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Protein-induced morphological transitions in KCI crystal growth
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We investigated the formation of KCI 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 KCI 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 1gG, and identified their structure.
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I. INTRODUCTION man IgG-FITC(immunoglobulin G conjugated with FITC,
SIGMA) or no protein were placed on clean glass cover

The effect of proteins, especially albumin and IgG, onslips. We prepared samples either by slow drying-40 °C
crystal growth has biological relevance. In crystal-inducedn air or by fast drying in a strong airflow. Slow drying took
arthritis_e_g_’ gout_proteins bind the Crysté]_ﬂ and have "“5 mln, airflow dried the surface on the SC'ale of seconds.
significant impact on crystal growtf2]. The immune re- Bright field, phase contrast, and fluorescent images were ac-
sponse to the appearance of crystals is driven by the speciffiuired by an inverse Leica DM IRB microscope 4 @bjec-
IgG-crystal interaction. This interaction stimulates crystaltivé, and a Nikon Coolprix 700 digital camera mounted on
formation[3—5]. th_e microscope by _homemade 0pt|qal coupling. Atomic force

Although the rich morphology of several inorganic mac- MICroscopy (AFM) images of tubulin-coated crystals were
roscopic crystals grown on the surface of géls., in the captured with a commercial AFMTopoMetrix Explorer,

. . Santa Clara, CAin contact mode with a soft silicon nitride
presence of protejrhas been studied and discus$éd] to cantilever (Thermomicroscopes, coated sharp microlevers,

our knowledge this is the first study of pattern formation model No. MSCT-AUHW, with typical force constant 0.03

mduce(_j by crystal—p_rotem |nteraqt|ons. . N/m, 20 nm nominal radius of curvatyrender ambient con-
Moving unstable interfaces typically lead to the formation ytions.

of complex patterns. Surface tension of the boundary be-

tween the growing and surrounding phases is essential in . RESULTS
pattern formatioff8—11]. A growth mode of crystals covered _
with a thin layer has been observed and explained by the A. Tubulin

surface tension between the different phases in a metal sys- The fast drying of 0.5 mg/ml tubulin containing drops of
tem[12]. The growth of nonequilibrium interfaces covered 5 mg/ml KCI solution on glass surface with airflow results in
by a thin surfactant film was both experimentally and theo-a heterogeneous population of patterns that we investigated
retically studied[13]. The anisotropy of the surface tension by AFM and phase contrast microscopy. The morphology of
has a crucial role. Viscous fingering, crystallization, electro-KCl crystals can be similar to diffusion-limited aggregates
chemical deposition, and some other phenomena can be relgpown to have fractal geometry. Dendritic patterns with
tively well described by Laplacian growth with appropriate Stable and unstable tips are typical. Figure 1 shows a pattern,
boundary conditions. We argue that the growth of the numerhich began to grow with stable tips, four-fold symmetry.
ous different microscopic patterns we observed in our KC/After a while tip splitting occurs at all four tips. Anisotropy
crystallization experiments in the presence of proteins can b/oPs dramatically at this point. The slow drying of drops

explained by the change of the boundary conditions of th&ontaining 0.05 mg/mi tubulin gives elongated saw-toothed

moving interface: the anisotropy of its surface tension is deSTyStals similar to the ones induced by IgG discussed below.

creased by proteins. In high concentration tubul|.n inhibits crystal growth; an ap-
parently homogeneous stain can be observed after the drop

dries up.

Il. MATERIALS AND METHODS

5 wl drops of 5 mg/ml KCI solution containing either B. FITC-BSA
tubulin (prepared from bovine brairi4]) or FITC-BSA(bo- We tried to shed light on the role of protein in the pattern
vine serum albumin conjugated with FITC, SIGMAr hu-  formation of salt crystals with the use of FITC-labeled pro-
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FIG. 1. 8080 um? deflection mode AFM image of tubulin FIG. 3. 135< 135 um? fluorescent image of a cubic crystal cen-
induced patterns of KCI after the fast drying procedure. Note theered structure of KCI crystals induced by FITC-BSA using the
transition of the initially four-fold symmetric crystallization to iso- slow drying method. The anisotropic single crystal in the center is
tropic fractal growth at all four tips of the structure caused by con-surrounded by an isotropic pattern.
secutive tip splittings.

