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ABSTRACT High resolution scanning force microscope (SFM) images of fibrinogen-exposed platelet membranes are pre-
sented. Using ultrasharp carbon tips, we are able to obtain submolecular scale resolution of membrane surface features.
Corroboration of SFM results is achieved using low voltage, high resolution scanning electron microscopy (LVHRSEM}) to image
the same protein molecule that is seen in the SFM. We obtain accurate height dimensions by SFM complemented by accurate
lateral dimensions obtained by LVHRSEM. The use of 14- and 5-nm gold labels to identify specific membrane-bound biomol-
ecules and to provide contrast enhancement with the SFM is explored as a useful adjunct to observation of unlabeled material.
It is shown that the labels are useful for locating specific protein molecules on platelet membrane surfaces and for assessing
the distribution of these molecules using the SFM. Fourteen nm labels are shown to be visible over the membrane corrugation,
whereas 5-nm labels appear difficult to resolve using the present SFM instrumental configuration. When using the 5-nm labels,
collateral use of LVHRSEM allows one to examine SFM images at submolecular resolution and associate function with the

structures imaged after the SFM experiment is completed.

INTRODUCTION

The horizon of biological surface research has been extended
considerably by the introduction of the scanning force mi-
croscope (SFM). The ability to image exclusively the surface
of an uncoated object with subcellular or even submolecular
resolution and the potential to do this under water has stimu-
lated a flurry of activity from the scientific community. This
has resulted in significant advances in obtaining structural
information of biologically relevant systems at the molecular
(Horber et al., 1992; Parpura et al., 1993) and sub-molecular
level (Weisenhorn et al., 1990; Emch et al., 1992; Arakawa
et al., 1992; Lacapere et al., 1992; Allen et al., 1993). How-
ever, progress toward new understanding of the function of
the systems under study has not been commensurate with this
activity. One reason for this is that the SFM is indiscriminate
in its contrast mechanism with respect to chemical compo-
sition and biological function. All features of a surface are
recorded with approximately equal facility. Thus, a mem-
brane receptor appears as a feature of about the same size as
an adsorbed protein, which is a feature about the same size
as a fold in the bilipid layer. As an example of the contrast
problem with the SFM, we present a result from our studies
on the interaction of blood plasma proteins with polymer
surfaces. We began this study by looking at a bare polymer
surface, low density polyethylene (NHLBI Standard) and at
a glycoprotein, von Willebrand Factor, adsorbed on a surface
of known topography, mica (Fig. 1). It is evident from this
figure that if the protein were to be placed on top of the
polymer, the protein would be lost in the topography of the
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polymer. This same situation is present when trying to image
biomolecules on cell membranes.

To distinguish a specific biomolecule on a cell membrane
surface by SFM, it is necessary either to use some comple-
mentary technique that provides additional information or to
treat the surface or process the data in some way so as to make
the various molecular components distinguishable. Some
method for identifying the proteins and enhancing the con-
trast of the image in the region where the protein adsorbs is
needed. In this report, we describe a study of cell-surface
receptors and proteins on a blood platelet membrane imaged
by SFM. We explore the use of carbon tips to enhance SFM
resolution, the use of low voltage, high resolution scanning
electron microscopy (LVHRSEM) to obtain complementary
information, and the use of 14- and 5-nm gold bead labels
to locate and identify specific glycoproteins on the platelet
membrane. Although both SFM and LVHRSEM have theo-
retical resolution limits well into the submolecular regime,
there exist vagaries of the two techniques that result in image
contrast that is unrelated to topography. By using both SFM
and LVHRSEM in a correlative way, we are able to focus on
objects that appear in both microscopes and are thus less
likely to be imaging artifacts. This leads to a more complete
picture of the surface and more confidence concerning the
topographic aspects of our data than is possible with either
technique alone.

In addition to using complimentary imaging techniques,
we have examined fibrinogen on platelet membranes by
modifying the surface to selectively enhance the contrast of
a region based on its biological function. This is accom-
plished by using the immunogold labeling technique (Roth,
1983; Park et al., 1986). The gold bead labels provide con-
trast enhancement of the SFM and allowed the labeled gly-
coproteins to be distinguished from the background molecu-
lar scale features of the platelet membrane. We used the
colloidal gold technique for several reasons. It was a well
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FIGURE 1

(a) SFM image of von Willebrand Factor deposited on freshly
cleaved mica. The protein, isolated and purified as described previously
(Marchant, 1992), was dissolved in ammonium acetate and then deposited
on the mica. (b) SFM image of NHLBI standard low density polyethylene
displayed using parameters identical to the vWF image in a.

