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Figure 2. Morphology of lamellipodia and filopodia in a Swiss 3T3 cell adhered to TCPS. Rho activation leads to the
assembly of actin-myosin filaments (stress fibers) and of associated focal adhesion complexes. Racl activation leads to the
assembly of a meshwork of actin filaments at the cell periphery to the lamellipodia and membrane ruffling. Cdc42 activation
induces the formation of actin-rich surface protrusions called filopodia. {a) Atomic force microscopy deflection mode image,

and (b) fluorescence image of actin cytoskeleton.

them fall into the same cell cycle, GO. The cells were seeded
at a density of 2 X 10* cells/cm® on respective dishes. The
cells were incubated in 10% FCS-containing DMEM medium
under the same conditions mentioned above for predeter-
mined period: 0.5, 1,3, 6, and 24 h.

Immunofluorescence microscopy

Cells were fixed in 10% formalin for 10 min, permeabil-
ized in 0.5% Triton X-100 at room temperature for 5 min, and
blocked with 1% bovine serum albumin (BSA) in PBS. The
cells were incubated with anti-vinculin monoclonal anti-
body (at 1:100 dilution; Upstate Biotechnology, NY) in FBS
for 1 h at room temperature. After a brief wash with PBS,
they were further incubated with a secondary antibody (flu-
orescein isocyanate-anti-mouse immunoglobulin G at 1:100
dilution; KPL Inc., Gaithersburg, MD) plus rhodamine-phal-
loidin {at 1:100 dilution; Molecular Probes, Inc., Eugene, OR)
in PBS for 1 h at room temperature. Images were acquired
using a Bio-Rad Radiance 2000 confocal laser scanning mu-
croscopic system (Bio-Rad, Richmond, CA).

Affinity precipitation of Rho, Racl, and Cdc42

The adhered cells were washed with PBS three times and
lysed in RIPA buffer (10 mM Trs-HCl, 150 mM NaCl, 1%

140

Triton X-100, 0.1% sodium dodecyl sulfate, 1 mM ethyl-
enediaminetetraacetic acid, pH 7.4) containing protease and
phosphatase inhibitors at the following final concentrations:
1 pg/mL leupeptin, 1 pg/mL aprotinin, 1 pg/mL pepstatin,
1 mM sodium orthovanadate, and 1 mM phenylmethylsul-
fonyl fluoride. Cell lysates were centrifuged at 1000g at 4°C -
for 10 min and the supernatant was transferred to a fresh
tube. Protein concentration was determined by means of the
BCA protein assay kit (Pierce, Rockford, IL) with BSA as the
standard. Rho activity was determined by the affinity-pre-
cipitation method.*® To determine the activation of Rho, 500
ng of protein (1 pg/ul cell lysate) was incubated with
agarose beads conjugated GST-Rho binding domain (RBD)
(Upstate Biotechnology) (20 pg) at 4°C for 60 min. The beads
were washed three times with cold PBS and boiled in sample
buffer. Bound Rho protein was detected by Western blotting
using a monoclonal antibody as described below. The
amount of RBD-bound Rho was normalized to the total
amount of Rho in whole cell lysates for the comparison of
Rho activity (level of GTP-bound Rho) in different samples.
Values represent Rho activity relative to that of cells at time
0. That is, the time-dependent Rho, Racl, Cdcd2 activities
were normalized to those of suspension cells, which were
subjected to the serum-starved, staged cells and detached
from the dishes before cell seeding. This methed did not
determine activation of the subset population of the Rho
subfamily (Rho-4, -B, and -C). According to the manufac-
turer’s instruction, this method allows precipitation of the
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TABLE 1
Parameters Characterizing the Movement of 3T3 Cells for 3-5 h and 23-25 h Culture on TCPS, P5, and PET
Parameter Time (h) TCPS P5 PET
Total length of cell trajectory (um)® 35 175.39 = 27.01 200.35 * 25,53 17169 £ 1528
23-25 189.78 * 38.34 227.92 * 31.45 213.36 2 71.15
Average speed of cell movement {m/min)® 35 146 £0.23 1.67 x0.21 143 +0.13
23-25 1.58 £ 0.32 190 026 178 = 0.59
Length of final cell displacement (um)* 35 16.55 £ 13.39 30.29 £9.90 822+ 3.85
23-25 27.86 * 26.82 36.76 * 26.87 24.39 + 13.89
Average rate of cell displacement (um/min)? 3-5 014012 025008 0.07 = 0.03
23-25 0.23x022 031 £0.22 020+ 0.12
Coefficient of dislocation efficiency® 3-5 0.10 = 0.09 0.15*0.05 0.05 = 0.02
23-25 014011 0.16 £ 0.10 012 = 0.07

Values are given as the means = SD.
*Total length of cell trajectory in every 2-min step.

*Average speed of cell locomotion defined as total length of cell trajectory/time of recording.

“Total length of final cell displacement of the cell from (i.e.,, distance between) the first and last points of the cell track.

9Average speed of cell locomotion defined as total length of cell displacement/time of recording.

*The ratio of cell displacement length to cell trajectory length. Coefficient of dislocation efficiency would equal 1 for the cell
moving persistently along one straight line in one direction and zero for a random movement..

GTP-Rho (activated) not GDP-Rho (inactivated) at the de-
tection limit of 0.5-2 pg/mL of detected Rho in lysates from
the cells. To determine the activation of Racl and Cdc42,
GST-p21 binding domain (PBD) conjugated agarose beads
{Upstate Biotechnology) (10 pg) were used and the Western
blotting technique as mentioned below was used. Results
are given as means * standard deviation (SD) of five runs.

Westemn blotting

Western blots of Cdc42 and Rho were separately run
using the respective antibodies. The identification of bands
detected was performed using the antibodies included in the
comumercial kits used. The proteins were separated in 10%
sodium dodecyl sulfate polyacrylamide gel and transferred
to the polyvinylidene difluoride membrane (Bio-Rad). The
metnbranes were blocked in T-PBS (0.1% Tween 20 with
PBS) with 1% BSA. After washing in PBS, the blots were
incubated with the primary antibody (1 ng/mL in T-PBS):
Rho (Santa Cruz Biotechnology Inc.), Racl (Upstate Biotech-
nology), or Cdc42 (Santa Cruz Biotechnology Inc.) antibody,
at room temperature for 1 h. After washing with PBS, the
blots were treated with the secondary antibody (1 ng/mL in
T-PBS) {fluorescein isocyanate-anti-mouse immunoglobulin
G; KPL Inc.) at room temperature for 1 h. Densitometry was
performed using the Molecular Imager FX (Bio-Rad). At
every measurement, the control was set as the value at time
0, and the value at each measurement was normalized to
that of control.

Time-lapse analysis of cell migration

The substrate-dependent migratory behavior of cells was
monitored by a time-lapse image-capturing system (HI-
MAWARI; Library Inc., Tokyo, Japan) connected to a phase-
contrast microscope (IX70; Olympus, Tokyo, Japan) with a

temperature and humidity controllable cell chamber
(MATS-CO2CHK; TOKAI HIT, Shizuoka, Japan). Before the
time-lapse recording experiment, cells were seeded at a den-
sity of 2 X 10° cells/cm? on each substrate and cultured with
DMEM containing 18% FCS under 5% CQO, for 3 or 23 h.
Then, DMEM was exchanged with L15 (Gibco BRL) contain-
ing 10% FCS. This medium exchange was performed to
adapt the cultured cells to the long observation period with-
out needing to regulate CO, concentration in our cell cham-
ber. Images of cells were captured every 2 min for 120 min.
The coordinates of 10 isolated cells were measured by dig-
iizing software using the position of their nuclei. The mi-
gratory track and the moving speed were calculated from
the coordinates, and cell trajectories were presented in cir-
cular diagrams with the starting point of each trajectory
situated in the diagram center. The parameters affecting cell
motility were computed for each cell and are tabulated in
Table I (definitions of parameters are given in the footnotes).

