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ABSTRACT : We have introduced an in-situ Raman monitoring technique to investigate the crystallization process inside
protein drops. In addition to a conventional vapour-diffusion process, a novel procedure which actively stimulates the
evaporation from a protein drop during crystallization was also evaluated, with lysozyme as a model protein. In contrast
to the conventional vapour-diffusion condition, the evaporation-stimulated growth of crystals was initiated in a simple
dehydration scheme and completed within a significantly shorter time. To gain an understanding of crystallization behaviours
under the conditions with and without such evaporation stimulation, confocal Raman spectroscopy combined with linear
regression analysis was used to monitor both lysozyme and HEPES buffer concentrations in real time. The confocal
measurements having a high spatial resolution and good linear response revealed areas of local inhomogeneity in protein
concentration when the crystallization started. The acquired concentration profiles indicated that (1) the evaporation-
stimulated crystallization proceeded with protein concentrations lower than those under conventional vapour diffusion, and
(2) crystals under the evaporation-stimulated condition were noticeable within an early stage of crystallization before the
protein concentration approached its maximum value. The HEPES concentration profiles, on the other hand, increased
steadily towards the end of the process regardless of the conditions used for crystallization. In particular, the observed local
inhomogeneities specific to protein distribution suggested an accumulation mechanism of protein molecules that initiates
the nucleation of crystals.
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INTRODUCTION

In an attempt to understand the mechanism of pro-
tein crystal growth, various observation methods have
been used, including dynamic light scattering1, time-
resolved fluorescence2, and calorimetric techniques3.
In particular, dynamic light scattering provides infor-
mation about molecular aggregation of proteins on the
basis of observed translational diffusion coefficients,
which relates to the size of the aggregates. The
dispersion of molecular weights estimated from the
translational diffusion coefficient predicts the crystal-
lizability of proteins4. The fluorescence technique,
on the other hand, relies on the spontaneous emission
of light by fluorophores covalently coupled to protein
molecules. Differential scanning calorimetry in turn
can be performed to determine the optimal nucleation
temperature of proteins in solution over a range of
temperatures (20–90 K)3. The technique has also been
used to examine the transition between a native, bio-
logically active protein conformation and a denatured,

inactive conformation, which directly correlates to the
thermal stability of such proteins.

Although those techniques have been widely used
to study protein crystallization, none of them can
fully determine the growth mechanism due to lim-
itations either in the quantitative assessment or the
identification of proteins. In recent years, Raman
spectroscopy, structural information based on the vi-
brational energy of bonds, has become a valuable
method to study proteins. The technique is capable of
analysing individual constituents inside a protein drop
during crystallization. To observe protein growth,
the technique necessarily requires the capability for
acquiring data from a small sampling volume with
sufficient collection efficiency, regarding the limited
size of a protein drop (of a few millimetres). In
this respect, Raman monitoring has demonstrated a
considerable potential for in-situ investigation of the
compositional changes in a hanging drop throughout
the crystallization process, which leads to insight into
the degree of supersaturation and the crystallization
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mechanism.5–7

It is also possible to use a confocal Raman mi-
croscope combined with an XY piezo-stage modified
specifically to observe crystallization plates8. Such
a combination permits the simultaneous measurement
of both spectroscopic information and a microscopic
image from a small local area within a drop. The
major advantage of confocal Raman spectroscopy
over the conventional Raman technique is the high
spatial resolution achieved by spatially filtering the
light coming from the out-of-focus regions. The
confocality provides an extremely small sampling
volume in the submicron range with a significant
reduction in background signals coming from areas
encircling the laser focus point. As a consequence, a
confocal Raman spectrum of a protein crystal or even
a microcrystal with a diameter less than 10 µm can be
obtained at a high spectral signal-to-noise ratio within
a minute8.

