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The mass transfer process and the growth rate of protein crystals
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Abstract

In this paper, protein crystal growth is studied by a Mach-Zehnder interferometer and an image process system.
The interference fringe images are recorded during the crystallization of tetragonal hen egg white lysozyme crystal.
Concentration distributions of the protein solution are given from the interference fringe images recorded by the
Mach-Zehnder interferometer with a real time servo system of a four-step phase shift. The mass transfer flux and the
crystal growth rates are obtained from the concentration distribution. The results show that the observed rates are in
accordance with those demonstrated by measurements of the experimental images; therefore the method for determining
growth rate by the diffusion process is reasonaltle2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and is closely related with mass transfer during
crystal growth. In recent years, the laser interfer-
ence method has been used to study the growth of
the bunching of growth steps, the formation of the mineral salt crystal. The growth steps during
defects and the transport process of convection 1€ Process of inorganic crystal growth was
and diffusion. The morphology of the solidification ©bserved by using the phase shift optic interference
interface is determined mainly by the competition Method with high resolution suggested by Onuma
of the transport process and the interface kinetics. ahd Tsukamotd1,2], and a similar method was
The mechanisms dominating the perfection of the applied to show the concentration transfer by Duan
protein crystal are still not clear, but modeling et al. [3]. Further, the coupling action between
experiments of the crystal growth may reveal the concentration field and velocity field in the solu-
details. tion was also studied experimentally by Kang et
The concentration distribution in the solution al. [12]. Miyashita et al. studied the growing
around the protein crystal is an important feature, process of the lysozyme crystal by judging the
*Corresponding author. Tel-+ 86-10-6261-5536; faxs g6 CUrve Of the interferometer's carrier fringd].
10-6261-5524. Crystal growth rate is one of the key parameters,
E-mail address: duanli@mail.imech.ac.cfL. Duar). and has been studied using the atom force micro-

The growth processes of the protein crystal are
influenced by many factors, such as impurities,

0301-4622/02/$ - see front matt@ 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Schematic diagram of the growth chamber of the protein
crystal.

scope(AFM) [5]. Mach-Zehnder interferometer is
a promising method to study the process without
disturbance. It allows the influences of the concen-
tration field on the growth rate of the protein
crystal to be studied in detail by analyzing the
pattern of the interference fringes.

The oscillatory pattern during the growth of the
protein crystal is crucially important for the per-
fection of the protein crystal; however, the main
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obtained. The results show that the transport proc-
ess in the solution is mainly dominated by diffu-

sion in comparison with convection, and the results
given from the diffusion process are compared
with the ones given by direct observation of the
crystal growth rates.

2. Experiment method and the growth rate of
protein crystal

Hen egg white lysozyme from Sigm&at, NO
L6876, Lot NO 46F-8060) without any further
purification before use, was dissolved in double-
deionized water at a concentration of 25 g,
then was centrifuged for 15 min at 8000 réawin.
The protein solution was stored in an incubator at
276 °K until later use. All the other chemicals
used in the present experiment were of analytical
grade and were used without further purification,
but before use, all solutions were subsequently
filtered with a micro filter of 0.22um to reduce
noise and ensure success.

Crystallization experiments were conducted by
the vapor diffusion method. The facility is suitable

focus of the present paper is the discussion of the for both the vapor diffusion process and optical
average properties of the mass transfer processinterference measurement. As shown in Fig. 1, a

during protein crystal growth. Mass transfer in the

small sample cell is located in a large reservoir

solution is demonstrated in the measured interfer- cell, and all the side walls are optical glass. The

ence fringe images recorded by a Mach-Zehnder dimensions of

the small sample cell are

interferometer using the phase shift method; then 3.0x2.0x4.0 mn¥. The vapor diffusion crystalli-

the flux of the protein diffusion process is
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Fig. 2. Schematic diagram of the measurement system.
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t = 212.23 hours t = 258.23 hours

t =305.18 hours

Fig. 3. The process of the tetragonal lysozyme crystal growth on the bottom of the cell.