C_(~1 pg/ml) only blocks of rectangular prism-shaped crys-

BSA had a similar effect to that of tubulin. Various branchingtals grew corresponding to the protein-free case. In the con-
centration range of 1-100@g/ml cubic-crystal-centered

morphologies were found. Tip splitting caused fractal groWthstructures formedFig. 3). This observation reinforced that

(Fig. 2). The comparison of bright field and phase contrast uring a single growth process the symmeaisotropy of

images with the fluorescent ones shows that crystals are co he pattern can dramatically change due to the change of the

ered by a layer of albumin. The protein concentration depenl'ocal conditions. As the growth process elongates, the initial
dence of the morphology was studied with the slow dryingf fold . i 'tr? high pro i dg ' d
techniqgue. Under a critical protein concentration our-ioid symmetry wi 'gh anisotropy disappears an
rather isotropic growth takes place. In the higher-protein-
concentration range dendritic crystals grew with stable tips

(Fig. 4).

teins. In case of the fast drying procedure 5 mg/ml FIT

FIG. 2. 135< 135 um? fluorescent image of two patterns of KClI
crystals with different fractal dimensions grown in the presence of
FITC-BSA with the fast drying method. Brightness is proportional
to the concentration of FITC-BSA. The comparison with phase con-  FIG. 4. 135< 135 um? fluorescent image of stable tipped den-
trast and bright field images proves that albumin covers the crystalglritic KCI crystals induced by a high concentration of albumin.
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FIG. 5. 135<135 um? fluorescent image of KCI crystals with FIG. 6. 205< 205 un? fluorescent image. Saw-toothed crystals
saw-toothed shape grown with 1gG by the fast drying procedureare shown in the center of a pattern, which is isotropic in the sur-
The angle between the branches-i80°. The bright contour of the rounding regions. This sample was prepared with the slow drying
crystals corresponds to the IgG-FITC cover on their surface. procedure in the presence of IgG.

C. IgG-FITC IV. DISCUSSION

To study the protein specificity of the phenomena we ex- Proteins have significant impact on KCI crystallization.
amined the impact of human IgG-FITC on the KCI crystal The presence of proteins in the solution from which KCI
growth. After the fast drying procedure using 2 mg/ml IgG crystals grow during the drying up leads to the formation of
the typical pattern we found was the elongated saw-toothegrotein-specific and concentration-dependent complex pat-
crystal (Fig. 5. Branching structures can be observed. Theerns, which we described by a morphological diagingy.
angle between the branches~s70°. The concentration de- 7). We can give a partial explanation of the diagram.
pendence of the morphology was investigated by the slow During the drying up of the solution protein precipitates
drying method. Under-20 wg/ml only blocks of the prism-  due to the increasing ionic strength. This process is known as
shaped crystals grew. Above this concentration up tasalting out. A gradually thickening layer of protein aggregate
~1 mg/ml cubic and saw-toothed crystal-centered structurerecipitate covers the surface of crystals. This cover means
were observed with an isotropic surrounding pattern. Figurewo interfaces: one between the KCI crystal and the protein
6 shows the center of a typical one. In the higher-layer and one between the protein layer and the liquid. While
concentration range dendritic patterns formed with stablehe surface tension of the former ong,,, is anisotropic,
tips. that of the latter oney,,, is considered to be isotropic. The

total surface tensiory, of the interface between the growing
D. Equilibrium shape and surrounding phases is given by the sum of these two

The equilibrium shape of KCI crystals after the slow dry- terms:

ing method using 1Qcl 5 mg/ml KCI with 5 mg/ml FITC-
BSA was observed by dropping &l saturated KCI solution
on the crystals and covering the droplet with a cover slip. We

found rounded forms instead of the normal rectangular . The Va'!“’t ofyp_|, €. the Isotropic term, is S|gn|f|cant
shapes of KCI since precipitation means insolubility of the protein.jf,

