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ABSTRACT: We demonstrate the growth of a tetragonal crystal of hen .
egg-white lysozyme (HEWL) in D,O buffer solution controlled by laser ¢
trapping with a focused continuous-wave (CW) near-infrared (NIR) laser
beam. The focal spot was located at 10 ym away from the edge of the
target crystal that was generated spontaneously, and the crystal growth was
observed although the focal spot size was much smaller than the distance.
The growth rate of (101) and {110} faces of the tetragonal crystal was
examined with various laser powers and polarizations. The rate observed
under the irradiation was much different from those in spontaneous
growth, namely, the growth rate of the {110} face showed a large decrease
or increase depending on the irradiation time. The dynamics and
mechanism of this unusual crystal growth behavior is discussed from the
viewpoint of a large stable domain formation of the HEWL liquidlike
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clusters through liquid nucleation and growth and by considering the anisotropy of the cluster domain.

aser-induced nucleation and crystal growth have received
much attention over the past two decades because of their
wide applicability, polymorph selectivity, and spatial-temporal
controllability.'~'® Most of the studies on laser-induced
nucleation have been conducted using nanosecond'™ and
femtosecond®™® pulsed lasers, and their mechanisms have been
considered in terms of realignment of solutes' and solvents>*
under intense electromagnetic field such as optical Kerr effect
and local concentration increase due to cavitation bubble
generated by optical breakdown of solvent.”® In recent years,
using an intense CW NIR laser beam, we have demonstrated
laser trapping-induced crystallization of amino acids at the
solution surface.”™"! Laser trapping based on gradient force of a
tightly focused laser beam can gather small targets such as
nanoparticles, clusters, and polymers at the focal spot.'>'* The
liquidlike clusters of amino acids in their solutions, in which
solute and solvent are weakly linked with each other,"*™"¢ are
efficiently trapped at the focal spot, where the local
concentration is nonlinearly increased with the irradiation
time,”'" and eventually their nucleation should be realized.
In 2009, we have succeeded in controlling crystal growth of
glycine in saturated D,O solution utilizing this laser trapping
technique.'” In that study, the CW NIR laser beam focusing at
a glass/solution interface layer was set at about 20 um away
from the edge of a crystal that had been generated
spontaneously. Before the irradiation, the growth was
completely stopped, while immediately after turning on the
laser the crystal started growing toward the focal spot with an
average growth rate of 10° nm/s. It is noteworthy that the
distance between the crystal edge and the focal spot is much
larger than the focal spot size of approximately 1 ym in
diameter. We explained that this crystal growth is caused by
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formation of a large-volume, high-concentration region of
glycine around the focal spot. The formation of such a region is
strongly supported later by our finding that a millimeter scale
lenslike dense liquid droplet of glycine is formed by laser
trapping.'® This dense droplet is prepared by focusing the laser
beam into a glass/solution interface of the glycine solution with
a supersaturation value (SS) of 1.36 and eventually a large
droplet of S mm in diameter with a SS of about 2.7 was formed.
We suggested that the dense droplet is formed by the liquid—
liquid phase separation through liquid nucleation and following
growth and the local high concentration region formed in a
focal volume expands from the focal spot to its outside.

Many researchers have extensively developed crystallization
techniques for proteins, sometimes utilizing lasers,”®”® because
their crystals are necessary to determine three-dimensional
protein conformation by X-ray structural analysis. Our first trial
of laser trapping-induced nucleation of a protein was conducted
for ferritin derivatives, where a two-dimensional disklike
concentrated domain with a radius of a few tens of micrometers
was formed but no crystal nucleation was realized.'” The
achievement of the large domain formation under laser
irradiation led us to think that protein crystal growth is
controllable by laser trapping.