The mother liquor consists of Gl of the with petroleum jelly, and a lid was applied imme-
lysozyme solution plus @l of reservoir solution  diately to the top of the chamber to create an
with 50 mM sodium acetate buffer at pH 4.5. The airtight seal. Under these conditions, the lysozyme
mixed mother liquor was injected into the center crystallizes in its tetragonal form.
cell of the chamber. Equilibration was against 400 A Mach-Zehnder micro-interferometer with a
wl reservoir of 1 M NaCl with the same buffer, four-step phase shift system and an image system
which was injected into the large cell of the were used in the experiments as shown in Fig. 2.
chamber. The edges of the chamber were smearedrhe field of view of the interferometer was



192 L. Duan et al. / Biophysical Chemistry 97 (2002) 189-201

2.0x1.6 mnt. Laser,L ,L,M,M,M, Bs and The image system of the Mach-Zehnder inter-
Bs, compose a typical Mach-Zehnder interferom- ferometer recorded both interferograms and the
eter. The mirror M was driven by a Piezoelectric shape of the crystal. The positions of fadd91)
Translator(PZT) which was for a phase shift of and faces(110) in crystal growth were measured
interferograms. The PZT controller was connected according to the experimental images of the protein
with the computer of the image system. The crystal. The evolution of the fac€401) and faces
interferograms were magnified by Lenses L3 and (110) over time is shown in Fig. 5. It clearly
L4, and were recorded by the image system, which shows that the evolution trends of the two curves
was synchronized with the phase shift system of are parallel even if the sizes of crystals in the two
the interferometer. The four-step phase shift tech- directions are different at the beginning of meas-
nigue was used; four images of the interference urement. The growth rate of the crystal is not
fringe were acquired to invert fringe images into uniform throughout the process of crystal growth.
refractive index field at each stag®,6]. It is slow in the first and last stages, and it is

Crystal growth is very slow, and several days nearly uniform in the middle stage. The result of
are generally necessary for the experiment period. the growth rate is reasonable. In this experiment,
The fringe images of the micro-interferometer were the whole observation process of crystal growth
acquired at a regular interval of one hour, for a by the interferometer is from the time 70 h to the
total of 1036(=259x4) frames of fringe images. time 330 h after configuring the protein crystal
A larger crystal setting on the bottom of the growth growth system, and the total observation period is
cell was observed in one of the experiments. The 260 h. The final size of the crystal cross-section
typical sequence of the protein crystal growth is is 0.5 mmx0.22 mm.
shown in Fig. 3. The shape of the crystal is nearly  The curve of face(101) in Fig. 5 is expressed
a cube. The four sides of the crystal are the crystal by a polynomial of 5 orders as follows:
faces(110), and the top part of the crystal is four h=4.607%10-2+3.624x 10~ 4 —9 189
crystal faces(101). The crystal has a well-devel- 6.2 7.3
oped regular form except for the bottom crystal X107+ 1.312¢10 717 5.205

X107 1%+ 6.417x 10 *3%° (2)

faces(10D).

The relationship of the refractive index and the whereh is the height of the protein crystal denoted
concentration of the lysozyme solution was meas- in millimeters; and: is the time of crystal growth
ured by WAY-15 ABBE refractometer in order to denoted in hours. The slopes of the curves in Fig.
convert the refractive index field into a concentra- 5 give the growth rate. According to the E@),
tion field. The relative formula could be written the growth rate of the crystal fa¢d01) could be
as follows. written as follows:

n=1.349216-0.00022T D

where, n and C are the refractive index of the _
protein solution and the concentration of the pro- +3'%3;7§< 10 7t2‘2-‘181§ 4
tein solution, respectively. X107%"+3.208x10™"% 3
Using the technique of the four-step phase shift, where vj,,4e Stands for the growth rate measured
the concentration distribution in the solution and by the images of the crystal, and is denoted in
the contour maps of the concentration are obtained mm/h. From Eg. (3), the growth rate of face
as shown in Fig. 4. TheX-axis stands for the (101) at any time in the process of protein crystal
length of the measured area, thieaxis stands for  growth can be obtained. In the present work, the
the width of the measured area, and thaxis growth rates at five different times in the process
stands for the transfer of concentratideC. The of crystal growth are given directly by the E(B)
top surface of the protein crystal at the center part to compare with subsequent results of analysis.
of the cell grew from 0 to 0.5 mm in height during The results are summarized in Table 1. The growth
a growth period of 305.18 h. rates of face(110) at the same five times are also

dh
Vimage™ 4 = 3.624x10 *—1.838x10 ¢
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Fig. 4. The evolution of the concentration distribution and the contour map.
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Fig. 4 (Continued).

