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chain of 1gG antibody released from the co-gel was
much larger in Group 2 where non-treated anti-BSA
antibody was simply mixed in a ST-gelatin gel than that
in Group 3. This result indicates that the amount of
ST-Ab released from a co-gel 1s reduced, indicating that
anti-BSA ST-Ab is copolymerized with ST-gelatin to
form a copolymerized gel. SEM observation revealed
that the co-gel of ST-gelatin and ST-Ab was found to
form gelatinous network meshes, which was composed
of approximately one-hundred-nanometer-scale fibers,
globules, and open-structured interconnecting micro-
voids or channels at the surface and interior regions
(Fig. 2B).

3.2. Permeation of antigen into gels

To determine whether the copolymerized gel com-
posed of anti-BSA ST-Ab and ST-gelatin inhibits or
retards BSA permeation, rhodamine-conjugated BSA
solution was pored over the disks, and time-develop-
ment cross-sectional permeation characteristics were
visually and quantitatively monitored by a CLSM. As
shown in Fig. 5A, irrespective of the groups, BSA
tended to localize on the surface region of the gels at an
early period of immersion, followed by its gradual
permeation into the interior of the gels and into deeper
regions with time. However, the permeation in Group 3
(the co-gel of ST-Ab and ST-gelatin) was the slowest
among three groups, and the co-gel in Group 3 appeared
to trap a dye-conjugated BSA. On the other hand, there
was no significant difference in permeation character-
istics between Groups 1 and 2. After a long time, dye-
conjugated BSA homogeneously distributed all over the
gel. This was quantitatively determined from the depth
profile of fluorescence intensity from the surface, as
shown in Fig. 5B. In Group 3, permeated BSA
molecules were limited in the surface region after a
36-h permeation peried and were still mostly localized

(A) Cross-sectional fluorescence images
Group 1 Group 2 Group 3
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and limited in surface-to-subsurface regions even after a
60-h permeation period, as compared with the other two
groups in which there was high accumulation in surface-
to-subsurface regions and homogeneous distribution in
deeper regions. This characteristic is derived from a
concentration-dependent phenomenon; at a high BSA
concentration relative to the immobilized antibody con-
centration, the majority of noncomplexed BSA permeated
through the gel, and at a low BSA concentration,
immuno-complex is formed and localized at the surface
region (data not shown). This means that a sufficient
amount of antibody relative to the permeating antigen is
necessary to prevent permeation of its antigen into a tissue.

3.3. Invasion assay

To determine whether the co-gel of ST-gelatin and
anti-HGF ST-Ab inhibits HGF permeation, an invasion
assay using pancreatic cancer cells (SUIT-2) was
performed with 10mg each of the photocured gels
[Group 1, gel prepared from ST-gelatin (30wt%),
Group 2, ST-gelatin (30 wt%) and non-treated anti-
HGF antibody (0.2wt%); or Group 3, ST-gelatin
{(30wt%) and anti-HGF ST-Ab (0.2wt%)], as shown
in Fig. 6A. As shown in Fig. 6B, without the gel
layer systern (control: Group 0) and with the simple
ST-gelatin gel layer system (Group 1), the numbers of
invaded cells markedly increased with the addition of
HGF, regardless of HGF concentration. There was
negligible difference in the number of invaded cells
between these two groups at respective HGF concentra-
tion. On the other hand, the numbers of invaded cells in
Groups 2 and 3 were suppressed in spite of the addition
of HGF and a markedly suppressive effect on invasion
was noted especially at a low concentration (10ng/ml).
These findings indicate that HGF is neutralized by anti-
HGF antibody in the gel regardless of free non-treated
anti-HGF antibody or fixed anti-HGF ST-Ab.
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Fig. 5. The permeation of rhodamine-conjugated BSA into three different gels [Group |, ST-gelatin (30 wt%); Group 2, ST-gelatin (30wt%) and
non-treated anti-BSA antibody (0.2wt%); or Group 3, ST-gelatin (30 wt%) and anti-BSA ST-Ab (0.2 wt%)] was observed by a CLSM. (A) Cross-
sectional fluorescence images. Bar: 500 pm, (B) Depth profiles (fluorescence intensity as a function of the distance from the gel surface).
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Fig. 6. Invasion assay was performed with modifications using 10mg each of the three kinds of photocured gelatin gels [Group 1, ST-gelatin
(30wit%} only; Group 2, ST-gelatin {30 wt%) and non-treated anti-human HGF antibody (0.2 wt%); or Group 3, ST-gelatin (30 wt%) and anti-
human HGF ST-Ab (0.2 wt%)]. (m == 3) In the control group, a gel was not used. (» = 3) Statistical analysis was performed using apalysis of variance
{ANOVA). Post-hoc comparisons were made by the Scheffe analysis. Differences were considered significant at p<0.05. In Groups 0 and 1, the
numbers of invaded SUIT-2 cells increased with the addition of HGF. On the other hand, in Groups 2 and 3, HGF-dependent invasion of SUIT-2

cells was significantly suppressed. *p <0.05.

