Interactions of von WUlebrand Factor on Mica Studied
by Atomic Force Microscopy
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Three-dimensional molecular level images of uncoated human yon Willebrand factor (vWF), a plasma
glyeoprotein, have been obtained using atomic force microscopy (AFM). However, the structural detail
obtained by AFM was found to depend on the interactive forces between the hydrophilic mica surface
and the vWF, relative to the tracking force of the probe tip acting on the protein, vWF on mica was
characterized by AFM in air, under two deposition conditions, which differedwith respect to the amount
of vWF on the surface and the degree of sample hydration. Under hydrated conditions, the vWF had
weak adhesion to the mica and was moved easily by the AFM probe tip. This resulted in tip-induced
organization ofvWF into molecular aggregatesoriented approximately perpendicular to the fast scanning
direction. In contrast, under dehydrated conditions, three-dimensional images of individual vWF molecules
were observed at approximately 10 nm lateral resolution. Extended vWF molecules up to 600 nm in
length were imaged, but most molecules were in the 50-300 nm range with 15-45 nm globular subunits.
AFM images obtained using the constant force imaging mode indicated height measurements of 3-5
nm for most of the vWF molecules. © 1992AcademicPress,Inc.
INTRODUCTION
T h e interactions o f plasma proteins with
solid surfaces are i m p o r t a n t p h e n o m e n a that
affect m a n y bioadhesion events, including
t h r o m b u s f o r m a t i o n on biomedical polymers
a n d other biomaterials ( 1 - 3 ) . T h r o m b o s i s
f o r m a t i o n is a c o m p l e x process that involves
initial protein adsorption; the adhesion, activation, and aggregation o f circulating platelets;
and activation o f coagulation pathways ( 1, 2).
T h e composition, packing, orientation, and
c o n f o r m a t i o n o f the adsorbed protein molecules are believed to be critical factors that determine subsequent events such as platelet and
cell a t t a c h m e n t ( 3 - 1 0 ) . However, analysis or
modeling o f proteins at biomaterial surfaces
is complicated significantly by a wide range o f
potential protein interactions and by the c o m To whom correspondence should be addressed.

plex a n d heterogeneous nature o f most biomaterial surfaces ( 4 - 7 ) . As a result, there is
only limited fundamental understanding at the
molecular level of the interactions o f plasma
proteins at solid surfaces.
Direct investigations o f protein-surface interactions are n o w feasible by using the recently developed technique o f atomic force
m i c r o s c o p y ( A F M ) (1 l, 12). Indeed, under
o p t i m u m conditions (e.g., hard, s m o o t h sampies) the A F M is capable o f resolving surface
detail d o w n to the atomic level ( 1 1 - 1 4 ) . Imaging can be accomplished in controlled atmosphere, air, or in aqueous environments,
with no special requirement for high energy
radiation sources or sample conductivity.
A F M has been used to obtain atomic resolution o f both conductors (14, 15) and hard
n o n c o n d u c t o r s (16), and molecular level images o f insulating polymers (17). A F M images
o f p l a s m a proteins have been reported for fi261
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brinogen (18) imaged in air, and under buffer
solutions for fibrinogen and thrombin activated polymerization of fibrin (19), monoclonal immunogiobulin (20), and supported
lipid-protein membranes (21). In addition,
AFM images of cells and surface features of
cell membranes down to 20 n m resolution has
been demonstrated (22).
The possibility of imaging the three-dimensional structure of biological molecules has
stimulated considerable interest in the AFM
technique and its potential use in the study of
protein structure, protein adsorption, and
protein-surface interactions. However, despite
initial progress, AFM images of plasma proteins adsorbing to solid surfaces from aqueous
buffer solutions generally have not shown molecular-level detail, but rather molecular aggregate formations in which very different
proteins provide very similar "strand-like"
images (19, 20). To address this issue, and
with the aim of achieving molecular-level resolution, the AFM studies reported here focus
on the effects of molecular probing in the repulsive mode on von WiUebrand factor (vWF)
deposited on mica and imaged under hydrated
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FI6.1. Cantileverand AFM scanning. The sample surface is scanned with a sharp tip mounted on a cantilever.
The small deflectionsof the cantileverare measured using
a focusedlaser beam which is reflectedoffthe gold-coated
cantilever to a two-elementphotodiode detector. This allows for the precise measurement ( <0.1 nm) in the z direction. The x, y, z Nezoelectricsingletube scanner, located
directly under the sample, provides the precise raster
movement of the sample.The variationsin voltagesignals
from the photodetector and z-piezo are converted into a
three-dimensional image.
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and dehydrated conditions, vWF is a very large
plasma glycoprotein which exists in the circulation as polydisperse molecular assemblies
of disulfide-linked multimers, ranging in m o lecular weight from 500,000 (dimer) up to 20
million (23). v W F serves as a carrier protein
for coagulation factor VIII and as a mediator
of initial platelet adhesion to substrata such as
subendothelial collagen and possibly to implanted biomaterials. The three-dimensional
structure of v W F is not known, but the glycoprotein has been visualized previously by
T E M as a molecular filament (usually coiled )
of varying sizes, typically 40 to 300 n m diameter when coiled, to over 1000 n m when
fully extended ( 2 4 - 2 6 ) . The large size o f v W F
and its crucial role as a mediator o f t h r o m b u s
formation on biomaterial surfaces made it an
attractive protein for this initial A F M study.
MATERIALS AND METHODS

