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Abstract  The hydrophobic monomer, n-butyl methacry-
late (BMA) has been incorporated into thermoresponsive
poly(N-isopropylacrylamide) (PIPAAm) to lower PIPAAm
phase transition temperatures necessary for systematically
regulating cell adhesion on and detachment from culture
dishes at controlled temperatures, Poly(IPAAm-co-BMA)-
grafted dishes were prepared by electron beam irradiation
methods, systematically changing BMA content in the feed.
Copolymer-grafted surfaces decreased grafted polymer
transition temperatures with increasing BMA content as
shown by water wettabilities compared to homopolymer
PIPAAm-grafted surfaces. Bovine endothelial cells readily
adhered and proliferated on copolymer-grafted surfaces

above collapse temperature at 37°C, finally reaching conflu-
ence. Cell sheet detachment behavior from copolymer-
grafted surfaces depended on the culture temperature and
BMA content. In conclusion, cell attachment/detachment
can be controlled to an arbitrary temperature by varying the
content of hydrophobic monomer in rated into
PIPAAm grafted to culture surfaces. © 2004 Wiley Periodi-
cals, Inc. ] Biomed Mater Res 69A: 70-78, 2004
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INTRODUCTION

Poly(N-isopropylacrylamide) (PIPAAm), a thermo-
responsive polymer, has a lower critical solution tem-
perature (LCST) at 32°C in aqueous solution'?
PIPAAm is fully hydrated with an extended chain
conformation below 32°C and is extensively dehy-
drated to become compact above 32°C. Because of its
unique, reversible hydrophilic/hydrophobic property
changes with temperature, many studies utilizing
PIPAAm for various applications are reported, includ-
ing temgerat-ure—controlled release as drug delivery
systems,” aqueous chromatography systems for sep-
arations of bioactive compounds,®® and bioconju-
gates to regulate enzymatic activities with tempera-
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ture®7?  Additionally, we have extensively
investigated the modulation of cultured cell adhesion
and detachment on PIPAAm-grafted surfaces pre-
pared by electron beam polymerization methods.13-16
Because PIPAAm-grafted surfaces show reversible hy-
drophilic/hydrophobic property alterations with tem-
perature, a variety of cells readily adhere to and pro-
liferate on these modified surfaces dehydrated at 37°C
but not to their hydrated surfaces below PIPAAm’s
transition temperature. Reducing cell culture temper-
ature below 32°C permits enzyme-free recovery of
confluent cultures of many cell types as a tissue-like
single cell sheet maintaining cell-cell interactions and
intact extracellular matrix (ECM) proteins on the cell
sheet basal surfaces.'” Thus, this thermal system is very
effective for recovering adherent cells with minimal cell
damage. Recovered cell sheets can be transferred and
adhered onto other surfaces by using support transfer
membranes.'*'® These novel techniques represent a new
method for reconstructing complex cell strata, pseudot-
issue, or organ-mimicking layered constructs in tissue
engineering by overlaying recovered cell sheets 202
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We also reported that successful coculture of two
cell types usingjpattemed grafting of PIPAAm onto
TCPS dishes.”** Culture surfaces with both thermo-
responsive PIPAAm islands and thermally inert TCPS
matrix seeded with hepatocytes and bovine aortic en-
dothelial cells (BAECs) or human fetal lung fibro-
blasts, TIG-1 on patterned surfaces exhibit coexisting
cell-dependent functional increases, which now com-
pels us to produce improved patterned, dual thermo-
responsive polymers modified surfaces for coculture.
Thus, the entire surface must be covered with thermo-
responsive polymers of at least two different types,
adding the required different transition temperatures.
IPAAm copolymerized with other hydrophilic or hy-
drophobic monomers permits access to cogolymers
with widely varied transition temperatures.>?*-%¢ By
modifying surfaces with these copolymers having dif-
ferent transition temperatures, coculture of multiple
cell types and recovery of functioning cocultured cell
sheets should become possible with independent tem-
perature alteration of the hydrophobicity of each re-
spective patterned polymer domain on binary thermo-
responsive surfaces.

In the present article, we describe cell attachment/
detachment control with temperature-induced alter-
ation of surface properties with grafted copolymers.
To control cell attachment/detachment on tissue cul-
ture substrates at definite temperatures, IPAAm is
copolymerized with hydrophobic monomer, BMA,
and grafted to TCPS surfaces by electron beam irradi-
ation. Surface hydration, and therefore cell attach-
ment/detachment, are shown to be controlled to arbi-
trary temperatures using surface-grafted copolymers
varying in incorporated BMA content.

MATERIALS AND METHODS

Materials

Commercial materials used in the modification of cell
culture dishes were: IPAAm, generously provided by Kohjin
(Tokyo, Japan) was purified by recrystallization from n-
hexane and dried at 25°C under vacuum; n-butyl methacry-
late (BMA} from Tokyo Chemical Industries Inc. (Tokyo,
Japan) was distilled under reduced pressure and the fraction
boiling at 80°C/L mmHg was used; and 2-propanol was
obtained as high performance liquid chromatography grade
from Kanto Chemical Co., Inc. (Tokyo, Japan) and used as
received.

Tissue culture grade polystyrene dishes (TCPS, Falcon
3001and 3002) were obtained from Becton Dickinson Lab-
ware (Oxnard, CA). Dulbecco’s modified Eagle’s medium
(DMEM) and Ca*®*-, and Mg?*-free Dulbecco’s phosphate-
buffered saline (PBS) from Sigma Chemical Co. (St Louis,
MO); and fetal bovine serum (FBS) from Moregate Exports
Pty. Ltd. (Bulimba, QLD, Australia}. Penicillin, streptomycin

-399-

71

as antibiotics, and brypsin-EDTA solution were obtained
from Gibco Laboratories (Grand Island, NY). Bovine aortic
endothelial cells (BAECs; lot No. HH JCRB0O099) were ob-
tained from Japan Health Science Foundation (Osaka, Ja-
pan). Cells were subcultured at a 1:4 ratio once a week and
used between the 15th-25th passages to maintain character-
istic cell functicns.

Preparation of PIPAAm-grafted surfaces

PIPAAm-grafted cell culture surfaces were prepared as
described elsewhere.'? Briefly, a fixed amount of 55 w/w %
IPAAm solution in 2-propanol was added and homoge-
neously spread to each TCPS dish and immediately irradi-
ated with a 0.3 MGy electron beam (EB) (150 kV, under 10~5
Torr) using an area beam electron processing system (Nis-
sin-High Voltage Co., Ltd., Kyoto, Japan) to polymerize and
graft PIPAAm.'® The PIPAAm-grafted dishes were exten-
sively rinsed with cold distilied water to remove unreacted
IPAAm and un-grafted PIPAAm, then thoroughly dried at
25°C under vacuum.

Preparation of poly (IPAAm-co-BMA)-grafted
surfaces

Poly(IPAAm-co-BMA)-grafted surfaces were prepared by
analogous electron beam polymerization. IPAAm and BMA
mixed monomer solutions in 2-propancl were spread on
each TCPS dish and then irradiated with the EB with iden-
tical conditions as described above. IBgrafted dishes were
first washed with cold distilled water to remove unreacted
IPAAm and ungrafted copolymers, then immersed in meth-
anol for 1 day to remove unreacted BMA. These dishes were
finally dried at 25°C under reduced pressure. Prepared co-
polymer dishes were encoded as IBX, where X denotes the
mole fraction of BMA in feed.

Quantification of grafted polymers on TCPS
surfaces

The amount of PIPAAmM and IBX-grafted on the base
TCPS dish surfaces was determined from infrared (IR) spec-
tra using an attenuated total reflection-Fourier transform
infrared spectrophotometer (ATR-FTIR, Valor-III equipped
with an ATR-500M attachment, JASCO, Tokyo, Japan).
Three samples each of PIPAAm-grafted and copolymer-
grafted dishes were cut to 3 X 1 cm with an ultrasonic cutter
{SUW30, Suzuki Motor Co., Shizuoka, Japan). Polystyrene as
a base material of the modified surfaces has a strong absorp-
tion band attributed to monosubstituted aromatic rings at
1600 cm™". An absorption for amide carbonyl (amide I) of
PIPAAm appears in the region of 1650 cm™".'® The peak
intensity ratio (1,455 1600) Was used to determine the amount
of PIPAAm or copolymer grafted onto each surface using a
calibration curve prepared for a known PIPAAm amount
cast on TCFS dishes. An absorption band attributed to an



ester carbonyl of BMA appears at 1750 cm ™, However, no
strong absorption was acquired in this region for IB-grafted
surfaces, probably due to the minute amounts of BMA in-
corporated. Consequently, the amount of copolymer grafted
onto TCPS dishes was correlated to the identical amount of
PIPAAm in the present research.

