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Figure 2. Phase-contrast micrographs of ECs cultured on {A) tissue culture dish, (B) dish coated with
PNIPAAm (208 pg/cm?), (C) dish coated with a mixture of gelatin (20.8 g/cm?) and PNIPAAm
(208 pg/em?). and (D) dish coated with PNIPAAm-grafted gelatin (83.2 ug/cm”). Surface area of
dishes is 9.62 cm?.

day. Then, the dishes were allowed to stand at 20°C. When ECs were cultured on
dishes coated with only PNIPAAm (208 pg/cm?), cells neither adhered nor spread;
rather, they tended to aggregate with incubation time (Fig. 2B). Gelatin coating
induced cell adhesion and spreading similarly to tissue culture dishes (Fig. 2A) but,
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Figure 2. (Continued).

as expected, little delamination occurred at 20°C. On the other hand, the mixed
coating of gelatin (20.8 pg/cm?) and PNIPAAm (20.8 ng/cm?) did not induce
cell adhesion (Fig. 2C), whereas coating of PNIPAAm-gelatin (83.2 pg/cm?)
induced cell adhesion and spreading (Fig. 2D). However, standing at 20°C did not
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Figare 3. Phase-contrast micrographs of ECs cultured on (A and B) dish coated with a mixture
of PNIPAAm-grafted gelatin (20.8 ug/cm?®) and PNIPAAm (416 ug/cm?), (C) dish coated with a
mixture of PNIPAAm-grafted gelatin (4.16 tg/cm?) and PNIPAAm (208 ug/cm?), and (D) dish
coated with a mixture of PNIPAAm-grafted gelatin (4.16 pg/cm®) and PNIPAAm (416 pg/cm?).
Surface area of dishes is 9.62 cm>. (A) Confluent monolayer cultured at 37°C and (B) commencement
of detachment by reducing temperature below LCST (20°C).
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It is of interest to determine whether or not a mixture of PNIPAAm-gelatin
and PNIPAAm induces monolayer sheet formation at 37°C and complete sheet
delamination at 20°C. To this end, the effect of varying the ratio of these two
components was examined (at two concentrations with respect to each other).
The concentration of PNIPAAm-gelatin was fixed at 4.16 or 20.8 pg/cm’ and
that of PNIPAAm was fixed at 208 or 416 ,u,g/cmz. Thus, four combinations of
concentrations were tested as follows. At first, PNIPAAm-gelatin concentration
was fixed at 20.8 pwg/cm?. For the case of coating (gelatin content in the mixture:
1.43 wt%) with a mixture of this and with PNIPAAm (416 ug/cm?), cells were
found to adhere and spread well (Fig. 3A). At 20°C, the sheet of cells started to
detach itself from the dish within several minutes (Fig. 3B), and after standing
for approximately 20 min the cell sheet was completely detached and was floating
on the medium. The coating (gelatin content in the mixture: 2.85% wt%) with
a mixture of this with PNIPAAm (208 (g/cm?) induced cell adhesion, but the
percentage of cell adhesion was approximately 80% of that on the tissue culture
dish and the percentage detachment of cells upon standing at room temperature was
approximately 75% of the adhered cells. Cells did not completely detach from the
dish at 20°C. On the other hand, at a low concentration of PNIPA Am-grafted gelatin
(4.16 pg/cm?), coating (gelatin content in the mixture: 0.58%) with a mixture
of this and PNIPAAm (208 pg/cm?) exhibited lower cell adhesion than that on
the control tissue culture dish (Fig. 3C). On the other hand, no cell attachment
was observed on dishes coated with a mixture with PNIPAAm (416 pg/cm?)
(Fig. 3D). These results are summarized in Fig. 4. The surface coated with a mixture
of PNIPAAm-gelatin (20.8 ug/cm?) and PNIPAAm (416 ug/cm?) provided cell
behaviors cell behaviors with complete cell adhesion and detachment.

DISCUSSION

The unique feature of the thermoresponsive phase transition of PNIPAAm has been
utilized to develop ‘intelligent’ or ‘smart’ matrices for biomedical applications. For
instance, Hoffman and co-workers first applied PNIPAAm to drug delivery systems
and the separation of substances from the surrounding aqueous medium [9, 10].
The function of PNIPA Am-conjugated enzymes was promoted or suppressed upon
by temperature change due to sol-—precipitate phase transition. Okano et al. ex-
tensively developed highly responsive synthetic polymer systems where reversible
themoresponsiveness occurs rapidly upon a very abrupt temperature change. Pre-
vious studies on thermoresponsive polymer surfaces are as follows: (1) mixed
PNIPAAm/Type I collagen solution coating (Takezawa et al. [2]), (2) PNIPAAmM
electron-beam-induced polymerization on surfaces (Okano et al. {3, 11, 12]) and
(3) RGD-peptide-derivatized PNIPAAm solution coating (Matsuda and Moghad-
dam [6, 7]). Methods (I) and (III) are applicable to solution coating for devices of
any shape, whereas method (II) is limited to electron-beam irradiated-portions but
is favorable for miroprocessing.
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Figure 4. Attached cell number at 37°C and detached cell number at 20°C of ECs on surfaces coated
with a mixture of PNIPAAm and PNIPAAm-grafted gelatin at different mixed ratios. N.D.; Not
detectedable.

The new thermoresponsive cell adhesive matrix designed in this study was
PNIPAAm-grafted gelatin. Gelatin, a thermally denatured collagen, has been uti-
lized as a matrix protein similar to collagen and fibronectin. Graft polymerization
was based on the photo-inferter polymerization technique, originally developed by
Otsu er al. in the early 1980s. This unique photo-characteristic of the benzyl dithio-
carbamate group leads to ‘living-like’ radical polymerization. Upon UV irradiation
leading to photocleavage, a radical pair was generated but spontaneously recom-
bined. The generated benzyl radical can initiate radical polymerization, whereas the
counter radical, a dithiocarbamate radical, cannot attack vinyl monomers; rather,
it tends to recombine with a growing polymer. Therefore, if side reactions such
as chain transfer or recombination between polymer radical ends are markedly in-
hibited, a ‘living-like’ polymer will be produced. A series of studies by Otsu et
al. [13, 14] and our previous studies [15, 16] have shown that polymer chain length
increases with monomer concentration and irradiation time under appropriate con-
ditions. In this study, the dithiocarbamate group was partially derivatized to react
with the amine group of lysine residues of gelatin.

The molecular weight of PNIPAAm gel chain and the degree of substitution
for PNIPAAm-gelatin (I) and (II) are listed as follows: for PNIPAAm-gelatin (),
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the average molecular weight of grafted gelatins is 1.4 x 10*. The weight ratio
of the grafted PNIPAAm chain to the gelatin molecule is approximately 0.5
and the average molecular weight of grafted chains is 1.5 x 10%, assuming that
all the derivatized photoinitiation participates in the graft polymerization. For
PNIPAAm-gelatin (IT) the molecular weight is approximately 3.8 x 10° g/mol,
the weight ratio of the grafted chain to the gelatin molecule is approximately
3.0, and the average molecular weight of grafted chains is 1.1 x 10* g/mol.
LCTSs of these grafted gelatins were slightly higher than that of PNIPAAm.
However, in contrast to PNIPAAm, complete dissolution and precipitation, as
determined from optical transmittance, was not obtained for these modified gelatins,
suggesting that, although PNIPA Am chains collapsed at temperatures above LCST,
gelatin molecules appeared to protect intramolecular aggregation, thus avoiding the
complete precipitation in the diluted state at the concentration of 1.0 mg/ml in this
study.