In addition to the monitoring techniques, the de-
velopment of the crystallization procedure itself is im-
portant to provide effective crystallization. Attempts
to develop techniques for protein crystallization have
been driven by increasing demands to understand its
biological functions by X-ray crystallography. Unfor-
tunately, performing crystallization experiments using
screening methods in a conventional hanging drop
is known to be a time-consuming task due to the
wide variety of variables necessary for determining
optimal crystallization conditions. Several methods
have recently been developed to promote protein crys-
tallization using a magnetic field9–11, laser light12,13,
and zero gravity14. These developments have led to a
quick and reliable crystallization procedure.

In the work described here, we have introduced
an evaporation-stimulation procedure aimed to accel-
erate the rate of crystal growth. In this method,
we progressively activated the evaporation from a
protein drop by using water-adsorbing materials in a
separate container. Although the dehydration from
a protein drop is the key factor in inducing con-
densation of the drop and in initiating the nucle-
ation process, an excess dehydration may aggregate
nonprotein molecules. The erroneous recognition
of such pseudo-crystal formation, however, can be
avoided by using the spectral discrimination capabil-
ity of real-time confocal Raman spectroscopy. To
evaluate the feasibility of the method, lysozyme was
crystallized and spectroscopically investigated under
both conventional vapour-diffusion and evaporation-
stimulated conditions. The Raman spectral features
reveal changes in protein and buffer concentrations
during the crystallization process independently, and

present them as time-course profiles. Here we report
observed specific features of concentration changes
during crystal growth, which are presented in associa-
tion with a characteristic rapid appearance of crystals
under the evaporation-stimulated conditions.

MATERIALS AND METHODS

Protein sample preparation

Chicken egg white lysozyme was purchased from
Wako Pure Chemical Industries, Ltd. and used without
further purification. The crystallization of lysozyme
was performed in a buffer solution containing 100 mM
HEPES and 0.8 M NaCl at pH 7.5. The standard pro-
tein solutions were prepared in a concentration range
of 10–100 mg/ml in triply distilled water. Crystal-
lization experiments used polystyrene 24-well Linbro
plates. Lysozyme was dissolved in triply distilled
water to initial concentrations of 25.3 and 49.8 mg/ml.
A 2-µl protein drop was then gently mixed with 2 µl
of the NaCl/buffer solution and deposited on a sili-
conized cover slip, thereby reducing the actual protein
concentration in a hanging drop to half of its original
value. The cover slip glass was then inverted and
placed over a crystallization well containing 500 µl
of the NaCl/buffer reservoir for the vapour-diffusion
procedure in the conventional setup. The top of each
well in either technique was greased to ensure an
airtight seal. The temperature for all experiments was
set at 25±2 °C.

Experimental design for evaporation stimulation

In the case of the evaporation-stimulation procedure,
a crystallization well was modified and connected
to a dehydration container through a tube, and was
used with no reservoir incorporated.Fig. 1 shows a
schematic diagram of the experimental setup used

for the evaporation-stimulated crystallization in a
hanging-drop configuration. Each well consisted of
a channel connected to a silica-gel container through
an on-off valve. The two containers of a protein drop
and the water adsorber were intentionally separated
to retard an excessive rate of water withdrawal from
the protein drop. Because the quantity of silica
gel in the container directly relates to the rate of
evaporation, the weights of the oven-dried silica-gel
granules used throughout the evaporation-stimulation
experiments were restricted to be within the range
of 0.25–0.28 g (∼10 tablets), in order to obtain an
optimum evaporation rate and reproducible Raman
results. The crystallization plate was then placed at
the top of a translational piezo-stage to allow the drop
position to be adjusted within the focal point of the
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Fig. 1 Schematic diagram of conventional vapour-diffusion
(left) and evaporation-stimulation (right) methods using
hanging-drop well. For the latter technique, the well is
connected to a silica-gel container through an on-off value
and silicone tubes.

confocal laser beam. Note that excessive evaporation
easily leads to over-dehydration of the protein drop
and results in the appearance of solid materials on the
cover slip. Even in such cases, Raman spectroscopic
measurement can efficiently provide a correct spectral
analysis of protein crystals from the solid materials
embedded inside the drying drop.

