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A photo-immobilization based process is presented for direct imaging of hierarchical assemblies of
biopolymers using atomic force microscopy (AFM). The technique was used to investigate the phase
behavior of F-actin aggregates as a function of concentration of the divalent cation Mg2�. The data
provided direct experimental evidence of a coil-on-coil (braided) structure of F-actin bundles formed at
high Mg2� concentrations. At intermediate Mg2� concentrations, the data showed the first images of the
two-dimensional nematic rafts discovered by recent x-ray studies and theoretical treatments.
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Cytoskeletal filamentous (F-) actin, a double-stranded
helical filament made of the protein G-actin, can be con-
sidered as a semiflexible and highly charged polyelectro-
lyte, with diameter DA � 80 �A, persistence length
�A � 10 �m, and anionic liner charge density �A �
�e=2:5 �A [1–3]. In vitro F-actin in the presence of diva-
lent cations assembles into gel-like networks and bundles
that resemble their cellular counterparts formed with linker
proteins. The F-actin/divalent cation aggregation has been
used as a good model system, both experimentally and
theoretically, for studying biological polyelectrolyte asso-
ciation [4–11]. Recent experiments using high resolution
small-angle x-ray scattering (SAXS) showed that with high
concentration of divalent cations, F-actin forms bundles
consisting of filaments that are closely packed in a dis-
torted hexagonal arrangement [4,5]. Within a small range
in the low cation concentration regime, a unique layered
structure consisting of stacks of nematic F-actin rafts was
observed [4]. The detailed structural phase behavior of the
F-actin supramolecular assembly challenges present theo-
retical models in many aspects [9–11]. Clearly, in addition
to the average structures revealed by x-ray diffraction, to
have a detailed view of the individual structural elements
(filaments, bundles, and networks) at the molecular level
would provide much insight into the interactions that drive
the self-assembly process of biological polyelectrolytes.

Although atomic force microscopy (AFM) has become
an established technique for imaging biological macro-
molecules including single F-actin filaments [12–14],
imaging protein assemblies in native environments present
special challenges due to the concentration-dependent na-
ture of the phase behavior. Here, we present a method that
can be effectively used to image a wide range of supra-
molecular assemblies in native environments with molecu-
lar resolution. The technique, which is based on a recently
developed molecular imprinting and immobilization tech-
nique using a photo-sensitive polymer containing an azo-
benzene group (azo-polymer) [15], was used to prepare F-
actin–Mg2� samples at multiple concentration points on a

single substrate for AFM imaging, yielding a real space
structural phase diagram in one experiment. The technique
is well suited for biomolecular imaging, especially for
AFM, providing a nonreactive, nonionic, and flat surface
(the surface roughness can be <0:3 nm) on which the
complex biomolecular assemblies can be immobilized
with little conformational change in the native aqueous
environment.

The experimental procedure is briefly described below.
F-actin was polymerized from lyophilized monomeric
Globular (G-) actin (2 mg=ml) from rabbit skeletal muscle
[4,5]. F-actin length was controlled by the addition of an
appropriate amount of 1 mg=ml gelsolin [4]. The azo-
polymer, poly{40-[[[2-(methacryloyloxy) ethyl]ethyl]
amino]-4-cyanoazobenzene-co-methyl methacrylate}
(15 mol% azobenzene moiety, molecular weight 25 000)
was obtained by free-radical polymerization [15]. The
photo-immobilization process used to prepare the F-actin–
Mg2� samples is shown in Fig. 1(a). F-actin, and magne-
sium chloride solutions are spotted (each spot contains
1 �l of MgCl2 and 1 �l of F-actin) and mixed on the
surface of a spin-coated azo-polymer film on a glass sub-
strate. Each sample (substrate) contains an array of spots
(typically 6–8) with different concentrations of F-actin and
Mg2�. The azo-polymer film was sealed inside a humidity
chamber to prevent evaporation and irradiated for 60 mi-
nutes with light (470 nm) from a 6� 10 array of blue light
emitting diodes (LED) with an optical power density of
10 mW=cm2. During photo-irradiation, the photo-
isomerization motion of the azobenzene group and the
resultant photo-plasticization of the polymer matrix lead
to a deformation of the polymer surface along the contour
of surface biomolecules and thus immobilize them [15,16].
After washing the surface to remove excess sample, the
substrate was probed by using a Digital Instruments
Dimension 30000 scanning probe microscope in tapping-
mode with a standard silicon cantilever (tip radius of
curvature �20 nm).