In this paper, we report laser trapping-controlled crystal
growth of a tetragonal HEWL crystal. HEWL has been widely
used as a model system for elucidating dynamics and
mechanisms of nucleation and crystal growth of protein.”~>*
The growth rate of two crystal faces with and without laser
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Figure 1. (a) Schematic illustration of the optical setup. (b) Focal position at 10 ym from a crystal face of (i) (101) or (i) {110}, which irradiation
geometry is abbreviated as (101) or {110} irradiation. The laser polarization direction is included. (c) The length (L) and width (W) defined for
tetragonal HEWL crystal. Growth rate of (101) and {110} faces is calculated from length (L) and width (W) and illustrated as Gq; and Gy,
respectively. See text for definitions of G, and Gy,. (d and e) Schematic illustrations of HEWL crystal growth rate, depending on its concentration

in solution and on temperature, respectively.

irradiation is investigated and compared. The dynamics and
mechanism of the growth are considered in terms of the
formation of a large stable domain of HEWL clusters through
liquid nucleation and growth and anisotropy of the domain
controlled by laser.

Commercially available HEWL (Wako, >99.0%) was used as
a target protein without further purification. Since H,O has a
higher absorption coeflicient than D,O at 1064 nm of the
trapping laser because of the overtones of the OH vibration, we
prepared a buffer solution using D,O (Sigma-Aldrich) in order
to suppress laser heating. Actually, the temperature elevation
was estimated to be 22—24 K/W in H,O and 2 K/W in D,0 by
focusing a 1064 nm laser beam into each solution with a high
numerical aperture (NA) objective lens (NA = 1.35, %100).2* A
HEWL stock solution (80 mg/mL) was prepared by dissolving
HEWL powder into an acetate buffer solution (sodium
acetate—acetic acid buffer in D,O, 100 mM, pD = S.1). The
pD value was corrected by adding 0.4 to the observed value of
the pH meter.”> Equal volumes of the HEWL solution and
6.0% (w/v) NaCl buffer solution were mixed just before the
laser trapping experiments in order to avoid spontaneous
nucleation. A small amount (40 pL) of the mixed solution
(HEWL, 40 mg/mL; NaCl, 3.0% (w/v); pD = 5.1) was poured
into a silicone chamber (Grace Bio-Labs, Inc., Press-To-Seal
Silicone Isolator, 20 mm in diameter X 2.0 mm thickness),
which has a glass substrate with a hydrophilic surface, and the
sample was fully covered with another glass substrate to
suppress solvent evaporation. At 40—60 min after the sample
preparation, several spontaneously generated tetragonal crystals
with a size of 10—30 um were observed in an inverted
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microscope. The mixed sample solution (40 pL) was added
again into the chamber in order to maintain the initial solution
concentration. Thus, a thin film of solution was prepared, and
its thickness was estimated to be 200—300 gm. The absorption
coefficient of the solution at 1064 nm was measured using a
spectrophotometer (HITACHI, U-4100) in order to estimate
temperature elevation induced by laser irradiation.

Figure 1la shows a schematic illustration of the optical setup
used in this work. A linearly polarized CW NIR laser beam of
1064 nm from a Nd**:YVO, laser (Coherent, Matrix 1064) was
used as a trapping light source and focused near the glass/
solution interface (approximately 3 ym above the glass surface)
through an objective lens (NA = 0.90, X60). The laser power
throughout the objective lens was tuned at 0.6 or 1.1 W by
adjusting the angle of a half-wave plate coupled with a
polarizing beam splitter. The focal spot was set to 10 ym from a
crystal face of (101) or {110} of a spontaneously formed
tetragonal HEWL crystal (henceforth, the irradiation geometry
is abbreviated as (101) or {110} irradiation), as illustrated in
Figure 1b. The crystal growth behavior with and without 30
min laser irradiation was monitored using a charge-coupled
device (CCD) camera (Watec, WAT-231S2). The growth rate
of (101) and {110} faces (abbreviated to Gy and Gy,
respectively) was calculated from the CCD images captured
every 5 min. The entire experiment was conducted at room
temperature (25 °C).