RESULTS

The adhesion and spreading states at 3 hand 24 h
after plating were determined by fluorescence immu-
nohistochemical staining and phase-contrast micros-
copy. The migratory potentials were time-lapse deter-
mined by measuring the time-lapse tracking of
moving cells. The activation of Rho families (Rho,
Racl, and Cdc42) was determined by affinity precipi-
tation and Western blotting techniques.

Cell adhesion and spreading

Swiss 3T3 fibroblasts, confluently grown and sub-
jected to an overnight serum starvation before use,
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Figure 3. Number of adhered cells and subpopulation of
cell shape (nonspread circular shape, semispread, and well-
spread) on TCPS, PS, and PET at 3 h and 24 h after plating,
At least 300 cells were analyzed at each time point.

were seeded and cultured on three different substrates
(TCTS dishes, biological IS culture dishes, and PET
film) in the serum-containing medium for up to 24 h.
TCPS and PET substrates were selected as substrate
characteristics of high cell adhesion and spreading,
whereas biological PS was selected as a substrate char-
acteristic of a markedly reduced adhesion and spread-
ing.

The number of cells adhering to these substrates
and the cell shape were determined under a phase-
contrast microscope at 3 h and 24 h after plating. At
3 h, the number of adhered cells was the highest for
PET, followed by that for TCPS, whereas a markedly
reduced cell number was noted for PS, which was
almost one-fourth to one-third of those on the former
two substrates [Fig. 3(a)]. However, there was a
marked difference in the spreading state between the
three substrates: when cell shapes were roughly di-
vided into three shapes such as circular {or round),
semnispread, and well spread, cells cultured on TCPS
had almost equal subpopulations of these three differ-
ent shapes. However, for the PET substrate, more than
half (55%) of the cells remained round, approximately
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one-third (37%) had the semispread shape, and a very
small population (<10%} had the well-spread shape.
A higher subpopulation of round cells (approximately
71%) was found for PS. At 24 h after plating, there was
little difference between the subpopulations of cells on
TCPS and those on PET [Fig. 3(b)]. Most cells (80~
86%) were well spread, and round ones remained
<10%. Although the subpopulation of round cells ad-
hering to PS was similar to those on TCPS and PET,
the cells comprised <20% of the total populations.
These cells were all living ones, which was confirmed
by the trypan blue staining method.

Figure 4 shows the substrate-dependent relative oc-
currence of lamellipodia to total adhered cells. At 3 h,
irrespective of type of the substrate, lamellipodia was
found in 25-30% of the total cell population. At 24 h,
an increased population of Jamellipodia was noted in
cells grown on all the substrates. Approximately 50-
55% of adhered cells on TCPS and PET exhibited
noticeable lamellipodia, whereas the subpopulation of
cells with lamellipodia on PS remained around 40%.

Cytoskeletal dynamics

The cytoskeletal dynamics of actin stress fiber and
vinculin in cells were determined by immunofluores-
cence microscopy using rthodamine-phalicidin to label
a-actin and actin stress fibers, and anti-vinculin anti-
body to determine focal adhesion or adhesion plaques.
Figures 5-7 show the time courses of the formation
and distribution of focal adhesion and stress fibers in
cells that adhered to these substrates. At 0.5-1 h after
plating, regardless of the type of substrate, round cells

70
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Percentage of cells
with lamellipodia (%)

0

TCPS PS PET

TCPS PS PET
3hrs 24hrs

Figure 4. Substrate-dependent population of cells with la-
mellipodia at 3 h and 24 h after serum-starved cells were
plated at a density of 2 X 10* cells/cm”.
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without any signs of spreading were dominant. Vin-
culin and a-actin were Jocalized at the peripheral re-
gions of adhered cells to form rings. At 3 h, the spread-
ing state depended on the type of substrate: on TCPS,
well-spread cells, which comprised almost one-third
of the entire population, had actin fibers being devel-
oped to form stress fibers and vinculin localized at the
front edges of spread cells (Fig. 5). These became more
enhanced at 6 h after plating: stress fibers developed
to transverse the intracellular space although major
actin fibers were still localized at the peripheral re-
gions of cells. Vinculin was distributed in spots at the
front edges of peripheral regions as well as the central
parts of intracellular regions.

However, on both PS and PET, cells at 3 h after
plating did not exhibit any signs of spreading: a large
population of round cells was noted (Figs. 6 and 7). At
6 h, the population of spread cells increased on PET,
whereas nonspread cells were still dominant on PS. At
24 h after plating, irrespective of the type of substrate,
cells were well spread on the substrates and devel-
oped prominent focal adhesions that were detected by
vinculin staining: many stress fibers terminated at fo-
cal adhesions. The cell shapes of lamellipodia and
filopodia were observed in these cells.

Cell migration

Cell migration was measured during 3-5 h and
23-25 h after plating. The positions of cells, which
were sparsely seeded to reduce the probability of con-
tact with each other, were acquired with a phase-
contrast microscope, and images were taken at 2-min
intervals during a total observation period of 120 min.
Migratory tracks were determined from the positions
of cell nuclei digitized on the images at a time interval
from which the migration speed was calculated. The
following parameters characterizing cell migration
were computed for each cell: (a) the total length of cell
trajectory, (b) the average speed of cell locomotion
defined as the total length of cell trajectory /recording
time, {¢) the total length of the final displacement of
the cell from (i.e., distance between)} the first and last
points of the cell track, (d) the average speed of cell
locomotion defined as total length of cell displace-
ment/time of recording, and (d) the cell displacement
length to cell trajectory length, which is also called the
coefficient of dislocation efficiency.®® Table I lists
these parameters obtained on the three substrates at
the periods of 3-5 h and 23-25 h after plating.

Figure 8 shows examples of the migratory tracks
{trajectories) of cells on the three substrate surfaces.
During the first observation period (3-5 h), random
migration of cells was observed on TCPS: cells exhib-
ited membrane ruffling and moved via very frequent
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cycles of a large extent of expansion and retraction of
pseudopeds. The moving speed of the cells, calculated
from the cell trajectory, was approximately 1.46 pm/
min. In contrast, the cells that adhered to PS, on which
cells were not spread well, moved by changing cell
shape: cells exhibited very frequent cycles of a small
extent of expansion and contraction of pseudopedia.
The moving speed of the cells was 1.67 um/min. The
cells that adhered to PET appeared to remain at almost
the same place: cells exhibited very slight expansion
and contraction of pseudopodia at the same place. The
moving speed of the cells was 1.43 pm/min. Although
the total length of the cell trajectory was not strongly
dependent on the type of substrate, both final dis-
placement and the coefficient of dislocation efficiency
were found to be the highest for PS, followed by TCPS
and lastly, by PET.

However, during the well-spread period (23-25 h
after plating), irrespective of type of substrate, the cells
on all the substrates moved randomly, and the length
of final displacement was considerably increased com-
pared with that in the early period. The total length of
the cell trajectory and the average cell migration speed
were not significantly increased except for those for
PET. On PS substrate, there was significant difference
in parameters on cell motility between the early and
late periods of observation. However, marked in-
creases in the length of final displacement, the average
rate of cell displacement, and the coefficient of dislo-
cation efficiency were noted for both TCPS and PET
substrates. These cell motility parameters for TCPS
and PET became similar to those for PS5 at 24 h after
plating.

