.
Imaging the ordered arrays of water-soluble protein ferritin with the
atomic force microscope

Satomi Ohnishi,* Masahiko Hara, * Taiji Furuno,* and Hiroyuki Sasabe**

*Frontier Research Program, The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-01, Japan; and
*Department of Biological and Environmental Sciences, Saitama University, Urawa, Saitama 338, Japan.

ABsTRACT Individual water-soluble molecules of the protein ferritin have been imaged on a silicon surface in pure water at room
temperature with the atomic force microscope (AFM). The ferritin molecules formed an ordered monolayer by binding to a charged
polypeptide monolayer of poly-1-benzyl-L-histidine (PBLH) spread at the air-water interface. The film, fully wetted with water, was
horizontally transferred onto an alkylated silicon wafer for AFM imagings. The hexagonal arrangement of ferritin molecules was imaged
with high reproducibility on the whole surface of the film, since the forces between cantilever and the sample could be kept sufficiently
smaller than 10~'° N, mainly due to a *'self-screening effect”” of the surface charges of the ferritin-PBLH layer. This is the first observation

of two-dimensional ordered arrays of water-soluble protein moiecules directly confirmed by AFM with molecular resolution.

INTRODUCTION

Fabrication and characterization of biological macromo-
lecular systems have been the subject of considerable
study as dimensionally controlled molecular assembly,
which is important both to fundamental issues in bio-
physics and biochemistry and to future possibilities such
as novel material structures for molecular devices. Espe-
cially in protein engineering, it has been recognized that
the characterization of three-dimensional structures of
protein molecules has a great importance in revealing
the detailed nature of their function and associated phe-
nomena.

In the structural analysis fields, electron microscopy
has long been successful as a well established imaging
technique for microscopic determination having wide
applications, and is still improving in terms of the resolu-
tion quality for imaging the three-dimensional structures
of biological molecules (Henderson et al., 1990). How-
ever, observation with an electron microscope must be
carried out in a vacuum, resulting in difficulty for imag-
ing the biological specimen under physiological condi-
tions. The three-dimensional structures are observed as
two-dimensional projections, often distorted by the dry-
ing processes in the electron microscope. In addition, to
obtain a sufficient contrast in the electron microscope
analysis, the specimen usually must be treated by heavy-
metal stain, which easily induces denaturation of the bio-
logical molecules.

Currently, the atomic force microscopy (AFM),
which was introduced by Binnig, Quate, and Gerber
(Binnig et al., 1986), has been increasingly drawing our
attention as an entirely new approach in the study of
surface topography. This is especially evident in the case
of biological macromolecular systems (Butt et al.,
1990a,; Edstrom et al., 1990; Egger et al., 1990; Zasad-
zinski et al., 1991), where AFM provides an outstanding
capability for the structural analysis of nonconductive
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biological specimens under physiological conditions
during imaging, such as ionic strength, pH, and tempera-
ture.

In order to elucidate the applicability of AFM to pro-
tein molecules, it has been realized that the structurally
well characterized proteins should be used for the AFM
samples. This is especially true in the case of the two-di-
mensional crystalline arrays of proteins studied by elec-
tron microscopy or x-ray diffraction measurements (Uz-
giris and Kornberg, 1983), where such precise structural
data allow us to evaluate the utility of AFM on protein
samples with clear discrimination against artifacts.

Butt et al. (19905) have studied the two-dimensional
crystal of the membrane protein bacteriorhodopsin
(purple membrane), as deposited on mica, silanized
glass, or lipid bilayers, and reported the two-dimensional
Fourier transform of AFM images, which was in agree-
ment with results of electron diffraction measurements.
In the case of scanning tunneling microscope (STM)
imagings, high quality images of bacterial HPI (hexago-
nally packed intermediate) layer have been reported by
Guckenberger et al. (1989).

