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a b s t r a c t

Chitohexaose and chitosan hexamer were site-selectively modified at each reducing end with thiosemi-
carbazide, followed by self-assembly chemisorption of the S-derivatives on a gold substrate via S–Au
bonding. Quartz crystal microbalance analysis and X-ray photoelectron spectroscopy suggested success-
ful formation of self-assembled monolayers (SAMs) consisting of chitin and chitosan with sugar densities
0.39 and 0.35 chains nm−2, respectively. As-prepared SAMs were very hydrophilic (with water contact
eywords:
hitin
hitosan
elf-assembled monolayer
ugar density

angles 12–13◦) and flat at the nanometer scale (RMS ≈ 1.7 nm). Mouse fibroblasts (NIH-3T3) preferentially
adhered to both SAMs, while fewer cells were attached to the more hydrophobic, intact gold substrate.
The fixed carbohydrates induced good proliferation of NIH-3T3 cells, while surface treatment with free
sugars had almost no positive effects. This architectural design of water-soluble oligosaccharide-SAMs is
expected to provide a new approach for functional development of carbohydrate-decorated biointerfaces.
ell culture
lyco-scaffold

. Introduction

Carbohydrates are closely involved in a wide variety of biolog-
cal processes such as cell–cell communications, immunological
esponses and other physiological phenomena (Boyan, Hummert,
ean, & Schwartz, 1996; Lim, Liu, Vogler, & Donahue, 2004; Park et
l., 2003). Structural and bio-functional design of glyco-scaffolds
or tissue culture, aimed at carbohydrate-mediated interactions,
as recently attracted a great deal of attention in cell engineering
elds (Barbucci et al., 2005; Mori, Sekine, Hasegawa, & Okahata,
007; Onodera et al., 2006). In particular, fabrication and immo-
ilization methods for bio-functional carbohydrates have become
f great importance for practical applications. For example, it
as been reported that hyaluronan (HA), one of the most impor-
ant extracellular matrices, was grafted to silicon oxide surface
hrough conjugation to (3-amino-propyl)trimethoxysilane with
he carboxylate groups of HA (Pasqui, Atrei, & Barbucci, 2007).
arboxymethylcellulose (CMC) hydrogel has been enzymatically
repared through horseradish peroxidase-catalyzed oxidative

rosslinking of phenolic OH groups introduced into CMC chains
Ogushi, Sakai, & Kawakami, 2009). Although many strategies have
een developed for design of carbohydrate-based scaffolds, these
pproaches have typically involved immoderate chemical modi-
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fication of polymer backbones. There have been few reports of
studies in which the original molecular structure was retained, and
chain alignment as well as sugar density on the scaffold surfaces
were controlled for cell culture applications of carbohydrate-based
materials.

Chitin, a linear polymer of �-1,4-linked N-acetyl-d-glucosamine
(GlcNAc), is widely distributed in nature as the exoskeleton of crus-
taceans and insects, and as the major component of the cell walls
of bacteria and fungi (Rinaudo, 2006). It is the second (after cel-
lulose) most abundant bioresource on earth, and is estimated to
be accumulated in extremely large quantities (>109 tons). Chitosan
is a linear, cationic polysaccharide composed of �-1,4-linked d-
glucosamine (GlcN), and is produced by deacetylation of chitin.
Both chitin and chitosan are known to have unique biological
properties, e.g. biocompatibility, biodegradability, non-toxicity and
wound-healing effects (Morimoto, Saimoto, & Shigemasa, 2002).
Moreover, their component sugars, GlcNAc and GlcN, are major
bioactive sugars and play significant roles in most biological phe-
nomena (Chen, Du, Wu, & Xiao, 2002; Xu, Mccarthy, & Gross, 1996).
For these reasons chitin and chitosan have attracted much attention
in biomedical fields, and many investigations of layer formation for
scaffold applications in cell culture have been reported, e.g. spin-

coated films (Ligler, Lingertfelt, Price, & Schoen, 2001), non-woven
fabrics (Suzuki et al., 2008) and hydrogels (Tamura, Nagahama,
& Tokura, 2006). However, these approaches require long chain
polysaccharides and irreversible insolubilization for formation of
stable scaffold matrices for aqueous cell culture, and encounter dif-

dx.doi.org/10.1016/j.carbpol.2010.04.015
http://www.sciencedirect.com/science/journal/01448617
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culties in controlling molecular orientation, surface morphology
nd sugar density.

