CELLULAR BEHAVIOR OF SWISS 3T3 FIBROBLASTS

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

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

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

* Cell motility: the average speed of cell movement

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

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

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

As for the substrate-induced Rho activation, Mc-
Clay and Grainger?® first reported in-depth study us-
ing two well-defined substrates: one is carboxyl group
terminus-bearing self-assembled monolayer (SAM) on
gold substrate, and the other is methyl group termi-
nus-bearing SAM, both of which were prepared using
corresponding alkanethiol. Their study was focused to
activation of Rho-A, which is primarily known for its
regulation of cell-surface-induced focal contact and
stress fiber formation upon Rho-A-stimulated bun-
dling and contractility of actin-myosin comnplexes
leading to the clustering of integrin receptors. Their
findings include that carboxyl group-terminated SAM,
on which Swiss 3T3 fibroblasts spread well, enhanced
Rho-A activation more than methyl group-terminated
SAM, which is a less adherent substrate than the
former SAM, whereas the nonactivated GDI-Rho level
was much higher for the methyl group-terminated
SAM than the carboxyl group-terminated SAM. These
results support that surface chemistry greatly influ-
ences the activation state of Rho-A. Koenig et al.?’
tried to correlate cell adhesion with Rho-A. Rho-A
activation in the nearly confluent, quiescent, nondi-
viding cells on TCPS likely was minimal, whereas the
less-adherent Teflon (polytetrafluorcethylene) surface
exhibited the highest Rho-A activation, suggesting
that survival activity of cells appears to enhance
Rho-A activity.”’ The other relating preceding study
by Putnam et al,?® includes externally applied me-
chanical forces-dependent achvation of membrane-as-
sociated Rho-A and Rac: the activation of Rho-A and
Rac is increased under comgression strain but is de-
creased under tensile strain,*® affecting the change in
the state of microtubule polymerization. To our
knowledge, besides these studies, there is no report to
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establish the substrate-dependent relationship be-
tween cellular behaviors (cell shape, cell morphology,
cytoskeletal architecture, and cell motility) and the
activation of the Rho family, which has been recently
identified as central coordinators of a remarkable va-
riety of cell functions, as mentioned above. Although a
clear-cut relationship between Rho and cell behaviors
was not established in this study, the accumulation of
more data may define the degree of contribution of
Rho activation to these cellular behaviors, which will
determine tissue compatibility, tissue morphogenesis,
and engineered tissue architecture, all of which are the
fundamental basis of artificial implants and tissue en-
gineered devices.!™*
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Abstract: We developed a novel method of evaluating bio-
film architecture on a synthetic material using green fluo-
rescent protein-expressing Escherichia coli and red fluores-
cence staining of exopolysaccharides. Confocal laser
scanning microscopy observation revealed the time course
of the change in the in situ three-dimensional structural
features of biofilm on a polyurethane film without structural
destruction: initially adhered cells are grown to form cellular
aggrepates and secrete exopolysaccharides. These cells were
spottily distributed on the surface at an early incubation
time but fused to form a vertically grown biofilm with
incubation time. Fluorescence intensity, which is a measure
of the number of cells, determined using a fluorometer and
biofilm thickness determined from confocal laser scanning

microscopy vertical images were found to be effective for
quantification of time-dependent growth of biofilms. The
curli {surface-located fibers specifically binding to fibronec-
tin and laminin)-producing Escherichia coli strain, YMel, sig-
nificantly proliferated on fibronectin-coated polyurethane,
whereas the curli-deficient isogenic mutant, YMel-1, did not.
The understanding of biofilm architecture in molecular and
morphological events and new fluorescence microscopic
techniques may help in the logical surface design of bioma-
terials with a high antibacterial potential. © 2004 Wiley
Periodicals, Inc. ] Biomed Mater Res 70A: 274-282, 2004

Key words: biofilm; green fluorescent protein; confocal laser
scanning microscopy; Escherichia coli; curli

INTRODUCTION

The biomass of bacteria and extracellular materials
including exopotysaccharides (EPS) that accumulate
on synthetic substrates is called a biofilm.!? Once a
biofilm is formed on artificial implants in the body,
serious, often life-threatening events or situations such
as “septic shock,” defined as a systemic response to
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infection, occur, which cannot be managed by antimi-
crobial drug administration due to a high level of
resistance to drug diffusion into the well-stabilized
biofilm bioarchitecture.® Implanted artificial prosthe-
ses, which are often associated with biomaterial-based
biofilms, include cardiovascular implants, orthopedic
replacements, intraocular implants, and intravascular
catheters. Biliary stents and urinary catheters are often
occluded by biofilms of Escherichia coli, resulting in
complications in patients.* For cardiovascular im-
plants, a second surgery to replace a bacterial-infected
implant with a new one is often necessary.

The microbial colonization, and the nature and ar-
chitecture of biofilms on synthetic polymers have been
studied over a few decades. Previous studies have
revealed various aspects of biofilms qualitatively as
well as quantitatively, particularly focusing on ad-
hered and proliferated cells by microscopy, plate
counting, or dye-staining technique.>® Electron mi-
croscopy has been used to observe the three-dimen-
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sional (3D) structural features of biofilms.> However,
this method often destroys biofilms because of com-
plicated fixation procedures such as dehydration and
fails to show an “as-is” structure.'® Therefore, the
formation of an as-is 3D structure of a biofilm of E. coli
on synthetic polymers has not yet been fully under-
stood.

Confocal laser scanning microscopy (CLSM) enables
the high-resolution fluorescence imaging and deep
optical sectioning of biological structures with negli-
gible background interface. Additionally, CLSM en-
ables a biofilm to be observed under hydrated condi-
tions, thus maintaining an as-is structure without
structure destruction.’’ When combined with fluores-
cent probes, CLSM can be effectively used for the
visualization of biofilm compeonents. In recent years,
green fluorescent protein (GFP) from jellyfish Aequorea
victoriz has emerged as an in situ marker of living cells.
EPS, which are produced by E. coli and which serve as
structural anchors for bacterial cells in biofilms, ¢an be
specifically stained with a fluorescent dye, rhodamine-
labeled lectin.'*'? The co-use of GFP-expressing E. coli
and rhodamine-labeled lectin under CLSM enables us
to obtain in-depth information on the distribution
state of the bacterial and EPS components of 3D bio-
films.

The objective of this study was to perform an in situ
visualization of the 3D structure of E. coli-based bio-
film on polyurethane (PU) films. In situ monitoring
using the CLSM technique enabled us to analyze the
time-dependent construction of 3D-structured bio-
films on a synthetic polymer. Two E. coli strains, curli-
producing (YMel) and curli-deficient (YMel-1), were
used.'**® Curli are surface organelles of E. coli, which
are composed of thin fibers with a diameter of approx-
imately 2 nm that mediate binding to adhesive pro-
teins specific to fibronectin and laminin found in the
eucaryotic extracellular matrix.’® The significant role
of curli in biofilm formation on a fibronectin-pre-
coated substrate was clearly demonstrated.