established technique in electron microscopy, it allowed us
to compare our SFM results with electron micrographs of the
same surface, and it provided a range of contrast enhance-
ment based on a range of gold label sizes. Previously, we
have used colloidal gold labeling to investigate the binding
of fibrinogen molecules to receptors on platelet surfaces and
the subsequent movement of the ligand/receptor complexes
on the membrane surfaces (Albrecht et al., 1989). Images of
the colloidal gold labels were obtained utilizing correlative
video-enhanced light microscopy, high voltage transmis-
sion electron microscopy, and LVHRSEM. The recently
reported application of this technique, using relatively
large immunogold labels of 30-nm diameter to provide
contrast enhancement in SFM topographs of lympho-
cytes, is novel and shown to be quite useful (Putnam et al.,
1993).

In this paper, we extend the use of immunogold labels in
the field of SFM. To test the feasibility of this approach, we
needed to visualize the same molecule with the SFM and the
LVHRSEM. This allowed us to develop confidence that we
were actually visualizing the gold beads with the SFM. The
membrane of a blood platelet is irregular on a micron scale,
so that by supporting the platelet on an electron microscope
finder grid, we obtained a surface that provided easy scaling
from a sub-millimeter down to a nanometer dimension. Col-
lateral studies with LVHRSEM then confirm that we have
been successful in enhancing the SFM contrast based on
biological function. Further, we have been successful in im-
aging exactly the same glycoprotein molecules and gold la-
bels in the SFM and the LVHRSEM.

MATERIALS AND METHODS
Sample preparation

As we have detailed previously (Loftus et al., 1984; Olorundare et al., 1993),
platelets adherent to formvar-filmed finder grids were labeled with fibrino-
gen or IgG antibody to the fibrinogen receptor, either soluble or gold con-
jugated (monoclonal antibody against the platelet fibrinogen receptor 10ES
was a generous gift from Dr. Barry Coller, State University of New York,
Stony Brook). Labeled platelets were prepared for electron microscopy by
glutaraldehyde and osmium fixation, ethanol dehydration, and drying by the
critical point method (Albrecht et al., 1993, 1992). Fibrinogen was purified
from fresh or frozen plasma by precipitation with 25% saturated ammonium
sulfate followed by DEAE-cellulose chromatography (Mosher, 1975). The
specimen was then sputter-coated with 1-2 nm of platinum.
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Electron microscopy

Samples were imaged in a Hitachi S-900 low voltage, high resolution scan-
ning electron microscope (LVHRSEM) (Integrated Microscopy Resource,
University of Wisconsin, Madison) at 1-3 kV accelerating voltage (V,) in
the secondary electron (SE) mode, providing a topographical image of the
surface, or at 4-10 kV in the backscattered electron (BSE) mode for iden-
tification of gold labels. This LVHRSEM has a field emission probe as well
as low aberration lenses, allowing it to obtain a narrow electron beam at low
V,. This combination of small probe size at low V, permits examination of
biological material at high resolution with low beam penetration, producing
images of cell surfaces of such resolution and contrast that visuatization of
individual protein molecules directly on the cell surface membrane is pos-
sible. At low V,, gold labels can be identified by their shape but cannot be
distinguished from other cell surface features of similar size and shape.
Increasing V;, to 3-5 kV and above increases beam penetration, progres-
sively decreasing the amount of surface detail in the image but making
possible positive identification of gold labels through atomic number (z)
contrast. The use of backscattered electrons for imaging further increases
differences in z contrast. BSE detectors using the YAG-type scintillator
(Autrata) provide very high sensitivity such that BSE imaging of gold la-
beled cell surfaces at lower beam voltages permits positive identification of
gold labels down to 1 nm in size and a concomitant increase in the amount
of surface detail in the image as the voltage is decreased (Pawley et. al, 1988;
Autrata, 1989).