4. Discussion

We pewly prepared ST-Ab with a minimal loss of
its affinity to antigen, which was copolymerized with
ST-gelatin to produce a tissuc-adhesive co-gel of
ST-gelatin and ST-Ab (Fig. 2A). Our previous studies
showed that ST-gelatin can serve as an in situ formable
and biocactive-substance-immobilizable matrix upon
photopolymerization to produce a gel under visible-
light irradiation, which adheres well on surgically
resected tissues {26-28]. When a non-treated anti-BSA
antibody was immobilized in the ST-gelatin gel, anti-
body was released from the gel, whereas a mixture of
anti-BSA ST-Ab and ST-gelatin formed a copolymer-
ized gel upon visible-light irradiation, from which
ST-Ab was less released from the gel (Fig. 4). In
addition, the depth profile analysis of the distribution of
the dye-conjugated BSA as an antigen in the gel clearly
showed limited or retarded permeation of antigen into
the co-gel of ST-Ab and ST-gelatin at an early period
(Fig. 5). These findings imply that the co-gel using
ST-Ab works as an antigen-barrier, which prevents local
antigen permeation into a target tissue coated with a gel.

Iz an in vitro invasion assay, the inhibitory potential
for HGF-dependent invasion was observed in Groups 2
(ST-gelatin + non-treated anti-HGF antibody)} and 3
(ST-gelatin+anti-HGF ST-Ab) at almost the same
extent (Fig. 6B). The inhibitory effect was dose-
dependent, and more profound at a low HGF concen-
tration. Combined with the result of BSA permeation
experiment determined by a CLSM, it is highly
anticipated that a sufficiently large amount of antibody
immobilized or chemically bound in a tissue-adhesive gel
completely blocks HGF activity into resected tissues.

An antibody immobilization approach is beneficial in
terms of ease in preparation of an immobilized gel
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(Fig. 1B), but its shortcoming is that antibodies may
diffuse from a gel and transfer to distant site, resulting in
gradual decrease of local concentration of antibody. On
the other hand, an antibody-bound appreach (Fig. 1C)
does not have such a shortcoming because an antibody
is fixed by polymerization in the gel.

The proposed strategy may be a promising cytostatic
approach for cancer therapy, which minimizes migra-
tion and proliferation of remnant cancer cells as a
cytokine-barrier. If needed, anti-EGF, anti-bFGF, anti-
VEGF and anti-TGF-# antibodies could be styrenated
in the same manner, and copolymerized with ST-gelatin
to produce a co-gel. When a cytotoxic substance, such as
an anti-cancer drug, was immobilized in a co-gel of ST-
gelatin and anti-cytokine ST-Ab and continuously
released from a co-gel to a target tissue (Fig. 1D) [28],
its synergetic effect derived from combined cytostatic
and cytotoxic approaches could bring in a powerful
therapeutic outcome without serious systemic adverse
effects.

5. Conclusions

ST-Ab newly prepared was copolymerized with
ST-gelatin to produce a tissue-adhesive co-gel, which
may act as antigen-barrier. When anti-cytokine anti-
body was fixed in a gel, the cytokine, produced in
surgical procedure and accumulated in the peritoneal
fluid, was captured by or complexed with its antibody in
a gel, resulting in prevention of the permeation of
the cytokine into the resected tissue. Such local antibody
therapy may help inhibit malignant behavior of remnant
cancer cells without retarded wound healing at distant
sites.
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Abstract

Precision microarchitectural constructs made of acrylated trimethylene carbonate (TMC)-based liquid prepolymers were photo-
polymerized using a custom-designed microstereolithographic apparatus. In this study, three different photo-polymerizable liquid
prepolymers were prepared by the polymerization of TMC with a low molecular weight poly(ethylene glycol) (PEG) (mol. wt. 200 or
1000); designated as PEG200 or PEG1000, respectively or trimethylolpropane (TMP) as an initiator, and subsequently end-capped
with an acrylate group. As a result of layer-by-layer photo-irradiation of the prepolymer with a movable ultraviolet light pen driven
by computer-aided design, a three-dimensional (3D} micropillar array, a microbank array, a microcone array, and multi-
microtunnels formed on a platform plate or a glass plate were precisely fabricated. The PEG-based polymers exhibited a very low
cell adhesion potential, whereas the TMP-based hydrophobic polymer exhibited high cell adhesion and proliferation potentials. The
microbank array, which consisted of a plate made of the TMP-based polymer and microbanks made of the PEG200-based polymer,
caused cell adhesion and proliferation only on the plate. Upon the implantation of microcone arrays under the subcutis of rats, the
photo-polymerized construct made of the poorly swellable PEG200-based polymer exhibited only surface erosion and limited drug
loading and releasing potentials. On the other hand, the photo-polymerized construct made of the highly swellable PEG1000-based
polymer exhibited not only surface erosion but also bulk erosion and high drug loading and releasing potentials. In this paper, we
discuss their potential biomedical applications.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Microstereolithography (uSL); Acrylated tiquid prepolymer; Photo-polymerization; Microarchitectures; Degradation; Drug release

1. Introduction

Stereolithography (SL), a rapid photo-typing techni-
que, allows the integral formation of three-dimensional
(3D) constructs layer-by-layer photo-polymerization
using computer-aided design (CAD)/computer-aided
manufacturing (CAM) with an ultraviolet (UV) light
pen and a photo-polymerizable liquid prepolymer [1-4].
Microstereolithographic  (uSL) allows a precision
macroshaping and microarchitecturing of a device or
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scaffold design, and surface architecture for advanced
medical procedures [5-10].