While there exist some AFM and/or STM images re-
ported for biological specimens, these high resolution
images of protein molecules have so far been restricted to
“naturally formed” two-dimensional protein crystals,
which are sufficiently stable, or “randomly anchored”
protein particles on membrane proteins or lipid bilayers.
To demonstrate the first trial observations of ““artificially
formed” two-dimensional arrays of water-soluble pro-
tein molecules, we carried out an AFM study of mono-
layers of ferritin molecules electrostatically bound to a
charged polypeptide layer of poly-1-benzyl-L-histidine
(PBLH) on a silicon wafer.

In this paper, we present AFM images of two-dimen-
sional ordered arrays of ferritin molecules arranged in a
predesigned manner on a silicon wafer for the first time.
The ordered structure of ferritin confirmed by AFM is in
good agreement with our previous results obtained by
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high resolution scanning electron microscopy (SEM)
(Furuno et al., 1989). In addition, we demonstrate the
ability to identify individual protein molecules by intro-
ducing smaller forces than 107'® N due to the “self-
screening effect” of surface charges.

MATERIALS AND METHODS

Ordered arrays of ferritin monolayers

Horse spleen ferritin (Sigma Chemical Co., St. Louis, MO) was dis-
solved in pure water and fractionated by ultracentrifugation several
times at 200,000 g for 40 min. The heavier fractions were diluted witha
solution of sodium chloride (10 mM) to a final concentration of 100
mg/ml. The ferritin solution was diluted with phosphate buffer (5
mM, pH 4.8-7.0) and prepared to a concentration of 30 ug/ml. The
micro Langmuir trough (20 mm in width, 35 mm in length, and 2 mm
in depth) was filled with the ferritin solution until the air-water inter-
face became a slightly convex shape. PBLH (Sigma Chemical Co.) with
an average degree of polymerization of 100 was dissolved in chloro-
form containing dichloroacetic acid (0.68 ul to 1 mg of PBLH) to a
concentration of 0.54 mg/ml. The desired amount ( 3 1) of PBLH was
spread over the ferritin solution and allowed to incubate condensed
ferritin monolayers at a ferritin-PBLH interface for 3 h at room temper-
ature.

We used a silicon wafer (n-type, [100]) as the substrate because the
two-dimensional ordered arrays of ferritin molecules have been ob-
served previously with high resolution SEM on this substrate prepared
without staining or metal shadowing (Furuno et al., 1989). Before the
film transfer, the silicon wafers were irradiated with UV light of a low
pressure mercury lamp to obtain hydrophilic surfaces, placed in a glass
desiccator filled with hexamethyldisilazane vapor, and then heated to
60°C for 1 h to bind hexamethyldisilazanes covalently to the surface,
thus forming the alkylated hydrophobic surface. The interfacial film
(hetero-bilayer of ferritin-PBLH) on the trough was transferred onto
such an alkylated silicon wafer by a horizontal transfer method. The
ferritin-PBLH film transferred on a silicon wafer was rinsed with pure
water. The wafer glued to a steel disc was placed on an electrically
grounded magnetic disc on top of a piezoelectric translator in an AFM
system without drying. The film was imaged using a fluid cell in pure
water.

AFM imagings

The AFM system used in this study was a commercially available Nano-
Scope II (Digital Instruments, Inc., Santa Barbara, CA). After slowly
circulating pure water around the sample in a fluid cell, a Si;N, canti-
lever with a spring constant of 0.12 N/m (reported by Digital Instru-
ments, Inc.), which is V-shaped and 200 um long, was positioned and
scanned over the sample in pure water at room temperature. AFM
images (400 X 400 pixels) were obtained using the *“height mode,”
which kept the force constant. Typical AFM parameters were as fol-
lows: integral gain = 3; proportional gain = 5; two-dimensional gain =
0.3; scan rate = 8.68-19.6 Hz; scan width = 40-700 nm. In order to
obtain the best imagings, the applied force was minimized and stabi-
lized by adjusting the height of cantilever (set point voltage) during
scanning the sample surface.