Spectral data collection for Raman measurements

A confocal Raman crystal spectroscope8 was de-
veloped from a basic model (Nanofinder 30, Tokyo
Instruments) and equipped with a CCD detector
(DU401-BR-DD, Andor Technology) and a 632.8-
nm He-Ne laser (Melles Griot). This wavelength
was chosen to avoid fluorescence and absorption from
the protein. The incident laser beam with a power
of 40 mW was positioned directly above a cover
slip glass and focused into a protein drop through
a 60×objective lens with an illumination of 10–
15 mW, as measured by a laser power meter (Nova
II, Ophir Japan Ltd.). Performing the crystallization
in a hanging-drop scheme was thus most suitable to
achieve an optimal optical efficiency and to provide
convenience in locating various positions inside a
drop. The spectral collection was acquired using a
10 s exposure time with 6 accumulations (otherwise
mentioned specifically in the figure). Note that a
longer exposure time under high illumination inten-
sity might interrupt the growth process and tends to
damage growing crystals. The Raman spectra of the
individual lysozyme and HEPES standard solutions
for 10 concentrations were measured to construct lin-
ear regression models for the individual components

using the band areas at 1054 and 1557 cm−1, which
correspond to vibrations due to the phosphate moiety
of the buffer solution and tryptophan in the protein,
respectively. The peak-fitting method was applied to
measure the band area using GRAMS/AI version 7.01
(Thermo Galactic). Lorentzian peak type and linear
baseline were set as default acquisition parameters.

RESULTS

We first carried out an investigation to evaluate the
potential of the evaporation-stimulation method us-
ing lysozyme drops at initial concentrations of 24.9
and 12.6 mg/ml in 24-well plates. As a reference,
drops with the same concentrations were also used for
the conventional vapour-diffusion technique.Fig. 2
presents the percentages of wells in which lysozyme
crystals were successfully produced as a function of
time. The vertical axis indicates the percentages of
the number of wells showing crystals with respect to
the total number of wells used in the experiment. Use
of the lower initial protein concentration (12.6 mg/ml)
retarded the crystallization process, resulting in twice
as much time to have crystals produced in every well
(i.e., 100% achieved) as that in the case of the higher
protein concentration (24.9 mg/ml). By comparing
the above two techniques, the rate produced by the
evaporation-stimulation method rapidly approached
100% within 30 and 70 minutes for the high and
low protein concentrations, respectively. These du-
rations were approximately 17 and 14 times shorter
than those of a conventional technique observed at
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Fig. 2 Percentages of wells indicating presence of protein
crystals as a function of time. Note that the total number
of wells used for the crystallization experiments is 24. The
percentages observed for lysozyme at 24.9 and 12.6 mg/ml
under the evaporation-stimulated condition are represented
by circles and triangles respectively, while those of the
conventional vapour-diffusion condition are indicated by
squares and diamonds for the respective concentrations.
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Fig. 3 Microscopic images of lysozyme crystals obtained
by evaporation-stimulation (top) and conventional vapour-
diffusion (bottom) methods using initial protein concentra-
tion of 12.6 mg/ml.

the corresponding concentrations. The evaporation-
stimulation method using a simple dehydration system
consequently enables us to effectively accelerate the
crystallization process of lysozyme and to expedite the
appearance time of crystals in a drop.