The immobilization process dramatically reduces the
thermal motion of F-actin filaments, leading to higher
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imaging resolution allowing individual F-actin filaments to
be resolved. Figure 1(b) shows an AFM image and an axial
height trace of a single F-actin filament immobilized on the
azo-polymer surface. The height trace shows periodic
variation with a typical repeating distance of 35 nm match-
ing the pitch of the F-actin. The observed pitch varies from
30 nm to 40 nm, which is consistent with previous electron
microscopy observations that F-actin is a helix with a
random variable twist [1,2,17]. The observed height
(3 nm–4 nm from valley to peak) of the filament is about

half of the actual F-actin diameter (6–8 nm), suggesting
that the filament is about halfway embedded into the azo-
polymer film after photo-immobilization. The typical ob-
served width of a single filament measured perpendicular
to the fiber is around 20 nm, about 3 times greater than the
actual diameter of F-actin, which can be attributed to a tip-
sample convolution effect [18]. Even though it is difficult
to remove this tip-sample convolution effect, it is not
difficult to differentiate between single filaments and bun-
dles based on their apparent diameter.

The multiple-spot geometry allowed us to investigate
F-actin assemblies as a function of increasing cation con-
centration on a single sample with relative ease.
Figures 2(a)–2(c) demonstrate the progressive association
of long actin filaments (up to �10 �m in length, no
gelsolin) with increasing Mg2� concentration (0 mM,
10 mM, 80 mM, respectively) on the azo-polymer surface.
The F-actin solution with 0 mM Mg2� exhibits an uncon-
densed isotropic phase [Fig. 2(a)], with filaments main-
taining large distances and intersecting angles (�90
degrees) between them to minimize electrostatic repulsion
[11,19]. With 10 mM Mg2� [Fig. 2(b)], the distances
between filaments become smaller and the filaments form
a network structure with smaller intersecting angles be-
tween filaments. The network consists of predominantly
single filaments of F-actin. At 80 mM Mg2� [Fig. 2(c)];
however, a different network structure composed of mostly
thick filaments (F-actin bundles) is observed. The single
filaments and bundles are entangled and oriented randomly
in the network, suggesting little excluded volume interac-
tion which drives liquid crystalline ordering in the more
concentrated solution. Interestingly, the bundles observed
in the networks appear to be fairly uniform in diameter and
large bundles were rarely seen under this condition. This
suggests that there might be a growth limit of the bundle
size, which has been predicted theoretically [20]. Overall,
the phase behavior observed in the AFM images is con-
sistent with the previous results obtained using x-ray dif-
fraction and optical microscopy [4]. However, the high
resolution data allowed us to examine the structures at a
single filament or bundle level, which led to observations

 

FIG. 2 (color). AFM images showing the progressive association of long (no gelsolin) actin filaments as a function of Mg2�

concentration. (a) Isotropic phase of F-actin filaments (0 mM Mg2�). (b) Network of F-actin filaments (10 mM Mg2�). (c) Network of
F-actin bundles (80 mM Mg2�). The phase map was obtained from one azo-polymer sample containing multiple spots of F-actin–
Mg2� mixed at different ratios.

 

FIG. 1 (color). Photo-immobilization of F-actin–Mg2�

samples on an azo-polymer surface for AFM studies. (a) A
schematic of the photo-immobilization process. Light irradiation
induces the azo-polymer surface to deform along F-actin fila-
ments due to the photo-isomerization motion of the azo-dye.
(b) An AFM image of a single F-actin filament and a height trace
along the single filament showing periodic variations corre-
sponding to G-actin subunits.
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relevant to several important unanswered questions about
F-actin assemblies.

There has been much discussion about the structure of
bundles that are formed by charged biopolymers at high
counterion concentrations. One of the intriguing possibil-
ities is whether the F-actin filaments could form helical
coil within a bundle [14]. Analogous structures have been
theoretically predicted [21,22], but never experimentally
verified. Using the current technique, we have found direct
evidence of the coil-on-coil (braided) bundle structure at
higher cation concentrations (>20 mM Mg2�). In
Figs. 3(a) and 3(b), we show two examples of the braided
bundles formed with short F-actin (average length �
680 nm controlled with gelsolin) and 80 mM Mg2�.
Under this condition, we observed coexistence of both
single filaments and bundles, which can be easily differ-
entiated in the magnified images by their apparent diame-
ter. Following the trace lines, it can be seen that the bundles
unravel at their ends into three or more single filaments.
The braided configuration of the bundle is especially ob-
vious in Fig. 3(b). The braided structure is found to exist in
a wide range of Mg2� concentrations (5 mM to 160 mM),
from the uncondensed phase to the bundled phase. In
comparison, such spiral structures were not readily dis-
cernible in the bundles that are formed by longer filaments
[Fig. 2(c)]. One could argue that the longer filaments are

more prone to kinetic hindrance to forming braided struc-
tures due to increased difficulty in rotational movements.