In our previous studies, cellulose nanolayers with parallel chain
lignment were successfully prepared via chemoselective modi-
cation of the reducing ends of cellulose with thiosemicarbazide
TSC), and subsequent self-assembly chemisorption on a gold
Au) surface (Yokota, Kitaoka, Sugiyama, & Wariishi, 2007). This
pproach utilizes S-derivatization of one terminus (reducing end)
f polysaccharide and spontaneous S–Au interaction, which can
e applied to a variety of polysaccharides including methylcellu-

ose, carboxymethylcellulose and hydroxyethylcellulose (Yokota,
atsuyama, Kitaoka, & Wariishi, 2007; Yokota, Kitaoka, & Wariishi,

008). The carbohydrate-fixed nanolayers had bio-functional char-
cteristics for cell culture, and promoted or inhibited adhesion of
at liver cells (IAR-20) to these surfaces, depending on the sugar
tructures (Yokota, Kitaoka, & Wariishi, 2008). In addition, carbo-
ydrate chains fixed on the Au substrates might be orientated to
ome extent because of the terminal immobilization of only reduc-
ng ends on the surfaces and the outer surfaces of as-designed
anolayers possibly involved the non-reducing end groups, which
re important for interaction with various receptors on cell sur-
aces. This vectorial chain immobilization technique is expected to
rovide a new approach for functional development of chitin and
hitosan-based scaffolds.

In the present study, water-soluble chitohexaose (abbreviated
ere as �GlcNAc6) and chitosan hexamer (�GlcN6) were site-
electively modified at each reducing end with TSC according
o the methods outlined above, and self-assembled monolayers
SAMs) were prepared on an Au-coated glass plate without impair-
ng most of the inherent molecular structures and characteristics.
elf-assembly formation and surface characteristics of oligochitin-
AM (�GlcNAc6-SAM) and oligochitosan-SAM (�GlcN6-SAM) were
nvestigated by quartz crystal microbalance (QCM) analysis, X-ray
hotoelectron spectroscopy (XPS) and atomic force microscopy
AFM). Both carbohydrate-SAMs were subjected to cell culture
ssay using mouse fibroblasts (NIH-3T3), and their bio-functional
roperties are discussed.

. Experimental

.1. Materials

Pure hexa-N-acetyl-chitohexaose (�GlcNAc6; with degree of
olymerization (DP) = 6) and chitosan hexamer (�GlcN6; DP = 6)
ere purchased from Seikagaku Biobusiness Corp. (Japan). N-
ethylmorpholine N-oxide (NMMO) and thiosemicarbazide (TSC)
ere obtained from Sigma–Aldrich Corp. (USA) and Wako Pure
hemical Ind. Ltd. (Japan), respectively. Micro cover glass (diam-
ter: 15 mm, Matsunami Glass Ind. Ltd., Japan) was used as a
at, transparent substrate. The water used in this study was
urified with a Milli-Q system (Millipore Corp., USA). Mouse fibrob-

asts (NIH-3T3) were provided by DS Pharma Biomedical Co. Ltd.
Japan). Dulbecco’s Modified Eagle’s Medium (DMEM), glutamine,
enicillin–streptomycin, trypsin, and ethylenediaminetetraacetic
cid (EDTA) were purchased from Invitrogen Corp. (USA). Fetal
ovine serum (FBS) was obtained from Biowest Co. Ltd. (France).
issue culture polystyrene (TCPS) dishes and plates (24-well)
ere obtained from Sumitomo Bakelite Co. Ltd. (Japan). Sodium

yanoborohydride (NaCNBH3) and other chemicals were reagent
rade and used without further purification.
.2. Preparation of ˇGlcNAc6- and ˇGlcN6-SAMs

