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During the process of lysozyme protein crystallization with batch method, the macroscopic flow field of
solid/liquid system was observed by particle image velocimetry (PIV). Furthermore, a normal growth
rate of (110) face and local flow field around a single protein crystal were obtained by a long work dis-
tance microscope. The experimental results showed that the average velocity, the maximal velocity of
macroscopic solid/liquid system and the velocity of local flow field around single protein crystal were
fluctuant. The effective boundary layer thickness J., the concentration at the interface C; and the
characteristic velocity V were calculated using a convection-diffusion model. The results showed that
the growth of lysozyme crystal in this experiment was dominated by interfacial kinetics rather than bulk
transport, and the function of buoyancy-driven flow in bulk transport was small, however, the effect of
bulk transport in crystal growth had a tendency to increase with the increase of lysozyme concentra-
tion. The calculated results also showed that the order of magnitude of shear force was about 102" N,
which was much less than the bond force between the lysozyme molecules. Therefore the shear force

induced by buoyancy-driven flows cannot remove the protein molecules from the interface of crystal.
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Obtaining large and high-quality protein single crystals
is the limiting factor to determine their three-dimen-
sional structures of protein molecules by X-ray diffrac-
tion. Mass transfer and growth kinetics have been stud-
ied to overcome this difficulty!). Crystallization is in-
herently unable to maintain a state of equilibrium as it
creates a solute concentration gradient which may lead
to a buoyancy-driven flow in the gravitational field™?.
The buoyancy-driven flow is thought to be detrimental
to protein crystal growth, because it influences the
steady-state protein concentration gradient around the
growing protein crystal and destroys its mass filtering
capability[3]. The flow field and concentration field
around the protein crystal were observed by the inter-

U= and particle tracking velocimetry tech-

ferometry
niques”!. The simulated calculation was also used to
study the influence of convection to protein crystalt

Grant'"®! and Vekilov!'Y stated that convection transport
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10-12]

increases the interfacial impurity concentration, which
reduces the growth rate of the crystal. In fact, the influ-
ence of convection transport on crystal growth in differ-
ent growth mechanisms is unclear, which is demon-
strated by experiments conducted in the space environ-
ment. It was assumed that space was the perfect envi-
ronment for the production of higher quality protein
crystal because the sedimentation movement and con-
vective flow due to the gravity are negligible under mi-

[15,16]

crogravity conditions . A number of experiments

carried out by space aircrafts have produced some crys-
tals that were relatively large and well ordered compared
with that growth on the earth. However, there have also
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been a lot of crystals produced in space experiments that
have no noticeable improvement in the quality and in-
ternal structure compared with those growing under the

17—-19
]. The reasons are un-

normal gravity on the earth!
known.

In this paper, the flow fields of solution in which the
lysozyme crystal grew were obtained by using particle
image velocimetry (PIV) technology. The growth rates
were determined by using a long work distance micros-
copy. The influence of convection transport for the
growth of lysozyme crystal was studied by analyzing

those data.

1 Experiments

1.1 Materials

The buffer solution was HAC-NaAC solution (50
mmol/L, pH 4.5). Chicken egg-white lysozyme was
purchased from Sigma. All other reagents were of ana-
Iytical grade. Distilled water was used.

1.2 Instruments

Long work distance microscope (made in America by
Questar Company) and particle imaging velocimetry
(made in Danmark by Dantec Company).

1.3 Experimental

1.3.1 Lysozyme crystal growth with batch method.
An amount of lysozyme powder and NaCl were dis-
solved in the buffer solution respectively. Those solu-
tions were kept at 4°C. The upper clear lysozyme solu-
tion was mixed with the same volume of NaCl solution
in a cell to produce protein crystals. The size of cell was
10 mmx10 mmx>10 mm. The initial protein concentra-
tions were from 25 to 55 mg/mL (the equilibrium satura-
tion concentration of lysozyme Cg is 9.23 mg/mL in
28°C).

1.3.2 Flow field measurements. Particle image ve-
locimetry (PIV) was used to observe the macroscopical
flow field as shown in Figure 1. Some tracer particles
were put into NaCl solution. After being churned, the
solution was mixed with the same volume of lysozyme
solution in a cell. The cell was illuminated by double
pulsed Nd:YAG laser at 532 nm wavelength. The inter-
val between two pulses was 2.5 s. Some part of the pla-
nar light reflected by tracer particles was recorded in
CCD. The displacement vector was obtained by analyz-
ing the cross correlation of the input images. Then the

flow field was calculated with the time interval between
the images captures.
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Figure 1 The diagram of PIV used in the macroscopical flow field
measurements.