Preparation of v WF
Purified h u m a n v W F was prepared from
cryopreeipitate and separated from coagulation factor VIII according to previously published methods (27). Briefly, this involved
isolating the cryoprecipitate fractions with ristocetin-dependent platelet agglutinating activity. The purified v W F was suspended in
TBS (50 m M Tris, 150 m M NaC1, p H 7.4),
applied to a Sephacyl S-1000 column and
eluted with the same buffer. Active v W F fractions were pooled, concentrated by precipitation with 35% (wt/v) a m m o n i u m sulfate,
centrifuged, and then suspended in TBS-azide
buffer (50 m M Tris, 150 m M NaCI, 0.02%
sodium azide, p H 7.4). Purified v W F fractions
were diluted (0.4 and 0.04 m g / m L ) in TBSazide buffer and stored at - 2 0 ° C .

Atomic Pbrce Microscopy
A F M images of h u m a n v W F were obtained
using a Digital Instruments A F M / S T M
Nanoscope II system. A F M operates by scanning a surface with a sharp tip m o u n t e d on a
cantilever as shown in Fig. 1. For these ex-
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periments, a 12-~m x - y scanner: was used, scan areas of 200 to 10,000 nm 2, with typical
which allows relatively large fields to be im- x-scan frequencies of 3-9 Hz. Generally, the
aged. The AFM head includes a focused laser force applied (i.e., voltage setting, V) by the
beam which is reflected offthe upper apex sur- cantilever tip was minimized at the beginning
face of a gold-coated silicon nitride triangular of an experiment by using the deflection versus
cantilever to a two-element photod~'ode detec- z drive signal function. Under the minimum
tor. The triangular cantilevers (Park Scientific force conditions, the repulsive force plus the
Instruments) were 100 t~m in length with a spring force approximately balances to within
spring constant o f 0.37 N / m , and an inte- 5 n N the attractive forces between probe and
grated pyrimidal probe tip, approximately 2.7 sample surface.
t~m in length and nominal tip radius of 30RESULTS
40 nm. The optical beam detection allows for
the precise measurement (<0.1 rim) in the z
VWF Imaged by AFM Under
direction of deflections by the cantilever and
Hydrated Conditions
the attached probe tip. The sample stage
The ability to obtain three-dimensional immounting includes the x, y, z piezoelectric
ages
of proteins on surfaces by AFM in the
single tube scanner, which provides the precise
repulsive
mode depends on the interactive
x and y raster m o v e m e n t of the sample. The
forces
between
the two-dimensional solid surimage processing system converts the variaface
and
the
protein,
relative to the tracking
tions in voltage signals from the photodector
and z-piezo, as a function of probe position, force applied to the protein by the probe tip
attached to the flexible cantilever. If the apinto a three-dimensional image.
plied force, which can be minimized once
scanning has been initiated, is greater than the
AFM Imaging of vWF
surface-protein adhesive force, then the proAFM Images (400 × 400 data pixel density) tein will be " m o v e d " by the tip.
were recorded in both the variable deflection
The effect of the probe tip is shown in Fig.
(constant height) m o d e and in the constant 2 for sequential AFM images of vWF deposforce mode, where the applied force was kept ited on cleaved mica and then imaged using
constant by using an integral feedback loop the constant height mode. Figure 2(a) shows
and recording the z m o v e m e n t of the sample. an area (1368 n m by 1368 rim) of deposited
Atomic resolution images of freshly cleaved, vWF that had not been scanned previously.
muscovite mica, KA13Si30~o(OH)2, were The image shows molecular aggregates of vWF
obtained before imaging vWF. Samples were ranging from 15 n m up to 70 nm (width) diprepared by depositing a 2-t~L aliquot of vWF mension, which corresponds to 2-3 vWF mo(0.04 m g / m L ) onto the freshly cleaved mica. lecular diameters up to approximately 10 vWF
The aqueous drop spreads completely, since molecular diameters at the base of each agthe mica surface is hydrophilic. Imaging of the gregate strand. At low angles (approx. 30 ° ) to
vWF was initiated within a few minutes and the x scanning direction, relatively thin aggrereferred to as hydrated conditions. For dehy- gates of 15-20 n m were observed, which indrated conditions, vWF samples were removed creased in size as the strand orientation apfrom the piezoelectric stage, rinsed thoroughly proached 90 ° to the x axis. In the following
with distilled water to remove loosely adherent scan (Fig. 2 ( b ) ) , which was obtained under
molecules, air-dried for over 5 h, and then re- identical scanning conditions, the size range
imaged. Thus, the two sample preparation of the molecular aggregates increased to 30
conditions differed with respect to the a m o u n t n m at low angles to the x direction, up to 90
of protein on the surface and the degree of n m in the perpendicular direction. In addition,
hydration. AFM images were obtained over the general orientation of the strands was
Journal Q/Colloid ~tnd Inteiflwe Science, Vol. 148, No. 1, January 1992
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FIG. 2. Sequential constant height AFM images, 1368 nm by 1368 nm, 8.7 Hz x-scan frequency, ofvWF
deposited on mica (hydrated conditions), which had not been scanned previously: (a) shows molecular
aggregates ofvWF ranging in size from 15 nm up to 70 nm (width dimension). In the following scan (b),
the size range of the molecular aggregates has increased to 30 nm at low angles to the fast (x) scanning
direction up to 90 nm in the perpendicular direction.

