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Protein nanoarrays are regularly ordered patterns of proteins fixed on
a solid surface with a periodicity on the order of nanometers. They
have significant potential applications as highly sensitive bioassays and
biosensors. While several researchers have demonstrated the fabri-
cation of protein nanoarrays with lithographic techniques and pro-
grammed DNA nanostructures, it has been difficult to fabricate
a protein nanoarray containing a massive number of proteins on the
surface. We now report the fabrication of nanoarrays of streptavidin
molecules using a two-dimensional (2D) crystal of annexin A5 as
a template on supported lipid bilayers that are widely used as cell
membranes. The 2D crystal of annexin A5 has a six-fold symmetry with
a period of about 18 nm. There is a hollow of a diameter of about
10 nm in the unit cell, surrounded by six trimers of annexin A5. We
found that a hollow accommodates up to three streptavidin molecules
with their orientation controlled, and confirmed that the molecules in
the hollow maintain their specific binding capability to biotinylated
molecules, which demonstrates that the fabricated nanoarray serves
as an effective biosensing platform. This methodology can be directly
applied to the fabrication of nanoarrays containing a massive number
of any other protein molecules.

Introduction

Protein nanoarrays, regularly ordered patterns of proteins fixed
on a solid surface with a periodicity on the order of nanometers,
are expected not only as a platform for highly sensitive
biosensors to detect target molecules and screen drug
candidates,' but also as a tool to analyze the functions of the
proteins themselves.* Several methods have already been re-
ported to fabricate protein nanoarrays, such as lithographic
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techniques®® and programmed DNA nanostructures.”*
However, it has been difficult to fabricate a nanoarray con-
taining a massive number of proteins with a unit size on the
order of tens of nanometers on the surface. Dip-pen nano-
lithography using atomic force microscopy (AFM)*® is a useful
technique to fabricate nanoarrays with a nanometer-scale unit
size. However, fabrication throughput and the size of the
patterned area are limited. On the other hand, programmed
DNA nanostructures are suitable techniques for efficiently
fabricating nanoarrays containing a massive number of
proteins since they are based on the self-assembly of DNA
molecules. However, it is difficult to carefully program the DNA
nanostructures such that the proteins do not have strong
interactions with the DNA or substrate and maintain their
functions that they should have in vivo.

We now report the fabrication of protein nanoarrays using
a two-dimensional (2D) crystal of annexin A5 (Ax5) on supported
lipid bilayers (SLBs) as a template. SLBs are widely used as
a model for the cell membrane.** Since lipid molecules with
various molecular functional groups are available, we can fix
various proteins to those functional groups in the hollow sites
and even control their orientations.

We first characterized the Ax5 molecules in the 2D crystal by
high-resolution AFM, and then demonstrated the attachment of
streptavidin (SA) molecules to the SLBs within each hollow in
a controlled manner. Since the binding between SA and biotin
is strong with a dissociation constant of 10" M and it is stable
under physiological conditions, SA-biotin interaction is widely
used in molecular science.™ The interaction has also been used
as a technique to immobilize proteins of interest to the
substrate.”'>"'” We then confirmed that the SA molecules within
each hollow maintain their specific binding capability to bio-
tinylated bovine serum albumin (BBSA), which demonstrates
that the SA molecules maintain their strong affinities to bio-
tinylated molecules.

Ax5 is one of the annexin family proteins that binds to
negatively charged phospholipids in a Ca*"-dependent
manner.”® In particular, annexins have a high-affinity for
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Fig. 1 Structures of an annexin A5 (Ax5) monomer and two-dimensional (2D) Ax5 crystal. (a) Ribbon model of the Ax5 monomer having four
domains with the same 70 amino acid series, which are numbered from 1 to 4 (PDB code 1ALA). (b) Schematic of the 2D crystal of annexin A5 with

a p6 symmetry (unit cell: a; = a, = 17.7 nm, § = 120°).

