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We found that the use of a gel solution with agarose enhanced femtosecond laser-induced nucleation
and produced hen egg white lysozyme crystals at three to five times lower supersaturation than those
by the femtosecond laser or agarose alone. The fast fluorescence imaging of the protein in the gel
solution revealed that cavitation bubbles created high-concentration regions at the focal point, which
could be the trigger for protein nucleation. The lower diffusions of protein molecules in agarose gel
retained the high-concentration regions for a longer time, and facilitated the nucleation. © 2010
American Institute of Physics. �doi:10.1063/1.3294622�

Light-induced nucleation has been attracting attention as
a method for temporal and spatial control of crystallization
of organic and biological molecules, and is of fundamental
interest in the field of light-matter interactions. To date, an
increasing number of studies have demonstrated light-
induced nucleation by photo-physical1–5 and chemical6–8

methods. A femtosecond laser �peak intensity �gigawatts� is
one of the promising techniques to induce nucleation at low
supersaturation, which will improve crystal quality. Its effec-
tiveness has already been confirmed for various kinds of ma-
terials including organic molecules, water-soluble proteins,
membrane proteins, and their complexes.9–17

Our present aim is to realize protein nucleation at lower
supersaturation by developing a femtosecond laser tech-
nique. Focused irradiation of a femtosecond laser causes
multiphoton absorption, leading to the formation of shock-
waves and cavitation bubbles, which can be a mechanical
stimulation to nucleation. In fact, we found that the rapid
shrinkage �microsecond-scale� of a cavitation bubble creates
a local high concentration of protein.17 Since the local high
concentration is relaxed due to the diffusion of proteins, the
use of viscous solutions would be the key to realizing more
effective protein nucleation. In this letter, we report on the
enhancement of the femtosecond laser-induced nucleation of
protein in an agarose gel solution. The laser irradiation in the
gel condition realized the nucleation of hen egg white
lysozyme �HEWL� at three to five times lower supersatura-
tion than those by the femtosecond laser or agarose alone. By
the fast imaging of cavitation bubbles and fluorescent-
labeled lysozyme �F-lysozyme�, we discuss how agarose gel

facilitates the creation of local high-concentration regions
created by the rapid shrinkage of cavitation bubbles.

HEWL was purchased from Seikagaku �six-times recrys-
tallized, Lot No. E05801� and used without further purifica-
tion. Supersaturated HEWL-agarose gels were prepared with
the following protocol. HEWL solutions at a concentration of
12–24 mg/ml in a 0.1 M NaAc buffer �pH 4.5� and precipi-
tating solutions at a concentration of 24 wt % NaCl in a 0.1
M NaAc buffer �pH 4.5� were prepared. Powdered agarose
from Sigma–Aldrich �Agarose IX-A, catalog No. A2576�
was dissolved in Millipore water at a concentration of 3
wt % at 95 °C, and then cooled to 30 °C, which is still a few
degrees above the gelling temperature. The HEWL, precipi-
tating, and agarose solutions were well mixed in a 1:1:1 �v/v�
ratio. Then, 6 �l aliquots of the mixture were pipetted onto
wells in microbatch plates �Hampton Research, Imp@act
plate�. The plates sealed with a clear sheet �HTstick, JT-
SCIENCE LLC� were incubated at 23 °C for 24 h prior to
shooting with a femtosecond laser. Agarose-free supersatu-
rated solutions with the same HEWL and precipitant concen-
trations were also prepared for the control.

A femtosecond laser ��=200 fs, �=780 nm, 1 kHz,
IFRIT, Cyber Laser Inc.� was used for the irradiation source.
Eighty shots of single-laser pulses with the energy of 5.5
uJ/pulse were focused into the supersaturated gel or solution
with an objective lens �10�, NA.0.4, Olympus�. Cavitation
bubble behavior was monitored with a high-speed imaging
camera �HPV-2, Shimadzu Corp.�.16 Fluorescence imaging
of F-lysozyme in the crystallization samples was carried out
with an EMCCD �Photon MAX 512B, Princeton Instru-
ments�. Details of the high-speed fluorescent imaging proce-
dure have already been described in our previous reports.16,17

Figure 1 shows the crystallization probabilities �ratio of
the crystallized batch numbers to the total batch numbers� of
the crystallization samples. In the agarose-free condition,
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spontaneous nucleation occurred at the HEWL concentration
of 8 mg/ml, which corresponds to 1.7 of supersaturation ���,
defined by �C–Ce�/Ce, where Ce is the solubility at 23 °C
�Ref. 18��. Focused femtosecond laser irradiation increased
the nucleation probability from 8.3 to 33 % due to the nucle-
ation enhancement effect,16 although the laser did not realize
nucleation at lower ��1.3. On the other hand, in the agarose
gel condition, spontaneous nucleation occurred at lower �
�1.0. Numerous studies have reported such enhancement of
nucleation by agarose,19 and its mechanism was explained by
promotion of the association among protein clusters.19 How-
ever, we found that laser irradiation in the agarose gel con-
dition realized the nucleation at the lowest ��0.3, which is
three times lower than that of the spontaneous nucleation.
This clearly indicates that the focused femtosecond laser ir-
radiation in the presence of agarose gel enhances nucleation
more than the laser or agarose alone.