To this end, the authors have been developing photo-
polymerizable biodegradable liquid prepolymers and
their photo-polymerization processes. Our previous
studies showed that prepolymers, composed of -
caprolactone (CL) and trimethylene carbonate (TMC},
end-capped with photo-reactive groups, such as cou-
marin [11-14], phenylazide [15], or acrylate [16), are
rapidly converted from liquid to solid upon photo-
irradiation. Furthermore, puSL microarchitectures, such
as microneedles, microcylinders, microbanks, and mi-
crolattices on a platform, were feasible using di-
acrylated poly(CL/TMC) with a custom-designed pSL



1676 1K Kwon, T. Matsuda [ Biomaterials 26 {2005) 1675-1684

apparatus [17]. As an extension of a series of photo-
polymerizable biodegradable liquid prepolymers, we
very recently synthesized a series of acrylated biode-
gradable liquid TMC-based prepolymers, which were
obtained by the polymerization of TMC with a low
molecular weight PEG (mol. wt. 200 or 1000) or
trimethylolpropane (TMP) as an initiator, and subse-
quently acrylate end-capped. The hydrolytical surface
erosion of completely photo-polymerized films by
visible-light irradiation in the presence of camphorqui-
none was thoroughly evaluated by a force-indentation
technique using atomic force microscopy (AFM) [18].
The photo-polymerized films prepared from prepoly-
mers with a Jow molecular weight PEG (PEG200)
and TMP exhibited a much lower hydrolysis potential
than polymers prepared from PEGI1000-derived pre-
polymers in terms of weight loss, water uptake and
swellabitity [18].

In this study, as an extension of our series of studies
on uSL, various microarchitectures using three different
TMC-based liquid prepolymers, previously prepared by
us, were photo-pelymerized using the custom-designed
pSL system for prototype models, which can be
translated to real tissue engineering scaffolds. As an
application, photo-polymerized microarchitectural con-
structs {microarrays) consisted of a cell-adhesive plate
and noncell-adhesive banks that were prepared for
regiospecific 2D cell culture. For the 3D culture system,
multi-microtunnel constructs were photo-pelymenized.
A multi-needle microarchitecture was photo-polymer-
ized as a prototype model of sustained release of a
drug in the deep region of a diseased tissue. The in
vivo hydrolytic degradation behavior of photo-poly-
merized microcone constructs made of PEG-based
polymers, and their drug loading and in vivo releasing
potentials under the subcutis of rats were demonstrated

{Fig. 1).
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Fig. 1. Chemical structures of photo-polymerizable TMC-based liquid
prepolymers derived from (A) PEG200, (B) PEGI1000, and (C) TMP.

2. Materials and methods
2.1. General procedure

All solvents and reagents were purchased from either
Wako Pure Chemical Industries, Ltd. (Osaka, Japan) or
Sigma-Aldrich Japan, Inc. (Tokyo, Japan). TMC was
prepared according to the method described in our
previous paper and recrystallized from a mixed solvent
of ethyl acetate and hexane [11]. TMP was recrystallized
from acetone. PEG [mol. wt. of 200 or 1000, according
to the manufacturer’s information (Wako)] was purified
by precipitation from cold hexane and subsequently
vacuum-dried prior to use. Acryloyl chloride was used
as obtained without further purification. Other solvents
and reagents were purified by distillation. 'H-NMR
spectra were recorded on a JNM-AL300 system (JEOL, .
Tokyo, Japan). Chemica! shifts are given in & values
from Me,Si as an internal standard. The number-
average molecular weight (M,) of each prepolymer
was determined by gel permeation chromatography
(GPQC), which was carried out on a high-performance
liquid chromatograph (HPLC, JASCO-JIMBS, Tokyo,
Japan) equipped with a TSK-GEL column «-3000
(TOSOH, Tokyo, Japan) using PEG as a standard and
tetrahydrofuran (THF) as an eluent. Viscosity of each
prepolymer was determined by a cone-and-plate visco-
meter (TV-20, Tokisangyo Co. Ltd., Tokyo, Japan) with
a rotational cone rotor (1°34’ x R24) under a shearing
rate {frpm), a torque {(5750pNm) at 25°C, and
expressed as Pas. UV irradiation was carried out using
a 250-W mercury—xenon (Hg—Xe) lamp {Hamamatsu
Photonics L5662-02, Shizucka, Japan). The intensity of
UV light was measured at 365 nm on TOPCON UVR-
25 (Tokyo, Japan).

2.2, Synthesis of acrylate-end-capped prepolymer

A typical procedure for the preparation was as
follows [18]. TMC-based oligomers were prepared using
TMC as the monomer and PEG (mol. wt. 200 or 1000)
or TMP as an initiator and tin(IT)2-ethylhexanoate as a
catalyst (feed molar ratios are shown in Table 1). The
reaction was carried out for 4h at 200°C, followed by
heating for 2h at 160°C in a flask in N, atmosphere.
The resultant oligomer was dissolved in dichloro-
methane. Subsequently, an excess of acryloyl chloride
was added to this flask in N, atmosphere and the
reaction mixture was stirred for 8h at 50°C. The
prepolymer was precipitated from excess hexane and
vacuum-dried at 30°C. The resultant prepolymer was
viscous liquid at room temperature. Acrylate content
was determined from peak intensities in the 'H-NMR
spectra relative to those of the vinyl group and PEG or
TMP unit yielding the following results: 'H-NMR
(300 MHz, CDCl3, ppm): & =2.05 (multiplet), 3.65
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Table ]
Acrylate-endcapped liquid TMC-based prepelymers

Acrylate end-capped prepolymer

Photo-polymerized film*

Prepolymer Initiator Injtial feed Composition®  Degree of MSF Viscosity?  Receding contact DW'
code (molar ratio) acrylation® (%) (Pas) angle®

TMC: Iniator  TMC: Iniator
T/P200 PEG200 1:0.250 1:0.250 8.0 x 107 1.31+0.05 2743.56 2
T/Plk PEG1000 1:0.076 1:0.076 2.4 % 10° 2.14+0.33 <50 30
T/TMP CH,;CH,;C(CH,OH); 1:0.167 1:.0.167 1.1 x 10 26+022 4744533 1

*Photo-polymerizing conditions: liquid film of acrylated prepolymers (thickness; 0.2 mm). Photoirradiation at the intensity of 2Wjcm? at 365nm

for 1 min at room temperature.
¥*Molar ratio; determined by "H-NMR.