phosphatidylserine (PS) in the presence of Ca**.** Ax5 is well
known to form a trimer immediately after adsorption onto SLBs
and then form the 2D crystal,**~>* The structure of Ax5 registered
in the protein data bank (PDB code 1ALA) is shown in Fig. 1a.>
A monomer of Ax5 consists of four repeats of 70 amino acids,
which are numbered from 1 to 4. Each repeating unit, denoted
by different colors in Fig. 1a, is folded into five a-helices. The
blue background represents the shape of the monomer as
observed by AFM described below. The number 2 domain was
lightly colored because it was observed lower than the other
domains. The crystal forms having p6 and p3 symmetries have
commonly been observed in liquids.*” Fig. 1b shows a model of
the 2D Ax5 crystal that has a p6 symmetry that we used as
a template for the protein nanoarray in this study. The white
rhombus shows the hexagonal unit cell. According to previous
studies using electron microscopy, the lattice constant is
17.7 nm.**” The red hexagon also shows the centered hexag-
onal unit cell at the center of which there is a hollow with
a diameter of about 10 nm and surrounded by six trimers of the
Ax5 molecules. We employed these arrays of the nanometer-
scale hollows to accommodate proteins.

Results and discussion

We prepared the 2D crystal of Ax5 molecules on the SLBs and
characterized the structures of the 2D crystal in detail by
frequency-modulation AFM (FM-AFM)?® that is capable of ultra-
high resolution imaging of biomolecules in liquids.*** When
a tip is oscillated with an amplitude set close to the decay length
of the tip-sample interaction force, the force sensitivity of FM-
AFM is significantly enhanced, which provides a resolution
higher than that of other conventional AFM methods. Fig. 2a
shows a typical FM-AFM image of a p6 2D Ax5 crystal on the
SLBs. Clear p6 lattices are observed in Fig. 2a. The white dashed
rhombus indicates the unit cell. We found that almost half of
the hollow sites were filled with ring-like features. They are also
the trimers of the Ax5 molecules which were weakly bound to
the surrounding six trimers in the 2D crystal. For simplicity,
hereafter, the trimer within the hollow and the trimer forming

© 2023 The Author(s). Published by the Royal Society of Chemistry

the 2D crystal are referred to as the H-trimer and C-trimer,
respectively.

A high-resolution image of the p6 2D Ax5 crystal is shown in
Fig. 2b. It shows the ring-like C-trimers connected to each other
forming the hexagonal lattice, and most of the hollow sites are
filled with the H-trimer. While fine globular structures of the C-
trimers were resolved, one of which is enclosed by the white
square, fine features were not observed for most of the H-
trimers. This result is in good agreement with a recent study
by a high-speed AFM study that showed the H-trimer has six
stable rotational states and changes its state on a timescale of
a second.” Since it took about 1 minute to obtain the image in
Fig. 2b, the temporal resolution was not sufficient to directly
visualize the rotational diffusion of the H-trimers but indirectly
as the rings without the fine globular structures were resolved.
Note that fine globular structures were also resolved in some H-
trimers as indicated by the white arrows. This is because there
were defects in the surrounding C-trimers. Due to the defects,
the rotational states of those H-trimers were pinned so that the
trimers were observed as the distorted hexagon and their fine
globular features were resolved.

Fig. 2c-e show a magnified image of the C-trimer enclosed by
the white square in Fig. 2b, a ribbon model of the Ax5 trimer
that corresponds to Fig. 2¢, and the simulated AFM image of the
AX5 trimer with a tip radius of 1 nm and a cone angle of 10°,
respectively. In Fig. 2e, nine globular structures were observed
along the AX5 trimer ring in the AFM simulation, which corre-
spond to three globular structures per Ax5 monomer corre-
sponding to the domains 1, 3, and 4 in Fig. 1a. However, in
Fig. 2¢c, only nine globular structures were observed. Since the
second repeat (the domain 2) in each monomer was lower than
the other repeats, they were not clearly resolved by the AFM
measurements, while three globular features were resolved in
the simulated AFM image in Fig. 2c. Additionally, we found that
domain 3 is slightly higher than the other domains because the
amino acid loops connecting the second and third repeats are
protruding from the surface. It should be noted here that an
AFM image of the Ax5 C-trimer with a spatial resolution as high
as that of Fig. 2c was recently demonstrated by a data-
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Fig.2 FM-AFM images of the p6 2D annexin A5 crystal. (a) Topographic image of the p6 2D annexin A5 crystal. The white dashed line indicates
a unit cell. (b) High-resolution image of the p6 2D annexin A5 crystal. (c) Magnified image of the annexin A5 trimer that consists of the p6 lattice
indicated by the white rectangle in (b). (d) Ribbon model of an annexin A5 trimer that corresponds to (c). (e) Simulated AFM image of an annexin
A5 trimer shown in (d), assuming the tip radius of 1 nm and cone angle of 10°.