AFM images of F-actin at lower Mg2� concentrations
offered some clues as to how the helical bundles may be
formed. Figures 3(c) and 3(d) show several distinct F-actin
junctions (points where single filaments are joined or
crossed) observed at 5 mM Mg2� concentration. In
Fig. 3(c), three filaments form a knot structure of about
100 nm in length, and the knot unravels at both ends into
three single filaments with fairly large angular separation.
Also, entangled points formed by two filaments are ob-
served in Fig. 3(d). In the same image, two other types of
joints could be seen: an X overlap in which the two
filaments simply cross each other and a T junction where
the end of one filament is seemingly attached to another
filament at a near 90 � angle. All these junctions can be
considered as precursor sites of the more extensive helical
bundle structure shown in Figs. 3(a) and 3(b) at higher
Mg2� concentrations.

The braided bundle structure may have been present in
previous images of F-actin bundles obtained using electron
microscopy, AFM, and confocal optical microscopy, but
was not recognized as such. For example, high resolution
cryo-AFM images of F-actin filaments clearly showed the
existence of braided bundles [14]. Synchrotron x-ray dif-
fraction data showed that the close packing pattern of the
bundle deviates from an exact hexagonal arrangement
(q10 � 0:089 �A�1 and q11 � 0:139 �A�1, respectively),
which may be partially attributed to the braided arrange-
ment of some F-actin filaments inside the bundle [4,5]. The
observed axial repeat distance of the braided bundles is
around 100 nm (Fig. 3(b) and 3(c)), comparable to the
pitch of a single F-actin twisted structure. This strongly
suggests that the F-actin filament follows the topology of
the twist of F-actin filaments in order to achieve tighter
packing.

It is important to note that the existence of braided F-
actin bundles does not necessarily contradict the earlier
conclusion of hexagonal packing of filaments inside the
bundles. Because of the limited statistical sampling of
AFM imaging and the large F-actin length distribution, it
is likely that the actual samples contain both structures,

 

FIG. 4 (color). AFM images of intermediate phases of short F-
actin (average length 170 nm) Mg2�. (a) A phase consists of
nematiclike rafts with 20 mM Mg2�. In part, the rafts are
stacked. (b) A phase consists of both perpendicular aggregates
(arrow) and nematiclike rafts with 10 mM Mg2�.

 

FIG. 3 (color). Braided structures of short F-actin (average
length 680 nm) bundles and precursor junctions. (a, b) Braided
bundles at high concentration of Mg2� (80 mM). The bundle in
image (a) consists of three filaments, and the bundle in (b) con-
sists possibly of more than three filaments. (c, d) Junction-type
precursor structures formed in the uncondensed phase of F-actin
with 5 mM Mg2�. All the images are 0–10 nm in height.
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with hexagonal bundles being the prevalent structure giv-
ing rise to the x-ray diffraction peaks.

The structures formed in the intermediate range of con-
centration are of particular interest, as previous x-ray stud-
ies revealed in this regime a unique phase composed of
lamellar stacks of crossed rafts (LXR phase) [4]. Such a
structure, formed with 20 mM of Mg2�, is shown in
Fig. 4(a). The filaments form a 2D nematiclike rafts with
a lateral repeat distance of about 12 nm, slightly larger than
the F-actin diameter. The rafts are stacked at a large angle
from each other, as was deduced from x-ray data, which
showed a series of strong (00L) harmonic peaks due to
stacking. The raftlike structures can be observed in a wide
range of Mg2� concentration (5–40 mM) with short
F-actin filaments and were much less dominant with longer
filaments. This is consistent with the phase diagram com-
piled with x-ray data [4]. Similar structure has been ob-
served in the system consisting of microtubules and
divalent cations [23], suggesting a certain degree of uni-
versality of phase behavior of rodlike biological filaments
with divalent cations. The 2D nematiclike rafts were found
to coexist with aggregated perpendicular filaments at
slightly lower Mg2� concentrations (5–10 mM), as shown
in Fig. 4(b), which is consistent with recent molecular
dynamic simulation predictions that isolated stiff polyelec-
trolyte filaments in general evolve from aggregated per-
pendicular filaments to aggregated parallel rods [11]. The
theoretical treatment also describes that the aggregated
perpendicular filaments can form two-dimensional rafts
[10].

A new protein immobilization technique was developed
for molecular scale imaging by AFM of F-actin supra-
molecular structures formed in the presence of Mg2�.
The technique allowed combinatorial investigations of
the phase behavior of the F-actin–Mg2� system and re-
vealed new structural details relevant to the understanding
of cation-induced biopolymer aggregates. We found, in
particular, a predominantly three-filament helical coil-
on-coil structure in the F-actin bundles at higher diva-
lent cation concentrations. The existence of the layered,
raftlike F-actin structure at intermediate cation concentra-
tion, first revealed by x-ray diffraction, was confirmed
unambiguously.
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