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Abstract: During layerwise growth of crystals, capillarity governs the generation of new crystal layers.
Theory predicts that the line tension of the layer edge determines, via the characteristic two-dimensional
capillary length Lc, the rates of generation and initial growth of the new layers. To test the correlation between
Lc and the rate of layer generation, we used in situ Tapping Mode Atomic Force Microscopy (TM-AFM) to
study the generation and spreading of layers during crystallization of rhombohedral, R3, porcine insulin.
We show that crystallization of this insulin form is uniquely suitable for such an investigation due to the
linear kinetics of step growth it exhibits. This linear kinetics reflects the abundance of the incorporation
sites along the rough steps, the lack of long-range step-step interactions, and the transport control of the
growth kinetics. The kinetic coefficients are 7 × 10-3 and 4 × 10-2 cm s-1, respectively, in the absence
and presence of the cosolvent acetonessomewhat high for proteins and comparable to values for inorganic
systems. We show that (i) the relevant capillary length, the size of a critical quadrangular 2D nucleus Lc,
is the main scaling factor for the density of growth steps, while (ii) all steps longer than Lc grow with a rate
determined only by the supersaturation and independent of their length. We explain the divergence of (ii)
from theoretical predictions with the high supersaturations typical of the growth of this protein system.

Introduction

Crystals, whose interfaces with their medium are characterized
by high surface free energy, are smooth on the lengthscale of
their building blocks: atoms, molecules, or particles.1 Such
crystals are faceted by planes with low Miller indices2 and grow
by the generation and spreading of new layers, with the building
blocks attaching to the edges of the unfinished layers, the
steps.3,4 This growth mode is several orders of magnitude slower
than the growth of crystals with rough surfaces.5 The thermo-
dynamic effects on the kinetics of layerwise crystallization do
not end with the selection of the growth mode. Capillarity, via
the line tension of the edge of the emerging layers, determines
the rate of generation of new layers either by two-dimensional
nucleation4,6 or by screw dislocations piercing the growing face.7

In this paper, we examine the role of capillarity in the
generation of new steps by screw dislocations. Since one of
the step’s ends is pinned at the dislocation outcrop and the step’s
velocity is preserved along its length, the step winds in a spiral
around the dislocation.7 The thermodynamic principles which
form the foundation of the theories of dislocation growth of
crystals are as follows: (i) steps shorter than a critical length,
or, in the case of curved steps, with curvature greater than a

critical value, do not grow; (ii) steps with lengths (or curvatures)
comparable to this critical value grow at reduced rates; (iii) the
combination of factors (i) and (ii) determines the frequency of
rotation of the spiral and the growth rate of the crystal.
Statements (i) and (ii) are manifestations of the two-dimensional
Gibbs-Thomson (Kelvin) effect, which states that phases of
sizes comparable to a characteristic capillary lengthLc have an
increased chemical potential. As a consequence, those smaller
than Lc dissolve even in supersaturated media,8,9 while the
growth of those only slightly larger thanLc is driven by a
diminished force.9

Experimental tests of the above principles require a system
with the following properties: (i) noninteracting steps, so that
minor variations in step density do not affect the step velocity;10

(ii) lack of step bunching, which would skew the determination
of the density of the steps;11,12 (iii) linear kinetics of step
propagation, so that the capillarity reduction of the driving force
could be directly observed through its effect on the step velocity.
A previous study of the thermodynamics of calcite crystallization
found strong modifications of the effects of capillarity due to
the paucity of incorporation sites along the steps; as a result,
the density of incorporation sites depended on supersaturation.13

We show that the chosen model system, rhombohedral R3
crystals of porcine insulin,14 satisfies all three of the above
requirements. Aside from adding to the very few protein
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systems, the crystallization kinetics of which have been studied
in detail,15,16 insulin crystallization is of interest because it
constitutes the main technological process in the production of
several diabetes medications.17,18

Experimental Section

Preparation of rhombohedral Insulin Crystals. Porcine insulin
(powder) was purchased from Sigma-Aldrich (St. Louis, MO; Lot
numbers 012K1881, 102K1065) and used without further purification.
A stock solution of the protein in 0.02 M HCl (Fisher, Fair Lawn, NJ)
was prepared and filtered using Millipore Ultrafree-CL microcentrifuge
filters with the molecular weight cut off of 30 kDa (Sigma-Aldrich,
St. Louis, MO), and the absorbance at 276 nm was determined with a
Beckman DU 68 spectrophotometer. The molar extinction coefficient
of 6000 M-1 cm-1 19 was used to calculate the protein concentration
from the absorbance measurements.

Rhombohedral insulin crystals were grown using the protocol de-
scribed in ref 14. In short, to an aliquot of insulin solution in 0.02 M
HCl were added, in the order listed, 0.12 M zinc chloride (Sigma, St.
Louis, MO), 0.2 M trisodium citrate (Fisher, Fair Lawn, NJ), neat ace-
tone (SPLC-grade, Fisher, Fair Lawn, NJ), and water in a 1:5:3:1 vol-
ume ratio. Thus, the final concentrations of the components in the crys-
tallizing solutions were as follows: insulin, between 0.75 and 5 mg
mL-1; ZnCl2, 0.006 M; trisodium citrate, 0.05 M; acetone, 15%. In
experiments where acetone was not used, it was replaced by 0.02 M
HCl.