A tetragonal HEWL crystal consists of eight quadrilateral
(101) and four hexagonal {110} faces. Under our experimental
conditions, spontaneous crystallization always provided the
tetragonal crystal (Figure 1c). In most cases, the distances
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Figure 2. Temporal changes in the (a) shape parameter (L/W) and (b) growth rate for 30 min without laser irradiation at 25 °C. The plotted data
were averaged over four samples, while the error bars in (a) indicate standard deviations at the respective irradiation times.
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Figure 3. Temporal changes in the shape parameter (L/W) and in the growth rate for 30 min under the (101) irradiation at (a) 1.1 W and (b) 0.6 W
at 25 °C. The plotted data were averaged over six samples; their standard deviation of the shape parameter was displayed, and the spontaneous

growth rate is shown in panel (ii) as dotted lines.

between the generated crystals were far enough to set only one
HEWL crystal in the observation area using the CCD camera
(80 X 60 um?), and one of them was selected as a target of
further laser trapping experiments. The temporal changes of
length (L) and width (W) shown in the figure were measured,
and the growth rate of (101) and {110} faces was estimated.
Although our careful attention was paid to the asymmetric
nature of crystal growth under laser irradiation, we never found
the awkwardly shaped crystal during the irradiation. Therefore,
the growth rate estimated here should be ascribed to the
growth of all faces. The Gy, and Gy, are linked with L and W
by the following equations as reported by Durbin and Feher.*®

Gy = 0.45dL/dt, Gy, = 0.5dW/dt

The G)p; and Gy of a tetragonal crystal in aqueous buffer
solution have been reported so far, and they strongly depend
on many experimental parameters such as HEWL concen-
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tration, temperature, salt concentration, and pH of solu-
tion.?* 2% In reference to those results, the changes in Gy, and
Go against total HEWL concentration and temperature are
schematically illustrated in Figure 1 (panels d and e),
respectively. Our experiments were conducted in D,O buffer
solution, so that we ourselves examined G,y and G,j, in the
D,O buffer solution under four different experimental
conditions, and some of the results are shown in the figures
(for experimental details, see the Supporting Information).
Remarkably, Gy, and Gy, cross each other at a certain point,
while both rates increase with the increase in HEWL
concentration.

First, a HEWL crystal with a size of about L = 15 um was
chosen as a target and the temporal changes of the shape
parameter; L/W and the growth rate were examined for four
samples without laser irradiation. In Figure 2a, the averaged L/
W gradually and slightly increased with time, indicating that the
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Table 1. Mean Value of G,; and Gy, at 0—5 and 25—30 min of the Irradiation at 25 °C Based on Panel (ii) of Figures 3 and 4

with their Standard Deviations

spontaneous crystal

focal position growth (101) {110}
laser power (W) - 1.1 0.6 1.1 0.6
irradiation time - 0-S§ 25-30 0-S§ 25-30 0-5§ 25-30 0-$§ 25-30
(min)
Giyo (nm/s) 29¢ 026+048 65+46 114047 65+50 0079+011 37+44 15+054 43+15
Gio, (nm/s) 3.9¢ 0.21 + 0.45 40 + 1.3 1.7 + 0.53 47 £25 0.77 + 0.50 3.5 +20 1.7 + 0.62 43+ 13

“Averaged over 30 min.

crystal growth accompanies a minute change in the
morphology. Figure 2b shows the temporal changes of averaged
Gyo; and Gy and no appreciable temporal change in the
growth rate was confirmed during the 30 min observation.
Their mean rate for 30 min was 3.9 and 2.9 nm/s, respectively,
which was also given in Figure 1 (panels d and e), as a
reference. The obtained G,;, was approximately 3 times larger
than that in the aqueous buffer solution under similar solution
conditions (about 1.0 nm/s).***” This result is possibly
ascribed to the fact that the HEWL solubility in H,O is 1.3
times higher than that in D,0.”” Most notably, G,;, never
exceeded Gy at this HEWL concentration.

