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ABSTRACT: We demonstrate a seamless and contactless method
from protein crystallization to X-ray analysis using a microfluidic
chip with the aim of obtaining a complete crystallographic data set
of a protein crystal under cryogenic conditions. Our microfluidics-
based approach did not require direct manipulation of the protein
crystal. Therefore, the microfluidic chip approach is suitable for
novices of X-ray analysis of protein crystals. We also investigated
the effect of stepwise cryoprotection on the quality of protein
crystals. Protein crystals with cryoprotection via on-chip manipulation did not show deterioration of crystallographic quality of
the protein crystal. The complete diffraction data set of a protein crystal, which is required for determining the 3D structure of
the target protein, is obtainable by a simple manipulation.

Protein crystallization coupled with 3D structure analysis is
of significant research interest not only in the scientific

world but also in industry, including drug discovery.1−4 A
variety of techniques for protein crystallization and X-ray
analysis have been developed to elucidate the 3D structures of
proteins.5−10 Generally, protein structure determination is
divided into three processes: preparation of the target protein,
protein crystallization, and X-ray crystal structure analysis. The
preparation process, which includes expression and purification,
is the first step for protein crystallization, and preparation of a
protein sample is often labor-intensive and time-consuming.
The large-scale preparation of a target protein required for
crystallization is also difficult, notably membrane protein
expression is quite low. In the crystallization process, screening
of protein crystallization conditions is carried out to generate
suitable protein crystals. To prepare suitable protein crystals for
X-ray crystal structure analysis, the screening of protein
crystallization conditions is conducted several times. Protein
crystals obtained by the screening of protein crystallization
conditions are evaluated by X-ray analysis. In the X-ray crystal
structure analysis, the protein crystal undergoes cryoprotection,
a pretreatment prior to X-ray crystal structure analysis.11,12

After cryoprotection, the treated protein crystal is mounted
onto the X-ray diffractometer and cooled immediately by a cold

nitrogen gas stream at 100 K. Protein crystallization and X-ray
diffraction experiments are the main processes in structure
determination by X-ray crystallography. In conventional
methods, these processes are independent, so developing an
integrated system or device is strongly desired.
Recently, microfluidic-technology-based platforms have been

developed as a useful tool for protein crystallization and X-ray
analysis.13−18 Two types of crystallization platforms were
reported: the droplet-based crystallization platform and the
well-based crystallization platform. In both platforms, protein
crystallization devices offer high-throughput screening of
protein crystallization conditions, low amounts of sample
consumption, and in situ X-ray diffraction experiments. This
microfluidic-technology-based approach can conduct protein
crystallization followed directly by in situ X-ray diffraction
experiments. Clear X-ray diffraction patterns were obtained by
using a microfluidic chip without any additional manipulation.
Moreover, the development and application of a large
synchrotron source facility has accelerated the structure
determination of proteins. Here, high-flux synchrotron X-ray

Received: October 8, 2014
Accepted: April 3, 2015
Published: April 3, 2015

Article

pubs.acs.org/ac

© 2015 American Chemical Society 4194 DOI: 10.1021/acs.analchem.5b00151
Anal. Chem. 2015, 87, 4194−4200

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 I

L
L

IN
O

IS
 U

R
B

A
N

A
-C

H
A

M
PA

IG
N

 o
n 

A
ug

us
t 2

1,
 2

02
2 

at
 2

3:
14

:0
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/ac
http://dx.doi.org/10.1021/acs.analchem.5b00151


beamlines are employed for measuring protein microcrystals
(∼10 μm).19,20 However, high-flux X-ray beams induce
radiation damage to protein crystals because of the generation
of oxygen radicals. To reduce radiation damage, X-ray
diffraction experiments are usually carried out under a low-
temperature gas flow at l00 K. The liquid inside or around the
protein crystal must freeze into an amorphous, glassy state to
avoid diffraction from ordered ice. Hence, cryoprotection is a
significant process and an indispensable technique for obtaining
a complete crystallographic data set from a sample.
Generally, protein crystallization and X-ray analysis experi-