Expressions of Rho, Racl, and Cdc42

Time courses of Rho, Racl, and Cdc42 activation
during adhesion, spreading, and migration processes
were determined by plating serum-starved cells onto
each dish. The activities of Rho, Racl, and Cdc42,
determined by the affinity-precipitation method, were
expressed as the amount of RBD-bound Rho normal-
ized by the amount of Rho in whole-cell lysates. With
the commercially available detection kit used here,
only activated forms of the whole Rho subfamily
(Rho-A, -B, and -C) were measured. Figure 9 shows
the time course of Rho family activity of the cells
adhered to the three different substrates. Values rep-
resent Rho activity relative to serum-starved cells on
the dishes before cell seeding, at time 0. Regardless of
the type of substrate, Rho activity increased with in-
cubation time, reaching a maximal value (almost 1.5~
to 2.0-fold higher than the basal level) at 0.5-1 h and
gradually returning to the basal level at 24 h. This
indicates that there is no significant difference in the
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Figure 8. Migratory tracks of Swiss 3T3 cells on TCPS, P’S, and PET drawn with the initial point of each trajectory being the
origin of the plot. The images were recorded (a) 3-5 h, and (b} 23-25 h. After plating, and the positions of cell centroids were

determined at 2-min intervals.

time course of Rho activation among the substrates.
Racl activity of the cells adhering to TCPS and PET
increased within a shorter time (0.5 h) and maintained
the same level that was almost 1.4- to 1.5-fold higher
than the control. In contrast, Racl activity of cells
adhering to PS peaked at 0.5~1 h, and then returned to
the basal level. Cdc42 activity of cells adhering to
TCPS increased within a shorter time (0.5-1.0 h) and
maintained the same level (approximately 1.5-fold
higher than control) during the observation period. In
contrast, Cdc42 activity of cells adhering to PS was
very low and appeared to remain at the basal level,

whereas that of cells adhering to PET increased within
0.5-1 h and maintained that level {1.2-fold higher than
the basal level).

DISCUSSION

Tissue morphogenesis is driven by changes in cell
shape, growth, and function that are coordinated in both
time and space, and is governed by transmembrane
signal transduction in the local tissue microenvironment

Figure 5. Time course of focal adhesxon and stress fiber formation in cells adhered to TCPS. Cells were plated onto TCPS
at a seeding density of 2 X 10* cells/cm? At the times indicated, cells were fixed and actin filaments were visualized with
rhodamine-phalloidin, and in the same cells vinculin was localized by immunofluorescence microscopy:. usmg mouse
anti-vinculin antibody to detect focal adhesions. Bar represents 30 pm.

Figure 6. Time course of focal adhesion and stress fiber formation in cells adhered to PS. The experimental procedure was

the same as that in Figure 5.

Figure 7. Time course of focal adhesion and stress fiber formation in cells adhered to PET. The experimental procedure was

the same as that in Figure 5.
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Figure 9. Relative activities of Rho GTPases (Rho, Racl, and Cdc42) of cells adhering to TCPS, PS, and PET. Values represent
corresponding Rho activity relative to serum-starved cells at time 0. Results are means * SD from five experimental runs.

when stimulated by a variety of environmental cues.?*

As schematically shown in Scheme 1, integrin (cell re-
ceptor}-adhesive protein adsorbed to a synthetic sub-
strate triggers transmembrane signaling, thereby activat-
ing Rho family and integrin clustering.{Schemel} This
induces cytoskeletal organization and the formation of
an adhesion machinery as well as the deactivation of
Rho (negative control).® These changes determine cell
shape and morphology as well as cell migration.*”

Such sequential molecular events with positive and neg-
ative feedback and amplification occur.

In this study, the sequential events in the morpho-
genesis of cell-lined fibroblasts after plating for up to
24 h on three different substrates were determined.
During the first 24 h after plating, various stages of cell
behavior, such as macroscopic cell shape and micro-
scopic morphology (lamellipodia and filopodia), cy-
toskeletal dynamics including stress fibers and adhe-

Ligand-Repector Intracellular Cytoskeletal Cell Shape
i Dynamics
Interactions by Molecular Events e Py L’ & Cell Locomotion
Integrin/ECM Activation & Deactivation] | Adhesion Machinery Cell morphology
Scluble Factors of Formation {filopodia, lamellipodia)
Rho-family
(Rho, Racl, Cdc42)
Adhesion. Transmembrane Intracelluiar Shaping Motility
Signaling Supramolecular
Assembling

Scheme 1. Sequential molecular and cellular events during the adhesion and spreading processes. ECM, extracellular

matrix.
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sion plaques, and activation/deactivation of Rho
family (Rho, Racl, and Cdc42) occur simultaneously
with culture time. Before the discussion of the Rho
activity-cell shape/motility relationship, the experi-
mental results are summarized as follows.

* Adhesion potential: at 3 h, the number of ad-
hered cells was almost identical for both TCPS
and PET, whereas that for PS was very small. At
24 h, there was no significant difference in the
number of adhered cells among the three sub-
strates.

¢ Cell shape and morphology: at 3 h, the subpopu-
lation of spread cells was the highest on TCPS,
followed by that on PET. Minimal population
was noticed on PS5, and concomitantly the sub-
population of round (or nonspread} cells was the
highest for PS5, followed by that for PET, and
lastly, that for TCPS. The population of cells with
lamellipodia was almost the same at 3 h after
plating and increased thereafter irrespective of
the type of substrate used. There was some sub-
strate-dependent difference in population at 24 h.
The lowest cell population was found for PS.

* Cell motility: the average speed of cell movement
was not significantly different among cells on the
three types of substrates and the observation pe-
riods. However, the length of final displacement,
the average rate of displacement, and the coeffi-
cient of dislocation efficacy increased at the later
period of cbservation for all substrates. These
three parameters were highest for PS, regardless
of the observation period.

¢ Activation of Rho family: Rho activation was
maximal at 0.5-1.0 h after plating and gradually
decreased thereafter to reach the basal level, ir-
respective of the type of substrate used. Almost
the same level of Racl activation was noted dur-
ing the entire observation period for cells on
TCPS and PET (approximately 1.5-fold higher
than the basal level), whereas for cells on PS, a
maximal level was observed at 0.5 h after plating
and continuously decreased to the basal level
thereafter. The continuous Cdc42 activation oc-
curred for each substrate, but the degree of acti-
vation was the highest for celis on TCPS, fol-
lowed by those on PET. Minimal activation was
found for cells on PS.

From these results, we postulate the following in-
terrelationships between temporal cell shape/mor-
phology/migration and activation of Rho family.
Strong adhesivity and rapid spreading, both of which
were observed in cells on PET and TCPS, should be
caused by the strong interaction between integrin and
substrate (via adsorbed protein), which is related to
the continuously constant activation of Racl and
Cdc42. The least adhesive substrate, IS, probably be-
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cause of the weakest interaction between integrin and
proteins on the substrate, continuously decreased
Racl activation and exhibited very small activation of
Cde42. This may be responsible for the retarded
spreading. As for cell motility, cells on PS5, the least
adhesive substrate, appeared to exhibit the highest
motility. Although the formation of pseudopeds in-
cluding lamellipodia and filopodia is required for cell
motility, small levels of activation of Racl and Cdc42
appear to be beneficial for cell motility because the less
spreading cells have lower interaction strength with
the substrate. Much literature reported that Racl ac-
tivity enhances cell raffling or microscopic, regional
movement at the peripheral region (lamellipodia) of
cells. Therefore, we expected that there must be some
correlation between motility and Racl activity. How-
ever, the present study did not provide any correla-
tion. Although we have little rational interpretation on
this matter, one possible interpretation is that macro-
scopic cell movement requires the locomotion of a
whole body of cells to which raffling is only partly
contributed.