processing technique called localization AFM based on the high
speed AFM dataset.** It is expected that by data-processing of
the C-trimer images obtained by FM-AFM in the same manner
the spatial resolution could be further improved.

As already mentioned, we utilized the hollow sites for the
protein nanoarray. However, almost half of the hollow sites
were filled with the H-trimers in Fig. 2a. To increase the number
of unoccupied hollow sites, we changed the incubation time,
which is the time after the deposition before the rinse, and
investigated the occupancy of the hollow sites with the H-
trimers. We found that the occupancy was increased for the
longer incubation time when we deposited the Ax5 solution of
the same concentration (see ESI Fig. S1t). This result supports
the growth model of the 2D Ax5 crystal as suggested by
a previous study.”® The Ax5 molecules immediately form trimers
upon adsorption onto the SLBs. The Ax5 trimers then diffuse on
the SLBs self-assembled into the p6 lattice (C-trimers). After the
formation of the p6 lattice, excess trimers (H-trimers) start to fill
the hollow sites. We also investigated the effect of the pH of the
imaging solution on the occupancy. Fig. 3a-c show topographic
images of the 2D Ax5 crystal in 150 mM NacCl and 10 mM CacCl,
containing 10 mM MES-K (2-(N-morpholino)ethanesulfonic
acid and KOH) buffer solution (pH 6.0), 10 mM phosphate
buffer solution (pH 7.0) and 10 mM Tris-HCI (pH 8.0), respec-
tively. In Fig. 3, the occupancy was increased as the pH value of

3864 | Nanoscale Adv., 2023, 5, 3862-3870

the imaging solution increased. The percentages of the unoc-
cupied sites, namely vacancies, were calculated from five topo-
graphic images including Fig. 3a-c (see ESI Fig. S2t), which
were 73.6%, 65.9%, and 56.1% at pH 6.0, 7.0 and 8.0, respec-
tively. In a previous study, it was reported that amino acids that
contribute to the formation of the 2D Ax5 crystal are different
from those contributing to the interaction between the H-trimer
and C-trimer.” Six amino acids (GIn174, GIn177, Phe180,
Thr215, 1le216, Ser217) in the third repeat play an important
role in the interaction between adjacent Ax5 molecules forming
the 2D Ax5 crystals. Specifically, phenylalanine contributes to
the C-trimer-C-trimer interactions by making m-stacking with
an adjacent Ax5 molecule. On the other hand, seven other
amino acids (Thr215, Ile216, Ser217, Gly218 of the third repeat
and Ser295, Tyr297, Ser298 of the fourth repeat) form the
interaction between the C-trimer and H-trimer. Since the
isoelectric point of most amino acids is around 6, both the C-
trimer-C-trimer and C-trimer-H-trimer interactions are
supposed to be weakened in the low-pH environment such as in
the MES-K buffer solution (pH 6.0). However, the Ax5 molecules
still form the 2D crystal because -stacking does not depend on
the pH value. Consequently, only the number of H-trimers
decreased in the low-pH environment. We found that the
number of vacancies increased by reduction of the incubation
time or the pH value of the solution. Although both methods

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of the pH of the imaging solution on the occupancy. Topographic images of the p6 2D Ax5 crystal obtained in aqueous solutions
containing 150 mM NaCl and 10 mM CaCl; at different pHs, which were (a) 10 mM MES-K buffer solution (pH 6.0), (b) 10 mM phosphate buffer

solution (pH 7.0), and (c) 10 mM Tris—HCl (pH 8.0).

seem to be effective for making a template for the protein
nanoarray, there might be a local variation in the density of the
vacancies when the incubation time was reduced. Therefore, we
performed the experiments in the low-pH solutions to increase
the density of the hollow sites in the 2D Ax5 crystal.