ments depend strongly on technique and experience, regardless
of whether a conventional method or a microfluidics-based
approach is used. Briefly, the protein crystal is soaked in the
cryoprotection solution (cryoprotectant). The cryoprotectant
contains the precipitant solution and a high concentration of
glycerol, ethylene glycol, or sugar. Thus, the cryoprotected
protein crystal has the potential to be damaged because of
osmotic shock. Additionally, protein crystals are fragile because
they contain water. The cryoprotection procedure requires
highly skilled handling of the crystals. Therefore, the develop-
ment of a contactless procedure for cryoprotection and X-ray
analysis is desirable. Microfluidic devices enable a contactless
approach and eliminate potential damage to samples, and on-
chip X-ray diffraction experiments are suitable options.21−24

However, on-chip cryoprotection and X-ray analysis of a
protein crystal have not been well investigated. Therefore,
cryoprotection remains a limitation for in situ X-ray diffraction
studies using a microfluidic chip. In this paper, we demonstrate
a seamless and contactless method from protein crystallization
to X-ray analysis using a microfluidic chip with the aim of
obtaining a complete crystallographic data set of a protein
crystal under cryogenic conditions. We also investigate the
effect of stepwise cryoprotection on the quality of the protein
crystal.

■ EXPERIMENTAL SECTION
Preparation of Crystallization Solutions. Hen egg white

lysozyme was purchased from Seikagaku Biobusiness Corpo-
ration (Tokyo, Japan). The lysozyme stock solution was
prepared by dissolving an appropriate amount of lysozyme in
100 mM sodium acetate buffer (pH 4.5, Wako Pure Chemicals,
Osaka, Japan) to obtain a concentration of 80 mg/mL. The
concentration of lysozyme was determined by measuring the
absorbance at 280 nm (Nano Drop 1000, Thermo Fisher
Scientific, Wilmington, DE, USA) using an extinction
coefficient of 2.65.25 The precipitant solution was prepared
by dissolving 1.4 M NaCl (Wako Pure Chemicals) in 100 mM
sodium acetate buffer at pH 4.5. The cryoprotectant solution
was prepared by dissolving 1.0 M NaCl and 40% glycerol
(Wako Pure Chemicals) in 100 mM sodium acetate buffer at
pH 4.5. All solutions were filtered through a 0.20 μm syringe
filter (Minisart RC4 or RC25, Sartorius Stedim Biotech,
Gottingen, Germany) prior to use in the protein crystallization
experiments.
Fabrication of the Microfluidic Chip. The microfluidic

chip was composed of a thin polydimethylsiloxane (SILPOT
184 W/C, Dow Corning Toray, Tokyo, Japan) fluid and a
control layer sandwiched between a cyclic olefin copolymer
(COC, TOPAS 6013, TOPAS Advanced Polymers, Florence,
KY, USA). The COC thin film shows low gas permeability and
high X-ray transmission properties. These properties are
attractive features for fabrication and evaluation of a protein

crystallization platform. For this reason, we used a PDMS−
COC combined microfluidic chip for the protein crystallization
platform. The microfluidic chip was fabricated using a standard
soft lithographic procedure reported previously with minor
modifications.26,27 Briefly, SU-8 3050 was purchased from
MicroChem (Westborough, MA, USA). SU-8 was poured onto
silicon substrates and spin-coated to a thickness of 50 μm. After
spin-coating, the fluid layer (FL) and control layer (CL) molds
were made by standard photolithography. The master molds
were treated with a vapor of trichloro (1H,1H,2H,2H-
perfluorooctyl) silane (Sigma-Aldrich, St. Louis, MO, USA).
The FL and CL of the PDMS thin layers were also obtained via
spin-coating, and the thickness of these layers was 70 μm. The
spin-coated silicon substrates were cured at 80 °C. The CL
layer and COC thin film (50 μm) were treated with oxygen
plasma for 90 s followed by bonding to each other to make the
COC−CL assembly. The COC−CL assembly was cured at 80
°C for 5 min and cut out from the silicon substrate. The COC−
CL assembly was aligned and placed on the FL substrate. The
COC−CL−FL (COC−PDMS) assembly was heated for at
least 4 h at 80 °C. Subsequently, the COC−PDMS assembly
was cut out from the silicon substrate. Finally, the microfluidic
chip was obtained by assembling the COC−PDMS layer and a
COC thin film. Figure 1 shows a schematic illustration of the