The rate of vapour evaporation is known to affect
the crystal quality. The quality of crystals produced
under the stimulated condition, therefore, becomes an
important factor, as well as the speed and probability
of crystallization. Fig. 3 compares microscopic im-
ages of lysozyme crystals obtained using both meth-
ods at 12.6 mg/ml. Both photographs were taken
using the same magnification (5×objective lens) with
an identical viewing area. While many tiny crystals
dominated the conventional vapour-diffusion experi-
ments, the evaporation-stimulated crystallization in-
stead yielded a smaller number of substantially larger
crystals. Even though the crystals in both cases
provided interpretable X-ray diffraction patterns, large
crystals are in practice preferred for convenience
in handling. However, note that the evaporation-
stimulated crystallizations at higher protein concen-
trations (e.g., 24.9 mg/ml) instead yielded a number
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Fig. 4 Series of Raman bands at 1557 and 1042 cm−1

assigned to tryptophan moiety of lysozyme protein (A) and
phosphate band of HEPES buffer (B), respectively. The
spectra of the standard lysozyme and HEPES solutions were
collected separately under the same conditions and with
identical acquisition parameters.Insets: Plots of band area
for corresponding bands as function of standard concentra-
tions, which fit well with linear equations by through-zero
linear fitting method.

of tiny crystals with similar features (shape and size)
to those obtained by a conventional technique.

To apply confocal Raman spectroscopy for quan-
titative measurements, we first investigated changes in
spectral features as a function of protein concentration
by collecting a spectral series of standard lysozyme
solutions in the range of 10–100 mg/ml. The spectral
features inFig. 4A exhibit a gradual increase in
the band intensity at 1557 cm−1 (vibrations due to
the tryptophan moiety of lysozyme) with increasing
protein concentration. In addition, the inset ofFig. 4A
reveals a good linear relationship between peak areas
of the tryptophan band and standard lysozyme con-

centrations. As shown, the plot was fitted to a linear
equation ofy = 4.8739x, with an optimized correla-
tion coefficient ofR2 = 0.9963. The fitting illustrates
a good linearity at least in the range of concentrations
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used throughout this study. As in the tryptophan
band, the band area observed for phosphate moiety
at 1054 cm−1 in Fig. 4B also yielded a good linear
correlation with the concentration of standard HEPES
solutions. To ensure the certainty of spectral linearity,
identical experiments were repeated with additional
sets of standard lysozyme and HEPES solutions in
the same concentration range. The linear calibrations
reproduced insignificant differences in the slope value
for both components (i.e.,∆slope< 3.5%). These
results indicate the reliability and feasibility of apply-
ing a simple linear regression model to the collected
confocal Raman spectra, in order to acquire real-time
concentration profiles of protein and buffer during the
crystallization process.

The concentration changes of both lysozyme and
buffer in a hanging drop were measured by confocal
Raman spectroscopy in real time. First, the buffer
concentration was investigated using the band area of
1054 cm−1 as described above (Fig. 5A). In all cases,
the HEPES concentration gradually and monotoni-
cally increased from the start. In particular, the curve
corresponding to the conventional method at the lower
initial protein concentration of 12.6 mg/ml tended
to approach its plateau after approximately 1000 h,
suggesting that the vapour diffusion reached an equi-
librium stage at which the drop size remained un-
changed. Such an equilibrium could also be observed
even with the higher initial protein concentration if
the measurement was not disrupted at 700 h. The
evaporation-stimulation profiles, on the other hand,
showed rapid and continuous increases of the buffer
concentration throughout the process. This is because
no equilibrium is obtained in such a system. In
this figure, open circles and squares represent the
time points at which the first crystal to appear was
recognized. It should be noted that the appearance
and growth of crystals did not affect the buffer concen-
tration, and the evaporation from the drop proceeded
continuously during crystal growth.