Static water contact angle measurements

Three samples each of PIPAAm-grafted, copolymer-
grafted, and control TCPS dishes were cutto 3 X 1 cm to
measure static water contact angles determined by the
sessile drop method from 8 to 37°C with a FACE contact
angle meter (Image processing type CA-X, Kyowa Interface
Science, Saitama, Japan). MilliQ water was gently placed on
the sample surfaces using a syringe. The contact angles were
then measured after 30 s. All samples were measured more
than five times and averaged.

Cell culture

Prepared dishes for cell culture use were sterilized with
ethylene oxide gas. BAECs were cultured on TCPS dishes
(Faleon 3002) containing 5 mL of DMEM supplemented with
10% FBS, 100 units/mL penicillin and 100 pg/mL strepto-
mycin at 37°C under a humidified atmosphere with 5% CO,
and 95% air. BAECs in confluent cultures were harvested
from TCPS dishes by treatment with 0.5 mL of 0.25% tryp-
sin-0.26 mM EDTA in PBS for 5 min and then diluted with
5 mL of DMEM to terminate enzymatic reactions. The re-
covered cell suspension was centrifuged at 800 rpm for 5
min with a centrifuge (RLX-105; TOMY, Tokyo, Japan) and
resuspended in DMEM supplemented with 10% FBS prior to
plating on grafted dishes. Cell morphology was monitored
under a phase-contrast microscope (Eclipse TE300; Nikon,
Tokyo, Japan) equipped with a digital camera (FinePix
S1Pro, Fujifilm, Tokyo, Japan).

Temperature-dependent single cell adhesion

BAECs were seeded onto grafted PIPAAm- and IB5
grafted surfaces at a cell density of 1.0 X 10 cells/cm? and
cultured with DMEM in the presence of 10% FBS at either 37
or 28°C. Morphologies of cultured cells were cbserved 24 h
after seeding by phase-contrast microscopy.

Single cell detachment by low temperature
treatment

BAECs were seeded onto grafted PIPAAm-, IB5-grafted,
and control TCPS surfaces at a cell density of 1.0 X 10*
cells/em?® and cultured with DMEM in the presence of 10%
FBS at 37°C for 48 h. Nonadherent cells were removed by
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changing culture medium, then culture dishes were trans-
ferred to a CO, incubator set at 20°C. Remaining adherent
cell numbers on each surface were counted periodically by
acquiring phase contrast photographs.

Cell sheet recovery

BAECs were plated to grafted PIPAAm, IBX-grafted, and
control TCPS surfaces at a cell density of 1 % 10° cells/cm?
and cultured at 37°C. Culture medium was changed 24 h
after seeding to remove nonadherent cells. After cells
formed confluent monolayers on these surfaces, each plate
was transferred to a CO, incubator set at either 28, 25, or
20°C and morphologies of cell monolayers were monitored
periodically by acquiring phase contrast photographs. Areas
of remaining adherent cells were measured using NIH Im-
age (version 1.61) for the Macintosh. The area of remaining
adherent cell sheets relative to in situ confluently cultured
cell area was calculated and averaged.

RESULTS AND DISCUSSION
Surface characterization

PIPAAm and IBX were covalently immobilized to
TCPS dishes by electron beam irradiation methods
well described in the previous works.'*? In our pre-
vious report,’® the amount of grafted PIPAAm onto
TCPS dishes was known to influence thermal regula-
tion of cell adhesion and lifting behavior. On
PIPAAm-grafted surfaces with small amounts of
PIPAAm (less than 1.5 pg/cm?), cells adhere and pro-
liferate as those on TCPS. However, they remain ad-
herent and no cell lifting occurs even at 20°C, probably
because grafted polymer hydration and subsequent
surface property alterations are not sufficient to pro-
duce cell detachment at this low density. On the other
hand, cells do not show either adhesion or prolifera-
tion on surfaces grafted with more than 2 pg/em? of
PIPAAm. In a preliminary experiment, IB3-grafted
dishes were prepared with various concentration of IB
monomer solution to control grafted amounts of co-
polymers and thus promote adequate cell adhesion/
detachment with temperature alteration. Table I sum-
marizes amounts of IB3 grafted to TCPS surfaces
prepared from different monomer concentrations as
determined by ATR-FTIR. Amounts of grafted poly-
mer exceeded 2.3 pg/cm? at 40 and 50 w/w % feed,
which is larger than that measured for PIPAAm-
grafted surfaces. As expected, cell adhesion and pro-
liferation were not observed on such surfaces grafted
with more than 23 pg/cm?® of polymer despite the
presence of hydrophobic component, BMA [Fig. 1(d)}.
However, endothelial cells adhered on IB3 surfaces
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TABLE I
Grafted PIPAAm Densities as a Function
of Monomer Feed Concentration

Concentration of Amount of
IB3-Monomer Grafted PIPAAM?*
Solution (w/w %) {pg/cm?)
30 2.01 x011
40 24 > 012
50 2.36 + 0.06

"Data are expressed as the mean of three samples with
standard error of mean.

grafted with 2.01 pg/em? prepared from 30 w/w % of
monomer solution similar to that observed on both
ungrafted TCPS and PIPAAm-grafted surfaces [Fig.
1(c)]. Therefore, in following experiments, concentra-
tion of IB-monomer feed solution was fixed to 30 w/w
% during electron beam irradiation to homogeneously
graft similar amounts of these copolymers to TCPS
dishes. Table I summarizes the amounts of PIPAAmM
and [B-grafted to TCPS surfaces as determined by
ATR-FTIR. All prepared surfaces were grafted with
approximately 2 pg/cm? of PIPAAm or IBX. As will
be described in the cell culture section, all of these
prepared surfaces showed reliable and reproducible
cell adhesion and proliferation at 37°C under culture
conditions.

Surface wettability changes with temperature

Surface wettability is often correlated to cell adhe-
sive behavior on surfaces, often showing optimal val-
ues.”* Temperature-dependent wettability changes
of PIPAAm- and IBX-grafted surfaces were therefore
investigated. Temperature variation of static contact
angles for polymer-grafted surfaces was determined
using the sessile drop method at temperatures ranging
from 8 to 37°C; data are shown in Figure 2. All pre-
pared surfaces were thermoresponsive: they exhibit
hydrophilicity at lower temperatures and become rel-
atively hydrophobic at higher temperature ranges.
Water contact angles of the PIPAAm-grafted surfaces
demonstrate relatively large hydrophilic to hydropho-
bic changes with small temperature increases near
32°C.3172 Predictably from previous copolymer solu-
tion work,**4-%¢ [BX-grafted surfaces show decreasing
wettability transition temperatures with increasing
BMA content in the IB copolymer compared to ho-
mopolymer PIPAAm-grafted surfaces. Distinct tem-
perature-dependent wettability changes were ob-
served for all IB-grafted surfaces. However, the
magnitude of hydrophilic to hydrophobic changes be-
came smaller for the copolymer surfaces with increas-
ing BMA content. These changes originate from
known solution property alterations with temperature
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for IB copolymers in aqueous condition.%?* As BMA
content in the copolymer increases, hydrophobic BMA
molecules interrupt the IPAAm chain sequence conti-
nuities required for cooperative transition, disrupting

Figure 1. Cell morphologies on different IB3-grafted sur-
faces as a function of graft density. Grafted polymer densi-
ties measured by ATR-FTIR are: (a) 0; (b) 1.79 * 0.01; (¢)
2.01 * 0.11; (d) 2.36 * 0.06 pg/cm?, respectively.
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TABLE 11
Grafted Polymer Densities on Prepared Surfaces
Determined by ATR-FTIR

Amount of Grafted PIPAAM*

Surface (ng/cm?)
PIPAAmM 1.79 = 0.01
1B1 1.80 £ 0.04
iB3 201 011
1B5 200002

*Data are expressed as the mean of three samples with
standard error of mean.

segmental cooperative effects in temperature-depen-
dent dehydration upon temperature increases. This
produces a decreased temperature sensitivity with in-
creasing BMA composition in IB grafted copolymers.
Because BMA domains in grafted IB-copolymers are
hydrophobic with solubility roughly independent of
temperature changes, cooperative hydration of
IPAAm components in the vicinity of BMA compo-
nents are suppressed. Namely, inherent meta-stability
of hydration around IB-copolymers induces dehydra-
tion of [PAAm side chains with only slight tempera-
ture increases. Additionally, each hydrophobic BMA
domain produces hydrophobic interactions that in-
duce chain aggregation of BMA components. Results
of temperature-dependent wettability measurements
on prepared surfaces show that transition tempera-
tures observed for grafted copolymers on TCPS dishes

0.50
0.45

@

@ 0.40

(&
035
0.30

5 10 15 20 25 30 35 40

Temperature ("C)

Figure 2. Temperature-dependent water contact angle
changes for PIPAAm and IBX-grafted surfaces determined
by sessile drop methods. Filled square, PIPAAm; open cir-
cle, IB1; open square, IB3; filled circle, IBS5.
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Figure 3. Microscopic views of BAECs seeded on (a)
PIPAAm- and (b) IB5-grafted surfaces after 24-h culture in
serum-containing media at 28°C. Scale bar: 100 pm.

