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To investigate the response of human epithelial cells to substrates with nanoscale modifications,
dendrimer-immobilized surfaces were prepared with or without D-glucose displayed as a terminal
ligand, giving topographic structures with mean roughnesses (R,) of 1.8-11.0 nm. With an in-
crease in the R, value up to 4.0 nm, the epithelial cells cultured on naked dendrimer surface with-
out D-glucose display were somewhat stretched in their morphology compared with those on a
nonmodified plain surface. However, for the R, values higher than 4.0 nm, such cell stretching was
inhibited, resulting in the predominant existence of round-shaped cells. The change in cell mor-
phology was appreciable on the surfaces with D-glucose-displayed dendrimers. When the R, value
increased up to 4.5 nm on these surfaces, in particular, the enhancement of cell stretching was rec-
ognized, and fluorescence microscopic observation supported the hypothesis that the glucose-
transporter-mediated adhesion of cells to the surface encouraged the development of filopodia
and stress fibers, thereby improving focal contact with the surface. Our results suggest that the
combination of displaying D-glucose and modulating roughness can promote cytoskeletal forma-

tion accompanied by marked cell elongation on culture surfaces.

[Key words: human epithelial cells, dendrimer-immobilized surface, glucose display, nano-scale roughness, cell
roundness, cytoskeleton, glucose transporter]

The adhesion of anchorage-dependent cells to underlying
substrates modulates a variety of cellular events such as
signaling, gene expression and proteogenic changes. This
process involves interactions of extracellular matrix (ECM),
e.g., fibronectin, with the integrin family of transmembrane
receptors. Integrins are major transmembrane ECM recep-
tors and function as bidirectional transducers of signals and
mechanical forces (1, 2). The integrin-mediated interactions
of cells with ECM involve the formation of focal adhesion
sites, which regulate signaling processes. These structurally
defined adhesion sites are associated with cytoskeletal pro-
teins by complicated mechanisms. The series of events in-
volves the development of focal contact along with the re-
cruitment of various cytoskeletal proteins (3, 4). The recip-
rocal cross-talk between these cytoskeletal systems and their
adjoining substrates can give clues that can help unravel the
critical regulatory pathways relating to cell morphology and
motility (5, 6). Recent reports have provided new insights
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into these physiological interactions with respect to the
process of cell adhesion to topographic surfaces (7-10). For
example, it was demonstrated that the surface topography
of substrates affects the cellular extension accompanied by
filopodium development, indicating the existence of a favor-
able surface roughness on the nanoscale (11-13).
According to a review by Dalby et al. (13), cells en-
counter different topographies, ranging from macro- (tissue
level) to micro- (cell level) or to nano-scales (organelle and
protein levels). Microscale topographies induce changes in
cell adhesion, morphology, motility and gene expression. It
is most likely that these surfaces have the potential to reg-
ulate tissue organization and cell differentiation (14). On
the other hand, cells are generally surrounded by nanoscale
structural cues that may also be involved in controlling cell
responses. Recently, manufacturing techniques for nanoscale
fabrication, such as electron-beam or colloidal lithography
and polymer demixing, have been made available for cell
manipulations (15). Surface topography induces cellular re-
sponses to the physical architectures of substrates by affect-
ing cell morphology, migration, proliferation and differenti-
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ation (9-17).

Dendrimers are attractive owing to their chemical charac-
teristics, because it is quite easy to modify their chemical
properties by adjusting their terminal groups (18, 19). Star-
burst polyamidoamine (PAMAM) dendrimers are highly
branched spherical polymers with well-defined structures
that are soluble in aqueous solutions and have a unique sur-
face composed of primary amino groups. PAMAM dendri-
mers have a core molecule, either an ammono residue as a
trivalent initiator core or an ethylenediamine residue as a
tetravalent initiator core, which is used to prime the step-
wise polymerization, that determines several structural char-
acteristics such as bulk, shape, density, and electrostatic
charge. When an additional layer or generation is polymer-
ized on dendrimer molecules, the number of terminal amino
groups is doubled. Therefore, the defined structure and large
number of terminal amino groups on dendrimers make these
polymers suitable for use as biocompatible nanocapsules in
gene or drug delivery systems, because of their flexibility in
design variables including the ligand species present on the
terminal groups as well as dendrimer size and ligand density
(19-21).