An outline of the preparation of �GlcNAc6- and �GlcN6-SAMs
s shown in Fig. 1. Terminal TSC-functionalization of �GlcNAc6
Fig. 1. Schematic illustration of TSC-derivatization and spontaneous self-assembly
immobilization of �GlcNAc6 and �GlcN6. The photograph is an optical image of
carbohydrate-SAMs.

reducing ends was carried out as previously reported (Yokota,
Kitaoka, & Wariishi, 2008; Yokota, Kitaoka, Opietnik, Rosenau,
& Wariishi, 2008). Powdery �GlcNAc6 was completely dissolved
at a concentration of 0.4% (w/w) in an 80% NMMO/H2O mix-
ture at 70 ◦C, then the TSC reagent in amount equal to that of
�GlcNAc6 was poured into the mixture, followed by stirring for
90 min. The resulting �GlcNAc6 thiosemicarbazone (�GlcNAc6-
TSC, shown in Fig. 1) was obtained in 38.8% yield by precipitation
with ethanol, and rinsing with additional ethanol by repeated
(at least five times) centrifugation (3000 rpm, R.T.) to remove
unreacted TSC residues. Subsequently, �GlcN6-TSC was prepared
by aqueous reductive amination with NaCNBH3. �GlcN6 pow-
der was dissolved (20 mg mL−1) in Milli-Q water, followed by
reaction with the same amount (20 mg mL−1) of TSC at 70 ◦C for
24 h in the presence of NaCNBH3 (1.0 mmol mL−1). As-prepared
�GlcN6-TSC was precipitated with 1% NaOH aq./methanol (1/20,
v/v), then centrifuged five times (3000 rpm, R.T.) to remove
excess NaCNBH3 and unreacted TSC, resulting in a 95.6% yield.
As-prepared �GlcNAc6-TSC and �GlcN6-TSC possibly possessed
respective ring-open, amine forms as shown in Fig. 1; how-
ever there is room for further improvement towards higher
yield and more detailed structural identification of �GlcNAc6-
TSC.

Piranha-washed glass plates were coated with ca. 23 nm of Au
by ion sputtering (VPS-020, ULVAC Inc., Japan). The Au-coated plate
was soaked in 0.02% (w/v) �GlcNAc6-TSC aqueous solution at R.T.
for 24 h, followed by thorough washing with Milli-Q water and
ethanol, to prepare �GlcNAc6-SAM. In the case of �GlcN6-SAM,

the Au plate was soaked, at R.T. for 24 h, in 0.1% (w/v) �GlcN6-TSC
acidic aqueous solution adjusted to pH 4.0 with HCl, followed by
sequential washing with acidic water, Milli-Q water and ethanol.
As controls, the Au plates were soaked in each solution of TSC-free
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arbohydrates in a similar manner. Both as-prepared carbohydrate-
AMs were dried in a flow of inert (nitrogen) gas, then sterilized via
V irradiation (12 h) for cell culture assay.

.3. Characterization

A QCM apparatus (AFFINIXQ, Initium Inc., Japan) with a 27 MHz
T-cut, Au-coated quartz crystal was used to quantitatively mea-
ure the amount of carbohydrate–TSC molecules chemisorbed on
he Au surface of a QCM sensor chip. An aqueous solution of each
arbohydrate–TSC (0.7%, w/v, 8.0 �L) was added in one injection to
sample chamber, into which 8.0 mL of neutral Milli-Q water (pH
.0) or acidic water (pH 4.0) had been pre-loaded. The frequency
hanges of the sensor chip were monitored on line at 25 ◦C, with
tirring at 1000 rpm.

Elemental analysis of the surfaces of �GlcNAc6-SAM and
GlcN6-SAM was carried out using an AXIS-HSi XPS apparatus (Shi-
adzu/Kratos Co. Ltd., Japan) equipped with a monochromatic Al

� X-ray source (1486.6 eV). XPS analysis was performed at 15 kV
oltage and 10 mA current, and the analyzing chamber pressure
as maintained below 0.5 �Pa during the measurement. The pass

nergy and step width for narrow scans were set at 40 and 0.05 eV,
espectively. For the survey scan those parameters were set at 80
nd 1 eV. The binding energies for all spectra were referenced to a
1s signal (reduced C–C band) at 285.0 eV.