‘Determined by GPC in THF (PEG standard). Mn: number-average molecular weight.
9Determined by a cone-plate viscometer using a rotational cone rotor (1° 34’ x R24 ): a shearing rate, 1 rpm; a torque, 5750 uNm, 25°C (n = 4).

“Water contacl angle measured by the sessile drop method (n=4).

The degree of water adsorptivity of photo-polymerized film after 2-day immersion in aquecus solution (see Eq. (1))

(doublet), 4.24 (multiplet), 5.85 {(doublet), 6.12 (quartet)
and 6.42 (doublet).

2.3. UV-induced photo-polymerizing characteristics

Round liquid films (¢ 10mm} of the acrylated
prepolymers were irradiated with the Hg—Xe lamp at a
2W/cm?®. After the immersion of photo-polymerized
films into excess dichloromethane to remove the scluble
fraction, the insoluble polymers were dried and weighed.
The gel content of the network was defined as the weight
percentage of the insoluble part (W) with respect to
that of the initial prepolymer (W): B,/ W x 100.

2.4. Water contact angle

The surface wettability of photo-polymerized films
was evaluated by measuring static contact angles toward
deionized water using the sessile drop method with a
contact angle meter (CA-D, Kyowa Interface Co. Lid.,
Tokyo, Japan) at 25 °C.

2.5. Water adsorptivity

The photo-polymerized films were immersed for 2
days in an aqueous sclution at 25°C. The weight of
swollen films (Ws) and that of dried films (Wp) were
measured after wiping the surface with paper and
vacuum drying, respectively. The degree of water
adsorptivity (DW) was evaluated as

DW(%)} = 100 x [Ws — Wp]/ Whp. 1)
2.6. Photo-polymerization using a uSL apparatus

A layer-by-layer photo-polymerization of microarch-
itectural constructs using a custom-designed pSL
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apparatus prepared in our previous study was carried
out (Fig. 2) [17]. The pSL apparatus comnsisted of a
movabile light pen with a photo-mask (diameter, 50 pm},
an optical fiber connecting the light pen and the light
source (Hg—Xe lamp), a vertical elevator and controller
(Sigma Koki MARK-41, Tokyo, Japan) driven by
computer-assisted design, and a liquid prepolymer bath.
The stage controller manipulated the movement of the
light pen at a rate of Spm/s and photo-irradiation
intensity was set at 2 Wjcm? (365 nm wavelength), and
the photo-polymerizable liquid prepolymer was refilled
on the surface by lowering the vertical elevator table
into the liquid prepolymer bath (200 pm/cycle). After
completing all the steps, the resulting photo-polymer-
ized construct was thoroughly washed with acetone and
vacuum-dried.

2.7. Microscopy observations

A photo-polymerized construct was observed under a
scanning electron microscope (SEM, JSM-840A, JEOL
Ltd., Tokyo, Japan) after sputter coating with gold. The
histological analysis of the subcutis of a rat was carried
out under a light microscope (Olympus VANOX-S
AHBS, Tokyo, Japan).

2.8. Cell culture examination

A photo-polymerized construct or film was sterilized
with 70% ethanol, washed with PBS, air-dried, and
placed at the bottom of a 24-well culture dish (Corning,
NY). Fibroblasts (Swiss3T3, obtained from American
Type Culture Collection, 5 x 10* cells/well) were seeded
into the dish with Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies Inc., Rockville, MD)
supplemented with 10% fetal bovine serum (FBS, Life
Technologies). The cells were maintained-at 37°C in a
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Fig. 2. Scheme of layer-by-layer photo-polymerization using a custom-designed microstereolithographic (uSL) rapid photo-typing apparatus.

humidified 5% CO, atmosphere. The cell number on the
film was determined by NIH Image Software, and
observation was carried out under a phase-contrast
microscope (TE300, Nikon, Tokyo, Japan) after a
certain incubation period.

2.9. In vivo hydrolytic degradation behavior

The photo-polymerized microcone array made of
P(T/P200) or P(T/P1k) was washed with ethanol and
vacuum-dried, then was implanted under the dorsal
subcutis of a female Wister rat (about 400 g in weight).
After 1- or 4-week implantation, the rat was dissected to
remove the construct from the subcutis.

2.10. Preparation of drug-loaded photo-polymerized
constructs and implantation

The microcone array, a photo-polymerized micro-
architectural construct made of P(T/P200) or P(T/Plk),
was immersed in 10wt% dexamethasone (Sigma)
aqueous solution for 2 days, washed with ethanol and
vacuum-dried. The drug-loaded construct was im-
planted under the dorsal subcutis of a female Wister
rat. After 1-week implantation, the rat was dissected to
remove the surrounding tissue of the comstruct. The
tissue was fixed in 1% aqueous formaldehyde solu-
tion (pH 7.4) for 12h, and stained with hematoxylin
eosin (HE).