In our previous studies, the potential of using dendrimers
for cell processing was extended by applying this com-

Polystyrene surface

Step 1

tert-BuOK

Glutar- Tris (2-aminoethyl)

Step2  gehyde | amine
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pound to a culture substratum for cell growth and differenti-
ation. The immobilization of dendrimer was carried out to
prepare the scaffold for rat hepatoma cells, and modifica-
tions of amino groups with various ligands were carried out
for enhancing viability and hepatopoetic functions (22-24).
In addition, a dendrimer substrate displaying D-glucose ex-
erted a strong effect on the cellular morphology of human
keratinocytes (25). In this study, various dendrimer-immo-
bilized surfaces were prepared with different architectures
by changing the generation number of dendrimers and they
were characterized in terms of surface roughness by atomic
force microscope (AFM). Moreover, the cellular response
of human epithelial cells cultured on these surfaces was ex-
amined in terms of morphological behaviors.

MATERIALS AND METHODS

Surface modification  The conventional plastic culture surface
of a square 8-well plate (surface area, 8.6 cm?; Nunc, Roskilde,
Denmark) was used as a plain or starter material. Surfaces with
different topographies were obtained by immobilizing dendrimers,
which were prepared through the accumulation or spherical method
as illustrated in Fig. 1.

The dendrimer surfaces were designed as follows on the basis of

Spheric PAMAM dendrimer with
amino groups

Y One-generation unit of dendrimer
synthesized by accumulation method

© D-Glucose

Naked dendrimer (AG1)

Repetition of step 2

Step 5

Naked dendrimer (SG7)

Naked dendrimer (AG4)
Step 3 Step 4 Step 6
p-Glucose | NaBH,

S

D-Gl

lucose-displayed dendrimer
(AG4)

D-Glucose-displayed dendrimer
(SG7)

| i}“sﬁiieric method

FIG. 1. Schematic illustration of processes to obtain dendrimer-immobilized surfaces with/without D-glucose display. AG and SG denote den-
drimers synthesized by the accumulation and spheric methods, respectively, with the numericals showing the generation number of dendrimers.
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the accumulation method. A first-generation dendrimer (denoted as
AGT1) was immobilized by the four-step reaction conducted under
a sterile condition. Step 1: To display a hydroxyl group on the plain
surface, a solution containing 50 umol/ml potassium zert-butoxide
(tert-BuOK) was poured into each well, and then the wells were
incubated for 1 h at ambient temperature. The wells were then
washed three times with sterilized water. The dendron core density
depended on the quantity of hydroxyl groups displayed at the onset
of synthesis, which can be regulated by adjusting the concentration
of tert-BuOK. Step 2: An aqueous solution of 360 umol/ml glut-
araldehyde was introduced into the wells. The wells were allowed
to stand for 1 h, followed by washing with a large amount of sterile
water. The wells were then treated with 360 pmol/ml tris(2-amino-
ethyl) amine solution (pH 9.0, adjusted with 1 mol/dm?® NaOH) for
1 h to produce a dendron structure and then rinsed with sterile
water. Step 3: To display D-glucose as a terminal ligand, 0.1 x2"!
pmol/ml D-glucose solution was added to and left to sit in the wells
for 2 h (n: generation number). Step 4: A sodium borohydride solu-
tion (0.5 pmol/ml) was poured into the wells, and after being left to
stand for 24 h, the wells were washed with sterile water, yielding
the surface of first-generation dendrimer with D-glucose display.
For the preparation of a culture surface with naked dendrimers
(only amino group displayed), step 3 was omitted from the above-
mentioned procedures.

High-generation dendrimers were prepared as follows. A solu-
tion of 360 umol/ml glutaraldehyde was added to each well after
step 2. After washing the well as described above, step 2 was con-
ducted again. These operations were repeated until the desired
generation number of dendrimers was reached. Thereafter, steps 3
and 4 were carried out for the modification of the dendrimers with
D-glucose as a ligand.