In order to evaluate the stimulus by cavitation bubbles in
agarose gel, high-speed imaging of cavitation bubbles was
carried out at framing rate of 1 �s. In agarose-free solution,
cavitation bubbles repeated rapid expansion and shrinkage
�Fig. 2�a�, 1�25 �s�, and then finally collapsed into small
bubbles �Fig. 2�a�, 26 �s�. On the other hand, in agarose gel
�1 wt %�, cavitation bubbles also exhibited rapid expansion
and shrinkage, while cavitation bubbles did not collapse and
left single long-lasting bubbles �Fig. 2�b�, 24 �s�. The long-
lasting bubbles gradually became smaller and disappeared in
approximately 20 s. Figure 3 shows the time evolution of
diameter and velocity of cavitation bubbles. Regardless of
being in gel solution or not, the maximum velocity of cavi-
tation expansion was about 60 �m /�s. This result indicates
that cavitation bubbles apply almost the same magnitude of
mechanical stimulation to agarose gel as to gel-free solution.

In order to clarify the influence of such a mechanical
stimulation by cavitation bubbles on nucleation, we deter-
mined the spatial mapping of the HEWL molecules around
cavitation bubbles with F-lysozyme �Fig. 4�. In the agarose
condition �4 wt %�, when the cavitation bubbles began
shrinking �Fig. 4�b�, 20 �s�, a bright spot was detected at
the focal point. The fluorescence peak intensity of the bright
spot was approximately three times greater than the average
intensity of the surrounding gel medium. The surface of the
cavitation bubbles is known to be a preferred region for the
adsorption of protein molecules.20 Hence, the bright spot can
be attributed to the generation of a local high-concentration
region of F-lysozyme molecules, which adsorb at the cavita-
tion surface during expansion and then gather to a focal point
by the rapid shrinking of the cavitation bubbles. In the

FIG. 1. Crystallization probability of HEWL in agarose-free solution, and in
1 wt % agarose gel. The crystallization probabilities were calculated as ra-
tios of the number of crystallized batches and the total batch numbers �24�.

FIG. 2. Microscopic images of cavitation �a� in agarose-free solution, and
�b� in 1 wt % agarose. The solutions were irradiated with a 200-fs pulse
from a femtosecond laser. The laser energy was 5.5 �J.

FIG. 3. Time evolution of diameter �a� and velocity �b� of cavitation bubbles
induced by laser irradiation in agarose-free solution ��� and in 1 wt %
agarose gel ���.

FIG. 4. Fluorescence images of F-lysozyme �a� in agarose-free solution, �b�
in 4 wt % agarose gel. �c� Fluorescence intensity profile of the image of �b�
at 20 �s. The samples were irradiated with a femtosecond laser pulse at
0 �s. A bright spot, attributed to plasma emission and reflection of the laser,
was observed. In this technique, the spatial distribution of HEWL molecules
is monitored by the fluorescence from F-lysozymes, and expansion and
shrinkage of cavitation bubbles is observed as a black rim �Ref. 17�.
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agarose-free condition, on the other hand, no bright spot was
detected. This result clearly indicates that use of the combi-
nation of a femtosecond laser and agarose facilitates the cre-
ation of high-concentration regions by cavitation bubbles.

Although the magnitude of mechanical stimulations in-
duced by cavitation bubbles was almost the same in solution
and agarose gel, the increment of the local concentration of
HEWL became larger in agarose gel. This difference is prob-
ably a result of the difference of molecular diffusion. High-
concentration regions created by cavitation bubbles were re-
laxed due to the diffusion of proteins. Thus, the low diffusion
in agarose gel will retain high-concentration regions for a
longer time, making nucleation more likely. In fact, it was
reported that the diffusion coefficient of lysozyme monomers
�hydrodynamic radius is about 2 nm� in 1 wt % agarose
condition became about 50 % to 80 % that of gel-free
condition.21 In addition, in the supersaturated solution,
HEWL clusters grow larger �several tens to hundreds of na-
nometers� with time.22 These clusters diffuse more slowly
than monomers due to the large interaction with the agarose
matrix as well as their large hydrodynamic radius. Pluen
et al. reported that the diffusion coefficients in agarose gel
drastically decrease above a critical hydrodynamic radius �in
2 wt % agarose, the critical hydrodynamic radius is about
30 nm�.23