The thermoresponsivenes s of cell adhesion is summarized as follows. Little cell
adhesion occurs on PNIPA Am-coated or PNIPA Am/gelatin-mixture-coate d dishes,
whereas cell adhesion occurs on only PNIPA Am-gelatin (IT)-coated surfaces, which
results in the formation of a confluent monolayered sheet. However, complete
delamination was not observed (Note that it has been reported that gelatin coating
on dishes induces little desorption of gelatin as observed for commercial dishes).
This might be due to the hydrophobi ¢ interaction between water-soluble PNIPAAm-
gelatin and the non-treated polystyrene dish. In a separate experiment, gelatin
coating (50 pg/cm?) induced cell adhesion similarly to non-coated TCPS dishes.
However, little delamination at room temperature within 20 min was observed.
When a mixed ratio of PNIPAAm-gelatin and PNIPAAm was high, enhanced cell
adhesion but reduced detachment was observed (Fig. 4). When the mixed ratio
was very low, no adhesion was observed. Therefore, an optimal ratio appeared to
exist for complete adhesion at 37°C and complete delamination at 20°C. As can be
shown in Fig. 4, the mixed ratio of PNIPAAm-gelatin against PNIPAAm of 0.01
fulfilled the requirements mentioned above, indicating that a very small amount
of PNIPAAm-gelatin in the mixture induced cell adhesion and spreading and full
detachment at room temperature. Thus, the mixed ratio of cell-adhesive matrix
(PNIPAAm-gelatin) and non-cell-adhesive matrix (PNIPAAm)greatly affects the
balance of capabilities of cell adhesion at physiological temperature and cell
detachment at room temperature.

Collagen and gelatin are key biological substances in biomaterials for cell
adhesion, tissue formation and organ construction in vitro as well as in vivo.
Collagen forms gels in physiological environments (pH and temperature ) due to
fiber formation and subsequent self-assembled fiber bundles, whereas gelatin at high
concentration forms gels when temperature is lowered to room temperature due to
enhanced intramolecular association resulting in the formation of an intramolecular
random network with partial fiber formation, whereas at elevated temperature,
dissolution occurs. This is a major drawback of the use of gelatin as a biomaterial
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since gelatin is dissolved in water at physiological temperature. On the other
hand, chemical crosslinking using glutaraldehyde is often used to render gelatin
insoluble. In this paper, the designed synthetic polymer-conjugated gelatin has the
so-called ‘inversion temperature’ phenomenon in which the polymer is dissolved at
low temperature, but precipitated at physiological temperature. This is particularly
important for cell embedding in tissuc-engineered devices, as has been found for
collagen. In addition, a solution-coatable, thermoresponsive cell matrix may have
versatile applications. Such tissue-engineered applications will be reported in the
near future.
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Abstract: Liquid photoreactive poly(s-caprolactone-co-
trimethylene carbonate)s endcapped with a coumarin group
[coumarinated poly(CL/TMC)s] were prepared using tetra-
functional hydroxylated substances such as pentaerythritol
or four-branched poly(ethylene glycol), b-PEG. These cou-
marinated copolymers are tetra-branched and exist as a vis-
cous liquid (MW 5 x 10°~7 x 10%). They were photocured by
ultraviolet (UV) light irradiation to obtain a swelling or non-
swelling solid under water, depending on the type of initia-
tor used. The resultant films were implanted into the sub-
cutaneous tissues of rats for up to 5 months. The photocured
b-PEG-based copolymer was completely degraded and
sorbed within a 1 month. On the other hand, surface-eroding
degradation of pentaerythritol-based, coumarinated
poly(CL/TMC) progressed with implantation time, and
minimal recruitment of neutrophils, macrophages, and mul-
tinucleated giant cells was observed over the implantation

period. Among the pentaerythritol-based copolymers, the
fastest surface erosion was observed for the copolymer with
the highest e-caprolactone content. Microfabricated films
with microarrays in which photoconstructs were stereolitho-
graphically prepared, using three different coumarinated co-
polymers at different regions, showed that upon implanta-
tion there was regionally differentiated biodegradation of
microarrays, and the degree of region-specific biodegrada-
tion depended on the type of photocured copolymer. The
observed tendency for biodegradation was in good agree-
ment with that observed during implantation of individual
films in vivo. This study also demonstrates that the use of
multi-material-arrayed films enables the determination of
different responses in vive using only one sample. © 2002
Wiley Periodicals, Inc. ] Biomed Mater Res 61: 53-60, 2002

Key words: biodegradation; e-caprolactone; trimethylene
carbonate; photocured film; in vive degradation

INTRODUCTION

Biodegradable poly(ester)s such as poly(lactide) or
poly{glycolide) and their copolymers have been used
as drug-delivery matrices, templates, and scaffolds in
biomedical applications with a focus on the develop-
ment of regenerative or reparative medicines."™ These
materials have been processed to make fibers, sheets,
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and blocks by solution-casting or melt-compression-
mold techniques. If such biodegradable polymers are
liquid and photocurable, a photochemically driven
process can be utilized for manufacturing such forms
of photocured materials as well as for direct three-
dimensional (3D) fabrication of devices using a stereo-
lithographic rapid prototyping method.>”

Our recent efforts have been focused on designing
photochemical liquid biomaterials and developing a
photocuring fabrication process that would lead to the
realization of a 3D photoconstruct with controlled sur-
face erosion characteristics.®® The designed liquid
copolymers are four-armed copolymers composed of
e-caprolactone (CL) and trimethylene carbonate
(TMC)."*"1% These four-armed copolymers are pre-
pared by ring-opening addition reaction of cyclic com-
pounds (CL and TMC) initiated with a four-
functionality hydroxylated substance (pentaerythritol
or four-branched PEG). Each terminal group of an arm
was end-capped with a photodimerizable group, cou-
marin (Fig. 1).° The resultant photocurable copolymers
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were designated as coumarinated poly(CL/TMC). Ul-
traviolet (UV) irradiation induced inter- and intramo-
lecular dimerization, resulting in chain extension and
crosslinking.

In our previous article, we reported the synthesis
and photocuring characteristics of these copolymers®
and described in detail the in vitro hydrolytic behavior
of photocured films.'® In this paper, as an extension of
a series of our study, we report the in vivo biodegra-
dation characteristics of these photocured copolymers
and the composition dependency of biodegradability.

