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Figure 3. The elastic modulus (G’) and viscous modulus (G”) of the mixture of X-PMLLA?20-5 and
X-PMDLAZ20-5 solutions with various concentrations.
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Figure 4. Degradation profile of X-SC gel (X-SC20-10) under various pH conditions. (¢) pH 7.8,
(W) pH 74, (o) pH 6.8, (x) pH 6.0 and (x) pH 5.8.

ability of the hydrogel containing FITC-labeled BSA was substantially low due to
the high molecular weight of BSA, the increase in fluorescence intensity almost
corresponded to the degradation process of the hydrogel. In Fig. 4, the degrada-
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tion ratio of the hydrogel, which is evaluated using the fluorescence intensity, is
plotted as a function of time and pH. The fluorescence intensity became saturated
at conditions corresponding to 100 h, 37°C and pH 7.4. The degradation rate in-
creased in media with a higher pH. The X-SCgel disappeared in the PBS due to
hydrolysis of oligo(lactic acid) chains and cross-linking points, which destroyed
the stereocomplex. It could be suggested that the X-SCgel degrades under physio-
logical conditions in the body. Furthermore, the main chains remained and were not
degraded under physiological conditions; however, these chains are water-soluble
polymers. The molecular weight of the main chain was controlled at less than
3.0 x 10*. Thus, we consider that these chains can be excreted in urine. Erom an
overall perspective, the results suggest that hydrogels composed of PMLLA and
PMDLA can undergo hydrolysis under physiological conditions and that the prod-
ucts can be completely eliminated from the body.

4. Conclusion

To develop an injectable and biocompatible hydrogel system, we synthesized a
‘water-soluble graft polymer composed of MPC and oligo(lactic acid) macromono-
mer units using living radical polymerization. These polymers underwent sponta-
neous gelation due to the formation of a stereocomplex between the racemates of
oligo(lactic acid) macromonomer units in an aqueous medium. The properties of the
hydrogel depended on the concentration of the polymers. The hydrogels degraded
in a buffer solution by hydrolysis of the side chain, and the degradation products
dissolved in the buffer solution. From these results, it is suggested that the polymer
system could be applied as an injectable, biocompatible, and degradable hydrogel
system to serve as a reservoir of bioactive molecules in drug-delivery systems and
as a scaffold in cell-based tissue engineering.
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A temporary cardiovascular stent device by bioabsorbable materials might reduce late stent thrombosis.
A water-soluble amphiphilic phospholipid polymer bearing phosphorylcholine groups (PMB30W) was
blended with a high-molecular-weight poly(L-lactic acid) (PLLA) to reduce unfavorable tissue responses
at the surface. The PLLA implants and the polymer blend (PLLA/PMB30W) implants were inserted into
subcutaneous tissues of rats, the infrarenal aorta of rats, and the internal carotid arteries of rabbits. After

’gg Wmagsl;]en d 6 months subcutaneous implantation, the PLLA/PMB30W maintained high density of phosphorylcholine
polf](lactic acid) groups on the surface without a signiﬁcant bicabsorption. After intravascuiar implantation, the qoss-
Phosphorylcholine group sectional areas of polymer tubing with diameters less than 1.6 mm were histomorphometrically
Tissue compatibility measured. Compared to the PLLA tubing, the PLLA/PMB30W tubing significantly reduced the thrombus
Cardiovascular stent formation during 30 d of implantation. Human peripheral blood menonuclear cells were cultured on the

PLLA and the PLLA/PMB30W to compare inflammatory reactions. Enzyme-linked immunosorbent assay
quantified substantially decreased proinflammatory cytokines in the case of the PLLA/PMB30W. They
were almost the same level as the negative controls, Thus, we conclude that the phosphorylcholine
groups could reduce tissue responses significantly both in vivo and in vitro, and the PLLA/PMB30W is
a promising material for preparing temporary cardiovascular stent devices.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction scaffold the vessel wall against elastic recoil, improving blood flow

in diseased vessels [1,2]. However, current drug-eluting stents
permanently remain in implantation sites with several limitations,
including the risks of late stent thrombosis, hindrance of late lumen

The treatment of coronary artery disease and other cardiovas-
cular diseases has been revolutionized through the introduction of

interventional procedures and the use of intravascular stents, which
are inserted by a minimally invasive method and mechanically
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vessel enlargement, and interference with radiological imaging [3].
High-molecular-weight poly(i-lactic acid) (PLLA) has the potential
to replace permanent stenting and has exhibited favorable degra-
dation behavior in small clinical trials {3—5]. The PLLA is a biode-
gradable polymer whose molecular weight decreases over time due
to cleavage of the ester linkage, degrading into small particles that
can be phagocytosed [3.4]. Eventually, the PLLA is degraded into
lactic acid and is eliminated through the citric acid cycle.