Moreover, the suppression of the rapid collapse of cavi-
tation bubbles in agarose gel contributed to the increase of
the probability of nucleation, because the collapse of cavita-
tion bubbles induces chemical decomposition and tempera-
ture jumps.24 Alternatively, the longer duration of the
bubbles formed at focal points should promote nucleation.
However, nucleation was not induced when we made long-
lasting bubbles with a nanosecond laser. Thus, the contribu-
tion of long-lasting bubbles for nucleation was rather small,
and the local increase of protein concentration induced by
the generation of cavitation bubbles was the main trigger for
nucleation.

In summary, the use of agarose gel was shown to en-
hance femtosecond laser-induced nucleation, and induced
HEWL crystals at three to five times lower supersaturation
than those by the femtosecond laser or agarose alone. By the
fast imaging of cavitation bubbles and fluorescent-labeled
lysozymes �F-lysozyme�, we found that higher-concentration
regions were induced at the focal point in agarose gel, al-
though the magnitude of mechanical stimulations induced by
the cavitation bubbles was almost the same in solution and
agarose gel. The low diffusion of protein molecules in agar-
ose gel probably retained the local high concentration for a
longer time, which enhanced nucleation. In addition, agarose
gel is useful for spatial control of nucleation. In fact, we
previously found that crystals were formed around the laser
focal point in agarose gel.17 In a similar example, Duffus
et al. reported the spatial control of KCl nucleation in agar-
ose gel �0.25 wt %� using the electric field of a laser.3 These
results clearly indicate that use of the combination of a fem-
tosecond laser and agarose gel is a very practical technique
for crystallization. We used agarose gel in this study, but it is
possible that other gels will enhance the probability of laser-
induced nucleation because the diffusion of protein mol-
ecules becomes smaller in gels. In our future work, we will

focus on producing high-quality drug target protein crystals
in various gel solutions.

This work was partly supported by Core Research for
Evolution Science and Technology �CREST� of JST �Japan
Science and Technology Corporation�, the Industrial Tech-
nology Research Grant Program of the New Energy and In-
dustrial Technology Development Organization �NEDO� of
Japan, the Osaka University Global COE Program, “Center
for Electronic Devices Innovation” from the Ministry of
Education, Culture, Sports, Science and Technology of Ja-
pan, a Grant-in-Aid for JSPS Fellows and a CREST grant to
Y. M., and a grant from the Science and Technology Incuba-
tion Program of the Japan Science and Technology Agency
to H. M.

1B. A. Garetz, J. E. Aber, N. L. Goddard, R. G. Young, and A. S. Myerson,
Phys. Rev. Lett. 77, 3475 �1996�.

2B. A. Garetz, J. Matec, and A. S. Myerson, Phys. Rev. Lett. 89, 175501
�2002�.

3C. Duffus, P. J. Camp, and A. J. Alexander, J. Am. Chem. Soc. 131, 11676
�2009�.

4Y. Tsuboi, T. Shoji, and N. Kitamura, Jpn. J. Appl. Phys., Part 2 46, L1234
�2007�.

5T. Sugiyama, T. Adachi, and H. Masuhara, Chem. Lett. 36, 1480 �2007�.
6T. Okutsu, K. Nakamura, H. Haneda, and H. Hiratsuka, Cryst. Growth
Des. 4, 113 �2004�.

7T. Okutsu, K. Furuta, M. Terao, H. Hiratsuka, A. Tamano, N. Ferte, and S.
Veesler, Cryst. Growth Des. 5, 1393 �2005�.

8T. Okutsu, K. Sugiyama, K. Furuta, I. Watanabe, H. Mori, K. Obi, K.
Horota, H. Horiuchi, G. Sazaki, S. Veesler, and H. Hiratsuka, J. Photo-
chem. Photobiol., A 190, 88 �2007�.

9H. Adachi, K. Takano, Y. Hosokawa, T. Inoue, Y. Mori, H. Matsumura, M.
Yoshimura, Y. Tsunaka, M. Morikawa, S. Kanaya, H. Masuhara, Y. Kai,
and T. Sasaki, Jpn. J. Appl. Phys., Part 2 42, L798 �2003�.

10H. Adachi, S. Murakami, A. Niino, K. Takano, Y. Hosokawa, T. Inoue, Y.
Mori, H. H. Matsumura, K. Takano, T. Inoue, Y. Mori, A. Yamaguchi, and
T. Sasaki, Jpn. J. Appl. Phys., Part 2 43, L1376 �2004�.