hmrnal e~/Colle~id and Inter/hoe Science. Vof. 148, No. [, January 1992
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closer to the perpendicular direction, with the
mica support evident between protein strands.
Continued imaging caused further aggregation
and manipulation of the v W F molecules. The
height of the v W F aggregates was found to be
approximately equal to the width of the growing molecular aggregates, determined from
analysis of an image obtained using the feedback mode of constant force. The AFM images
we obtained illustrated the effect of the probe
tip, which was to move protein in the fast (x)
scanning direction until the resistance of the
accumulated protein mass was sufficient to
cause a deflection o f the cantilever tip, thus
providing an image of the aggregate strand
oriented approximately 90 ° to the x axis.
The cumulative effect of protein manipulation by the probe tip was illustrated dra-
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matically, when the probed vWF was viewed
at a higher scan area (8 × 8/~m), shown in
Fig. 3, which provided a composite image of
the earlier scanning effects. Area "a" in Fig. 3
has been scanned repeatedly, area "b" was
scanned 2-3 times, and area "c" shows undisturbed vWF. It should be noted that the
fast scanning direction for area "a" was the y
direction, as seen in Fig. 3. The whole area
shown in Fig. 3 was scanned repeatedly, without perturbation to the vWF. In addition to
illustrating the previous effects of the probe
tip with scans, Fig. 3 shows that the tip interaction decreases with increasing full-scale
scanning range, such that the vWF could be
imaged without being disturbed by the probe
tip, but at the cost of lower resolution. This
may be attributed to an effect of the increased

FIG. 3. AFM constant height image, 8664 nm by 8664 nm, 3.5 Hz x-scan frequency, ofvWF deposited
on mica (hydrated conditions). The figure shows the cumulative effects of protein manipulation by the
probe tip. Area "a" has been scanned repeatedly (6 times), area "b" has been scanned 2-3 times, and area
"e" showsundisturbed vWF. The x axis was the fast scanningdirection for areas "b" and "c" and the slow
scanning direction for area "a." This large field image was scanned repeatedly without any effect on the
protein.
Journal <fColloid and IntetJhce Science, Vol. 148, No. 1, January 1992
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x and y scanning velocities ( n m / s ) at the
higher scan size. Accordingly, our attempts to
image vWF over a small full scale scan range
such as 100 nm, resulted in gross distortions
to the protein layer. Although minimum force
was used to image (and move) the vWF, we
have no quantitative measure for the forces
that were exerted locally by the tip on the vWF
molecules, which is a function of tip geometry
as well as the instrumental parameters described previously.
The cumulative effects of probing the hydrated vWF with the number of scans are
summarized in Table I. The table includes information derived from additional scans that
are not presented in this report. The table
shows that the surface coverage of vWF on
mica was reduced with each scan, from the
initial 100% down to 39% after 6 scans, while
the molecular aggregates increased in size from
15 nm up to 120 nm.

