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Protein-induced morphological transitions in KCl crystal growth

Bálint Szabóand Tama´s Vicsek
Department of Biological Physics, Eo¨tvös University, Budapest, Pa´zmány Péter sétány 1/A, 1117 Hungary

~Received 16 August 2002; published 24 January 2003!

We investigated the formation of KCl crystals on a glass surface by phase contrast, fluorescent, and atomic
force microscopy on the micrometer scale and observed interesting morphological transitions as a function of
the experimental conditions. The presence of proteins in the solution from which the salt crystals grow during
the drying up leads to complex microscopic patterns of crystals, some of which are analogous to those
commonly observed on the macroscopic scale. We tested the effect of tubulin, FITC-labeled albumin, and IgG
on the morphology of crystals grown either slowly or fast. A rich variety of protein-specific and concentration-
dependent morphologies was found and described by a morphological diagram. We give a phenomenological
interpretation, which can explain the growth of complex patterns. Fluorescent images prove that a protein layer
covers the surface of the KCl structures. We propose that this layer reduces the anisotropy of the effective
surface tension during growth. The tip splitting fractal regime is attributed to the decrease of anisotropy.
Further possible mechanisms, which can cause a morphological transition, are also discussed. We found
elongated saw-toothed crystals induced by proteins, especially IgG, and identified their structure.
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I. INTRODUCTION

The effect of proteins, especially albumin and IgG,
crystal growth has biological relevance. In crystal-induc
arthritis—e.g., gout—proteins bind the crystals@1# and have
significant impact on crystal growth@2#. The immune re-
sponse to the appearance of crystals is driven by the spe
IgG-crystal interaction. This interaction stimulates crys
formation @3–5#.

Although the rich morphology of several inorganic ma
roscopic crystals grown on the surface of gels~i.e., in the
presence of protein! has been studied and discussed@6,7# to
our knowledge this is the first study of pattern formati
induced by crystal-protein interactions.

Moving unstable interfaces typically lead to the formati
of complex patterns. Surface tension of the boundary
tween the growing and surrounding phases is essentia
pattern formation@8–11#. A growth mode of crystals covere
with a thin layer has been observed and explained by
surface tension between the different phases in a metal
tem @12#. The growth of nonequilibrium interfaces covere
by a thin surfactant film was both experimentally and the
retically studied@13#. The anisotropy of the surface tensio
has a crucial role. Viscous fingering, crystallization, elect
chemical deposition, and some other phenomena can be
tively well described by Laplacian growth with appropria
boundary conditions. We argue that the growth of the num
ous different microscopic patterns we observed in our K
crystallization experiments in the presence of proteins can
explained by the change of the boundary conditions of
moving interface: the anisotropy of its surface tension is
creased by proteins.

II. MATERIALS AND METHODS

5 m l drops of 5 mg/ml KCl solution containing eithe
tubulin ~prepared from bovine brain@14#! or FITC-BSA~bo-
vine serum albumin conjugated with FITC, SIGMA! or hu-
1063-651X/2003/67~1!/011908~5!/$20.00 67 0119
d

ific
l

e-
in

e
ys-

-

-
la-

r-
l
e
e
-

man IgG-FITC~immunoglobulin G conjugated with FITC
SIGMA! or no protein were placed on clean glass cov
slips. We prepared samples either by slow drying at;40 °C
in air or by fast drying in a strong airflow. Slow drying too
;5 min; airflow dried the surface on the scale of secon
Bright field, phase contrast, and fluorescent images were
quired by an inverse Leica DM IRB microscope, 403 objec-
tive, and a Nikon Coolprix 700 digital camera mounted
the microscope by homemade optical coupling. Atomic fo
microscopy~AFM! images of tubulin-coated crystals we
captured with a commercial AFM~TopoMetrix Explorer,
Santa Clara, CA! in contact mode with a soft silicon nitride
cantilever ~Thermomicroscopes, coated sharp microleve
model No. MSCT-AUHW, with typical force constant 0.0
N/m, 20 nm nominal radius of curvature! under ambient con-
ditions.