As for the substrate-induced Rho activation, Mc-
Clay and Grainger®® first reported in-depth study us-
ing two well-defined substrates: one is carboxyl group
terminus-bearing self-assembled monolayer (SAM) on
gold substrate, and the other is methyl group termi-
nus-bearing SAM, both of which were prepared using
corresponding alkanethiol. Their study was focused to
activation of Rho-A, which is primarily known for its
regulation of cell-surface-induced focal contact and
stress fiber formation upon Rho-A-stimulated bun-
dling and contractility of actin-myosin complexes
leading to the clustering of integrin receptors. Their
findings include that carboxyl group-terminated SAM,
on which Swiss 3T3 fibroblasts spread well, enhanced
Rho-A activation more than methyl group-terminated
SAM, which is a less adherent substrate than the
former SAM, whereas the nonactivated GDI-Rho level
was much higher for the methyl group-terminated
SAM than the carboxyl group-terminated SAM. These
results support that surface chemistry greatly influ-
ences the activation state of Rho-A. Koenig et al.?”’
tried to correlate cell adhesion with Rho-A. Rho-A
activation in the nearly confluent, quiescent, nondi-
viding cells on TCPS likely was minimal, whereas the
less-adherent Teflon (polytetrafluoroethylene) surface
exhibited the highest Rho-A activation, suggesting
that survival activity of cells appears to enhance
Rho-A activity.?” The other relating preceding study
by Putnam et al.?® includes externally applied me-
chanical forces-dependent activation of membrane-as-
sociated Rho-A and Rac: the activation of Rho-A and
Rac is increased under comgression strdin but is de-
creased under tensile strain,®® affecting the change in
the state of microtubule polymerization. To our
knowledge, besides these studies, there is no report to
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establish the substrate-dependent relationship be-
tween cellular behaviors (cell shape, cell morphology,
cytoskeletal architecture, and cell motility) and the
activation of the Rho family, which has been recently
identified as central coordinators of a remarkable va-
riety of cell functions, as mentioned above. Although a
clear-cut relationship between Rho and cell behaviors
was not established in this study, the accumulation of
more data may define the degree of contribution of
Rho activation to these cellular behaviors, which will
determine tissue compatibility, tissue morphogenesis,
and engineered tissue architecture, all of which are the
fundamental basis of artificial implants and tissue en-
gineered devices.!™
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Abstract

Poly{N-isopropylacrylamide)-grafted gelatin (PNIPAM-gelatin) serves as a temperature-induced scaffold at physiological
temperature. This study was airmed at determining the effect of the graft architecture of thermoresponsive PNIPAM-gelatin on the
surface topography and elastic modulus of the hydrogels prepared with different architectured PNIPAM-gelatins: the surface
topography and elastic modulus were determined by atomic force microscopy (AFM). PNIPAM-gelatin surfaces showed an
irregularly concavo-convex structure with a vertical interval of approximately 1 um regardless of the weight ratio of PNIPAM to
gelatin (P/G: 5.8, 12, and 18). The elastic moduli of hydrogels varied at measured sites. The mean elastic moduli of PNIPAM-gelatin
with the lowest P/G were low, but increased with increasing P/G. Human umbilical vein endothelial cells adhered and spread on
PNIPAM-gelatin hydrogels with the highest P/G, whereas reduced adhesion and nonspreading, round-shaped cells resided on the
hydrogels with lower P/Gs. Interrelationship between elastic modulus and cell adhesion and spreading potentials were discussed

from physicochemical and cellular biomechanical viewpoints.
(© 2004 Elsevier Ltd. All rights reserved.

Keywords: Poly(N-isopropylacrylamide)-grafted gelatin; Atomic force microscopy; Micrescopic structure; Mechanical property; Cell adhesiveness

1. Introduction

Tissue engineering has recently been proposed as a
promising therapeutic discipline for repairing or to
replace diseased or lost tissues; moreover, some en-
gineered tissues have been used for clinical applications
[1-4]. Such tissues are fabricated ex vivo or in vivo with
or without using symthetic or biologically derived
macromolecules so as to provide an appropriate
extracellular milieu. To Teconstruct a functional tissue,
the micro-extracellular environment for imcorporated
cells is essential. The extraceliular space should be
incorporated with a cell adhesion matrix and/or

*Correspohding author. Tel.: +81-6-6833-5012; fax: +81-6-6872-
8090. :
E-mail address: ohya@ri.ncve.go.jp (S. Ohya).

0142-9612/8% - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2004.08.006

structural platform, and interconpected (microscopic)
voids in order to facilitate a supply of oxygen and
nutrients to cells, cell migration and tissue ingrowth.

We recently prepared a thermoresponsive artificial
extracellular matrix (ECM),  poly{N-isopropylacryla-
mide)-grafted gelatin (PNIPAM-gelatin) [5-8], which is
prepared by quasi-living radical graft polymerization
initiated from a gelatin molecule [9,10], and evaluated
how the viability and proliferation of cells entrapped in
a three-dimensional (3D} hydrogel depended on the
graft architecture, including graft chain density and
graft chain length of PNIPAM-gelatin {§]. As a rough
approximation, bovine smooth muscle cells proliferated
well in hydrogels prepared using PNIPAM-gelatin with
a high weight ratio of PNIPAM to gelatin (P/G).

In this study, we investigated how cell adhesion on a
hydrogel surface is influenced by the graft architecture
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of PNIPAM-gelatin. The effects of surface topography
and surface mechanical strength, both of which are
determined by atomic force microscopy (AFM), on cell
adhesion and spreading potentials were evaluated and
discussed from the physicochemical and biomechanical
viewpoint.

2. Materials and methods
2.1. Materials

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (WSC) was obtained from Dojindo La-
boratories (Kumamoto, Japan). N-isopropylacrylamide
(NIPAM) and 4-chloromethyl benzoic acid were
obtained from Tokyo Chemical Industry Ltd. (Tokyo,
Japan). NIPAM was used after recrystallization using a
toluene-hexane solution. Gelatin (molecular weight:
approximately 9.5 x 10% g/mol, from bovine bone} and
sodium N,N-diethyldithiocarbamate trihydrate were
obtained from Wako Pure Chemical Industry Ltd.
(Osaka, Japan). Solvents and other reagents, all of
which are of reagent grade, were purchased from Wako
and used after conventional purification.

2.2. Preparation of PNIPAM-gelatin hydrogel

PNIPAM-gelatins with different graft densities (ap-
proximately 11, 23, and 34 graft chains per gelatin
molecule; average molecular weight of the graft chain:
approximately 5.0 x 10* g/mol) were prepared according
to the procedure described previously {5-8]. Briefly, the
amino groups of gelatin were reacted with the carboxyl
group of 4-dithiocarbamylmethy! benzoic acid using the
condensation reagent, WSC. The degree of dithiocarba-
mylation was adjusted with reaction time. Subsequently,
NIPAM was polymerized from dithiocarbamate-deriva-
tized gelatin in water under UV irradiation for 10min
(400 W Hg lamp, AH400RP, UV, Saitama, Japan; light
intensity at 250 nm: 4.0 mW/cm?). By graft density, three
different PNIPAM-gelatins were prepared (PNIPAM/
gelatin weight ratios (P/G)= 5.8, 12, and 18). Hydrogels
were prepared from PNIPAM-gelatins with different P/
G at 5 and 20w/v% of aqueous solution ({Chemical
structures are shown in Fig. 1). The aqueous or M199
solutions of PNIPAM-gelatins (concentration: 5 and
20w/v%, 100pL) placed on the tissue eulture dish
(diameter: 35mm, Iwaki Glass, Tokyo, Japan) fixed on
the stage of AFM equipment were warmed to 37 °Cto
form whité opaque hydrogels. The water or M199 was

added onto the hydrogel, which were subjected to

surface topological and mechanical strength character-
izations described below. The formed hydrogel tightly
adhered on the bottom of the dish.
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Fig. 1. Schematic structure of PNIPAM-gelating with different graft
chain densities.