are correlated to the amount of incorporated hydro-
phobic BMA., :

Temperature-dependent single cell adhesion

Temperature-dependent cell adhesion to PIPAAm-
and IBS-grafted surfaces was investigated. BAECs
were sparsely seeded on prepared dishes and cultured
at 28 or 37°C for 24 h in DMEM with 10% FBS. After
24-h incubation at 37°C, BAECs readily adhered and
spread well on both PIPAAm- and IB5-grafted sur-
faces (data not shown). These results correlate with
surface wettability data that both surfaces are hydro-
phobic at this temperature. Adherent cell numbers
and morphologies were identical between PIPAAm-
and IB5-grafted surfaces. By contrast, at 28°C, slightly
below the transition temperature for PIPAAm, no
seeded cells adhered onto PIPAAm-grafted surfaces
because PIPAAm was sufficiently hydrated to sup-
press cell adhesion [Fig.3(a}l. Additionally, seeded
cells adhered and became well spread on IB5-grafted
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Figure 4. Time-dependent cell detachment from PIPAAm-
and [BS-grafted surfaces by low temperature treatment at
20°C after 48-h culture at 37°C. Data are expressed as the
mean with standard error of mean (n = 3). Initial seeded cell
density: 1 X 10* cells/cm? Open square, PIPAAm; filled
circle, IB5.

surfaces [Fig.3(b)]. Hydrophobic BMA components
suppressed PIPAAm hydration at this temperature,
promoting cell adhesion on IB5-grafted surfaces. This
indicated that culture temperatures promoting cell ad-
hesion could be reduced and regulated by copolymer-
izing with the hydrophobic monomer, BMA.

Single-cell detachment by low temperature
treatments

After 48-h culture at 37°C, seeded BAECs adhered
well and showed spread morphologies on both
PIPAAm- and IB5-grafted surfaces. Cell adhesion on
those dishes was nearly identical with that on TCPS
dishes (data not shown). Culture temperature was
then reduced to 20°C and cell detachment from the
PIPAAm- and IBS-grafted dishes were observed. No
cell detachment was observed from TCPS surfaces
within the examined time ranges up to 24 h. Figure 4
shows time dependence for cells remaining adherent
on surfaces. In detachment, individual cells spontane-
ously changed their shape from a spread to a round
form without any enzymatic treatment, and finally
cultured cells detached completely from both
PIPAAm- and IB53-grafted surfaces. A majority of cells
(ca. 90%) detached within 1 h, then, 3 h after incuba-
tion at 20°C, all cells were detached from PIPAAm-
grafted dishes. However, another 1-h incubation was
required for complete cell detachment from IB5-
grafted dishes because hydrophobic BMA molecules
in the copolymer reduce the copolymer hydrophilicity
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to reduce surface hydration and resulting cell lifting.
These results clearly demonstrate that the grafted
polymer hydration significantly influences cell-mate-
rials interaction, namely, more hydrophobic surfaces
decelerate cell lifting. A discrepancy between surface
wettability and cell detachment from IBS-grafted sur-
faces can be seen by comparing data in Figures 2 and
4, Namely, cells detached even though IB-5 surfaces
remain hydrophobic state at 20°C from the data in
Figure 2. In cell detachment experiments, polymer-
grafted surfaces were always exposed to aqueous me-
dium at 37°C during cell adhesion. By contrast, con-
tact angles were measured on dry polymer-grafted
surface samples. Such differences may influence the
observed discrepancy. By lowering temperature,
IPAAm sequences in surface grafted IBS chains be-
come hydration, although the degree is small as hy-
drophobic BMA units suppress complete hydration as
was seen for PIPAAm-grafted surfaces. Such a hydra-
tion on IPAAm sequences may effect to cell detach-
ment process from IB5-grafted surfaces upon reducing
temperature to 20°C.** Cell attachment and detach-
ment are thus controllable by regulating BMA content
in the grafted copolymers.

Cell sheet detachment from grafted surfaces

In our previous reports,’”'® enzyme-free harvest of

confluently cultured cell monolayers was achieved in
tissue-like cell sheets by only lowering culture tem-
peratures to 20°C, altering surface properties to hy-
drophilic. Here, temperature-dependent spontanecus
cell sheet detachment was investigated on copolymer
grafted surfaces to examine influences of copolymer
composition. Seeded BAECs on PIPAAm, IBX-grafted,
and control TCPS surfaces readily adhered and pro-
liferated in serum media, reaching confluence with
cell-cell junction formation at 37°C without precoat-
ing of adhesive ECM proteins. Cell adhesion and
spreading on these surfaces 4 days after seeding were
identical in both morphologies and cell densities.
These dishes were then transferred into CO, incuba-
tors adjusted either to 28, 25, or 20°C. Cell monolayer
sheet detachment processes from both PIPAAmM- and
IB5-grafted surfaces were photographed over time
and shown in Figure 5. Detachment was basically
similar for all grafted surfaces as indicated in Figure 5
and reported previously.”?! First, cultured cell
monolayers start detaching spontaneously from the
edges of (co)polymer-grafted surfaces [Fig. 5(b) and
(e)] accompanying the surface property alteration.
Then cell sheets gradually lift off with accompanying
sheet shrinkage and agglomeration. They finally com-
pletely detach as a single piece from the modified
surfaces and float in the medium [Fig. 5(c) and (f)].
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Figure 5. Macroscopic view of time-dependent detach-
ment of confluent cultures of endothelial cells from
PIPAAm-grafted (a-c) and IBS-grafted (d-f) surfaces at
20°C, showing both detached and adherent portions of
BAEC monolayers. PIPAAm-grafted surface: (a) 0; (b) 10;
and (c) 25 min, IB5-grafted surface: (d) 40; and (e) 45; and (f)
50 min after incubation at 20°C. Scale bar = 1 cm.

Contraction of recovered cell sheets is probably due to
the disappearance of anchorage-dependence caused
by surface hydration, and to the strong cell-cell inter-
actions within the sheet. From the photographs ac-
quired during detachment processes at different tem-
peratures, areal changes in cells remaining adherent
on these thermoresponsive surfaces were digitized on
NIH Image software over time.

Figure 6 shows time-dependent areal changes of cell
monolayers for thermoresponsive surfaces at three
low-temperature conditions. Cells on control TCPS
surfaces remain adherent regardless of temperature
and time {data not shown). It is clear that recovery of
cell sheets and time required for complete sheet de-
tachment are closely related to the composition of
surface-grafted polymers and treatment temperatures.
At any treatment temperature, longer incubation
times were required to complete cell detachment with
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increasing BMA content in the copolymers. Cell sheet
detachment was accelerated by reducing temperature
from 28 to 20°C. At 28°C, detachment of cell mono-
layers was observed from only PIPAAm- and IBl-
grafted surfaces, while no cell monolayers detached
from either IB3- and IB5-grafted surfaces within the
examined time ranges to 24 h. IB3- and IB5-grafted
surfaces remained hydrophobic at this temperature,
allowing cells to remain adhered on the modified sur-
faces. In sharp contrast, PIPAAm- and IBl-grafted
surfaces became hydrophilic through hydration of
grafted polymer molecules, promoting cell detach-
ment from the hydrated surfaces at 28°C. Further low-
ternperature treatment at 25 and 20°C allows acceler-
ated cell sheet detachment from all surface types.
Complete cell sheet detachment occurred from IB1-
grafted surfaces after 60-min incubation at 28°C, while
only 30-min incubation is necessary at 20°C. Similarly,
while cell sheets remained adherent on IB5-grafted
surfaces at 28°C, they were completely recovered in
150 min at 25°C and in 50 min at 20°C, respectively.

100
[ (a) 28°C
80 b
80
40 |
20 b
T
3 100
-% 3 (b} 25°C
o 80}
2 ef
= |
| 40
E 2
-
w 0
8100
2 80
60
40
20
0‘ WY

M\ —
0 20 40 60 B0 100 120 140 160
incubation time [min]

Figure 6. Time-dependent cell sheet area remaining adher-
ent on PFIPAAm-, and [BX-grafted surfaces: Open triangle,
PIPAAm; filled circle, IB1; open square, 1B3; open circle, IB5
at various temperature: (a) 28°C; (b) 25°C; (¢) 20°C. Data are
expressed as the mean with standard error of mean {n =
3.5).
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Cell sheet detachment process and required times for
complete cell sheet detachment are dependent on
modifier characteristics as well as temperature treated.
Detachment rate was almost identical for all samples
once cell detachment initiated from the periphery of
cell monolayer at either 20 or 25°C except for IB5 at
25°C, although starting time for cell sheet detachment
retarded with increasing BMA content in the copoly-
mer. Hydration of surface grafted polymers may play
crucial role at the beginning of cell sheet detachment,
the more hydrophilic polymers were grafted on the
surfaces, the faster initial cell detachment at the pe-
riphery was observed. Once cell sheet periphery de-
tached, cell-to-cell interactions and contraction facili-
tate whole cell-sheet detachment. Therefore, almost
identical detachment rate was observed regardless of
polymer types.

