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Covalent Binding of Biological Samples to Solid Supports for Scanning

Probe Microscopy in Buffer Solution
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ABSTRACT Scanning force microscopy allows imaging of biological molecules in their native state in buffer solution. To this
end samples have to be fixed to a flat solid support so that they cannot be displaced by the scanning tip. Here we describe a
method to achieve the covalent binding of biological samples to glass surfaces. Coverslips were chemically modified with the
photoactivatable cross-linker N-5-azido-2-nitrobenzoyloxysuccinimide. Samples are squeezed between derivatized coverslips
and then cross-linked to the glass surface by irradiation with ultraviolet light. Such samples can be imaged repeatedly by the
scanning force microscope without loss of image quality, whereas identical but not immobilized samples are pushed away by

the stylus.

INTRODUCTION

The scanning force microscope (SFM) (Binnig et al., 1986)
has allowed imaging of many organic and inorganic mate-
rials up to atomic scale resolution (Albrecht and Quate, 1987;
Binnig et al., 1987; Manne et al., 1991; Alves et al., 1992;
Hillner et al., 1992), but so far this has not been achieved with
biological macromolecules. Molecular resolution has been
demonstrated by images of purple membranes (Butt et al.,
1990), gap junctions (Hoh et al., 1993), and fibrinogen
molecules (Drake et al., 1989), all recorded in buffer solu-
tion. Imaging in solution requires the samples to be fixed to
a suitable support so that they cannot be displaced by the
scanning tip. Some membranes and other supramolecular
assemblies adhere strongly to freshly cleaved mica in the
presence of the appropriate counterions (Butt et al., 1990;
Hoh et al., 1993). Plasmid-DNA and DNA-protein com-
plexes could be imaged in propanol by using mica treated
with magnesium acetate (Hansma et al., 1992; Vesenka et al.,
1992b; Shaiu et al., 1993). Alternatively, various substrates
have been reacted with 3-aminopropyltriethoxysilane
(APTES) and methylated to generate quarternary amines to
which DNA could be bound efficiently to be imaged in air,
propanol, and water (Lyubchenko et al., 1993). In addition,
APTES-treated glass has been used as a substrate for purple
membranes (Butt et al., 1990). These methods take advan-
tage of electrostatic interactions between the sample, the sup-
port, and different ions and work best for large charged or
polar structures. Immobilization of uncharged biomacromol-
ecules on a flat solid support requires alternative methods.

Immobilization of proteins is important for a number of
different applications (Robinson et al., 1971; Wachter
et al.,, 1973; Quash et al.,, 1978; Hendry and Rauch, 1980;
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Aebersold et al.,, 1986; Brode and Rauch, 1992). Thus,
binding of proteins to charged surfaces like polylysine-
coated beads (Jacobson and Branton, 1977) and methods
for covalent binding to other substrates have been devel-
oped (Weetall, 1976). The substrates used include glass
beads (Wachter et al., 1973), glass filter paper (Aebersold
et al., 1986), polystyrene (Machleidt and Wachter, 1977),
and latex particles (Quash et al., 1978), as well as flat solid
supports suitable for scanning probe microscopy such as
silicon wafers, mica (Lyubchenko et al., 1993), and glass
slides (Aplin et al., 1981).

Here we present a simple and reproducible protocol to
cross-link biological samples to a chemically modified glass
surface. Conditions to derivatize a clean glass surface with
APTES and to react the amino groups with the photo-
activatable cross-linker N-5-azido-2-nitrobenzoyloxysuc-
cinimide (ANB-NOS) are described. Different supramolecu-
lar structures were covalently immobilized to such modified
glass surfaces and imaged in buffer solution by scanning
force microscopy at high resolution.