MATERIALS AND METHODS

General procedure

All the solvents and reagents were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan) or Sigma-
Aldrich Japan, Inc. (Tokyo). Diglycerol polyoxyethylene gly-
col ether (b-PEG) was obtained from Shearwater Polymers,
Inc. (Alabama). Trimethylene carbonate (TMC) was pre-
pared according to the method previously reported, and re-
crystallized from a mixture of ethyl acetate and hexane 5!
Also according to the method described in our previous
paper,® 7-chlorocarbonyl methoxy coumarin was prepared
for this study. Pentaerythritol was recrystallized from ac-
etone. The other solvents and reagents were purified by dis-
tillation. *H NMR spectra were recorded on a JEOL ]NM-
GX270 FT-NMR spectrometer (270 MHz; Tokyo). The chemi-
cal shifts were given in 8 values from Me,5i as an internal
standard. UV absorption spectra were measured on a
JASCO Ubest-30 UV /VIS spectrometer (Tokyo). UV light
(250-W Hg-Xe lamp; Hamamatsu Photonics L5662-02, Shi-
zuoka, Japan) was irradiated through a Pyrex filter. The
intensity of the UV light was measured at 250 nm on a
TOPCON UVR-25 (Tokyo). The surface topographic
changes of the photocured film were determined by scan-
ning electron microscopy (SEM; JEOL JSM-6301F, Tokyo).
Histologic observation was carried out by light microscopy
(Olympus VANOX-S AHBS, Tokyo).

R C{CH2)5011 CO(CH,)30CCH, o
{lgeraetfgeeraegonery )

R = c{cH,0}-

or

(pentaerj;hrilnl)

Q(CHchzo)n_
R ==(OCH,CH},OCH, CHCH,OCH, CHCHZO(CH,CH, O}
O[CH,CH.O)
(b-PEG; diglyserol polyoxyethylens glycol ether, n=10, MW 2040)

Figure 1. Photocurable, tetra-branched, bicdegradable lig-
uid copolymers.
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Synthesis of coumarin-endcapped
poly{e-caprolactone-co-trimethylene carbonate)
copolymer [coumarinated poly(CL/TMC)]

The preparation of courmarinated poly(CL/TMC) was car-
ried out according to the method previously reported #° At
first, poly(CL/TMC)s were prepared using trimethylpro-
pane, pentaerythritol, or b-PEG as an initiator and tin(I)2-
ethylhexanoate as a catalyst at almost full conversion (yield
~100%). Subsequently, hydroxyl groups at terminal ends of
copolymers were esterified using 7-chlorocarbonyl methoxy
coumarin. The composition of the copolymer was deter-
mined by TH-NMR spectroscopy, and the coumarin content
of the coumarin-endcapped copolymer was determined by
UV spectroscopy at an eg,,, of 1.35 x 10%.

Synthesis of coumarinated poly(2-hydroxyethyl
methacrylate) (CPHEMA) POIERYEOyeEy

The preparation of CPHEMA was carried out by esterifi-
cation of hydroxyl groups of HEMA (MW 3 x 10 using
7-chlorocarbonyl methoxy coumarin. Complete coumarina-
tion was qualitatively determined by IR spectroscopy (Shi-
madzu DR-8020, Kyoto). The photocured CPHEMA was
used as a base polymer for the microarrayed architecture.

Preparation of photocured films

For individual! photocured films, a liquid coumarinated
poly(CL/TMC) (0.050 g, 0.3 mm in thickness} film (diameter,
11 mm) was prepared by casting dichloromethane solution
on a cover glass, followed by air-drying. Subsequently, UV
light irradiation was carried out for 60 min at an intensity of
10 mW/em?. (This condition enables complete conversion or
curing, as reported in our previous paper®.)

A micropatterned surface in which three different photo-
cured copolymers were layered on the photocured
CPHEMA film as a base substrate was prepared as sche-
matically illustrated in Figure 2. A liquid coumarinated co-
polymer was coated on the photocured CPHEMA film and
subsequently UV-irradiated using a moving light pen (light
irradiation area: 1.0 mm in diameter) controlled by a cus-
tom-designed stereolithographic or rapid prototyping appa-
ratus (SLA). A more detailed description of the device and
photoirradiation conditions is given in our previous paper®,
The height of the liquid film was 0.07 mm for one cycle, and
the procedure was reported for up to three cycles, resulting
in a bank (length, 5.0 mm; width, 1.0 mm; height, 0.2 mm) on
the photocured CPHEMA surface. The sequential proce-
dures using the second and the third liquid copelymers at
different surface regions resulted in the formation of three
different microbanks on the photocured CPHEMA surface.

Water adsorptivity and surface wettability

The photocured film, prepared as above, was immersed in
water for 2 days at room temperature. The degree of water
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Figure 2. Preparation of a multiarrayed film by sequential steps using a custom-designed stereolithographic apparatus.

adsorptivity (DW) was determined as the relative amount of
water uptake, on a weight basis, as measured against a dry
photocured copolymer. The surface wettability of the films
was determined by advancing and receding contact angles
measured with a contact angle meter (Kyowa Interface Co.
Ltd., Tokyo) at 25°C by the sessile drop method.

In vivo implantation

Round-shaped photocured films (diameter, 11 mm) that
had been washed with ethanol and air-dried were implanted
under the dorsal skin of male Wistar rats (around 400 g in
weight). After a predetermined time, the rats were dissected
to remove the films together with surrounding tissues. The
films, which were easily removed from surrounding tissues,
were thoroughly washed with water, freeze-dried, and
weighed. The surrounding tissues were fixed in 1% aqueous
formaldehyde aqueous solution (pH 7.4) for 12 h and
stained with hematoxylin~eosin (HE) and periodic acid
Schiff (PAS). The schematics of the stereolithographic pho-
toconstruct procedures are shown in Figure 2.

RESULTS

Figure 1 shows the molecular structure of courmnari-
nated poly(CL/TMC)s. Table I summarizes the mo-
lecular descriptions of the liquid copolymers used in
this study. The copolymers of CL and TMC were pre-

pared by ring-opening polyaddition reaction using a
tetra-functional hydroxylated substance—pentaeryth-
ritol or diglycerol polyoxyethylene glycol ether (b-
PEG)—as an initiator. The reaction was performed to
achieve approximately 100% yield. Therefore the co-
polymer compositions were identical to those of the
initial feed compositions.

Subsequent endcapping with 7-chlorocarbonyl me-
thoxy coumarin was carried out according to the
method described in our previous papers®*° in which
reaction conditions and characterization of copoly-
mers were described in detail. The content of CL in the
copolymers ranged from 0 to 0.76 (molar ratio). All the
coumarinated poly(CL/TMC)s were viscous liquid,
and the average molecular weights of these copoly-
mers ranged from 5 x 10° to 7 x 10% The degree of
water adsorption of completely photocured films at
the equilibrium state was approximately several per-
cent of the dry weight for pentaerythritol-initiated co-
polymers, irrespective of copolymer composition (a—d,
Table I). On the other hand, the b-PEG-initiated co-
polymer adsorbed water at about 60 percent of the dry
weight (e, Table I). (Note that complete curing under
reaction conditions was confirmed in a separate ex-
periment ®)

The round-shaped, photocured films (diameter, 11
mmy; thickness, 0.3 mm) were implanted under the
dorsal skin of rats. Table II shows the implantation-
period-dependent loss of weight of the photocured
films. The PEG-based photocured copolymer film was