3. Results

3.1. Preparation of liguid acrylated TMC-based
prepolymers and photo-polymerizing characteristics

A series of liquid acrylated TMC-based prepolymers
were prepared using a triol (TMP) or linear PEG with a
molecular weight of 200 or 1000 [prepolymer codes were
given as T/P200, T/Pilk and T/TMP and their photo-
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0 20 40 60
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Fig. 3. UV-induced gel content of the network of TMC-based liquid
prepolymers at an irradiation of 2 W/cm?. Film thickness: 0.2 mm P(T/
P200) (@), P(T/P1%) (#), and P(T/TMP) ().

polymerized films or constructs were designated as P(T/
P200), P(T/P1k) and P(T/TMP), respectively, where T
denotes TMC, and P200 and Plk denote PEG with
molecular weights of 200 and 1000, respectively]. The
TMP-based prepolymer is a trifunctional acrylated
prepelymer, and the PEG-based prepolymers are
bifunctional acrylated prepolymers. Table 1 summarizes
the prepolymer compositions, degrees of acrylation, the
molecular weights, and the viscosities of prepolymers.
The resultant prepolymers (90-98% acrylation deter-
mined by 'H-NMR spectroscopy) were viscous liquids.
Viscosities of the prepolymers determined by a cone-
and-plate viscometer ranged approximately 1.3-2.6 Pas.
The number-average molecular weights of the prepoly-
mers, T/P200, T/P1k, and T/TMP, determined by GPC,
were approximately 8x 10%, 2.4 x 10°, and 1.1 x 103,
respectively. The dependence of gel content of the
network on UV-irradiation time for three acrylated
prepolymers is shown in Fig. 3. Irrespective of the type
of prepolymer, similar irradiation time-dependent
photo-polymerizing characteristics of the prepolymers
were observed: more than 95% of yield was achieved
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within 20s of photo-irradiation. Regarding the water
contact angles of completely photo-polymenized films,
PEG-based films exhibited low receding angles [27° for
P(T/P200) and less than 5° for P(T/P1k)], whereas P(T/
TMP) exhibited a relatively high receding angle (47.4%)
(Table 1). Following the immersion of phote-polymer-
ized films (photo-irradiation time; 1min, photo-inten-
sity; 2W/em?) in water for 2 days, degree of water
adsorptivity (DW) defined as Eq. (1) was as follows:
approximately 30% for P(T/Pik), 2% for P(T/P200)
and 1% for P(T/TMP) (Table 1).

3.2. Microstereolithographically (ust) photo-
polymerized constructs

Fig. 4 shows the design configurations of four
different microarchitectural constructs (micropillar
array, microcone array, microbank array on a platform
plate, and multi-microtunnels on a glass plate). After the
platform plates were prepared using a prepolymer,
various microarchitectures were fabricated by layer-by-
layer photo-polymerization using the same prepolymer
used for platform plates except for multi-microtunnels.

Before microarchitectural constructs were photo-poly-
merized, a platform plate, on which a construct was
formed, was prepared by two cycles of parallel UV
scanning (size, Smm x 5mm; height, 400pum) (Figs.
4A-C). Fig. 5A shows the micropillar array in which
pillars (approximately 400 pm in diameter and 1200 um
in height) were formed on the platform plate, which
was prepared by eight cycles of programmed scanning.
Fig. 5B shows the microcone array {bottom diameter of
cone, 650pum; top diameter, 100 pm; height, 1800 pm)
formed on the platform plate, which was photo-
polymerized by gradually decreasing the diameter of
the movable light pen from 500 to Opm (number of
cycles of programmed scanning: 11). Fig. 5C shows the
microbank array (width of bank, 300 pm; length, 5mm:;
height, 1200 pm) formed on the platform plate (number
of cycles: 8). Multi-microtunnels were prepared accord-
ing to the configuration (Fig. 4D) on the glass plate at
different cycles of layer photo-polymerization, and then
stood up the constructs (see Fig. 6). The resultant
constructs were easily removed from the glass plate.
Fig. 6 shows two types of multi-microtunnels;
The first multi-microtunnel contains nine microtunnels
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Fig. 4. Design configurations of microarchitectured constructs. Upper panels: top views; lower panel: cross-sectional views, (A) Micropillar array;

(B} microcone array; (C) microbank array; and (D) multi-microtunnels.

Fig. 5. SEM images of (A) micropillar array, {B) microcene array, and (C) microbank array prepared from the P(T/P00).
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Fig. 6. SEM images of multi-microtunnels prepared from P(T/P200), (A) nine tunnels and (B) four tunnels.
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Fig. 7. Cell adhesion potential on three different photo-polymerized
films: (A) cell number and (B) microscopy observation of the photo-
polymerized films at 72 h culture.

(Fig. 6A). Each of the nine square microtunnels has a
height and width of 800pum and a tunnel length of
2400 um (number of cycles: 12). Fig. 6B depicts four
square microtunnels, each with a height and width of
approximately 800 pm, and a tunnel length of 5000 pm
(number of cycles: 25).

3.3. Cell adhesion potentials of photo-polymerized films

To determine the cell adhesion potential of photo-
polymerized films, fibroblasts were seeded and cultured
for up to 72h. Both PEG-based films, P(T/P200)
and P(T/P1k), exhibited a very low cell adhesion
potential; concomitantly, markedly reduced spread and
proliferation were observed. On the other hand, the
relatively hydreophobic film (P(T/TMP)) exhibited a
high celt adhesion and proliferation potentials as shown
in Fig. 7.