MATERIALS AND METHODS
Materials

Round glass coverslips with a diameter of 1 cm were from Plano (W. Plannet
GmbH, Marburg, Germany). APTES, N-5-azido-2-nitrobenzoic acid,
p-azidophenylisothiocyanate, dimethylformamid, dicyclohexylcarbodi-
imide, tetrahydrofuran, trifluoroacetic acid, and chemicals for the ninhydrin
reaction were purchased from Fluka Chemie AG (Buchs, Switzerland). Sul-
fosuccinimidyl 2-(m-azido-o-nitrobenzamido)-ethy!-1,3’-dithiopropionate,
bis(sulfosuccinimidyl) suberate and N-hydroxysuccinimide were from
Pierce (Rockford, IL). ANB-NOS was synthesized as described by Lewis
et al. (1977). Disuccinimidyl tartrate and disulfosuccinimidyl tartrate were
synthesized as described by Smith et al. (1978) and Anderson et al. (1964).
Poly-L-lysine and alkaline phosphatase type III from Escherichia coli were
from Sigma Chemical Co. (St. Louis, MO). All other chemicals were from
E. Merck (Darmstadt, Germany).

A-type polyheads were prepared as described by Steven et al. (1976)
using a 20~ mutant of T4 bacteriophages. The mutants were propagated and
titrated on the permissive host E. coli CR 63. E. coli B* was used as the
nonpermissive host for the production of polyheads.
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The hexagonally packed intermediate layer (HPI layer) of Deinococcus
radiodurans was a gift of Dr. Wolfgang Baumeister (Max-Planck-Institute
for Biochemistry, Martinsried).

Intermediate filaments were assembled in vitro from recombinant neu-
rofilament protein NF-L expressed in E. coli (Heins et al., 1993).

Tobacco mosaic virus (TMV) was a gift of Dr. Jean Witz, Institut de
Biologie Moleculaire et Cellulaire, Strasbourg, France.

Modification of glass surfaces

Silanization and derivatization of coverslips were carried out in Petri dishes
that had been washed in “piranha bath” (3.5% H,O, in 18 M H,SOy),
followed by rinsing with water and acetone. The following steps were car-
ried out at room temperature unless stated otherwise. Coverslips were
washed once with concentrated HCI/HNO; (3:1) and five times for 1 min
with distilled water in an ultrasonic bath (50 kHz). They were etched with
trifluoroacetic acid for 90 min and stored in vacuum over solid KOH for at
least 10 h. Coverslips were then silanized with APTES (2% in 95% aqueous
acetone) for 3 min followed by washing with acetone (12 times, S min each)
according to Aebersold et al. (1986). Curing of the silane linkages was
carried out in an oven at 110°C for 1 h. All subsequent steps were performed
in the darkroom using red safety light. The reaction of the NH, groups with
the succinimide ester group of ANB-NOS was carried out in 0.1 M Na,CO;,
pH 9.0. The reaction mixture was prepared by adding 10 nmol ANB-NOS/
cm? glass surface dissolved in 1 mi dioxane to 20 ml Na,COs solution. This
corresponds to a 10-fold molar excess of the photocross-linker with respect
to the amino groups. The coverslips were incubated for 4 h. Excess reagent
was then removed by washing the coverslips three times with 1% butylamine
in 0.1 M Na,CQOs, three times with 0.1 M Na,CO,, two times with distilled
water, and two times with acetone. Coverslips were stored under vacuum
and handled in the dark.

For the covalent binding of samples to the modified glass surface, the
coverslips were squeezed between two glass disks (borosilicate safety sight
glass; diameter = 12 cm, thickness = 2 cm) at a pressure of 100to 5 X 10°
N/cm? to bring the hydrophilic biological structures into close contact with
the hydrophobic cross-linker. Covalent coupling of the samples was induced
by activating the azide with ultraviolet (UV) irradiation at 366 nm (Sylvania
F8TS5) at a distance of 10 cm for 3 min. The extent of the reaction was
determined from the change in the absorption band of ANB-NOS at 312 nm
(Fig. 1). Coverslips were rinsed thoroughly with water to remove excess
protein and stored in water or buffer. To illustrate that the reaction of the
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FIGURE 1 UV spectrum of the photoreactive cross-linker ANB-NOS (in
chloroform) after irradiation at 366 nm for 0, 1, 2, and 3 min. The absorption
maximum at 312 nm results from the azido group, and its decrease corre-
sponds to the activation of the azide. The two reactive groups of ANB-NOS
are the succinimide ester and the photoactivatable azide (inset).
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photogenerated nitrene with the protein is the most important step for im-
mobilizing the samples, derivatized coverslips were also exposed to UV
light before sample deposition and examination by the SFM.

