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Biofunctional cellulosic interfaces were successfully designed via the self-assembly of cellulose and its
derivatives whose reducing ends were selectively modified with thiosemicarbazide. The biological func-
tions of cellulosic self-assembled monolayers (SAMs) formed on a gold surface were investigated using
rat liver cells. The cells proliferated well on the cellulose SAM (cellulose I) and methylcellulose SAM,
while almost no cells adhered to the regenerated cellulose film (cellulose II) and hydroxyethylcellulose
SAM. In the initial cell adhesion, rat liver cells were moderately attached on the cellulose SAM even in
serum-free culture, possibly suggesting specific interactions between cells and cellulose SAM with
unique surface morphology. The architectural design of cellulosic nanolayers via peculiar vectorial chain
immobilization is expected to provide new information for the functional development of structural
polysaccharide-based biointerfaces.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The extracellular matrix plays a fundamental role in regulating
various cellular processes involved in proliferation, migration, dif-
ferentiation, and survival. To date, many scaffold materials for cell
and tissue engineering have been reported with a view to stimulat-
ing cell adhesion and specific cellular functions (Boyan, Hummert,
Dean, & Schwartz, 1996; Lim, Liu, Vogler, & Donahue, 2004; Park et
al., 2003). It is well known that cells sense and respond to signals
from biomaterial surfaces depending on their chemistry, topogra-
phy, charge, and wettability. To understand the cell response
mechanism and develop biofunctional material, many researchers
have made efforts to control the surface morphology on the order
of nano and micrometers of materials designed from a variety of
resources including metals, ceramics, polymers, and composites
(Couet, Rajan, & Mantovani, 2007; Du et al., 2006; Jagur-Grodzin-
ski, 2006; Lim et al., 2007; Nakanishi et al., 2006). In particular,
polymers are recognized as fascinating resources of biomaterials
owing to easy processability and functional diversity, resulting in
numerous successful preparations of bioactive interfacial material
composed of bioderived and synthetic polymers (Couet et al.,
2007; Jagur-Grodzinski, 2006).

Cellulose, a linear polysaccharide consisting of D-glucose units
repeated via b-1,4 linkages, is the major skeletal component in
higher plants and an abundant, almost inexhaustible, biodegrad-
able, and biocompatible polymer (Klemm, Heublein, Fink, & Bohn,
2005). As a raw material, cellulose can be converted to a diverse ar-
ll rights reserved.

ota).
ray of cellulose derivatives by chemical modifications (e.g. esterifi-
cation and etherification) (Nishio, 2006). To date, cellulose and its
derivatives have been extensively used in not only traditional
papermaking and textile fiber industries, but also pharmaceutical
and biomedical fields (Czaja, Young, Kawecki, & Brown, 2007; Hoe-
nich, 2006; Klemm, Schumann, Udhardt, & Marsch, 2001; Klemm
et al., 2005, 2006). One of the historical uses of cellulosic polymers
in medicine is as a hemodialysis membrane mainly composed of
regenerated cellulose or cellulose acetate because of its blood com-
patibility (Hoenich, 2006). In the evolving biomedical field, bacte-
rial cellulose (BC, synthesized by Acetobacter xylinum) has
recently attracted much attention as a promising cellulose-based
biomaterial for wound dressings, artificial blood vessels, and scaf-
fold material for tissue engineering (Czaja et al., 2007; Hoenich,
2006; Klemm et al., 2001, 2005, 2006). The unique nanostructure
of BC, including its specific crystal structure, high crystallinity,
and nanofiber network, offers high tensile strength, high water
holding capacity, and excellent biocompatibility (Czaja et al.,
2007; Hoenich, 2006; Klemm et al., 2001, 2005, 2006). In addition,
chemical modification (e.g. phosphorylation and sulfation) of BC
was actively investigated to improve the bioactivity of BC-based
cell culture scaffolds (Bodin et al., 2007; Svensson et al., 2005).
Thus, the nanostructure and/or chemical property of the surface
layers of the cellulosic materials have a great impact on the func-
tion of cellulose-related biomaterials.