Scanning force microscopy

All samples were imaged under ambient air conditions with a Digital In-
struments Nanoscope Il SFM (Center for Cardiovascular Biomaterials,
Case Western Reserve University, Cleveland, OH). Commercial Si;N, tips
integrated on Si;N, cantilevers (Nanoprobes, Digital Instruments, Santa
Barbara, CA) were used. Various triangularly shaped cantilevers were used.
Some were 100 um long with a manufacturer’s reported spring constant of
0.6 or 0.4 N/m. Others were 200 um long with a manufacturer’s reported
spring constant of 0.1 N/m. The tips were pyramidally shaped and ~5 um
tall. Some of the images were collected using an ultrasharp carbon spike
grown on top of the silicon nitride pyramid (Akama et al., 1990; Kam et al.,
1991; Keller et al., 1992). These spikes were grown by first soaking the
entire cantilever assembly in EM grade acetone and then exposing the apex
of the Si;N, tip to a stationary focused beam at 20-25 kV accelerating
voltage for ~2 min in the S-900 SEM. We did have difficulty reproducibly
forming the carbon spikes with this procedure. We suspect that an adven-
titious contaminant on the inside surface of the beaker of acetone was re-
sponsible for the successfully grown tips. Typical engagement forces were
~10 nN as determined by multiplying the cantilever spring constant by the
distance the cantilever was flexed between its setpoint and the point at which
it was flexed when tip and surface were >5 pm apart. Unless otherwise
stated, all SFM images reported below were taken in the constant force
mode. In this mode of operation, a digital feedback loop uses the position
of a focused laser beam (which is reflected off the back of the cantilever and
onto a split photodiode) as its input and voltage to the z-piezo as its output
to maintain a constant laser beam position. This requires that a set point
position be chosen for the laser beam. We chose for this set point the position
that the laser beam assumes when the tip and sample surface are far apart
(>5 um). During the course of scanning, the setpoint drifted resulting in the
typical engagement forces of ~10 nN as mentioned above.

RESULTS AND DISCUSSION

Fig. 2 shows a gallery of images of a platelet. The images are
paired with the LVHRSEM data presented on the left and the
SFM data presented on the right. These images were col-
lected using a carbon tip deposited on a Si;N, pyramid. Fig.
2, a and b show that the same platelet has been located in both
microscopes. A successive series of increasing magnification
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changes were made. At first, a portion of the platelet edge
was kept in view to provide a reference (Fig. 2, ¢ and D).
When objects on the platelet membrane became large
enough, they were used as fiduciary marks for probing re-
gions of the membrane closer to the center of the platelet
(Fig. 2, e and f). Notice that in Fig. 2, ¢ and f the gross
features are the same in both SFM and LVHRSEM data; the
features labeled 1-4 (see Fig. 3) are easily recognizable in
both images. It is also evident that the LVHRSEM data ap-
pear sharper and of higher lateral resolution than the SFM
data. For example, feature 1 has a measured width of 29 nm
in the LVHRSEM data and a measured width of 81 nm in the
SFM data. This broadening of the image data by SFM has
been reported and explained previously (Thundat et al., 1992;
Bustamante et al., 1992; Eppell et al., 1993). The broadening
effect caused by the finite size of the tip is substantially
reduced, but not eliminated, by using a carbon tip rather than
the standard commercial Si;N, tip. The most accurate data
are obtained using the SFM to provide accurate height in-
formation complemented by high resolution lateral informa-
tion from the LVHRSEM.

The height of feature 1, which is not known by
LVHRSEM, is measured by SFM as 30 nm. This object along
with features 2—4 could be from a number of sources. A case
can be made that these objects are comprised of fibrinogen.
Fibrinogen bound to spread platelets exhibits a strong ten-
dency to form small aggregates. These aggregates can be
clearly visualized in LVHRSEM of platelet surfaces
(Albrecht et al., 1988). Although individual fibrinogen mol-
ecules are large enough to be resolved in the LVHRSEM and
the SFM, the complexity and roughness of the platelet sur-
face make it difficult to distinguish individual bound mol-
ecules from background corrugation. Fig. 2, e and f show a
region of a spread platelet surface on which a number of
small aggregates and individual molecules are bound. We
have convincing evidence that the features discussed in Fig.
2 are fibrinogen aggregates based on LVHRSEM studies
comparing exogenous fibrinogen-treated platelets with un-
treated platelets (S. R. Simmons et al., unpublished data).
The aggregates appear as light gray branched or globular
structures that, although easily visualized by LVHRSEM or
SFM, cannot be positively identified without some means of
contrast enhancement such as colloidal gold labeling. Based
solely on these LVHRSEM and SFM data, these branched
and globular structures could be aggregates of fibrinogen or
some other protein, could represent an early stage of ve-
siculation or of microparticle formation, or could simply
arise from the normal corrugation or roughness of the platelet
surface. If we are looking for features that represent single
bound fibrinogen molecules or single membrane receptors,
we must look for objects that are 510 times smaller in height
than these apparent protein aggregates (c.f. features 5-8 in
Fig. 2 f).