We chose SA as a guest protein for the hollow site in the 2D
AXx5 crystal. SA is a tetrameric protein and each monomer has
a biotin-binding site. The SA tetramer has four biotin-binding
sites in total, two of which are located on the same side and
the other two on the opposite side. Therefore, when the SA was
bound to the biotinylated SLBs, the two biotin binding sites
should be exposed to the solid-liquid interface, which can
accept biotinylated molecules, since the SA tetramer has
a dihedral D2 molecular symmetry with molecular lengths of
about 5.4, 5.9, and 4.8 nm along each diad axis.**** Considering
the size of the SA protein and the hollow site, which has
a diameter of about 10 nm, the maximum number of the SA
proteins in a hollow site is three.

We prepared the SLBs with biotinylated lipid molecules. We
set the concentration of biotinylated lipid in the SLBs at 2%,
which was smaller than that in a previous study.** The lattice
constant of the SA 2D crystal is larger than that of the lipid
molecules in the SLBs by a factor of about 10, thus there were
two biotinylated lipid molecules underneath a single SA mole-
cule. It was the marginal concentration to bind SA molecules to
the SLBs via two biotin-binding sites according to a previous
study.** However, we minimized the concentration such that it
did not affect the preparation of the 2D Ax5 crystal.

We then prepared the 2D Ax5 crystal on the biotinylated
SLBs, and then dropped the SA molecules. The solution pH (pH
7.4) was close to that in Fig. 3b. Since we found the density of
the C-trimer increases as a function of the incubation time of
Ax5 molecules (see ESI Fig. S17), we set the incubation time
short (5 minutes) in this experiment to increase the number of
hollow sites before dropping SA molecules. Fig. 4a shows an
FM-AFM image of the 2D Ax5 crystal after dropping the SA
molecules. While some hollow sites were filled with the Ax5

© 2023 The Author(s). Published by the Royal Society of Chemistry

trimer or still empty as in the case of Fig. 2a, we can see some
globular structures as indicated by white arrows.

Fig. 4b-e show magnified images of the globular structures
of different sizes. Fig. 4f-i show cross-sectional profiles along
the globular structures shown in Fig. 4b-e, respectively. To
facilitate a comparison of the globular structures, the height
axis of each profile was adjusted to align the height of the C-
trimer surface at 3.5 nm. This alignment was chosen as the
height of the C-trimer itself measured approximately 3.5 nm.
The height of the globular structure in Fig. 4b was lower than
that of the C-trimer by 0.5 nm (Fig. 4f). Since many globular
features similar to this were also observed in the 2D Ax5 crystal
before dropping the SA molecules, they were identified as the
Ax5 monomers. A schematic of the Ax5 monomer inside the
hollow is shown in Fig. 4j. In Fig. 4c, the height of the globular
feature was about 4 nm. This value corresponds to the size of
the SA molecule. Therefore, this result suggests that a single SA
molecule filled the hollow site as schematically shown in
Fig. 4k. In Fig. 4d, the globular feature had the same height as
that in Fig. 4c, but wider than that in Fig. 4c. Therefore, we
identified the globular structure in Fig. 4d as two SA molecules,
as shown in Fig. 4l. Finally, in Fig. 4e, the three globular
structures were visualized. As shown in the profile in Fig. 4i, the
height of the globular structures ranged from 4.7 nm to 5 nm,
which is comparable to the molecular size of the SA molecule.
This result suggests that at most three streptavidin molecules
fill the hollow site of the 2D Ax5 crystal with a p6 symmetry.