A cellulose molecule has inherently unique features for self-
assembly and hierarchical organization via regular intra- and inter-
molecular hydrogen bond networks leading to specific crystal
structures and polymorphs (Atalla & VanderHart, 1984; Nishiyama,
Langan, & Chanzy, 2002; Nishiyama, Sugiyama, Chanzy, & Langan,
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2003), which govern the characteristics of cellulosic materials. In
nature, the cellulose molecules gather to form cellulose I-type
crystal structures, with regularly packed, parallel-chain alignments
along the longitudinal axis (Chanzy & Henrissat, 1985; Hieta, Kuga,
& Usuda, 1984). However, the metastable cellulose I structure is
usually converted to thermodynamically stable cellulose II through
one-way transformation from parallel to anti-parallel alignment by
mercerization and regeneration (Kolpak & Blackwell, 1976; Lan-
gan, Nishiyama, & Chanzy, 1999). In cellulose surface chemistry
and physics fields, cellulose model films have been prepared by
various methods (Kontturi, Tammelin, & Österberg, 2006). How-
ever, all the films adopt cellulose II structure with an anti-parallel
arrangement or non-crystalline morphology, except a non-woven-
like nanocrystal mat with cellulose I, although these surfaces have
a slight problem with having sulfate groups attached on the cellu-
lose crystals (Edgar & Gray, 2003). Thus, it is quite difficult to arti-
ficially control the cellulose chain alignments, in particular the
surface layer state, resulting in few attempts to design a cellulosic
material based on its chain alignment structure.

Recently, we designed a stable and pure cellulose nanolayer
with cellulose I crystal structure on a gold surface from a cellu-
lose solution, using terminal modification and self-assembly
chemisorption techniques (Yokota, Kitaoka, Sugiyama, & Warii-
shi, 2007a). This novel cellulose self-assembled monolayer
(SAM) can act as a model crystal surface with cellulose I struc-
ture, which provides information on the effect of chain align-
ment and crystal structure on a variety of properties of
cellulosic material surfaces. Furthermore, the preparation proto-
col of a cellulose SAM was successfully applied to several
water-soluble cellulose derivatives like methylcellulose (MC)
(Yokota, Matsuyama, Kitaoka, & Wariishi, 2007b), which is ex-
pected to facilitate the wide design of functional cellulosic mate-
rials using various cellulose derivatives. In the present study, an
adhesive animal cell was cultured on the resultant cellulosic
nanolayers to investigate their surface functions from a biologi-
cal point of view. In particular, an assay for cell adhesion, which
is one of the most fundamental cellular responses to culturing
materials, was performed. The relationships between aspects of
the surface morphology, including chemical composition and
the crystal structure of cellulosic nanolayers, and cell adhesion
and proliferation, are discussed.
Cellulosic thiosemicarbazone 
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Fig. 1. Schematic illustration of the selective modification of cellulose and its de-
rivatives with thiosemicarbazide (TSC) and a photograph of Cel200-SAMs. R: H, ce-
llulose; R: H or CH3, methylcellulose; R: H or CH2CH2OR, hydroxyethylcellulose.
2. Materials and methods

2.1. Materials

Cellulose polymer (degree of polymerization (DP): ca. 200
(Cel200)) and oligomer (DP: ca. 6 (Cel6)) were obtained from cot-
ton cellulose powder (CF1, Whatman International Ltd., UK) by
mercerization with 4 M sodium hydroxide solution (Schenzel &
Fischer, 2001), and hydrolysis with phosphoric acid (Isogai & Usu-
da, 1991), respectively. MC (degree of substitution (DS): ca. 1.8;
molecular weight (MW): ca. 3 � 104 g mol�1); and hydroxyethyl-
cellulose (HEC, hydroxyethyl molar substitution (MS): ca. 1.5;
MW: ca. 5 � 105 g mol�1) were purchased from Wako Pure Chem-
ical Industries, Ltd. (Japan). N-Methylmorpholine-N-oxide
(NMMO) and thiosemicarbazide (TSC) were obtained from Sig-
ma–Aldrich Corp. and Wako (Japan), respectively. Polyvinylamine
(PVAm, Mw: ca. 1 � 106 g mol�1; charge density: 3.8 meq g�1) was
prepared by the partial hydrolysis of synthesized polyvinylforma-
mide (Wang & Tanaka, 2000). Micro cover glass (diameter:
15 mm, Matsunami Glass Ind., Japan) was used as a flat and
transparent substrate. The water used in this study was purified
with a Milli-Q system (Millipore Inc.). A rat liver cell line (IAR-
20) was provided by the Human Science Research Resources Bank
(Japan). Eagle’s minimum essential medium (EMEM), penicillin–
streptomycin, trypsin, and ethylenediaminetetraacetic acid
(EDTA) were obtained from Invitrogen Corp. Fetal bovine serum
(FBS) and phosphate buffered saline (PBS) were purchased from
Biowest Co. Ltd. (France) and Nissui Pharmaceutical Co. Ltd. (Ja-
pan), respectively. Tissue culture polystyrene (TCPS) dishes and
plates (24-well) were obtained from Sumitomo Bakelite Co. Ltd.
(Japan). Other chemical reagents were reagent grade and used
without further purification.