The spheric method was used to prepare dendrimer surfaces with
a relatively high degree of roughness. Substrates modified with
spheric dendrimers at their terminal amino group were produced
on the well as follows. On the first-generation dendrimer surface
prepared through steps 1 and 2 by the accumulation method, spheric
dendrimers were immobilized by the following reactions. Step S:
To crosslink the amino groups of spheric dendrimers, an aqueous
solution of 360 pmol/ml glutaraldehyde was poured into the wells.
The wells were allowed to stand for 1 h, followed by washing with
a large amount of sterile water, and then a 0.05 % (v/v) aqueous
solution of PAMAN spheric dendrimer (Sigma-Aldrich, St. Louis,
MO, USA) was placed on the surface and left to stand for 3 h. The
spheric dendrimer-immobilized surface was then rinsed with steril-
ized water to remove the unbound dendrimer molecules. Step 6:
D-Glucose was displayed on the terminal group of immobilized
dendrimers by carrying out steps 3 and 4. When necessary, the re-
peated steps for increasing the generation number of immobilized
dendrimers, as described above, were added before step 6.

Cell culture A line of human mammary epithelial cells
(hTERT-HMEI; Clontec Laboratories, San Diego, CA, USA),
which were genetically modified to have an extended cell span,
was obtained as frozen cells. The cells, which were in vials, were
thawed according to the supplier’s manual, and then incubated in a
25-cm? T-flask (Nunclon Delta Flask; Nunc, Roskilde, Denmark).
Unless otherwise stated, the cells were cultivated in serum-free
medium containing 10 pg/ml insulin (HuMedia-KG2; Kurabo
Industries, Osaka) at 37°C under a 5% CO, atmosphere as described
elsewhere (25). For the experiments, the seeding density of viable
cells, determined by trypan blue exclusion, was set at X,=3.0x 10*
cells/cm?.

To estimate the concentration of adherent cells, the bottom sur-
face image of each well was captured from three different posi-
tions using a CCD camera (CS6931; Toshiba Teli, Tokyo) attached
to a microscope (area of captured image: 2.4 mm?). The projected
area, 4, and the periphery length, [, of each cell in the cultures
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were determined by extracting the cellular edge on the images
using a line-drawing tool on a software package (IMAQ Vision;
National Instruments, Austin, TX, USA). The degree of roundness,
R, of each cell was defined as follows.
12
R= L"If‘s)_; 0<R.<1 0

The mean value of R_ was recorded as the mean of data from
50-120 cells.

Confocal laser-scanning microscopy  The cells were sub-
jected to F-actin and vinculin stainings as follows. The cells were
fixed for 10 min at room temperature with 4% paraformaldehyde
in phosphate-buffered saline (PBS), followed by being soaked in
PBS with 0.1 % Triton X-100 for 4 min. The cells were then kept
at 4°C for 24 h with a primary antibody against vinculin (1:400,
Sigma-Aldrich) after masking nonspecific proteins for 1 h at room
temperature using Block Ace (Dainippon Pharmaceutical, Osaka).
The cells were washed with Tris-buffed saline (DakoCytomation
Carpinteria, CA, USA), followed by immunolabeling with Alexa
Fluor 594 goat anti-mouse IgG (Molecular Probes, Eugene, OR,
USA) for vinculin and Alexa Fluor 488 phalloidin (Molecular
Probes) for F-actin. The samples were observed under a confocal
laser scanning microscope (model FV-300; Olympus, Tokyo).

Atomic force microscopy (AFM)  An atomic force micro- |
scope (NanoScope Illa, Digital Instruments, Santa Barbara, CA,
USA) was used to characterize the topography of the prepared cul-
ture surfaces. Sample was attached to an AFM specimen disk. All
the samples were analyzed in a dry state and examined in Tapping
Mode with standard silicon tips (NCH-10V; Digital Instruments).
The scan size of each surface was 1x 1 um at a rate of 1 Hz on 256
scanning lines. The analysis of topography including surface de-
nomination was carried out using the commercially available soft-
ware (SurfiopEye, Mitani, Fukui). Mean roughness, R,, was deter-
mined from the measurements in triplicate regions of indepen-
dently prepared surfaces.