Next, we present the crystal growth behavior under the (101)
irradiation [Figure 1b (i)]. The direct observation was carried
out for 30 min, and after that the edge of the growing crystal
reaches the focal spot. Figure 3 (panels a and b) shows the
temporal changes of L/W, Gy, and G, under 1.1 W and 0.6
W irradiation, respectively. The average values were calculated
for six samples under each condition, and the standard
deviations (SD) of L/W were given in the figure as an error
bar (SD of G,o; and G, are shown in Table 1). At 1.1 W, L/W
initially increased slightly until the 15 min irradiation and then
decreased at 15—30 min. A similar temporal change of L/W
was observed also at 0.6 W. The laser irradiation induced a
time-dependent change in the crystal morphology, leading to a
crystal shape much different from the spontaneous one.

This unusual growth behavior is considered by examining the
temporal changes of Gy, and Gy, which are shown in panel
(ii) of Figure 3 (panels a and b). At 1.1 and 0.6 W, both G,
and G, initially became much lower than the spontaneous
ones and then gradually increased with the irradiation. In all
cases, the growth rate showed monotonous increase with the
irradiation. It might be possible that the monotonous increase
in the growth rate is induced through solvent evaporation by
laser heating due to light absorption. Indeed, our HEWL
solution has absorption coefficient of 1.6 m™" at 1064 nm. With
the assumption that temperature elevation at the focal spot is
simply proportional to the absorption coeflicient, it is calculated
to be approximately 4 K/W; namely, the 1.1 W irradiation
provides a temperature elevation of 4.4 K. Because this heat
diffuses from the focal spot to its outside, the actual
temperature around the crystal does not exceed 30 °C. We
also confirmed that the 30 min laser irradiation always resulted
in solvent evaporation of 3—5% volume, which was calculated
by measuring the solution thickness before and after the
irradiation. Importantly, the volume of solution evaporated was
almost independent of the input laser power. This strongly
indicates that vapor pressure in the chamber already reached
the saturation value of the solution within the 30 min
irradiation. In other words, the monotonous increase in the
growth rate during the irradiation cannot be explained in view
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of the increase in HEWL concentration accompanying solvent
evaporation.

It is notable that a crossover point of G, and Gy, was
observed at a late stage of the irradiation. In accordance with
Figure 1 (panels d and e), the point appears at considerably
high HEWL concentration and/or low temperature, where G,
increases preferentially compared with Gyy,. It seems unlikely
that laser irradiation induces temperature lowering; therefore,
the appearance of the crossover point is thought to be due to
the increase of HEWL concentration. In order to discuss how
the solvent evaporation contributes to the growth rate,
spontaneous crystal growth in a 5%-solvent evaporated solution
(HEWL; 42 mg/mL, NaCl; 3.15 wt %, pD = S5.1) was
investigated at 25 and 30 °C (for details, see the Supporting
Information). Under both conditions, spontaneous crystal
growth proceeded at an almost constant growth rate as was
the case in Figure 2b. At 30 °C, Gy, and G, averaged for 30
min were estimated to be 2.4 and 1.6 nm/s, respectively. Even
at 25 °C, Gy, and Gy, showed comparable values (5.7 and 6.0
nm/s, respectively). The considerable increase in G;;, was not
observed under these possible conditions. Thus, this result
clearly indicates that the large enhancement of G;;, beyond the
crossover point in panel (ii) of Figure 3 (panels a and b) cannot
be induced only by condensation through solvent evaporation.
It is reasonable that the large enhancement of G, is attributed
to a much higher concentration domain around the target
crystal. The domain around the crystal should be formed by
laser trapping of the liquidlike clusters,® in which lysozyme and
solvents are weakly linked with each other through their mutual
intermolecular interactions, similarly with the case of glycine.'”