Single fibrinogen molecules have been visualized in trans-
mission electron micrographs of rotary shadowed or nega-
tively stained preparations as three interconnected globular
domains each 5-6 nm in diameter in a rod-shaped molecule
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45—-477 nm long. A number of rod shaped structures of this
approximate length can be seen in the LVHRSEM image of
the platelet surface. Our SFM data show that these structures
are around 7 nm in height, consistent with these features
being fibrinogen molecules. The trinodular structure of the
fibrinogen molecule cannot be distinguished in either the
SFM or LVHRSEM images of the structures. This may be
due to contributions to the image from other surrounding or
underlying structures, such as the glycoprotein receptor to
which the fibrinogen molecule is bound. An alternative ex-
planation is that the conformation of the molecule when
bound to its receptor in a physiological buffer is such that the
three domains of the molecule are not separated from one
another as they are when spread on a flat surface or embedded
in uranyl acetate. Other features in the LVHRSEM image
appear as round, 12-13 nm diameter particles, consistent
with these being glycoprotein receptors (Weisel et al., 1992).
These particles also can be seen by SFM to protrude ~7 nm
from the membrane surface. Feature 7 has a diameter of 13
nm measured on the SEM negative and a height of 7 nm as
measured by SFM. This also fits with this object being a
membrane receptor.

The resolution of the features in Fig. 2 fis about twice as
high as that in the succeeding images, which were collected
with Si,N, pyramids that did not have carbon spikes. Thus,
features with dimensions equivalent to individual globular
domains of adsorbed fibrinogen molecules can be resolved
here but not in the succeeding images. It should be noted that
this is not a general result with respect to Si;N, pyramidal
tips. The pyramidal tips vary considerably in their geometry
and some tips are capable of resolving individual domains.
However, this is not possible with all or even most Si;N,
pyramidal tips.

Although the above discussion of Fig. 2 shows comple-
mentary data obtained from collateral SFM and LVHRSEM
images, it is still speculative because of the lack of functional
specificity. There are many features in both the SFM and
LVHRSEM images, and by selectively focusing on particu-
lar regions one can find corroboration for many different
hypotheses. To eliminate ambiguities in the identification of
molecular features, it is necessary to find a technique for
positively identifying the objects of interest. This problem
has been solved in part for scanning electron microscopy.
Immunogold labeling has been used for just such a purpose
for several years and by a number of research groups
(Roth, 1983; Park et al., 1986; Simmons et al., 1990; Murthy
et al., 1987; Park et al., 1987; Herrera, 1992; Stirling, 1990;
Horisberger, 1979). The use of colloidal gold to aid in SFM
studies has recently been suggested (Shaiu et al., 1993;
Vesenka et al., 1993). However, the main thrust of these
papers has been to use the gold as a size calibration standard.
Putman et al. (1993) have shown that immunogold labeling
does show promise as a contrast enhancement mechanism in
SFM. They used immunogold-labeled lymphocytes to show
that 30-nm gold labels provide contrast enhancement of SFM
topographs. We will show that colloidal gold can also be used
to enhance the ability to identify specific features in SFM
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FIGURE 2 LVHRSEM. Surface adherent, spread platelet on formvar filmed finder grid. Image taken at 3-kV accelerating voltage shows primarily surface
detail, with very little beam penetration. Specimen coated with 1-2 nm platinum. The platelet was fixed 5 min after addition of exogenous fibrinogen.
Centripetal translocation of bound fibrinogen has left the membrane near the platelet perimeter free of fibrinogen. Small aggregates of bound fibrinogen
(arrows) have begun to form the characteristic band on the platelet surface surrounding the granulomere. Bar = 1 um. (b) SFM image of the same platelet
shown in a. The SFM data show that the perimeter of the platelet membrane is ~100 nm above the formvar film and the granulomere is 300350 nm above
the perimeter of the platelet. (c) LVHRSEM. Increased magnification of platelet shown in a. Larger aggregates of protein appear as bright objects on the
membrane surface (arrowhead). Smaller branched and globular protein aggregates appear as dimmer gray features (small arrow). The aggregates have formed
as fibrinogen bound to platelet surface receptors is translocated centripetally, leaving the platelet perimeter free of bound fibrinogen. Small particles in platelet
membrane at perimeter are of appropriate size for integral membrane glycoprotein receptors (large arrow). Bar = 0.1 um. (d) SFM of region shown in
c. The intensity of features near the membrane perimeter does not decrease as it does in the LVHRSEM image (c). (¢) LVHRSEM. Increased magnification
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FIGURE 3 Schematic drawing of a few of the features in Fig. 2, ¢ and
f. Feature 1 = big arrow head; Feature 5 = short arrow; Feature 7 = long
arrow.