3.4. Multi-microwells and composite microbank array for
cell culture

Fig. 8 shows the multi-microwells prepared by photo-
polymerization of noncell-adhesive P(T/P200) formed
on the glass surface. Square wells were prepared by the
photo-polymerization of cross-hatched banks (each well
has the following dimensions: 800 pm x 800 pm, height

of bank: about 200 um) using a movable light pen for
each 1 mm of square well (number of cycles: 1). When
fibroblasts were seeded and cultured for 3 days on the
multi-microwells, cells adhered and proliferated in the
glass surface of wells, but little cell adhesion was
observed on the banks. Fig. 9 shows the composite
microbank array, which consisted of the plate with cell
adhesive P(T/TMP) and microbanks with noncell-
adhesive P(T/P200). Regarding the composite con-
structs, after completing the process using one liquid
prepolymer, the construct, which was fixed on a z-axis
movable table, was thoroughly washed with acetone and
another liquid prepolymer bath was set at the depth of
about 200 um for the next photo-polymerization. Cells
did ntot adhere to the banks, but cells weil adhered and
spread on the plate.

3.5. In vive hydrolytic degradation behavior

Microcone arrays made of P(T/P200) and P(T/P1X)
were implanted under the dorsal subcutis of a rat for |
and 4 weeks. Fig. 10 shows the SEM images before and
after the implantation. Some of the microcones in an
array made of poorly swellable P(T/P200) were broken,
probably due to tissue friction during implantation, and
the crack size on the surface was slightly higher in 4-
week implantation period (Figs. 10A, C, and E}. On the
other hand, for the microcone array made of highly
swellable P(T/P1k), neither fracture nor cracks were
observed for the swollen microarrays when harvested
from tissues. However, SEM images showed large
cracks, which were apparently created due to shrinkage
during vacuum drying procedure for SEM sample
preparation. The degree of crack formation at 4-week
implantation appeared to be larger than that at 1-week
implantation, suggesting that the degradation of P(T/
Plk)-based photo-polymerized construct occurred not
only on the surface but also in the bulk (Figs. 10B, D,
and F).

3.6. Implantation of drug-loaded photo-polymerized
constructs :

An anti-inflammatory water-soluble drug (dexa-
methasone) in an aqueous solution was applied to two
microcone arrays with different swelling properties;
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Fig. 8. SEM images of cell-seeded multi-microwells prepared from P(T/P200) on a glass surface: (A} multi-microwells and (B) and (C)
microphotograph of a cell adhering only to the glass surface.

5a18 gLy %25 Lma HDLY

Noncell-adbesive Cell-adhesive
bank (P(T/F200)} plate (P(T/TMP))

¥3TE 1hdes UDIZ 03 Brv

Fig. 9. SEM images of composite construct composed of a plate with cell-adhesive P(T/TMF) and microbanks with noncell-adhesive P(T/P200).

P(T/P1k)

e343  sKY

Fig. 10. SEM images of microcone array composed of P(T/P200) or P(T/P1k} implanted under the dorsal subcutis of a rat. Before implantation (A,
B), at l-week implantation (C, D) and at 4-week implantation (E, F).
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Fig. 11. Histological cross-sectional microphotographs of subcuta-
neous tissues surrounding the implanted photo-polymerized construct
at l-week implantation; nonloaded (A, B) and dexamethasone-loaded
(C, D).

highly swellable P(T/P1k) and poorly sweilable P(T/
P200}. The nonloaded or drug-loaded microcone arrays
were implanted under the dorsal subcutis of rats and the
surrounding tissues of implanted photo-polymerized
constructs at l-week implantation were harvested.
Differences in the features of tissues surrounding the
constructs between nonloaded and dexamethasone-
loaded microcone arrays and also between P(T/Plk)-
and P(T/P200)-derived microcone arrays were observed.
A large number of fibroblasts and leucocytes, such as
neutrophils and monocytes, induced due to the foreign-
body antigenic inflammatory reaction invaded into the
subcutis surrounding the nonleaded construct made of
P(T/P1k) (Fig. 11B). The extent of foreign-body
inflammatory reaction decreased in the order: non-
loaded P(T/Plk)-based > nonleaded P(T/P200)-base-
d>drug-loaded P(T/P200)-based > drug-loaded P(T/
Plk)-based. Irrespective of the type of construct, drug-
loading significantly reduced the invasion of cells into
the surrounding tissues (Fig. 11). Such a tendency was
more prominent for P(T/Plk) than for P(T/P200).
Leucocytes were hardly observed in tissues surrounding
the drug-loaded construct made of P(T/P1k) (Fig. 11D).
This indicates that photo-polymerized construct made
of drug-loaded P(T/Plk) minimized the inflammatory
reaction.

4. Discussion

SL using the layer-by-layer photo-fabrication meth-
od, which employs computer-aided manufacturing
(CAM)}, light beam, and photo-polymerizable prepoly-
mers, allows the generation of complex 3D constructs
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[1-4]). Using the SL technique, various medical applica-
tions, such as photo-polymerized constructs of micro-
architectural surfaces and precision micro- and
macroshaped devices for drug delivery matrices, im-
plants and scaffolds for engineered tissues may be
feasible using biocompatible biodegradable photo-poly-
merizable liquid prepolymers with the ability to rapidly
solidify upon UV irradiation, but only few applications
have been utilized [10,17). For biomedical applications,
the design of photo-polymerizable biocompatible liquid
prepolymers is essentially required. However, only a few
studies on such prepolymers were reported. Along with
the design criteria satisfying the requirements for
biomedical applications, we prepared multi-functicnal
liquid prepolymers based on TMC and CL, which were
capped with an acrylate group at the ends, because both
TMC and CL can be metabolized in the body. Cooke et
al. has developed a 3D photo-polymerized bone
substrate, the external surface and intermal geometry
of which was of the actual size for implantation (50 mm
diameter and 4mm thick), prepared from a biodegrad-
able poly(propylene fumarate) (PPF) with a photo-
initiator using a commercially available SLA device [17].