MATERIALS AND METHODS

Bacterial strains and plasmid

The E. coli strains used in this study were the curli-pro-
ducing strain YMel and the curii-deficient isogenic mutant
strain YMel-1, both of which were transformed by electro-
poration with the gfpmut3* gene encoding plasmid DNA
(pJBA27) and expressing a stable green fluorescent protein
(Gfpmut3*) as previously reported.”” E. coli from the frozen
bacterial solution was cultured in 3 mL of modified Luria-
Bertani medium containing 50 pg/mL ampicillin and 3 g/L
NaCl at 37°C for 18 h under aerobic conditions, and then
scaled up to a concentration of approximately 2 X 10® colony
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forming units per milliliter (CFU/mL), which was deter-
mined by the plate count method, Then they were diluted to
a concentration of 2 X 10° CFU/ml., which was used as an
initial concentration for experiments.

CLSM

The biofilms were examined by CLSM (Radiance 2000;
BioRad, Hercules, CA}). Square PU sheets (obtained from
Olympus Cptical Co,, Ltd., Tokyo, Japan), which were cut to
fit a six-well cell culture cluster, were sterilized using ethyl-
ene oxide, placed in a six-well cell culture cluster using
sterilized forceps, and incubated with E. coli cell suspension
(2 x 10° CFU/mL) under static condition. After 3-, 6-, 12-,
and 24-h incubations, culture medium was removed and
phosphate-buffered saline (PBS} was gently added to pre-
vent drying of the biofilms. To visualize the EPS of the
biofilms, thodamine-labeled concanavalin A (5 pg/mL; Vec-
tor Laboratories, Burlingame, CA), which specifically binds
to p-(+)-glucose and p-(+)-mannose groups on EPS, was
used. One hundred microliters of this fluorescent solution
was carefully applied on top of the biofilms grown on the
PU sheet. After a 30-min incubation in the dark at room
temperature, the excess staining sclution was removed by
four rinses with PBS. Images were recorded at an excitation
wavelength of 488 nm and an emission wavelength of 515 =
30 nm for GFP and at an excitation wavelength of 514 nm
and an emission wavelength of 60¢ = 50 nm for rhodamine-
labeled concanavalin A.

Electron microscopy

For negative staining, E. coli cells, harvested from the
biofilm formed on the PU sheet after a 24-h incubation, were
mixed with distilled water, and the suspension was allowed
to sediment for 2 min on a grid. After washing with distilled
water, the specimen was negatively stained with 2% uranyl
formiate and air dried before transmission electron micros-
copy (H-7000E; Hitachi, Tokyo, Japan).

For scanning electron microscopy (SEM), the biofilm
grown on a glass slide (Matsunami Glass Industries Ltd.,
Osaka, Japan) after a 24-hr incubation was fixed in 2%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA)
in 0.1M phosphate buffer for 1 h at room temperature, The
fixed samples were dehydrated for 20 min at each step in an
ascending acetone series, sputter-coated with platinum, and
evaluated by SEM (JSM-840A; JEOL, Tokyo, Japan}.

Bacterial adhesion study

The adhesion of bacteria was studied under static condi-
tion. Round PU sample sheets sterilized by ethylene oxide
were placed in a 24-well cell culture cluster using sterilized
forceps and incubated with E. coli. After 3-, 6-, 12-, and 24-h
incubations, the round PU sheets were rinsed with PBS,
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Figure 1. CLSM photographs of biofilms on PU at 3, 6, 12, and 24 h of incubations. (A) top view; (B) oblique view. Bar: 100
pm. Green and red areas indicate E. coli (expressing GFF) and EPS (stained with rhodamine-labeled concanavalin A),
respectively. Irregular dark spots indicate water charnels (white arrowheads).

placed in 15-mL Eppendorf tubes with 2 mL of PBS and fluorescence intensity was measured with Molecular Imager
sonicated for 60 s. Complete detachment of bacterial cells FX (BioRad). Viable bacterial cells (CFU/cm?) were also
from the round sheets after 60-s sonication was confirmed  counted by the plate count method. Experiments were run
by CLSM. Then, 100 pL of the solution containing detached with five samples, and the mean and standard deviation
bacterial cells was placed in a 96-well cell culture clusterand ~ were recorded.
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Figure 2. (A) CLSM photographs of vertical section of biofilms on PU at 3, 6, 12, and 24 h of incubations, Bar: 100 pm. (B)
Biofilm thickness was determined by measuring the present images at 3, 6, 12, and 24 h of incubations. Ten vertical lines were
randomly chosen for the analysis of each image. Values are expressed as means * SD.

Protein coating of materials

Round PU sheets were incubated with bovine fibronectin
{Itoham Foods Inc., Hyogo, Japan), bovine vitronectin (Yagai
Co., Yamagata, Japan), and bovine serum albumin (Itcham
Foods) at 1 mg/mL (0.1%} at 37°C for 24 h. Then, Luria-
Bertani medium containing E. coli (2 X 10° CFU/mL) was
poured over the protein-precoated round PU sheets and
adherence was examined.

Statistical analysis

Statistical analysis was performed with the StatView 5.0
program {Abacus, Berkeley, CA). Data are shown as

means * SD. Statistical analysis was performed by analysis
of variance. Differences at p < 0.05 were considered signif-
icant.

RESULTS

CLSM observation

To observe the 3D structure of the biofilm formed
on the PU film, GFP-expressing YMel was cultured on
the substrate under static condition for up to 24 h.
After gentle washing with PBS, EPS generated during
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biofilm formation was stained with rhodamine-la-
beled concanavalin A. The biofilm was observed using
CLSM with time. Figure 1 shows (A} top-view and (B)
oblique-view images of biofilms. At 3 h of incubation,
adhered YMel cells (green color) randomly distributed
without aggregate formation, and the EPS (red)
formed regionally exhibited a thin cloudlike structure.
At 6 h of incubation, the number of adhered YMel cells
increased to form heterogeneous mosaic colonies com-
posed of small aggregates that are scattered all over
the substrate, and high-intensity red EPS regions
tended to enlarge to cover the majority of the surface,
thus injtiating the formation of 3D structural con-
structs. The coexisting regions composed of green cells
and red EPS were observed as a yellow region [Fig.
1{2B})]. At 12 h of incubation, the surface was com-
pletely covered with green (a major continuous matrix
phase), yellow, and some spotty red regions (a dis-
persed domain). A small number of irregular dark
spots were observed, which are supposed to be water
channels, as described in the Discussion section. At
24 h of incubation, almost the entire surface area was
yellowish-green, and the oblique-view CLSM image
suggests that a thick biofilm was formed.

Figure 2(A) shows the time-lapse images of the ver-
tical sections of biofilms. At the initial phase, spotty
aggregates and single cells, which scattered horizon-
tally but elongated vertically, were observed. At 6 h of
incubation, the number of aggregates increased hori-
zontally and formed a filmlike structure which en-
abled thickness measurement. At 12 h of incubation,
the biofilm appeared more tightly packed. At 24 h of
incubation, the vertical cross-sectional image revealed
that EPS (yellow area) are predominantly located in
the midlayer of the biofilm. To examine change in
thickness with time, 10 vertical lines were randomly
chosen for the measurement on each image for é-, 12-,
and 24-h incubations. Figure 2(B) shows that the av-
erage thickness of biofilms gradually increased with
incubation time within the experimentally observed
period.

Electron microscopic observation

The biofilm grown on glass for 24 h was observed
using SEM. Figure 3 shows that E. coli and EPS, the
matrix of the biofilm, formed a complex 3D structure.
Irregularly shaped spaces resembling water channels
were observed among dense structures. To confirm
the expression of curli, which specifically bind to fi-
bronectin and laminin, on the surface of E. coli YMel in
the biofilm, negative staining was performed. Figure 4
shows a fine structure composed of thin fibers that
suggest curli expression in YMel, but such a structure
was not found in the curli-deficient mutant YMel-1.
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Figure 3. SEM photographs of biofilm on a glass slide at
24 h of incubation. Solid and broken lines indicate water
channel regions and the dense parts of the biofilm, respec-
tively.