For further confirmation, a solution containing
only 100 mM HEPES and 0.8 M NaCl (no protein
included) was monitored for both conventional and
evaporation-stimulation setups. The resultant HEPES
profiles maintained similar temporal patterns to those
in Fig. 5A (data not shown). Accordingly, the increase
in HEPES concentration is due to a decrease in drop
volume as a result of evaporation. As a consequence,
the decrease in drop size during crystallization can be
estimated from the HEPES concentration profile on
the basis of the assumption that the total amount of
HEPES inside the drop remains constant throughout
the process. The calculated drop volumes shown in
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Fig. 5 (A) Concentration profiles of HEPES buffer obtained
by vapour-diffusion and evaporation-stimulation methods at
initial protein concentrations of 24.9 and 12.6 mg/ml. The
profiles were transformed from the band area at 1042 cm−1

into the concentration scale using a linear regression model
as shown inFig. 4B. Open symbols indicate the points
where the first crystals appeared. (B) Calculated drop
volumes during crystallization of lysozyme under conditions
corresponding to HEPES concentration profiles in (A).

Fig. 5B reveal that, in all cases, the volume started at
∼3.5 µl and ended at∼1 µl, but the rate of change in
volume depended on the technique. The evaporation-
stimulation procedure exhibited∼3 times higher rates
of volume reduction, indicating higher evaporation
rates. The conventional technique, on the other hand,
used the vapour diffusion mechanism on the basis of
differences in ionic strength between the drop and
the reservoir, resulting in substantially lower rates of
decrease in drop volume. However, the resulting lower
evaporation rates and the measured spectral data were
more reproducible with the closed-well setup of the
vapour-diffusion technique.

The concentration profiles of lysozyme were
monitored using the band at 1557 cm−1. As shown
in Fig. 6, the profiles represent changes in lysozyme
concentration under conventional and evaporation-
stimulated conditions at two different initial protein
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Fig. 6 Comparison of concentration profiles of lysozyme
protein observed from vapour-diffusion and evaporation-
stimulation measurements starting from initial protein con-
centrations of (A) 24.9 and (B) 12.6 mg/ml, respectively.
The profiles were acquired on the basis of the band area at
1557 cm−1 using the individual linear regression model in
Fig. 4A. Open symbols indicate the points where the first
crystals appeared.

concentrations. In contrast to the monotonic increase
in HEPES concentration, a time-course profile con-
sisting of two phases was obtained for protein moiety
in all cases. The initial phase is the steady increase
in protein concentration, which is expected from the
evaporation of water from a drop. Once the profile
begins to level off, the second phase is then initiated
by a gradual decrease in concentration, which was
not observed in the buffer measurements. Under the
conventional vapour-diffusion condition, the protein
concentration at this stage is apparently affected by
the appearance of crystals, which is attributed to the
accumulation of protein molecules into crystals.

In the case of the evaporation-stimulation method,
however, two critical differences in crystallization
behaviour were found, although the two phases
mentioned above existed. First, the evaporation-
stimulation profiles clearly reveal that the concen-
tration maxima were substantially lower and were

reached within a much shorter time than those of the
conventional technique. Second, crystals under the
evaporation-stimulated condition were generated and
observed at a point in time before the concentration
maxima were reached, as indicated by the open sym-
bols on the profiles. In contrast, in the conventional
vapour-diffusion technique, crystals were produced
when the protein concentration approached its peak
level. Therefore, the evaporation-stimulated crystal
growth and the concentration change of protein show
an inconsistent correlation. Although the evaporation
stimulation does not alter the overall profile pattern,
these two critical differences imply that the crystal-
lization behaviour is altered when evaporation within
the drop is activated.