RESULTS

Surface design and topography  Five types of naked
dendrimer surfaces, which bore an amino group as a termi-
nal ligand, were designed by changing the generation num-
ber of dendrimers according to the preparation methods
shown in Table 1. The topography of the surface was evalu-
ated using the defined parameter of mean roughness, R,. The
plain surface of the well was characterized to be R,=0.2 nm.
With an increase in the generation number of dendrimers

TABLE 1. Mean roughnesses of prepared surfaces
with dendrimers (no D-glucose display)

Surface R, (nm)
Plain surface 0.210.0
Prepared by accumulation method  AG1 1.840.2
AG2 25100
AG3 3.510.6
AG4 4.0+0.3
AGS5 3.610.1
AG6 4.0109
Prepared by spheric method SG7 6.8+0.4
SG7 AG3® 7.910.7
SG7AG5® 11.0+£0.6

* The spheric dendrimer was first immobilized on the surface (SG7)
according to the procedure shown in Fig. 1, and then the accumulation
method was applied for a further increase in the generation number of
dendrimers.
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FIG. 2. Representative AFM images of naked dendrimer surfaces.
(A) Plain, (B) AG], (C) AG4, (D) AG6, (E) SG7AG3 and (F)
SG7AGS surfaces.

for the accumulation method, the R, value increased, giving
R,=4.0nm for the 4th-generation dendrimer surface (de-
noted as AG4). On the contrary, the value of R, did not in-
crease for the naked dendrimer surface of the 5th or 6th gen-
eration (3.6 nm for AGS and 4.9 nm for AG6).

The spherical dendrimer was thought to produce a higher
degree of roughness on the surface owing to its structure. In
this study, spherical dendrimers of the 7th generation, which
possessed a theoretical diameter of 8.1 nm (19), were immo-
bilized as a framework of the convex surface. The R, value
of this surface (denoted as SG7 in Table 1) reached 6.8 nm,
and further development caused an increase in the R, value,
yielding R,=11.0 nm for the SG7AGS5 surface, which had
the highest R, value of the dendrimer surfaces prepared in
this study. Figure 2 shows the architectures of the selected
surfaces. According to the R, value, indented topographies
were observed on the respective dendrimer surfaces; in con-
trast, the plain surface exhibited a relative smoothness. For
the D-glucose-displayed dendrimer surfaces prepared, simi-
lar topographies were recognized, and their R, values were
slightly higher than those of the naked dendrimer surfaces
(data not shown). Thus, variation in the generation numbers
and preparation methods can endow surfaces with different
nanoscale topographies.
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FIG 3. Effects of mean roughness on attachment and morphology
of human epithelial cells cultured on various dendrimer-immobilized
surfaces. Plots of (A) X,/X; and (B) R, against R,, determined at 24 h of
culture time. Error bars indicate standard deviations (n=3). Symbols:
closed circles, D-glucose-displayed dendrimer surface; open circles,
naked dendrimer surface; and closed triangles, plain surface.

Attachment of cells to designed surfaces To investi-
gate cellular responses to the naked and D-glucose-dis-
played dendrimer surfaces, the cultures of human epithelial
cells were conducted, and 24 h after seeding, the ratio of
adherent cells to seeded cells, X,/X|, was determined. As
shown in Fig. 3A, with an increase in the R, value of the
naked dendrimer surface, the value of X/X, decreased
(X/X,=0.6 when R,=11.0 nm), while the X,/X, value on the
plain surface was 1.2. The X,/X] values of the D-glucose-dis-
played dendrimer surfaces also decreased with an increase
in the R, value, although the level of X, /X, was slightly
higher than that of the naked dendrimer surface with larger
value of R,. These results suggest that roughness can inhibit
cellular access to the surface and that the display of D-glu-
cose suppress such inhibition to some extent.