TABLE 1
Molecular Descriptions of Coumarin-Endcapped Tetra-Branched Biodegradable Liquid Copolymers,
Coumarinated poly(CL/TMC)
Polymer Copolymer Composition Coumarin Content
Code Name Initiator® CL: TMC (mol/g) M, Dwd
a C(CH,0H}, 0.76:0.24 8.07 x 107* 50 x 10° 0.03
b C(CH,0H), 0.49:0.51 7.90 x 10~* 5.1x%10° 0.03
< C(CH,OH), 0.27:0.73 8.04 x 10~ 5.0 > 10° 0.05
d C(CH,0H), 0.00: 1.00 8.00 %1074 5.0 = 10° 0.07
e b-PEG® 0.49:0.51 571x1071 70x10° 0.58

*Molar fraction of monomer per total OH group of initiator was fixed at 6.6; "composition ratio of CL and TMC (molar
ratio); “molecular weight was estimated from coumarin content; “degree of water adsorptivity (relative weight of water
uptake to polymer) of photocured film; ®tetra-branched-PEG (diglycerol polyoxyethylene glycol ether) (MW 2040).
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TABLE II
Weight Loss of Implanted Photocured Films as a Function of Implantation Period*
Coumarinated 1 Month 3 Months 5 Months
Polymer Copolymer Weight Loss Weight Loss Weight Loss
Code Name Initiator CL: TMCP (%) {mg/cm?) (%) (mg/cm?) (%) {mg/cm?)
a C(CH,OH), 0.76:0.24 — — 449 (8.4%) 8.2(0.8%) — —
b C(CH,0Hj), 0.49:0.51 2.5(2.8% 0.4 (0.2*) 8.8 (6.9 1.7 (0.5 378 7.2
c C(CH,OH),  0.27:0.73 — — 9.4 (7.0%) 1.7(0.59 — -
d C{CH,OH), 0.00: 1.00 32224 0.6 (0.2%) 10.7 (3.6*) 1.7 (0.3%) 56.5 9.8
e b-PEGE 0.49:0.51 100 (12.07) >12 (0.9%) — — — —

*Round photocured films: diameter 11 mm, thickness 0.3 mm; Pcompositional ratio of CL and TMC {molar ratio); “tetra-
branched-PEG (diglycerol polyoxyethylene glycol ether) (MW 2040); *numbers in parentheses are weight losses determined
in in vitro observation in pH 7.4 phosphate buffer aqueous solution (reported previcusly™).

completely lost at 1 month after implantation due to  plantation, had become rough after 1 month of im-
complete degradation and sorption. However, the  plantation (Fig. 3). At 3 months after implantation, the
pentaerythritol-based copolymer films maintained  surfaces were visibly roughened, and at$ months after
their integrity without shape change even at 3 months  implantation they were significantly eroded, forming
after implantation. wide roughened surfaces.

The bicdegradation behavior of two photocured co- Figure 4 shows histologic sections of the implanted
polymers (b and d) was determined through time-  copolymer b films at 1, 3, and 5 month(s} after implan-
lapse examination. Both copolymers progressively de-  tation. At 1 month [Fig. 4(A}], little inflammatory re-
graded with time, irrespective of composition. Thatis,  action without recruitment of neutrophils and encap-
at the early period of implantation (1 month), weight  sulation of surrounding tissues was noted. At 3
loss (per volume as well as per unit area) was very  months (Fig. 4(B)], a few giant cells had appeared. At
small, but considerable weight loss was observed at5 5 months [Fig. 4(C)], giant cells had accumulated at
months after implantation. At 3 months after implan-  the interface where cells tended to invade into the
tation, the copolymer with the highest CL content (a:  photocured copolymer that was being degraded.

CL content of 76%) was degraded to a much greater Histologic sections of tissues implanted with three
degree than the others. There was little significant dif-  different copolymers (a, ¢, and d) for 3 months are
ference in the degree of degradation among the three  shown in Figure 5. With regard to the copolymer with
remaining copolymers (CL content: 0~49%, b, ¢, and  the highest CL content (a), a massive foreign-body-
d}. At 5 months after implantation, approximately 40-  induced tissue reaction has occurred: multinucleated
60% weight loss was observed for the copolymers b giant cells have accumulated at the implant surface,
and d. which has become rough due to degradation. The

Upon implantation, surfaces became very slippery,  roughened tissue surface oriented towards the film
probably due to surface erosion, and the implanted  indicates a cellular ingrowth to surface regions rich
surfaces with surrounding tissues could not be har-  with neutrophils [purple colored upon staining by
vested from the tissues. However, the implanted films  PAS; Fig. 5(B)]. There was little appreciable difference
were easily detached from the living tissue and were  in the tissue reactions between copolymers b and ¢, as
thoroughly washed with water. These surfaces be-  shown in Figure 4{C,D).

came highly wettable with water. At 1 month after At 5 months after implantation, accelerated degra-
implantation, the receding contact angle was as low as  dation of the films was observed to promote tissue
several degrees (Table III). reaction, with giant cells migrating into biedegrading

Scanning electron microscopy observation showed  films. The integrity of the implanted film was lost,
that the surfaces, which were very smooth before im-  irrespective of the type of film {data not shown).

TABLE Il
Surface Wettability of Photocured Films

Water Contact Angle® (Degree)

Polymer Coumarinated Copolymer Advancing /Receding
Code Name Initiator CL: TMC* Before Implantation 1 Month After Implantation
b C(CH,0H), 0.49:051 65/44 52/<5
d C(CH,0H), 0.00: .00 52/24 22/<5

*Compositional ratio of CL and TMC {molar ratio); Pexperimental error was + 5%.
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20 ym

Figure 3. SEM images of the surfaces of photocured copolymer b {polymer code in Table I) film before and after implan-
tation for up to 5 months: (A) before implantation, (B} after 1 month of implantation, (C) after 3 months of implantation, and

(D} after 5 months of implantation.

Stereolithographically prepared microarchitectured
films, on which three different photocured copolymer
(b, d, or e)-based microarrays were constructed, were
implanted into the subcutaneous tissues of rats. Figure
2 illustrates the sequential procedures for microfabri-
cation. First, coumarinated poly(HEMA), CPFHEMA,
was coated and photocured on the glass as a base
photocured construct on which a viscous photocur-
able copolymer was overlaid. A motor-driven light
pen, controlled by computer-assisted software, was
scanned and photoirradiated on the liquid-filled sur-
face. After one array was prepared, the first liquid
photocurable copolymer was wiped off the surface,
and then the second liquid photocurable copolymer

was overlaid, and photocuring was repeated at differ-
ent regions. Repetition of the cycle three times pro-
duced a total of three microarrays (height, 0.2 mm;
length, 5. 0 mm; width, 1. 0 mm) with three different
copolymers (b, d, and e, Table I). Upon subcutaneous
implantation of the prepared microarray films, differ-
ent responses in term of biodegradability were ob-
served for each microarray by scanning electron mi-
croscopy (Fig. 6)-

At 1 month after implantation, complete loss of the
PEG-based copolymer e was observed. Some surface
erosion appeared to occur for copolymers b and d
[Fig. 6(B)]. Irrespective of the type of copolymer (b or
d), at 3 months after implantation, surface erosion pro-