With increasing BMA content in the copolymers,
time required for cell sheet detachment was extended.
Low-temperature treatment for longer time periods
would deteriorate cellular metabolic functions. Kwon
et al.* grafted PIPAAm onto porous membranes and
succeeded in accelerating cultured cell monolayer de-
tachment with low-temperature treatment by allow-
ing rapid PIPAAm hydration through increased ther-
mal and water transport. Higher cell-sheet
detachment rates are therefore expected by grafting
IBX onto porous membranes® and/or cografting with
poly(ethylene glycol),*> known also to promote rapid
hydration and more dynamic polymer molecular mo-
tion. Furthermore, cell monolayers can be recovered
without cell sheet aggolemeration and permitting
transfer to other surfaces with hydrophilic poly(vi-
nylidene difluoride) (PVDF) support membranes as
reported in elsewhere.1920%

The present research reveals that cell detachment
temperature can be modulated below 32°C by intro-
ducing BMA as the hydrophobic component to
PIPAAm. Through a patterned grafting technique, 2>
spatial cell arrangements with two cell types and ther-
mal recovery can now be performed using spatial
patterns grafting different thermoresponsive poly-
mers. Such a strategy can be applied to construct more
complicated tissues through cell sheet engineering
technologies. Pattern coculture of two cell types on
such patterned surfaces with different thermal re-
sponses will be presented in forthcoming separate
technical reports.

CONCLUSIONS

A hydrophobic monomer, BMA, was incorporated
into PIPAAm and grafted onto TCPS dishes by elec-
tron beam irradiation. Changes in BMA content in the
copolymers resulted in regulation of both surface wet-
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tability transition temperatures and the magnitude of
wettability changes. These surface property alterations
with BMA play important roles in cell adhesion/de-
tachment control at various temperatures. The present
surface modification technique should prove useful
for recovery of two-dimensional cocultured cell sheets
with surfaces pattern-grafted with PIPAAm and co-
polymers for tissue engineering applications, as well
as basic research in cell-cell communication and co-
culture in vitro.

The authors are grateful to Professor David W. Grainger,
Colorado State University, for his vatuable comments and
discussions throughout the research.
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In this study, specific interactions between immobilized RGDS (Arg-Gly-Asp-Ser) cell adhesion peptides
and cell integrin receptors located on cell membranes are controlled in vitro using stimuli-responsive po} ymer
surface chemistry. Temperature-responsive poly(N-isopropylacrylamide-co-2-carboxyisopropylacrylamide)
(P(IPAAm-co-CIPAAm)) copolymer grafted onto tissue culture grade polystyrene (TCPS) dishes permits
RGDS immobilization. These surfaces facilitate the spreading of human umbilical vein endothelial cells
(HUVECs) without serum depending on RGDS surface content at 37 °C (above the lower critical solution
temperature, LCST, of the copolymer). Moreover, cells spread on RGDS-immobilized surfaces at 37 °C
detach spontaneously by lowering culture temperature below the LCST as hydrated grafted copolymer chains
dissociate immobilized RGDS from cell integrins. These cell lifting behaviors upon hydration are similar to
Tesults using soluble RGDS in culture as a competitive substitution for immobilized ligands, Binding of cell
integrins to immobilized RGDS on cell culture substrates can be reversed spontaneously using mild
environmental stimulation, such as temperature, without enzymatic or chemical treatment. These findings
are important for control of specific interactions between proteins and cells, and subsequent “on—off”
regulation of their function. Furthermore, the method allows serum-free cell culture and trypsin-free cell
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harvest, essentially removing mammalian-sourced components from the culture process.

Introduction

Specific interactions between biomolecules and their
molecular recognition play important roles in biology and
physiclogy. Particularly, interactions between cell receptors
and bioactive extracellular matrix proteins are necessary to
maintain multiple cell functions. Appropriate chemical
methedologies for biomaterial design that regulate bioac-
tivities of proteins and cells are increasingly popular.'—3
Particularly, control of specific interactions between bioactive
molecules has been used to study, understand and control
molecular recognition mediating biological process.*® Re-
cently, intelligent materials that exploit stimuli-responsive
properties have demonstrated “on—off” control of various
functional changes useful for biomedical applications.5—8
Hoffman et al. have conjugated thermally responsive poly-
mers with streptavidin near the biotin binding site to control
the binding affinity of biotinylated proteins using a “polymer-
shielding” effect.? They found that these “affinity switches”
attributed to the degree of shielding depended on both the
size of the biotinylated protein and the size of the grafted
polymer. Moreover, we had previously shown regulation of

* To whom the correspondence should be addressed. E-mail: tokano@ -

abmes.twmu.ac.jp, Tel: +81-3-3353-8111 ext. 30233, Fax +81-3-3359-
6046.

' Waseda University.
# Tokyo Women's Medical University.

protein binding to surface-immobilized ligands using the
spacer molecules and expanded coil/collapsed changes of co-
immobilized temperature-responsive polymers.!? Chromato-
graphic analyses showed a clear correlation between spacer
length and binding capacity by applying step temperature
gradients.

The interaction of ligands and cell membrane receptors
plays multiple important roles for inducing cell spreading,
proliferation, differentiation, and signal transduction.”’~15 The
extracellular matrix (ECM) elaborated by cells on surfaces
constitutes a regulator of the cell adhesion process, cell
differentiation, and contributes to the mechanical properties
of tissue. These regulatory effects of ECM are mediated
through transmembrane proteins specialized in cell—sibstrate
adhesion. The peptide sequence Arg—Gly—Asp (RGD)
found in fibronectin, type I collagen, and other extracellular
matrix proteins has been widely studied as an immobilized
cell adhesion ligand specific for integrin-mediated cell
adhesion.'$17 Surface density and chemical presentation of
these synthetic ligands and their effectiveness as surface
modification agents in cell culture is correlated to their ability
to enhance cell adhesion, particularly, useful for applications
in tissue engineering,18-25

In this study, we have designed the “on—off” switching
study between cell integrins and the ligand peptide RGDS
(Arg—Gly—Asp—S5er) in culture using noninvasive thermal

10.1021/bm0343601 CCC: $27.50  © 2004 American Chemical Society
Published on Web 01/14/2004

-407-



506 Biomacromolecules, Vol. 5, No. 2, 2004

control. Temperature responsive poly(N-isopropylacrylamide)
(PIPAAm)-grafted surfaces arc modified with RGDS pep-
tides. Surface swelling, wettabilities, and modulus of the
grafted surfaces can be changed by temperature control.
Above the lower critical solution temperature (LCST) of
PIPAAm, the grafted polymer chains collapse, and the
immobilized peptide is therefore exposed to adherent cells.
Below the LCST, hydrated polymer chains soften, expand,
and swell, shielding immobilized RGDS from integrin access,
limiting cell-surface attachment tension, and mechanically
disrupting cell-surface contacts. Adherent cell populations
are first rounded and then removed under this thermal
treatment in the absence of serum proteins or trypsin
treatment. The approach obviates the need for exogenous
protein addition during culture and is useful for serum-
sensitive or trypsin-sensitive cell types, particularly those
useful for biomedical tissue engineered devices.

Experimental Section

Materials. N-Isopropylacrylamide (IPAAm) was kindly
provided from Kojin Co. (Tokyo, Japan), and purified by
recrystallization from n-hexane. 2-Carboxyisopropylacryl-
amide (CIPAAm) was synthesized as described previously.?
Acrylic acid (AAc) was purchased from Wako Pure Chemi-
cals Co., (Tokyo, Japan) and distilled under reduced pressure.
Tissue culture grade polystylene (TCPS) dishes (Falcon
3001) were purchased from Becton Dickinson Labware
(Oxnard, CA). Both RGDS (—Arg—Gly—Asp—Ser—) and
RGES (—Arg—Gly—Glu—S8er—) linear peptides were pur-
chased from Sigma (St. Louis, MO). 1-Ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide hydrochloride (WSC) was pur-
chased from Dojindo Laboratories (Kumamoto, Japan).
Trypsin-EDTA solution, streptomycin, and penicillin were
purchased from Gibco BRL (Grand Island, NY). Human
umbilical vein endothelial cells (HUVECs), EBM-2 as their
medium, and EGM-2 as supplements for medium were
purchased from BioWhittaker (Walkersville, MD),