Atomic Force Microscopy (AFM). Metal disks used for mounting
samples in the AFM (Veeco Metrology Group, Santa Barbara, CA)
were coated with Teflon adhesive tape (BYTAC, Sigma, St. Louis,
MO), following the procedure of ref 20. These were cleaned with 2%
sodium dodecyl sulfate (SDS, Sigma, St. Louis, MO) and rinsed with
copious amounts of water before each experiment. Then 10µL drops
of crystallizing solution were deposited directly on the Teflon-coated
disks, covered with 16 mm glass Petri dishes, and sealed with Parafilm.
Crystals with a characteristic rhombohedral shape typically appeared
after an overnight incubation at 4 or 20°C.

The Teflon-coated metal disks with the grown insulin crystals were
mounted on a Nanoscope IIIa or a Nanoscope IV atomic force micro-
scope (Vecoo Metrology Group, Santa Barbara, CA), equipped with a
120µm (“J”) scanner and a Tapping Mode fluid cell. The fluid cell, as
well as the O-ring and tubing, if used, were washed with 2% SDS and
copious amount of water before each experiment. The crystal was placed
directly underneath the AFM tip with the aid of an optical microscope.21

At no point during the setup were the crystals exposed to air.
In experiments performed in the absence of acetone, the fluid cell

was sealed using an O-ring in order to ensure constant conditions during
imaging. The use of the O-ring was found to be incompatible with
acetone-containing buffer due to the formation of bubbles, likely of
acetone vapor, inside the cell.

Images were acquired in buffer solutions of identical composition
to the mother liquor (see above), but at various concentrations of insulin.
Unless indicated otherwise, imaging was performed in the tapping
mode. Oxide-sharpened silicon nitride tips mounted on cantilevers with
nominal spring constants of∼0.06 N/m were used. Standard procedures
for the microscope setup (frequency, driving voltage, and set point)

were followed.22 The scanning parameters were adjusted so that
continuous imaging did not affect the morphology of the imaged part
of the surface, or the rate of the monitored processes. This was verified
by varying the scan size and the time intervals between scans. For details
on similar observations with apoferritin, see ref 23.

Solutions were exchanged using 1 mL syringes attached to the
exchange ports of the fluid cell. At least 300µL of fresh solution was
flown through the cell to ensure complete exchange. The solution and
the microscope were allowed to equilibrate for at least 2 h following
the exchange of solutions or mounting of a new crystal.

Temperature in the fluid cell was monitored using a digital
thermometer (HH506R from Omega Engineering, Stanford, CT)
equipped with a K-type thermocouple. The thermocouple was attached
to the top of the scanner next to the fluid cell but was not in contact
with the solution during actual crystallization runs. A control deter-
mination, in which a second thermocouple attached to a second
thermometer was immersed in the solution, found that the difference
between the temperature in the fluid cell and the one read by the outside
thermocouple was consistently∼0.5 °C. In all runs, the temperature
in the crystallization solution was in the range 26.8-27.3 °C.

Determination of Step Growth Rate.For crystals growing slowly,
such as ferritin or apoferritin, the step growth ratesV can be determined
by counting the number of molecules that attach to a step between two
images. For fast growing crystals such as insulin, we apply the following
two methods.

The first method involves choosing a scanning direction such that
the steps are parallel to the slow scan axis and disabling scanning along
this axis. They-axis of the acquired pseudo-image then becomes the
time axis, andV is determined from the distance traveled by the step
in the x (fast scan axis) direction for a certain time interval.24

The second method involves acquiring the up-scan and down-scan
area images of the step train and measuring the angles that the steps
make with the fast scan axis. The step velocity is then calculated from
the two anglesθD andθU as25

whereF is the scan rate in lines per second,W is the scan size, andN
is the number of scan lines in an image.

If the steps move so fast that those imaged during an up-scan are
different from those imaged during a down-scan, this method is only
applicable to cases where step density is constant or step velocity does
not depend on step density. The first method is more general and is
free of this limitation.

Determination of the Crystallization Driving Force. The crystal-
lization driving force, or supersaturation, is written as

where

In these expressions, subscripts c and s denote crystal and solute,
respectively,C andn are, respectively, the protein mass and molecular
concentrations,n ) C/m,andm ) Minsulin/NAvogadro ) 6.6 × 10-20 g is
the mass of the insulin hexamer; the subscript e indicates their values
at equilibrium with the crystal.
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σ ) {exp[-(µc - µs)/kBT] - 1} (2)

µs ) µ0 + kBT ln(γC) andµc ) µ0 + kBT ln(γeCe) (3)
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The solubility Ce of insulin was determined from the intercept of
the dependence of the step growth rate on the protein concentration
with the abscissa. In the presence of acetoneCe ) 0.11 ( 0.02 mg
mL-1, in the absence of acetoneCe ) 0.15 ( 0.02 mg mL-1.
Furthermore, in both cases, it was observed that the growth steps retreat
at concentrationsC < Ce. The datum point without acetone equals the
result on an independent determination of the solubility of insulin
crystals (L. Bergeron et al., in preparation). The value ofCe in the
presence of acetone was used to determine the concentration of this
volatile cosolvent during the AFM monitoringsthis Ce value corre-
sponds to the solubility in the presence of 5% acetone, and we conclude
that this is the residual concentration of acetone in those runs.