Figure 4. Histologic cross-sectional photographs of photocured copolymer b (polymer code in Table I film facing subcu-
taneous tissues after 1 week of implantation: {A) after 1 month of implantation, (B) after 3 months of implantation, and (C)
after 5 months of implantation. All the specimens were stained by H&E. p = the space occupied by the photocured film (note
that the photoconstruct film became very slippery due to surface hydrolysis and spontaneously detached at the time of

retrieval); g = multinucleated, giant cells.
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Figure 5. Histologic cross-sectional photographs of photocured film facing subcutaneous tissues after 3 months of implan-
tation (p = the space occupied by the photocured film). As shown, the implanted copolymer filtms are: (A) and (B) (copolymer
a in Table I), (C) (¢ in Table I}, and (D) (d in Table I). The specimens were stained by H&E, except for (B), which was PAS
stained. g = multinucleated, giant cells; n = purple neutrophils upon PAS staining.

ceeded without any partial destruction or loss of the
integrity of the entire photoconstruct [Fig. 6(C)]. At 5
months after implantation, the thickness of the photo-
constructs was significantly reduced and only traces
of the photoconstructs remained on the surface [Fig.
6(D)].

DISCUSSION

The nature of surface erosion of implant devices, if
it occurs synchronously with tissue ingrowth or regen-
eration, may be beneficial for replacement of diseased
or lost tissues with artificial devices or with cell-
incorporated, tissue-engineered devices. In such cases,
the mechanical and structural integrity of implanted
scaffolds and templates could be well maintained dur-
ing the tissue architecture. That is, the degenerating

95

integrity of surface-eroded scaffolds with implanta-
tion time would be complemented by the regenerating
integrity of ingrown tissue. We have devised a photo-
curing system and developed a photofabrication pro-
cess using a liquid biodegradable copolymer com-
posed of CL and TMC. In a copolymer, both monomer
units are susceptible to hydrolysis, and coumarination
at the terminal ends of liquid poly(CL/TMC)s pro-
duces an inscluble photocured solid upon photoirra-
diation.®

A survey of patents indicated that liquid biodegrad-
able copolymers are useful as filling materials for soft-
tissue defects.''~'* The literature has reported that
poly(TMC) is much less susceptible to hydrolysis than
poly(CL) in both in vitre and in vive conditions.'® Qur
previous study showed that the hydrolysis rate in
slightly alkaline aqueous seclution (pH 8.7) decreased
with an increase in the TMC content of copolymers.™®
On the other hand, the in vivo enzymatic surface ero-
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Figure 6. SEM images of multiarrayed film before and after implantation for up to 5 months: (A) before implantation, (B)
after 1 month of implantation, {(C) after 3 months of implantation, and (D) after 5 months of implantation. e, b, and d

correspond to polymer code names in Table I.

sion of synthetic polymers is a relatively rare process,
with only a few examples reported in the literature,
such as poly(TMC). The contribution of an enzymatic
process to the degradation of poly(TMC) in vivo was
supported by a much higher rate of chain scission and
mass loss, relative to in vitro degradation.'

The present in vive degradation study of subcutane-
ous implantation of photocured films in rats shows
that among photocured films, including photocured
coumnarinated poly(CL/TMC)s with compositional
CL/TMC ratios of 75/25, 50/50, and 25/75 and
poly{TMC), the highest degradability at an early im-
plantation time (~3 months) was observed for the co-
polymer with the highest CL content (copolymer a).

Except for copolymer a, there appeared to be little
significant difference in degradability among the co-
polymers in terms of gravimetric mass change and
tissue reactions. At 5 months after implantation, sur-
face erosion proceeded irrespective of the copolymers,
resulting in considerable mass loss and integrity, and
cell phagocytes, such as macrophages, appeared on
the substrate oriented towards the tissue layers. Occa-
sionally, multinucleated giant cells were observed. Fi-
brosis appeared to be minimal, suggesting that surface
erosion proceeded without significant adverse tissue
reactions.

In vitro alkaline hydrolysis experiments showed that
there is a marked dependency of copolymer composi-
tions on the hydrolysis rate,!” but the in vive study
showed that, except for high-CL-content copolymers ¢
and d, there appears to be no significant difference.
This may be due to the synergistic effect of hydrolysis
and enzymatic degradation. This is in good accor-
dance with the results obtained using a stereolitho-
graphically prepared microphotoconstruct on one sur-
face, which was implanted in a subcutaneous tissue.

The advantage of using a microarrayed surface, the
microarray of which is photoconstructed with differ-

26

ent photocured copolymers, is that it enables the dif-
ferentiation of biodegradation rates on one film. PEG-
based poly(CL/TMC) (e) was found to be very biode-
gradable, the biodegradation appearing to proceed via
both surface erosion and bulk degradation. This
agrees well with the property of lactide-based PEG
scaffolds.

CONCLUSIONS

Liquid biodegradable copolymers composed of CL
and TMC endcapped with a coumarin group may be
useful for tailored-made and precision-shaped scaf-
folds or templates.
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Heparin terminally grafted with a thermoresponsive polymer. poly(Nisopropylacrylamide) (PNIPAM),
was prepared by sequential steps of chemical modification of one terminal group of heparin, leading to
its dithiscarbamylation as an iniferter (jnitiator—transfer agent—terminator}, followed by quasilivin
photopolymerization. thereby producing PNIPAM with a molecular weight {mol wt) ranging from 2 x 10
to 1 x 10° g/mol at the terminus of heparin (PNIPAM—heparin). The lower critical solution temperature
depended on the mol wt of PNIPAM. Higher-mol-wt PNIFAM—heparin completely precipitated at 34 °C.
The adsorptivity on the poly(ethylene terephthalate) (PET). paly(styrene} (PST), and segmented polyurethane
(PU) films was assessed by wettability measurement and surface chemical compositional analysis using
X-ray photoelectron spectroscopy. The temperature-dependent amount of adsorbed PNIPAM~heparin
was quantitatively determined by a confocal laser scanning microscope (CLSM) using fluorescence-labeled
PNIPAM—heparin. Therelative degree of heparin complexation with antithrombin III {ATIII) was assessed
based on flucrescence intensity using the avidin—biotinylated enzyme complex assay technique under a
CSLM. The results showed that irrespective of the type of polymer films, higher-mol-wt PNIPAM—heparin
adsorbed better and was more stable than lower-mol-wt PNIPAM—heparin at 40 and 20 °C, an effect which
was more enhanced on a hydrophobic surface (PST) than on polar surfaces (PET and PU). The desorption
of PNIPAM—heparin did not occur even in the serum-containing medium, In addition, higher complexation
capability with ATIII was observed for higher-mol-wt PNIPAM—heparin probably duetoits higher adsorption
capability. The desorption of PNIPAM—heparin was noted at 20 °C. Thus. it is concluded that PNIPAM—

heparin exhibits thermoresponsiveness of surface biofunctionality.