The surface morphology of carbohydrate-SAMs was visualized
y tapping mode AFM imaging. AFM observation was performed
nder ambient conditions using a NanoScope IIIa atomic force
icroscope (Veeco Instruments Inc., USA) with an E-type piezo-

lectric scanner and single-crystal silicon tip (Veeco Instruments
nc., USA) with length 125 �m, radius of curvature 5–10 nm, spring
onstant 20–100 N m−1, and resonance frequency 200–400 kHz.
FM measurements were carried out in three different regions

with scan size 1.0 �m × 1.0 �m) per sample. The morphological
ata of captured AFM images were analyzed using the AFM-
ccessory software.

The contact angle of a water droplet on �GlcNAc6-SAM and
GlcN6-SAM was measured with a DropMaster 500 (Kyowa Inter-
ace Science Co. Ltd., Japan) contact angle meter using the sessile
rop technique. A water drop (1.0 �L) was gently placed on the
AM at 20 ◦C, and digital images of the water droplet were sequen-
ially captured at 1 s intervals and simultaneously analyzed using
he analytical software supplied with the apparatus.

ig. 2. QCM profiles of (a and c) �GlcNAc6 and (b and d) �GlcN6, with or without TSC-
ample chamber.
olymers 82 (2010) 21–27 23

2.4. Cell adhesion assay

Sterilized �GlcNAc6-SAM and �GlcN6-SAM on Au-coated glass
plates were placed one by one in contact with both bottom and
wall of each well of 24-well TCPS plates, and medium suspen-
sions of NIH-3T3 cells (1 mL) were seeded on each substrate
(1.0 × 105 cells mL−1, i.e. 1.0 × 105 cells per well). After incubation
for 3, 6, 24 and 48 h with DMEM supplemented with 10% (v/v) FBS
and 5% (v/v) penicillin–streptomycin in a 5% CO2 atmosphere at
37 ◦C, unattached cells were completely removed by twice rinsing
with phosphate buffered saline (PBS) solution. The adhered cells on
the SAMs were then treated with trypsin–EDTA, and enzymatically
detached cells were counted using a counting chamber. Micro-
scopic images of cell adhesion and proliferation were acquired with
a Leica DMI 4000B (Leica Microsystems Co. Ltd., Germany).

3. Results and discussion

3.1. Self-assembly immobilization of ˇGlcNAc6-TSC and
ˇGlcN6-TSC on a gold surface

SAM formation from the chitinous oligosaccharides, �GlcNAc6-
TSC and �GlcN6-TSC, was carried out by applying spontaneous
chemisorption behavior of sugar S-derivatives to an Au substrate,
as illustrated in Fig. 1, and investigated in detail by QCM and XPS
analyses. QCM monitoring is able to elucidate the delicate adsorp-
tion behavior of sugar–TSCs on the Au surface of the QCM sensor
chip. Fig. 2 shows frequency variation profiles as a function of time
after stepwise injections of TSC-modified and TSC-free carbohy-
drates. The arrows indicate repeated injections of each sample.
In the case of �GlcNAc6-TSC (Fig. 2a) and �GlcN6-TSC (Fig. 2b),
the QCM frequency immediately dropped after the first injection
at pH 4.0, and gradually decreased with subsequent sample injec-
tions. By contrast, neither TSC-free �GlcNAc6 nor TSC-free �GlcN6
were chemisorbed onto the Au surfaces since negligible frequency
changes were observed. These results strongly indicated that both
carbohydrate–TSCs interacted with the Au surface of the QCM sen-
sor chips through a �–� coordinate bond acting between S and Au

atoms (Ning, Xie, Xing, Deng, & Yang, 1996).

However, it was found that larger amounts of both �GlcN6-TSC
and TSC-free �GlcN6 were adsorbed on the Au surfaces at neu-
tral pH 7.0 (Fig. 2d), although there was nearly no difference in
the adsorption of �GlcNAc6 with or without TSC (Fig. 2c). There-

labeling. (a and b) pH 4.0 and (c and d) pH 7.0 of the analyte solution in the QCM
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form 3 nm monolayers. This approach would enable preparation of
�GlcNAc6-SAM and �GlcN6-SAM with designed shapes reflecting
the basal surface morphology.