vWF Imaged by AFM Under
Dehydrated Conditions
To increase the v W F - m i c a adhesive interactions, samples were rinsed with distilled water to remove loosely adherent molecules, deTABLE I
T h e Effect o f A F M Scans o n D e p o s i t e d v W F

Scan
range
(nm)

Scan
orientation
(degrees)b

l(2a)

1368

0

2(2b)
2
3
5
6
> 6 (3)

1368
3723
3723
5165
5165
8664

0
0
0
90
90
0

Number
of scansa

vWF Aggregates
size range~
(nm)

Surface
coverage
of vWF
on micaa

15-65

>74%

30-90
30-110
90-110
110-130
1 1 0 - 1 4 0 (120)
--

61
65
52
41
39
--

a Figure n u m b e r in parentheses.
b Scan orientation is with respect to Fig. 3.
c The m a x i m u m height (nm) of the v W F aggregates is
shown in parentheses for the constant force image. The
width of the vWF aggregates was obtained using the
Nanoscope image review software.
d Surface coverage of vWF on mica was estimated from
weighing cutouts of figure enlargements.
,h)arnal o]Cotloid and lnledace Science, Vol. 148, No. 1, January 1992
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hydrated by air-drying for over 5 h, and then
re-imaged. Under these sample preparation
conditions, individual vWF molecules were
observed that were not perturbed by repeated
scanning of the cantilever tip. In addition, this
permitted additional time to sequentially scan
identical areas using the constant height m o d e
and then the constant force imaging mode.
AFM images Of the dehydrated vWF molecules were obtained from full-scale scan areas
ranging from o f 200 nm 2 up to 10,000 n m 2.
Figures 4 ( a ) and 4 ( b ) show sequential AFM
images, 2600 n m by 2600 rim, of vWF on
mica, and imaged under constant height and
then constant force. Analysis of these and
similar large field images showed vWF molecules up to 600 n m in length, but molecular
sizes in the range 50 to 300 n m were most
common. These images confirm the considerable variation in size and shape of the vWF
macromolecules, which result from the polydispersity and chain folding. Analysis of A F M
images obtained using constant force such as
Fig. 4 ( b ) , indicated apparent height measurements of 3-11 n m ( 1-2 vWF molecules), but
with 3-5 n m ( 1 vWF molecule) being the most
common.
Figures 5(a) and 5(b) show two higher
magnification constant height images (1161
nm by 1161 rim) that show the typical range
of observed vWF molecules. Figure 5 (a) shows
two relatively extended chains approximately
500 n m end-to-end length, while the largest
molecule shown in Fig. 5(b) has a maximal
dimension of 200 nm. The two vWF molecular structures shown in Fig. 5 (a) are not fully
extended, but include regions with overlapping
chains. This interpretation is consistent with
the observed variations in molecular height
measurements obtained from the companion
constant force image. In addition, several regions of the two chains, examples are indicated
by arrows, are suggestive of the vWF protomer
(dimeric repeating unit) observed previously
by TEM (24, 25). One such area of Fig. 5(a)
has been expanded and is shown in Fig. 6. The
observed "globular" subunits seen in Figs. 5
and 6 range in size from 15-45 nm.

vWF
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l~G. 4. Sequential constant height (a) and constant force (b) AFM images, 2600 nm by 2600 nm, 5.8
Hz x-scan frequency, of vWF deposited on mica; water rinsed and dried in air for over 5 h (dehydrated
conditions). The images show vWF molecules with a wide range in lateral dimensions, from 50 nm to over
600 nm. Height measurement of the molecules, obtained from (b), indicated a range of 3-11 nm.
DISCUSSION

