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We have recently realized the two-dimensional visualization of a oligoethyleneglycol (OEG)/mannose
(Man)-terminated pattern surface by performing AFM force measurements using a concanavalin A
(ConA)-modified AFM tip. To extend the visualization technique, various types of patterned surfaces with
localized sugar chains were fabricated by lithography and their two-dimensional visualizations were
challenged in a phosphate-buffered saline solution by AFM force measurements using a Con4-modified
AFM tip in this study. The adhesion force based on the interaction of Cond with Man was much larger than
that based on the interaction of Cond with phosphorylcholine or galactose. The spatial resolution of this
method was evaluated using a nanopatterned surface fabricated using silica nanoparticles. Man-terminated
regions were clearly distinguishable from OFG-terminated regions on a nanometer scale.

1. Introduction

The structure of sugar chains on glycoproteins and
glycolipids is one of the determining factors for
biological reactions on cell surfaces since intercellular
communication is thought to occur when sugar-binding
proteins (lectins) recognize sugar chains on a cell
surface. Sugar chain recognition by lectin has also been
found to play key roles in pathological processes
including inflammatory and immunological responses,
cell—cell recognition, cancer metastasis, and viral
infection [1-3]. Recent advances in mass spectrometric
techniques have allowed compositional and structural
changes of sugar chains that induce various responses
to be elucidated, resulting in a deeper understanding of
signal transduction and functional expression [4-5].
However, little is known about the two-dimensional
distributions of sugar chains on biological surfaces in
an aqueous environment on micrometer to nanometer
scales due to their complexity and diversity.

Advanced analytical methods have been used to

observe the dynamics and distributions of sugar chains
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Lens-based fluorescence
ideal method for

investigations on a subcellular level below 250 nm

on cell membranes.

microscopy would be an
[6,7], except that since fluorescence techniques require
fluorescent labeling of sugar chains, they are not direct
analytical methods. Electron microscopy can be used to
observe fine structures of sugar chains in cell
membranes, but observations must be performed in a
high vacuum. As gold nanoparticles interact
specifically with sugar chains, an analytical method for
investigating sugar chains has been developed that
the of gold
nanoparticles adsorbed on cell membranes by scanning
this method

requires special equipment to be performed in the

involves evaluating distribution

electron microscopy [8]. However,
atmosphere. Thus, it is currently very difficult to
observe the two-dimensional distributions of sugar
chains on biological membranes in an aqueous
environment.

Atomic force microscopy (AFM), which can be

easily performed in an aqueous environment, is a
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promising method for obtaining
in-situ high-resolution images of
surface structures [9]. In addition,
AFM force spectroscopy is widely
used in various fields to detect
interaction forces between two
compounds. For example, AFM
force studies on specific host—guest
interactions in  artificial host
molecules (e.g., cyclodextrin [10],

crown ether [11], and calixarene
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Figure 1. Molecular structure of functionalized thiol derivatives used in this study.

[12]) have been performed. In
recent years, recognition
phenomena  in  biomolecules

including ligand-receptor binding
[13], [14],
chain—lectin recognition [15], protein unfolding [16],

antigen—antibody interaction sugar
cell-protein interaction [17] and cell adhesion [18]
have been investigated by AFM force measurements.
In these measurements, a biomolecule is attached to an
AFM tip and it is used to probe a surface modified by a
comprehensive biomolecule.

Lectins are proteins that can recognize specific
sugar chains and are thus very useful probes for
studying sugar chains on cell surfaces [1]. In particular,
concanavalin A (ConA) is a well-known lectin with
specific affinities for a-D-mannosyl and a-D-glucosyl
residues [19]. The interaction forces between ConAd and
corresponding simple sugars have been studied by
AFM [15,20].