Safety concerns regarding the use of the PLLA for stenting
remain, however, because foreign materials are inherently
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thrombogenic [6—11]. This is attributed to the denaturation of
proteins, activation of coagulation factors, propagation of thrombi,
provocation of inflammatory responses, and accumulation of
debris. To control these adverse tissue reactions on the materials,
the surface of the materials was covered with phosphoryicholine
groups for preparing artificial cell membrane without any ligand
molecules. Based on this hypothesis, 2-methacryloyloxyethyl
phosphorylcholine (MPC) copolymers, which have phosphor-
yicholine groups in their side chain, have been synthesized [12—17].
The MPC copolymers can be incorporated by a convenient proce-
dure such as blending with matrix polymers [18—21]. In a molec-
ular and mechanistic approach, the biomedical function of the MPC
copolymers has been explained by the free water fraction on the
surface, which minimizes protein adsorption and its conforma-
tional change {22—24]. Surfaces of materials with a high density of
phosphorylcholine groups significantly lower platelet activation
and neointimal hyperplasia [25~30]. A water-soluble poly[MPC-
co-n-butyl methacrylate (BMA)] (PMB30W) is an amphiphilic
copolymer composed of hydrophobic BMA units and hydrophilic
MPC units [12,13,31]. Due to its strong amphiphilic characteristics,
the PMB30W plays a dual role as a biomimetic modifier of surface
properties and as a surfactant for the bulk properties of polymer
blends composed of PLLA and PMB30W (PLLA/PMB30W) [11].

Although it has been presumed that phosphorylcholine groups on
the surface of materials can enhance biocompatibility, the critical
concept that the incorporation of phosphorylcholine groups might
reduce stent thrombosis has not been resolved in vitro [32], pre-
clinically [33], or clinically [34]. This discrepancy may be due to the
different dispersion state of phosphorylcholine groups on the
surfaces of stent materials [11,14—17,32,33]. In the present study, we
hypothesized that the PLLA/PMB30W with phosphorylchoeline group-
rich surfaces could exhibit favorable bulk and surface properties in
vivo and may enhance tissue compatibility of temporary cardiovas-
cular stent devices. Therefore, the objective of this study was
comparison of tissue responses on the PLLA/PMB30W and the PLLA in
vivo with small animal models and in vitro, and to discuss the role of
the phosphorylcholine groups for reducing the tissue responses.

2. Materials and methods

2.1. Preparation of materials

The PLLA (molecular weight (Mw) = 1 x 10° for the preparation of tubing or
Mw = 5 x 10% for the preparation of films) was purchased from Polysciences,
Warrington, PA. The PMB30W was synthesized using a free radical polymerization
technique by a previously reported method [12,13,31]. The chemical structure of
PMB30W is shown in Fig. 1. The PMB30W concentrations >1 mg/mL in phosphate-
buffered saline (PBS) result in the PMB30W nanoaggregates with hydrodynamic
diameters <20 nm [31,35].

The PLLA and the PLLA/PMB30W (weight ratio, 92/8) tubing and films were
prepared by a modified previously reported method [11]. Briefly, 6 wt% PLLA solu-
tion in dichloromethane (DCM){methanol (MeOH) (volume ratio, 12/1) and 6 wt%
PLLA/PMB30W (weight ratio, 92/8) solution in DCM/MeOH (volume ratio, 12/1)
were repeatedly coated onto Teflon® rods (tubing) or cast onto Teflon® dishes (films),
and the solvents were dried at room temperature. Polymer tubing and films were
vacuum-dried for 1 week, and then immersed in water to equilibrate the surface
overnight before the surface measurements, Polymer tubing and films were steril-
ized with ethylene oxide gas at 40 °C.

CHs CHs
—(CH2-C (CH2-C
( l)a ' |}b_
+
OCH2CHZOPOCHZCH2N(CHs)a O(CH2)3CH3
o)

(a:b = 0.30:0.70, Mw = 5x10%)

Fig. 1. The chemical structure of the PMB30W.

2.2, Surface characteristics of materials

To analyze the inner surface of polymer implants, the tubing was cut into
concave membranes and pressed under 50 MPa at 60 °C for 10 min. The atomic
concentration on the inner surface was measured using an X-ray photoelectron
spectroscope (XPS; AXIS-HSi, Kratos/Shimadzu, Kyoto, Japan) with a magnesium Ka.
(energy = 1253.6 eV) source radiation. The photoelectron take-off angle was 90°.
The measured phosphorous atomic concentration was attributed to the phosphorus
in the phosphoryicheline groups of the PMB30W. The phosphorous/carbon atomic
concentration ratios (P/C% values) were calculated by determining the relevant
integral peak area and applying the sensitivity factors supplied by the instrument
manufacturer (Supplementary Fig. 1).