RESULTS AND DISCUSSION

Ferritin monolayers on a silicon wafer
imaged in water

Ferritin is composed of 24 polypeptide subunits, which
are arranged to form a nearly spherical hollow shell with
outside and inside diameters of ~12 and 8 nm, respec-
tively. The polypeptide shell can store up to 4,500 iron
atoms forming an iron oxide core (Harrison 1963).

Currently, the structure and function of the outer shell
itself are of considerable interest (Meldrum et al., 1991),
since the presence of six channels (about | nm in diame-
ter) passing through the shell and providing access routes
for iron atoms, has been reported (Harrison et al,,
1980). Even in the field of electron microscopy, how-
ever, it is well known that the crystallographic determina-
tion of protein structures, for example, has to overcome
great difficulties such as single-crystal sample prepara-
tion, three-dimensional analysis of electron density
maps, and computer processing. From this point of
view, only the AFM imaging is a method that has so far
been expected to provide the remarkable potential to di-
rectly map topological features of protein molecules
under physiological conditions.

In Fig. 1 A, we show the typical unfiltered AFM image
of the molecular packing of ferritin on a silicon surface
taken in pure water at room temperature. Individually
distinguishable spherical patterns and regular alignment
are observed. The imaging was carried out for the ferritin
monolayers prepared with phosphate buffer at pH 5.3.
We will return to this suitable pH condition in the dis-
cussion of the next section.

Fig. 1 B shows an AFM image in small scanning area.
It is evident that seven spheres form a hexagonally
packed arrangement. The hexagonally packed structure
is in good agreement with the two-dimensional array of
ferritin molecules observed by high resolution SEM, as
we reported previously (Furuno et al., 1989). In addi-
tion, the spacing between these spheres in this pattern is
about 14 nm with a diameter of about 12 nm, which
agrees well with that of a ferritin crystal deduced from
x-ray analysis (Harrison 1963). From these results, each
spherical image obtained with AFM is identified with the
individual ferritin molecule.

In the case of SEM imagings, a ferritin molecule has
been observed as a 7-8-nm particle, corresponding to the
inner iron oxide core, which has high electron density.
AFM imagings, on the other hand, provide a direct
image of the surface topography of ferritin molecules, so
that the diameter observed with AFM agreed well with
that of the outer shell of ferritin molecule.

In numerous related AFM studies, we find no evi-
dence of deformation of the packing structures or dena-
turation of ferritin molecules. This periodic structure
comprises a large homogeneous domain over an area of
~700 X 700 nm?, approaching the limiting area that the
AFM can scan. Such nondestructive AFM imagings
could be attained with high reproducibility, when the
operating force condition was stabilized as shown in Fig.
1 C. The interpretation of the force curve in terms of
cantilever deflection is given in the previous paper (Butt,
19915). The applied force operated in Fig. 1 4 was esti-
mated at 107'°-10~"" N from the force curve in Fig. 1 C.
This is the first AFM observation of artificially formed
two-dimensional arrays of water-soluble protein mono-
layers without any filtration.
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“Self-screening effect” of surface
charges

In an aqueous medium, electrostatic force is one of the
most crucial components (Israelachvili et al., 1988) be-
tween the cantilever and the sample surface, and is
strongly affected by the surface charges. From this view-
point, to achieve the stabilized low force and high resolu-
tion AFM imagings, a screening of the surface charges
should be considered as one of the most effective factors.

Horse spleen ferritin has an isoelectric point of about
4.5 and is negatively charged in a solution of phosphate
buffer of pH 5 or above (Arbuthnott et al., 1975). The
imidazole ring of PBLH, on the other hand, should be
positively charged, when PBLH is spread on a subphase
at the lower pH than the pKa of the histidyl residue (in
the range of 6-7). Therefore, it is expected that ferritin in
the subphase would bind electrostatically to a PBLH
film at slightly acidic pH 4.5-6.5 and form only a mono-
layer, even if there exist excess ferritin molecules near
the interface. In this case, electrostatic charges at a ferri-
tin-PBLH interface are canceled, thereby forming the
more efficient screening of the surface charges of ferritin
monolayers.