images of platelet membranes. In addition to using the im-
munogold technique, we will show that direct conjugation of
the gold label to the protein of interest also provides contrast
enhancement with the SFM. Through the collateral use of the
LVHRSEM, we will prove that the contrast enhancement is
correlated with the gold labels in a one-to-one fashion. Fi-
nally, we will show that there is currently a lower limit to the
usable size of the gold labels with present SFM technology.

The contrast enhancement provided by immunogold labels
results in part from different mechanisms between SFM and
LVHRSEM. With the LVHRSEM, enhancement occurs both
because of the round regular shape and perhaps more im-
portantly because the gold label is electron dense. Thus, it
provides a site for enhanced backscatter and secondary emis-
sion of electrons. This causes the gold particle to look like
a bright star in a gray sky when it is imaged against a mostly
carbon background. In SFM, the gold label sticks out because
of its well defined geometry and size and perhaps its low
compressibility. The SFM operator looks at a relatively ir-
regular surface and tries to locate a well defined roughly
spherical cap. Once this is identified, a careful search is per-
formed around the gold label to see if the biomolecule that
is attached to it is visible.

Immunogold labeling

Our SFM and LVHRSEM data show high resolution down
to molecular scales but lack the means for molecular iden-
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tification. To address this problem, we began by conjugating
fibrinogen receptor antibodies to 14-nm gold particles
(Loftus et al., 1984; Olorundare et al., 1993). These coated
particles were then allowed to bind to receptors on spread
platelets that had been deposited on formvar-coated EM
finder grids. Fig. 4 shows LVHRSEM and SFM images of
a surface adherent platelet that had been prepared in this
manner. The overall shape of the platelet is convincing
evidence that the same platelet has been imaged by the
two techniques. It is obvious from the LVHRSEM image
(Fig. 4 a) that the surface of the platelet has been labeled by
the fibrinogen gold conjugates. When displaying the SFM
data with a z range large enough to show the full platelet, it
is not apparent that the gold conjugates have been sensed by
the SFM tip (Fig. 4 b). However, if a small portion of the
image is selected and a z range more appropriate for visu-
alization of the conjugates is chosen, then it becomes ap-
parent that the SFM tip is indeed sensing the gold beads (inset
in Fig. 4 b). Although the lateral resolution of the LVHRSEM
data is better than the SFM data, the height information from
the SFM gives a good complementary view of the surface.
For example, the SFM shows that the central granulomere is
about 500 nm higher than the rest of the platelet membrane.
Also, there are a few tall objects in the membrane that show
up quite well in the SFM image but are not so clear in the
LVHRSEM image.

Fig. 4, ¢ and d show magnified images of the lower right
portion of the platelet indicated by the arrow in Fig. 4 a. At
this scan size, the labels are quite obvious in the SFM data
as well as the LVHRSEM data. At higher accelerating volt-
age (4 kV, BSE mode), the LVHRSEM data reflect the size
of the gold labels without their protein coat. The width of the
labels, measured from the negatives, is 14-21 nm. At low
accelerating voltage (1.5 kV), the LVHRSEM data reflect the
label with its protein coat. At 1.5 kV, the LVHRSEM label
widths are 2634 nm. The SFM data show the labels to have
an average height of 22.9 *+ 5.8 nm (N = 23) and average
diameter of 53 * 6.3 nm (N = 23). If we assume that the
labels are spherical, the height of the labels imaged by SFM
should correspond to the width of the low voltage
LVHRSEM labels. Within the error of our measurements,
there is good agreement between the two techniques.