2.2. Preparation of cellulosic nanolayers

TSC-labeling of cellulosic polymers and cellulosic SAMs (Fig. 1)
were prepared essentially according to the method reported previ-
ously (Yokota et al., 2007a, 2007b). Cellulose samples (Cel200 and
Cel6, 1% (w/w)) were reacted with 1% (w/w) TSC in an 80% (w/w)
NMMO/H2O solution (65 �C, 90 min), and this was followed by pre-
cipitation of the resulting cellulose thiosemicarbazone (Cel200- and
Cel6-TSC) with ethanol. The X-ray diffraction of Cel200-TSC deposits
showed the typical pattern of the cellulose II structure (Yokota et
al., 2007a). The crude cellulose-TSCs were rinsed with ethanol by
repeated centrifugation (at least three times). A piranha-washed
glass plate was coated with gold (thickness: ca. 30 nm) using an
ion sputter (VPS-020, ULVAC Inc., Japan). The gold-coated glass
plate was soaked in 0.1% (w/w) Cel200-TSC/NMMO solution
(70 �C, 12 h). After soaking, the treated gold plate was thoroughly
washed with 80% (w/w) NMMO solvent (105 �C, 30 min), and this
followed by rinsing first with 50% (w/w) NMMO solution (r.t.,
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30 min) and then with deionized water (r.t., 4 h). In the case of Cel6,
the gold plate was soaked in 0.1% (w/v) Cel6-TSC aqueous solution
(r.t., 12 h) and then washed with deionized water (r.t., 4 h).

In clear 1% (w/v) aqueous MC and HEC solutions, an equivalent
amount of TSC was added and heated while stirred (60 �C, 90 min),
and this was followed by precipitation and repeated centrifugation
(at least three times) of the MC- and HEC-TSCs with ethanol. Gold
plates were immersed in 0.2% (w/v) MC- and HEC-TSC solutions of
ethanol/water (1/2 v/v) at 4 �C for 12 h and then rinsed with deion-
ized water (4 �C, 3 h) and methanol (r.t., 1 h).

Regenerated cellulose film (Cel200-film) was prepared on a glass
plate pretreated with PVAm by spin coating, basically according to
previously reported protocol (Yokota, Kitaoka, & Wariishi, 2007c).
Cel200-TSC/NMMO solution and ethanol were used as a starting cel-
lulosic material and a poor solvent for film precipitation, respec-
tively. TSC-modification was not required for spin coating;
however, the starting material of Cel200-film was chemically that
the same as that of Cel200-SAM.

All resulting cellulosic nanolayers were dried with a flow of in-
ert nitrogen gas and then sterilized via UV irradiation (12 h) for the
cell culture assay.

2.3. Contact angle measurement

The contact angle (CA) of water droplets on the cellulosic nano-
layers was measured with a DropMaster 500 (Kyowa Interface Sci-
ence Co. Ltd., Japan) contact angle meter using the sessile drop
technique. A water drop (1.0 lL) was gently placed on the cellulosic
nanolayer at 20 �C. Digital images of the water droplets on the sur-
faces were periodically captured and simultaneously analyzed
using the FACE analytical software (ver. 2.0.6) equipped with this
apparatus.