To elucidate the effect of pH of the buffer on the stabil-
ity of the sample and the AFM imaging, the relationship
between the pH condition during the sample prepara-
tion and the AFM imagings has been investigated. Ferri-
tin molecules were bound to PBLH in phosphate buffer
at each pH condition, 7.0, 6.0, 5.7, 5.5, 5.3, and 4.8,
transferred onto the silicon wafer, and then AFM imag-
ings were carried out in pure water.

Before discussing the pH dependence, it is of interest
to briefly compare the AFM image of ferritin mono-
layers with that of the PBLH layer itself without ferritin
molecules. (We later on show the force curve from the
PBLH layer in Fig. 3 4.) While large attraction could be
seen in the order of 1077 N, we could not get any unam-
biguous images of the PBLH layers. The large attractive
force can be attributed mainly to hydrophobic attractive
interaction, since the PBLH film on the silicon substrate
has a hydrophobic surface. Moreover, the surface of the
cantilever is negatively charged, because silicon nitride
bears a slight negative surface charge in water (Butt
1991b). The interaction between negatively charged
cantilever surface and positively charged PBLH may
also enhance the electrostatic attraction.

pH 7.0. The ferritin layer prepared at pH 7.0 could not
be imaged with AFM, since the stylus of the cantilever
often comes off from the sample surface during scan-
ning.

pH 6.0. In Fig. 2 A, we show the AFM image of the
sample prepared at pH 6.0. It is clear that ferritin mole-
cules scattered on the sample surface and distributed
randomly in two dimensions. This is mainly due to the
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FIGURE 1 (A) Unfiltered AFM image of a regular array of ferritin
molecules bound to a PBLH layer on a silicon wafer. The imaging was
carried out in pure water using a fluid cell. Image area is 125 X 125
nm?. (B) Higher magnification AFM image showing a hexagonal
packing of ferritin molecules. Image area is 45 X 45 nm?, (C) Force
curve for Fig. 1 A. Cantilever deflection in millivolts (ordinate) versus
distance between stylus and sample in nanometers (abscissa). The two
curves are for approach (dashed line) and for withdrawal (solid line) of
the stylus from the sample. Arrowhead () indicates the operation
point. It was estimated from this curve that the force applied was 10~
N~ 107'"'N.
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(D)

FIGURE 2 Unfiltered AFM images of ferritin samples prepared at pH: (4) 6.0; (B) 5.7; (C) 5.5; and (D) 5.3. The image area is: (4-C) 200 X 200

nm?; and (D) 300 X 300 nm>. The imaging was carried out in pure water.

low density of the positive charge coming from the pro-
tonated imidazole of PBLH at pH 6.0, where the surface
coverage of ferritin molecules should be inevitably low.
In such images, the averaged diameter of the spheres can
be observed as larger than that of the actual size of ferri-
tin molecule (Harrison 1963). In the case of scanning
over an isolated molecule, the shoulder of the stylus still
has contacts with the molecule, even if the top of the
stylus comes off the molecule. It follows that the size of

molecules imaged is slightly larger than the actual size of
ferritin molecule. Because of the nonuniform charge dis-
tribution on the sample surface, the reproducible force
curve could not be obtained. The unstable attractive
force was in the range of 1073-107° N,

pH 5.7. In Fig. 2 B, we show the AFM image of the
sample at pH 5.7. While the ordered array of ferritin
molecules could be observed, individual ferritin mole-
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FIGURE 3 AFM force curves in pure water. The dashed and solid
curves are for approach and withdrawal of the stylus, respectively.
Operating point is indicated with arrowhead (»). (4) The force curve
for pure PBLH layer. A large attractive force of the order of 1077 N is
observed despite the measurement in pure water. (B) pH 5.7: Weak
repulsion is pointed out by an arrow (). (C) pH 5.5. (D) pH 5.3:
Weak attraction is pointed out by an arrow ().