Immobilization with polylysine

Acid-washed coverslips were coated with a polylysine solution (10 mg/ml;
M, 1000-4000), washed with water after 1 min and dried in air. The protein
solution (3 mg/ml) was deposited on the dry surface and washed off after
15 min. Adsorbed structures were then examined in the SFM.

Scanning electron microscopy (SEM)

The samples were air-dried and coated with Pt/C. SEM was performed on
a Hitachi S-800 scanning electron microscope operated at 30 kV.

Analytical procedures

1. The number of NH; groups per glass surface area after silanization
was measured with ninhydrin as described by Sarin et al. (1981).

2. To determine the amount of protein that can be coupled to the de-
rivatized glass surfaces, 2 ul alkaline phosphatase (7 mg/ml) were deposited
on the coverslips and immobilized using the protocol above. The enzyme
activity was then assayed as described in the Worthington Enzyme Manual
(Decker, 1977) using p-nitrophenyl phosphate as substrate. Calibration plots
were made with different enzyme dilutions. The enzyme concentration on
the coverslips was determined from the measured enzyme activity and the
known specific activity of alkaline phosphatase (AP).

3. The hydrophobicity of the glass surfaces after the different treatments
was assessed by measuring the diameter of 10-ul water droplets deposited
on the coverslips (Engel et al., 1992).

4. To obtain a quantitative measure of the substrate surface roughness,
3040 images of 10-pum sidelength were recorded from substrates after each
processing step, a plane-fit carried out and the root-mean-square deviation
of the z values calculated, all taking advantage of the software provided by
Digital Instruments (Santa Barbara, CA). In addition, one typical image
from each step was transferred to the SEMPER image processing system
(Synoptics Ltd., Cambridge, England) (Saxton et al., 1979) to analyze the
particle density and size distribution. The particle size was calculated from
the particle areas assuming circular shape.

Instrumentation

A Nanoscope III scanning force microscope (Digital Instruments) equipped
with a scanning tube for scan widths of 125 um was used. The coverslips
were dried on the backside, glued on steel disks, and mounted at the top of
the scanner. Cantilevers from Digital with a spring constant k = 0.38 N/m
and a pyramid-shaped tip were used (Albrecht et al., 1990). In some cases
they were provided with sharp carbon protrusions deposited with the elec-
tron beam of a Hitachi S-800 scanning electron microscope (Keller and
Chin-Chung, 1992). All SFM measurements were performed at ambient
pressure, room temperature, and in phosphate buffer (100 mM potassium
phosphate, pH 7.0, 1 mM MgSO,). The scan speed varied between 1 and
600 nm/s, depending on the scan size. The forces were approximately 1 nN
as determined from force curves (Weisenhorn et al., 1989).

RESULTS

Characterization of chemically modified
coverslips

As outlined in Fig. 2, glass surfaces coated with cross-linker
molecules are obtained by a two-step procedure: (i) silani-
zation with APTES (Fig. 2 a) and (ii) derivatization with the
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FIGURE 2 Schematic diagrams of the glass surface after (@) silanization
with APTES and (b) derivatization with the photoreactive cross-linker
ANB-NOS.

photoreactive cross-linker ANB-NOS (Fig. 2 b). The sila-
nization protocol resulted in approximately 1 nmol NH,
groups/cm? glass surface as determined with the ninhydrin
reaction, which corresponds to an average of 6 NH, groups/
nm?. To ensure a surface tightly packed with photoreactive
groups, ANB-NOS was applied in a 10-fold molar excess
over the amino groups. AP was used to estimate the amount
of protein that can be coupled to the glass surface by the
cross-linker. The enzyme exhibited a turnover rate of 5 nmol
p-nitrophenol/(min X cm? glass surface). UV irradiation and
addition of soluble ANB-NOS did not influence the activity
of AP as determined with control experiments (data not
shown). Therefore, the measured turnover rate corresponds
to 0.01 nmol immobilized AP/cm? as determined from cali-
bration plots, i.e., 17 nm? per AP molecule, indicating a tight
packing on the coverslips. In contrast, AP deposited on un-
treated, silanized, or derivatized/preirradiated coverslips ex-
hibits only ~20% of the measured turnover rate of AP
coupled to derivatized coverslips (Fig. 3). This residual ac-
tivity is presumably due to unspecific binding of AP mol-
ecules to the glass surface.