2.3. Surface observation and elastic modulus

The surface images and force-versus-indentation
(F-5) curves of the hydrogels in water or M199 at
37°C were measured by AFM (Nanoscope Illa,
Dimension 3000, Digital Instruments), using a commer-
cial SisN4 probe tip (manufacturing spring constant:
0.06 N/m (the value was used for the calculation of
elastic modulus without further validation. Since the
same tip was used throughout the study, the discussion
was ‘made on basis of the relative values); Digital
Instruments, Santa Barbara, CA, USA). The probe tip
was equipped with a commercial fluid cantilever folder
(Digital Instruments), and immediately immersed into

water or M199. The measurement was performed in -

water or M199 at 37 °C. To control sample temperature,
AFM equipment was placed in a box maintained at
37°C using heater with a thermocontroler (Nikon,
Japan). Surface images (Scanning size: 10 jum x 10 pm)
were obtained by a tapping mode (resonance frequency:
7.0kHz).

F_$ curves were measured linearly every 100 nm (total
of 101 points measured) by a contact mode. FElastic
moduli were calculated from the F-4 curves according to
the Hertz model described below [11]. If the tip is
infinitely stiff and conical in shape, the Hertz model
predicts - ' '
2tane E 2 ’ .

n 1-—0? & ' ' : (1).
where Fis the loading force, E is the elastic modulus, p is
the Poisson ratio, « is the open angle of the tip, and § is
the indentation depth. Here; open angle o was 35° and
Poisson ratio v was fixed to 0.5 for simplification.
Therefore, elastic moduli were’ calculated from F-9
curves fitted to the equation using a hnear least-squares
method.
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2.4. Cell adhesiveness on PNIPAM-gelatin hydrogels

Human umbilical vein endothelial cells (HUVECs)
were stained with a fluorescent dye of benzoxazolium, 3-
octadecyl-2{3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-
propenyl]-, perchlorate (DiO, Molecular Probes Inc.,
Eugene, USA), before use. M199 solutions (70pL) of
PNIPAM-gelatin (P/{G=5.8, 12, and 18, concentration;
5wfv% or 20 w/v%) were placed on the surface enclosed
with a stainless-steel ring (& =15mm) placed in the
tissue culture dish at room temperature. The dish was
placed in humidified 5% CO, in_cubator for 30min to
form a white opaque hydrogel. An M199 (10% FCS,
0.5ml) suspension of HUVECs (cell density:
2.0 x 10* cells/mL) was poured onto the hydrogel main-
tained at 37°C. After 2 days of incubation, cell
morphology was observed by confocal laser scannping
microscopy (Radiance 2000, Biorad, CA, USA) (wave-
length: 488 nm (excitation) and 510nm (fluorescence)).

3. Results

Hydrogels were prepared by thermal phase inversion
using three PNIPAM-gelatins with different graft chain
densities (Figs. 1A-C). These PNIPAM-gelatins have
approximately 11, 23, and 34 graft chains per gelatin
molecule but have a fixed average molecular weight of

the graft chain (approximately 5.0 x 10*g/mol). The

weight ratios (P/G) of the grafted chain (PNIPAM) to
the main chain (gelatin) of these three PNIPAM-gelatins
were 5.8, 12, and 18 in accordance with the graft chain
density. The concentrations of PNIPAM-gelatins in
hydrogels thus prepared were 5 and 20 w/v% of water
and M199 culture medium. These hydrogels were
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adhered on the bottom of the dishes. Surface topogra-
phy and surface micro-mechanical strength were deter-
mined by AFM. Cell adhesion and spreading of
fluorescently labeled HUVECs on these hydrogel
surfaces were determined by confocal laser scanning
MiCroscopy.

3.1. Microscopic topography of hydrogels

AFM images obtained in water or M199 show that all
the surfaces of PNIPAM-gelatin hydrogels have micro-
scopic concavo-convex structure as clearly injected by
scattered dark or bright images, which may contain
micropores and pits, regardless of P/G, PNIPAM-
gelatin concentration, or solution (Fig. 2: upper).
Fig. 2 (lower) shows the surface topographic images of
these hydrogels of transversely scanned 10-um-wide
regions (dotted line in the upper figure). Increasing P/G
appears to result in a more roughened topography with
finer tiny pits (Figs. 2A-C). Several tiny pits with a
depth of approximately half micrometer appeared in the
scanned width of 10um. Little significant topographic
differenice was observed between those in water and in
M199 (Figs. 2C and D). Reducing the concentration
from 20 to 5w/v% resulted in the disappearance of the

tiny pits (Fig. 2E).
3.2. Elastic modulus of hydrogels

The micromechanical propertiés of more than 100
surface regions for each sample were determined by the
force indentation (F-8) technique. All the F& curves
determined from the hydrogel surfaces along the dotted
lines shown in Fig. 2 (upper) by the indentation of an
ATFM probe tip were parabolic (Fig. 3). Since a linear
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Fig. 2. Microscopic observation of PNIPAM-gelatin hydrogel surface by AFM in water (AXBYCXE) and in M199 (D). .Vifelght ratio of PNIPAM to
gelatin (P/G): 5.8 for (A), 12 for (B), 18 for (C), (D) and (E). Hydrogel concentration: 20w/v% for (AXBXCXD), 5w/v% for (E). Da:k and bright

areas are concave and convex areas, respectively.
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relationship between F and 6% is held (Fig. 3B), the
conical Hertz model was applied to calculate elastic
moduli. Fig. 4 shows the relationship between the
calculated elastic modulus and the height of the
measured point for three hydrogels prepared at 20w/
v%, which was obtained from 101 points on each white-
dotted line in Fig. 2 (the height is defined as the distance
from the lowest or bottom line in the topography shown
in Fig. 2: lower). The general tendency is that the elastic
moduli appear to increase with increasing P/G, although
the wvalues of the determined elastic meoduli were
scattered. A majority of the elastic moduli of hydrogels
with PNIPAM.gelatins of P/G of 5.8 were below
100kPa, the average elastic modulus was 53+21kPa,
and the height was less than 1pm (Table 1 and Fig. 4).
For hydrogels with PNIPAM-gelatin of P{/G of 12, the
population of elastic moduli higher than 100kPa
(around 20%) was increased. For hydrogels with P/G
of 18, most of the moduli (more than 80%) were over
100kPa imrespective of solutions. The average elastic
moduli in water and MI199 were 222164 and
244+ 89kPa, respectively. There is little significant
difference in surface mechanical strength between
hydrogels in water and in M199. These results indicate
that highly aggregated PNIPAM were distributed on the
hydrogel surface made of PNIPAM-gelatin with a high

10 i0o
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Fig. 3. (A) Force—indentation curve (F~4 curve) on PNIPAM-pelatin
hydrogel by AFM. (B) F-8” plots for amalysis with Hertz model.
Linear F-6° using conical tip assumption.