1.3.3 The growth rates of lysozyme crystal (110) face
and local flow field measurements. Growth kinetic
curve indicates the kinetic process of protein crystal
growth by showing the relationship between the face
normal growth rate of crystal and time. A cold light
(LED) was used as the microscopic light illumination.
At first, some 10 um tracer particles were put into solu-
tion. The movement of a few tracer particles and many
translucent particles was found when the face normal
growth rate was obtained with long work distance mi-
croscope as shown in Figure 2. It was possible that the
translucent particles were crystal nuclei or aggregates in
solutions. Because the sizes of the translucent particles
were only about several microns, they could show the
movement of the solution. The local flow field would be
obtained from two sequential pictures with PIV tech-
nique.
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Figure 2 The diagram of crystal observation with long work distance
microscope. 1, Computer; 2, monitor; 3, long work distance microscope; 4,
single protein crystal; 5, crystallizing cell; 6, swivel plate; 7, swivel
groupware; 8, joy stick.
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2 Model of calculating characteristic par-
ameters of crystal growth

Protein crystal growth may be approximately figured as
a two-step process*’. In the first step, protein molecules
move from the solution to the crystal interface. The mass
flux is described by Fick First Law:
iy =Dy~ 2C =) (1)
off
where D is the diffusion coefficient, C, is the main
concentration, C; is the concentration of solid/liquid in-
terface, and . is the effective boundary layer thickness.
In the second step, protein molecules move from the
crystal interface to the crystalline lattice. The mass flux
transported is

g = k[(C - C)/ G T @)
where k, f are kinetic parameters of growth, and Cg
is the equilibrium saturation concentration, and the rela-
tion between growth rate and mass flux is

R=mg (C, - C), 3)
where R is the face normal growth rate of crystal, Cy is
the concentration of solute in the crystal. Due to conser-
vation of mass, namely g =m;, eqs. (4) and (5) are
obtained.

R(Cy -C)=D(C, - C)/ b, “4)
R(Cy - G) =kI(C _Cs)/cs]ﬁa (5)
C,, Csand Cy could be known in advance, except Ci.

The face normal growth rate R can be observed under
various C, . If the effective boundary layer thickness

%fr can be achieved, we should calculate C; from eq. (4)
and k, # from eq. (5).

The effective boundary layer thickness o can be
predicted from a simple fluid mechanical model. After
the steady flow is supposed and the advection term is
neglected, the momentum equation including only ver-
tical component of velocity can be transformed into

gM _ d*v, v,

v RO,
dy? 5

where g is the acceleration of gravity, v is the kinetic

(6)

viscosity, and gAp is the buoyancy from density differ-
ence Ap, & is the convective boundary layer thickness,
and vy can be obtained from eq. (7),

v, =DL/5;. (7)

Substituting eq. (7) into eq. (6), eq. (8) holds:
5=—22 8
¢ eapip (3)

where Ap/p depends on C;, and the relation can be given
by eq. (9) on the interface of crystal.
Ap _ (C. =C)(Pa = Ps)
Y pApB+Coo(/0A_pB).
And & can be calculated by the convective transport as
expressed in eq. (10),
O =a'+5,", (10)

€

)

where «a is the radius of the crystal (a is set as L/2).
With the measurements of the growth rate R, the ra-

dius of crystal @ and the concentration of solution C,,

the characteristic velocity of solution convection V
(namely vz in eq. (7)), the effective boundary layer
thickness . and the concentration at the interface C;
can be calculated from iteration of egs. (4), (5), (7)—
(10).

3 Results and discussion

3.1 Growth Kkinetic curves

Series of experiments of lysozyme crystal growth with
batch method were performed. The ambient temperature
is 28°C. The initial protein concentrations in experi-
ments are shown in Table 1, where supersaturation

C,-C . o
o=—2—"5 Protein crystal growth Kkinetic curves

S
were derived from the size of crystal with time.