2.4. Cell adhesion assay

The sterilized cellulosic nanolayers on gold-coated glass plates
were placed on 24-well TCPS plates. IAR-20 suspensions (1 mL)
were seeded on each substrate (1.0 � 105 cells mL�1) and incu-
bated for 3, 6, 12, 24, 72, and 120 h with complete EMEM medium
supplemented with 10% (v/v) FBS and 5% (v/v) penicillin–strepto-
mycin in a 5% CO2 atmosphere at 37 �C. After the removal of unat-
tached cells by twice rinsing with PBS, the cells were treated with
trypsin–EDTA and then the detached cells were counted using a
counting chamber (n > 4).

A cell adhesion assay using a serum-free medium was also car-
ried out on the cellulose substrates. The pre-incubated cells were
detached by trypsin–EDTA treatment and then rinsed with a fresh
medium without serum by undergoing centrifugation (1500 rpm,
5 min) three times. IAR-20 (1.0 � 105 cells mL�1) was seeded
(1 mL) and incubated on each substrate for 3 h, and then the ad-
hered cells were counted by the above mentioned protocol (n > 4).

2.5. Microscopic observation

All microscopic images were acquired with a Leica DMI 4000B
(Leica Microsystems Co. Ltd., Germany). After 24 h incubation,
the cell viability was optically assessed using a live/dead viabil-
ity assay kit from Molecular Probes (L-3224).
Substrate Contact angle (�)

Cel200-SAM 42.0 ± 5.2
Cel6-SAM 32.9 ± 2.4
Cel200-film 25.9 ± 1.8
MC-SAM 48.9 ± 1.7
HEC-SAM 41.2 ± 1.6
Gold plate 56.5 ± 5.8
TCPS 53.9 ± 2.1
3. Results and discussion

3.1. Wettability of cellulosic nanolayers

Cel200-SAM evidently possesses cellulose I structure (parallel)
(Yokota et al., 2007a), while Cel200-film possesses cellulose II struc-
ture (anti-parallel) with lower crystallinity similar to that of com-
mon regenerated cellulose films (Eriksson, Notley, & Wågberg,
2007; Yokota et al., 2007c). In addition, the SAM-preparation
method can be simply applied to water-soluble cellulose deriva-
tives like MC (Yokota et al., 2007b) and HEC. Thus, several cellu-
losic interfacial materials were obtained with controlled surface
morphology, which generated interest in the relationship between
surface morphology and the biological function of cellulosic nano-
layers. These cellulosic nanolayers are optically transparent sub-
strates; for example, a photograph of Cel200-SAMs is shown in
Fig. 1. High transparency is a significant advantage in the observa-
tion of culturing cells with conventional optical microscopic appa-
ratus, though there are almost no transparent materials in general
native cellulose products such as papers and woven cotton fabrics.

The wettability of biomaterial is one of the important surface
properties for cell–substrate interactions such as cell adhesion;
therefore, the surface wettability of cellulosic nanolayers was
investigated by the CA measurement of water droplets. Table 1
lists the values of CA on each substrate. The CA values of all cellu-
losic SAMs decreased from the value for the cellulose-free gold
plate evidently owing to the modification of its surface with rela-
tively hydrophilic cellulosic-TSC molecules.

The CA of a water droplet on the Cel200-film was ca. 26� as
shown in Table 1. This value incidentally agrees with those of
amorphous cellulose films prepared from dimethylacetamide/lith-
ium chloride solution (CA: 25–35�) (Eriksson et al., 2005; Sczech &
Riegler, 2006). On the other hand, the cellulose film prepared from
the NMMO-system by spin coating had a relatively hydrophilic
surface (CA: ca. 17�) (Eriksson et al., 2007). X-ray photoelectron
spectroscopic (XPS) analysis confirmed the surface of Cel200-film
had a pure cellulose-derived composition (TSC-derived sulfur and
nitrogen were not detected, data not shown). Cel200-film was pre-
cipitated using ethanol, while previously reported cellulose film
(Eriksson et al., 2007) was precipitated using deionized water. This
difference in the methods for film-preparation might affect the
wettability of cellulose film surfaces.