P/G of 18. At lower concentration (3wfv%), the
population of elastic moduli higher than 150kPa
decreased to 5% of the total population (data not
shown). These indicate that a higher P/G and higher
concentration result in a higher degree of aggregation
and a higher susface distribution.

It is interesting to see how the elastic modulus of the
hydrogel correlates with the surface topography
(height). The calculated correlation coefficients are
shown in Table 1. The corretation coefficients between
surface topography and elastic modulus on PNIPAM-
gelatin hydrogels with the Jowest P/G of 5.8 were 0.3,
whereas that of hydrogel with P/G of 18 was 045,
implying that convex sites are stiffer than concave sites.

3.3. Cell adhesiveness on hydrogels

Confocal laser scanning microscopic images demon-
strated the adhesion and spreading states of fluores-
cently labeled HUVECs on PNIPAM-gelatin hydrogels
after two days of incubation (Fig. 5). Cells adhered and
spread on hydrogels with higher P/Gs (12 and 13), but
few cells adhered on that with P/G of 5.8. The number
of spreading cells qualitatively appeared to increase with
increasing P/G. At P/G of 18, there is a small difference
between the spreading states of cells in 5 w/v% and 20 w/
v% hydrogels.

4. Discussion

Cell adhesion, spreading and proliferation proceed via
multiparameter-driven processes. Apart from biological
factors (such as adhesion proteins and growth factors)
and external mechanical-stress field (hydrodynamic and
compressive forces), the substrate is a major determi-
nant, which involves chemical compositions, mechanical
properties and topography at the outer-surface region of
the substrate. Almost three decades ago, Maroudas
hypothesized that the rigidity or stiffness of the

e O ‘ ® © .
g LI, 2
g sy o, .:.:r"’.
=
g 200 - n, ':- :
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Fig. 4. Interrelationship between surface topography and elastic modulus evaluated from F—8 curves. The weight ratio of PNIPAM}to gelatin (P/G):

5.8 for (A), 12 for (B), 18 for (C). Concentration (20 w/v%).
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Tabie 1
Physical properties of PNIPAM-gelatin hydrogel

Hydrogel no. PNTPAM-gelatin Conceptration (wfv%) (solution) Elastic modulus (kPa) Correlation coefficient
Graft density* PiG®

1 il 5.8 20 (water) 53121 0.30

2 23 12 20 (water) 70334 0.34

3 3 18 20 (water) 227464 0.45

4 34 18 20 (M199) 244189 ND?

5 34 18 5 (water) 52136 ND*

"Number of graft chains per gelatin molecule.
“Weight ratio of PNIPAM to gelatin.

“Correlation coefficient between surface height and elastic modulus. Molecular weight of graft chain; approximately 5.0 x 10° g/mol (determined

by GPC using PEG standards).

9ND; not determined. Number of measured points for cach run were 101.

50 ym

Fig. 5. Confocal laser scanning microscopic observation of HUVECs on PNIPAM-gelatin hydrogels. P/G: 5.8 for (A), 12 for (B), 18 for (C) and (D).
Hydrogel concentration: 20w/v% for (A}BXC), 5w/v% for (D). HUVECs adhered and spread on hydrogels with P/G of more than 12. Cell
morphology was dependent on P/G, not on the concentration of PNIPAM-gelatin.

substrate surface determines cell adhesiveness and the
state of spreading. Such cell adhesiveness and spreading
are enhanced by the rigidity of the substrate. Maroudas
also postulated that cells require a rigid scaffolding to
withstand tension exerted by spreading [12). Using a
deformablé silicone thin film, Harris et al. showed that
cell adhesion/spreading is strongly governed by surface
rigidity/deformability [13]. Recently, Pelham and Wang
demonstrated that cell focal adhesion and locomotion
on flexibility-varied acrylamide gels are regulated by

hydroge! substrate flexibility [14] and suggested the
possible involvement of tyrosine phosphorylation,
which is activated by local tension at adhesion sites
{15,16). Thus, many studies have implicated that
mechanotransduction: across the adhesion site between
cell focal adhesion plaques and the extracellular matrix
attached to the substrate determings cellular fundamen-
tal behaviors including adhesion, spreading, migration,
proliferation, differentiation, re-d:fferentxauon metas-
tasis, and apoptosis.
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The extracellular space design, which determines
biological conditions suitable for cellular activities, is
one of the most important factors in the fabrication of
functional vital engineered tissues. Various design
criteria- have to be considered from the microscopic to
the macroscopic level. The microenvironment on the
hydrogel must determine the cell adhesiveness. In this
study, we attempted to define the interrelationship
between the microscopic surface structural and mechan-
ical properties and cell adhesiveness of PNIPAM-gelatin
hydrogel surfaces. Hydrogel surfaces, prepared by
warming PNIPAM-gelatin aqueous and M199 solutions
at 37°C, were observed by AFM. All surfaces of
PNIPAM-gelatin hydrogels have a nano-ordered con-
cavo-convex structure over the scanning area, regardless
of P/G (Fig. 2). The general tendency was that the
hydrogel prepared using PNIPAM-gelatin with the
highest P/G exhibited the most roughened surface
topography (Fig. 2: C). It is suggested that the hydrogel
contains interconnected micropores or voids, through
which nutrients and oxygen can diffuse into the interior
of the hydrogel. _

On the other hand, the relationship between force (F)
and indentation depth (&) on the hydrogels fitted well to
the conical Hertz model (linear relationship between F
and &; Fig. 3B) by which the elastic modulus was
calculated. To validate how the measured -elastic
modulus is correct, we determined the elastic modulus
(70+11 kPa) of an agarose gel (3w/v%) as standard
sample. The obtained value reasonably agrees with the
previously reported elastic modulus of 30kPa[17,18]. As
shown in Fig. 4, the calculated elastic moduli of
PNIPAM-gelatin hydrogels increased with increasing
P/G, although the measured values were scattered. It is
speculated that the hydrogels must consist of roughly
two domains in the continuous phase of water: One
domain is a highly hydrated gelatin (soft) domain and
the other is an aggregated PNIPAM (rigid) domain,
which were formed by the intra- and inter-molecular

associations of dehydrated PNIPAM graft - chains, -

respectively. Our recent study showed that confocal
laser scanning microscopic observation with reflection
mode clearly demonstrated that hydrophobically clus-
tered PNIPAM were scattered in the interior of the
hydrogel [8]. For the hydrogel with P/G of 5.8, the major
measured values were low, suggesting that the measured
+gites are associated with small-sized loosely aggregated
PNIPAM domains. With an increase in P/G to more
than 12, the obtained values became larger, indicating
that the measured sites are associated with larger-sized,
highly aggregated. domains, the population and size of
which must be increased with an increase in P/G.

The fine-structure-and physical properties of hydrogel
may change between water and culture medium due to
containing many compounds such as salts and amino
acids in culture medium. To examine the effect of the
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conditions, surface microtopography and elastic mod-
ulus measurement of hydrogel with P/G of 18 were
conducted in cell culture mediom of MI19S. The
topography and elastic modulus were found to be
similar to those in water (Table 1).

On the other hand, the correlation coefficients
between the heights and elastic moduli of hydrogel
surfaces were positive but not large (Table 1). However,
an increased correlation coefficient with an increase in
P/G was observed. Taken together with these lines of
experimental evidence, it can be considered that most of
convex region must be rigid, and concavo region must
be soft (Fig. 4).