The surface wettability of scaffold substrates has a great influ-
ence on cell attachment, and in general adequate hydrophobicity

Table 1
Contact angles of a water droplet on each substrate.

Substrate Contact angle (◦)

Au plate 69.5 ± 1.7
�GlcNAc6-SAM 11.9 ± 2.0
�GlcN6-SAM 13.2 ± 4.2
ig. 3. XPS spectra of (left) survey and (right) C 1s narrow regions of carbohydra
SC-free �GlcN6, and (e) basal Au substrate: (a′ and b′) after the sterilization via UV

ore, additional interaction between Au and NH2, as reported by
uang and Yang (2004), possibly occurred at neutral pHs. Simple
H control of carbohydrate–TSC solutions, however, could avoid
uch undesirable chemisorption due to the protonation of GlcN6
pecies from NH2 to NH3

+. The approximate sugar densities of
GlcNAc6-SAM and �GlcN6-SAM on the Au surfaces were esti-
ated from the plateau frequency after several injections at pH 4.0

o be 0.39 and 0.35 chains nm−2, respectively. These QCM results
trongly suggest that �GlcNAc6-TSC and �GlcN6-TSC molecules
ere densely chemisorbed onto the Au surfaces where oligosac-

haride chains were oriented to some extent from the bottom plate
o the surface via terminal fixation of their reducing ends.

XPS analysis was performed to determine the elemental compo-
ition and chemical states of the surfaces of the carbohydrate-SAMs,
s shown in Fig. 3. Survey scan spectra of �GlcNAc6-SAM and
GlcN6-SAM displayed clear C 1s, N 1s, O 1s and Au-related
hotoelectron peaks. In particular, characteristic N 1s peaks orig-

nating from N-acetylamino groups of GlcNAc and amino groups
f GlcN were detected only on the sugar-SAM surfaces: no N
s peak was found in other control samples, bare Au plate
nd the Au substrates treated with TSC-free carbohydrates. In
ddition, the C 1s narrow-scan spectra of �GlcNAc6-SAM and
GlcN6-SAM exhibited characteristic C–C/C–H (285.0 eV), possi-
le C–N (ca. 285.9 eV, not clearly detected), C–O (ca. 286.7 eV)
nd O–C–O/C O (ca. 288.1 eV) signals. In the case of other control
amples, only a weak C–C peak was detected at 285.0 eV, consis-
ent with the presence of hydrocarbon contaminants (Kohiki &
ki, 1984). There was almost no change found in the XPS profiles
fter the sterilization via UV irradiation. These results suggested
uccessful formation of stable �GlcNAc6-SAM and �GlcN6-SAM
n Au plates from corresponding TSC-derivatives, while TSC-free
arbohydrates were mostly removed by washing post-treatment.
oreover, the strong Au peaks indicate that both carbohydrate-
AMs were very thin (<10 nm) due to the depth detection limit
or XPS measurement (Kurzer & Douraghi-Zadeh, 1967). This find-
ng is reasonable since the extended lengths of �GlcNAc6 and
GlcN6 chains are only ca. 3 nm. QCM and XPS results revealed

hat self-assembly chain immobilization of �GlcNAc6-TSC and
s. (a and a′) �GlcNAc6-SAM, (b and b′) �GlcN6-SAM, (c) TSC-free �GlcNAc6, (d)
iation.

�GlcN6-TSC was achieved on the Au surfaces via specific S–Au
bonding.