The surface of Cel200-SAM showed greater hydrophobic behav-
ior (CA: ca. 42�) in comparison to the Cel200-film (Table 1). It was
also confirmed by XPS analysis that Cel200-SAM had a pure and
clean cellulose surface (Yokota et al., 2007a). The difference in
the CA values might be attributed to the differences in crystallo-
graphic characteristics: Cel200-SAM and Cel200-film consist of cellu-
lose I and cellulose II, respectively. The wettability of cellulosic
nanolayers was probably affected by their crystallinity (Cel200-film
has a lower crystallinity) because of the swelling of amorphous re-
gions of cellulose in water (Eriksson et al., 2005; Kontturi, Thüne,
Alexeev, & Niemantsverdriet, 2005; Notley & Wågberg, 2005).
The CA of a water droplet on the non-woven-like film with cellu-
lose I (ca. 20�) (Eriksson et al., 2007) is considerably lower than
that for Cel200-SAM, possibly owing to the negatively charged
nanocrystal surface with sulfate groups (Edgar & Gray, 2003). The
Cel6-SAM composed of water-soluble cellooligosaccharide thio-
semicarbazone demonstrated more hydrophilic behavior than did
Cel200-SAM, indicating the chain length of cellulose SAM was a crit-
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ical factor in its wettability. Moreover, the surface roughness is a
significant factor in wettability; hence, we will investigate the
topography of cellulose nanolayers on the order of nano and
micrometer scales in the near future.

Regarding cellulose derivative nanolayers, the CA values of MC-
and HEC-SAMs were ca. 49� and ca. 41�, respectively (Table 1). This
reasonable result was presumably due to the difference in the side-
chain structures of cellulose derivatives; that is, hydrophobic
methyl and hydrophilic hydroxyethyl groups probably determined
the wettability.

3.2. Cell affinity for cellulose nanolayers

To investigate the interactions between IAR-20 and cellulose
surfaces, a cell adhesion assay was carried out on the cellulose
SAMs and film in addition to TCPS and cellulose-free gold plates
as controls. Fig. 2 compares the number of cells adhered onto each
substrate within 3 h of cell seeding. In the case of using the com-
plete EMEM medium containing serum, IAR-20 significantly ad-
hered to Cel200-SAM (adhesion rate: ca. 40%), which is
comparable to the adherence to the cellulose-free gold plate
although the adherence was inferior to that for conventional TCPS
(adhesion rate: ca. 70%). On the other hand, the cells barely ad-
hered to Cel200-film (adhesion rate: ca. 20%). As shown in Table 1
and Fig. 2, the cells attracted well onto the substrates with high
CA values. It is well known adherent cells generally adhere more
to a moderate hydrophobic substrate because cell adhesion occurs
on the proteins contained in serum (e.g. fibronectin and vitronec-
tin) once adsorbed to the surface of a culture substrate through
hydrophobic interaction (Nakanishi et al., 2006). Thus, it is sug-
gested the number of adhered cells on each substrate was attrib-
uted to the wetting property when a complete medium was used.

Subsequently, the cell adhesion assay was carried out using ser-
um-free medium during the 3 h after cell seeding. As shown in Fig.
2, the number of adhered cells drastically decreased in comparison
with the case for serum-added complete EMEM medium on TCPS,
gold plate, and Cel200-film (the rates of cell adhesion were below
20%). On the other hand, almost no influence of serum was ob-
served on the initial cell adhesion to Cel200-SAM (Fig. 2). These re-
sults imply the cell adhesion to the Cel200-SAM surface is
attributed to a direct attraction, possibly due to some specific
interaction between IAR-20 and Cel200-SAM, while the slight cell
adhesion to Cel200-film might occur via protein-mediated adsorp-
tion only in the case of using complete medium. As mentioned
above, both the surfaces of Cel200-SAM and Cel200-film have pure
cellulose from the view point of chemical composition. However,
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Fig. 2. Cell adhesion onto cellulose substrates after 3 h using media with (filled
bars) and without serum (open bars). *p < 0.01; serum vs. serum-free for each
substrate.
the crystal structures of these cellulose nanolayers are significantly
different: Cel200-SAM has cellulose I-type structure with parallel-
chain alignment like native cellulose fibers, while Cel200-film has
cellulose II structure with anti-parallel alignment similar to com-
mon regenerated cellulose. The cell adhesion behavior onto Cel6-
SAM approximately agreed with that of Cel200-SAM within 3 h cul-
tivation (Fig. 2). Thus, the parallel-aligned structure of cellulose
chains might play a positive role in the direct cell adhesion to sur-
faces of cellulose SAMs prepared by spontaneous terminal immobi-
lization of cellulose-TSC chains.