A F M Scanning Effects on v W F
T h e A F M images we o b t a i n e d u n d e r hydrated c o n d i t i o n s showed t h a t the v W F mol-

ecules were m o v e d easily by the probe tip into
a p e r p e n d i c u l a r o r i e n t a t i o n to the fast scann i n g direction, a n d subsequently to the peripheral edges o f the s c a n n i n g area, although
we n o t e d t h a t the effects of the probe tip were
Journal cfColloid and lnter/iwe Science, Vol. 148, No. 1, Janualaj 1992
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FIG. 5. Two AFM constant height images of vWF deposited on mica (dehydrated conditions): (a) ( 1161
nm by 1161 nm, 5.7 Hz x-scan frequency) shows two partially extended vWF maeromolecular chains,
approx 500 nm end-to-end length. Several substructures of these chains, examples are indicated by arrows,
are suggestive of the vWF protomer. The largest vWF molecule shown in (b) has a maximal dimension of
approximately 200 nm.
reduced significantly w h e n the surface was
scanned at higher scan width a n d velocity. The
extent of the effects o f the probe tip will depend
o n the properties o f the s u p p o r t surface, the
Journal o/'Colloid and Inter.[dee Science, Vol. 148, No. |, January 1992

properties o f the protein, the d e p o s i t i o n c o n ditions, a n d o n the A F M s c a n n i n g c o n d i t i o n s .
Each o f these factors m a y be adjusted for the
purposes o f a particular e x p e r i m e n t . U n d e r
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FIG. 6. Expanded AFM constant height image, 462 nm by 462 nm, 5.8 Hz x-scan frequency of vWF
deposited on mica (dehydrated conditions). The image shows two substructures (arrows) of larger vWF
chains thought to be the vWF protomer region (dimeric repeating unit).

the initial conditions employed here, the vWF
molecules had relatively weak a n d / o r few adhesive contacts to the hydrophilic mica. The
weak adhesion is attributed to the presence of
water molecules at the vWF-mica interface, as
depicted in the model of scanning effects on
vWF, shown in Fig. 7(a).

ProbeTip

,,,

The result of the probe tip moving small
amounts of vWF into larger molecular aggregates are the sequential images shown in Fig.
2. These images are very similar to other proteins observed under aqueous conditions ( 19,
20) using an AFM liquid cell attachment. Although no structural information can be ob-