Quantitative analysis

To quantify YMel cells that adhered to the PU film,
round PU sheets that were incubated with YMel cells
for up to 24 h postplating under static condition were
subjected to gentle washing with PBS to remove non-
adhering YMel cells, and then sonicated in PBS to
detach all the adhered YMel cells. The fluorescence
intensity of PBS containing detached YMel cells was
measured with a fluorometer. In principle, the fluo-
rescence intensity derived from GFP should correlate
with the number of detached viable YMel cells by the
plate count method. In fact, as shown in Figure 5, the
fluorescence intensity highly correlated with the num-
ber of viable cells (correlation factor: 0.9997). The effect
of the initial concentrations of YMel cells (2 X 10%, 2 X
10% and 2 X 10° CFU/mL) on proliferation was stud-
ied (Fig. 6). The fluorescence intensity of PBS contain-
ing detached YMel cells increased as the initial cell
concentration increased for up to 12 h of incubation.
The higher the initial cell concentration, the higher the
growth rate. However, after 12-h incubation, the flu-
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Figure 4. Transmission electron microscopic photographs by negative staining. (A) YMel in biofilm at 24 h; (B} YMel in
planktonic state; (C) YMel in biofilm at 24 h with high magnification; and (D} YMel-1 in biofilm at 24 h. Arrows demonstrate

curli.

orescence intensity remained almost constant, irre-
spective of the initial cell concentration.

Precoated-protein-dependent bacterial adhesion

To evaluate the effect of precoated proteins on bac-
terial adhesion, YMel was examined on round PU
sheets precoated with the following proteins: fibronec-
tin, vitronectin, and albumin (note that fibronectin and
vitronectin are cell-adhesive, and albumin is non—cell-
adhesive). As shown in Figure 7, for up to 12 h of
incubation, there was a small significant difference in
the number of adherent cells, irrespective of the type
of precoated protein. However, at 24 h of incubation,
the difference in the number of adherent cells was
noted. The highest cell proliferation was observed on
the fibronectin-coated surface, followed by the vitro-

nectin-coated one, the proliferation potential of which '

was slightly higher than the noncoated surface; how-

108
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Figure 5. Correlation between fluorescence intensity and
viable bacterial count in bacterial adhesion study at 24 h of
incubation. The solution containing E. coli detached from PU
sheets was diluted to different concentrations. Values are
expressed as means * SD.
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Figure 6. Time-dependent adhesion and proliferation of E.
coli on PU. Initial concentration of bacterial cells: 2 X 10° (A),
2 x 10* (M), 2 % 10° (®) CFU/mL (n = 5} Values are
expressed as means * SD.

ever, there is only a small statistical difference be-
tween them. For the albumin-coated surface, although
its initial adhesion potential is almost the same as that
of the adhesive-protein-coated surfaces, minimal pro-
liferation occured even with prolonged incubation
time.

The curli-deficient mutant strain YMel-1 was used
to determine the role of curli in bacterial adhesion. The
curli-producing strain, YMel, and the curli-deficient
isogenic mutant strain, YMel-1, were examined on PU
surfaces with or without fibronectin coating. The num-
ber of adherent cells, measured by the plate count
method, shows that the adhesion of YMel-1 was less
than that of YMel to both fibronectin-coated and non-
coated substrates. Precoating the PU sheets with fi-
bronectin did not increase the adhesion of YMel-1 (Fig.
8), indicating that curli participate in fibronectin-me-
diated bacterial adhesion.
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Figure 7. Bacterial adhesion to and proliferation on PU
precoated with proteins at 3, 6, 12, and 24 h of incubations
{n = 5). Control is noncoated PU. Values are expressed as
means * SD.
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Figure 8. Bacterial adhesion and proliferation of curli-pro-
ducing strain, YMel, and curli-deficient isogenic mutant
strain, YMel-1 in fibronectin-coated PU and noncoated PU at
24 h of incubation {(n = 5). Adhesion was determined by the
plate count method. Values are expressed as means = SD.

DISCUSSICN

Bacterial adhesion is an important initial step in
infection at the site of implanted biomaterials, which
often causes life-threatening events in clinical situa-
tions.? Among bacteria capable of foreign-body-in-
duced infection, E. coli is an important pathogen in the
blockade of biliary stents or urinary catheters. The
understanding of biofilm formation on synthetic bio-
materials and the quantitative detection method for
biofilm are key issues leading to the surface design of
biomaterials with a high antibacterial adhesion poten-
tial. Electron microscopy has been used to examine
biofilms on various materials.” However, sample
preparation for electron microscopic observation re-
quires sample dehydration, during which biofilms are
often easily collapsed, structurally damaged, or de-
stroyed. These dehydrated samples provide a deceiv-
ingly simplistic view of biofilms.*®

To overcome this problem, we utilized fluorescent-
compound-labeled E. coli strains that were trans-
formed with a plasmid harboring the gene encoding
GFP from jellyfish Aequorea victoria as an in situ cell
marker. EPS are mainly responsible for the morphol-
ogy and function of biofilms, and are considered to be
key components that determine the physicochemical
and biological properties of biofilms.'**® The co-use of
GFP for bacteria and a fluorescent-compound-labeled
marker specific to EPS in CLSM study provides new
insights into the structure and nature of biofilm for-
mation.

In our study, the imaging of 3D fine structures was
acquired using fully hydrated samples for CLSM
without any complex fixation such as the dehydration
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necessary in electron microscopy. In the early phase {3
h after plating: Figs. 1 and 2(A)], E. coli YMel emitting
green fluorescence spottily aggregated on the PU sur-
face and then vertically elongated. The number of
aggregates increased with incubation time and scat-
tered EPS-rich domains were observed [Figs. 1 and
2(A)]. Finally, a 3D structure including water channels
was formed. The thickness of the biofilm increased
with time, reaching to several tens of microns at 24 h
after plating [Fig. 2(B)]. The channels as integral parts
of the biofilm structure, which were identified as a
black spotty area at 12 and 24 h of incubations (Fig. 1),
are, in essence, the lifeline of the system, because they
provide a means of circulating nutrients as well as
exchanging metabolic products such as oxygen.!® In-
terestingly, a dense interpenetrable structure of bio-
film composed of E. coli and EPS, which was observed
as the yellow region in Figures 1 and 2, existed at the
middle part of the thick biofilm. Such time-dependent
morphological events including bacterial adhesion,
the secretion and organization of EPS, colony forma-
tion, and bicfilm formation with water channels are
shown in Figure 9.

As for the quantification of E. coli cells in biofilms,
the fluorescence intensity of GFP expressed by ad-
hered E. coli cells, which is directly proportional to the
viable-bacterial count obtained by the plate count
method (Fig. 5), allows us to easily and rapidly deter-
mine the number of adhered E. coli cells as compared
with the conventional plate count method which re-
quires overnight culture to detect colony formation.
The growth rate of the E. coli cells examined for up to
24 h showed that the number of adhered and prolif-
erated E. coli cells increased exponentially with time

up to 12 h, and then appeared to increase at a mark-
edly reduced rate with prolonged time, regardless of
the initial bacterial cell concentration.