The IAR-20 was cultured on each substrate for longer durations
using complete medium (Fig. 3), and the optical and fluorescent
microscopic images of cells cultured for 24 h are illustrated in
Fig. 4. IAR-20 proliferated well on cellulose SAMs; in particular,
the number of adhered cells on Cel200-SAM exceeded that on the
TCPS plate at 120 h. The majority of cells were alive on the cellu-
lose SAMs (at 24 h, Fig. 4), indicating the cellulose SAMs had neg-
ligible cytotoxicity for IAR-20. In contrast, almost no cells
proliferated on Cel200-film (Fig. 3), resulting in aggregates com-
posed of unattached and floating cells containing numerous dead
cells (Fig. 4). The cell adhesion and proliferation on the regenerated
film composed of unmodified cellulose (TSC-free) were approxi-
mately consistent with those of Cel200-film composed of cellulose
thiosemicarbazone (data not shown), strongly suggesting the
TSC-component of cellulose layers (not detected in XPS spectra,
data not shown) had no influence on cell adhesion and survival.
In addition, excellent cell proliferation was confirmed on PVAm
coated glass plate (data not shown), possibly indicating there
was little cytotoxic effect caused by the elution of underlying
PVAm into the culture medium. Thus, the cellulose SAMs offer
the possibility of direct cell adhesion inducing a specific interaction
with unique surface morphology comprising parallel-arranged
molecules and also possessing a biocompatible surface property.

In previous reports, biomembranes derived from human eryth-
rocyte ghosts were moderately immobilized on Langmuir–Blodgett
cellulose film regenerated from trimethylsilyl cellulose via carbo-
hydrate–carbohydrate interaction between cellulose and cell sur-
face glycocalix (Tanaka, Kaufmann, Nissen, & Hochrein, 2001;
Tanaka, Wong, Rehfeldt, Tutus, & Kaufmann, 2004). On the other
hand, almost no rat liver cells adhered and proliferated on the
Cel200-film prepared from NMMO solution in this study (Figs. 2–
4), probably due to differences with respect to the type of cell
and its glycocalix. In other work with regard to carbohydrate-
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Fig. 4. Microscopic images of IAR-20 cultured on the Cel200-SAM, Cel6-SAM, and Cel200-film (culture time: 24 h). (Top) Phase-contrast micrographs. (Middle and bottom)
Fluorescence micrographs of live and dead cells stained with 2 lM calcein AM solution (green) and 4 lM ethidium monodimmer-1 solution (red), respectively. Image size:
500 � 500 lm2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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grafted polymers, cellooligosaccharides had significant cell (human
fibroblast) adhesion properties compared with other carbohy-
drates (Onodera et al., 2006). Thus, the density of carbohydrate
moieties at non-reducing ends on the surfaces of cellulose layers
might play a key role in cell adhesion owing to carbohydrate–pro-
tein and/or carbohydrate–carbohydrate interactions. Although de-
tails of the cell adhesion mechanism between IAR-20 and cellulose
SAMs remains unclear at this stage, these results are expected to
open up a new phase of functional design of biointerface materials
derived from cellulose-based polysaccharides.