visualization of the sugar chain distribution has been

Furthermore, the two-dimensional
attempted using the force—volume technique [21].
However, it has not been adequately verified whether
the force—volume images obtained in these studies
accurately depict the sugar chain distribution. To
confirm the validity of these images, it is necessary to
use a sugar-patterned surface whose structure has been
unambiguously determined. Against this background,
we have recently realized the two-dimensional
visualization of a mannose (Man)/oligoethyleneglycol
(OEG)-terminated pattern surface by performing AFM
force measurements using a Cond-modified AFM tip
[22]. As the structure of the patterned surface was
clearly known here, we confidently concluded that the
mapping based on the specific interaction force

between Cond and Man accurately depict the sugar
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chain distribution. The present study seeks to extend
types of
fabricated using

our visualization technique. Various

sugar-patterned surfaces were
functionalized thiol derivatives (Figure 1) and their
two-dimensional distributions were visually mapped in
a phosphate-buffered saline (PBS) on micrometer and
scales

nanometer by performing AFM force

measurements using a ConA-modified AFM tip.

2. Experimental
2.1 Materials
Highly purified concanavalin A, D-(+)-mannose,
ammonium carbonate, N-hydroxysuccinimide (NHS),
and water-soluble carbodiimide hydrochloride (WSC)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Amination of mannose was performed by the
Kochetkov reaction [23]. PBS (pH 7.4) was purchased
from Takara Bio (Tokyo, Japan). Deionized water
(conductivity: 18 MQ cm') was prepared using a
Milli-Q system. D-Mannosamine hydrochloride and
D-galactosamine hydrochloride were purchased from
(Kyoto,
conjugate

Nacalai Tesque Japan). Tetraethylene

thiol 1,
acid/tetraethylene glycol/dodecane conjugate thiol 2,
(PPC)/tetraethylene

glycol/dodecane conjugate thiol 3 (Figure 1) were

glycol/dodecane acetic

and phosphorylcholine
prepared by the method given in Ref. 24. As sugar
chains seem to be surrounded by PPC group of
the

membrane, mixed SAMs were also used in this study.

phospholipids moieties on real biological

Mica pieces were purchased from Merck (Darmstadt,
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Germany). They were typically 5-15 pm in width and
length. Silica nanoparticles (diameters: 50 and 100 nm)
were kindly donated by Fuso Chemical Co., Ltd.
(Osaka, Japan). Silicon substrates were purchased from
Nilaco Co. (Tokyo, Japan).

Mask

y_ /&S

(1) Au coated (2) Formation of SAM
Si substrate with thiol A

(3) Deposition of mica

or silica particle as mask

./'\

L) ﬁ

(5) Formation of SAM
with thiol B

(4) Au deposition (6) Removal of mask

Figure 2. Schematic drawing of fabrication procedure of
patterned substrate.

2.2 Preparation of PPC/Man-terminated patterned
surface

The sugar-patterned surfaces were fabricated on a
gold-coated silicon substrate by the lithography method
shown as follows. Figure 2 shows a schematic diagram
of the method. A gold-coated (50 nm) silicon substrate
was immersed in an ethanol solution containing
compound 3 (1.0 mM) for 24 h. The resulting
self-assembled monolayer (SAM) was rinsed with
ethanol and dried with nitrogen. Next, mica pieces were
deposited on the substrate. A gold layer was then
deposited on the substrate by vacuum evaporation and
the substrate was immersed in an ethanol solution
containing compounds 2 (1.0 mM) and 3 (1.0 mM) for
24 h. The substrate was immersed for 30 min in an
aqueous solution of WSC (0.10 M) and NHS (0.10 M).
Following activation of the terminal COOH, the
substrate was rinsed with deionized water, dried with
nitrogen, and immersed in an aqueous solution
containing mannosylamine (1.0 mM) for 3 h. After
rinsing with deionized water and drying with nitrogen,
the mica pieces were removed from the substrate under

running water.

2.3 Preparation of Man/Gal-terminated patterned
surface
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Man/Gal-terminated  patterned  surface  was
prepared by a similar method to that used to prepare the
PPC/Man-terminated patterned surface. A gold-coated
silicon substrate was immersed in an ethanol solution
containing compounds 1 (1.0 mM) and 2 (1.0 mM) for
24 h. After chemical modification by mannosamine,
mica pieces were deposited on the substrate. A gold
layer was then deposited on the substrate by vacuum
evaporation and immersed in an ethanol solution
containing compounds 1 (1.0 mM) and 2 (1.0 mM) for
24 h. After chemical modification by galactosamine,
mica pieces were removed from the substrate under

running water.