The activity coefficientsγ andγe were evaluated according to the
relationship lnγ ) 2B2MinsulinC.23,26While data concerning the second
virial coefficient B2 for insulin are not available, we note that for
proteins under crystallizing conditionsB2 is always negative and the
maximum magnitude on record is 8× 10-4 cm3 mol g-2.27-29 For C <
1 mg mL-1 ) 10-3 g cm-3, andCe ∼ 10-4 g cm-3, the assumptionγ
≈ γe ≈ 1 yields at most 3% bias in the value ofσ evaluated as (C/Ce

- 1) ) (n/ne - 1).

High-Resolution AFM Imaging and Comparison with the X-ray
Data. To test if the observed crystals were of rhombohedral form, high-
resolution images were acquired from areas on the terraces between
the steps of the habit-forming faces. Contact mode and an open fluid
cell (without the O-ring) were used. Images were processed using GRIP
(for Groningen Image Processing) software package (http://
rugbe2.chem.rug.nl/software.htm) on a dedicated Linux workstation
using standard Fourier analysis methods.

For the purposes of comparing the observed lattice with that expected
on the basis of the X-ray diffraction study, the 2 Zn insulin structure
(pdb code 4INS30) was imported into the Swiss PDB viewer, version
3.7b2.31 The structure of the (100) face was generated by applying a
set of standard R3 symmetry operators and translations along crystal-
lographic axes to position the molecules at the desired locations.

Results and Discussion

Rombohedral (R3) Insulin Crystals. Under the conditions
employed in this study, porcine insulin crystallizes almost
exclusively in the rhombohedral (R3) form.14 Correspondingly,
all crystals that we saw had the typical rhombohedral shape,
Figure 1a. Even small crystals (∼10-20µm in size) were firmly
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Figure 1. Rhombohedral (R3) insulin crystals. (a) An optical micrograph of a typical rhombohedral insulin crystal used in this study. The edge of a crystal
is ∼200µm. Black solid arrows mark the bottom corner closest to the observer. Black dashed arrows mark the bottom corner furthest from the observer. (b)
A 35 × 35 µm2 (Z-scale: 0.3µm) tapping mode AFM image of the surface of a crystal, such as the one shown in (a), grown in the absence of acetone. The
green arrowhead points to a dislocation outcrop. The white arrowheads point to the edge of the crystal.σ ) (C - Ce)Ce

-1 ) 3. (c) A 57× 57 nm2 (Z-scale:
5 nm) contact mode AFM image acquired on a terrace of the growing face of an insulin crystal. A 2D unit cell is indicated in turquoise. (d) A Fourier
transform of the image shown in (c). A (-3,4) reflection at 1.7 nm resolution is encircled in green, andhk basis vectors are indicated with turquoise
arrowheads.
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attached to the Teflon substrate. The orientation of the crystals
was random, indicating that the crystals either nucleated on the
rough Teflon surface or, if homogeneously nucleated in the
solution bulk, attached at an early stage while their sizes were
smaller than the lengthscales of the roughness of the Teflon
substrate.

The lattice parameters of the rhombohedral R3 form of
porcine insulin area ) 4.9 nm, R ) 114.8° (rhombohedral
setting), ora ) 8.25 nm,c ) 3.4 nm (hexagonal setting).30

The crystal habit is defined by the planes with indexes{100}
(rhombohedral system) or{101h1} (hexagonal system), which
exhibited steps and numerous dislocation outcrops (Figure 1b).
The molecules on the surface of{100} faces can be viewed as
occupying lattice sites on a 2D lattice with parametersa ) b )
4.9 nm,R ) 114.8° (this angle is usually referred to asγ; R is
used here to avoid confusion with surface free energy. Further-
more, for ease of comparison with the X-ray data, a lattice with
a ) b is chosen).30

A high-resolution contact mode AFM image of the (100) face
is shown in Figure 1c. Such images were acquired with the
solution held by surface free energy in a liquid bridge between
the substrate and the top of the fluid cell, i.e., in the absence of
the O-ring, to avoid image distortions associated with its use.32,33

The image in Figure 1c can be characterized by a 2D lattice
with a ) 6.8 ( 0.2 nm,b ) 6.3 ( 0.1 nm,R ) 115.4( 0.5°
(Figurse 1c,d). The∼23-28% stretching of the observed lattice
relative to the X-ray structure was traced to a scanner calibration
error. After recalibration, the parameters determined from other
similar images werea ) 4.7 ( 0.2 nm,b ) 4.7 ( 0.1 nm,R
) 117.9 ( 0.5°. Images with resolution of up to 1.2 nm, as
determined from their Fourier transforms (such as one shown
in Figure 1d), were acquired (not shown). The details of the
surface structure of the insulin hexamer will be addressed
elsewhere.