Preparation of Temperature-Responsive Polymer-
Grafted Surfaces Medified with Peptides. PIPAAm-grafted
surfaces were prepared as described previously.?’2 Briefly,
IPAAm and CIPAAm (used as carboxylate-terminated
comonomer for peptide immobilization) were dissolved in
2-propanol at a total concentration of 55% (wt/wt) and 30
#L of the solution is spread uniformly over the surface of
35-mm TCPS dishes. These solutions contained different
concentrations of CIPAAm comonomer (1—10 mol %) in
the feed. Then, electron beam irradiation using an area beam
electron processing system (Curetron EBC-200-AA2, Nissin
High Voltage Co. Ltd., Kyoto, Japan) at a radiation dose of
0.3 MGy polymerizes and covalently grafts these monomers
onto the TCPS surfaces. After rinsing and drying, 1 mL of
Dulbecco’s phosphate buffered saline (PBS; pH7.4) contain-
ing both RGDS (2 mM) and the same amount of WSC (2
mM) were spread over the surfaces at room temperature.
The reacted peptide amount was large excessive to the
surface carboxyl group content. Similarly RGES-immobilized
surfaces, with the substitution of glutamic acid (E) for
aspartic acid (D), were prepared to confirm the biospecificity
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of the RGDS motif toward HUVEC integrins. Moreover, to
compare different presentations of peptides via carboxylic
comonomer immobilization, PIPAAmM-co-AAc)-grafted sur-
faces were also prepared and reacted with RGDS by identical
methods. After 24 h, these dishes were rinsed with distilled
water and sterilized with ethylene oxide after drying. These
RGDS and RGES-immobilized PIPAAmM-co-CIPAAm)-
grafted TCPS surfaces were abbreviated as RGDS—IC(X)
and RGES—IC(X), respectively, and RGDS-immobilized
P(IPAAm-co-AAc)-grafted TCPS surfaces was abbreviated
as RGDS—IA(X), where X is the mole percent of carboxy-
lated monomer in feed.

Cell Spreading Assay. HUVECs were cultured on TCPS
dishes with EBM-2 supplemented with EGM-2 containing
hFGF—B, VEGF, R3IGF-1, ascorbic acid, heparin, hEGF,
hydrocortisone, gentamaicin/amphotericin-B (GA-1000) and
fetal bovine serum (FBS) in humidified atmosphere with 5%
COs. The cells were harvested from TCPS dishes with 0.25%
trypsin—0.26 mM EDTA in phosphate buffered saline (PBS).
Subcultures up to passage 3 were used for this study. EBM-2
supplemented with EGM-2 except for FBS was added, and
the cells were centrifuged and resuspended in the serum-
containing (2% FBS) or serum-free medium, A fixed number
of cells (1.0 x 10° cells in 1 mL serum-free culture medium)
were plated onto RGDS-immobilized PIPAAm-grafted sur-
faces and cultured in serum-free media at 37 °C in humidified
atmosphere, 5% CO,. Cell morphology was monitored and
photographed under a phase contrast microscope (TE300,
Nikon, Tokyo) after 6- and 24-h culture. In this study,
“spread cell” are defined as well-adherent flat-shaped celf.
The cell number was also counted from printed photographs
and presented as mean = standard deviation (r = 3).

Cell Detachment Assay, The lifting behavior of HUVECs
from RGDS—IC(X) was investigated both by low-temper-
ature treatment and soluble RGDS addition after indicated
culture times without serum at 37 °C (4 h, 1 day, 3 days,
and 7 days). For low-temperature treatment, spread cells were
transferred to a CO; incubator equipped with a cooling unit
fixed at 20 °C. For the competitive assay, soluble RGDS
(100 M) was added into culture dishes and incubated at 20
and 37 °C. The cell morphology was continuously observed
and microphotographed under a phase contrast microscope.
The percentage of spread cells to the initial spread cells was
presented as a mean = standard deviation (n = 3).

Results

Enhancement of Cell Spreading Mediated by Biospe-
cific Interaction between Cell Integrins and Immobilized
RGDS. To confirm the biospecificity of RGDS immobilized
on grafted temperature-responsive polymers, HUVECs were
seeded onto RGDS—IC(X) under serum-free conditions at
37 °C. The spread cell number after a 6-h culture increased
depending on the co-monomer carboxylate group density on
the surface, resulting from increasing RGDS immobilization
probability to carboxyl groups on these surfaces (Figure 1).

Immobilized RGDS contributed to enhancement of cell
spreading, likely mediated by cell integrins. By contrast, the
control RGES-immobilized surfaces (RGES—1C(X)) did not
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Figure 2. Comparisons of HUVEC spreadmg on various cutture
surfaces after 8- or 24-h cultures with or without serum at 37 °C. The
surfaces used in this experiment ware TCPS with/without serum,
AGDS~IA{1) without serum, and RGDS—IC(1) without serum.

demonstrate cell spreading enhancement against immobilized
peptides density because they have no integrin biospecificity
with the substitution of glutamic acid (E) for aspartic acid
(D).? Figure 2 shows spread HUVEC numbers on various
substrates after 6-h and 24-h cultures with or without serum
at 37 °C. Although addition of dilute serum facilitates
HUVEC spreading on TCPS, RGDS—IC(1} promoted cell
spreading dramatically under serum-free conditions. By
contrast, spreading improvement was hardly observed on the
RGDS—IA(1) surface where peptides are immobilized via
another comonomer, AAc, in place of CIPAAm. As seen in
Figure 3, significant differences in HUVEC spreading on
P(IPAAm-co-CIPAAm)-grafted surfaces (CIPAAm; 1 mol
% in feed) before and after RGDS immobilization after a
6-h culture without serum at 37 °C are readily evident.
Dissociation Control of Integrin—RGDS Specific In-
teractions. To control dissociation of specific interactions
between cultured cell integrins and surface RGDS, spread
HUVECs (1 day culture without serum at 37 °C) were
exposed to the addition of soluble RGDS at 37 °C (Figure
4) and lower temperature treatment at 20 °C (Figure 3).
Soluble RGDS (100 pM) spontaneously detaches HUVECs
from RGDS—IC(X) based on competitive substitution of
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Figure 3. Phase-contrast photographs of HUVECs on temperature-
responsive culture surfaces after a 6-h culture without serum at 37
°C befors (a} and after (b) 2 mM of RGDS surface immobitization.
Bar = 100 am.
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Figure 4, Competitive assay for HUVEC detachment from RGDS-
immobilized temperature-responsive culture surfaces by soluble
peptide addition. Soluble RGDS (100 uM) was added to cells on
RGDS—IC(X) after a 24-h culture at 37 °C without serum. CIPAAm
compositions were 1 {open circle), 3 {triangle}, 5 (square), and 10
mal % (diamond). As a comparison, cells cultured on TCPS for24 h
at 37 °C with serum were detached at 20 °C (closed circle).

soluble RGDS for immobilized RGDS. Detachment rates
depended on immobilized cell adhesive peptide densities
represented by monomer carboxylate group composition in
each feed. Moreover, detachment rates were accelerated
dramatically by addition of higher concentrations of RGDS
(data not shown). Low-temperature treatment at 20 °C also
promoted cell detachment from RGDS~IC(X), where the
detachment rate also decreased with increasing cel) adhesive
peptide surface content. Both treatments (addition of soluble
RGDS at 20 °C) together accelerated cell detachment from
RGDS—IC(5) over each separately (Figure 6).

To examine time-dependent cell-substrate interactions,
HUVECs were cultured on RGDS—IC(]) for 4 h, 1 day, 3
days, and 7 days without serum at 37 °C and subjected to
cither addition or nonaddition of soluble RGDS at 37 or 20
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Figure 5. HUVEC detachment from RGDS-immabilized temperature-
responsive culture surfaces by lowering the temperature. Cells on
RGDS-IC(X} were subjecled to low-temperature treatment at 20 °C
after a 24-h culture at 37 °C without serum. CIPAAmM compositions
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Figure 6. Comparison of the effects of soluble peptide addition and
reduced culture temperature treatment on HUVEC detachment from
RGDS—IC(5). Soluble RGDS (100 uM) was added into sach culture
dish after 24-h culture at 37 °C without serum, and these surfaces
were incubated at 20 and 37 °C. Soluble RGDS (100 uM) addition
(triangle), only temperature treatment at 20 °C (square), and tem-
peraturs treatment at 20 *C with 100 zM of soluble RGDS (closed
circle).

°C (Figure 7). Soluble RGDS addition became less effective -

with increasing culture time before each treatment (Figure
7a). With lower temperature treatment, detachment rates
increased with increasing culture time (Figure 7b). Moreover,
both treatments accelerated cell detachment from RGDS—
IC(1), particularly after 1 and 3 day cultures (Figure 7c).

Discussion

Cell integrin ligand RGDS peptides covalently immabi-
lized to temperature-responsive polymer grafied surfaces
were assayed for cell attachment/detachment “on—off”
contrel by culture temperature regulations. Polymer grafted
amounts on the surface are approximately 2 zg/cm? estimated
by atienuated total reflection Fourier transform infrared
(ATR-FTIR) as described previously.?® Carboxylate group
densities on these surfaces calculated from the feed composi-
tion of CIPAAm were 0.2, 0.6, 1.0, and 2.0 nmol/cm? for
RGDS(X)-IC(1), IC(3), IC(5), and IC(10), respectively.
Hydrated shiclding abilities of the polymers against ligands
would depend on the relative size of the polymer chains to
receptor active binding sites.? Changes in surface hydration,
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Figure 7. Effect of culture time of HUVECs on cell-substrate
interaction. Cells seeded onto RGDS-IC(1) were cullured at 37 °C
for 4 h (closed circle), 1 day (open circle), 3 day (triangle), and 7
days (square) and subjected to the following freatments: Soluble
RGDS (100 4M) addition (a), only temperature treatment at 20 °C
{b), and temperature treatment at 20 °C with 100 uM of soluble RGDS
(c).

surface mechanical modulus, and support of spread cells in
tension (“tensegrity”)*~* would also depend on surface graft
architecture, swelling below LCST, and less surface structural
rigidity.