The surface roughness of the glass was monitored through-
out the procedure (Fig. 4). A quantitative comparison was
achieved by recording 30-35 images of 10 um sidelength
after each modification step, calculating the root-mean-
square deviation of the z-values, and analyzing the particle
density and size distribution (see “Materials and Methods™).
The washing step with acid in the ultrasonic bath is efficient
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FIGURE 3 Activity of alkaline phosphatase monitored by absorbance at
410 nm on (1) derivatized, (2) silanized, (3) derivatized/preirradiated, and
(4) untreated coverslips.

for eliminating dust, organic contaminants, and other par-
ticles (Fig. 4 a). The result of this procedure is a smooth,
clean surface exhibiting a mottled background and less than
1 particle/um? (Fig. 4 b, Table 1). After silanization the sur-
face roughness increases as a result of increased particle den-
sity (Fig. 4 ¢, Table 1). The particle density is further in-
creased by derivatization, and a distinct enlargement of the
particles is apparent (Fig. 4 d, Table 1). The surface texture
of the modified coverslips can be discriminated from the
biological samples used in this work. The hydrophobicity of
the coverslips after the different treatments was assessed by
examining water droplets of a fixed volume deposited on the
glass surface (Engel et al., 1992). As indicated in Table 2,
their diameter is a sensitive indicator of hydrophobicity:
while the surfaces of washed and etched coverslips are hy-
drophilic, the coverslips are more hydrophobic after silani-
zation and derivatization.

Immobilization and imaging of biological
structures in buffer solution

Biomacromolecules and supramolecular assemblies had to
be in close proximity with the photogenerated nitrene to be-
come immobilized. To achieve this, high protein concentra-
tions (1-10 mg/ml) and clamping of the coverslips between
UV translucent glass plates were used. As illustrated with the
following examples, a variety of proteins could be covalently
bound to the derivatized glass surface.

Bacteriophage T4 polyheads

Polyheads are tubular structures folded from a hexagonal
lattice (a = b = 13 nm) of capsomeres, each containing six
major T-even bacteriophage head polypeptides (gp 23)
(Steven et al., 1976). These tubes have a diameter of 50-65
nm and vary in length (up to several micrometers). Upon
drying in air or adsorption to a glow-discharged carbon film,
the tubes collapse into planar double layers. After cross-
linking to derivatized glass surfaces the polyheads can be
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FIGURE 4 Surface roughness during the modification of the coverslips as assessed by SFM images: (a) untreated (= without any washing, just taken
out of the box), (b) acid washed, (c) silanized, and (d) derivatized glass surfaces. Insets are 1 X 1 um.

TABLE 1 Surface roughness analysis of glass substrates
after different chemical modifications

TABLE 2 Diameter of 10-pl water droplets deposited on the
glass surface after different modifications

RMS Particle size

Modification (nm) Particles/pm?> (nm)
Untreated 1.50 = 1.07
Acid-washed 0.45 = 0.08 0302 46 (33, 144)
Silanized 1.02 * 0.37 0703 37 (24, 112)
Derivatized 1.54 + 0.24 57+14 38 (20, 200)
Silicon wafer,

acid-washed 0.45 = 0.07 09*0.1 40 (22, 58)

The root-mean-square (RMS) deviations of z values were calculated with
the software provided by Digital Instruments. The number of particles per
area, their median size, and the minimum and maximum sizes given in
parentheses were evaluated with the SEMPER image processing system.
Frames of 10-pm sidelength with a pixel size of 20 nm were analyzed

(Fig. 4).