Many studies have reported that bacterial adhesion
to and biofilm formation on material surfaces are
affected by the type of protein adsorbed to the sur-
faces.’” % In the present study, three kinds of protein
were preadsorbed: fibronectin and vitronectin as cell-
adhesive proteins, and albumin as a non—cell-adhe-
sive protein. Regardless of the presence or absence
and the type of preadsorbed protein, there was only a
small difference in the number of bacterial adhesion
up to 12 h. Among the proteins tested, only fibronectin
exhibited a markedly high proliferation activity only
at 24 h of incubation, whereas albumin exhibited a
high inhibitory activity against bacterial proliferation
at 24 h of incubation. There is a small difference in
bacterial proliferation activity between the vitronec-
tin-coated and noncoated PU surfaces. This may be
because the E. coli YMel does not produce curli in the
early phase for up to 12 h of incubation but produces
abundant curli (Fig. 4) in the biofilm at 24 h of incu-
bation, although YMel does not produce curli in the
planktonic state at 37°C.%® These results are consistent
with the finding by Kikuchi et al:?* that curli were
expressed in biofilm after growth at 37°C. Because
curli specifically bind to fibronectin and are associated
with biofilm maturation, curli-mediated biofilm for-
mation occurred on the fibronectin-coated PU surface
with a prolonged incubation time. However, the curli-
deficient isogenic mutant, YMel-1, did not enhance
bacterial adhesion and proliferation on the fibronec-
tin-coated PU surface (Fig. 8).

In conclusion, we developed a novel method of deter-
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mining morphological events during biofilm formation
on synthetic polymers using GFP-expressing E. coli un-
der CLSM observation, without the destruction of very
fragile 3D structures, which may help logical surface
design with a high antibacterial potential.

The authors thank T. Kikuchi, K. Yasutake, E. Koga, and

M. Sato for technical assistance, and T. Kanemaru and A.
Takade for electron microscopic examination.
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Various photocurable liquid biodegradable trimethylene carbonate (TMC)-based (co)oligomers were prepared
by ring-opening (co)polymerization of TMC with or without L-lactide (LL) using low molecular weight
poly{ethylene glycol) (PEG) (mol wt 200, 600, or 1000} or trimethylolpropane (TMP) as an initiator. Resultant
(co)oligomers were pastes, viscous liquids, or liquids at room temperature, depending on the monomer
composition and monomer/initiator ratio. Liquid (co)oligomers were subsequently end-capped with acrylate
groups. Upon visible-light irradiation in the presence of camphorquinone as a radical generator, rapid liquid-
to-solid transformation occurred to produce photocured solid. The photocuring yield increased with
photoirradiation time, photointensity, and camphorquinone concentration. The photocured polymers derived
from low molecular weight PEG (PEG200) and TMP exhibited much reduced hydrolysis potential compared
with PEG1000-derived polymers in terms of weight loss, water uptake, and swelling depth. Force—distance
curve measurements by nanoindentation using atomic force microscopy clearly showed that Young’s moduli
of the photocured polymer films decreased with increasing hydrolysis time. Their potential biomedical
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applications are discussed.

Introduction

Biodegradable polymers such as high molecular weight
polyesters have been widely used in biomedical applications
including structural supports such as sutures or bone pins,
matrixes for controlled release of drugs, and scaffolds for
tissue-engineered devices.! ™8 On the other hand, iess attention
has been paid to liquid photocurable low molecular weight
(co)oligomers or prepolymers. If a biodegradable liquid
prepolymer can be rapidly transformed into a solid by
photoirradiation with visible or ultraviolet light in the
presence of an appropriate photoinduced radical generator,
such versatility may provide additional benefits in medical
applications. The advantages of photopolymerization over
other chemical or physical cross-linking techniques are (1)
rapid curing that proceeds at room temperature and (2) in
situ spatial and temporal control of the polymerization. These
allow development of injectable gelable mold and in situ
gelable drug-releasing matrix,’® and precision fabrication
including macroshaping of a device, surface microarchitec-
turing, and scaffold design for engineered tissues and
artificial implants,®1?

The preparation of biodegradable liquid polymers is
limited within a certain range of compositions and molar
ratios of (co)polyesters. Conventional polyesters such as
poly(glycolic acid) (PGA}, poly(L-lactic acid) (PLLA), and
poly(e-caprolactone) (PCL) are crystallizable solids with a

*To whom comespondence should be addressed. E-mail:
matsuda@med.kyushu-v.ac.jp. Tel: +81-92-642-6210. Fax: +81-92-642.
6212.

high glass transition temperatures (73,). On the other hand,
aliphatic poly(carbonate)s have relatively low T, and are
amorphous in nature. Poly(trimethylene carbonate) (PTMC),
which has a low T, (—38 to —17 °C) that depends on the
molecular weight, is amorphous and exhibits an extremely
slow degradation rate in water compared with polyesters.!'=13
The oligomer of TMC and its co-oligomer with CL are
liquids.!*="? Qur previous studies showed that such co-
oligomers end-capped with photoreactive groups such as
coumarin,™"!" pheny! azide,'® or acrylate!® were rapidly
converted to solids upon photoirradiation. Their photocuring
characteristics and hydrolytic behavior were studied in detail.
In addition, stereclithographic microarchitectures were dem-
onstrated using a custom-designed automated mobile pho-
toirradiation apparatus.®

In this paper, as part of a series of our studies on
biodegradable liquid photocurable prepolymers, we prepared
liquid photocurable oligomers of TMC and co-oligomers with
LL using low molecular weight poly(ethylene glycol) (PEG)
or trimethylolpropane (TMP) as an initiator, followed by
acrylation at terminal ends. Acrylate-end-capped liguid
prepolymers were subjected to photocuring by visible-light
irradiation. The dependence of photocuring characteristics
on material properties and irradiation conditions was first
described, followed by detailed analysis of hydrolytic
behavior including surface erosion characteristics using
confocal laser scanning microscopy (CLSM) to determine
the depth profile of the water-swellable layer and using
atomic force microscopy (AFM) to determine the mechanical

10.1021/bm034231k CCC: $27.5¢  © 2004 American Chemical Society
Published on Web 12/12/2003
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properties of the nanoscale water-swellable layer. Potentjal
biomedical applications are discussed.

Experimental Section

General Procedure. All solvents and reagents were
purchased from either Wako Pure Chemical Industries, Litd.
{Osaka, Japan) or Sigma-Aldrich Japan, In¢. {Tokyo, Japan).
Trimethylene carbonate (TMC) was prepared according to
the method described in our previous paper and recrystallized
from a mixed solvent of ethyl acetate and hexane." Trim-
ethylolpropane (TMP) and L-lactide (LL) were recrystallized
from acetone and ethyl acetate, respectively. Poly(ethylene
glycol) (PEG) was purified by precipitation from cold hexane
and subsequently dried under vacuum prior to use. Acryloyl
chloride and camphorguinone were used as received without
further purification, Other solvents and reagents were purified
by distillation. '"H NMR spectra were recorded on a JNM-
AL300 (JEOL, Tokyo, Japan). Chemical shifts are given in
J values from Me,Si as an internal standard. The number-
average molecular weight (M,) of each polymer was deter-
mined by gel permeation chromatography (GPC), which was
carried out on a high-performance liquid chromatograph
(HPLC, JASCQ-JMBS, Tokyo, Japan) equipped with a TSK-
GEL column ¢-3000 (TOSOH, Tokyo, Japan) using PEG
as a standard and tetrahydrofuran (THF) as a solvent. Visible-
light irradiation was carried out using a TOKUSO Power
Lite (xenon lamp with UV and IR cutoff filter, Tokyo,
Japan), and irradiation intensity was measured with a
phetometer (Laser power meter HP-1: Pneum Co., Ltd,,
Saitama, Japan) at 488 nm.

