. This is
critical for obtaining the signal to background noise ratio that is
essential for determining structures from microcrystals. Therefore,
ADE provides solutions to several challenges that must be overcome

Figure 1. Concepts of ADE and raster-scanning. (A) Stroboscopic
photomicrograph of a single 2.5 nL water droplet (∼175 μm in
diameter) launched via ADE from the liquid surface. The 1 mm width
of the calipers at the top and the 400ms strobe frequency are shown only
to provide calibration. (B) Image from beamline X25 of the NSLS of the
insulin microcrystal slurry supported on a micromesh (25 μm� 25 μm
grid pattern) used to determine the structure. The 20μm� 20 μmX-ray
beam is centered at the intersection of the white cross hairs. (C)
Illustration of the concepts for the raster-scanning X-ray diffraction
strategy with a microdiffractometer and a several-micrometer wide X-ray
beam (see also section 3 of the Supporting Information).

Figure 2. High-quality electron density maps obtained from ADE-
mounted, serial microcrystallography. This experimental map, obtained
from Zn SAD phases improved by solvent flattening (2.2 Å resolution,
contoured at 1.5σ), was generated using data merged from nine different
ADE-mounted insulin crystals. The interpretation of the map is con-
sistent with two antiparallel β-strands assigned as B23�B28 (shown
with C, N, and O atoms colored green, blue, and red, respectively) and
D23�D28 (not shown).
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to realize the full potential of modern third-generation synchrotron
sources and FELs.
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Table 1. Data Collection and Model Refinement Statistics

insulin (10 μm) insulin (20 μm) lysozyme (20 μm)

X-ray Diffraction Data Collection

no. of crystals 14 9 2

X-ray source NSLS X25 NSLS X25 APS 23ID-D

wavelength (Å) 1.280 1.280 0.9733

beam size (μm) 20 � 20 20 � 20 10 � 10

resolution (Å) 50�1.9 50�1.8 30�1.8

Rsym or Rmerge 24.0 (39.6) a 11.4 (61.6) a 10.9 (36.7) a

I/σI 46.4 (3.4) a 62.2 (2.1) a 16.9 (1.2) a

completeness (%) 93.5 (58.7) a 99.8 (96.7) a 94.9 (62.5) a

redundancy 6.5 10.5 1.8

Model Refinement

no. of reflections 5917 7398 10280

Rwork/Rfree 16.7/20.3 18.1/22.3 16.8/21.2

rms deviations

bond lengths (Å) 0.025 0.025 0.021

bond angles (deg) 2.244 2.159 1.938
aData for the highest-resolution shell.