repeatedly imaged at low (Fig. 5 a) and high (Fig. 5 b) mag-
nification by SFM. The majority of background particles are
viral structures as revealed by electron micrographs of a
negatively stained control. As demonstrated by these images,
the polyheads retained a cylindrical cross-section during

Modification Diameter (mm)

Washed 7.4 £ 0.7 (n=50)
Etched 7.5 £ 0.7 (n=50)
Silanized 4.1 + 0.2 (n=40)
Derivatized 4.7 £ 0.2 (n=40)

Silanized and incubated at pH 10 for 4 h 4.3 *+ 0.1 (n=30)

preparation and imaging in phosphate buffer. Their width
and height were 151 * 30.9 nm (n = 30) and 57 = 13.8 nm
(n = 30), respectively. The capsomeres are well resolved and
exhibit the characteristic pattern of gp 23 hexamers. They are
particularly clear at the top of the cylinder, whereas they
appear distorted at the periphery as a result of their tilt with
respect to the stylus. While a control preparation of poly-
heads adsorbed to preirradiated/derivatized coverslips was
also densely covered, stable imaging conditions could not be
established. A single scan at medium magnification (Fig. 5
c) was sufficient to wipe the surface clean (Fig. S d). Under
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FIGURE 5 SFM images of bacteriophage T4 polyheads on derivatized glass in buffer solution. Distribution of polyheads (a) and capsomeres at higher
magnification (b). The smaller features in the background of a are due to phage or polyhead fragments remaining in the solution during preparation and
purification of the polyheads. Controls with preirradiated cross-linkers show that (c¢) no stable image can be obtained and (d) that the polyheads are wiped
off over the whole scan area.

FIGURE 6 SFM images of the HPI layer on derivatized glass in buffer solution. The distribution of the layers is shown in @, while the hexagonal arrangement
of doughnut-shaped units is discernible at higher magnification (b).
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these conditions it was not possible to acquire any high reso-
lution topographs.

HPI layer

The HPI layer of D. radiodurans has been extensively
studied by electron microscopy (Baumeister et al., 1986).
Its stability is remarkable: even after drying in air it exhib-
its a relatively well preserved structure (Wildhaber et al.,
1985) showing a hexagonal lattice (¢ = b = 18 nm) of
rosette-like units connected by six spokes. Therefore, the
HPI layer has been used as a test object for scanning probe
microscopy at ambient pressure (Guckenberger et al.,
1989; Stemmer and Engel, 1990; Wang et al., 1990;
Wiegribe et al., 1991; Schabert et al., 1992). Imaging HPI
layers by the SFM in buffer solution has not been possible
without immobilization on a solid substrate. At low magni-
fication flat single layers are readily visible (Fig. 6 a). At
higher magnification the hexagonal arrangement of
doughnut-shaped units becomes apparent (Fig. 6 b). Insta-
bilities of the z signal are correlated with multiple layers,
whereas single and flat HPI layers could be imaged repeat-
edly at magnifications > 200,000 times. This is demon-
strated in Fig. 7, where the difference between first (Fig. 7
a), third (Fig. 7 b), and sixth (Fig. 7 ¢) scan is hardly vis-
ible. As indicated by the diffraction patterns (insets), struc-
tural details are preserved to at least 1.6 nm, and the reso-
lution appears to improve during repetitive scans. The
thickness of single HPI layers was 6.6 * 0.5 nm (n = 18),
whereas stable double layers exhibited a thickness of 17.2
% 1.4 nm (n = 15).

Reconstituted intermediate filaments

Intermediate filaments are essential cytoskeletal constituents
of differentiated eukaryotic cells (Stewart, 1990). To char-
acterize the assembly process, cloned intermediate filament
proteins have been modified by site-directed mutagenesis
(Heitlinger et al., 1991). The wild-type neurofilament pep-
tide NF-L expressed in E. coli has been reconstituted to
10-nm filaments, and their shape, length and width have been
determined by electron microscopy (Heins et al., 1993). As
illustrated here, their thickness can be measured with the
SFM. Fig. 8 a shows the homogeneous distribution of the
filaments immobilized on the modified glass surface. Higher
magnification scans did not unveil structural details in this
experiment, although the filaments remained stable during
scanning (Fig. 8, b and c). In some cases their tendency to
unravel into protofilaments could clearly be seen (Fig. 8 ).
The measured height (9.5 * 1.2 nm, n = 100) is comparable
to the width (10.4 * 1.0 nm, » = 100) from electron mi-
croscopy (Heins et al., 1993), suggesting a cylindrical fila-
ment cross-section. While the observed filament length dis-
tribution was identical to that seen in the electron
microscope, the widths obtained from the SFM were larger
by a factor of 5 compared to those measured with the electron
microscope.