III. RESULTS

A. Tubulin

The fast drying of 0.5 mg/ml tubulin containing drops
5 mg/ml KCl solution on glass surface with airflow results
a heterogeneous population of patterns that we investig
by AFM and phase contrast microscopy. The morphology
KCl crystals can be similar to diffusion-limited aggregat
known to have fractal geometry. Dendritic patterns w
stable and unstable tips are typical. Figure 1 shows a pat
which began to grow with stable tips, four-fold symmetr
After a while tip splitting occurs at all four tips. Anisotrop
drops dramatically at this point. The slow drying of dro
containing 0.05 mg/ml tubulin gives elongated saw-tooth
crystals similar to the ones induced by IgG discussed bel
In high concentration tubulin inhibits crystal growth; an a
parently homogeneous stain can be observed after the
dries up.

B. FITC-BSA

We tried to shed light on the role of protein in the patte
formation of salt crystals with the use of FITC-labeled pr
©2003 The American Physical Society08-1
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teins. In case of the fast drying procedure 5 mg/ml FIT
BSA had a similar effect to that of tubulin. Various branchi
morphologies were found. Tip splitting caused fractal grow
~Fig. 2!. The comparison of bright field and phase contr
images with the fluorescent ones shows that crystals are
ered by a layer of albumin. The protein concentration dep
dence of the morphology was studied with the slow dry
technique. Under a critical protein concentrati

FIG. 1. 80380 mm2 deflection mode AFM image of tubulin
induced patterns of KCl after the fast drying procedure. Note
transition of the initially four-fold symmetric crystallization to iso
tropic fractal growth at all four tips of the structure caused by c
secutive tip splittings.

FIG. 2. 1353135 mm2 fluorescent image of two patterns of KC
crystals with different fractal dimensions grown in the presence
FITC-BSA with the fast drying method. Brightness is proportion
to the concentration of FITC-BSA. The comparison with phase c
trast and bright field images proves that albumin covers the crys
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(;1 mg/ml) only blocks of rectangular prism-shaped cry
tals grew corresponding to the protein-free case. In the c
centration range of 1 –1000mg/ml cubic-crystal-centered
structures formed~Fig. 3!. This observation reinforced tha
during a single growth process the symmetry~anisotropy! of
the pattern can dramatically change due to the change o
local conditions. As the growth process elongates, the in
four-fold symmetry with high anisotropy disappears a
rather isotropic growth takes place. In the higher-prote
concentration range dendritic crystals grew with stable t
~Fig. 4!.
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FIG. 3. 1353135 mm2 fluorescent image of a cubic crystal ce
tered structure of KCl crystals induced by FITC-BSA using t
slow drying method. The anisotropic single crystal in the cente
surrounded by an isotropic pattern.

FIG. 4. 1353135 mm2 fluorescent image of stable tipped de
dritic KCl crystals induced by a high concentration of albumin.
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C. IgG-FITC

To study the protein specificity of the phenomena we
amined the impact of human IgG-FITC on the KCl crys
growth. After the fast drying procedure using 2 mg/ml Ig
the typical pattern we found was the elongated saw-toot
crystal ~Fig. 5!. Branching structures can be observed. T
angle between the branches is;70°. The concentration de
pendence of the morphology was investigated by the s
drying method. Under;20 mg/ml only blocks of the prism-
shaped crystals grew. Above this concentration up
;1 mg/ml cubic and saw-toothed crystal-centered structu
were observed with an isotropic surrounding pattern. Fig
6 shows the center of a typical one. In the high
concentration range dendritic patterns formed with sta
tips.

D. Equilibrium shape

The equilibrium shape of KCl crystals after the slow dr
ing method using 10m l 5 mg/ml KCl with 5 mg/ml FITC-
BSA was observed by dropping 5m l saturated KCl solution
on the crystals and covering the droplet with a cover slip.
found rounded forms instead of the normal rectangu
shapes of KCl.

E. Gold substrate

We also studied the effect of the substrate surface, wh
was glass in the above experiments. However, IgG g
similar results on gold substrate to those on glass in the
of the slow drying method; albumin induced the appeara
of amorphous protein aggregates and blocks of prism-sha
crystals on gold instead of the patterns described above.
fact indicates the protein and substrate specificity of the p
nomenon.

FIG. 5. 1353135 mm2 fluorescent image of KCl crystals with
saw-toothed shape grown with IgG by the fast drying procedu
The angle between the branches is;70°. The bright contour of the
crystals corresponds to the IgG-FITC cover on their surface.
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IV. DISCUSSION

Proteins have significant impact on KCl crystallizatio
The presence of proteins in the solution from which K
crystals grow during the drying up leads to the formation
protein-specific and concentration-dependent complex
terns, which we described by a morphological diagram~Fig.
7!. We can give a partial explanation of the diagram.