cules were not visualized clearly. In the force curve from
this sample (Fig. 3 B), the small repulsive component
(indicated by an arrow) can be seen, when the stylus of
the cantilever approaches the surface of the sample. Be-
low pH 5.7, the surface density of the positive charge in
the PBLH film should be larger than that at higher pH.
This would enable a binding of negatively charged ferri-
tin, resulting in a formation of dense packing or ordered

arrays, which we observed in the present work. The nega-
tive charge density of ferritin molecules, on the other
hand, becomes larger as the pH increases. Therefore, the
repulsion is probably due to electrostatic repulsive force
between the negatively charged surface of the stylus and
the ferritin monolayer. Under such a force condition, the
stylus cannot trace the exact surface profile of ferritin
molecules, and consequently the contrast of the image
was low, despite the small z range.

pH 5.5. In Fig. 2 C, we show the AFM image of the
sample at pH 5.5. Hexagonally packed ferritin molecules
could be observed, while any repulsion or attraction
could not be seen in the force curve, as shown in Fig. 3 C.
The force curve suggests that the surface charge density
at pH 5.5 is lower than that at pH 5.7 due to cancellation
of the positive charges of PBLH by binding of negatively
charged ferritin molecules.

pH 5.3. In the case of the sample prepared at pH 5.3,
clear images of hexagonally close-packed ferritin mole-
cules could be obtained, as shown in Fig. 2 D. The indi-
vidual image of the ferritin molecule has a 12-nm diame-
ter. Figure 3 D shows the force curve of the sample at pH
5.3. When the stylus leaves the sample surface, a tiny
attractive force (indicated by an arrow) in the range of
1071°-10~!"!' N was observed. Such attractive forces can
be attributed to the slightly charged positive surface of
the sample, since the positive charge of the PBLH layer is
not canceled completely by the slightly lower negative
charge of the ferritin motecules at pH 5.3. For this small
attraction, however, the stylus could contact and scan
the close-packed ferritin surface properly, and the shape
of the ferritin surface was traced and imaged very clearly.

pH 4.8. 1In the case of a lower pH condition, the imag-
ings were too distorted to obtain stable images (Data are
not shown). The attractive force was in the order of 10~°
N.

From these results, it is clear that the samples prepared
at pH 5.3 give the best AFM images of ferritin molecules
with a suitable attractive condition. The binding condi-
tion of ferritin molecules to the PBLH layer determines
the surface charge density of the sample itself and hence
affects the AFM imagings, especially for soft biological
macromolecules.

In the case of the negatively charged membrane pro-
tein bacteriorhodopsin (purple membrane), it has been
reported that the high salt concentration was effective in
reducing the electrostatic force due to the screening of
surface charges (Butt, 1991a). In our AFM studies, on
the other hand, the sample itself has intrinsic properties
of the screening by canceling the charges at the interface,
so that the imagings can be carried out on the ideal sur-
face without controlling the environmental conditions.
Actually, as shown in Fig. 1 C, the applied forces can be
stabilized and weakened to the order of 10! N due to
the “self-screening effect” of the surface charges, result-
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FIGURE 4 (A) Unfiltered AFM image of an island structure of the
ferritin-PBLH film, which was observed when the specimen was
scanned in air at forces higher than 1072 N. Image area is 700 X 700
nm?. (B) Unfiltered AFM image of large holes formed by scratching
with the stylus. It was imaged in pure water after scanning several small
areas at forces higher than 107'° N. Image area is 500 X 500 nm?.
Hexagonally packed ferritin molecules are observed in the unscratched
region.

ing in the nondestructive imagings of soft biological mac-
romolecules. In addition, the PBLH film also plays an
important role as an electrostatically charged “flexible
two-dimensional mesh™ to stabilize the packing arrange-
ment of ferritin molecules during transferring from the
air-water interface to the solid substrate and scanning
the cantilever on the ferritin surface. From this point of
view, the sample preparation with electrostatic binding
is one of the most suitable methods for biological macro-
molecules to achieve the low force, high resolution AFM
imagings.