Anisotropy of Step Growth Kinetics. Figure 2 shows
examples of growth steps spiraling around single, in (a), and
multiple, in (b), screw dislocations. The spirals form hillocks
shaped as tetragonal pyramids with parallelogram bases, consist-
ing of steps moving in〈010〉 and〈001〉 directions. The side faces
of the growth pyramids are referred to as vicinals. To orient
the surface coordinate system with respect to the crystallographic
coordinates, we use the observation that the steps are parallel
to crystal’s edges. The direction of step motion on the vicinal
with lowest step density is labeled as [010] and on the vicinal
to its right as [001]. On images acquired in the absence of the
O-ring (not shown), the angle between steps generated by a
dislocation was found to be 116( 3°, close to the value ofR
) 114.8° expected from the crystallographic data. Thus, we
conclude that the steps are oriented along the molecular rows
in the crystal. The polygonal shape of the spiral reflects the
anisotropy of the step growth kineticssthey are significantly
faster in the〈011〉 directions, pointing toward the corners of
the parallelogram, than in the〈010〉 and〈001〉 directions. This
is attributed to the weaker hexamer-hexamer bonds along the
latter directions. The absence of the{111} faces from the crystal
habit implies that the hexamer-hexamer bonds responsible for
the stacking of hexamers along the three-fold axis (the [111]

direction) are significantly stronger than those in the〈011〉,
〈010〉, and〈001〉 directions.

In general, the differences between the interstep distancesl
in the [010], [001], [01h0], and [001h] directions reflect the
anisotropy of the step growth rateVi.5 The distance between
two adjacent steps in each directionli

whereτ, the rotation period of the spiral, in general, does not
depend on the step orientation since it is linked to the face
growth rateR via

(h - step height). Thus, the shape of the hillock reveals the
anisotropy of the step growth rate and of the respective step
kinetic coefficientsâi, defined from2,5

where Ω ) 11125 Å3 30 is the volume that one molecule
occupies in the crystal.

(32) Reviakine, I.; Bergsma-Schutter, W.; Brisson, A.J. Struct. Biol.1998, 121,
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(33) Neff, G. A.; Gragson, D. E.; Shon, D. A.; Baker, S. M.Langmuir1999,
15, 2999-3002.

Figure 2. Two-dimensional anisotropy of growth on the (100) face of
insulin. (a) Growth hillock around a single dislocation. Density of steps in
[010] and [001] directions is approximately double the step density in [01h0]
and [001h] directions. Image size 6.4µm. Z-scale 50 nm.σ ) 0.8 (b) Growth
hillock around four dislocations, indicated with black arrowheads, that work
in cooperation to produce a hillock, with two dislocations, indicated with
white arrowheads, on the hillock side. Image size 3.0µm. Z-scale 30 nm.
σ ) 0.8.

l i ) Vi τ (4)

R ) h/τ (5)

Vi ) âi ΩCeσ (6)
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Figure 2a shows that the step density on all four vicinals
varies with distance from the dislocation. In some cases, the
areas of varying step density on different vicinals occur at the
same spiral turn. These are likely caused by faster spiral rotation
due to an upward fluctuation of the interfacial supersaturation
at the dislocation outcrop. In other cases, areas of low step
density on a particular vicinal are likely caused by an upward
fluctuation of the interfacial supersaturation around the particular
steps leading to their faster growth. These latter fluctuations
lead to deviations from the general rules formulated above and
affect the hillocks’ shape and the ratios between the step-step
distances. Measurements of the step-step distances on various
vicinals lead to the statistically significant anisotropy of the step
kinetic coefficientsâi and the step-step distancesli of

in the absence of acetone and

in its presence.
Kinetics of Step Propagation.Figure 3a,b show examples

of trains of growth steps. For all imaged steps, the step height
had a distribution centered ath ) 3.4( 1 nm, the layer thickness
determined from the X-ray crystal structure.30 The width of this
distribution reflects the molecular lengthscale roughness of the
steps.

Figure 3a shows a step train with relatively uniformly spaced
steps, an arrangement typical of the majority of the observations,
with or without acetone. In several cases, mostly in the absence
of acetone, we saw step trains with nonuniform step density,
such as the one in Figure 3b. The nonuniform density allows
us to extract dependences of the step velocityV on interstep
distancel. In Figure 3d three such dependencies are shown with
respect to the slope of the respective vicinalp ) h/l. We see
that the step velocity is independent of step density for slopes
as high as 3× 10-2, indicating that steps as close as∼100 nm
do not interact. Below, we show that steps separated byl <
100 nm are slowed, likely due to overlapping fields of supply
via surface diffusion.25,34-36

The step velocityV was found to be a linear function of
supersaturationσ, Figure 3e. The step kinetic coefficients for
the fast vicinals extracted from linear regression fits to the data
in Figure 3f areâ ) 7 × 10-3 cm s-1 for growth without acetone
and 4× 10-2 cm s-1 in the presence of∼5% acetone.

The values of the kinetic coefficientâ, the prevalent vicinal
slope during crystallizationp ∼10-2, and the diffusion coef-
ficient of the proteinD ) 8 × 10-7 cm2 s-1 37 are used to
evaluate the kinetic Peclet number Pek ) âpδ/D38 by using a
value of the characteristic thickness of the diffusion layerδ ∼
2 × 10-2 cm (a low estimate, stemming from a direct
determination and an evaluation in simulations of the convec-
tive-diffusive transport with lysozyme,39,40 a crystal growing
under kinetic control for which one would expect a shorterδ).
This coefficient emerges from the analysis of stability of

equidistant step trains,41 such as the one in Figure 3a, and
characterizes the relative weight of the kinetics of incorporation
of the molecules into the crystal with respect to those of their
transport through solution. Extreme values (,1 or .1) of Pek
are characteristic of systems, controlled by either the kinetics
of incorporation of molecules into the crystal, Pek , 1, or
transport of molecules through the solution, Pek . 1. Random
fluctuations in such systems decay rapidly and equidistant trains
of noninteracting steps remain stable.42 Intermediate values are
indicative of comparable rates of transport and incorporation
and characterize systems that are intrinsically unstable to step
density fluctuations, irrespectively of whether steps interact with
each other or not.