COC−PDMS microfluidic chip. There are 24 and 6
crystallization chambers for the standard microfluidic chip
and the microfluidic chip for cryoprotection, respectively. The
size of the crystallization chamber is 0.67 mm (width) × 0.75
mm (height) × 50 μm (depth). The thickness of the COC−
PDMS microfluidic chip was 240 μm. The mechanism of the
normally closed valve was reported previously.16,28 The
crystallization and cryoprotection solutions were mixed via
normally closed valves, as shown in Figure 2.

On-Chip Protein Crystallization and Cryoprotection
Procedure. An equal volume of 80 mg/mL lysozyme solution
and 1.4 M NaCl were premixed into a microtube. Thus, the
final concentration of the crystallization solution was 40 mg/
mL lysozyme and 0.7 M NaCl in 100 mM acetate buffer. Figure

Figure 1. (a) Photographs of the standard COC−PDMS microfluidic
chip and the crystallization chamber. There are 24 and 6 crystallization
chambers for the standard microfluidic chip and the microfluidic chip
for cryoprotection, respectively. The size of the crystallization chamber
is 0.67 mm (width) × 0.75 mm (height) × 50 μm (depth). (b) Cross-
sectional view of the microfluidic chip. The thickness of the COC−
PDMS microfluidic chip is 240 μm. (c) 3D perspective view of the
fluid and the control layer.
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2 shows a schematic illustration of the protein crystallization
and cryoprotection procedure via on-chip manipulation.
The crystallization solution was pipetted onto the micro-

fluidic chip and introduced to the crystallization chamber (left
side) by a vacuum pump. These manipulations were monitored
under the optical microscope (Eclipse TS100, Nikon, Tokyo,
Japan). The microfluidic chip containing the crystallization
solution was sealed by Crystal Clear Tape (Hampton Research,
Aliso Viejo, CA, USA) and stored in an incubator at 20 °C.
After lysozyme crystallization, cryoprotection of the lysozyme
crystal was also carried out via on-chip manipulation. The
cryoprotectant solution that contains 1.0 M NaCl, 40%
glycerol, and 100 mM sodium acetate buffer (pH 4.5) was
pipetted onto the microfluidic chip and introduced to the
cryoprotectant chamber (right side). Then, the cryoprotectant
solution and crystallization solution was mixed by counter-
diffusion via the mixing valve. The final concentration of the
cryoprotectant solution was 0.85 M NaCl, 20% glycerol, and
100 mM sodium acetate buffer.29 To confirm the effect of
stepwise cryoprotection, the mixing time per one manipulation
was changed to 5, 10, and 30 min. The total mixing time was
fixed at 30 min. For example, in the case of the 10 min mixing,
this mixing manipulation was repeated three times for complete
mixing with 5 min incubation between each manipulation. The
microfluidic chip was sealed by Crystal Clear Tape and placed
in an incubator at 20 °C until the X-ray diffraction experiment
was conducted.
Diffraction Data Collection. We prepared lysozyme

crystals using two sizes of microfluidic chip. Lysozyme crystals
prepared by both microfluidic chips were analyzed by X-ray
diffraction on a synchrotron source (BL 07 at the SAGA Light
Source, Saga, Japan). The diffraction data set (90 images) was
collected at a wavelength of 1.5 Å, with a 30 s exposure and 1°
oscillation. Measurement temperature was 100 and 277 K for
the cryogenic lysozyme crystal and the lysozyme crystal without