24

nanopatterned surface

Preparation of OEG/Man-terminated

An OEG/Man-terminated pattern surface was
prepared by a similar method to that used to prepare the
PPC/Man-terminated pattern surface with a minor
modification. A gold-coated silicon was immersed in
an ethanol solution containing compound 1 (1.0 mM)
for 24 h. After SAM formation, silica nanoparticles
were deposited on the substrate. A gold layer was then
deposited on the substrate by vacuum evaporation and
immersed in an ethanol solution containing compounds
1 (1.0 mM) and 2 (1.0 mM) for 24 h. After chemical
modification by mannosylamine for 3 h, the silica
nanoparticles were removed from the substrate under

running water.

2.5 AFM force measurements

Gold-coated AFM cantilevers with a nominal
spring constant of 0.025 N/m (Olympus, Tokyo, Japan)
were used for force measurements. Their spring
constants were calibrated to be in the range
0.022—-0.028 N/m using the thermal noise method. All
force measurements were performed in a PBS solution
(pH 7.4) using a NanoScope V Multimode AFM
(Veeco, Santa Barbara, CA). All force curves were
acquired using the AFM software provided by the
manufacturer at a scan rate of 1 Hz. The surface delay
(defined as the delay between when the loading force
reaches the target value and when the probe starts to
retract) was set to 1 s. A contact force of 200 pN and a
ramp size of 200 nm were used. Force curves were

collected by the force—volume technique described in
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Ref. 25. This method allows force curves to be acquired
as a function of the lateral position on the sample
surface. A complete force curve was recorded at each
position by raster scanning the AFM tip across the
surface of the sample in a 64 x 64 point array. Height
images (64 x 64 pixels) were simultaneously recorded
by force—volume mapping. Following acquisition,
AFM force—volume data were analyzed offline by a
purpose-written program developed in our laboratory

using Microsoft Visual Basic.

2.6 Chemical modification of AFM tip

A gold-coated AFM tip was immersed in an ethanol
solution containing compound 2 (1.0 mM) for 24 h and
then rinsed with ethanol and dried with nitrogen. The
tip was then immersed for 30 min in an aqueous
solution containing WSC (0.10 M) and NHS (0.10 M).
It was subsequently rinsed with deionized water and
dried with nitrogen. Finally, the NHS-activated AFM
tip was immersed in a PBS solution (pH 7.4) containing
ConA (0.10 mg mL™") for 2 h and rinsed with a PBS

solution.

3. Results and discussion
3.1 Fabrication of sugar-patterned surface

The alkanethiols spontaneously form

self-assembled monolayers (SAMs) on a gold substrate.

As sugar moieties can be easily introduced into
functionalized SAMs with reactive sites using chemical
reactions, several patterned SAMs containing sugar
chains have been successfully constructed on gold
[26]. study,
OEG/Man-patterned surface was fabricated using

substrates In our previous an

compound 1 having an OEG end and compound 2
group the

condensation reaction with mannosylamine. However,

having a carboxylic end through

real biological membranes do not have OEG chains;

rather they have mixed surfaces with various

phospholipids and other lipids. Therefore, a
PPC/Man-patterned surface was prepared in this study
using compound 3 with a PPC end with the aim of
fabricating biomimetic surfaces. It is well known that
PPC also suppresses the non-specific adsorption of
proteins [27].