As seen in Figures 1-3, immobilization of RGDS on
surfaces was critical for HUVEC spreading at 37 °C. RGDS
enhanced integrin-mediated ccll spreading, whereas the
control tetrapeptide (RGES} did not (Figure 1), indicating
recognition specificity. Healy et al, also showed that few or
no focal contacts were formed by bone-derived cells on the
RGE-immobilized surfaces and there was a significant
difference between the adhesion strength of cells to RGD
and RGE-immobilized surfaces.”® Moreover, scant cell
spreading was also observed for surfaces grafted with
comonomer, AAc, in place of CIPAAm (Figure 2). Copo-
lymesization of IPAAm with AAc shifts its LCST to a
temperature higher than 37 °C*°3 and we have already
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reported that P(IPAAm-co-CIPAAm} retains PIPAAm’s
thermal phase transition behavior because CIPAAm main-
tains a hydration environment around side chain groups
essential to the phase transition.2*? We conclude, therefore,
that low cell spreading on RGDS—IA(1) is attributed to
highly hydrated, unreacted acrylic acid carboxyl groups
distinct from CIPAAm surfaces.

HUVEC detachment behavior from RGD-IC(X) by reduc-
ing the temperature below the polymer LCST depended upon
the immaobilized RGDS content (Figure 5). This behavior
was very analogous to that produced by sotuble RGDS
addition (Figure 4). Although HUVECs cultured in FBS on
TCPS resisted detachment by soluble RGDS addition, all
spread cells detached from RGDS—IC(X) consistent with
respective immobilized RGDS amounts. This mechanism is
explained by competitive ligand—receptor binding affinity
changes, where substitution of the soluble RGDS ligand for
immobilized RGDS occurs readily on lower peptide density
surfaces such as RGDS—IC(1). HUVEC detachment by
reducing the temperature is also explained by a decreasing
association between cell integrins and the RGDS by surface
swelling and loss of cell tension on hydrated polymer grafted
chains. It is not likely that low temperature treatment directly
causes integrin-RGDS dissociation because it is well-known
that cell—matrix binding is retained even at 4 °C.* Mrksich
et al. pointed out that available ligand densities for binding
cellular receptors depended on ligand conditions because the
adsorbed ligand distribution, conformation, and orientation
were changed by the choice of substrates.*! It is plausible
that only slight microenvironmental changes of immobilized
ligands caused by temperature-dependent swelling of ligand-
attached polymer chains reduces surface rigidity upon which
adherent cells are attached. Because these spread cells are
in tension, a sudden loss of this tension and traction prompts
detachment and rounding. Cell receptor—ligand occupancy
is a function of surface cel! spreading and tension: when
hydrated and softened, the polymers promote ligand—
receptor dissociation. This result is similar to the competitive
detachment assay by soluble RGDS addition. Accelerated
cell detachment behavior in Figure 6 suggests possible
additivity of soluble RGDS addition and low temperature
treatrnent that drastically dissociate the receptor from the
ligand.

The cell—substrate interaction occurs in a series of steps
beginning with sufficient minimal integrin-mediated binding,
followed by increasing receptor recruitment, cell polarization,
and cytoskeletal and cytoplasmic reorganization.* Cells alter
the formation of adhesive contacts with the substrate,
including receptor clusters and focal contact adhesion, in a
time-dependent manner.** Therefore, we propose that
HUVECs change their interactions with RGDS—IC(X) as a
function of culture time before cell detachment assay. Large
differences in the effects of soluble RGDS addition on cell
detachment are observed between | day and 3 day cultures
at 37 °C (Figure 7a). Delayed cell detachment afier a 3 day
{or 7 day) culture is attributed to additional interactions
developing between cells and surfaces including extracellular
matrix production, remodeling, and nonspecific interactions.
Hence, with increasing time, cells resist surface removal even
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if the specific, original integrin-mediated ligand interactions
dissociate. Although slower with culture time, all cells detach
eventually because loss of cell tension by the dissociation
of integrin-RGDS binding likely triggers several signal
transduction mechanisms for cytoskeletal changes, rounding,
and dissociation of other interactions with the substrate. In
contrast, the detachment rates of cells by reducing the
temperature increases with increasing culture time because
long-term culture increases nonspecific cell—surface inter-
actions (lower affinity than specific integrin—RGDS inter-
actions) but are all induced to release by grafted polymer
swelling surface softening and low cell tension on the surface
(Figure 7b). Both treatments (lowering the temperature and
soluble RGDS addition) resulted in acceleration of cell
detachment, but degrees of acceleration were slight because
in this system low temperature treatments more effectively
produce cell detachment compared with soluble RGDS
addition at this concentration (100 uM).

In conclusion, RGDS-immobilized temperature-responsive
polymer-grafted surfaces promote the HUVEC adhesion and
spreading by their biospecific activity in serum-free media.
At temperatures below the grafted polymer's LCST, inte-
grin—RGDS asscciation decreases due to loss of cell tension
and surface anchoring, prompting cells to round and then

‘detach. Observed “on—off” control of specific integrin-

RGDS binding only by temperature regulation is very
important for cell function regulation because cell surface
integrins not only bind to cell adhesive ligands in ECM but
also serve to produce subsequent cell signal transduction
activity. Moreover, this approach facilitates a seram-free cell
culture for the safety of clinical applications using cultured
cells and noninvasive cell recovery (no enzymes) that help
maintaining criginal cell function, both important to applica-
tions of tissue engineering.
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Scientific Discove

Most of the papers in this section
are studies of cellular biology in
urological cancer. Each of the four
papers assess a particular aspect of
four different types of cancer:
prostate, bladder, renal, and
testicular, The other two reports
are on unrelated issues; in the first,
the authors write about urothelial
regeneration using viable cuftured
urothelial cell sheets grafted onto
demucosalized gastric flaps, and in
the second, on the invivo expression
of nitric oxide synthase.

Urothelium regeneration using viable
cultured urothelial cell sheets grafted
on demucosalized gastric flaps
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SaHER e

To evaluate urothelium regeneration by
grafting viable cultured urothelial cell sheets,
harvested from temperature-responsive
culture surfaces, on demucosalized gastric
flaps in a dog model.

SlalErifa o AND ARG .

Viable urcthelium was obtained from eight
beagle dogs by partial cystectomy, Harvested
urothelial cells were seeded on temperature-
responsive culture dishes modified with

the thermally sensitive polymer, poly(N-
isopropylacrylamide). Urcthelial cells cultured
for 3 weeks generated contiguous urothelial
cell sheets that were naninvasively harvested
with no enzymatic treatment from these
dishes, by reducing culture temperature.
Urothelial cell sheets were autografted onto
surgically demucosalized gastric flaps. Three
weeks after autografting the dogs were killed
and the gastric flaps with the urothelial

cell sheets were examined. Cell and tissue
characteristics were compared between these
urothelial cell sheet-grafted gastric flaps and
native urothelium. Ultrafine structures were
also examined by electron microscopy.

Five of the eight urothelial cell sheet-grafted
flaps showed viable urothelial regeneration.

© 2004 BJU INTERNATIONAL | 93, 1069=1075 | doi10.1111/31454-410X2004.04783 %
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Urothelial celi sheets attached spontaneously
to demucosalized tissue surfaces completely,
with no suture or fixing, and developed into a
stratified viable epithelium very similar to
native urothelium. Regenerated urothelium
remained unstained by antiproton pump
antibody, which typically stains epithelial cells
positively in gastric mucosal fayers. On three
of the eight flaps where there were severe
haematomas, grafted cell sheets were not
adherent and there was no urothelial
regeneration.

N IFTM R NN N

Urothelial cell sheets were autografted onto
dog demucosalized gastric flaps successfully,
with no suture or fixation, generating a
multifayered urothelium in vivo. The novel
intact celi-sheet grafting method rapidly
produces native-like epithelium in vivo. This
versatile technology should prove useful in
urinary tract tissue engineering and surgical
reconstruction.

R R TN SN

urothelium, cell sheet engineering,
temperature-responsive culture surfaces,
autologous transplantation, bladder
augmentation, tissue regeneration
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Bladder reconstruction has an increasingly
important role in the treatment of adult and
paediatric patients after bladder resection for
malignancy, or with low-compliance, low-
capacity bladders. The indications for urinary
diversion and reconstruction using intestinal
segments have expanded greatly. However,
gastrointestinal mucosa often causes various
complications, including electrofyte
imbalance, stone formation, UT! and mucus
production [1,2]. To salve these complications
some investigators have attempted to cover
the demucosalized intestinal surface with
urothelial grafts obtained from the bladder
mucosa or cultured urothelium [3-5].