cryoprotection, respectively. The mounted CryoLoop (HR4−
615, Hampton Research, Aliso Viejo, CA, USA), which
removed a loop part, was bonded to the CrystalCap Magnetic
Ported (HR4−731, Hampton Research) by superglue. In the
case of the cryocooling X-ray diffraction experiment, the
microfluidic chip containing lysozyme crystals was cut to 5 × 5
mm2. Then, the microfluidic chip was bonded onto the tip of a
mounted CryoLoop by superglue. The lysozyme crystal
subjected to cryoprotection was mounted onto a magnetic
goniometer. The mounted microfluidic chip containing the
lysozyme crystal was immediately cooled in a cold nitrogen gas
stream at 100 K. Complete diffraction data sets were obtained
using a CCD detector system (Saturn A200, Rigaku, Tokyo,
Japan). The collected diffraction data was analyzed by XDS
software and the CCP4 suite of programs.30,31 The images of
the diffraction pattern were also generated using the program
iMosflm.

■ RESULTS AND DISCUSSION
Lysozyme crystals were obtained in all crystallization chambers
after incubation at 20 °C. After lysozyme crystallization,
cryoprotection of the lysozyme crystals was also carried out
via on-chip manipulation (Figure 2). As shown in Figure 2, any
cracks to the lysozyme crystal because of the cryoprotection
process were not observed under the optical microscope
measurement. This result indicates that the lysozyme crystal
was not heavily damaged by cryoprotection. Then, we
examined the effect of the size of the microfluidic chip on
cryoprotection and optimized the size for obtaining a clear X-
ray diffraction pattern under the cryogenic condition. Figure 3

shows photographs of the microfluidic chips used in this study.
First, we used a standard COC−PDMS microfluidic chip, as
reported previously.23 The size of the standard microfluidic
chip was almost 3 × 4 cm2. After cryoprotection, the
microfluidic chip was mounted onto a magnetic goniometer
with a rubber stopper (Figure 3a). In the case of the standard
microfluidic chip, frost was immediately observed on the
opposite side of the microfluidic chip that was receiving a flow
of cold nitrogen gas at 100 K. Moreover, the lysozyme crystal
containing the microfluidic chip turned white. The change in
the color of the lysozyme crystal indicates the generation of an
ice crystal. As a result, an ice ring that was diffracted from water
molecules was observed at ∼3.0 Å.32,33 The ice ring presumably
gives rise to the high background. The standard microfluidic

Figure 2. Schematic illustration of the protein crystallization and
cryoprotection procedure via on-chip manipulation. (1) Premixed
crystallization solution was introduced to the crystallization chamber
(left) by a vacuum pump. (2) After protein crystallization (24−48 h),
the cryoprotectant solution was also introduced to the cryoprotectant
chamber (right). The photograph (top right) represents a lysozyme
crystal within a crystallization chamber before cryoprotection. (3)
Cryoprotectant solution and crystallization solution were mixed by
counterdiffusion via the mixing valve. The mixing time per one
manipulation was changed to 5, 10, and 30 min. The total mixing time
was fixed at 30 min. The photograph (bottom left) represents a
lysozyme crystal within a crystallization chamber after cryoprotection.
(4) After cryoprotection, the crystallization chamber and cryopro-
tection chamber were separated by the normally closed valve.

Figure 3. Comparison of the cooling situation of the microfluidic chip
by cold nitrogen gas. (a) Photograph of the in situ X-ray diffraction
experiment using a standard microfluidic chip at 277 K. (b)
Photograph of a microfluidic chip that was cut to a size of 5 × 5
mm2. This microfluidic chip was used for the X-ray diffraction
experiment at 100 K.
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chip was not placed completely in the nitrogen stream because
of the size of the microchip. A Karman vortex formed on the
opposite side of the microfluidic chip. For this reason, the cold
nitrogen stream was distributed and this decreased the cooling
rate. Thus, flash cooling was not achieved using a standard
microfluidic chip. Therefore, we did not obtain a clear X-ray
diffraction pattern using a standard microfluidic chip under the
cryogenic condition tested. However, the microfluidic chip that
was cut to the size of 5 × 5 mm2 was placed completely in the
nitrogen stream and frost was not observed (Figure 3b). These
results suggest the size of the microfluidic chip is a significant
factor for in situ X-ray diffraction experiments.
In the case of a batchwise procedure, cryoprotection