Insulin crystallization is characterized by very high values
of Pek of 1.6 and 8, Table 1, signifying that the kinetics of
crystallization are transport-controlled. Thus, in contrast to many
other protein systems,12,43in insulin crystallization bunching of
steps isnot an intrinsicfeature of the step trainssequidistant
step trains are the stable mode of growth.44 The observed step
bunches (Figure 3b) were always caused by unsteady generation
of new layers by two-dimensional nucleation at the block
boundaries of crystals consisting of several blocks, as discussed
in the following subsection.

Another consequence of the transport-controlled crystalliza-
tion kinetics is the likely possibility that the interfacial hexamer
concentration is lower than the bulkC,24 used in the plots in
Figure 3e, due to depletion at the interface. Since we cannot
quantitatively account for this phenomenon, we use the kinetic
coefficients determined using the bulk concentrations, keeping
in mind that their values represent lower limits on the actual
â’s.

The summary of the known kinetic coefficients for protein
growth in Table 1 reveals that these are by far the highest values
recorded to date and are comparable to the values for inorganic
systems. This fact suggests that slow kinetics are not a general
feature of protein crystallization and only occur with some
proteins, and may help us understand the factors governing the
kinetics of protein crystallization.

As with ferritin and apoferritin,23,45,46a linearV(σ) dependence
suggests high density of incorporations sites, kinks, between
straight step segments, along the steps. The molecular-resolution
image of the step edge shown in Figure 3e shows that this is
indeed the case. The steps are very rough with straight segments
consisting of, on the average, less than two molecules.

To summarize, the kinetics of step motion are free of
complicating factors: (i) high density of incorporation sites
along the molecularly rough steps provides for linear step growth
kinetics; (ii) the lack of step-step interactions at the typical
separations between the steps ensures that the step kinetics are
not affected by the step separation; (iii) the transport control of
growth provides for dissipation of the step density fluctuations
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(37) Hvidt, S.Biophys. Chem.1991, 39, 205-213.
(38) Vekilov, P. G.; Thomas, B. R.; Rosenberger, F.J. Phys. Chem.1998, 102,

5208-5216.

(39) Pusey, M.; Witherow, W.; Naumann, R.J. Cryst . Growth1988, 90, 105-
111.

(40) Lin, H.; Rosenberger, F.; Alexander, J. I. D.; Nadarajah, A.J. Cryst . Growth
1995, 151, 153-162.

(41) Vekilov, P. G.; Alexander, J. I. D.; Rosenberger, F.Phys. ReV. E 1996,
54, 6650-6660.

(42) Vekilov, P. G.; Rosenberger, F.Phys. ReV. Lett. 1998, 80, 2654-2656.
(43) Lin, H.; Yau, S.-T.; Vekilov, P. G.Phys. ReV. E 2003, 67, 0031606.
(44) Gliko, O.; Reviakine, I.; Vekilov, P. G.Phys. ReV. Lett. 2003, 90, 225503.
(45) Yau, S.-T.; Thomas, B. R.; Vekilov, P. G.Phys. ReV. Lett.2000, 85, 353-

356.
(46) Petsev, D. N.; Chen, K.; Gliko, O.; Vekilov, P. G.Proc. Natl. Acad. Sci.

U.S.A.2003, 100, 792-796.

l [010]/l [001]/l [001]/l[001h] ) â[010]/â[001]/â[001]/â[001h] ≈ 1.5/1/1/1
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and stable equidistant step trains, from which the characteristic
step spacing can be determined. The simplicity of the step
kinetics allows unambiguous identification of the thermody-

namic factors that play a role in the determination of the overall
rate of crystallization.

Enhanced Two-Dimensional Nucleation at Gross Lattice

Figure 3. Step velocity, step density, and step-step interactions. (a) A train of equidistant parallel steps. Image size 11µm, Z-scale 120 nm, supersaturation
σ ) (C - Ce)Ce

-1 ) 0.75, whereC is protein concentration andCe is its solubility. Steps are moving from the lower left corner, which is higher, to the lower
right corner, which is lower. (b) A train of parallel steps with a nonuniform step density (areas of high step density are called step bunches). Image size 20
µm. Z-scale 75 nm. Supersaturationσ ≈ 3. Steps are moving from left to right. (c) Quantification of the variations of step widths in (a) black line/solid
squares and (b) gray lines/crosses. (d) The dependence of the step velocity on the slope of the step trainp ) hl-1 (h, step height ;l, step width); three
independent sets of measurements show no correlation. The higher scatter in the velocity measurements at smaller slope values is due to the greater number
of data points in that region.σ ) 1.7. (e) Step velocity as a function of supersaturationσ ) (C - Ce)Ce