Introduction

Heparin, which is a giycosaminoglycan, has potent
anticoagulant activity when complexed with antithrombin
III (ATILI) and has beenclinically used as an anticoagulant
during extracorporeal circulation. Various heparinization
techniques applicable to blood-contacting surfaces of
extracorporeal devices or catheters have been proposed
and developed. These include surface physical mixing,'?
coating with the surfactant—heparin complex,® surface
derivatization through covalent bonding with or without
a spacer arm,*7 impregnation into a surface hydrogel
layer,!! and complexation onto an animated surface.?-1°
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Physical adsorption is achieved by electrostatically or
hydrophobically driven adsorption. In particular, we
synthesized a novel "heparin surfactant”, in which heparin
is terminally derivatized with a long alkyl chain such as
lauryl and stearyl groups.!? Such a heparin surfactant is
adsorbed on a polymer surface from an agqueous solution
via a hydrophobically driven adsorption process. Physi-
cochemical analyses suggested that the hydrophobic tail
of alkylated heparin can anchor on a hydrophobic polymer
surface and the heparin molecule is oriented vertically to
aqueous media from the surface.

In this study, poly(/V-isopropylacrylamide} (PNIPAM)
with a lower critical solution temperature (LCST) of 32
°Cl was grafted by polymerization of NIPAM from the
dithiocarbamate group, an iniferter (photocleavable radi-
cal generator}!* derivatized on the terminus of heparin.
The biocconjugation of heparin and PNIPAM without
substantial loss of their bioactivity may be used for
adsorption-driven surface moedification by simple coating
using its aqueous solution at room temperature and
concomitant physical stabilization on a substrate surface
at aphysiological temmperature. Inthis study, we prepared
such a thermoresponsive heparin conjugate {PNIPAM-
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heparin}. Its complexation with ATII! was assessed with
a confocal laser scanning microscope using an antibody—
enzyme-based chromogenic substrate. In this paper, the
preparation of PNIPAM-grafted heparin was described,
followed by graft chain length dependency of its surface
adsorption/desorption and biological activity character-
istics.

Experiments

Reagents. 4-(Chloromethyl)benzoic acid and NIPAM were
purchased from Tokyo Kasei Co. {Tokyo, Japan). ATIII and bovine
serum albumin (BSA) were obtained from Sigma Chemicals Co.
(St. Louis, MC). Other reagents and solvents were obtained from
Wako Pure Chemicals Inc. {Osaka, Japan). The poly(ethylene
terephthalate) (PET), poly(styrene) (PST), and segmented poly-
urethane (PU) films were obtained from Bellco Glass Inc.
(Vineland, NJ}, Minamide Corp. {Osaka, Japan), and Nihon Zeon
Co. (Tokyo, Japan), respectively. All solvents and reagents were
of special grade and used without further purification, except for
NIPAM which was recrystallized from toluene—hexane and
stored in the refrigerator.

General Methods. Purification of heparin, oxidized heparin,
and PNIPAM-heparin was carried out using a dialysis mem-
brane {molecular weight (mol wt} cutoff level = 12 000-14 000,
Wako). The ion-exchange was performed using a Dowex 50 x 8
(H*) resin (Dow Chemicals, Midland, MI). '"H NMR spectra were
recorded in CDCly using tetramethylsilane as the internal
standard with a JNM-GX270 FT-NMR spectrometer (JEOL, 270
MHz, Tokyo, Japan). UVfvis spectra were recorded using a Ubest-
30 UVivis spectrophotometer (Japan Spectroscopic Co., Ltd.,
Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) was
performed to determine the surface chemical composition using
an ESCA-3400 instrument (Shimadzu Corp., Kyoto, Japan) at
the takeoff angle of 90°. Wettability of the treated surfaces was
evaluated using the sessile drop technique with a contact angle
meter (CA-D, Kyowa Interface Science Co., Ltd., Saitama, Japan).
The fluorescence image of the surface was observed using a
confocal laser scanning microscope {(MRC-1024, 543 nm
exDitation; Bio-Rad Lab., Hercules, CA).

Synthesis of Lactone-Terminated Heparin [2]. The
detailed preparation is according to the method described by
Sugiura et al.’s Heparin sodium salt (4.0 g, mol wt = 1.2 x 10%;
198.6 IU/mg was dissolved in deionized water and passed
through a Dowex 50 x 8 (H*) column. The eluate was dialyzed
and then lyophilized to yield heparin (3.8 g, 0.32 mmol}. The
reducing end of heparin was oxidized with jiodide (0.8 g. mmol}
in 20% aqueous methano!l solution {100 mL) for 6 h at room
temperature. The reaction solution was added to ethanol
containing 4% potassium hydroxide (200 mL). The white
precipitate was obtained by filtration and dissolved in deionized
water, and the resulting solution was dialyzed. Upon freeze-
drying of the dialyzed solution, oxidized heparin was obtained.
The oxidized heparin was dissolved in deionized water and passed
through a Dowex 50 x 8 (H*) column. Upon freeze-drying of the
elua)te, lactone-terminated heparin [2] was obtained (3.0 g; yield,
78%).

4-(N.N-Diethyldithiocarbamoylmethyl)benzoic Acid [4].
Sodium N, N-diethyldithiocarbamate trihydrate (106 g, 46.9
mmol) and sodium iodide (4.4 mg, 2.9 mmol) were added to an
ethanolic solution (150 mL) of 4-(chloromethyl)benzoic acid [3]
{5.0 g. 29.3 mmol). The mixture was refluxed for 4 h and then
stirred overnight at room temperature. After evaporation of
ethanol, the crude mixture was neutralized with 10% cold aqueous
hydrochloric atid solution and the product was extracted with
ethyl acetate three times. The organic layer was dried using
sodium sulfate, filtered with a pad of Celite, and evaporated
under reduced pressure. The product of purification was con-
firmed by thin-layer chromatography (TLC}. The results were as
follows. Yield: 8.3 g, 93%. TLC: Ry= 0.7 {(CHC1¥CH;OH = 80/
20). *H NMR (CDCls, é ppm): 8.04 (d, 2H, Ac-H), 7.48 (d. 2H,
Ar-H), 4.83 (s, 2H, Ar—CFH), 4.05 (m, ZH, CHzN), 3.75 (m, 2H,
CHzN), and 1.29 (r, 6H, CH:).

{15} Sugiura, N.; Sakurai, K.; Karasawa, K.; Sakurai, S.; Kimata, K.
J. Biol. Chem. 1993, 268, 15779~15787.
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4-[(N.N-Diethyldithiocarbamoylmethyl}-2-aminoethyl]-
benzamide [6]. Oxalyl chloride (5.0 mL, 58.2 mmol} and two
drops of N, N-dimethylformamide (DMF) were added to a solution
of acid 4 (6.6 g, 23.3 mmol). The mixture was stirred at rcom
temperature for 3 h and then concentrated under reduced
pressure, Addition of toluene (50 mL) followed by evaporation
of the solution under reduced pressure was repeated twice to
remove excess oxalyl chloride. Crude acid chloride [5) was then
dissolved in methylene chloride {200 mL) and cooled 10 0 °C in
an ice bath. A solution of ethylenediamine (16 mL, 233 mmol)
in methylene chloride solution (50 mL) was added dropwise with
vigorous stirring at 0 °C, and the reaction mixture was stirred
overnight at room temperature. The solvent was evaporated
under reduced pressure, and the product was purified by silica
gel column chromatography {elution: CHCI;/CH;0OH = 90/10
with (CH3CH:2)sN (1%)). The results were as follows. Yield: 8.7
£.88%.TLC: Ry=0.15 [CHCICH;0H =80/20). 'TH NMR (CDCls,
dppm): 7.74 (d, 2H, Ar-H), 7.43 (d, 2H, Ar-H), 6.83 (s, 1LH,NHA),
4.59 {s, 2H, CF£S), 4.04 (m, 2H, CHN), 3.70 (m, 21, CFEN), 2.49
(m, 2H, CHEN), 2.94 (m, 2H, CH:N), 1.99 (s, 2H, NHy), and 1.28
(t. 6H, CH;).