Finally, we investigated the local change or inho-
mogeneity of the concentrations inside a protein drop
for both the setups of vapour diffusion and evaporation
stimulation with the assistance of the high spatial
resolution of the confocal system (i.e., 0.76/5.0 µm
for lateral/axial resolutions, respectively)8. Confocal
Raman spectra were acquired at various locations
inside a protein drop using only a 10 s exposure time
to ensure that the collection time was short enough to
neglect the influence of crystallization process from
changes in the observed spectral features. Regard-
ing the tryptophan band at 1557 cm−1, the spectral
results present a noticeable difference in the peak
area (Fig. 7A) indicating a nonuniformity of protein
distribution inside the drop. Such a variation in
intensity was also recognized even when a drop of pro-
tein and HEPES buffer were mixed homogeneously
in an Eppendorf tube before being deposited onto a
cover slide. However, the intensity fluctuation for
the protein signal turned out to be indistinguishable
in a solution containing only protein and HEPES
buffer without salt, in which crystallization did not
occur. In contrast, the results of the phosphate band at
1054 cm−1 (Fig. 7B) measured from the same spectral
series as those inFig. 7A indicate an indistinct varia-
tion in drops with or without salt. This suggests that
HEPES molecules are distributed uniformly inside the
drop, whereas the concentration of protein molecules
is not uniform and molecules are dispersed differently
depending on the location when crystallization takes
place. Accordingly, these findings emphasize the
effectiveness of using a confocal Raman microscope
to study the molecular distribution of compositions
inside a small inhomogeneous medium.

DISCUSSION

Regarding the relevant developments of the crystal-
lization technique, silica gels were reportedly used
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Fig. 7 Plots of band area for tryptophan (A) and phosphate
(B) bands obtained from Raman spectral series, which
were collected consecutively with time at different locations
inside protein drop, using 10 s exposure time.

in crystal growth in the form of silicate gels15,16.
However, its application to evaporation techniques
has been very limited, probably owing to difficulties
in controlling the process required to avoid over-
dehydration of solution and a dried drop. Our
evaporation-stimulation method using a simple dehy-
dration system provides the advantage of a convenient
procedure aimed at activating the vapour evaporation
from protein drops, and was shown to enhance crys-
tallization rates, thereby producing crystals in a much
shorter time. The faster crystal appearance together
with the increased probability of crystal formation
at lower protein concentrations is beneficial in the
screening process of buffer selection for new proteins
to be crystallized. In this paper, the evaporation rate
was controlled by simply adjusting the amount of
silica gels. However, a more precise regulation of
evaporation rate is certainly needed to grow various
crystals.

Results from the confocal Raman investigations
provide some insight into the crystallization mech-
anism. By comparison, increases in protein con-
centration towards the concentration peak inFig. 6
were observed to proceed at faster rates than those
estimated from the rate of decrease in the drop vol-
ume inFig. 5B. In particular, under the evaporation-
stimulated condition, the calculated concentrations at

the peak maxima are 40.36 and 31.48 mg/ml for high
and low initial protein concentrations, respectively.
However, the peak concentrations obtained by Ra-
man monitoring are 17% and 8% higher than these
respective calculated values. Such a deviation of the
peak concentration was also observed for the con-
ventional vapour-diffusion process with significantly
larger differences (i.e., 39% and 30% for high and
low initial protein concentrations, respectively). This
finding suggests that the enrichment of the protein
concentration inside the drop is caused not only by
the decrease in drop volume, but also by localized
protein concentration variations due to interaction in
a supersaturated solution. The inhomogeneity of
only the protein concentration (and not the HEPES
buffer concentration) is also confirmed by the analysis
as shown inFig. 7, where a significant fluctuation
of the protein signal is observed with the system
undergoing the crystallization process. Such a lo-
calized enrichment induces an accumulation of pro-
tein molecules, thereby forming nuclei prior to the
growth stage at which crystals are observable by eye
through a microscope. We have also speculated that,
as illustrated inFig. 6, the significant deviation in
protein concentration at the starting point (t = 0) with
respect to the values of the prepared concentration is
attributed to the local inhomogeneity of the protein
molecules inside the drop and partially due to the
time lag between the protein-drop preparation process
and the start of Raman spectral acquisition. The
HEPES buffer, on the other hand, gave rise to a slight
concentration shift at the zero-time point as well as an
insignificant variation in the band area observed from
various locations inside the drop, indicating a uniform
dispersion independent of the protein distribution.