Biophysical Journal

Volume 65 December 1993

FIGURE 7 Image reproducibility. The area displayed in a has been
scanned at higher magnification several times. b shows the third and c the
sixth scan. The arrowheads point to a small defect that is seen in every scan.
In all images the linear gradient and frequency components below (19 nm)~*
were removed. Diffraction patterns (insets) were calculated after flattening
from identical areas comprising 135 HPI unit cells. Scale bars are 100 nm
in g, 50 nm in b and ¢, and (2 nm)~! in all insets.

T™MV

Tobacco mosaic virus is often used as a test specimen as its
atomic structure is available (Namba and Stubbs, 1986). It
has been studied by conventional transmission electron mi-
croscopy (Unwin and Klug, 1974; Jeng et al., 1989) and
scanning tunneling microscopy (Stemmer et al., 1989). Al-
though the 2.3-nm periodicity of the virus structure could be
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FIGURE 8 SFM images of intermediate filaments on derivatized glass in buffer solution. () Distribution of the filaments. The smaller features in the
background represent either tetramers of the NF-L polypeptide or polymerization products from the chemical modification. (b and ¢) No structural details
can be seen at higher magnification, but the filaments remain stable during scanning. (4) In some cases unravelling of the intermediate filaments into

protofilaments is visible.

seen in the scanning tunneling microscope (Stemmer et al.,
1989), it was not possible to obtain images of comparable
quality with the SFM. Our best images were from TMV
particles adsorbed to polylysine-coated coverslips in isopro-
panol. The width of well preserved rods was 67.6 * 12.4 nm
(n = 30) and their height was 14.9 * 3.4 nm (n = 30). Such
samples were not sufficiently stable to allow high magnifi-
cation scans. Moreover, for as yet unknown reasons, the
polylysine coat had rather variable properties. No high qual-
ity images could be collected using the cross-linker method,
even when the glass plates were clamped at 5 X 10° N/cm?
to ensure a close contact of the hydrophilic TMV particles
to the hydrophobic glass surface. Rod-like structures of ap-
propriate dimensions could be discerned (data not shown),
but they were sparse and frequently led to pronounced in-
stabilities of the z signal. Parallel experiments with Pt/C-
coated air-dried TMV preparations inspected by SEM
showed that the rods were evenly and densely distributed on
the glass surfaces.

DISCUSSION

Scanning force microscopy opens new avenues for gathering
structural data from a biological surface that are comple-
mentary to data collected by other microscopical techniques.
While imaging biological structures with the SFM in air is
limited by drying artifacts (Kellenberger and Kistler, 1979)
and capillary forces (Weisenhorn et al., 1989), major
progress is expected from the possibility to image samples
in buffer solution (Drake et al., 1989). Propanol was used
instead of aqueous solution mainly with nucleic acids and
DNA-protein complexes (Hansma et al., 1992; Vesenka
et al., 1992b; Lyubchenko et al., 1993; Shaiu et al., 1993).
However, it should be noted that ethanol dehydration of
DNA adsorbed to an uncharged carbon film yields fibers that
appear either beaded or with knob-like protrusions along
their axis (Eickbush and Moudrianakis, 1978). Biomacro-
molecules that are weakly adsorbed to a solid support can
easily be displaced during scanning. Thus far, reproducible



2444

imaging in buffer at a lateral resolution between 1.1 and 2.5
nm has only been demonstrated with purple membranes (Butt
et al., 1990) and gap junctions (Hoh et al., 1993) as well as
membrane-bound Fab fragments (Weisenhorn et al., 1990)
and cholera toxin (Yang et al., 1993). While these large pla-
nar and polar structures interact strongly with the negatively
charged surface of freshly cleaved mica in the presence of
divalent cations, new methods for immobilizing filaments
and single biomacromolecules are required.