Another noteworthy result is the strong suppression of Gy,
and Gy at the early stage of the irradiation. For example, Gy,
and Gy, in the initial 5 min irradiation at 1.1 W in Figure 3a
(ii) were estimated to be 0.21 and 0.26 nm/sec, respectively,
which are 10—20 times lower than those of the spontaneous
growth. In order to exclude the possibility that the decrease in
SS around the crystal by laser heating suppresses the crystal
growth, we examined Gy, and Gy, of the spontaneous growth
at 30 °C in the same solution concentration (for details, see the
Supporting Information). Under this assumed condition, it is
expected that the crystal growth is suppressed more compared
to under the laser irradiation condition because the 4.4 °C
temperature elevation is calculated for the focal volume. The
Gy and Gy were 1.5 and 0.8 nm/sec, respectively, which
were still much larger than those under the irradiation. One
may suggest a possibility that anisotropic convection results in
shape change of the crystal, but we have never observed
awkwardly shaped crystal. Thus, we have to consider another
mechanism of strong suppression of Gy, and Gy}, at the early
stage of the irradiation, not in terms of laser heating.

dx.doi.org/10.1021/cg401065h | Cryst. Growth Des. 2014, 14, 15-22
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Figure 4. Temporal changes in the shape parameter (L/W) and in the growth rate for 30 min under the {110} irradiation at (a) 1.1 W and (b) 0.6
W at 25 °C. The plotted data were averaged over six samples; their standard deviation of the shape parameter was displayed, and the spontaneous

growth rate is shown in the panel (ii) as dotted lines.

Before we discuss its details, we describe experimental results
on growth kinetics controlled by the focusing position, which
was carried out through the same experimental procedure as
that under the {110} irradiation [Figure 1b (ii)]. Figure 4
(panels a and b) show the temporal changes of L/W, Gy, and
Gy o under 1.1 W and 0.6 W irradiation, respectively. At 1.1 W,
obtained L/W increased continuously during the 30 min
irradiation, unlike the temporal change under the (101)
irradiation. A crossover point of Gy, and Gy, was observed,
but it appeared later compared to the (101) irradiation. This
delay is attributed to small enhancement of G;;, under the
irradiation. No large enhancement of G, was observed at both
laser intensities during the {110} irradiation, while G,y showed
the temporal change similar to that under the (101) irradiation.
Thus, we clearly confirmed the focal position dependence of
the growth rate; namely, the growth behavior depends on the
anisotropy of the domain formed by laser irradiation.

Table 1 shows the mean values with SD of the growth rate at
0—S5 and 25—30 min of the irradiation for six samples based on
panel (ii) of Figures 3 and 4. It is noteworthy that the initial 5
min irradiation causes strong suppression of the growth rate,
which provides us much information for understanding the
mechanism of the unusual crystal growth. We here propose
three possibilities for the strong suppression. The first
possibility is due to SS decrease by laser heating. Besides the
above results of the spontaneous growth at 30 °C, this heating
effect can also be excluded by our finding that the G,;, on the
{110} irradiation at 0.6 W was larger than that on the (101)
irradiation. Under the {110} irradiation, it is expected that the
Gy is suppressed more, due to the closer distance between the
{110} face and the focal spot compared to the (101) irradiation
case. Thus, by considering all our results of this experiment, we
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can conclude that laser heating contributes little to this unique
crystal growth behavior.

The second possibility is due to the decrease in the local
concentration at the crystal surrounding area because many
clusters are necessary for the formation of a high-concentration
domain. In this case, it is suggested that the local concentration
at a crystal face closer to the focal spot should be decreased
more than that at the further face. Nevertheless, as described in
the experimental part, we never found the awkwardly shaped
crystal even at the early stage of the irradiation, which can deny
this possibility. Therefore, the volume of the area is
considerably smaller than that of the whole solution, and it is
reasonable to consider that local concentration of the solution
at the crystal edge is immediately balanced by the diffusion of
the liquidlike clusters from the surroundings.