shown in the Table 1. The growth rate curve that tration. The mass of protein in the solution passed
is obtained by directly measuring the images of through a cross-section face near and parallel to

crystal is shown in Fig. 8c. the solidification interface of the crystal will be
accumulated mostly on the surface of the crystal.
3. The mass transfer process The mass transfer can be approximately calculated

) ) by the flux, thus obtaining growth rate. If the
The typical scale of the present experiment is growth area of protein crystal iaS, the rate of
only a few millimeters, and the crystallization of 555 transfes,, can be written as:
the protein crystal is directly correlated with the
diffusion process. A constant temperature is main- Am
tained through out the experiment. The mass flux “m~ A, =JAS O
J of the protein induced by the diffusion process
can be expressed as: where Am is the protein mass passed throulyh
in the durationAz.

J=-DVC (4) It should be noted that the protein crystals are
where D is the solute diffusion coefficient, and not only composed of the protein, but also a

V C is the gradient of the protein solution concen- percentage of solvents. In most cases, the percent-
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age of solvents in the protein crystal may be from Table 1 )

30 to 70% total weight. The solvent generally The growth rate measured from the image of the crystal
oc_:Cl_ines large interstices, cavities_, and channelsﬁme(h) 5163 16212 21223 258 23 305.18
within macromolecular crystals, filling them with

disordered water and other components. In this ”im(ar%e/zt;?%‘f%;)l) 0.596 2.986 2224 0.786 0.196
paper, the percentage of solvents is considered as, . atface(110) 0.157 2.650 1641 0409 0.132
33.5% of the crystal, as shown [8]. If all of the (m/sx 10~ 10)

proteins passed through arés are crystallized,
the crystal mass will increasd + 33.5%9Am. So
the increase of crystal volumeV can be expressed  (4) and Eq.(7), respectively. The growth rate is

as: directly related to the mass flux of the protein
(1+33.5%)Am or to t_he concentration gradieWtC  of the protein.
AV=—— (6) During crystal growth, the growth rates fluctuate
p along with the concentration distribution. Five

wherep is the density of the crystal. Because the typical stages in the process of protein crystal
mass transfer is mainly dominated by the diffusion 9rowth will be analyzed now, and the growth rates
process, if the difference of adsorption on each Will be given.

face of the crystal is considered negligible, the

growth rate on every crystal face will be approxi- 4. The concentration boundary

mately equal since the concentration gradient at
each direction of the crystal face is approximately
equal under the measurement technique of the

experiment. The growth rates of the crystalx nostics of this paper. The values of many physical
could be expressed as follows: parameters, such as the concentration gradient, the

A AV (1+33.5%)J flux, the size of the crystal, the mass depleting

Uk = AT AGA; o (7 rate and the growth rate, etc., are different during

the process of crystal growth. The state of the

As long as the concentration distribution is crystal in a typical sample at the growth time
measured by the interferometer, the mass flux and 212.23 h will be analyzed here. The growth rate
the growth rate can be obtained according to Eq. of the crystal at the time would be large, since it

The concentration boundary controls crystal
growth and can be observed by the optical diag-

0.10

—&— Crystal Face (101)
—A— Crystal Face (110)

The location of the crystal faces (mm)

0.00 — T 1 T T T T ]
0.0 48.0 96.0 144.0 192.0 240.0 288.0 336.0
Time (hour)

Fig. 5. The evolution of the face01) and (110) vs. time.
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Fig. 6. The concentration profile at right angles.

is near the middle of the entire process of crystal tration and the solution concentration distant from
growth. the crystal, respectively.