In our previous study, we synthesized biodegradable
liquid acrylated TMC-based prepolymers, which were
initiated by tri-ol (TMP) or linear PEGs with a mol. wt.
of 200 or 1000, and then evaluated the photo-
polymerizing characteristics and . hydrolytic behavior
after photo-polymerization by visible-light irradiation;
the photo-polymerized films derived from a low
molecular weight PEG (PEG200) and TMP exhibited
a much lower hydrolysis potential than PEGI1000-
derived polymers in terms of weight loss, water uptake,
swelling depth, and micromechanical properties of the
surface [18].

In this article, precisely designed microarchitec-
tures were photo-polymerized using the three different
acrylated liquid prepolymers {T/P200, T/P1k, and T/
TMP], which exhibited liquid-to-solid transformation
within 10-20s of UV-irradiation at a photo-intensity of
2W/cm? at 365nm, irrespective of prepolymer (Table 1
and Fig. 3). Our custom-designed uSL apparatus
consisted of a movable light pen for the x and y axes
with a photo-mask, a movable table for the z axis, UV-
light source, and liquid prepolymer bath operated
using the CAD/CAM system was useful for photo-
polymerizing microscale constructs as evidenced in
the SEM images, such as the micropillar array, micro-
cone array, microbank array, and multi-microtunnels,
which may have possible applications such as the
microarchitectural surfaces for drug releasing or the
cell platform for guidance and the 3D spatio-regiospe-
cific segregation matrix for tissue engineering (Figs. 5
and 6). a

Our results showed that PEG-based hydrophilic
photo-polymerized films [P(T/P200) and P(T/P1k)],
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whose receding contact angles were 27° and less than 5°,
respectively, exhibited a very low cell adhesion potential,
whereas P(T/TMP) (receding contact angle, 47.4%)
exhibited high cell adhesion and proliferation potentials
{Table 1 and Fig. 7). Exploiting these differences in
properties between hydrophilic and relatively hydro-
phobic TMC-based prepolymers, functionally designed
microarchitectural constructs such as multi-microwells
with noncell adhesion potential (P(T/P200)) on the glass
surface and composite microbank array which consisted
of a cell-adhesive plate (P(T/TMP)) and noncell-
adhesive banks (P(T/P200)) were photo-polymerized.
Cells only adhered and spread inside the square wells
{on the glass surface) in the multi-microwells (Figs. 8B
and C). Well-adhered and spread cells were observed on
the plate for composite microbank array, whereas cells
were hardly observed on the PEG-based prepolymer-
derived banks {Fig. 9). Regarding drug-releasing micro-
architectured surfaces, implanted microcone arrays
impregnated with or without an anti-inflammatory
drug, dexamethasone, affected the polymer-dependent
degree of foreign-body inflammatory reactions, which
induced neutrophils, monocytes, lymphocytes, and
fibroblasts. The degree of reaction was decreased in
the order: nonloaded P(T/P1k)-based® nonloaded P(T/
P200)-based > drug-loaded P(T/P200)-based » drug-
loaded P(T/Plk)-based (Fig. 11). This tendency is
probably due to the different hydrolytic characteristics
of the two polymers such as degree of water adsorptivity
{2% for P(T/P200) and 30% for P(T/P1k), respectively)
and degradation rate in vivo (Table | and Fig. 10). That
is, a highly sweilable and fast degradable P(T/Plk)-
based photo-polymerized construct can take up and
release a large amount of an agueous drug solution than
a poorly swellable and slow degradable P(T/P200)-based
construct.

5. Conclusion

In this study, precisely and functionally designed
microarchitectural constructs made of photo-polymeriz-
able biodegradable TMC-based liquid prepolymers have
been photo-polymerized using a custom-designed pSL
apparatus automated by CAD system. The pSL-driven
photo-polymerized construct having a wide scope of
hydrolytic characteristics and cell adhesive/noncell
adhesive properties can provide advanced precision
microfabricated devices for drug delivery matrices,
implants and engineered tissues. Qur next target using
uSL with these liquid prepolymers is to fabricate a few
tenths micron-order microneedle-array-covered stent to
minimize excessive tissue ingrowth (intimal hyperplasia)
in atherosclerotic vessels, which will be realized using a
pSL two-photon system.
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Abstract

Poly(N-isopropylacrylamide)-grafted gelatin (PNIPAM-gelatin) serves as a temperature-induced scaffold at physiological
temperature. This study was aimed 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 e¢lastic 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 modult 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; Microscopic 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 synthetic or biologically derived
macromolecules so as to provide an appropriate
extracellular milieu. To reconstruct a functional tissue,
the micro-extraceliular environment for incorporated
cells 1s essential. The extracellular space should be
incorporated with a cell adhesion matrix andjor
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structural platform, and interconnected (microscopic)
voids in order to facilitate a supply of oxygen and
putrients 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-hiving 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 {8]. 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 cffects 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 Lid.
{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-dithiocarbamylmethyl 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; 4.0mW/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 agueous solution. {Chemical
structures are shown in Fig. 1). The aqueous or M199
solutions of PNIPAM-gelatins (concentration: 5 and
20w/v%, 100uL) placed on the tissue culture dish
(diameter: 35mm, Iwaki Glass, Tokyo, Japan) fixed on
the stage of AFM equipment were warmed to 37°C to
form white 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-gelatins with different graft
chain densities.