Heparin Derivatized with Dithiocarbamate Iniferter {7].
Compound 6 (162 mg, 5.0 x 1074 mol} in DMF (5.0 mL) was
added to lactone-terminated heparin (300 mg, 0.025 mmo!)
solution in DMF (17 mL) and then neutralized with tri-n-
butylamine (0.1 mL). The mixture was stirred for 16 h at 80°C
under an argon atmosphere. After evaporation of the solvent
under vacuum, the residue was dissolved in deionized water (20
mL} and the solution was passed through a Dowex 50 x 8 (H*)
column. Upon freeze-drying of the eluate, the product was then
freeze-dried to yield a pale brown solid 7 (270 mg, 90%),

Polymerization of NIPAM Initiated with Compound {7].
Photopolymerization initiated using compound 7 was performed
in an aqueous solution of NIPAM under a nitrogen atmosphere
with UV irradiation {light intensity, 0.5 mW/cm?) usinga 250 W
Hg lamp (SPOT CURE, USHIO, Tokyo, Japan). After polym-
erization, the reaction mixture was dialyzed followed by freeze-
?r]))ring to yield a white or pale brown solid (PNIPAM—heparin

8]).

Fluorescence-Labeled PNIPAM-Heparin. Fluorescence-
labeled PNIPAM—heparins were prepared by condensation
reaction with 5-(4,6-dichlorotriazin-2-yl)aminoflucrescein (DTAF,
Sigma) according to our method previously reported '? (the number
of fluorescent dye molecules conjugated to heparin ranged from
2 to 5 per molecule).

Transmittance Measurement. The LCST of PNIPAM-—
heparin was determined by measuring the optical transmittance
at 600 nm of an aqueous PNIPAM—heparin solution (0.5 wt %)
at a heating rate of 0.5 “C/min from 25 to 40 °C. The temperature
at onset of decrease in transmittance, which was determined
with an accuracy of 0.1 °C by a thermosensor that was directly
immersed into a solution, was defined as the LCST.

Adsorption and Desorption. The PNIPAM—heparin-coated
PET film was prepared as follows. An aqueous solution of
PNIPAM—heparin [8] {0.5 wt %, 5 uL) was placed on the surface
of acircular PET film (diameter, 15 mm), and the film was dried
at 20 °C, The film surface was rinsed with either cold water (20
°C) or hot water (40 °C). Alternatively, PNIPAM - heparin-
adsorbed PET film was prepared by immersion ina 0.5 wt %
agueous solution of PNIPAM—heparin [8] (PNIPAM mol wt =
1 x 104} at 20 °C. Then, the film was immersed in a solution at
either 20 or 40 °C for 3 h. Then, the film surface was rinsed with
either cold water (20 *C) or hot water {40 *C).

Adsorbed PNIPAM—-Heparin. The amounts of adsorbed
PNIPAM—heparin on surfaces were determined by measure-
ment of average fluorescence intensity of fluorescence-labeled
PNIPAM--heparin-coated surfaces under a confocal laser scan-
ning microscope (CLSM) using the standard linear relationships
between the fluorescence intensity and the amount of fluores-
cence-labeled PNIPAM—heparins.

AntithrombinIII Trapping. The PNIPAM—heparin-treated
film surface was treated with 1% BSA in phosphate-buffered
solution (PBS) for 30 min to block nonspecific adsorption of ATIII
or antibodies and then immersed in the ATIII-containing PBS
(1 unityml) for 30 min at 4 °C. Then, the films were thoroughly
washed with a buffer solution for fluorescence staining. The
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Scheme 1. Reactions for Synthesis of PNIPAM-Heparin
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PNIPAM—heparin—ATIIL complex coated film surfaces were
treated by an enzyme-labeled-antibody technique using an ABC
kit (Vector Laboratories, Inc., Burlingame, CA) and visualized
under the CLSM. The treated films were incubated in the medium
DMEM (Dulkecco’s modified Eagle's medium; Gibco, Grand
Island, NY) containing 10% fetal bovine serum (FBS, Life
Technologies, USA) to see whether PNIPAM—heparin is stably
anchored on the surface in a body-simulated fluid. Staining was
performed according to the manufacturer’s instruction. Briefly,
the first step involves treatment with a buffer solution containing
a sheep monoclonal antibody. Then, a buffer solution containing
a biotinylated secondary antibody was applied; an avidin solution
and a biotinylated alkaline phosphatase (AP} solution were
subsequently applied to the film surface. An AP substrate was
used for chromogenic staining. The colorimetric enzyme—
substrate reaction allows visualization of fixed proteins only.
The film surfaces were imaged using the CLSM. The ABC—AP
substrate conjugated maximurmn excitation closely matches the
543-nm spectral line of the argon-ion laser, making it the
fluorochrome of choice for the CLSM.

Results

Preparation of PNIPAM-Grafted Heparin [8].
Heparin, terminally grafted with PNIPAM, was prepared
by sequential reactions involving oxidation cleavage
{(compound 1, Scheme 1), lactone ring formation {compeund
2), and dithiocarbamylation (compound 7} at the terminal
sugar moiety and subsequent photopolymerization, which
was initiated from the dithiocarbamate (DC) group at the
terminus of heparin, producing PNIPAM-grafted heparin
(PNIPAM—heparin; compound 8). The former two steps
were carried out following a previously reported method
using iodine-induced cleavage and subsequent proton-
catalyzed cyclization.!® This method has been proven to
cause minimal damage to both backbone and side chains

NHRZ l

NH
PNIPAM-heparin 8 Hsc'cthHa

of polysaccharides.!® Dithiocarbamylation was conducted
by a ring-opening reaction of lactone-terminated heparin
{2] with DC-derivatized ethylenediamine {compound 6},
which was prepared using 4-chloromethyl benzoic acid
{compound 3} as a starting material. UV irradiation of an
aqueous solution containing DC-derivatized heparin [7)
in the presence of NIPAM resulted in successive photo-
polymerization initiated from the terminus of the heparin
molecule in a living polymerization fashion, which was
deduced from previous papers.'&!7

To estimate the molecular weight of the PNIPAM graft
chain, we utilized our recently reported reaction condi-
tion—molecular weight relationship, which was estab-
lished using the iniferter poly(ethylene glycol} having a
DC group at one end and a methyl group at the other end
(DC-PEG).2! In the present experiments, the reaction
condition {photointensity, 0.5 m W/cm?, phetoirradiation
time, 30 min) was the same as that previously reported.
On the basis of this reaction condition—molecular weight
relationship, we assumed that the estimated number-
average molecular weights of the PNIPAM graft chains
of heparin, thus prepared, ranged from approximately
2 x 103 to 1 x 10° g/mol and the polydispersity index was
approximately 1.2--1.3, which depends on the DC and
NIPAM concentrations (Table 1}. An increase in NIPAM
concentration and a decrease in the DC—heparin con-
centration resulted in higher-mol-wt PNIPAM grafted at
the terminal end of heparin.