Confocal Raman observation reveals that the crys-
tal growth is not initiated by a certain threshold
concentration. Even with the vapour-diffusion pro-
cess which proceeds in a quasi-equilibrium state, the
concentrations at which crystals noticeably appeared
have significant differences beyond the local variation
of concentration in each drop. Such a local inhomo-
geneity of concentrations was recognized only when
salt was added to the protein solution. Without salt,
neither crystallization nor a local change in protein
concentration occurs. Therefore, the fluctuation of
local protein concentration is a particular phenomenon
exhibited by protein molecules that may occur under
supersaturated conditions, and the evaporation further
induces such fluctuation and starts nucleation leading
to crystal growth. It is difficult to explicitly define the
saturation concentration for each protein drop because
protein, buffer, and salt conditions differ slightly.
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However, the fact that the lowest concentration at
which the crystal growth was successfully observed
was 10 mg/ml in our experience indicates that the
concentrations used here correspond to supersaturated
conditions. Not the enrichment of protein, but the
triggering effect of rapid evaporation stimulates nucle-
ation and results in the rapid growth of crystals. More-
over, the activated vapour evaporation produces higher
rates of protein concentration change for both the
initial phase of nucleation and the following growth
stage, leading to a shorter crystallization process. As a
consequence, the evaporation-stimulation method ex-
hibits two beneficial outcomes, namely, an advanced
nucleation of crystals and a higher growth rate than
that in the conventional process.

Our finding of local concentration variation in a
drop is in good agreement with the previously reported
results based on other approaches17,18. In particular,
Pullara et al17 related dynamic light-scattering inten-
sity fluctuations to spinodal temperatures at which
anomalies in scattering intensity and photocorrelation
lifetime were observed. Their observations showed
that such fluctuations were an indication of the nucle-
ation of protein crystals and indeed shortened crystal
induction time. In practice, the technique would
enable us to find the protein concentrations and NaCl
composition of a crystallizing solution optimal for
crystal growth. On the other hand, Tanaka et al
presented microscopic images of droplets and sponge
phase formation, which were found in the crystal-
lization process of lysozyme solutions18. They used
a solution with a high protein concentration of, for
example, 100 mg/ml, but their finding may correspond
to our observations of local concentration change
because the spatial resolution of the present confocal
system is as large as the size of the droplets. Using
the confocal Raman technique, the acquired time-
course protein profiles inFig. 6, particularly in the
case of vapour-diffusion experiments, show that the
concentration fluctuation started from the beginning of
crystallization and became significantly larger around
its peak concentration. On the contrary, the degree
of such fluctuation turned out to be less considerable
afterwards and, as seen, the decrease in concentra-
tion was rather monotonic at the end of the process.
Our observations using confocal Raman microscopy
with a practical hanging-drop configuration therefore
provide time-dependent quantitative discrimination of
local changes, which relate to the phase-separation
phenomenon leading to deeper and quantitative in-
sight into the effect of such concentration fluctuation
on the induction of nucleation and the formation of
crystals.

CONCLUSIONS

We have applied in-situ confocal Raman spectroscopy
to simultaneously trace concentration changes of both
lysozyme protein and HEPES buffer within a hanging
drop during crystallizations under conventional and
evaporation-stimulated conditions. In contrast to the
monotonic increase in HEPES concentration, protein-
concentration profiles indicate distinguishable crys-
tallization behaviours between the two setups. The
use of the evaporation-stimulation method results in
(1) lower overall concentrations throughout the pro-
cess, and (2) advanced nucleation of crystals with a
substantially higher growth rate leading to a shorter
crystallization process. The observations of the cal-
culated drop volume and the protein inhomogeneity
acquired by confocal Raman investigation suggest
the existence of protein accumulation in addition to
the increase in protein concentration due to vapour
evaporation. This study necessitates a further detailed
study of the mechanism of protein crystallization in
which evaporation is activated.
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