involving the soaking of a protein crystal in a highly
concentrated cryoprotectant solution has been shown to
deteriorate the protein crystal because of osmotic shock.34 In
some cases, there is the possibility of cracking the protein
crystal. However, our microfluidics-based approach avoids
damage to the crystal during cryoprotection as mentioned
above. To confirm the effect of the stepwise cryoprotection, the
mixing time per one manipulation was changed to 5, 10, and 30
min. For the microfluidics-based approach, deterioration of the
lysozyme crystal was not observed in any mixing period under
the optical microscopic measurement. Figure 4 shows

diffraction images of a lysozyme crystal from an on-chip X-
ray diffraction experiment at 100 K. As shown in Figure 4, the
ice ring was not observed, and the diffraction pattern at the
high-angle (high resolution) was confirmed with low back-
ground. The diffraction data was analyzed by XDS software and
CCP4 suite of programs. Table 1 shows the results of the
crystallographic data. Measurement temperature of lysozyme
crystals without cryoprotection and cryocooled lysozyme

crystals were 277 and 100 K, respectively. The lysozyme
crystal without cryoprotection diffracted to a resolution limit of
1.8 Å. In contrast, the cryocooled lysozyme crystals diffracted to
a resolution limit of 1.6 Å regardless of the mixing time. The
space groups of the lysozyme crystals were not different
between the samples prepared with or without cryoprotection.
However, cell dimensions were slightly different. The lattice
constant of the cryocooled lysozyme crystals is smaller than the
nontreated lysozyme crystal. We previously reported this
phenomenon by using droplet-based protein crystallization.24

Protein crystals contain many water molecules in the crystal
lattice. Hence, the lattice constant of a protein crystal decreases
because of rapid dehydration that occurs with cryoprotection.
In addition, this rapid dehydration induces the increase of
mosaicity. Generally, the mosaicity of a lysozyme crystal with
traditional cryoprotection is ∼0.3.16,35 However, mosaicity and
completeness were identical, as shown in Table 1, regardless of
cryoprotection, although the value of completeness of the outer
shell without cryoprotection was found to decrease gradually.
We consider that the stepwise cryoprotection makes it possible
to obtain the low mosaicity crystallographic data. Conversely,
the nontreated lysozyme crystal was damaged by X-ray
radiation.
Figure 5a shows the relationship between resolution range

and I/σ (I). In brief, I/σ (I) represents the S/N ratio. Typically,

the data of I/σ (I) of the outer shell are more than 2 for crystal
structure analysis. When X-ray irradiation damages the
lysozyme crystal, the value of I/σ (I) in the high-resolution
range is reduced. The value of I/σ (I) of the lysozyme crystal
without cryoprotection was found to linearly decrease when
compared with the cryoprotected lysozyme crystals, as shown

Figure 4. Diffraction image of a lysozyme crystal from the on-chip X-
ray diffraction experiment at 100 K. The lysozyme crystal diffracted to
a resolution limit of 1.6 Å.

Table 1. Results of Crystallographic Data of Lysozyme Crystalsa

0 min (277 K)b 30 min (100 K)c 10 min (100 K)c 5 min (100 K)c

space group P43212 P43212 P43212 P43212
dimensions (Å) a = b = 79.31

c = 37.86
a = b = 78.96
c = 37.03

a = b = 78.88
c = 37.06

a = b = 78.61
c = 37.03

resolution (Å) 39.65−1.77
(1.86−1.77)

39.48−1.66
(1.75−1.66)

39.06−1.67
(1.76−1.67)

39.30−1.66
(1.75−1.66)

mosaicity (deg) 0.11 0.17 0.26 0.17
completeness (%) 93.1 (85.9) 99.2 (96.7) 96.6 (98.4) 97.9 (99.0)
Rmerge (%) 6.2 (81.8) 13.0 (51.0) 6.5 (53.4) 6.4 (27.6)
I/σ (I) 21.1 (3.2) 10.5 (3.9) 15.6 (3.4) 17.5 (7.0)

aValues inside the parentheses represents the data of the outer shell. bData of the lysozyme crystal without cryoprotection at 277 K. cData of the
cryocooled lysozyme crystal with different mixing times.