Thus, the strong suppression of Gy, and G, at the early
stage of the irradiation is surely not due to temperature
elevation by laser heating and local concentration decrease by
laser trapping. Hence, we here propose that the strong
suppression is due to rigidity and anisotropy of the domain
formed by laser trapping. For the rigidity, the high-
concentration domain by overcoming the energy barrier leading
to nucleation of the dense domain is highly stable, so that their
component clusters cannot be easily supplied to the target
crystal. For the anisotropy, based on the obtained results on the
crystal growth depending on the focal position, we consider
that the liquidlike clusters are oriented anisotropically,
according to the laser polarization direction; namely, the
formed domain shows anisotropy. Mutual orientations between
molecules at the crystal surface and liquidlike clusters
determined by the anisotropy do not fit to crystal growth.

dx.doi.org/10.1021/cg401065h | Cryst. Growth Des. 2014, 14, 15-22
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Figure S. Schematic illustrations of prospective dynamics and mechanism of crystal growth of HEWL controlled by laser trapping.

At the present stage of the investigation, no clear microscopic
picture of the domain is given, but we may refer to the results
by Nadajara et al. and Sazaki et al. The former theoretically
demonstrated that the crystal growth is realized by attaching
HEWL cluster units such as tetramer, hexamer, and octamer to
each (101) or {110} crystal face, and their growth cluster units
are attached to the crystal face.’>** The different kinds of
clusters are selectively attached to corresponding complemen-
tary sites on each crystal face. For example, the octamer are the
predominant growth unit for the {110} face. Sazaki and co-
workers experimentally confirmed that the crystal growth of
HEWL proceeds through adsorption of the cluster unit, not
one molecule, to the crystal.31 On the basis of their results, we
may interpret that the anisotropy and the rigidity of the domain
which we proposed here determine the orientation of the
cluster units and their attaching probability to the comple-
mentary sites of each crystal face, respectively.

Figure S summarizes the prospective dynamics and
mechanism of this unusual crystal growth induced by laser
trapping. We consider that the initial suppression and following
increase of the growth rate are all caused by the formation of
large stable domain of HEWL liquidlike clusters. First, the
focused laser beam gathers and traps many liquidlike clusters of
HEWL in the focal volume, while single HEWL molecule is too
small to be trapped (Figure Sa). Such liquidlike HEWL clusters
have been experimentally and theoretically investigated so
far?*3273* Once the clusters are trapped in the focus, their
effective volume is increased, giving a stronger trapping force.
Hence, optical potential becomes deeper nonlinearly with time
and further efficient trapping of the clusters is induced (Figure
5b). Their efficient trapping achieves very high concentration in
the focal volume, and the energy barrier leading to nucleation
of the dense domain is overcome. The nucleation triggers
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cluster packing with specific mutual orientation giving strong
cluster interactions, which is called cluster domain here.

The small cluster domain prepared in the focal volume grows
and expands from the focal spot to its outside due to mutual
interactions between liquidlike clusters, convection flow, and
mass transfer and fully covers the crystal for S min (Figure S,
panels ¢ and d). This timescale is consistent with our previous
study on glycine solution, showing millimeter-scale dense liquid
droplet formation by laser trapping.'® Thus, the growth rate
depends just on the formed domain properties, not on its
surrounding solution. The rigidity and anisotropy of the cluster
domain decrease the growth rate in spite of its high
concentration. The high concentration and anisotropy of the
domain are formed only under laser irradiation and propagates
to the outside (Figure Se). This domain is stably kept as far as
the trapping laser is introduced, and we here call this
phenomena “laser trapping and pinning”. Since the crystal
growth rate increases as the crystal edge approaches the focal
spot, the “laser trapping and pining” provides the highest
concentration at the center of the focal spot, where the electric
field of a Gaussian beam is strongest, and the pinning effect
possibly becomes gradually weaker with the distance from the
center of the focal spot. Furthermore, although no laser beam is
directly illuminated outside of the focal spot, the concentration
of the liquidlike clusters becomes high, and they are well-
oriented, all of which should be ascribed to mutual interactions
between the clusters.