With these 14-nm gold labels, the SFM can be used to map
out the distribution of fibrinogen receptors on the platelet
surface. We are in the process of duplicating this result in
vitro. Success in this endeavor will allow us to augment the
enhanced video microscopy studies of receptor distribution
and motion reported previously (Albrecht et al., 1989). Al-
though this type of study is useful, we have not succeeded

of region shown in ¢ and d. Large bright aggregates (arrowhead) and gray globular or branched protein aggregates (small arrow) can be seen, as well as
structures of the approximate size and shape of individual fibrinogen molecules or platelet surface receptors (large arrow). Arrows indicate same structures
as in c and 4. Bar = 0.1 pum. (f) SFM of region shown in e. Arrows indicate same structures as in c—e. Both the LVHRSEM and the SFM provide images
in which molecular-scale structures can be visualized. Although lateral dimensions of objects in this size range are inflated in SFM images, the SFM gives
accurate z axis information. The length between the cursors on the line scan in the inset is 23 nm. The vertical distance between the cursors is 6.7 nm. This
height along with the diameter measured from the SEM negative of E demonstrates that this is a membrane particle of appropriate dimensions to be a

glycoprotein receptor.
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FIGURE 4 (a) LVHRSEM image of spread platelet labeled with 14-nm colloidal gold particles conjugated to IgG antibody to the platelet fibrinogen
receptor. The image was taken in the backscattered electron imaging mode at 4.0-kV accelerating voltage. The gold labels appear as small white dots covering
the platelet surface. Bar = 1.0 um. (b) SFM image of same platelet as in Fig. 3 a. Although the gold labels are not readily seen in the SFM image at this
magnification, the inset shows that, with the appropriate choice of z range, the SFM data do contain the information to show the gold labels. (c) LVHRSEM.
Increased magnification of platelet shown in a. Image taken in the secondary electron imaging mode at 1.5-kV accelerating voltage. Beam penetration at
this low voltage is slight, such that the surface of the protein coating on the gold labels (arrows) is seen, making possible a direct comparison of the sizes
of the gold labels in the SFM and LVHRSEM images. Holes in the platelet membrane are probably due to drying during sample preparation. Bar = 0.1
pm. (d) SFM of same region of platelet surface as shown in Fig. 3 ¢. Arrows indicate same gold labels as in Fig. 3 c. Although the diameters of the labels
in the SFM image are approximately twice that of the diameters as measured from the LVHRSEM image, the heights of the labels in the SFM data are
in the same range as the diameters in the LVHRSEM, as is appropriate for roughly spherical particles. Many of the holes in the membrane seen by LVHRSEM
(c) are also apparent in this SFM image.

in enhancing our ability to obtain detailed images of the
ultrastructure of the membrane surface. The 14-nm gold la-
bels are too large; they occlude our view of the feature of
interest on the surface. The next logical step was to reproduce
this experiment using a smaller gold label. We have done this
using 5-nm gold conjugated directly to fibrinogen.

The 5-nm conjugates are quite different from the 14-nm
conjugates. With the 5-nm labels, each protein conjugates to

one or more labels (Simmons, 1989). Thus, the labels can be
used to show the orientation of the protein as well as to show
its distribution. It is less clear when using the 5-nm labels to
see where the SFM data agree with the LVHRSEM data
compared with the 14-nm labels. There are two reasons for
this. First, the label height is equal to or smaller than the
protein height. Thus, there is not much contrast enhancement
with the SFM. Second, the Si;N, SFM probe tip is too broad
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to distinguish between the E and D domains of the fibrinogen
on this rough substrate. Thus, images that appear as doublets
and triplets of gold label in the LVHRSEM data appear as
single objects in the SFM data. However, if one picks a fi-
duciary feature on the surface that is obvious in both the SFM
and LVHRSEM image and uses the distance measured from
this mark to locate other smaller features on the surface, one
can find strong corroboration between the SFM and
LVHRSEM data.

Fig. 5 shows a LVHRSEM image of a platelet membrane
coated with fibrinogen that has been conjugated to 5-nm gold
particles. Fig. 6 shows an SFM image of the same region. Fig.
7 shows a schematic drawing of a few of the features on this
surface. The results of measurement of these features using
the SFM data are presented in Table 1. The data in this table
were collected using line scans like those shown in Fig. 6 d.
Fig. 6 d also shows a high resolution scan of features 4, 5,
and 6 (cf. Fig. 7). Notice that the fibrinogen molecules are
sitting in a depression in the membrane. In addition to a large
depression that extends across the entire image, each indi-
vidual molecule is sitting in its own small depression. This
may be due to shrinkage of the platelet resulting from the
drying procedure. Another explanation is that the molecules
were tightly bound to the platelet cytoskeleton while they
moved from the platelet periphery to final positions on the
surface surrounding the granulomere. This tight binding
could cause a small depression in the membrane surrounding
the bound molecule.