Figure 5. (a) Relationship between resolution range and I/σ (I). (b)
Relationship between resolution range and Rmerge. Measurement
temperature was 100 and 277 K for the cryocooled lysozyme crystals
and the lysozyme crystal without cryoprotection, respectively.
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in Figure 5 a. Generation of oxygen radicals is believed to be
the cause of radiation damage. The lysozyme crystals were
rarely generated in the same crystallization chamber. We
analyzed these crystals by X-ray diffraction measurements at
277 K and found the radiation damage did not propagate to
another crystal generated in the same crystallization chamber
because of the short lifetime of the oxygen radical (data not
shown). In contrast, the value of I/σ (I) of the lysozyme
crystals that underwent cryoprotection was found to gradually
decrease even in the high-resolution range. However, the
decreasing rates of I/σ (I) of cryoprotected lysozyme crystals
were found to be slightly smaller than the nontreated lysozyme
crystal, especially at the high-resolution range. The change of I/
σ (I) in the resolution range between 2 and 1.6 Å strongly
suggests that the nontreated lysozyme crystal was damaged
more by the X-ray radiation than the cryoprotected lysozyme
crystal. In comparison between mixing times of the
cryoprotectant solution, the lysozyme crystal showed stepwise
cryoprotection up to 5 min with the highest quality diffraction
data. Figure 5b shows a relationship between resolution range
and Rmerge. Rmerge is a reliability factor in the field of
crystallography. Generally, the data of Rmerge of the outer
shell should be <30% for crystal structure analysis. The value of
Rmerge of the nontreated lysozyme crystal has the highest value
in all resolution ranges. Conversely, the lysozyme crystal with 5
min cryoprotection was a diffraction-quality crystal even in that
high-resolution range. These results suggest stepwise cryopro-
tection via the microfluidic chip and in situ X-ray analysis is an
effective method for protein crystal structure analysis.
To characterize the effect of cryoprotection, we analyzed the

value of I/σ (I) of lysozyme crystals under each cryoprotection
condition in steps of 10 images. Figure 6 shows a relationship

between I/σ (I) of the outer shell and the diffraction images. As
a result, the value of I/σ (I) was influenced significantly by the
cryoprotection and the mixing time. Reduction of I/σ (I) with
increasing irradiation time was not observed, as shown in
Figure 6a−c. In other words, cryocooled lysozyme crystals did
not undergo radiation damage. However, lysozyme crystals

without cryoprotection showed a reduction of I/σ (I) with
increasing irradiation time (Figure 6d). In particular, the value
of I/σ (I) decreased to less than 2 from 41 to 90 images. The
X-ray measurement was carried out with an exposure time of 30
s, and the oscillation angle was 1°. This result suggests that the
lysozyme crystal was degraded by synchrotron radiation of 20
min. The lysozyme crystal that underwent stepwise cryopro-
tection over 5 min showed the highest quality crystallographic
data. The value of I/σ (I) was more than 2 during the X-ray
measurement. However, the lysozyme crystal subjected to
cryoprotection over 30 min intervals showed lower quality
when compared with the other cryoprotected lysozyme crystals.
We consider that stepwise cryoprotection was able to prevent
osmotic shock caused by the rapid increase of the
cryoprotectant concentration. Conversely, the lysozyme crystal
subjected to cryoprotection at a set period was slightly damaged
by osmotic shock. Consequently, the value of I/σ (I) was less
than 2 at oscillation angles of 1−60° (Figure 6a). Figure 7