3.2. Surface morphology and wettability of ˇGlcNAc6- and
ˇGlcN6-SAMs

Surface morphology and roughness of chitinous SAMs were
evaluated by tapping mode AFM imaging. As illustrated in Fig. 4,
the Au-coated glass surface appeared to be composed of many
nano-colloids, possibly due to Au nano-deposits, and was very
flat at the nanometer scale: the root mean square (RMS) rough-
ness was 1.14 ± 0.04 nm. In the cases of �GlcNAc6-SAM and
�GlcN6-SAM, the surface roughness became slightly greater than
for carbohydrate-free Au plate, with RMS values 1.38 ± 0.05 and
1.71 ± 0.16 nm, respectively, but these surfaces were nonetheless
very smooth. These results suggested that the original morphol-
ogy of basal Au substrate was maintained to some extent after the
surface treatment with �GlcNAc6-TSC and �GlcN6-TSC. The max-
imum extended molecular lengths of �GlcNAc6 and �GlcN6 used
in this study were ca. 3 nm, and thus both carbohydrate–TSCs were
possibly chemisorbed on the Au surfaces through S–Au bonding to
�GlcNAc6a 30.6 ± 1.8
�GlcN6a 40.6 ± 2.7

a Au-coated plate was soaked in a 0.1% (w/v) aqueous
solution of each TSC-free carbohydrate at R.T. for 24 h, fol-
lowed by washing with Milli-Q water and ethanol.
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possibly indicate that the molecular function and orientation of
�GlcNAc6 and �GlcN6 were closely involved in the initial cell adhe-
sion behavior of NIH-3T3 cells.
Fig. 4. AFM images of (a) basal Au substrate, (b) �GlcNAc6

s required in practice (Maroudas, 1975). Table 1 lists the contact
ngle values for water on �GlcNAc6-SAM, �GlcN6-SAM, intact Au
late and Au plates treated with TSC-free �GlcNAc6 or with TSC-
ree �GlcN6. The water contact angle of the Au plate was ca. 69.5◦,
howing relatively low wettability due to the hydrophobicity of
u metal. By contrast, �GlcNAc6-SAM and �GlcN6-SAM exhib-

ted drastic decreases in water contact angle, as compared to Au
lates treated with TSC-free carbohydrates. QCM (Fig. 2) and XPS
Fig. 3) data supported the presence of sugar molecules on the
u plates only through the TSC anchor, thus the hydrophilicity
f the �GlcNAc6-SAM and �GlcN6-SAM surfaces was associated
ith the fixed chitinous oligomers. Furthermore, both sugar den-

ities reached 0.3–0.4 chains nm−2, hence it was presumed that
he non-reducing ends of �GlcNAc6 and �GlcN6 were densely
xposed to the outer surfaces. Conventional immobilization, e.g.
pin-coating of polysaccharides, cannot control the molecular ori-
ntation, whereas TSC-mediated fixation enabled parallel chain
mmobilization, resulting in the formation of hydrophilic, accu-

ulated sugar non-reducing ends, which play significant roles
n various biological phenomena (Shimamura, 2008; Yamasaki,
asholds, Schneider, & Apicella, 1991). The fabrication of nano-flat,
ydrophilic, and stable carbohydrate-SAMs from water-soluble
GlcNAc6-TSC and �GlcN6-TSC was successfully achieved. Cell cul-

ure assay of the as-prepared SAMs is discussed in the following
ection.

.3. Cell adhesion and proliferation behavior on ˇGlcNAc6- and
GlcN6-SAMs

Chitin and chitosan are inherently biocompatible, hence these
AMs were expected to be applicable as bio-functional materials.
imple bio-assay using mouse fibroblast NIH-3T3 cells was carried
ut to investigate the effects of �GlcNAc6-SAM and �GlcN6-SAM on
ell adhesion and growth. Fig. 5 compares the initial and long-term
ell adhesion behavior on the substrates �GlcNAc6-SAM, �GlcN6-
AM, intact Au plate and TCPS plate. The carbohydrate-SAMs
repared were transparent (light blue, Fig. 1), thus continuous
onitoring of cell behavior was possible. Fig. 6 displays micro-

copic images of NIH-3T3 cells cultured on each substrate. It
s apparent that NIH-3T3 cells adhered preferentially to both
GlcNAc6-SAM and �GlcN6-SAM, and fewer cells were attached
o the more hydrophobic, sugar-free Au plate. Most of the cells
n the �GlcNAc6-SAM and �GlcN6-SAM surfaces possessed flat
orphology, indicating good cell attachment, and likewise on the

ommercial TCPS plate. In long-term incubation NIH-3T3 cells
n the chitinous surfaces proliferated well to eventually almost
and (c) �GlcN6-SAM. The scale bars correspond to 0.2 �m.