Synthesis of (Co)Oligomer. A typical procedure for the
preparation was as follows. A reaction mixtere of 0.33 M
tin{If) 2-ethylhexanoate solution in toluene (35 &L, 12 gmol)
as a catalyst, PEG (mol wt 1000, 7.6 g, 7.6 mmol), and TMC
{10.21 g, 100 mmol) was stirred for 4 h at 200 °C, followed
by heating for 2 h at 160 °C in 2 100 mL round-bottom
flask under a N atmosphere. Then the solution was cooled,
dissolved in dichloromethane, and added dropwise into an
excess of hexane. Upon decantation of the hexane, the
precipitated viscous ligquid was redissolved in dichlo-
romethane and again precipitated from excess hexane. After
hexane was removed by vacuum-drying at 50 °C for 1 day,
a viscous liquid at room temperature was obtained. Analysis
of this liquid showed the following results: yield = 16.9 g
(95%); M, = 2.24 x 10 (eluent, THF); 'H NMR (300 MHz,
CDCli, ppm) & = 2.06 (multiplet), 3.65 (triplet), and 4.24
(muitiplet).

Synthesis of Acrylate-End-Capped Prepolymer. A
representative procedure for acrylation of terminal ends of
the oligomers is as follows. The prepolymer (16.5 g) was
dissolved in 100 mL of dichloromethane in a 200 mL round-
bottom flask cooled to ¢ °C. Acryloyl chloride (6 mL) was
added to this flask under N, atmosphere and the reaction
mixture was stirred for 8 h at 50 °C. The prepolymer was
precipitated from excess hexane and dried at 30 °C under
vacuum for 1 day. The yield was 16.8 g (94%). The acrylate
content was determined from the relative peak intensities in
the 'H NMR spectra between the vinyl group and PEG or
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TMP unit vielding the following results: 'H NMR {300
MHz, CDC}s, ppm) & = 2.05 {multiplet), 3.65 (doublet), 4.24
(multiplet), 5.85 (doublet), 6.12 (quartet), and 6.42 (doublet).

Visible-Light-Induced Photocuring. Camphorquinone-
containing dichoromethane solution (20 wt %) was added
to viscous liquid acrylated oligomer and stirred thoroughly
with a high speed rotating shaker and subsequently was
subjected to solvent evaporation and degassing under reduced
pressure. This is added into the Experimental Section. Round-
shaped liquid films (¢ = 10 mm)} of comphorquinene-
containing acrylated oligomers were irradiated with visible
light. After immersion in dichloromethane to remove the
soluble fraction, the insoluble polymer was dried and
weighed. The photocuring yield was defined as the weight
percentage of the insoluble part (W) against that of the initial
prepolymer (W): Wy/W x 100.

Water Contact Angle. The surface wettability of the
photocured films was evaluated by measuring the static
contact angles (advancing and receding) toward deionized
water using the sessile drop method with a contact angle
meter (CA-D, Kyowa Interface Co. Ltd., Tokyo, Japan) at
25 °C.

Hydrolytic Degradation. Photocured films (10 mm x 10
mm x | mm) were weighed (initial weight; W) and
immersed in 0.01 M aqueous phosphate-buffered solution
(PBS, pH 7.4) at 37 °C for up to 4 weeks under static
conditions. After each 1-week period, the swollen weight
(Ws) and dried weight (Wp) of the films were measured after
wiping the surface with paper and after vacuum-drying,
respectively. The weight loss (WL) and water adsorptivity
{WA) upon hydrolysis on a weekly basis were evaluated as

WL (%) = 100([W, — Wpl/W,) and
WA (%) = 100((Ws — Wl/Wp)

Surface Topological Observation. The hydrolytic be-
havior of the photocured film surface was observed by
scanning electron microscopy (SEM, JSM-840A, JEOL Ltd.,
Tokyo, Japan) after sputter-coating with gold and by atomic
force microscopy (AFM, NBV100, Olympus Optical Co.,
Ltd., Tokyo, Japan; AFM controller & software, Nanoscope
Ma, Digital Instrument, NY). In AFM, the image was
obtained by contact-mode scanning in PBS. A silicon—nitride
soft cantilever with a spring constant of 0.027 N/m (Bio-
lever, Olympus) was used to minimize the scanning-load-
dependent geometric change, and the applied load was set
to 0.8 nN.

Swelling Depth. Swelling depth was determined by a
confocal laser scanning microscope (CLSM, Radiance 2000,
Bio-Rad laboratories Inc., Hercules, CA). Each nonhydro-
lyzed and 4-week-hydrelyzed sample (5 mm x 5 mm x 1
nun) was immersed in aqueous rose bengal solution (10 mg/
mL) for 2 days at 25 °C. The central part of the swollen
specimen was sliced for visual observation of the cross
section. The fluorescence intensity of the cross-sectional
image was determined by NIH Image Software (version
1.58).

Microscopic Indentation Test. Two hundred microliters
of prepolymer was coated on a glass dish (Iwaki Glass,
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Scheme 1. Schematics of Preparation Routes of (Co)Oligomer and Acrylate-End-Capped Prepolymer and Photocuring.
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Japan; diameter of well = 15 cm, thickness of the well =
¢a. 1 mm), photocured, and then immersed in PBS. The AFM
force—distance curves {f—d curves) of photocured samples
were measured in the glass dish using a cantilever with a
spring constant of 0.68 N/m at seven randomly chosen
locations on each sample in PBS. The f—d curves were
sequentially measured more than three times and typical
curves were recorded by computer software after confirming
the minimum fluctuations. The frequency of the tip approach/
retract ¢cycle was chosen to be 1.5 Hz to minimize the noise
fluctuation in a single f—d curve. Raw f—d curves were
converted to force-versus-indentation curves (F—a curves).?®
Young's moduli of the surface of each sample were evaluated
from the F—¢ curves by fitting to a Hertz model.®? Two
kinds of model for fitting were employed, depending on the
profile of the F—4& curve: a Hertz model for a conical tip
{type A and B fittings) or for a flat-ended cylindrical tip
(type C fitting) as described below (see Scheme 2).

Type A and B Fittings. For a conical tip with a
semivertical angle a, the total force F as a function of the
indentation & is given as®

_2tana E o
Feonel0) ==—— 1_—!12(5 (1)
where E is Young’s modulus and g is the Poisson ratio. The
terms a and x4 were 30° and 0.5, respectively.
Type C Fitting, A flat-ended cylindrical tip with radius
R gives a linear F—3 relationship as?

Foyinge(®) = 2RES )

where R was 20 nm based on the radius of curvature of the
tip (manufacturer’s data).