vWF

"-

V--

FIG. 7. Proposed models for AFM probing of vWF, under (A) hydrated conditions and (B) dehydrated
conditions. Under hydrated conditions, the vWF-mica interactions are weak, attributed to the presence of
interfacial water molecules. The weak interactions allows the probe tip to move protein molecules in the
fast (x) scanning direction into large molecular aggregates. The mass of the accumulated protein is then
sufficient to cause a deflection of the cantilever (variable deflection mode), leading to molecular aggregates
that are oriented perpendicular to the fast scanning direction. In the absence of interfacial water (B) the
vWF molecules have stronger and increased surface contacts, which allowed repeated scanning by the AFM
probe without significant perturbation to the vWF.
Journal of Colloid and Interjhce Science,
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tained from the images, a tentative analogy microscopy, can be expected to remove unmay be drawn from our present observations certainty associated with sample deformability
to protein adsorption behavior in an aqueous and surface tension effects, leading ultimately
environment. The adsorption free energy of a to atomic scale images of plasma protein molprotein attracted to an interface generally ex- ecules. An alternative approach, which can be
ceeds thermal energies leading to a quasi-ir- used for imaging structural features of biologreversible attachment, although protein ex- ical macromolecules under aqueous condichange reactions have been observed experi- tions, is to immobilize the biomolecule (to
mentally. Our data suggest that it is the loss mica or glass) via an appropriate coupling
of water molecules at the interface between molecule (e~g., (21 )). However, this approach
the protein and solid surface which is the crit- then precludes the study of specific proteinical first step in the time dependent adsorption surface interactions, and the examination of
process. Thus, in the case of a hydrophobic the relationships between material surface
surface, where attractive protein-surface in- properties and three-dimensional protein
teractions result in entropically driven exclu- structure.
sion of interfacial water and strong surfaceprotein adhesion, molecular resolution of the
Schematic Models o f The v W F Protomer
adsorbed protein by AFM should be possible.
The vWF molecules observed by AFM unConversely, an adsorbing protein that remains
solvated will more readily desorb or undergo der dehydrated conditions covered the range
exchange reactions, or in the case of our ex- of maximal dimensions that were consistent
periments, be moved by the AFM probe tip. with the published TEM data for coiled vWF
This view is supported by the ease with which (24, 25 ). TEM and quasi-elastic light scattermost of the vWF molecules were rinsed off the ing studies (25) of purified h u m a n vWF have
shown that the maximal dimensions of purimica surface.
Under dehydrated conditions, the vWF had fied human vWF in compact coils, which constronger a n d / o r increased surface contacts, tribute greater than 87% of the molecules,
caused by elimination of the interfacial and range from 40 n m up to 300 nm, while exintermolecular water molecules, as shown in tended vWF molecules range from 100 n m up
the model (Fig. 7(b)). Clearly, the loss of wa- to 1100 nm. In addition, vWF deposited on
ter at the interface had an important effect on mica retains a similar statistical distribution
the mica-vWF adhesion, which resulted in a of overall dimensions compared with vWF
significant improvement in our ability to suc- observed in buffer solution (26).
The three-dimensional structure o f vWF is
cessfully image the vWF molecules, down to
approximately 10 nm lateral resolution and 1 not known. However, by TEM data (24), the
nm vertical resolution. The images obtained dimeric repeating unit (protomer) has been
by AFM are a convolution o f tip and sample, suggested to consist of two large globular end
where the ultimate resolution depends on the domains with an average size of 26 nm, each
radius of curvature of the microfabricated tip, consisting of two smaller 13 n m globular donominally estimated to be 30-40 nm, but may mains, which are connected to a small central
be as small as 0.3 nm for an ultrasharp tip node by two flexible rod domains each 34 n m
(28). The elliptical shape of the schematic by 2 nm. The overall length o f a fully extended
vWF molecules is intended to reflect the un- vWF protomer is 100-120 nm, as depicted in
certainty associated with our tip geometry, and the schematic model shown Fig. 8 (a). Figure
for the possibility of some molecular spreading 8 (b) shows similar schematic representations
resulting from surface tension effects during for two vWF structures observed by AFM
water evaporation. The application of sample (from Fig. 6 ), in which the solid spheres repdrying techniques used successfully in electron resent the globular domains. Based on con,]ournal o[Co[Ioid and Inle(/itce Science, Vol. 148, No. 1, .January 1992
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FIG. 8. Schematic models of the vWF protomer (dimer) region, (A) based on TEM data (after Ref. (23)
and (B) based on AFM data (from Fig. 6). The solid spheres represent globular domains.

stant force images, the height of the largest
globular domain, shown on the left of Fig. 8(b)
is 7.5 nm, while the height of the remaining
globular domains in each structure is approximately 4 nm. The 2-nm internodal strands
were not resolved by AFM in this study. The
observed globular subunits range in diameter
from 15-45 nm. The larger sized subunits
suggest some degree o f overlap between globular domains at the interprotomer junction,
as suggested by the T E M studies of Fowler et
al. (24), but may also reflect the presence of
the carbohydrate side chains which are
believed to be clustered on the globular domains (23 ).
SUMMARY

These studies have shown that three dimensional molecular level images of uncoated
human vWF glycoprotein molecules can be
achieved using AFM. However, the structural
detail obtained by AFM was shown to depend
on the interactive forces between the two-dimensional mica surface and the vWF, relative
to the tracking force applied to the protein by
the AFM probe tip. Initial experiments of hydrated vWF on mica showed that the applied
force exerted by the probe tip was sufficient to
manipulate the proteins into large molecular
aggregates oriented perpendicular to the fast
scanning direction. These observations were
attributed to the weak vWF-mica interactions
resulting from the presence of interracial water

molecules. Air drying the vWF for an extended
period was sufficient to permit molecular level
imaging. Under these dehydrated conditions,
images o f v W F at approximately 10 nm lateral
resolution and 1 n m vertical resolution were
obtained. Extended vWF molecules up to 600
n m in length were imaged, but most molecules
were in the 50-300 n m range with 15-45 n m
globular subunits. AFM images obtained using
the constant force imaging mode indicated
height measurements of 3-5 n m for the globular subunits. The presence of larger sized
subunits provided evidence for overlap between globular domains at the interprotomer
(dimer) j unction. Two substructures of a partially extended vWF macromolecule observed
by AFM were modeled and compared with an
existing model for the dimeric repeating unit
o f vWF.
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