Fig. 5a shows an FM-AFM image of the SA nanoarrays
prepared by dropping a large amount of the SA molecules
onto the 2D Ax5 crystal on the biotinylated SLBs in the low-pH
environment (pH 6.0), which is the same condition as that of
Fig. 3a. This figure shows that most of the hollow sites were
occupied by the SA molecules, which appear as protrusions. A
cross-sectional profile along the line A-B in Fig. 5a is shown in
Fig. 5b. The kinks indicated by the black arrows correspond to
the C-trimer, and the height of the protrusions from the C-
trimers was about 1.1 nm, as indicated by the dashed lines,

Nanoscale Adv, 2023, 5, 3862-3870 | 3865
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Fig. 4 FM-AFM images of the 2D Ax5 crystal after dropping SA molecules. (a) Topographic image of the p6 2D Ax5 crystal after adding
streptavidin molecules. (b—e) Magnified images of the hollow sites of the p6 2D Ax5 crystal. (f-i) Cross-sectional profiles along the globular
features in (b—e). (j—m) Schematic of the globular molecules inside the hollows in (b—e). AxX5 monomer, SA, lipid molecules, and substrate are
shown in blue, green, orange, and gray, respectively. The imaging solution was 10 mM HEPES containing 150 mM NaCland 10 mM CaCl, (pH 7.2).

which was in agreement with the height of the SA molecules
observed in Fig. 4e. Therefore, we consider that three SA
molecules occupied all the vacancies of the p6 2D Ax5 crystal
in this experiment, as schematically shown in Fig. 5c. The
inset in Fig. 5a shows a magnified image of the streptavidin

3866 | Nanoscale Adv, 2023, 5, 3862-3870

nanoarray. As indicated by the red arrow in the inset, the H-
trimers were observed in the remaining hollow sites. This
result suggests that the SA molecules do not replace the H-
trimers adsorbed prior to the application of the SA molecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FM-AFM images of the streptavidin (SA) nanoarray interacting with biotinylated bovine serum albumin (BBSA). (a) Topographic image of
the SA nanoarray using the 2D annexin A5 crystal after adding streptavidin molecules. Inset shows a magnified image of the SA nanoarray. As

shown by the red arrow, the annexin A5 trimers were observed in the vac
(a). (c) Schematic model of the SA nanoarray using the 2D annexin A5 c

ancies of the SA nanoarray. (b) Cross-sectional profile of the line A-B in
rystal. (d) Topographic image of the SA nanoarray after dropping BBSA

molecules. (e) Cross-sectional profile of the line C-D in (d). (f) Schematic model of the SA nanoarray binding BBSA molecules. The imaging
solution was 10 mM MES-K buffer solution containing 150 mM NaCl and 10 mM CaCl, (pH 6.0).

Next, we deposited the biotinylated bovine serum albumin
(BBSA), which has twelve biotin molecules, onto the SA nano-
arrays to confirm the biological activities of the SA molecules.
Fig. 5d shows an FM-AFM image of the SA nanoarray after the
deposition of the BBSA molecules. Several large adsorbates were
observed on the SA molecules, as indicated by the arrows. Note
that the number of SA molecules was reduced due to the addi-
tional rinse after the deposition of the BBSA molecules. A cross-
sectional profile of the line C-D in Fig. 5d is shown in Fig. 5e.
The height of the adsorbate was about 2-3 nm, which corre-
sponds to the height of the BBSA molecule obtained from the
protein data bank data.

This result suggests that the BBSA molecules were bound to
the SA molecules in the nanoarray, as schematically shown in
Fig. 5f, and the biotin-binding capability of the SA molecules in
the nanoarray was still active. It has been shown by a previous
study®* that biotinylated proteins on the SA 2D crystal remain
even after rinse because of their specific binding to the SA while
other proteins were washed away. In previous work, we also
confirmed by AFM, in the same manner, the antigen-binding
activity of the antibodies attached to the substrate and, simi-
larly found that the antigen molecules remained attached to the
antibodies while non-antigen molecules were washed away.*

© 2023 The Author(s). Published by the Royal Society of Chemistry

We consider the BBSA molecules that were not washed away
after rinse were bound to SA molecules otherwise washed away
during rinse likewise the previous studies. On the other hand,
the orientation of SA molecules in the SA 2D crystal is well
known from the previous studies: two binding sites facing
downward and bound to biotinylated lipid molecules and the
other two binding sites exposed on the surface. Since the SA
molecules in the hollow sites in Fig. 5a were bound to the bio-
tinylated lipid molecules, it is considered that they have the
same or similar orientation to those in the 2D crystal, which
explains the biotin-binding ability of SA molecules in the hollow
sites.