The resultant PNIPAM—heparin [8] was a white solid
and dissolved in water at room temperature but precipi-

(16) Nakavama, Y.: Matsuda, T. Macromelecules 1999, 32, 5405.
{(17) Lee, H. J.; Nakayama, Y.; Matsuda, T. Macromolecules 1999,
32, 6989.
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Table 1. Estimated Mol Wt of PNIPAM-Heparin Prepared at Different Molar Concentrations of Iniferter and Menomer
and Thermoresponsive Properties

DC-—heparin® NIPAM mol wt of PNIPAM chain® equilibrium
sample [mmol/L) [mmol/L} {x 10% g¢/mol} LCST< {*C) transmittance (%)
a 0.50 10 0.2 37.1 + 0.4 49
b 0.50 10 0.5 351+03 85
[ 0.01 10 1.0 346 +0.1 100
d 0.01 50 5.0 340401 100
e 0.01 100 10.0 340+ 0.1 100

2 Iniferter-derivatized dithiocarbamyl heparin (compound 7 in Scheme 1). 4 Estimated from polymerization behavior using dithiocarbamy!l
poly{ethylene glycol), DC—PEG, under the same conditions described in our previous paper. ¢ Lower critical solution temperature at 0.5%

concentration.

Transmittance (%)

Temperature (*C)

Figure 1. Thermoresponsive change in transmittance of
PNIPAM —heparin with PNIPAM of different mol wt's in
aqueous solution. The mol wt of PNIPAM in PNIPAM-—
heparin: 2 x 10°(C), 5 x 10* (W), 1 x 104 (¢), 5 x 10 (@), and
1 x 10° (a); PNIPAM homopolymer (¢). Concentration of
PNIPAM-heparin: 1 wt %. Heating rate: 0.5 *C/min.

tated in the physiological temperature range. Figure 1
shows the thermoresponsive change in transmittance of
PNIPAM—heparin in 1% aqueous solution. The PNIPAM
homopolymer (mol wt = 2 x 10° g/mol), which was
prepared by radical polymerization in a previous study,
exhibited a very sharp drop in transmittance at ap-
proximately 31.9 £ 0.1 °C and completely precipitated
above this temperature. Table 1 also lists the LCST of
PNIPAM—heparins with different mol wt graft chains.
For PNIPAM—heparins with higher-mol-wt PNIPAM
(PNIPAM mol wt =5 x 10% and 1 x 10° g/mol), a sharp
drop intransmittance and LCST of approximately 34.0 &
0.1 °C were noted. For PNIPAM-heparins with lower-
mol-wt PNIPAM, a gradual increase in LCST, a temnper-
ature-dependent drop in transmittance, and a high
equilibrium transmittance were noted. LCST is gradually
increased as the molecular weight of the PNIPAM graft
chainis decreased. For example, PNIPAM—heparin with
the PNIPAM mol wt of 1 x 10? g/mol exhibited complete
precipitation at34.6 + 0.1 °C, whereas PNIPAM—heparin
with a lower-mol-wt PNIPAM exhibited incomplete pre-
cipitation {equilibrium transmittance and LCST were
approximately 85% and 35.1 £ 0.3 *C, respectively, for
PNIPAM with the mol wt of 5 x 10% g/mol and ap-
proximately 49% and 37.1 & 0.4 °C for that with the mol
wt of 2 x 10° g/mol, respectively).

Thermoresponsive Adsorption/Desorption Char-
acteristics on PET. The PET samples were coated with
a 0.5 wt % aqueous solution of PNIPAM —heparin [8] and
subsequently air-dried and subjected to washing with
water at either 20 or 40 "C. The mo} wt dependency for
PNIPAM—heparin [8] of wettability and surface cornposi-
tion is shown in Figure 2. Irrespective of the mol wt of
PNIPAM, the receding contact angle for samples washed
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Figure 2. (A) Receding contact angles of PNIPAM—heparin-
coated surfaces washed with water at 20 °C {O) or 40 °C ().
{(A) Nontreated PET film (O} and PNIPAM homopolymer (a).
(B} Elemental ratios measured by XPS of the PNIPAM—
heparin-coated surface: O/C ([O0) and N/C (@). The film surfaces
were washed with water at 40 °C. Theoretical elemental ratios
of sodium heparin salt were as follows: O/C, 0.65; N/C, 0.04;
S/C, 0.12. Theoretical values of PNIPAM homopolymer were as
follows: Q/C, 0.17; N/C, 0.17.

withwater at 40 °C was less than 10°, which is almost the
same as that of the PNIPAM homopolymer (12°) (Figure
2A}. On the other hand, the receding contact angle for
samples washed with water at 20 °C was quite high, 30—
40°, which is lower than that of the homopolymer (49.2°)
but close to that of the noncoated PET film. XPS
measurement {determined at the takeoff angle of 90 °C})
of samples washed with water at 40 °C showed that an
increase in the mol wt of PNIPAM increased N/C and
decreased (/C, both of which approached the theoretical
values of the PNIPAM homopolymer (0.17 for each) (Figure
2B). Figure 3 shows high-resolution C,s and Q,s XPS
spectra obtained for PNIPAM—heparin with the highest
mol wt graft chain (1 x 10° g/mol} {Figure 3B}. Upon
washing at 40 °C, subpopulations of C;5 and 0,5 were
quite apart from those of the nontreated PET films: for
the C,s subpopulation, the carbonyl carbon peak at 289.0
eV relative to the C—N or C—0 peak at 286.7 eV {(note
that hydrocarbon carbon is standardized at 285.0 eV)
became larger, and for the Oys subpopulation, the carbonyl
oxygen peak (532.7 eV) relative to the ether or hydroxy
oxygen peak {534.3 eV) also became larger, whereas upon
washing at 20 °C, these relative peak intensities tended
to decrease but were still larger than that of nontreated
PET film. Since the carbonyl group is mainly derived from
the PNIPAM molecule, these results strongly indicate that
PNIPAM—heparin with a high mol wt graft chain covered
the outermost surface of the adsorbed layer on PET at 40
°C, but some fraction of adsorbed PNIPAM-heparin
apparently desorbed upon washing at 20 °C. This tem-
perature dependence of adsorption/desorption was more
markedly observed for PNIPAM—heparin with the lowest
mo!l wt of PNIPAM. From C,s and O, spectral analysis,
a low extent of adsorption at 40 °C and a high extent of
desorption at 20 *C were clearly noticed (Figure 3A).