reach confluence. Microscopic monitoring revealed good prolifer-
ation and extension of attached cells. On the other hand, some
aggregation of seeded cells was observed on the sugar-free Au
surface. Similar inefficiency was found for Au plates treated with
TSC-free carbohydrates; a lot of floating or aggregated cells were
observed. Commercial TCPS exhibited better cell adhesion per-
formance than sugar-SAMs; however, these substrates had very
different surface properties. It is well known that adherent cells
have affinity for moderately hydrophobic substrates since cell
adhesion occurs via serum proteins pre-adsorbed to the substrate
surfaces through hydrophobic interaction (Nakanishi et al., 2006).
The water contact angle value of TCPS plate (53.9 ± 2.1◦) was
suitable for such cell adhesion. By contrast, �GlcNAc6-SAM and
�GlcN6-SAM were very hydrophilic (with contact angles 12–13◦),
which were disadvantageous for general cell attachment. However,
both carbohydrate-SAMs demonstrated good initial cell adhesion,
and �GlcNAc6-SAM in particular showed excellent adhesion per-
formance that was equivalent to that of TCPS plate. These results
Fig. 5. Cell adhesion behavior on each substrate after 3, 6, 24 and 48 h. �GlcNAc6-
SAM (red circles and bar), �GlcN6-SAM (blue triangles and bar), Au plate (black
square and bar), and TCPS (green diamonds and bar). The inset vertical bar graph
shows the initial cell attachment after 3 h incubation. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of the
article.)
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ig. 6. Microscopic images of NIH-3T3 cell proliferation on (a and a′) �GlcNAc6-SA
reated Au plate, (e and e′) TSC-free �GlcN6-treated Au plate and (f and f′) TCPS aft

The additional advantage of the �GlcNAc6-SAM and �GlcN6-
AM was shown in long-term incubation. Within 48 h after cell
eeding, NIH-3T3 cells on the Au plate aggregated and could not
roliferate; thus the Au plate had no biocompatibility for the
IH-3T3 cells. By contrast, both �GlcNAc6-SAM and �GlcN6-SAM
aintained their original biocompatibility during 48 h incubation,

nd �GlcN6-SAM, particularly, demonstrated growth-promoting
ctivity. A possible implication is that the amino groups of chitosan
ligomers might make a preferential contribution to better prolif-
ration of NIH-3T3 cells. In general, bioactive oligosaccharides are
oluble in water, and thus frequently difficult to use in aqueous cell
ulture media. Thus, the strong point of these SAMs was to create
he layer-state chitin and chitosan oligosaccharides whose inherent
iocompatibility and growth-promoting activity were maintained
or long periods in aqueous media. Chemoselective modification of
he reducing ends of chitin and chitosan oligomers was effective
or forming the glyco-scaffolds without significantly affecting their

olecular functions. The cell culture assay results strongly sug-
est that hydrophilic �GlcNAc6-SAM and �GlcN6-SAM possessed
xcellent cell adhesion activity. This method is applicable to other
arbohydrates, and thus further functional design will become pos-
ible.

. Conclusion

The chitinous hexaoligosaccharides, �GlcNAc6 and �GlcN6,
ere successfully self-assembled on a transparent Au substrate

hrough site-selective labeling of the sugar reducing ends with
SC. The resulting �GlcNAc6-SAM and �GlcN6-SAM possessed
anoscale flatness, hydrophilic properties, and exhibited good cell
dhesion/proliferation behavior for initial and long-term culture.
IH-3T3 cells preferentially adhered to both �GlcNAc6-SAM and
GlcN6-SAM within 3 h of cell seeding, while fewer cells were
ttached to basal Au plate. This approach enables water-soluble
ligosaccharides to be covalently immobilized on nano-flat sur-
aces, and as-designed SAMs demonstrate good biocompatibility
ven after long-term incubation in an aqueous cell culture medium.
uch architectural design of carbohydrate-SAMs via self-assembly
ugar-chain immobilization is expected to provide a new approach
or the functional development of carbohydrate-decorated bioint-
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