While the SA molecules in the hollow sites were not washed
away by the four times of rinse, some SA molecules were
removed after dropping BBSA molecules. This is probably
because the concentration of biotinylated lipid molecules was
marginal to bind SA molecules to the SLBs via two biotin-
binding sites,* which means some SA molecules were weakly
bound via only one biotin-binding site to the SLBs. Those
weakly bound SA molecules could have been removed upon
forming the BBSA-SA-lipid assembly which was relatively
a large molecular assembly. It is expected that large BBSA-SA-
lipid assemblies were relatively easily removed by rinse from the

Nanoscale Adv., 2023, 5, 3862-3870 | 3867
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fluid SLBs especially when the SA molecule was bound only to
one lipid molecule.*® Therefore we consider that some SA
molecules were removed only after BBSA binding is another
proof of the biotin-binding activity of SA molecules. For AFM
study of the binding process, it is often necessary to rinse the
adsorbate solution before AFM imaging of the attached adsor-
bates. However, if the rinse process removes some adsorbates
likewise in this study, it is better to perform AFM imaging in situ
or study the adsorption kinetics by other analytical methods
such as surface plasmon resonance® or fluorescence.'®"’

Next, we calculated the number of SA molecules in the
nanoarray. Since the lattice constant of the p6 2D Ax5 crystal is
17.7 nm, the ideal density of the hollow sites that can trap the
proteins was calculated as 3.7 x 10'" em™>. Considering that
the percentage of the vacancies of the 2D Ax5 crystals in the low-
PH environment was about 80% at most, the realistic density of
the hollow sites was about 2.7 x 10'" em 2. In this study, we
chose the SA molecules as guest proteins and found that the
maximum number of the SA molecules in each hollow site was
three. Therefore, the maximum density of the SA molecules on
the surface was calculated as 8.1 x 10" em™. Since each SA
molecule has two biotin binding sites exposed on the nanoarray
surface, the density of the biotin binding sites of the SA nano-
array was calculated to be 1.6 x 10" cm™>. Since we used
a square mica sheet with an area of 1 cm™?, a massive number
(10" of SA molecules were assumed to be arranged on a centi-
meter-scale mica sheet.

It is important for protein nanoarrays to have a uniform
density of the proteins. The SA nanoarrays presented here are
regular with some defects, of whose density can be controlled by
changing pH after preparation of the Ax5 crystal to a certain
extent. It should be noted that we can only use the low-pH buffer
for preparation of the Ax5 template with less occupied sites, and
we can use the buffer with a higher pH that is safe for the
proteins of interest.

Conclusions

In conclusion, 2D Ax5 crystals were visualized on a sub-
molecular scale by using FM-AFM under physiological condi-
tions. By comparison with the simulation, we found that loops
connecting the second and third repeats were higher than the
other repeats. Furthermore, we suggest a new technique for
protein patterning by using the 2D Ax5 crystal. We demon-
strated the fabrication of the SA nanoarray on the SLBs. The SA
molecules were arranged with a period of 17.7 nm, which is the
lattice constant of the 2D Ax5 crystal, by dropping the SA
molecules after forming the lattices of Ax5 molecules. In addi-
tion, the biological activity of the SA molecule forming the
nanoarray was confirmed by dropping the BBSA molecules onto
the SA nanoarray.

In this study, we chose the BBSA molecules as target mole-
cules and successfully detected the bound BBSA molecules on
the SA nanoarray. The target molecule was not only limited to
the BBSA, but any biotinylated molecules can be used as the
target molecules. Since the specific binding of biotin molecules
to SA is relatively strong,* they have also been used to fabricate
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the immuno sensor by fixing the biotinylated antibodies on the
lipid bilayers using SA proteins.”™ If we attach biotinylated
antibodies to the SA nanoarrays, the exposed receptors are
changed from the SA molecules to the antibodies, namely we
can fabricate antibody nanoarrays based on the SA nanoarray.
This means that the SA nanoarray is applicable for sensing not
only biotinylated molecules but also non-biotinylated mole-
cules. It should also be noted that the guest molecule in the Ax5
hollow sites presented here was not only limited to the SA
molecules, but they can be any proteins that have affinities to
the specific lipid molecules in the SLBs. For example, it is even
possible to directly tether the antibodies on the lipid bilayers
using functionalized lipid molecules, as demonstrated in
previous studies.'>*” We believe that this technique can be used
for the development of protein 2D arrays and be applied to
biotechnological platforms such as biosensors or bioassays.