Table 1 The supersaturation of lysozyme crystal solutions (28°C)
G 25 35
(mg/mL)

o 1.71 2.79 3.33 3.47 3.55 3.60 3.74 3.87 4.41 4.96

40 4125 42 425 435 45 50 55

At 50 mmol/L HAC-NaAC, 7% NaCl and 28C, the
crystal size a of lysozyme crystal (110 face) with time is
shown in Figure 3. The normal growing rates of ly-
sozyme crystal (110) face with time are shown in Figure
4. The experiments showed that the growth rates of (110)
face increased with increase of the supersaturation and
decreased with time tardily because of the decrease of
protein concentration in solution, which resulted from
the crystal growth.
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Figure 3 The graph of crystal size with time. 50 mmol/L HAC-NaAC,
7% NaCl, 28°C.
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Figure 4 The kinetic curve (of 110 face) of lysozyme crystal growth, R
is the growth rate of (110) face. 50 mmol/L HAC-NaAC, 7% NaCl, 28°C.

3.2 The flow field of solution during lysozyme crys-
tal growth

3.2.1 The macroscopic flow field of bulk solution.
The macroscopic flow field of bulk solution during ly-

(@)
Figure 5 PIV pictures. 50 mmol/L HAC-NaAC, 7% NaCl, 28°C, o =3.87. (a) The raw picture was obtained after lysozyme and NaCl solutions were
mixed for 20 min; (b) the flow field with analysis of PIV technology on (a).

sozyme crystal growth under various supersaturation &
was observed by using PIV method. In Figure 5, (a)
shows a raw picture and (b) shows the flow field after (a)
was analyzed with PIV technology.

There were a lot of small crystals accumulating on the
bottom of the cell after some time from crystal growth
start-up. Small crystal growth consumed lysozyme
molecules in solute, which made the protein concentra-
tion on the bottom lower than that above. Hence buoy-
ancy flow was induced by a concentration gradient as
shown in Figure 5(b).

The average velocity V,revealing flow intensity could
be obtained by averaging the volume of all the velocity
in flow field. The variation of V, with time under those
supersaturations listed in Table 1 was obtained. Figure 6
shows the variation of V, with time under the four su-
persaturations. The flow intensity had no distinct
changes as 0<3.33, but increased obviously as o> 3.55.
In general, the flow intensity increased with the increase
of the supersaturation.

Considering that flow intensity changed with posi-
tions, the maximal velocity at 300 um above the cell
bottom was selected as Vyor. Figure 7 shows the variation
of Vot with time. It was easy to find that the change
tendencies of V,, and V, with time were accordant basi-
cally by analyzing Figure 7 and Figure 6 together.

3.2.2 Local flow field around a single crystal. The
local flow field around a single protein crystal was ob-
served and shot by the long work distance microscope.
The local velocity field could be obtained with the

analysis of PIV technology on the flow pictures recorded.

The 2D velocity field shown in Figure 8 paralleled the
direction of gravity, because the single crystal was ad-
hered to the wall perpendicular to the horizontal plane.
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Figure 6 The average velocity in the cell with time. 50 mmol/L HAC-NaAC, 7% NaCl, 28 C. (a) 0=3.33; (b) 6=3.55; (c) 0=3.87; (d) o0=4.41.

Figure 9 shows the variation of the maximal velocity V
in the field of vision with time under o = 4.41. The re-
sults displayed that the flow rates of the local flow field
was fluctuant and the local flow velocity V; was larger
than the average velocity V, (Figure 6) and the maximal
velocity Vyor (Figure 7) in cell .

It was inferred from Figures 6, 7, 9 that the flow was
not steady but variable using batch method to grow
crystals. However, the complex solution flow could not
affect the growth rate of (110) face significantly because
the growth rates of (110) face decreased with decreasing
time so slowly.

3.3 The characteristic speed, the effective boundary
layer thickness, and the concentration at the interface

The effective boundary layer thickness &, the charac-
teristic speed of solution convection V, and the concen-
tration at the interface C; were calculated from iteration
of egs. (4), (5), (7)— (10) with the measurements of the
growth rate R, the radius of crystal a and the solution

concentration C_ . Other parameters of physical prop-
erties were?”: D =1.00x10"° cm? /s, 1=1x10"2 cm?/s,
Cy=0.927 g/em®, k=1.11x10"cm/s, B=2.08.