<9, then y; is dominated by the isotropic term. The
rounded equilibrium shape of crystals with protein cover re-
E. Gold substrate inforces the lower anisotropy of surface tension. In the ab-
We also studied the effect of the substrate surface, whiclsence of protein the extra isotropic term corresponding to the
was glass in the above experiments. However, IgG gaverotein-liquid interface is missing. We propose that tip split-
similar results on gold substrate to those on glass in the cadang and fractal growth instead of the formation of single
of the slow drying method; albumin induced the appearancerystals with four-fold symmetry and stable tips can be at-
of amorphous protein aggregates and blocks of prism-shapddbuted to the reduced anisotropy of the surface tension in
crystals on gold instead of the patterns described above. Thike case of the fast growth. Similarly, slowly grown single-
fact indicates the protein and substrate specificity of the phecrystal-centered structures are explained by the decrease of
nomenon. anisotropy of surface tension during the growth process. Our

Yt= Ye-pT Vp - 1)

011908-3



BALINT SZABO AND TAMA S VICSEK PHYSICAL REVIEW E67, 011908 (2003

Concentration

High
Tubulin; various
branching morphologies
Low
BSA: various

branching morphologies

BSA: cubic crystal

IgG: saw-toothed crystals
centered structures gG Y

IgG: saw-toothed crystal
centered structures

R |

slow fast

Speed

FIG. 7. Morphological diagram of the protein-induced patterns of KCI crystals.

results demonstrate that the level of anisotropy can changsotropic incorporation process of KCl into the crystal caused
dramatically during the growth of a single pattern. This isby the protein coating can lead to a lower anisotropy of the
likely to be caused by the increase and the reaching of @attern. Faster growth, which probably appears in the final
critical level of protein precipitation as the drop is drying up. State of growth, strengthens the impact of the kinetic term.
Various examples of pattern formation driven by moving The incorporation of proteins into calcite crystals is known
unstable interfaces can be described by Laplacian growth. [ have an effect on the morphology5]. Although fluores-
this case the boundary condition along fhénterface con- Centimages displayed high protein concentration on the sur-

Uur=A4-do(0)x—B(O)v,,

bumin also induced the growth of elongated saw-toothed
whereA is the undercooling, the capillary length is pro- tween the branches is70°. We argue that these are single
between the normal to the surface and a fixed crystalloénd directions with the same symmetry, e(@L-1), is 70.5°.
propose thatl is altered and its anisotropy is decreased dugyjith increased affinity2]. This anisotropic interaction influ-
Further effects may also have an impact on the morpholdirection of the fast growing tip.
concentration during the drying up might induce transport-addition to the protein-crystal interaction, protein-substrate

taining the dimensionless-wconcentration term if8—11] face of cry_stals, we cannot totally exclg_de incorpqration.
IgG typically and under some conditions tubulin and al-
2 X
@ crystals instead of rectangular needle-shaped ones. Branch
ing saw-toothed structures were also found; the angle be-
portion_al o the S“Fface tensio.n,denot_e_s the chal curvature crystals elongated in the11) direction of the cubic crystal;
of the interface,8 is the kinetic coefficient® is the angle i.e., their axis lies in this direction. The angle betweéhl)
graphic directi_on, and, is thg normal velpqity of thg inter— The mechanism leading to the formation of these crystals is
face. To explain the stable-tip—to—tip-splitting transition, wenknown. Proteins can adhere to specific faces of the crystal
to the adherence of the protein layer to the KCI crystal surences the anisotropy of the surface tension at the crystal-
face. protein interfacey..,, which may result in the change of the
ogy of KCI patterns. The lower diffusion coefficient of K The background of the protein specific behavior is un-
and CI" ions in the liquid phase due to the high protein clear. As the experiment on the gold substrate indicates, in
limited growth, typically resulting in fractal geometi].
The modification of the angular dependenceBaby a more

and crystal-substrate effects also should be considered in fur-
ther studies.
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