Methods

Supported lipid bilayers

Dioleoylphosphatidylcholine (DOPC) (Avanti polar lipids) and
dioleoylphosphatidylserine (DOPS) (Avanti polar lipids) mole-
cules were dissolved in chloroform at a weight ratio of 65: 35.
The mixture of lipids in a test tube was dried to form a thin lipid
film. The dried lipid films were immersed in 10 mM HEPES
(Sigma-Aldrich) containing 150 mM NacCl (Sigma-Aldrich) and
10 mM CaCl, (Sigma-Aldrich). The lipid solution was sonicated
to form a vesicle and diluted with the same solution to a final
concentration of 0.1 mg mL™". A 40 pL droplet of the lipid
solution was dropped onto a freshly cleaved mica substrate. 30
minutes later, the substrate was gently rinsed with the same
solution.

Annexin A5 (Ax5)

Annexin A5 (Sigma-Aldrich) was dissolved in 10 mM HEPES
containing 150 mM NaCl and 10 mM CacCl, at a final concen-
tration of 40-70 pg mL~". A 20 pL droplet of the Ax5 solution
was deposited onto the SLBs. After waiting 20 minutes, the
surface was carefully rinsed four times with an imaging solution
that consisted of 10 mM HEPES containing 150 mM NacCl and
10 mM CaCl,. The FM-AFM imaging was performed without
drying the sample.

Biotinylated SLBs and streptavidin

SLBs containing DOPC, DOPS and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap-biotinyl) (biotin-cap-DOPE)
(Avanti polar lipids) (74 : 24 : 2, weight ratio) were made by the
same method previously described. A 20 pL droplet of the Ax5
solution was dropped onto the biotinylated SLBs. After incu-
bation for 5 minutes, the substrate was rinsed four times with
the imaging solution. Streptavidin (Nakarai tesque) was dis-
solved in 10 mM phosphate buffer solution (pH 7.5) at
a concentration of 1 mg mL ™. After removing the imaging
solution, a 10 pL droplet of the streptavidin solution was
dropped onto the 2D Ax5 crystal. The substrate was rinsed four
times with the imaging solution after waiting 5 minutes. We

© 2023 The Author(s). Published by the Royal Society of Chemistry
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then performed the FM-AFM imaging without drying the
sample.

FM-AFM imaging

A customized AFM instrument (SPM-9500, Shimadzu)*® and
a home-built digital controller programed in LabVIEW
(National Instruments) were used. We used silicon cantilevers
with an Au coating on the detector side (Fig. 2:
Arrow™UHFAuD, Nanoworld, Fig. 3 and 4: Tap300GD-G,
Innovative Solutions Bulgaria, Ltd.). The resonance frequency
and nominal spring constant in the liquids were 400 kHz and
5N m~" (Arrow™UHFAuD), 130 kHz and 40 N m ™" (Tap300GD-
G), respectively. The cantilever was oscillated by a photothermal
excitation method, and the oscillation amplitude was 0.5 nm.
The frequency shift was detected by HF2LI (Zurich Instru-
ments). WSxM (Nanotech Electronica)® was used to analyze the
obtained AFM images.

AFM simulation

GeomAFM Simulator software (version 1.1) in the SPM Sim
Software Suite, developed by Prof. M. Tsukada and co-workers
under the JST SENTAN Program, was used for the simulation
of the AFM image of the Ax5 trimer by calculating the tip
trajectory when the conical tip touched and followed the
outermost atoms. The tip was modeled as a sphere with a radius
of 1 nm and a cone angle of 10°.
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