Here we present a protocol that is simple, does not require
any special equipment, and is suited to covalently bind bio-
logical samples to glass or silicon surfaces. Glass surfaces
have been reported to be rough compared to mica or silicon
wafers that are often used as specimen substrates for scan-
ning probe microscopy (Goettgens et al., 1992; Radmacher
et al., 1993). Nevertheless, glass surfaces that are as smooth
as silicon wafers can be obtained with the washing proce-
dures described above (Table 1, Fig. 4 b). In any case, the
chemical modification introduces surface corrugations that
are not negligible. Compared to silicon wafers or mica, which
both can be chemically activated (Lyubchenko et al., 1993),
the major advantage of coverslips is that they are transparent
and of excellent optical quality and therefore suitable for
combining SFM and light microscopy (Schabert et al., 1993).

Many different protocols for silanizing surfaces have been
described (Robinson et al., 1971; Weetall, 1976; Machleidt
and Wachter, 1977; Aebersold et al., 1986; Wassermann
etal., 1989; Vandenberg et al., 1991b; Kurth and Bein, 1992).
The reaction conditions used, i.e., deposition method, time,
temperature, curing, and solvents varied considerably. To
silanize coverslips with APTES, we have followed the
method of Aebersold et al. (1986). In our hands, this method
yielded an average packing density of 6 NH, groups/nm? of
glass surface, a value similar to that reported for films ad-
sorbed from vapor (Kurth and Bein, 1992). In spite of a short
reaction time (3 min) the increase of the surface roughness
after silanization may suggest APTES polymerization char-
acteristic for solution deposition (Vandenberg et al., 1991a).
We have selected this protocol because it is simple and in-
volves mild conditions under which silanization occurs. As
outlined by Vandenberg et al. (1991a), mild conditions are
preferred when coverage of surfaces with a monolayer of
functional groups is intended.

The most important aspect of a silanization reaction is the
orientation of the APTES molecules on the support, as this
influences surface properties and subsequent chemical re-
actions: efficient coupling of the cross-linker can only take
place if the free amino groups are accessible. Although we
have confirmed their presence by the ninhydrin reaction, the
high hydrophobicity of the silanized surface (Table 2) could
indicate that only a small fraction of the amino groups is
actually exposed. Amino groups facing the glass surface rep-
resent APTES molecules bound by electrostatic interactions;
thus, such molecules should be removed by alkaline treat-
ment. However, even incubation for 4 h at pH 10 did not
significantly change the hydrophobicity of the glass surface
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(Table 2). Therefore, we conclude that most aminopropyl
groups are linked by covalent bonds to the glass surface.

To immobilize samples to derivatized glass surfaces, we
have selected the photoactivatable heterobifunctional cross-
linker ANB-NOS. As a succinimide ester it reacts with NH,
groups to form an amide bond. After photoactivation, the
azido group is converted to a highly reactive nitrene, which
can undergo a variety of insertion and addition reactions
(Reiser and Wagner, 1971). Considering the diversity of bio-
logical structures one may wish to immobilize for exami-
nation in the SFM, this property of ANB-NOS and other
azido cross-linkers is advantageous. ANB-NOS was selected
for two reasons. First, the relatively high yield of coup-
ling determined with AP as compared to other cross-
linkers we have tested, i.e., sulfosuccinimidyl 2-(m-azido-
o-nitrobenzamido)-ethyl-1,3'-dithiopropionate, disuccin-
imidyl tartrate, disulfosuccinimidyl tartrate, bis(sulfosuccin-
imidyl) suberate, p-azidophenylisothiocyanate. Second,
irradiation damage of proteins is negligible at the peak wave-
length of photolysis (320-350 nm). As illustrated in Fig. 1,
UV irradiation at 366 nm suffices to activate the photosen-
sitive group. As revealed by visual comparison of the topo-
graphs shown in Fig. 4, the chemical modifications introduce
a certain surface roughness that is also reflected by the root-
mean-square values of the z values from such images (Table
1). These corrugations may cause problems when small bio-
macromolecules are to be imaged, as these are probably dif-
ficult to discriminate against the background.