The height of features 4, 5, and 6 ranged from 10 to 18 nm
depending on what angle the cross section was taken at and
which side of the feature the baseline was selected. All of the
heights were greater than the 3-6 nm value expected for a
single fibrinogen molecule. This may be due to the presence
of the membrane receptor below the fibrinogen. The receptor
in conjunction with folds in the bilipid layer may account for
the added height measured by the SFM. It is also possible
that, although the 5-nm labels are not obvious in the image,
they have caused the measured height of the molecules to
increase. With sharper SFM tips, this theory could be tested
more directly.

Notice that features that are distinct domains in the
LVHRSEM image appear as single domains in the SFM im-
age. A very clear example of this is seen in features 4, 5, and
6. These are probably three separate fibrinogen molecules,
each with two labels. The SFM shows not three domains, or
even two domains, for each of these molecules. Instead, only

TABLE 1 Dimensions of surface features from Fig. 6 C

Width Width
# Height (long axis) (short axis)
1 20 88 77
2 25 84 81
3 24 86 86
4 13 70 54
5 11 74 54
6 12 68 54

The feature #s are indicated in Fig. 7.
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FIGURE 5 (a) LVHRSEM. Pair of spread platelets labeled with fibrino-
gen conjugated to 5-nm colloidal gold particles. Bar = 1 pum. (b)
LVHRSEM backscattered electron image. Increased magnification of plate-
let shown in a. Larger aggregates of fibrinogen molecules (large arrows)
are used as fiduciary marks for locating smaller objects on the surface. Each
fibrinogen molecule, conjugated to one or several of the small gold particles,
is bound to receptors on the platelet surface. Note that the three molecules
indicated by small arrows each are bound to two or three gold labels.
Bar = 0.1 pum.
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FIGURE 6 (a) SFM. Low magnification showing outline and general
topography of the same platelet seen in Fig. 5 a. (b) SFM. Higher resolution
scan of the area shown in Fig. 5 b. The z axis is slightly exaggerated to show
the degree of roughness of the platelet surface. It is evident that the platelet
membrane is increasing in height from its perimeter (lower right corner)
toward its granulomer (upper left corner). (c) SFM. This image is drawn
from the same data set as b. The magnification was performed after data
collection. The same set of three large features (large arrows) is found here
as was seen in the LVHRSEM image (Fig. 5 b). The box is located ~860
nm down and ~500 nm to the right of the set of three large features. The
box contains the same three fibrinogen molecules indicated by small arrows
in Fig. 5 b. (d) SFM. A line scan through one of the gold-labeled fibrinogen
molecules shows the height above the surface to be 13 nm, slightly more
than expected for an unlabeled fibrinogen molecule.

FIGURE 7 Schematic drawing of a few of the features seen on the surface
of the platelet displayed in Figs. 5 and 6. The outer box represents the
perimeter of Fig. 5 b and the SFM image in Fig. 6 b. The inner box represents
the perimeter of the SFM image shown in Fig. 6 c.

one domain per pair is seen. Also, notice that the labels do
not cause the labeled fibrinogen to stick out with enhanced
contrast over the unlabeled regions of the surface. There are
objects in the SFM data of similar size that have no corre-
sponding bright spot in the LVHRSEM image. This dem-
onstrates that the 5-nm gold conjugates are not useful in
terms of enhancing contrast in SFM experiments in this
protein/receptor system given the present capabilities of the
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SFM. However, with only the SFM data to analyze, one
would be very hard pressed to find features 4, 5, and 6. And
once this area was isolated, one would be justifiably skeptical
that they were indeed fibrinogen molecules. Using the
LVHRSEM collaterally with the SFM data, and triangulating
off of larger features like 1, 2, and 3 that are obvious in both
images, one can easily locate the regions of interest in the
SFM data and analyze those portions of the image more thor-
oughly, thus confirming the identity of the gold-labeled fi-
brinogen molecules (Albrecht et al., 1989; Loftus et al., 1984;
Olorundare et al., 1993).

Implications for cell and protein studies by SFM

With the advent of submolecular resolution microscopies,
the present challenge is to combine functional specificity
with improvements in spatial resolution. With contact mode
SFM, we found significant improvement in lateral resolution
using ultrasharp carbon probe tips compared with standard
Si;N, tips. Recently, we determined through morphological
image processing techniques that the carbon probe tips are
more symmetric, sharper, have a higher aspect ratio, and
introduce fewer artifacts than Si,N, tips when imaging ob-
jects sized similarly to globular proteins (Wilson et al., 1995,
in preparation). There is also some experimental evidence
that these carbon probes are superior for imaging biological
molecules compared with etched silicon tips that have similar
radii of curvature (C. Bustamante, private communication).