-1, in the presence (crosses) and in the absence (open
symbols) of acetone. Lines are regression fits to the respective sets of data. (f) Molecular resolution image of the step edge illustrating its molecular-scale
roughness. The fuzzy appearance of the molecules at the edge is caused by the attachment/detachment events characteristic of an equilibrium processsuch
as step advancement (turquoise daggers) Semicircle highlights one of the molecules. The absence of imaging artifacts was verified immediately after this
image was collected by scanning a larger area including the area imaged here. Image size 250 nm. Z-scale 9 nm,σ ) 0.8.
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Defects.To identify the cause of the step bunches that were
sometimes observed during crystallization, we panned the AFM
viewfield toward the source of the step. We found that the steps
were generated at a variable rate at the outcrop line of block
boundaries on the crystal surface, where the lattice misfit in a
direction perpendicular to the monitored face creates a step. As
Figure 4 illustrates, new steps are generated on the surface of
the lower block by 2D nucleationsthis layer generation mode
is enhanced at the concave angle of the step.47

Sometimes, the defects causing the generation of nonuniform

step trains are not apparent in solutions of moderate or high
supersaturation. However, as the protein concentration is
lowered below a certain supersaturation, molecules (in the case
of insulin, hexamers) located at the defects leave the crystal
due to their higher activity. In this way, we detect previously
hidden defects, such as those shown in Figure 5a,b.

Since dissolution is also enhanced around the dislocation due
to their own strain field, we need to distinguish between the
dissolution fingerprint of block boundaries and dislocations. An
etch pit with a distinct inverted pyramid shape forms around
the dislocation line as the spiral unwinds and is shown in Figure
5c.

Step Interactions at Short Separations.A group of several
screw dislocations, imaged over a period of∼6 min at∼50 s
intervals, is shown in Figure 6. The multiwing spiral produced
by such dislocations exhibits the polygonal shape visible in
Figure 2.

The steps remain straight and unaffected by each other’s
presence down to a distance ofl < 100 nm (∼17 molecules)
between each other, indicating that the characteristic length of
the diffusion fields of the stepsλs is e50 nm. We also note
that for steps in step trains the separation from the respective
dislocation outcrop points increases, e.g., between Figure 6c,d
by ∼260 nm, corresponding to aV ≈ 5 nm/s, as in Figure 3e at
σ ) 3. The highlighted pair of steps moving against each other
in the same two frames cover roughly the same distance, without
completely merging in Figure 6d, i.e., their average velocity is
about half of that of stand alone steps. Furthermore, we note
several examples in Figure 6a-f of pairs of opposing steps
separated by∼ 50-100 nm. These two observations suggest
that atl < 100 nm the steps slow one another down. The strength
of this interaction suggests, in analogy to other studied protein
systems,25,48,49 that the likely cause for the interaction is
overlapping of the surface supply fields of the steps with
characteristic length ofλs ∼ 50 nm.

Note that these interactions are of sufficiently short range so
as not to affect the typical step trains with step separations of
the order of 0.5 to 3µm.

Generation of Steps at Screw Dislocations.Screw disloca-
tions, shown in Figure 2 and Figure 6, were the dominant source
of steps on the surfaces of porcine insulin crystals, consistent
with a previous observation.21 No evidence of normal growth
modes was found under the conditions employed in this study.
2D nucleation only occurred if facilitated by a surface step
created by block boundaries. Occasionally, 3D aggregates were
seen on the crystal surface. Once these were attached strongly
enough to be imaged, steps, and occasionally screw dislocations,
were visible on their surfaces (not shown). It was therefore not
possible to ascertain whether these were microcrystals sedi-
menting on the crystal’s surface or liquid droplets, as suggested
in.50 Such objects were more often observed in the absence of
acetone than in its presence, and in either case, at higher
supersaturations.

Due to the lower supersaturation around small phases, the
so-called Gibbs-Thomson (Kelvin) effect,8,9 the growth of a

(47) Ming, N.; Tsukamoto, K.; Sunagawa, I.; Chernov, A. A.J. Cryst. Growth
1988, 91, 11-19.

(48) Vekilov, P. G.; Monaco, L. A.; Rosenberger, F.J. Cryst. Growth1995,
156, 267-278.

(49) Chen, K.; Vekilov, P. G.Phys. ReV. E 2002, 66, 021606.
(50) Kuznetsov, Y. G.; Malkin, A. J.; McPherson, A.Phys. ReV. B 1998, 58,

6097-6103.

Figure 4. Junction of three blocks boundaries atσ ) 1.667. The steps do
not cross the block boundaries. The steps at the lower block at the right are
generated at variable rate at two locations near the triple junction. Image
size 10.4× 25 µm. Z-scale 0.25µm.

Table 1. Kinetic Coefficient, â, Diffusivities, D, and Peclet
Coefficients, Pek, for Various Systems. Local Slope Was Assumed
To Be ∼10-2 unless Indicated Otherwise

system â [cm s-1] D [cm2 s-1] Pek source

R3 porcine insulin this work
no acetone 7× 10-3 7.9× 10-7 1.6
∼ 5% acetone 4× 10-2 8
apoferritin 6× 10-4 3.2× 10-7 0.7 45
ferritin 6 × 10-4 3.2× 10-7 0.7 46
canavalin, R3 form (5.8-26)× 10-4 4 × 10-7 1-4 25
catalase 3.2× 10-5 57
lysozyme{101}
typical (2-3) × 10-4 7.3× 10-7 0.05 58
no step bunching 2×10-3 0.3 38
lysozyme{110} (2-3) × 10-4 36
STMV (4-8) × 10-4 2 × 10-7 1.2 59
thaumatin 2× 10-4 6 × 10-7 0.1 60
various inorganic systems
(ADP, KDP, alums, etc.)