We have used test objects that have been studied exten-
sively by electron microscopy, i.e., bacteriophage T4 poly-
heads, the HPI layer, intermediate filaments, and TMV. With
the exception of TMV, all of these structures could be im-
mobilized efficiently to the glass surfaces. This indicates that
covalent binding depends critically on the properties of the
protein structure studied. A compact and rigid structure such
as the hydrophilic TMV rod, for example, does not react with
the rather hydrophobic cross-linker. Even when pressed onto
the glass surface at 5 X 10° N/cm? during photoactivation,
TMYV particles were not sufficiently bound that they could
withstand imaging with the SFM at high magnification.
Other structures, such as the polyheads or the intermediate
filaments, possess a more open and flexible surface, which
is accessible to the photoactivatable cross-linker. Therefore,
the nitrene can readily react with these proteins and immo-
bilize them. The extracellular surface of the HPI layer could
reproducibly be imaged at high resolution (Fig. 7), whereas
images of the inner surface were not found. Thus, the inner
HPI layer surface appears to adsorb predominantly to the
modified glass surface and is efficiently bound to it by UV-
activated ANB-NOS. This is explained by hydrophobic in-
teractions that promote the tight association of the HPI layer
with the outer membrane of D. radiodurans in vivo
(Baumeister et al., 1986).

The native preservation of the HPI layer is evidenced by
height measurements: hydrated single layers have a thickness
of 6.6 = 0.5 nm (n = 18) and double layers 17.2 = 1.4 nm
(n = 15). These values are in close agreement with electron
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microscopy data of freeze-dried unstained HPI layers re-
corded by scanning transmission electron microscopy (6.9 +
0.3 nm; Engel et al., 1982) and freeze-fractured HPI layer
stacks (7.7 = 1.0 nm; Wildhaber et al., 1985). Much smaller
values that depend significantly on the substrate have been
reported for metal coated HPI layers (Guckenberger et al.,
1989). The high values for double layers, as compared to
single layers, may be explained by carbohydrates that in-
teract with the adjacent layer (Baumeister et al., 1986). A
further indication of the excellent structural preservation is
provided by the diffraction pattern of Fig. 7 ¢ that suggests
a lateral resolution of 1.6 nm. There is a compelling corre-
lation between the fine structure of the HPI layer as seen by
the SFM and by electron microscopy that is currently ana-
lyzed (Karrasch et al., 1993). The interactions between pro-
tein structures and the modified glass surface are weak
enough to allow polyheads to retain their cylindrical shape:
their height measured by the SFM is 57 = 13.8 nm, which
is in good agreement with their diameter of 50—65 nm
(Steven et al., 1976). In addition, the upper side of the tubes
does not have any contact with the chemically modified glass
surface and is therefore in its native state.

When imaging filamentous molecules like the intermedi-
ate filaments or cylindrical structures like TMV and poly-
heads with the SFM, the influence of the tip geometry be-
comes evident. Height measurements from the SFM are
consistent with width measurements from electron micros-
copy, whereas the widths determined with the SFM are too
large. From the apparent width W and height 27 of an image
from a cylindrical structure the tip radius R can be estimated
(Keller and Chin-Chung, 1992; Vesenka et al., 1992a;
Zenhausern et al., 1992) according to W = 4(Rr)2. In the
case of intermediate filaments (W = 52 nm, 2r = 10.4 nm),
this equation yields a tip radius R = 32 nm.

CONCLUSION

Here we present a reproducible method for binding proteins
covalently to chemically modified glass surfaces. Different
protein structures immobilized by our protocol were imaged
at high resolution in buffer solution with the SFM. The limi-
tations of the method are related to the surface properties of
the modified coverslips that hinder efficient binding of hy-
drophilic and rigid protein structures. Further developments
should aim at a reduction of the surface roughness and hy-
drophobicity.
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