Type A and B fitting analyses were performed on the
F—4% plot, while the type C fitting was used for the case in
which the F—§ plot showed an almost linear profile. If the
sample shows ideal homogeneous elasticity, the F—§? plot
would fit the linear profile in the case of a conical tip (type
A fitting, see Scheme 2a). However, many samples typically
exhibit nonlinear F—&?% plots with positive or negative
curvatures. For the positive curvature, which is interpreted
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as the coupling of two lines with different slopes, the two-
step fitting was adopted (type B fitting, see Scheme 2b). In
the first step, a line fitting was applied to the initially indented
region and the Young's modulus of the outermost surface
region, E;, was calculated from the slope. In the second step,
a line fitting was performed for the fully indented region
and Young’s modulus of the subsurface, E;, was calculated
from the slope. The thickness of the highly swollen outermost
surface (T) was evaluated from the intersection between the
two-step fitting lines. On the other hand, for the negative
curvature, linear fitting of an almost linear F—4 plot was
adopted (type C fitting, see Scheme 2¢). From the one-step
fitting (type A and C fitting), Young's modulus (E) could
be evaluated.

Statistical Analysis. All of the quantitative results were
expressed as a mean & SD. Statistical analysis was carried
out using an ANOVA with a Scheffé test post hoc, p < 0.05.
All statistical analyses were performed using Statview for
Windows (SAS Institute, Inc., Copyright 1992—1998),
version 5.0.

Results

Preparation of Liquid Acrylate-End-Capped TMC-
Based Prepolymers. Scheme 1 illustrates the sequential
reaction steps for preparation of a (co)oligomer, acrylation
of (cojoligomer at both terminal ends, and photocuring. A
series of TMC-based (co)oligomers was synthesized by ring-
opening (co)polymerization in the presence of low molecular
weight PEG (mel wt 200, 600, or 1000) or TMP as an
initiator in the presence of stannic octanate as a catalyst. The
PEG-initiated oligomer is linear, and the TMP-initiated
oligomer has a three-armed branch. Table 1 summarizes the
reaction conditions, monomer compositions, molecular weights,
and the physical states of the (co)oligomers prepared. The
compositions of (co)oligomers were determined by '"H NMR
spectroscopy (Figure la). The number-average molecular
weights of the (co)oligomers, determined or estimnated by
GPC, ranged from approximately 650 to 3400. An increase
in the ratio of monormer to initiator resulted in an increase
in the number-average molecular weight of {co)oligomers,
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Table 1. TMC-Based Biodegradable {Co)Oligomers?*

Matsuda et al.

monomer prepolymer molecular
monomer feed ratio compasition® weight physical state
M1 M2 initiator {1) M1M2A yield (%) M1/M2/ M, MM, at 25 °C
TMC PEG 1000 1:0:0.028 92.6 1:0:0.029 3380 2.01 viscous fiquid
PEG 1000 1:0:0.076 94.7 1:0:0.075 2240 1.84 liquid
PEG 1000 1:0:0.100 94.5 1:0:0.107 1810 1,43 pasta
PEG 1000 1:0:0.250 925 1:0:0.268 1140 1.26 paste
PEG 600 1:0:0.076 93.8 1:0:0.077 2180 1.59 liquid
PEG 600 1:0:0.250 93.6 1:0:0.263 1040 1.48 liquid
PEG 200 1:0:0.076 951 1:0:0.074 1630 1.52 viscous liquid
PEG 200 1:0:0.250 93.4 1:0:0.247 650 1.36 liquid
TMP 1:0:0.050 90.2 1:0:0.050 1690 1.68 viscous liquid
T™P 1:0:0.167 94.4 1:0:0.168 920 1.42 liquid
T™MC L-lactide (LL) PEG 1000 0.5:0.5:0.76 89.8 0.51:0.49:0.078 2410 1.27 liquid
PEG 1000 0.5:0.5:0.250 84.4 0.63:0.37:0.313 1350 1.22 paste
PEG 600 0.5:0.5:0.76 90.6 0.52:0.48:0.081 2370 1.49 viscous liquid
PEG 200 0.5:0.5:0.76 88.7 0.52:0.48:0.086 2290 1.48 viscous liquid

1 Reaction conditions were 200 °C for 4 h, followed by 160 °C for 2 h. ® Determined by 'H-NMR. ¢ Determined by GPC in THF (PEG standard. M, is
number-average molecular weight; M, is weightl-average molecular weight; My/M, is polydispersity. The molecular weight of the three-armed TMP-based
oligomers estimated from the PEG standard, which is theoreticalty only applicable to finear polymers, may be overestimated because the hydrodynamic
radius of a three-armed polymer is not the same as the linear polymer at the equivalent molecular weight basis.
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Figure 1. 'H NMR spectrum and assignment of (&) {cojoligomer of PEG (molecular weight 1000} and TMC and (b} acrylate-end-capped

prepalymer (T/P1k).

irrespective of the type of initiator. The yields of (co)-
oligomers were approximately 85—95 wt %, The (co)-
oligomer compositions were almost identical to those of the
initial feeds. The resultant (coYoligomers were pastes, viscous
liquids, or liquids at room temperature, depending on the
monomer composition and the molar ratio of monomer to
initiator. Among these (co)oligomers, several liquid (co)-
oligomers were subjected to further acrylate end-capping by
esterification using excess acryloyl chloride against the
hydroxy! groups of the terminal ends of (cojoligomers. As
shown in Table 2, 90—98% esterification was achieved,
which was determined by '"H NMR spectroscopy (Figure 1b).
All of the acrylate-end-capped prepolymers thus prepared
were liquid [the code names of photocurable prepolymers
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such as T/P1k, T/P200, T/TMP, and T/L/PIk are in Table
2. T and L denote TMC and LL, respectively. P1k and P200
denote PEG with mol wt of 1000 and 200, respectively].

Photocuring Characteristics. Photopolymerization was
carried out by visible light (xenon lamp with UV and IR
cutoff filters) as a light source in the presence of cam-
phorquinone as an initiator. The photocured polymers, which
were not soluble in any organic solvent, were obtained,
irrespective of the type of prepolymers. The dependence of
photocuring characteristics on light intensity, camphorquino-
ne concentration, liquid film thickness, and composition of
prepolymer was systematically determined (Figure 2).

The effect of visible-light intensity on the irradiation time-
dependent photocuring yield of T/P1k (Table 2) at a fixed
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Table 2. Acrylate-End-Capped Liquid Biodegradable Prepolymers and the Surface Wettabilities of Photocured Films

acrylate-end-capped prepolymer?

photocured films®

degres of gel advancing contact angle® receding contact angle®
prepolymer acrylation yield nonhydroilyzed/ nonhydrolyzed/
code initiator TMCAactidefintiator (%) (%) 4 weeks hydrolyzed 4 weeks hydrolyzed
T/P1k PEG 1000 1:0:0.076 97 92.7 23.8 + 1.62/24.1 + 1.88 <5.0/<5.0
TIP200 PEG 200 1:0:0.250 90 97.9 41.5 1 2.55/42.2 + 0.94 270+ 356130+ 169
TAMP TMP 1:0:0.167 92 g7.8 §9.2 + 1.50/61.6 £ 1.25 47.4 £ 5.33/28.5 £ 1.90
T/LP1k PEG 1000 0.5:0.5:0.076 94 a0.4 3234+ 4.47/744 +1.85 87 +£1.74M1.7 £ 116