The function of convection in bulk transport was

studied with the curve of o, /a ~L as shown in Figure
10. Based on crystal growth kinetics theory, if o4 =a,

bulk transport is dominated by diffusion; if .4 /a gets
smaller, the function of convective transport became
larger®”). For the values of &, /a were less than one

and decreased rapidly with the increase of L and o in
Figure 10, the function of the convective transport in-
creased with the increase of L and o.

The relative importance of interfacial kinetics and
bulk transport was analyzed with the curve of
A=(C -Cy)/(C, —Cg)~L as shown in Figure 11. If
C, ~C,,namely A=1, crystal growth is dominated by

interfacial kinetics; if C,~Cg, namely A=0, crystal
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Figure 7 The maximal velocity Vo with time. 50 mmol/L HAC-NaAC, 7% NaCl, 28°C. (a) 0=3.33; (b) 0=3.55; (c) 0=3.87; (d) 0=4.41.
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growth is dominated by bulk transport. The solution
concentration C-decreased with decreasing time
gradually, but very slowly. Therefore we used the initial
solution concentration instead of the real concentration.
It was inferred that crystal growth was dominated by
interfacial kinetics in the experiments because A was
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Figure 9 The local maximal speed V5 around a single crystal. o =4.41,
50 mmol/L HAC-NaAC, 7% NaCl, 28°C.

larger than 1/2 and close to 1 in Figure 11. This result
accorded with the conclusion above in section 3.2. Si-
multaneously, though the importance of bulk transport
was less in the experiments, it also affected crystal
growth. The value of A decreased with the increase of

o in Figure 11, so the relative importance of bulk trans-
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port increased with the increase of o. At large o, the
growth rate of crystal might be affected by the fluctuant
flow rates, because: 1) the local velocity field around a
single crystal was fluctuant as shown Figure 9; 2) the
influence of flow field around crystal to the growth rate
could not be neglected due to the function of bulk
transport gets larger. Therefore, the computed results
were coincident with the experiments.

The characteristic velocity V' against L is shown in
Figure 12, implying that V increased with the increase of
crystal size. The experimental maximal speed Vi, was
compared with the characteristic speed V' computed from
the convection-diffusion model in Figure 13. It was
proved that the model used in the paper could describe
the flow field around growing lysozyme crystals rea-
sonably because of the accordant tendency of two values
in Figure 13.
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Figure 12V against L under various o. 50 mmol/L HAC-NaAC, 7%
NaCl, 28°C.
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Figure 13 Experimental maximal speed V4o and characteristic speed V.
o=4.41 (dash line is 7, solid line is Vyo).

3.4 The effects of shear force of convection on crys-
tal growth

Weak hydrogen bond, Van de Waal force and Coulomb
force are the main parts of the force between protein
molecules. The Coulomb force between protein mole-
cules is much less than the force of electrovalent bond in
an inorganic crystal. The force between protein mole-
cules is small, which may be less than the shear force
induced by natural convection'’!. If the shear force is
larger, protein molecules might be divested of the crystal
interface or growing step. The shear force was estimated
in order to judge whether it affected crystal growth.

The intensity of natural convection induced by den-
sity difference is denoted by Grashof number (Gr),
which is the ratio of buoyancy force and viscous drag.
Schmidt number (Sc) is the ratio of the molecular trans-
port coefficients for momentum and diffusion.

1202 CUI HailLiang et al. Chinese Science Bulletin | May 2007 | vol. 52 | no. 9 | 1196-1204



Gr=da’gAp/ pv?, (11)
Sc=v/D. (12)
Gr was less than 0.01 and Sc was 10* in the experi-
ment. Shear fore could be calculated with eq. (13) for
small Gr and large Sc !"*). Substituting the effective

boundary layer thickness o, and the characteristic

velocity Viterated from eqs. (4), (5), (7)—(10) for &,V
in eq. (13), the curve of shear force against crystal size L
was obtained as shown in Figure 14.
t=ul=uV/o=poV/o, (13)
where 7 is the shear force,  is the fluid viscosity, /" is
the shear rate, V' is the characteristic velocity, ¢ is
boundary layer thickness, p is the fluid density, and v is
the kinetic viscosity.
The order of magnitude of the shear force in the solu-
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Figure 14 Shear force 7 against crystal size L. 50 mmol/L HAC-NaAC,
7% NaCl, 28°C.
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