The sugar-patterned surfaces were fabricated on a

gold-coated (50 nm) silicon substrate by lithography
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using mica pieces or silica nanoparticles as masks [28].
Figure 2 shows a schematic diagram of the method
used to fabricate the sugar-patterned surfaces. A
gold-coated silicon substrate (1) was immersed in an
ethanol solution containing thiol A for 24 h (2). The
resulting SAM was rinsed with ethanol and dried with
nitrogen. Next, mica or silica masks were deposited on
the substrate (3). A gold layer was then deposited on the
substrate by vacuum evaporation (4) and immersed in
an ethanol solution containing thiol B for 24 h (5).
Finally, the masks were removed from the substrate
under running water (6). The completion of the pattern
surface was confirmed by AFM topography. The
terminal COOH of compound 2 was activated by
immersion in an aqueous solution containing WSC and
NHS for 30 min. After rinsing with deionized water and
drying with nitrogen, aminated sugars were introduced
to the substrate through a condensation reaction for 3 h.
3.2 Two-dimensional mapping of
PPC/Man-terminated patterned surface

Figure 3 shows typical force curves obtained by
ConA-modified tip for the PPC/Man-terminated
pattern surface in a PBS solution. A characteristic
adhesion force was obtained in the Man-terminated
region that can be attributed to the specific adhesion
force between ConA and Man; no such adhesion force

was observed in the PPC-terminated region.

(a) PPC region

300 pN

20 nm

(b) Man region

Force / pN

il gy AdaB b s D A,
W N

Distance / nm

Figure 3. Typical AFM force curves obtained from (a)
PPC-terminated, and (b) Man-terminated regions in a PBS
solution.
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Figure 4. Histogram of adhesion forces obtained from PPC-

and Man-terminated regions.

Figure 5. (a) Topological image and (b) adhesion force image
of a PPC/Man-terminated patterned surface obtained using a
ConA-modified tip in a PBS solution.

In the Man-terminated region, the specific adhesion
force was approximately 200 pN (207 £ 27 pN), as

shown in Figure 4. In contrast, in the PPC-terminated

300

Force / pN
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the
approximately 50 pN (55 + 11 pN). The non-specific
interaction forces observed in the PPC-terminated

region, non-specific adhesion force was

region were as large as those previously observed in the
OEG-terminated region [19].

We were anxious about the interference from the
hydrophobic interactions and electrostatic attractive
forces between the PPC group and the hydrophobic
protein, Cond. However, the present measurement
revealed that this interaction force is considerably
than that and Man.
Consequently, Man-terminated regions could be clearly

smaller between ConA
distinguished from other regions, as shown in Figure 5.
It was thus demonstrated that the Man distribution can
be visualized even on a surface that is similar to a
biological membrane.
3.3 Selective two-dimensional mapping of
Man/Gal-terminated patterned surface

It is well known that ConA has a specific affinity for
Man among other sugar residues. A ConA-modified tip
has the potential to be used as a probe for selective
AFM mapping of Man based on its specific affinity.

We prepared a mixed sugar-patterned surface of
Man and Gal to investigate the ability of the
ConA-modified tip to selectively visualize Man by this
method. Figure 6 shows typical force curves for the

Man/Gal-terminated pattern surface in a PBS solution.

(a) Gal region

300 pN

20 nm

Distance / nm

Figure 6. Typical AFM force curves obtained from (a)
Gal-terminated, and (b) Man-terminated regions in a PBS
solution.



Journal of Surface Analysis Vol. 18 No. 3 (2012) pp. 164-173

S. Inoue et al.

No significant specific force was observed in the
Gal-terminated region like the PPC-terminated region.
Thus, the Man-terminated regions can be selectively
visualized in the mixed sugar-patterned surface (Figure
7). Accordingly, it may be possible to detect other sugar
chains by attaching different lectins to the AFM tip. For
some lectins, the interaction force of lectin with
biological membranes may be too strong to detect the
specific interaction force with the sugar chain. Thus,
for practical applications, it is necessary to confirm the
detection ability of individual lectins by performing
systematic investigations using the method presented

here.

Figure 7. (a) Topological image and (b) adhesion force image
of the Man/Gal-terminated patterned surface obtained with a
ConA-modified tip in a PBS solution.