Cell adhesiveness was enhanced by increasing P/G
(Fig. 5). A high P/G caused strong aggregation among
PNIPAM chains, so that the higher strength of the
hydrogel results in an enhanced higher capability of
withstanding cell traction force, resulting in cell spread-
ing. Thus, an appropriate balance of surface micro-
mechanical strength derived from dehydrated PNIPAM
aggregates and water-swollen cell-adhesive gelatin mo-
lecule provides cell adhesive and spreading environment
on hydrogels. Scattered stiff regions probably derived
from hydrophobically clustered PNIPAM may act as
cell adhesion anchors which withstand against the cell
traction strength.

5. Conclusion

Thermoresponsive hydrogels prepared using PNI-
PAM-gelatins with different architecture exhibited
surfaces with concavo-convex structure, roughened
surface topography and variable elastic modulus, both
of which were determined by AFM. HUVECs adhered
and spread well on the hydrogel prepared using
PNIPAM-gelatin with a high P/G. These results show
that surface elastic modulus can be a determinant of
cellular behavior on hydrogels.

]
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Abstract

Poly(N-isopropylacrylamide)-grafted hyaluronan (PNIPAM-HA) and PNIPAM-grafted gelatin (PNIPAM—gelatin), which
exhibit sol-to-gel transformation at physiolegical temperature, were applied as control of tissue adhesions: tissue adhesion
prevention material and hemostatic aid, respectively. The rat cecum, which was abraded using surgical gauze, was coated with
PNIPAM-HA-containing PBS (concentration: 0.5 wjv%). The coated solution was immediately converted to an opaque precipitate
at body temperature, which weakly adhered to and covered the injured rat cecum. One week after coating, tissue adhesion between
the PNIPAM-HA-treated cecum and adjacent tissues was significantly reduced as compared with that between non-treated tissue
and adjacent tissues. On the other hand, the coating of bleeding spots of a canine liver with PNIPAM—gelatin-containing PBS
{concentration: 20 wjv%) resulted in spontaneous gel formation on the tissues and subsequently suppressed bleeding. Although
these thermoresponsive tissue adhesion prevention and hemostatic materials are still prototypes at this time, both thermoresponsive
biomacromolecules bioconjugated with PNIPAM, PNIPAM~HA and PNIPAM-gelatin, may serve as a tissue adhesion prevention

material and hemostatic aid, respectively.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The prompt management of normal wound bealing
during and after surgical treatment may predict the
post-surgical healing of tissues. Hemostatic control
during surgical operation and tissue adhesion preven-
tion after surgery are two crtical issues in wound
healing. To this end, various approaches and materials
have been developed and tested over the years. How-
ever, “ideal” wound-healing materials have not been
realized as yet.

Post-surgical tissue -adhesion, which results from
malignant healing response of a damaged tissue to a
non-injured tissue, often causes life-threatening compli-
cations or necessitates re-operation. To reduce tissue
adhesion, ‘the use of physical barrier membranes to
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separate adjacent tissues during the healing process has
been proposed and examined [1]. Carboxymethylcellu-
lose [1,2], dextran {3] and oxidized regenerated cellulose
[1-4] films have been clinically used as such membranes
with some therapeutic effects. Hyaluronan (HA), which
is an extraceliular matrix component, is known to
temporarily prevent tissue adhesion [5] when such a
solution is coated on damaged tissue. However, HA is
rapidly biodegraded by hyaluronidase and removed
away from the injury sites [6].

On the other hand, tissue adhesive glue or hemostatic
aids have been used when bleeding cannot be controlled
during surgery. Fibrin glue has been clinically used in
these cases. However, its major drawbacks are its low
mechanical strength and potential infection risk inherent
to bleod origin. Semisynthetic and synthetic materials
such as cyanoacrylate derivatives [7,8], gelatin-resorci-
nol-formaldehyde [8], and fluorinated hexamethylene
diisocyanate-based urethane prepolymers 9] have been
applied as surgical adhbesives. Although they have
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appropriate tissue adhesiveness, cytotoxicity and severe
inflammatory reactions with the use of the former two
glues and very slow degradation with the last glue are
the major drawbacks, respectively,

Regardless of tissue adhesion prevention or hemo-
static aids, rapid sol-to-gel formation is necessary to
cover the injured or bleeding sites of a tissue. Such a
phase transition is desired to occur within a few minutes
after application at physiological temperature. We
previously prepared poly{N-isopropylacrylamide) (PNI-
PAM)-grafted hyaluronan (PNIPAM-HA) [10,11} and
PNIPAM-grafted pelatin (PNIPAM-gelatin) {12-14].
These were soluble in water at room temperature but
precipitated or gelled at physiological temperature due
to thermoresponsive phase transition characteristics of
PNIPAM. In this study, we explored the potential
applicability of thermoresponsive PNIPAM-HA and
PNIPAM-gelatin as a tissue adhesion prevention
material or hemostatic aid, respectively.

2. Materials and methods
2.1. Material

Sodium hyaluronate (HANa, molecular weight: ca.
5.0 x 10° g/mol) was supplied by Seikagaku Kogyo Co.
Ltd., Gelatin (molecular weight: ca. 9.5x% 10* g/mol,
from bovine bone) and the solvents, which were of
special reagent grade, were purchased from Wako Pure
Chemical Industry Ltd., (Osaka, Japan) and used after
conventional purification.

2.2. Cell adhesion on PNIPAM-HA film

An aqueous solution of PNIPAM-HA {(concentration:
0.5wjv%) was coated onto a circular cover glass
(diameter: 14.5mm, Matsunami Glass Co. Ltd., Osaka,
Japan) and dried at room temperature. Rat fibroblasts at
a density of 2.0 x 10*cells/ml were seeded on PNIPAM-—
HA films. After 3h of incubation, cell morphology was
observed by phase-contrast microscopy (Diaphoto,
Nikon, Tokyo, Japan). All the procedures including cell
culture were carried out at 37°C.

2.3. Tissue adhesion prevention efficacy of PNIPAM-HA

Tissue adhesion prevention efficacy was assessed
using a rat cecum abrasion model [1,4]. Anesthesized
Wistar rats were subjected to laparotomy. Each rat
cecum was abraded with a surgical gauze. A PBS
(0.5ml) of PNIPAM-HA (concentration: 0.5 w/v%) was
coated onto the cecum. One week after application, the
incidence and severity of adhesions of the cecum to
adjacent tissues were evaluated according to the follow-
ing system: after harvesting the cecum and fixing it in

formalin neutral buffer solution (pH 7.4, Wako Pure
Chemical Industry Ltd., Osaka, Japan) at 37°C, the
specimens stained with hematoxylin—eosin (H&E) and
Masson’s trichrome were observed by light microscopy
(VANOX-S, Olympus, Tokyo, Japan).

No cecum adhesions

Firm adhesion with easily dissectable plane
Adhesion with dissectable plane causing mild tissue
trauma

3. Fibrous adhesion with difficult tissue dissection

4. Fibrous adhesion with non-dissectable tissue planes.

Mo

2.4. Histological analysis of tissue adhesion prevention
efficacy for PNIPAM-HA precipitate

For histological analysis, PNIPAM-HA-treated rat
ceca, after seven days, were fixed with 10% formalin
neutral buffer solution (pH 7.4) for more than seven
days, dehydrated in a graded ethanol series, embedded
in paraffin, and sectioned at Sum thickness. After
staining with H&E or Masson's trichrome, the speci-
mens were evaluated by light microscopy.