Cellular morphology on designed surfaces  To inves-
tigate the interaction between the cells and surfaces, cellular
morphology was observed 24 h after seeding. With an in-
crease in the R, value up to 4.0 nm, the cells on the naked
dendrimer surface were somewhat stretched. The cellular
morphology was quantified in terms of the mean degree of
cell roundness, R.. As shown in Fig. 3B, on the naked den-
drimer surfaces with the R, values up to 4.0 nm, a slight de-
crease in R, value was found compared with the R, value of
the plain surface. A further increase in the R, value, how-
ever, caused less cell extension with an increase in kc value,
and round-shaped cells prevailed with R,=0.9 at R ,=11.0 nm.
For D-glucose-displayed dendrimer surfaces, the morpho-
logical change with the R, value showed a similar tendency
to that of the naked dendrimer surface, although the increase
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R, = 0.24£0.0 nm

R, =4.0 £0.3 nm

R,=11.0 £ 06nm
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FIG. 4. Immunostaining of actin cytoskeleton (green) and vinculin (red) of human epithelial cells cultured for 24 h on dendrimer-immobilized
surfaces with various values of mean roughness. (A) Plain, (B) naked dendrimer and (C) D-glucose-displayed dendrimer surfaces.

in the population of stretched-shape cells was significant,
resulting in the lower values of R, in the entire range of R,
values examined. On the D-glucose-displayed dendrimer sur-
face at R,=6.7 nm, the value of R, was minimized to 0.8,
which is much smaller than the minimal R, value of the
naked dendrimer surface at R,=4.0 nm. Thus, the cell mor-
phology was remarkably altered as a result of the roughness
of the culture surface.

To clarify the cytoskeletal organization and focal contact
with the dendrimer surface, the cells were observed 24 h
after seeding by the fluorescence stainings of F-actin and
vinculin. As seen in Fig. 4B, the epithelial cells cultured on

the naked dendrimer surface with R,=4.0 nm were abundant
in F-actin filaments of peripheral stress fibers and filopodia,
compared with those cultured on the plain surface (Fig. 4A).
However, the cells on the naked dendrimer surface with
R,=11.0 nm showed a poor organization of stress fibers
with punctuate actin as well as less developed filopodia
(Fig. 4C). For the cells on the D-glucose-displayed dendrimer
surfaces with R,=4.5 nm, on the other hand, fully organized
actin stress fibers with distinct vinculin spots appeared in
both the cytoplasm and the cell periphery, whereas nebular
vinculin was only observed in the cell periphery on the
corresponding naked dendrimer surfaces (Fig. 4B). For the
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cells on the D-glucose-displayed dendrimer surface with
R,=11.5nm, the stress fibers in cytoplasm disappeared.
Thus, the cell staining analyses revealed that surface rough-
ness affects the formation of F-actin filaments which are
used to organize filopodia and stress fibers. In addition, the
D-glucose display enhanced the development of stress fibers
with distinct spots of vinculin. These findings support the
hypothesis that the grasping of the glucose transporter in the
cytomembrane with D-glucose immobilized on the surface
facilitates the frequent formation of cell-surface contact.

DISCUSSION

Culture surface is a kind of reaction field in which anchor-
age-dependent cells show behaviors of attachment, migra-
tion and division. Many researchers have paid their atten-
tion to gene transfer and the stimulation of receptors on the
plasma membrane through interactions with solid surfaces.
The interactive effectiveness of biologically active compo-
nents can be improved by arraying them in close contact
with targets on the cell membrane, because the dispersed
components in bulk liquid (medium) are less able to ap-
proach the targets. The methodological development of com-
ponent display on culture surfaces is considered to be one of
the most critical issues. Dendrimers have recently become
of interest as synthetic chemicals that provide a promising
template for an effective gene delivery system obtained by
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changing the generation number of dendrimers and ligand
species. When dendrimers are deposited on a solid surface,
their unique properties are expected to yield physical and
chemical variations in surface roughness, dendrimer den-
sity, and ligand species attached to and their amounts on the
dendrimers, together with the locality of displayed ligands.
In the present study we focused on the influences of rough-
ness and ligand type on the cellular response by changing
the generation number of dendrimers with or without D-glu-
cose display.