2.3. Surface observation and elastic modulus

The surface images and force-versus-indentation
(F-3) 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:
.06 N/m (the value was used for the calculation of
elastic modulus without further validation. Since the
same tip was used thronghout 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 M 199 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: 10pm x 10 pm)
were obtained by a tapping mode (resonance frequency:
7.0kHz).

F-J curves were measured linearly every 100 nm (total
of 101 points measured) by a contact mode. Elastic
moduli were calculated from the F-& curves according to
the Hertz model described below [11]. If the tip is
infinitely stiff and conical in shape, the Hertz model
predicts

E
1—p?

2tan «
7

= 52, (H
where Fis the loading force, E is the elastic modulus, v is
the Poisson ratio, u is the open angle of the tip, and 4 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-6
curves fitted to the equation using a linear least-squares
methed.
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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 benzoxazoliun, 3-
octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1 -
propenyl}-, perchlorate (DO, Molecular Probes Inc.,
Eugene, USA), before use. M199 solutions (70 uL) of
PNIPAM-gelatin (P/G=5.8, 12, and 18, concentratiorn;
Swiv% or 20w/v%) were placed on the surface enclosed
with a stainless-steel ring (¥ = ISmm) placed in the
tissue culture dish at room temperature. The dish was
placed in humidified 5% CO, incubator 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 scanning
microscopy (Radiance 2000, Biorad, CA, USA) (wave-
length: 488 nm (excitation) and 510 nm (flucrescence)).

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-geiatins
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 MI199 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
MICToSCopy.

3.1. Microscopic topography of hydrogels

AFM images obtained in water or M 199 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-pm-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
difference 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 properties of more than 100
surface regions for each sample were determined by the
force indentation {F-6) technique. All the F-§ curves
determined from the hydrogel surfaces along the dotted
lines shown in Fig. 2 (upper) by the indentation of an
AFM probe tip were parabolic (Fig. 3). Since a linear

P&G (Concantration)
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Fig. 2. Microscopic observation of PNIPAM-gelatin hydrogel surface by AFM in water (A)BYCXE) and in M199 (D). Weight ratio of PNIPAM to
gelatin (P/G): 5.8 for (A), 12 for (B), 18 for {C), (D) and (E). Hydroge] concentration: 20 w/v% for (A)(B)(CXD), 5w/v% for (E). Dark and bright

areas are concave and convex arcas, respectively.
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relationship between F and 4% 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, aithough
the values of the determined elastic moduli were
scattered. A majority of the elastic moduli of hydrogels
with PNIPAM-geiatins of P/G of 5.8 were below
100kPa, the average elastic modulus was 534 21kPa,
and the height was less than | pm (Table 1 and Fig. 4).
For hydrogels with PNIPAM-gelatin of P/G of 12, the
population of elastic moduli higher than I100kPa
(around 20%) was increased. For hydrogels with P/G
of 18, most of the moduli {(more than 80%) were over
100kPa irrespective of solutions. The average elastic
moduli in water and MI199 were 222464 and
2444+ 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
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Fig. 3. (A) Force-indentation curve (F-6 curve) on PNIPAM-gelatin
hydrogel by AFM. (B) F—§° plots for analysis with Hertz model.
Linear F-5° using conical tip assumption.

S. Ohya et al. | Biomarerials 26 (2005) 3105-3111

P/G of 18. At lower concentration (5w/v%), 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 surface distnbution.

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 correlation coefficients between
surface topography and elastic modulus on PNIPAM-
gelatin hydrogels with the lowest 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. Celi 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 18), 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 5w/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 compasitions, mechanical
properties and topography at the outer-surface region of
the substrate, Almost threec decades ago, Maroudas
hypothesized that the rigidity or stiffpess of the
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Fig. 4. Interrelationship between surface topography and efastic modulus evaluated from F-§ curves. The weight ratio of PNIPAM to gelatin (P/G):

5.8 for (A), 12 for (B), 18 for {(C). Concentration {20 w/jv%).
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Table 1
Physical properties of PNIPAM-gelatin hydrogel
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Hydrogel no. PNIPAM-gelatin Concentration {(w/v%}) (solution) Elastic modulus (kPa) Correlation coefficient®
Graft density” P/G*

1 1 58 20 (water) 53+21 0.30

2 23 12 20 (water) 70+34 034

3 34 18 20 {(water) 222+64 0.45

4 34 18 20 (M199) 244489 ND¢

5 4 18 5 (water) 52136 ND?

*Number of graft chains per gelatin molecule.
bWeight ratio of PNIPAM to gelatin.

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

by GPC using PEG standards),

4ND; not determined. Number of measured points for each 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}BYC), Sw/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
deformable silicone thin film, Harris et al. showed that
celt 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
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hydrogel 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 determines cellular fundamen-
tal behaviors including adhesion, spreading, migration,
proliferation, differentiation, re-differentiation, 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 M 199 solutions
at 37°C, were observed by AFM. All susrfaces of
PNIPAM-gelatin hydrogels have a nano-crdered con-
cavo-convex structure over the scanning area, regardless
of P/G (Fig. 2). The gencral 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 wvalidate how the measured elastic
modulus is correct, we determined the elastic modulus
(70+11kPa) 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 continucus 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. Qur 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
sites 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 medium of MI199. 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
expetimental 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 topograpby 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 ¢an be a determinant of
celiular behavior on hydrogels.
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