3.3. Effect of side-chain structure of cellulosic polymers

Cellulosic SAMs composed of water-soluble cellulose deriva-
tives were also successfully prepared on a gold surface via self-
assembly chemisorption of their thiosemicarbazones. MC is a ther-
mally responsive polymer such as poly(N-isopropylacrylamide)
(Shimizu, Yamato, Kikuchi, & Okano, 2003); therefore, many
researchers have studied the fundamental mechanism of the ther-
moresponsive sol–gel transition of MC polymers (Chevillard & Axe-
los, 1997; Haque & Morris, 1993) and their applications in bio and
nanoengineering fields (Chen et al., 2006; Yokota et al., 2007b).
Several possibilities of MC polymers as thermoresponsive sub-
strate for cell sheet engineering have been reported (Chen et al.,
2006). However, the corresponding MC films break apart easily
in water at room temperature, making it difficult to apply films
stably at the MC/water interface. The MC-SAM, a stable layered
architecture in water, exhibited thermally responsive and revers-
ible wetting characteristics due to the solid-state phase transition
of the MC nanolayers, resulting from the inherent gelation feature
of MC molecules in water (Yokota et al., 2007b). As a first step to-
ward the application of a MC-SAM as a biofunctional interface
material, the property of the MC-SAM in cell cultivation was inves-
tigated in the present study. In addition, the HEC-SAM was pre-
pared from HEC, non-ionic cellulose derivative without a
thermoresponsive gelation property, and its bioactivity
investigated.

The numbers of cells adhering to MC- and HEC-SAMs with com-
plete EMEM medium during the initial culture time (3 h after seed-
ing) are shown in Fig. 5. The rate of cell adhesion onto the MC-SAM
(ca. 25%) was significantly higher than that onto the HEC-SAM (ca.
10%). The continuous incubation undoubtedly changed the cell
affinity for the MC- and HEC-SAMs as plotted in Fig. 5: the cells
proliferated to eventually confluent on the MC-SAM, while almost
no cell growth was observed on the HEC-SAM. These results agreed
with the optical and fluorescent microscopic images (Fig. 6):
numerous adhered and spread cells and huge aggregates contain-
ing dead cells were detected on MC- and HEC-SAMs, respectively.

As discussed previously, cell adhesion was generally induced by
non-specific adsorption of proteins through hydrophobic interac-
tions to moderate hydrophobic substrates (Nakanishi et al.,
2006). MC-SAM had a CA value (ca. 49�) higher than that of HEC-
SAM (ca. 41�) as listed in Table 1. Therefore, it is simply reasoned
that the adhesion and proliferation of IAR-20 to MC-SAM are
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500 lm2. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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attributed to the hydrophobic surface of MC-SAM owing to the
hydrophobic methyl groups of MC polymer. On the other hand,
the HEC polymer heterogeneously has hydrophilic flexible
oligo(ethylene oxide) side-chains on its backbone, suggesting the
non-specific adsorption of protein was effectively prevented by
the hydroxyethylated side-chains, resulting in less adhesion of
IAR-20 on the HEC-SAM as for reported bioinert polymers (Ishiha-
ra, Aragaki, Ueda, Watanabe, & Nakabayashi, 1990; Zhu & Mar-
chant, 2006). Cel200- and Cel6-SAMs had CA values the same as or
lower than that of HEC-SAM possibly supporting the idea that
IAR-20 was attracted to Cel-SAMs not only owing to a simple
hydrophobic interaction.

Thus, the cell adhesion behavior was drastically different on
MC- and HEC-SAMs constructed with reducing end-tethered poly-
saccharide chains. These results are expected to assist in the design
of diverse functions of cellulosic SAMs for biological applications,
because most polysaccharides allow the application of the vecto-
rial chain immobilization technique.

4. Conclusion

Cellulosic nanolayers with unique surface morphology were de-
signed by vectorial chain immobilization and self-assembling
chemisorption, and their biological properties were investigated.
The biocompatible cellulose SAMs stimulated moderate cell adhe-
sion despite there being serum in the culture medium, possibly
indicating some sort of specific interaction between IAR-20 and
the cellulose I surface with parallel-chain alignment. Drastic regu-
lation of the cell response was achieved for MC- and HEC-SAMs
due to the property of their side-chain groups; cell adhesion was
induced by hydrophobic methyl groups, while hydrophilic
hydroxyethyl groups interfered with protein adsorptions and cell
adhesions. Thus, the architectural design of cellulosic nanolayers
via terminal chain immobilization is expected to open up a new
phase in the material design of cellulose and other polysaccha-
ride-related biofunctional interfaces.
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