The concentration profile above the top crystal The curves in Fig. 6 show the structure of
face in the vertical direction is given in Fig. 6a. concentration boundary layers and the thickness of
The concentration profile of both side boundaries the concentration boundary layer. The concentra-
of the crystal in the horizontal directiotat Y= tion gradient exists only around the growing pro-
1.2842 mm are given in Fig. 6b. In the two tein crystal. The concentration differences of the
figures, C and C.. are the local solution concen- boundary layer and the thickness of the concentra-
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Fig. 7. The concentration profile at different times.

tion boundary layer are approximately equal at The solute diffusion coefficient of the protein
right angles, and the concentration field far from system isD=2x10"1* m?/s [7]. The flux is:

the crystal is uniform. The results show that there

may be no buoyancy convection during the processJ=—2x10"x

of protein crystal growth. The thickness of the
boundary layed and the concentration differences
of the boundary layeAC at right angles are 22
pm and 0.2053 mgml, respectively, in this case.

0.2053
2.2x10°5
= —1.866x10"7 kg/(m? 9 (8)

The density of the protein crystal is usually 1.25
g/cm®. The growth rate calculated by the flux is:



198 L. Duan et al. / Biophysical Chemistry 97 (2002) 189-201

Table 2
The typical process of the protein crystal growth
Time (h) S (um) AC (mg/ml) Flux J (mg/m? s) vaux (M/SX10710)
53.63 40 0.1232 0.0616 0.66
162.12 18 0.2327 0.2585 2.76
212.23 22 0.2053 0.1866 1.99
258.23 22 0.1095 0.0995 1.06
305.18 17 0.0523 0.0615 0.66
(1+33.5%)J (1+33.5%)x1.866X107 F. Otalora et al. reported that maximum growth
Utlux = = 125 rates from 3.6.m/h to 50 um/h are observed in
p .25x 10° o . ) .
=1.99x10"1° nys SpacelLabl mission and the Life & Microgravity

(9) Spacelab(Orbiter Mission STS-78 [9,10. The
values of the growth rate are larger than our
The images and data at the other four times, experimental results. There are several factors
53.63 h, 162.12 h, 258.23 h and 305.18 h, are alsowhich could have caused the difference, such as,
analyzed. The concentration profile above the top microgravity, the size of the lysozyme protein
crystal face are given in Fig. 7a—e at these times. chamber and the size of the salt buffer reservoir,
The thickness of the concentration boundary initial protein concentration and salt concentration,
layer, the concentration difference in the boundary growth temperature and growth mechanisms, etc.
layer, the flux and the growth rate are summarized However, the existence of a maximum growth rate
in Table 2 at these times. The curve in concentra- associated with a cross-over between increasing
tion difference in the boundary layer changing and decreasing growth rates has been clearly
with time is given in Fig. 8a. The curve in flux observed. And as mentioned 0], in our exper-
changing with time is given in Fig. 8b. And the iments the crystal size also shows a linear depend-
curve in growth rate calculated by the flux chang- ence on the square root of time between two
ing with time is given in Fig. 8c. cross-overs related to an initial transient period
In order to compare the calculated growth rate during nucleation and to the depletion of protein
with the measured growth rate, the three curves of concentration, as shown in Fig. 9. Therefore, the
growth rate are shown simultaneously in Fig. 8c. rule of evolution of growth rate of lysozyme crystal

The two solid curves in the figure are the growth s accordant in the two different gravity levels.
rates of face(101) and face(110) measured by

the images, and the dashed curve stands for the
growth rate calculated by flux. From this figure,
we find that the evolution trend of the growth rates
obtained by the two different methods is almost  The phase shift Mach-Zehnder method is one of
uniform, and the numerical values of the growth the most promising techniques for demonstrating
ratesvimage and v 4, Closely approach each other. of the concentration distribution near growing
These results demonstrate that this method of crystals, and is helpful for the study of mass
analysis of protein crystal growth is reasonable, transfer during the crystallization of protein. Most
and the mass transfer in the process of protein studies pay attention to the morphology of the
crystal growth is dominated by the diffusion effect. growth interface and the features of the oscillatory
The diffusion process is the main function in the growth rate[11]. In the present paper, the focus is
crystallization of the protein crystal, rather than on the mass transfer process near the solidification
the buoyancy convection. If the concentration gra- interfaces in the solution, and the concentration
dient near the crystal face is measured, the growth distribution in the cross-section perpendicular to
rate of the crystal can be approximately calculated. the solidification interfaces are observed in the

5. Conclusion
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Fig. 8. Changes in physical parameters vs. time.
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