∼10-2-10-1 ∼10-6 16
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new segment of a polygonal spiral is not expected until it
reaches, due to the growth of the preceding segments, the critical
lengthLc. This Lc is equal to the length of the respective edge

of the critical two-dimensional nucleus51 and, in a system with
rhombic symmetry, is related to the radius of an inscribed circle
Fc asFc) Lc/2‚sin(π - R), whereR is the crystallographic angle.
The critical Fc is defined by a 2D analogue of the Laplace
relation

wheres is the surface area occupied by an insulin molecule,γl

is the line tension of the step edge, and∆µ ) µc - µs is the
change in the insulin chemical potential upon transfer from
solution into crystal.

In Figure 6, we illustrate the determination ofLc by in situ,
real time AFM monitoring of the spiral rotation for several
sources by the method described in.13 The Lc values are
summarized in Table 2. The large scatter of the data for the
averageLc’s is due to the fluctuations in the measured values
(Figure 6h). These fluctuations are not the result of scanning
artifacts, see Figure 6g, or of the finite frequency of image
capturesfinite sampling frequency may distort the intrinsic
frequency of an object only if the monitoring frequency is lower.
Figure 6a-f shows that image capture frequency is higher than
the frequency of rotation of the spiral. Thus, we attribute the
scatter inLc to fluctuations of the interfacial supersaturation.
Such fluctuations are likely for systems growing under strong
transport control. A theoretical analysis using kinetic coefficients
and diffusivities typical of protein crystallization systems and
similar to those of insulin predicts periods of such fluctuations
to be in the range of 100-1000 s for proteins with diffusivities
<10-6 cm2 s-1.52,53 Since the supersaturation fluctuations are
random and local, no correlation between the fluctuations of
Lc’s at different locations on the face were observed. Further-
more, the interfacial supersaturation fluctuates around a char-
acteristic mean value determined by the coupling of the transport
processes and the incorporation kinetics. At low fluctuation
amplitudes, eq 8 predicts a linear response ofLc to σ. This allows
us to consider the meanLc as the characteristic value at the
given supersaturation.

As proposed in ref 51, the period of rotationτ of a tetragonal
polygonal spiral consists of the four intervals that the step takes
to travel the sides of the polygonLc,i, i ) 1, 2, 3, 4, with
velocitiesVi.

The distance between adjacent stepsl on theith vicinal

whereRi is the angle between the normal to the step and the
respective side of the critical polygon.

(51) Kaischew, R.; Budevski, E.Contemp. Phys.1967, 8, 489-516.
(52) Wang, M.; Liu, X.-Y.; Sun, C.; Ming, N.-b.; Bennema, P.; Enckevort, W.

J. P. v.Europhys. Lett.1998, 41, 61-66.
(53) Wang, M.; X. B.Yin; Vekilov, P. G.; Peng, R. W.; Ming, N. B.Phys. ReV.

E 1999, 60, 1901-1905.

Figure 5. Defects observed in the crystals. (a) Grain boundary, indicated
with black arrowheads, becomes visible as the concentration in solution
approaches solubility due to preferential dissolution of the high-strain, high
chemical potential, area of the defect. The ridge indicated with a black
arrow shifts perpendicular to its direction when it crosses the boundary.
Image size 15.8µm. Z-scale 0.191µm. σ ) 0.46. (b) The defect shown in
(a), 22 min later. The gap separating the blocks is visibly larger. Another
defect, indicated with black arrowheads, is visible in the lower right corner
of the image. Image size 5µm. Z-scale 0.07µm. (c) Etch pits (indicated
with asterisks) appear as the dislocation spirals unwind. Image size: 17
µm. Z-scale 0.3µm. This image was taken in buffer without insulin.

Fc ) s γl/∆µ (8)

τ ) Lc,1sin(π - R1)/V1 + Lc,2 sin(π - R2)/V2 +
Lc,3 sin(π - R3)/V3 + Lc,4 sin(π - R4)/V4 (9)

l i ) Viτ ) âi(Lc,1

â1
sin(π - R1) +

Lc,2

â2
sin(π - R2) +

Lc,3

â3
sin(π - R3) +

Lc,4

â4
sin(π - R4)) (10)
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Equation10 is applicable to systems with a differentLc for
each vicinal and is based on the assumption that steps withL
> Lc grow at a rateVi independent of their length.