We have demonstrated one way of introducing functional
specificity by using gold labels either conjugated directly to
the molecule of interest or attached to the molecule via an
intermediary immunoglobulin fragment. Although this ap-
proach has been shown to be effective using labels signifi-
cantly smaller than the imaged protein (5 nm or less) using
SEM, our data show the same is not true for SFM. This
suggests the need for further refinement in labeling or other
modes of operation that would provide the SFM with sensitivity
to labels on the submolecular scale of biopolymers (<10 nm).

One possible approach is to use compliance mode SFM.
This mode takes advantage of the fact that the SFM is sen-
sitive to more than just topography. Images include infor-
mation dependent upon the material properties of the speci-
men such as its hardness and frictional coefficient.
Artificially high points can be generated over regions of the
surface that are harder than average. By imaging in the com-
pliance mode, data can be obtained that reflect these changes
in surface hardness. For example, compliance mode SFM
would take advantage of both the shape and relative hardness
of the gold labels compared with the biological surface. We
have collected one preliminary image of a platelet membrane
labeled with the 10ES-gold antibodies mentioned above. The
contrast of the gold labels with respect to the rest of the
platelet was significantly enhanced using the compliance
mode. The future of this line of investigation looks prom-
ising. In addition, regions of the surface that are “stickier”
than average can cause artificially high or low points de-
pending on the scan direction. Again, this can be used to
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advantage when imaging in the lateral force mode, in which
case the data reflect the local coefficients of friction. It is only
in the past year or so that these modes of operation have
become standard in the SFM community. A problem that
remains to be solved is how to distinguish unambiguously the
topographic, frictional, and compliance contributions to an
SFM image.

Another method for refining functionally specific SFM
experiments will come from the exploration of novel labels.
Application of near-field optical techniques in conjunction
with SFM will alow for development of fluorescent labels to
replace the relatively large gold markers. One can also en-
visage use of magnetic force microscopy with SFM leading
to the development of magnetic marker particles. Perhaps the
most powerful technique will emerge from the recently dem-
onstrated method of fabricating functionalized SFM probe
tips (Florin et al., 1994). This will lead to the use of forces
involved in specific ligand-receptor interactions to provide a
basis for image contrast providing collateral information to
SFM topographic imaging. Thus, two desirable complemen-
tary techniques will be present in the same instrument.

The development of these techniques should reduce the
present difficulties in fully utilizing the unique in vitro ca-
pability of the SFM. This will result in our ability to identify
and image at submolecular resolution surface receptors and
bound ligands while following processes such as receptor
expression, movement, and organization on living cells. One
may be confident that studies beyond the routine use of the
SFM will depend not only on instrumental developments, but
also on the innovative use of existing and novel sample
preparation methods including novel labeling methods, uti-
lization of immobilization methodologies, as well as the
complimentary use of ultra high resolution optical and elec-
tron microscopy techniques. This will lead to a substantial
extension of the horizon of biological research that will in-
clude concomitant progress in our understanding of
structure-function relationships of cell surface molecules.

CONCLUSIONS

As demonstrated by the results we have presented, the SFM
provides unique opportunities to visualize biological sur-
faces and biopolymers at the molecular level. With any tech-
nique, obtaining complimentary data is essential in overcom-
ing the uncertainties and induced artifacts present in a single
technique. Complementary techniques that provide images
of a surface of similar resolution to the SFM are not plentiful.
LVHRSEM is one such technique, and we have demon-
strated how it can be used in a correlative way to provide a
more complete picture of the surface than is obtainable with
either technique alone. We have shown that SFM imaging of
platelet surfaces using carbon tips provides images of such
resolution as to permit visualization of individual protein
molecules on the platelet surface membrane. Through the use
of collateral LVHRSEM, we proved that the use of large
enough gold labels conjugated to specific proteins of interest
does result in contrast enhancement of SFM topographs over
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the area where the labeled protein attaches to the surface. A
14-nm label is large enough to provide this contrast enhance-
ment on a spread platelet membrane, whereas a 5-nm label
is too small. The use of gold labeling in conjunction with
collateral LVHRSEM imaging allows one to unambiguously
identify features in the SFM images due to fibrinogen and
fibrinogen receptor antibody from features due to other struc-
tures. This identification is possible using 5-nm gold labels
and the relatively blunt tip of an Si,N, probe.
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