2.5. Hemostatic characteristics of PNIPAM-gelatin

The hemostatic characteristics of PNIPAM-gelatin
were evaluated using a canine liver model (weight: 25kg)
and a Wistar rat aorta model (average weight: 250 g).
The canine liver was abraded with trephine in lapar-
otomy and the rat aorta was clamped and punctured
using a 23-gage needle. A PBS of PNIPAM-gelatin
{concentration: 20w/v%) was coated on the bleeding
spot. The efficacy of hemostasis was determined by
gross observation.

3. Results
31, PNIPAM-HA

When rat fibroblasts were seeded and cultured on
PNIPAM-HA film, cast from their aqueous solution, a
markedly reduced adhesion and suppressed spreading
(mostly round shape) were observed (Fig. 1), indicating
that PNIPAM-HA is a non-cell-adhesive matrix.

The efficacy of the PNIPAM-HA film for tissue
adhesion prevention was evaluated using a rat cecum
abrasion model [1,4]. When a PBS solution of PNIPAM-~
HA was coated on a rat cecum, an opaque PNIPAM-
HA precipitate was immediately formed around the
cecum at body temperature. One week after coating, ceca
without PNIPAM-HA coating " strongly adhered to
adjacent tissues (Figs. 2 and 3). When the adhesion
incidence of each rat was scored according to the scoring
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rate described in Section 2, the average overall score (4:
severe adhesion, 0: non-adhesion) was 2.24+07 (n=9)
and the experimental sample number over score 2, which
shows tissue adhesion, was counted as eight out of nine
rats examined (Table I). On the other hand, the reduced
adhesion of the cecum to adjacent tissues was observed,
although the PNIPAM-HA-treated ceca weakly adhered
to adjacent tissues (Figs. 2 and 3). The average overall
score was 1.3+0.5 (n= 8). The experimental sample
number over score 2 was two out of eight rats examined
(Fig. 2 and Table 1). These results indicate that the in situ
formed PNIPAM-~HA precipitate significantly reduced

the degree of adhesion and occurrence of tissue adhesion

of the rat cecumn to adjacent tissues.

3.2. PNIPAM-gelatin

A PBS solution of PNIPAM-gelatin (20 w/v%) was
coated on the bleeding spots generated by pricking a
canine liver and a rat aorta with a needle. The solution
was immediately converted to an elastic hydrogel on the

100 pm

Fig. 1. Phase-contrast micrographs of rat fibroblasts (seeding density:
2.0 x 10%cells/ml) on glass (A)(C), PNIPAM-HA (B}D) surfaces at
37°C immediately (A)(B) or after 3-h incubation (C)(D).

Fig. 2. Gross observation of PNIPAM-~HA-treated cecum adhering to
adjacent tissues one week after coating. Left: Non-PNIPAM-HA-
treated cecum where omentum tissue adhered to and covered the
injured cecum. Right: PNIPAM-HA-treated cecum without tissue
adhesion.
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Fig. 3. Histological analysis of PNIPAM-HA-treated cecum adhering
to adjacent tissues. Specimens were stained with H&E (A} CYE) and
Masson's trichrome (BYXDXF). PNIPAM-HA-treated cecum: (A) and
(B), immediately after covering (E) and (F), 7 days after coating. Non-
PNIPAM-HA-treated cecum: (C) and (D), 7 days after coating.

Table 1
Adhesion score of rat cecum

Sample Adhesion score® rn  Ratio >score 2
Non-treated 22407 9 g9
PNIPAM-HA-treated 1.3£05 8 218

* Adhesion scores are as follows: 0: No cecum adhesions, i: Firmly
adhesion with easily dissectable plane, 2: Adhesion with dissectable
plane causing mild tissue trauma, 3: Fibrous adhesion with difficult
tissue dissection, 4: Fibrous adhesion with nondissectable tissue planes.

bleeding spots (Fig. 4). The hydrogel weakly adhered to
and covered the injured sites, resulting in hemostasis,
which was completed within a minute after coating
(Fig. 4). Pulsation was maintained, and no bleeding was
observed within the experimental time observed (I-2h
after application).

4. Discussion

Fundamental requirements for “ideal” wound-healing
materials are as follows: (1) viscous liquid form to
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PNIPAM-gelatin hydrogel

Fig. 4. Hemostases of bleeding from canine liver (left} and rat aorta
(right} covered with PNIPAM-gelatin solution (20w/v%). Sponta-
neous hydrogel formation and hemostases were observed. No re-
bleeding was observed during I-h after coating. Pulsatile-induced
periodic dilation/contraction was observed on the dissected rat aorta.

completely cover complex-shaped tissue surfaces, (2)
rapid formation of a swollen gel-like film or a precipitate
when applied to injured tissues, (3) non-cell adhesiveness
for tissue adhesion prevention and cell adhesiveness for
hemostatic aids, and (4) appropriate biodegradability.
That is, a wound-healing material should be biode-
graded and sorpted with normal healing. Although
various approaches and attempts have been carried out
to meet the requirements listed above, in situ-applicable
liquid-type materials, which include cyanoacrylate and
fibrin glue, are limited (the major drawbacks associated
with these hemostatic aids are described in Section 1) [7-
9]. In this article, we applied thermoresponsive bioma-
cromolecules (PNIPAM-HA and PNIPAM-gelatin) as
wound-healing materials to meet the target requirements
as listed above.

On a PNIPAM-HA film, cast from its aqueous
solution at room temperature, the adhesion and
spreading of fibroblasts were markedly inhibited (Fig.
1), which is due to the very highly swollen gel-like
structure of HA (Fig. 5). When such a solution was
applied to a rat cecum tissue, a slightly opaque
precipitate was spontaneously formed. One week after
application, markedly reduced adhesion of the PNI-
PAM-HA-treated cecum to adjacent tissues was ob-
served while the non-treated cecum adhered to adjacent
tissues, producing collagenous tissues (Fig. 3 and Table
1). Thus, in situ swollen precipitate of PNIPAM-HA
effectively functioned in preventing tissue adhesion
between the cecum and adjacent tissues.

As for thermoresponsive hemostatic aids, our pre-
vious study showed that PNIPAM-gelatin served as an
artificial extracellular matrix material: the aqueous
solution of PNIPAM-gelatin was immediately con-
verted to a hydrogel, in which cells can adhere and

proliferate. When PNIPAM-gelatin-containing PBS
~ was coated on the bleeding sites of the canine liver
and rat aoria, the solution was immediately converted to
an opaque elastic hydrogel (Fig. 4). The hydrogel fully
covered and weakly adhered to the bleeding sites,
resulting in complete hemostasis on both tissues. The
PNIPAM-gelatin-coated aorta pulsated well, indicating
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Fig. 5. Thermoresponsive gelation mechanism of PNIPAM-HA and
PNIPAM-gelatin, Due to the dehydration of the hydrated amide
group above lower critical solution temperature (LCST), PNIPAM
graft chains were precipitated to form multimolecular aggregates. At
high concentrations of PNIPAM-grafted biomacromolecules, the
entire solution gelled to produce an opaque hydrogel and at low
concentrations, a white precipitate was obtained.

that the PN'IPAM—geIatin formed quite elastic hydrogel’
and the hydrogel did not interfere with the pedodic
pulsation of a high-pressure circulatory system.

5. Conclusion

Although this article describes very limited experi-
ments on tissue adhesion control using PNIPAM-HA
and PNIPAM-gelatin, the bioconjugation of thermo-
responsive synthetic materials and extracellular-matrix
derived biomacromolecules, which thermally form pre-
cipitate or hydrogel, can provide a new prototype of
wound-healing materials and promising procedures.
Further studies to improve the properties required for
both tissue adhesion and tissue adhesion prevention and
to examine a longer term performances are needed. Such
studies are ongoing in our laboratory.
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