To better understand the anisotropy inLc, we show in Table
2 that there are at least two distinctLc’s: in the [010] and [01h0]
directions the weighted averageLc ∼360 nm, while in the [001]

and [001h] directions,Lc’s are shorter and the weighted average
is ∼240 nm. Equation 8 indicates that the anisotropy and
asymmetry ofLc reflects the anisotropy of the line tensionγl,
which is different from the asymmetry ofâ illustrated by Figure
2. Since some models assume isotropicγl and symmetric
Lc,13,54,55 we searched for additional evidence for anisotropic

Figure 6. Generation of steps at screw dislocations. (a)-(f) A time-lapse series of 9.5× 9.5µm2 (Z-scale: 30 nm) images of a group of screw dislocations
(numbered 1-8) recorded atσ ) 3. Acquisition times, in seconds, are shown in each frame. Green arrowheads point to the regions where steps generated
by different sources merge. Steps making up the incoming angles (encircled in turquoise in (a) and also visible between the steps indicated with the green
arrowheads in (d), (e), and (f)) are observed to be straight (concave steps are expected for steps which are close enough for their diffusion fields to interact).
The crystallographic axes spanning the (100) face are indicated in (d); the white arc indicates the angle between the steps generated by the dislocation.
Critical lengthsLc are calculated from successive AFM images as the average of the step length just before (a) and (e) and just after (b) and (f); (blue
arrowheads) a new step has appeared (the new steps in (b) and (h) are parallel to the [010] direction). (g) A 45× 45 µm2 (Z-scale: 75 nm) image of the
area surrounding that shown in (a)-(f). The area imaged in those frames is indicated with the white rectangle. This image was taken immediately after the
series of smaller image in (a)-(f). No effect of the tip can be discerned. (h) The critical lengthLc plotted as a function of time of observation for sources
1 (circles) and 4 (squares), directions [001] (blue, open symbols) and [01h0] (red, filled symbols).Lc’s change with direction and with the source, and, for
a given source and direction, fluctuate with time. No correlation exists between theLc fluctuations of the different sources. Data from other sources and
directions is omitted, but present essentially the same picture. (i) Trajectories of 10 steps followed on images such as those shown in (a)-(g). Each point
on the plot represents the distance from the source of a given step at a given time. Fluctuations in step velocity and interstep distance are visible.
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γl. In Figure 7 we show the hollow cores around the outcrop
points of screw dislocations at conditions near the equilibrium
between crystal and solution. While the size of the hollow cores
varies, likely in response to surface supersaturation fluctuations,
the shape is a parallelogram. Since at equilibrium this shape is
solely determined byγl of the layers lining the core walls,56 we
conclude that the polygonal shape indicates anisotropy ofγl.

Note that because of the depletion of the solution adjacent
to the crystal surface and the related surface supersaturation
decrease, evaluation of the line tension of the stepγl from the
two Lc values would be poorly justified.

To justify the assumption of the length-independent rate of
step propagation for steps longer thanLc, we note that the rate
of growth of short steps depends on their lengthL as13

At ∆µ/kT < 0.2, this yields the commonly used7

Direct calculations show that while with eq 12,Vi(L) ) 0.9Vi,∞
only at L ∼ 10Lc, eq 11 indicates this occurs atL ∼ 2.5Lc for
∆µ/kBT ) 1.4,σ ) 3, as in Figure 6. Thus, the use of eq 11 is
justified for comparison with Figure 6, and its predictions are
close to the assumption underlying eq 10.

Using the anisotropy ratios from eq 7 andRi ) R ) 114.8°,
with the above values ofLc, eq 10 yieldsl〈001〉 ) 1400 nm and
l〈010〉 ) 930 nm, close to the actual observations in Table 2.
This correspondence suggests that the main assumptions behind
eq 10 are applicable to the generation and initial growth of layers
during crystallization of insulin. Note that the kinetic coefficients
enter eq 10. only as ratios accounting for the 2D anisotropy.
Thus, we have shown that (i) the capillary lengthsLc are the
only factors that determine the step density in the growth spiral,
and (ii) since atL > Lc Vi(L) ) Vi,∞, this is the only effect that
capillarity has on the growth kinetics.
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Table 2. Values of Lc and Step Widths for Various Sources and
Crystallographic Directions. Values ( Std. Deviation [nm] (Number
of Measurements)

direction

source [010] [001] [01h0] [001h]

1 Lc 368( 142 (13) 175( 45 (6) 453( 119 (13) 244( 71 (10)
l 1062( 210 (8)

3 Lc 343( 131 (10) - 297( 12 (2) 267( 98 (9)
l

4 Lc - 359( 47 (5) 331( 60 (13) 212( 57 (7)
l 954( 103 (9)

Vi(L) ) Vi,∞{1 -
[exp(∆µLc/L kT) - 1]

[ exp(∆µ/kT) - 1] } (11)

Vi(L) ) Vi,∞(1 - Lc/L) or Vi(F) ) Vi,∞(1 - Fc/F). (12)

Figure 7. Dislocation hollow cores. (a) A tapping mode image of a group
of dislocations at near-zero supersaturation. While the crystal is still growing,
the dislocation cores (green arrowheads) are hollow. Image size: 5.8µm.
Z-scale 140 nm. (b) One of the dislocations shown in (a), imaged at a higher
magnification. Note the noncircular shape of the hollow core. Image size:
600 nm. Z-scale 25 nm. (c) A contact mode, high-resolution image of
another hollow core on the same crystal. The crystal lattice and the molecules
at the edge of the growing step and at the core boundary are clearly resolved.
The core is a parallelogram with sides of three and four molecules. The
lattice distortion is due to the use of the O-ring during imaging. Image
size: 200 nm. Z-scale: 8 nm.

Capillarity Effects on Crystallization Kinetics: Insulin A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 38, 2003 11693