Ferritin molecules embedded in
polyvinyl alcohol imaged in air

It is of interest to briefly compare such nondestructive
AFM images with other images that have been obtained

under different conditions. Figs. 4 A and 4 B show the
typical AFM images of the same ferritin-PBLH samples
on a silicon wafer obtained in air and in pure water at
higher force than 107'° N, respectively. In the case of the
AFM imagings in air, only some island structures were
observed (Fig. 4 4). Individual ferritin molecules were
invisible in the islands, while the existence of ferritin was
recognized by SEM after the AFM imagings. Since the
forces higher than 10~% N were applied to sample sur-
faces during scanning in air, the stylus on the cantilever
would scratch the surface and make an aggregation of
molecules in islands (Weisenhorn et al., 1989). Further-
more, from the viewpoint of drying processes, polypep-
tide shells would have been flattened by dehydration,
while the structures of the iron core would remain the
same. Even in the case of imagings in pure water, large
holes (~ 100 nm) scratched by the stylus were often ob-
served (Fig. 4 B) after scanning the cantilever at higher
forces than 107'° N. These images demonstrate that it is
essential for AFM imagings of soft biological macromole-
cules to operate at sufficiently small forces in pure water
or a suitable solution.

To investigate the possibilities of the biological AFM
imagings in air, ferritin molecules were embedded and
immobilized in a film of polyvinyl alcohol (PVA) by
casting and drying the ferritin-PVA solution on a silicon
wafer. Fig. 5 A shows the AFM image of the ferritin—
PVA composite film taken in air at a force acting on the
stylus of 4 X 108 N. Although the force curve, as shown
in Fig. 5 B, represented the typical operating condition
in air, in which nondestructive images could hardly be
obtained (Weisenhorn et al., 1989), individual ball-like
ferritin patterns ( ~ 15 nm in diameter ) randomly distrib-
uted in the entangled PVA host could be clearly ob-
served. This “resin embedding” would be one of the sim-
ple fixation methods of obtaining the images of biologi-
cal macromolecules by AFM in air.

CONCLUSIONS

AFM imagings of artificially formed two-dimensional
arrays of water-soluble molecules of the protein ferritin
have been demonstrated on a silicon surface for the first
time. The hexagonal arrangement and individual ferritin
molecules were imaged with high reproducibility at suffi-
ciently small forces in the order of 107! N. Due to the
newly introduced “self-screening effect” of the surface
charges, the forces acting on the stylus can be success-
fully reduced without controlling the environmental
conditions.

Since the ferritin is an iron-storage protein, there is
currently great interest in utilizing ferritin itself as a reac-
tion cavity for the preparation of inorganic nanometer
particles (Meldrum et al., 1991). To investigate the
structure and function of the channels on the shell sur-
face is one of the most basic approaches to demonstrat-
ing nanoscopic materials with ferritin molecules. From
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FIGURES (A) Unfiltered AFM image of ferritin molecules embedded
in polyvinyl alcohol (imaged in air). Image area is 480 X 480 nm?.
Isolated individual ferritin molecules are imaged apparently as larger
particles than those in pure water. ( B) Force curve for Fig. 5 4. Operat-
ing point is indicated with arrowhead (P).

this point of view, our AFM results are indeed encourag-
ing. Further measurements to identify specific sites on
individual protein surfaces are in progress and an ex-
tended discussion will be presented separately.
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