During the drying up of the solution protein precipitat
due to the increasing ionic strength. This process is know
salting out. A gradually thickening layer of protein aggrega
~precipitate! covers the surface of crystals. This cover mea
two interfaces: one between the KCl crystal and the prot
layer and one between the protein layer and the liquid. Wh
the surface tension of the former one,gc-p , is anisotropic,
that of the latter one,gp-l , is considered to be isotropic. Th
total surface tensiong t of the interface between the growin
and surrounding phases is given by the sum of these
terms:

g t5gc-p1gp-l . ~1!

The value ofgp-l , i.e., the isotropic term, is significan
since precipitation means insolubility of the protein. Ifgc-p
,gp-l , then g t is dominated by the isotropic term. Th
rounded equilibrium shape of crystals with protein cover
inforces the lower anisotropy of surface tension. In the
sence of protein the extra isotropic term corresponding to
protein-liquid interface is missing. We propose that tip sp
ting and fractal growth instead of the formation of sing
crystals with four-fold symmetry and stable tips can be
tributed to the reduced anisotropy of the surface tension
the case of the fast growth. Similarly, slowly grown singl
crystal-centered structures are explained by the decreas
anisotropy of surface tension during the growth process.

.
FIG. 6. 2053205 mm2 fluorescent image. Saw-toothed crysta

are shown in the center of a pattern, which is isotropic in the s
rounding regions. This sample was prepared with the slow dry
procedure in the presence of IgG.
8-3
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FIG. 7. Morphological diagram of the protein-induced patterns of KCl crystals.
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results demonstrate that the level of anisotropy can cha
dramatically during the growth of a single pattern. This
likely to be caused by the increase and the reaching o
critical level of protein precipitation as the drop is drying u

Various examples of pattern formation driven by movi
unstable interfaces can be described by Laplacian growth
this case the boundary condition along theG interface con-
taining the dimensionless uG concentration term is@8–11#

uG5D2d0~Q!k2b~Q!vn , ~2!

whereD is the undercooling, the capillary lengthd0 is pro-
portional to the surface tension,k denotes the local curvatur
of the interface,b is the kinetic coefficient,Q is the angle
between the normal to the surface and a fixed crysta
graphic direction, andvn is the normal velocity of the inter
face. To explain the stable-tip–to–tip-splitting transition, w
propose thatd0 is altered and its anisotropy is decreased d
to the adherence of the protein layer to the KCl crystal s
face.

Further effects may also have an impact on the morph
ogy of KCl patterns. The lower diffusion coefficient of K1

and Cl2 ions in the liquid phase due to the high prote
concentration during the drying up might induce transpo
limited growth, typically resulting in fractal geometry@8#.
The modification of the angular dependence ofb by a more
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ge

a
.

In

-

e
r-

l-

-

isotropic incorporation process of KCl into the crystal caus
by the protein coating can lead to a lower anisotropy of
pattern. Faster growth, which probably appears in the fi
state of growth, strengthens the impact of the kinetic te
The incorporation of proteins into calcite crystals is know
to have an effect on the morphology@15#. Although fluores-
cent images displayed high protein concentration on the
face of crystals, we cannot totally exclude incorporation.

IgG typically and under some conditions tubulin and
bumin also induced the growth of elongated saw-tooth
crystals instead of rectangular needle-shaped ones. Bra
ing saw-toothed structures were also found; the angle
tween the branches is;70°. We argue that these are sing
crystals elongated in the~111! direction of the cubic crystal;
i.e., their axis lies in this direction. The angle between~111!
and directions with the same symmetry, e.g.,~11-1!, is 70.5°.
The mechanism leading to the formation of these crystal
unknown. Proteins can adhere to specific faces of the cry
with increased affinity@2#. This anisotropic interaction influ-
ences the anisotropy of the surface tension at the crys
protein interfacegc-p , which may result in the change of th
direction of the fast growing tip.

The background of the protein specific behavior is u
clear. As the experiment on the gold substrate indicates
addition to the protein-crystal interaction, protein-substr
and crystal-substrate effects also should be considered in
ther studies.
8-4
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