Previous wark in our laboratory showed that
various intact cell sheets from diverse primary
sources, including urothelium, can be
harvested intact with no enzymatic
proteolysis (e.g. trypsin or dispase digestion),
by using temperature-responsive culture
systems [6-8]. In the present study native
gastrointestinal mucosa was replaced with
cultured urothelial celt sheets harvested
naninvasively from temperature-responsive
culture surfaces in a surgical dog model of
reconstruction. The purposes of this study
were; [i} to investigate the utility of direct
grafting of cultured urothelial cell sheets
transplanted onto demucosalized gastric
flaps, and (ii] to examine the histology of
urothelial regeneration on the
gastrointestina! stromal layer.

All experimental protocols were approved by
the animat welfare committee of Tokyo
Women's Medical University (Approval no.
02-55, 2002). The experimental scheme is
shawn in Fig. 1; nine dogs underwent the
procedures under general anaesthesia. Eight
adult beagle dogs (10-12 kg, 1 year old,
female) first had a partial cystectomy to
cbtain urothelial cells, and these primary
urothelial cells were seeded on temperature-
responsive culture dishes. Three weeks later
the same dogs were re-anaesthetized

and a segment of stomach isolated and
demucosalized. Cultured urothelial cell sheets
were autografted onto exposed gastric
submucosal layers of surgically constructed
flaps by simple topical placement with no
sutures or fixation, but the flap was placed
within a protective fatex pouch to prevent
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FIG. 1. Scheme for the urathelial cell sheet outografting experiment. Conine urotheliol ceifs were isoloted and
cuftured on temperature-responsive culture dishes, The vrothelicl cell sheets, noninvasively harvested by
reducing culture temperature ofter 3 weeks, were gutogrofted onto a conine demucosalized gostric fop

surgicol medef.

Demuccsalization

abdominal adhesion, and returned to the
abdominal cavity. After a further 3 weeks all
tdogs were killed and the transplanted flaps
excised and examined. In one dog {a control)
no cell sheet was grafted during identical
surgery.

For anaesthesia the dogs were premedicated
with 0.04 mg/kg atrcpine and 15 mg/fkg
ketamine intramuscularly, and then given
15 mq/fkg thiopental sodium, An endotracheal
tube was then placed and anaesthesia
maintained using halothane and nitrous
oxide.

For urothelial cell sheet preparation, a
laparctomy was made via midline incision and

~414-

Urothelial celt
isolation and seeding

v
C

Square patterned
temperature-responsive dish

37°C —P 20°C

s
¥

:

Sheet harvesting

Cell sheets grafting

a 2.0x 2.0 cm area was excised from the
dome of the bladder. The bladder was closed
in one layer. Both urgthelium and submucosal
layers were stripped from the smooth muscle
layer and treated with 1000 U/mL dispase
(Godoshusei, Tokyo, Japan). After this
enzymatic treatment the epithelial layer was
peeled from the stromal layer and digested in
0.1% trypsin/0.04% EDTA to obtain a single-
cell suspension, Then 1-2 x10%/cm?
dissociated urothelial cells were seeded onto
square-patterned temperature-responsive
cultured dishes and cultured according to the
methed of Rheinwald and Green [9,10] with a
feeder layer of mitomycin C-treated NIH 373
cells. The culture medium was Ham’s F-12
medium/CMEM in a 1 : 3 ratio supplemented

© 2004 BIU INTERNATIONAL



FIG. 2. Urotheliol cell sheets and demucosalized gastric flaps. Macroscopic view of squore-potterned
urothelial ceil sheets horvested by reducing culture temperature. Without substrate support, the sheet will
respond to internof cell stresses to deform plastically over time after release, (o} H&E stoining of the
urotheliof cef! sheet shows muitilayers of cultured urotheliol cells in sheets, (b). Anti-uroplokin ontibody
staining olong the apicol surface of the urotheliol cell sheets, {c). Mocroscopic view of the demucosalized
gostric flops, (d). Scole bor represents 1cm in fa) and (d), end 100 um in (b} ond {c), respectivefy.

with 8% fetal bovine serum, insulin (5.0 ugf
mt}, transferrin (5.0 pgfmL), trilodothironine
(2 nmolfL), cholera toxin {1 nmoalfL),
hydrocortisone (0.4 pgfml), recombinant
human epidermal growth factor {Gibco BRL
Life Technologies, Grand Island, NY, 10 ng/mL),
recombinant fibroblast growth factor-7 (R&D
Systems, Inc., Minneapolis, MN, 10 rg/mi),
penicillin and streptomycin, Three weeks later
the dishes were incubated at 20 °C for 30 min
to yield contiguous, intact urothelial cell
sheets free from the culture substrate,
floating in media (Fig. 2a). These sheets were
transferred immediately in vivo to tissue
surfaces.

For the autografts of urothelial cell sheets
onto demucosalized gastric flaps, 3 weeks
after initial bladder excision the same eight
dogs wete re-anaesthetized. Through a
midfine incision a 5-7 ¢m segment of the
greater curvature of stomach was isolated
using a Proximate Linear Cutter™ {Ethicon
Endo-Surgery, Cincinnati, OH), leaving the
gastric segment with its vascular pedicle
intact. The mucosa of the isolated gastric
segment was then mechanically stripped
off with scissors. The surface of the
demucosalized gastric flap was cauterized for
haemostasis, Urothelial cell sheets harvested
from the culture dishes were carefully
removed from the dishes and then placed
topically directly onto demucesalized gastric
flap areas with no fixation. The urothetial cetl

© 2004 BJU INTERNATIONAL

sheets were transferred with a small
transparency sheet because they were too
fragile to manipulate with forceps. The flap
was then placed in a latex pouch to prevent
adhesicn and returned to the abdominal
cavity.

Standard tissue sections were examined after
haematoxylin and eosin (HEE) staining

and periodic acidfSchiff reaction. For
immunohistochemistry the sections were
pretreated with proteinase K (Dako, Denmark],
washed in Dulbecco’s PBS and blocked with
1% BSA solution. The sections were then
incubated with diluted primary antibodies;
mouse monaclonal antihuman cytokeratin,
AE1/AE3 (Daka), mouse monaoclonal
antihurman cytokeratin 7, OV-TL 12/30 (Dako),
and rabbit antiserum to total bovine
uroplakins (kindly provided by Dr TT. Sun, New
York University, NY), rinsed with PBS, and
incubated with horseradish peroxidase-
conjugated secondary antibody {LASS kit,
Daka). Sections were developed with
diaminobenzidine and counterstained with
haematoxylin. Frozen tissue sections of the
grafts were cut at 10 m, mounted an glass
slides and fixed at room temperaturs with 4%
paraformaldehyde in PBS for 20 min. They
were then washed with PBS, permeabilized
with 0.5% Triton X-1C0 in PBS for 5 min,
washed three times with PBS, and blocked
with (.1% BSA in PBS for 2 h. Primary
antibedies used were antiheparan sulphate
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proteaglycans, A7L6 (Chemicon tnternational,
CA, USA), rabbit polyclonal antihuman
placental type IV collagen, 10760 (Progen
Biotechnik, Heidelberg, Germany} and
antiproton pump, 1H9 (Medical & Biclogical
Laboratories, Nagoya, lapan). Sections were
incubated with the primary antibodies for
24 h, rinsed with PBS three times and
incubated for 2 h with the secondary
flugrescein isothiotyanate-conjugated goat
anti-1gG antibedy (Cappel Products, Aurora,
OH, USA).

For electron micrascopy, tissue samples were
embedded in Quetal 812 (Nisshin, Tokyo,
Japan) and ultrathin sections (20 nm) were
cut on an ultramicrotome, and then stained
with uranyl acetate and lead citrate. The
sections were examined at 80 kV using a
transmission electron microscope. Other
samples were cut inte small pieces, fixed in
2.5% glutaraldehyde for 1 h, postfixed in
1.5% esmium tetroxide, dehydrated through
graded alcohols, dried with the t-butyl alcohol
method and osmium-sputtered for 15 s [11).
These samples were examined using a
scanning electron microscope,

WES

Square urathelial cell sheets were reliably
obtained (Fig. 2a), and consisted of one to
four cell tayers {Fig. 2b), staining positively
with antiuroplakin antibodies (Fig. 2¢), The
haemorrhage of the demucosalized gastric
flap surface was controlled and a thin fibrin
layer was found on the surface (Fig. 2d).