* Determined by 'H-NMR.  Photocuring conditions were liquid film of acrylate-end-capped prepolymers of thickness 1 mm under photoirradiation at
the intensity of 100 mW/cm? for 1 min at room temperature with a campharquinone concentration of 0.5 wt % of prepolymer. € Advancing and receding
water contact angle measured using deionized water by the sessile drop method.
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Figure 2. Dependence of photocuring yield of liquid acrylate-end-
capped prepolymer films on photopolymerization conditions as a
function of photoirradiation time: (1) effect of visible-light intensity
on photocuring of T/P1k film {1 (O}, 5 (#), 20 (a), 50 (a), 100 (O),
and 200 (M) mW/cm?; camphorquinone concentration = 0.5 wi %;
liquid film thickness = 1 mmy); (2) etfect of camphorquinone concen-
tration on photocuring of T/P1k film (0 (O}, 0.05 (®), 0.1 (a), 0.3 (a),
0.5 (0}, and 1 (M) wt %; light intensity = 100 mW/cm2 (a) or 20 mwW/
cm? (b); liquid film thickness = 1 mm; (3) effect of liquid film thickness
on photocuring of T/P1k film (1 (W), 3 (D), 5 (a), 10 (a), and 20 (@)
mm; light intensity = 100 mW/cm?, camphorquinone concentration
= 0.3 wt %}; (4) eMect of types of prepolymers on photocuring (T/
P1k (W), T/P200 (), T/TMP (a), and TA/P1k (O); light intensity =
100 mwW/cm? (a) or 20 mW/cm? (b); campherquinone concentration
= 0.3 wt %; liguid film thickness = 1 mm.

concentration of camphorquinone (0.5 wt %) is shown in
Figure 2-1. The yield increased with both irradiation time
and light intensity. At higher light intensity (100 and 200
mW/cm?), there was little difference in the photocuring
kinetic characteristics, reaching a photocuring yield of
approximately 90% within 10 s. The effect of camphorquino-
ne concentration on the irradiation-time-dependent photo-
curing yield of T/P1Kk at the light intensities of 100 and 20
mW/cm? is shown in Figure 2-2a,2b, respectively. When
camphorquinone concentration was increased, the yield
increased with irradiation time. This tendency was more
profound for high light intensity than low light intensity. For
example, even in the absence of camphorquinone, photo-
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curing yield increased with irradiation time at 100 mW/cm?,
whereas little photocured gel was produced at 20 mW/cm?2.
At higher concentrations of camphorquinone, above 0.3 wt
%, imespective of light intensity, almost the same irradiation
time dependence of photocuring yield was obtained, The
effect of the liquid film thickness of the prepolymer T/P1k
on irradiation-time dependence of photocuring yield was
examined at liquid film thicknesses ranging from 1 to 20
mm. Below 10 mm thickness, over 90% of photocuring
occurred within 30 s of photoirradiation as shown in Figure
2-3. The dependence of photocuring yield on irradiation time
for different acrylate-end-capped prepolymers at high (100
mW/cm?) and low (20 mW/cm?®) intensities is shown in
Figure 2-4a,d4b, respectively. The higher molecular weight
prepolymers showed slightly lower photocuring character-
istics, as shown in Figure 2-4a: yield of all of the prepoly-
mers was above 90 wt % within 10 or 20 s at high-intensity
irradiation {100 mW/cm?).

Surface Wettability. The water contact angles (advancing
and receding) of photocured polymer films before and after
4-week immersion in PBS are shown in Table 2. Before
immersion into PBS, photocured polymers, P(T/P1k) and
P(T/L/P1k), both of which were obtained using PEGI000
as an initiator, exhibited quite low advancing and receding
angles, indicating that these photocured films were highly
wettable. On the other hand, P(T/P200) film, obtained using
FEG200, exhibited moderately low contact angles, whereas
P(T/TMP) exhibited relatively high contact angles. Upon
4-week immersion in PBS, there were little differences in
the advancing angles of photocured polymers except for P(T/
L/P1k}), which exhibited elevated advancing angles. Irrespec-
tive of type of photocured copolymers, quite low receding
contact angles were noted.

Hydrolysis Characteristics, The hydrolytic characteristics
of the photocured polymer films immersed in 0.01 M PBS
at 37 °C were determined by several techniques: (I) weight
loss and water uptake, (IT) surface topological observations,
(II1) swelling depth, and {IV) changes of surface elastic
properties.

Characterization of Hydrolytic Behavior (I): Weight
Loss and Water Uptake. Figure 3 shows the dependence
of weight loss (a) and water uptake (b} on time for films of
four photocured polymers [P(T/P1k), P(T/P200), P(T/TMP),
and P(T/L/P1K)]. Imrespective of the type of photocured
polymer, the weight loss of the films gradually increased
with immersion time. At 4 weeks of immersion, the films
of P(T/P200) and P(T/TMP) showed weight losses of 4.3%
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Figure 3. Weight loss {a) and water uptake {b) of photocured polymer films P(T/P1k (W), P(T/P200) (a), P(T/TMP) (@), and P(TILIP1K) (<)

during degradation {(n = 3}.
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Figure 4. SEM images of photocured polymer, P{T/P1k), films for up to 4 weeks of immersion in PBS at 37 °C.

and 2.9%, respectively. PEG1000-based polymers, P(T/P1k)-
and P(T/L/P1k), exhibited higher degradation rates than the
former two photocured polymers: for example, weight loss
after 4-week immersion of P(T/L/PI1k) film was approxi-
mately 12%, which is almost four times larger than that of
P(T/TMP). Initial two-day water uptakes of these PEG1000-
based polymer films were about 30% and gradually increased
with immersion time, while those of P(T/P200) and P(T/
TMP) films were less than 5% even at 4 weeks of
immersion.

Characterization of Hydrolytic Behavior (II): Surface
Topological Observation. To characterize the topographical
surface changes of the photocured polymer films subjected
to hydrolysis, microscopic observations with SEM and AFM
were performed. SEM images of P(T/P1k) films subjected
to hydrolysis P(T/P200) for up to 4 weeks are shown in
Figure 4. After being dried under vacuum for SEM observa-
tion, the films exhibited significant cracks on their surfaces
after 3- and 4-week immersions, whereas much less hydro-
lyzable PCT/P200} film showed very smooth surfaces during
the entire observation period (data are not shown), indicating
that the dried P(T/P1k) film surface became roughened with
immersion time. The AFM observation in PBS clearly
showed the microtopological changes of the swollen surface
of P(T/P1k) film during 6 weeks of hydrolysis as follows.
Figure 5a,b shows height images of the film at different
immersion periods and its cross-sectional analysis, respec-
tively. At 5 h and 1 week of immersion, the film showed a
slightly rough surface (roughness around 10 nm in height)
probably due to irregular swelling of the surface with
inhomogeneous morphological state. At 2 weeks of immer-
sion, the surfaces became relatively smooth, suggesting that
the swollen layer was flattened during this period. After 4
weeks of immersion, small indents or pits on the film surface
probably caused by local erosion were observed, which were
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enlarged after further immersion (6 weeks). The depth of
pits reached approximately 20 nm.

Characterization of Hydrolytic Behavior (III): Swelling
Depth. The swelling depth profile of the photocured polymer
films was determined by CLSM upon staining with agqueous
rose bengal solution. For the photocured PEG1000-based
polymers {P(T/P1k) and P(T/L/P1k)], the slices of films
were uniformly and completely stained with the dye even
before being subjected to hydrolysis, indicating that these
films were already highly swollen prior to hydrolysis (Figure
6a). On the other hand, P(T/P200) and P(T/TMP) films
exhibited a slight staining only on their outermost surface
regions, both before and after hydrolysis. Figure 6b shows
the depth profile of fluorescence intensity in the cross section
of the films of P(T/P200) and P(T/TMP) before hydrolysis
and after 4-week hydrolysis. In the nonhydrolyzed P(T/
P200), although the fluorescence intensity and depth distri-
bution, which reflect the degree of swelling, increased after
4 weeks of hydrolysis, swelling was limited to the outermost
surface region but proceeded to deeper regions with immer-
sion time. The least swellable photocured polymer, P(T/
TMP), exhibited much less dye uptake and smaller depth
of dye-stained section than those of P(T/P200). There was
little difference in maximal fluorescent intensity and width
between nonhydrolyzed and 4-week hydrolyzed P(T/TMP).