shows a relationship between Rmerge of the outer shell and
diffraction images. We also examined the Rmerge of lysozyme
crystals of each cryoprotection condition in steps of 10 images.
The mixing time of the cryoprotectant solution also affected the
Rmerge value, and the lysozyme crystal treated by stepwise
cryoprotection for 5 min showed the best result compared with
the other conditions (Figure 7 c). Additionally, when we
employed short-step cryoprotection, a variation of the Rmerge
value was scarcely observed. For lysozyme crystals without
cryoprotection, the value of Rmerge was found to increase rapidly
with increasing exposure time. In particular, the value of Rmerge
from 51 to 90 was dramatically increased (Figure 7 d).
Therefore, the average value of Rmerge of the outer shell was
calculated to be 81.8%, as shown in Table 1. However, the
crystallographic data from 1 to 30 were sufficient for analyzing
the crystal structure determination, e.g., the lysozyme crystal
without cryoprotection measured at 277 K maintained
diffraction quality over a short period. The degree of
deterioration depends on the measurement conditions. When
we employed the high-flux X-ray beamline, the protein crystal
was immediately damaged by radiation, especially the non-

Figure 6. Relationship between I/σ (I) of the outer shell and the
diffraction images. The mixing time per one manipulation was (a) 30
min, (b) 10 min, (c) 5 min, and (d) 0 min (without cryoprotection).

Figure 7. Relationship between Rmerge of the outer shell and the
diffraction images. The mixing time per one manipulation was (a) 30
min, (b) 10 min, (c) 5 min, and (d) 0 min (without cryoprotection).
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treated protein crystal. However, the cryoprotection procedure
required very careful handling of the protein crystal. Thus, the
combination of the microfluidic chip developed in this study
and the high-flux beamline offers high-throughput measure-
ments. The microfluidic chip for cryoprotection integrated six
crystallization chambers within one device. Cryoprotection can
be conducted simultaneously at the all crystallization chambers
without any complicated handling of protein crystal. The high-
throughput capability can be increased by increasing the
number of crystallization chambers within a microfluidic chip.
The final size of the microfluidic chip was 5 × 5 mm2, as shown
in Figure 3b. Although the time necessary to collect diffraction
data set strongly depends on the performance of beamline, our
microfluidic-based method can eliminate additional procedures
and time for pretreatment of X-ray analysis. In addition, our
method is able to avoid the damage from manual handling of
protein crystal on the cryoprotection procedure. Therefore,
microfluidics-based cryoprotection introduced in this study can
be used for high-throughput crystal structure analysis of protein
microcrystals using a high-flux synchrotron X-ray beam.

■ CONCLUSIONS

We have introduced a contactless cryoprotection method that
avoids damage to the sample using a microfluidic chip for X-ray
protein crystal structure analysis. We can also conduct a
seamless procedure from protein crystallization to X-ray
analysis. Hence, the microfluidic-based approach reported in
this paper is a user-friendly interface for novices of X-ray
analysis of protein crystals. We determined a suitable size of the
microfluidic chip for in situ X-ray analysis under cryogenic
conditions. The quality of the lysozyme crystal without
cryoprotection was found to decrease gradually with increasing
measurement time. In contrast, the lysozyme crystal with
cryoprotection did not show any deterioration of the
crystallographic quality. We also investigated the effect of
stepwise cryoprotection on the quality of the lysozyme crystal.
The mixing time of the cryoprotectant affected the quality of
the lysozyme crystal. The short-step cryoprotection method
prevented osmotic shock caused by soaking the crystal in the
cryoprotectant, and the crystals produce high-quality diffraction
crystallographic data. Consequently, we can obtain a complete
diffraction data set of lysozyme crystals to determine the 3D
structure without any complicated manipulations. We believe
that the microfluidics-based method demonstrated above can
facilitate protein structure determination, including membrane
proteins, with high resolution. Obtaining a large membrane
protein single crystal that is >100 μm is one of the most
difficult issues in protein structure determination. Therefore,
our method provides a solution for researchers who conduct
protein crystallography and structural biology. In this study, we
showed the possibility of a microfluidic-based approach that the
end user can use for protein 3D structure determination.
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