None of the nine dogs that underwent
surgery died afterward. All demucosalized
gastric flaps with and with no cell sheet
treatment appeared to be smaller and thicker
than the originals at death. There was no
gastric mucosal re-growth in the control dog
(Fig. 3a). Of the eight dogs with a urothetial
cell sheet autcgraft, five had viable
regenerated epithelium (Fg. 3f-)); there was
urothelial regeneration on almost all the
surface of the grafted gastric flaps. Urothelial
cells migrated and covered the small

gaps between grafted cell sheets. The
morphological structures of the regenerated
epithelium on the demucosalized gastric fiaps
were very similar to native urothelium

(Fig. 39-¢), except for the superficial cell layer,
There was a squamous change in the
superficial layer, and neither gland nor
mucous granule morphology in any site of the
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FIG. 3. Histologicol choracterization. Control demucosalized gostric graft fnoncell sheet treoted), fo). Native urothelium of ranine ureter, {h-e). regenerated

urathelium on o demucosalized gastric flap, {f-f). H&E stoining fo,b,f1. Periodic ocid/Schiff reaction showed no abservable mucous granules, {g). There wos no gastric
mucosal re-growth on the control groft, fa). Regenerated urothelium expresses pan-cytokeratin simiferly to that observed for native uro thelium, {c.h). The expression
of cytokeratin 7 is strong in native urothelium and weok in the regenerated urothelium, {d.i). The regeneroted urothelium does not express uroplokin but it is well-
expressed in native urothelium, fe} Scole bar represents 100 um.

regenerated urothefium (Fig. 3q).
Subepithelial tissue was moderately
infiltrated with mononuclear cells and
showed substantial neovascutarization.
Urothelium was not regenerated on three of
eight fiaps where there were severe
haematomas.

All layers of regenerated vrothelium stained
positively with anticytokeratin antibody,
similarly to native urothelium (Fig. 3c,h).
Cytokeratin 7 was well-expressed in
superficial and intermediate cell layers of
native urothelium (Fig. 3d), but stained only
faintly in regererated epithelium (Fig. 3i).
Uroplakins were strongly expressed in the
superficial umbrelia cells of native urothelium
(Fig. 3e), but were not present in regenerated
epithelium (Fig. 3j}.

Heparan sulphate proteoglycan, 2 typical
component of basement membrane, was
deposited along the border between
regenerated epithelial cell fayers and gastric
submucesal layers (Fig. 4¢), as well as the
basal side of the native urcthetium (Fig. 4a).
Basement membrane from blood vessels was
also stained with antibody in both native
bladder and gastric flaps with regenerated
epithelium. There was more vascularization in
the submucosal layer with regenerated
epithelium than in the native gastric
submucosal fayer (data not shown). Basement
membrane in regenerated urothefium was
also stained with anticallagen IV antibody,
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similarly to native urothelium (data not
shown). Proton pump (H*, K*-ATPase),
essential to produce gastric acid, was well-
expressed in native gastric mucosa (Fig, 4b),
but was not in regenerated epithelium

(Fig. 4d).

Transmission electron microscopy showed
that superficial cells of native urathelium
contained numergus cytoplasmic vesicles
{Fig. 5a). However, those of the regenerated
epithelium had fewer cytoplasmic vesicles
and abundant microfilaments (Fig, 5c).
Seanning electron microscopy showed the
‘cobble-stone’ appearance characteristic of

-416-
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FIG. 4.

Immunofluorescence microscopy.
The bosement membrone farrow)
is positively stained with
antiheparan suiphate
proteoglycan ontibody in notive
urothelium (o) and in regenerated
urothelium (c). The bosement
membrane of blood vessels

was /50 stained. Note the
considerable evidence for
revosculorization in gastric flaps
with regenerated epithelium fc).
The proton pump was well-
expressed in gostric gionds (b)), but
not in regenerated epithelium (d).
Scale bor represents 100 um.

native urothelium (Fig. Sb) in the regenerated
epithelium (Fig. 5d). However, in regenerated
epithelium, the apical cells were smaller than
those of native urothelium. Furthermare,
native apical cells were flat with tightly
connected cell-to-cell borders (Fig. Sb). In
contrast, the regenerated apical cells were
slightly rounded and each cel! appeared
isolated (Fig. 5d).

(IS iy

In the last decade, many procedures have
been examined to solve the complications of

® 2004 BJU INTEANATIONAL



FIG. 5. Sconning ond tronsmission electron microscopy, Native urothelium fo, b] and regenerated urothelium fc, df. {o] end {c} are tronsmissian end (b} ond {d) ore

scanning. Scale bor represents 10 um,

bladder reconstructions using gastrointestinal
segments. Gonzalez et al. [12] reported a
reconstruction technique using seromuscular
colocystoplasty lined with urathelium, The
seromuscular colonic segment was placed
over the urothelial 'bubble’ of the bladder the
detrusor of which was lifted off the
urothelium. Recent advances in tissue-
engineering technigues would also petentially
allow various new methods of urinary bladder
reconstruction, to avoid clinical complications
of reconstruction using gastrointestinal flaps
[13-15]. However, these approaches have not
yet matured for ciinical use, for several
technical reasons. Meanwhile, covering
demucosalized intestinal surface with
urcthelium grafts obtained from the bladder
mucesa of cultured urothelium has been
attempted [3-S1. Merguerian et of, [3] grafted
cultured urothelial cells grown on a
biodegradable scaffoid onto the
demucosalized bowel segment in the rabbit.
However, the grafted cells failed to regenerate
urothelium. Schaefer et ol [4] achieved
regenerated urothelium by transplanting
cultured urothelium on collagen membranes
onto demucosalized gastrointestinal
seromuscular segments.

In the present study, cuttured canine
urothelizl cell sheets were grafted
successfully onte demucosalized gastric flaps,
and a multilayered epithelium regenerated
in vivo. Aktug et al. [5] reported that
prefabricating seromuscular flaps partially
grafted with urothelium (with no culture)
before augmentation cystoplasty helped to
avoid the complications caused by intestinal
mucosa, and resulted in good bladder
capacity. In their method the bladder must be
fully opened to obtain large urothelial

© 2004 BJU INTERNATIONAL

samples. Cilento et of. {16] estimated that it
would be theoretically possible to expand a
urothelial strain from a single specimen that
initially covers a surface area of 1 ¢m? to one
covering a surface area of 4202 m? within

8 weeks. Using their method of cell culture
and our cell-sheet harvesting technology,
there is no need to open the bladder for
primary cutture of urothelium, when small
pieces of urothelium can be readily harvested
by endoscopy and expanded /n vitro to cover
large seromuscular flaps. If urothelium is
taken from the renal pelvis, the engineered
flap grafted with cultured urathelial cell
sheets can be obtained with no need for
bladder biopsy. This is a benefit not only for
btadder augmentation but also for whole
bladder reconstruction in patients whase
bladder must be resected,

Previous waork in cur laboratory showed that
various intact cell sheets from diverse primary
sources can be harvested intact with no
enzymatic proteolysis {e.g. trypsin or dispase
digestion) by using temperature-responsive
culture systems [6-8]. To prepare the dish a
temperature-resgonsive polymer, poly(N-
isopropylacrylamide), is bonded as a thin
overlayer onto commercially available
culture dish surfaces using electron beam
irradiation [17,18). This surface is slightly
hydrophobic in cutture at 37 °C, culturing
seeded cells narmally, and hydrating
spontaneously below 32 °C to become
hydrophific [17,18], At this reduced
temperature, cultured acherent cells
spontaneously detach from the rapidly
hydrating surface as a single contiguous
sheet, Importantly, multilayered or even
patterned viable tissue-like cell shest
constructs can be fabricated and transplanted
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in numerous tissue-regeneration models
[19,20).

Urothelial cell sheets were noninvasively
harvested by using temperature-responsive
culture dishes; proteclytic enzymes [e.g.
trypsin or dispase) typically required for cell
culture but often destructive to cultured cells
can be eliminated [6]. We previously reparted
that cell-cell junction proteins and
extracellular matrix, e.g. cadherin, fibronectin,
and laminin, remain intact during such
cell-sheet harvest with no enzymes [6-8,21].
These intact cell adhesive proteins facilitate
direct, rapid cell-sheet attachment on

the demucosalized gastric flap surface.
Furthermare, this cell sheet technology has
the significant advantage that neither
synthetic scaffold nor delivery vehicle is
needed to graft the cultured cells in vivo.
Various delivery vehicles, including collagen
sponges, fibrin glue and synthetic
biodegradable polymers, have been reported
with varying success rates {3,22-24]. A cell-
delivery vehicle should have several critical
features, including biocompatibility, wel!-
controlled biodegradation, benign
cytotoxicity, high affinity for biclogicai
integration, and reduced potential for
infection. These features are often difficult to
cbtain, Indeed, cell therapies have limited
clinical surgicat utility to date, particularly in
urological applications. Therefore, the present
method which requires no vehicle is better.

Urotheiial cell sheets expressed characteristic
uratheiial uroplakins, while regenerated
urothelium on demucasalized gastric flaps did
not. Uroplakins are specific molecular markers
of the asymmetric unit membrane of
urothetium [25]. The structure of the
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