Characterization of Hydrolytic Behavior (IV): Surface
Elastic Property. Micromechanical properties of the swollen
surface region were determined using the microscopic
indentation test by AFM in PBS. Figure 7 shows force—
indentation curves (F—4 plots) of photocured polymers {P(T/
P1k), P(T/P200), and P(T/TMP)], which were subjected to
hydrolysis for up to 6 weeks in PBS. For the whole-body-
swellable polymer, P(T/P1k), a marked time-dependent
change in the F—4 curve was noticed. The indentation depth
gradually increased with immersion time. Such a trend with
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Figure 5. AFM (a} height images of photocured polymer (P(T/P1k))
films for up to 6 weeks of immersion in PBS at 37 °C and (b) section
analysis of hydrolyzed polymer films.

less change was also observed for P(T/P200) the swelling
of which was limited only to the surface region (Figure 6).
In the case of the least swellable polymer, P(T/TMP), a
minimal increase in indentation depth was observed during
6 weeks of immersion,

To quantify the elastic properties of the photocured
polymers, fitting analyses employing Hertz models were
performed according to the methods shown in Scheme 2. If
the elastic property of the polymer obeys an “ideal” Hertz
model for a conical tip, F—3? plots should have a linear
profile (type A fitting in Figure 8b). However, many real
F—3* plots exhibited significant curvatures: positive or
negative except for those listed below, 4- and 6-week-
immersed P(T/P1k) and 5-h- and l-week-immersed P(T/
P260) {Figure 8a). Positive curvature suggests that a higher
index of ¢ is required to fit the original F—¢ plot ap-
propriately. However, index “2” for a conical-shaped tip is
theoretically the highest one in the Hertz model. We
interpreted such nonideal behavior of the F—¢§? plot as the
coupling of the two linear parts, that is, two-step fitting (type
B fitting in Figure 8b), which is caused by two heterogeneous
layers at the surface region. On the other hand, the slightly
negative curvature of the F—3&2 plot (plots of P(X/P1k) film
after 5-h, 1-week, and 2-week hydrolyses, in which the slope
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Figure 6. Distribution of fluorescence (a) at cross sections of
nonhydrolyzed and 4-week hydrolyzed photocured polymer films
stained with aqueocus rose bengal solution and (b) fiuorescence
intensity distribution in cross sections of stained P(T/P200} and P(T/
TMP)} films before {line} and after (dashed ling) hydrolysis (n = 5).
of the initially indented region is steeper than that of the
fully indented region) means that the original F—4 plot is
more similar to a linear profile than to a quadratic profile.
In this case, index “1” for the cylindrical tip Hertz model
should be applied for fitting (type C fitting in Figure 8b).202!

From the two-step fitting analysis for the F—&? plot with
positive curvature (type B fitting), the slopes of the fitted
lines for the initially indented region and for the fully
indented region can be determined to give Young’s modali
of the outermost surface region (E|) and subsurface (E3),
respectively. In addition, from the intersection point between
these two fitted lines, we deduced the characteristic thickness
of the highly swollen outermost surface (7) taking into
account that the significant change in elastic property was
observed around the intersection point. Young's modulus (E)
can only be evaluated for the surface of relatively thick
mechanically uniform films from the fitting analysis of the
F—37? plot with a linear equation (fype A fitting) and the
F—0 plot with a linear equation for the cylindrical tip (type
C fitting).



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

Matsuda et al.

a0 P(T/P1k) 0 PT/P200) P(T/TMP)
%\ 30 30 20
@ 20 20 20
L5
S
= 10 10 10

0 ! 0 0

0 20 40 60 80 106 O 20 40 60 80 100 © 20 40 60 80 100
Indentation(S)(nm)

Figure 7. Force—indentation curves (F—3 curves) of photocured polymer (P(T/P1k}, P(T/P200), and P(T/TMP)) films: 5 h (M), 1 week (0}, 2

weeks {a), 4 weeks (®), and 6 weeks (O) of immersion in PBS (n =

7).

Scheme 2. Methods of Fitling Analyses of Nanoscopic Force—Indentation Curves by Hertz Models (1} for a Conical Tip with (a) Linear
Fitting for F~&2 Plot (Type A Fitting) or (b} Two-Step Fitting for Biphasic F-62 Plot (Type B Fitting) and (2} for a Flat-Ended Cylindrical Tip

with (c) Linear Fitting for F—4 Piot (Type C Fitting)?
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2 The symbols are described in the Experimental Section.

Figure 9 shows hydrolysis time-dependent averaged E
{calculated by the method described above) for the uniform
surfaces and E) and E; for the mechanically biphasic-layered
surfaces {(n = 7). The most water-swellable polymer, P(T/
P1k), exhibited a very low E (E; = E;) of approximately 10
MPa, which tended to decrease with time (calculated using
type C fitting for the early period and type A fitting for the
later period). The less water-swellable polymer, P(T/P200),
exhibited a linear F—4& plot (type A fitting) at the very early
stage of immersion but a biphasic plot (type B fitting} in
the later period. A relatively large E was observed for an
early period of hydrolysis; however, quite low £, (around
10 MPa, irrespective of immersion time) and reduced E;
(around 40 MPa at 2 weeks and around 20 MPa at 4 and 6
weeks) were observed for a later period. Young's modulus
tended to decrease with hydrolysis time. The least swellable
polymer, P(T/TMP), exhibited a biphasic F—3% plot: fairly
large E; and large E,. E; tended to decrease with time,
whereas E, increased particularly at the later period of
hydrolysis. Generally, E; was larger than E, for both P(T/
P200) and P(T/TMP), indicating that the outermost surface
region became softer than the bulk phase upon hydrolysis.
As for the comparison of elasticities of different photocured
polymer films at the surface region, Young's modulus

Hartz mode] for conical tip
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increased in the following order: P(T/P1k) < P(T/P200)
< P(T/TMP) for any duration of hydrolysis.

Figure 10 shows the thickness (T) of the highly swollen
outermost surface region for both P(T/P200) and P(T/TMP),
which were determined from the intersection point in the
type B fitting. The calculated thickness of P(T/P200) was
approximately 40 nm at 2—6 weeks of immersion, while P(T/
TMP) had a thickness of almost 25—28 nm during the entire
course of hydrolysis up to 6 weeks.

Discussion

Liquid acrylated oligo(ester)- or oligo(carbonate)-based
prepolymers with the ability to rapidly transform into a solid
upon vistble-light photoirradiation may find various medical
applications such as drug delivery matrixes, photoconstructs
of microarchitectural surfaces, micro- and macroshaped
devices for implants and engineered tissues, and in situ
formable molds. In our previous studies, Iiquid acrylated
prepolymers composed of TMC and CL were prepared. The
polymer composition, type of alcohol used as an initiator,
its functionality-differentiated surface erosion rate, and the
concomitant biodegradability of the photacured implants
were reported.®!®