11H. Y. Yoshikawa, Y. Hosokawa, and H. Masuhara, Jpn. J. Appl. Phys., Part
2 45, L23 �2006�.

12T. Numata, Y. Ikeuchi, S. Fukai, H. Adachi, H. Matsumura, K. Takano, S.
Murakami, T. Inoue, Y. Mori, T. Sasaki, T. Suzuki, and O. Nureki, Acta
Crystallogr. F62, 368 �2006�.

13T. Tsukazaki, H. Mori, S. Fukai, T. Numata, A. Perederina, H. Adachi, H.
Matsumura, K. Takano, S. Murakami, T. Inoue, Y. Mori, T. Sasaki, D. G.
Vassylyev, O. Nureki, and K. Ito, Acta Crystallogr. F62, 376 �2006�.

14K. Nakamura, Y. Sora, H. Y. Yoshikawa, Y. Hosokawa, R. Murai, H.
Adachi, Y. Mori, T. Sasaki, and H. Masuhara, Appl. Surf. Sci. 253, 6425
�2007�.

15Y. Mori, K. Takano, H. Adachi, T. Inoue, S. Murakami, H. Matsumura, M.
Kashii, H. Y. Yoshikawa, S. Maki, T. Kitatani, S. Okada, and T. Sasaki,
Proc. SPIE 6460, 646008 �2007�.

16H. Y. Yoshikawa, R. Murai, S. Maki, T. Kitatani, S. Sugiyama, G. Sazaki,
H. Adachi, T. Inoue, H. Matsumura, K. Takano, S. Murakami, T. Sasaki,
and Y. Mori, Appl. Phys. A: Mater. Sci. Process. 93, 911 �2008�.

17H. Y. Yoshikawa, R. Murai, S. Sugiyama, G. Sazaki, T. Kitatani, Y. Taka-
hashi, H. Adachi, H. Matsumura, S. Murakami, T. Inoue, K. Takano, and
Y. Mori, J. Cryst. Growth 311, 956 �2009�.

18S. B. Howard, P. J. Twigg, J. K. Baird, and E. J. Meehan, J. Cryst. Growth
90, 94 �1988�.

19O. Vidal, M. C. Robert, and F. Boue, J. Cryst. Growth 192, 257 �1998�.
20R. Davey and J. Garside, From Molecules to Crystallizers �Oxford Uni-

versity Press, New York, 2000�.
21C. Mattisson, P. Roger, B. Jänsson, A. Axelsson, and G. Zacchi, J. Chro-

matogr. B Analyt. Technol. Biomed. Life Sci. 743, 151 �2000�.
22S. Tanaka, K. Ito, and R. Hayakawa, J. Chem. Phys. 111, 10330 �1999�.
23A. Pluen, P. A. Netti, R. K. Jain, and D. A. Berk, Biophys. J. 77, 542

�1999�.
24K. S. Suslick and G. J. Price, Annu. Rev. Mater. Sci. 29, 295 �1999�.

043702-3 Murai et al. Appl. Phys. Lett. 96, 043702 �2010�

Downloaded 30 Nov 2011 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1103/PhysRevLett.77.3475
http://dx.doi.org/10.1103/PhysRevLett.89.175501
http://dx.doi.org/10.1021/ja905232m
http://dx.doi.org/10.1143/JJAP.46.L1234
http://dx.doi.org/10.1246/cl.2007.1480
http://dx.doi.org/10.1021/cg0340493
http://dx.doi.org/10.1021/cg0340493
http://dx.doi.org/10.1021/cg049604v
http://dx.doi.org/10.1016/j.jphotochem.2007.03.016
http://dx.doi.org/10.1016/j.jphotochem.2007.03.016
http://dx.doi.org/10.1143/JJAP.42.L798
http://dx.doi.org/10.1143/JJAP.43.L1376
http://dx.doi.org/10.1143/JJAP.45.L23
http://dx.doi.org/10.1143/JJAP.45.L23
http://dx.doi.org/10.1016/j.apsusc.2007.01.046
http://dx.doi.org/10.1117/12.714332
http://dx.doi.org/10.1007/s00339-008-4790-x
http://dx.doi.org/10.1016/j.jcrysgro.2008.09.137
http://dx.doi.org/10.1016/0022-0248(88)90303-X
http://dx.doi.org/10.1016/S0022-0248(98)00416-3
http://dx.doi.org/10.1016/S0378-4347(99)00535-6
http://dx.doi.org/10.1016/S0378-4347(99)00535-6
http://dx.doi.org/10.1063/1.480381
http://dx.doi.org/10.1016/S0006-3495(99)76911-0
http://dx.doi.org/10.1146/annurev.matsci.29.1.295