In conclusion, we have demonstrated that the crystal growth
of HEWL in D,O buffer solution is well-controlled by laser
trapping based on gradient force of a focused CW NIR laser
beam. The temporal changes in crystal shape and growth rate of
the (101) and {110} faces were examined under various
irradiation conditions. The growth behavior was much different

dx.doi.org/10.1021/cg401065h | Cryst. Growth Des. 2014, 14, 15-22
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from the spontaneous growth, in which the growth rate of the
{110} face was considerably decreased or increased, depending
on the irradiation time. The dynamics and mechanism of the
unusual crystal growth were considered in terms of laser
trapping of liquidlike clusters, liquid nucleation, and following
growth, formation of stable cluster domain, and rigidity and
anisotropy of the domain. The rigidity and anisotropy of the
domain are stably kept as far as the trapping laser is introduced,
which phenomenon we call laser trapping and pining.

We believe that the success of the growth rate control of
HEWL by laser trapping will also be extended to 3D precision
control of crystal growth for other proteins and ensure the
design of high-quality crystals large enough to be measured in
single crystal X-ray crystallography. Further investigation on the
cluster domain is necessary for deep understanding of the
dynamics and mechanism of the crystal growth under laser
trapping. We are now extending our studies of the cluster
domain in view of 3D morphology, formation/growth
dynamics, and internal cluster structure. The crystal growth
experiments with combination of fluorescent dye labeled-
HEWL and spectroscopic/imaging techniques are being started
in our group, which will provide us novel insights for this
unusual growth behavior.
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© Supporting Information

A series of experiments on laser trapping-induced crystal
growth was carried out for a standard solution (HEWL; 40 mg/
mL, NaCl; 3.0 wt %, pD = 5.1). Since it was confirmed that 5%
of the solvent evaporation was caused by laser irradiation, we
examined how the solvent evaporation contributed to the
growth rate of HEWL tetragonal crystal. The condensed
solution (HEWL; 42 mg/mL, NaCl; 3.15 wt %, pD = 5.1)
corresponding to 5% of the evaporation was prepared by
mixing the HEWL solution (80 mg/mL, 21 uL), NaCl buffer
solution (8 wt %, 15.8 uL), and acetate buffer solution (100
mM, 3.2 uL). We investigated spontaneous growth rate for the
standard and condensed samples at 25 and 30 °C because the
temperature around the crystal during laser irradiation is
considered to be from 25 C° to 30 °C. A small amount (40 uL)
of the standard or condensed solution was poured into a glass
substrate with a hydrophilic surface attached to a silicone
chamber, and then the sample was fully covered with another
glass substrate to avoid solvent evaporation. At 40—60 min after
the sample preparation, several spontaneously generated
tetragonal crystals with a size of 10—30 pm were observed in
an inverted microscope. A solution (40 uL) identical to the
initial one was added again into the chamber. We chose as the
target crystal one of the spontaneously formed tetragonal
crystals and then began the observation at 25 °C. In the
observation at 30 °C, the sample was put on a thermo-plate
(Tokai Hit, MATS-SSSRO) kept at 30 °C. The sample was
aged for 10 min on the stage in order to homogenize the
temperature, and then the observation of crystal growth
behavior was started. The above experiment at 30 °C causes
the solution evaporation, which induced a modest increase in
the growth rate with time in 30 min of observation. Therefore,
the values described in the main text are those observed on the
initial 5 min observation. This material is available free of
charge via the Internet at http://pubs.acs.org.
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