Surface roughness governs cell morphology, which de-
pends on cytoskeletal formation involving the development
of actin stress fibers and dynamic links with filopodia.
Dalby et al. (13) reported that the development of F-actin
filaments is promoted in fibroblasts on a surface modified
with a moderate roughness, even though excess roughness
inhibited such development, being poor in attachment of
round-shaped cells compared with that on a nonmodified
plain surface. This trend was concordant with our results
obtained in the cultures of epithelial cells on the dendrimer
surfaces with various mean values of roughness. Filopodium
development in the cells on the naked AG4 dendrimer sur-
face (R,=4.0 nm) was promoted compared with that in the
cells on the plain surface. However, a further increase in de-
gree of roughness suppressed its development, and the cells
cultured on the naked SG7AGS5 dendrimer surface (R,=11.0
nm) exhibited punctuate and nebulous actins (see Fig. 4).

Mean roughness

——
Up-regulation of F-actin filaments

Development of filopodia

Plain surface

Up-regulation of

F-actin filaments:

Development of stress fibers and filopodia
Vinculin spots:

—_—_—
Down-regulation of F-actin filaments

Decrease in gap width
between cell and surface

Formation of focal contacts

' D-glucdse-displayea":f
" dendrimer surface ..

Stress fibers

Focal contact

Development of stress fibers and focal contacts
Maintenance of excessive stretching

FIG. 5. Conceptual illustration showing morphological changes of human epithelial cells cultured on various dendrimer-immobilized surfaces

with/without D-glucose display.
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Surfaces with the functional groups of biologically active
molecules have been designed for targeting integrins and
their receptors on cellular membrane (26, 27). Current re-
searches have been focused on developing surfaces modi-
fied with physicochemically well-defined, biomimetic ma-
terials that have various properties such as a low protein-
adsorbing, for dealing with the control of cytomembrane-
mediated interactions to promote cellular functions (28-30).

The uptake of D-glucose from medium is mediated through
the glucose transporters (GLUTs), which essentially have no
affinity for its optical isomer L-glucose on the plasma mem-
brane of cells. Therefore, D-glucose display on surfaces en-
able its binding to ventral GLUTs on the membrane, which
permits the cells to anchor partially by temporally grasping
GLUTs. In addition, cell migration relates dynamically to
the assembly of filopodium actin filaments appearing at the
leading edge and the disassembly of such filaments at the
tail, which are responsible for the extension and retraction
of cells, respectively. The partial anchoring through GLUTSs
seems to prevent retraction in the rear of cells based on the
consideration that the suppression of filament disassembly
causes excessive cellular elongation. This idea supports the
view that GLUTs may make a certain contribution to the
cellular elongation observed in this study. With regard to dy-
namic links and cytoskeleton formation, D-glucose display
on the surface induced clearly defined actin filaments of
filopodia and stress fibers, respectively (see Fig. 4). In ad-
dition, the vinculin spots at the terminals of stress fibers
indicated mature focal contacts, unlike for the naked den-
drimer surface, on which the cells exhibited a smaller num-
ber of actin filaments with nebular vinculin expression. The
changes in cell shape as well as the potentials of anchorage
and motility are mainly associated with a dynamic reorgani-
zation of the filament arrays that make up the actin cyto-
skeleton. The activation of individual members of the Rho
family (small G proteins) modulates the organization of ac-
tin filaments in cells, with Rho activation resulting in the
formation of stress fibers with focal contacts, which are in-
volved in the formations of Rac-inducing lamellipodia and
Cdc42-inducing filopodia (4).

Figure 5 illustrate a possible mechanism of the morpho-
logical response of epithelial cells to the dendrimer-immo-
bilized surfaces with or without D-glucose display. It is pro-
posed that D-glucose displayed on dendrimers permits the
cells to be in close contact with the surface through the
grasping of GLUTSs on the plasma membrane, being attrib-
utable to the up-regulation of focal contact formation. In ad-
dition, this GLUT-mediated grasping promoted the develop-
ment of stress fibers in the cytoplasm particularly at moder-
ate mean roughnesses of approximately 4.5 nm, resulting in
the excessively stretched shape of cells. Therefore, surface
roughness and D-glucose display induce changes in cellu-
lar morphology caused by alternation in the cytoskeleton in
response to focal contact formation. In conclusion, in this
study, we propose that dendrimer surfaces will offer a prom-
ising design for human epithelial cell stimulators by the sur-
face-localized display of suitable ligands targeting receptors
on cell membrane.
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