3.4 Evaluation of spatial resolution

The spatial resolution was evaluated using a
fabricated by
lithography using silica nanoparticles with two

sugar-patterned  surface colloidal
different diameters (50 and 100 nm) as a mask. Figure 8

shows topological images and adhesion force images of
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the OEG/Man-terminated nanopatterned surfaces in a
PBS solution.
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Figure 8. (a) Height and (b) adhesion force images of
OEG/Man-terminated nanopattern surface fabricated using
100-nm-diameter silica nanoparticles. (c) Height and (d)
of the OEG/Man-terminated
nanopattern surface fabricated using 50-nm-diameter silica

adhesion force images

nanoparticles. Arrows in the image indicate nanopatterned
regions fabricated by silica nanoparticles. (¢) Force
line-profile of dotted P-Q line in (b). Man and OEG region
are clearly distinguished.

In the topological images, the relatively high
region is the Man-terminated region and the low region
is the OEG-terminated region. Using the nanopatterned
surface fabricated using 100-nm-diameter silica
nanoparticles, it was confirmed that Man-terminated

regions could be clearly identified by adhesion force
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mapping (Figure 8b). In contrast, Man-terminated
regions could not be clearly visualized for the
nanopatterned surface fabricated using 50-nm-diameter
silica nanoparticles (Figure 8d). This is presumably due
to the non-negligible interactions with Man in the hole
sidewalls, even when measuring a OEG-terminated
region in the hole, because the tip diameter (10-20 nm)
is very similar to the hole size. Furthermore, due to the
size of ConA attached to the tip via an OEG chain, it
would appear to be difficult to accurately detect regions
that are several tens of nanometers in size using a
ConA-modified AFM tip. Therefore, this method was
determined to have an effective spatial resolution of

approximately 100 nm.

4. Conclusion

Precisely sugar-patterned surfaces were fabricated
by lithography and their two-dimensional distributions
were successfully visualized in a PBS solution by AFM
force measurements with a ConA-modified tip.
Man-terminated regions could be distinguished from
PPC-terminated regions on a surface that resembles a
biological membrane. In addition, Man-terminated
be

Gal-terminated regions, which demonstrates that target

regions could also distinguished  from
sugar chains can be selectively detected using an AFM
tip chemically modified by the corresponding lectin.
The spatial resolution of this technique was estimated
be 100

OEG/Man-terminated nanopatterned surface fabricated

to approximately nm using an
using silica nanoparticles. We believe that the method
proposed in this study will be used for distribution
analysis of sugar chains in lipid rafts (size of lipid rafts:
dozen nanometers to several micrometers in diameter)

in the near future.
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The manuscript describes chemically modified
AFM for detecting a particular sugar chains. I have
same comments:

[&E#EE 1-1]

Although it is indicated that the specific affinity of
the modified AFM is effective for detecting the
particular sugar, mannose, it is not mentioned if the
method is feasible to detect real biological membranes
or not. Please explain sizes of the target sugar chains in
the biological membranes.

E

Thank you for your comments. Target sugar chains
on biological membranes are “lipid rafts” domain.
Lipid rafts are several dozen nanometers to several
micrometers. In this study, we showed that the spatial
resolution of our technique was approximately 100 nm.
So, we think that the method proposed in this study will
be used for distribution analysis of sugar chains in lipid
rafts in the near future.

[EREE 1-2]
Since proteins are supposed to be much larger than

sugar chains, it would be difficult to detect a particular
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sugar on the membranes. Please mention your
strategies to achieve enough spatial resolution using
protein-modified tips.

[E#]

Thank you for your comment. As you know, in an
AFM imaging, spatial resolutions are dependent on the
probe size. So, it is very difficult to detect a single sugar
chain at this stage. However, that point is one of the
important technological opportunities, the development
of another detection technique using a low molecular
weight of host compound is underway.

[ZREH 1-3]

Are there any solutions to detect unknown sugar on

the membrane?
[(E#]

It is very difficult to detect an unknown sugar chain
at this stage, because our method is based on the
detection of the specific interaction force between
sugar recognition protein and “particular” sugar chain.
This technical issue remains as one of the important
key problems to be solved.
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