To measure the static contact angie (SCA), a captive-bubble method was used.
The polymer films were fixed horizontally, and a small air bubble was attached to
the meld contact surface of polymer films in the distilled water and the SCA in water
was determined by the angle between the films and the air bubble using a contact
angle goniometer (CA-W, Kyowa, Saitama, Tokyo, Japan) at room temperature,

2.3. Evaluation of bioabsorption of pelymer implants after subcutaneous
implantation

Animal care and procedures were approved by Institutional Animal Care and
Use Committee (JACUC) (No. 080929-3) at Seou] National University. The PLLA
(n = 15) and PLLA/PMB30W (n = 15) polymer tubing (internal diameter [ID}:
16 mm; thickness: 0.2 mm; length: 2.5 cm) was implanted into the interscapular
subcutaneous tissue of rats (n = 30, male Wistar, body weight: 0.3—0.4 kg) after
anesthesia by inhalation of 2% isoflurane, At predetermined times (2, 4, 6 months),
the polymer tubing was explanted after the animals were euthanized. The fibrous
capsule surrounding the tubing was carefully removed. The polymer tubing was
sonicated in 1% sodium dodecyl sulfate aqueous solution for 20 min to remove the
adsorbed components and rinsed with distilled water. After vacuum drying, changes
in the overall mass and molecular weight of the polymer tubing were calculated by
a gravimetric method and gel permeation chromatography (Jasco system, Tokyo,
Japan), respectively. The polymer tubing was dissolved in 1,11,3,3,3-hexa-
fluoroisopropanol; the flow was 0.2 mLl/min at 40 °C. The molecular weight of
polymer was calibrated by poly(methyl methacrylate) standards.

2.4. Evaluation of acute thrombus formation after intravascular tubing insertion into
small animals

Animal care and procedures were approved by IACUC (No. 08-0266) at Seoul
National University Hospital.

Wistar male rats (n = 17, body weight: 0.3—0.4 kg) were anesthetized by
inhalation of 2% isoflurane. After the infrarenal abdominal aorta of each animal was
surgically exposed and clipped by an approximator with a surgical microscope, the
vessels were carefully punctured using a taper-point needle. Then, polymer tubing
(n = 17; ID: 1.2 mm; thickness: 150 pm; length: 2.0 mm) was inserted using a 20 G
catheter, and the puncture sites were sutured with Ethilon 10-0 as described in
Resuits.

For paired tests, New Zealand white male rabbits (n = 11, body weight: 3—4 kg)
were anesthetized by intramuscular injection of a mixture of Zoletil (15 mg/kg) and
xylazine (7.5 mgfkg) and subsequent inhalation of nitric oxide and isoflurane.
Heparin (50 IU/kg per h) was administered to the rabbits as a continuous infusion
during the operative procedure. With a surgical microscope, each internal carotid
artery was carefully exposed and clipped by an approximator. After puncturing
vessels by the aforementioned method, the polymer tubing (n = 22; ID: 1.6 mm;
thickness: 150 um; length: 3.0 mm) was inserted using an 18 G catheter. The PLLA
tubing (n = 11) was inserted into the left internal carotid arteries, and the PLLA/
PMB30W tubing (n = 11) was inserted into the right internal carotid arteries. The
puncture sites were then sutured with Ethilon 8-0.

At predetermined times (3 h and 30 d in the rat study; 2 d and 30 d in the rabbit
study), the polymer tubing-inserted arteries were surgically explanted after
a heparin injection (200 IU/kg), following which the animals were euthanized. The
samples were then rinsed with normal saline, placed in 2.5% glutaraldehyde PBS
solution overnight, rinsed with distilled water, embedded in optimal cutting
temperature compound, and cross-sectioned (thickness: 0.30 mm) while in a deep
frozen state. The frozen sections were prepared by an independent researcher. For
morphometric analysis, all cross-sections [PLLA from rats at 3 h (n = 13), PLLA/
PMB30W from rats at 3 h (n = 12), PLLA from rats at 30 d (n = 8), PLLA/PMB30W
from rats at 30 d (n = 10), PLLA from rabbits at 2 d (n = 26), PLLA/PMB30W from
rabbits at 2 d (n = 20), PLLA from rabbits at 30 d (n = 32), PLLA/PMB30W from
rabbits at 30 d (n = 29)] were digitally exported from a microscope camera, and the
patent cross-sectional area (CSA) was analyzed using the National Institutes of
Health Image] software (version 1.410). Lumen area stenosis {LAS) was calculated as
[1.00 — (S/T)} x 100, where T is the CSA of the unimplanted polymer tubing, and § is
the minimal CSA of each polymer tubing-inserted artery. In the rat study,
T = 113 mm? and in the rabbit study, T = 2.01 mm? For observation of vessel
remodeling, a PLLA/PMB30W-inserted aorta of rat (n = 1) after 50 d of implantation
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Fig. 2. Surface characteristics of the PLLA/PMB30W over 6 months of subcutaneous
implantation. The P/C% values of the inner surface of the PLLA/PMB30W tubing
(n = 4-5 implants per time point) were measured by X-ray photoelectron
Spectroscopy.

was embedded with acrylic resin. The cross-sections were prepared by a standard
microtome and stained with hematoxylin-eosin.

2.5. Evaluation of proinflammatory cytokines released form human peripheral blood
mononuclear cells during contact with polymer films

Human peripheral blood mononuclear cells (hPBMCs) from a single healthy .

donor were purchased from Lonza (Basel, Switzerland). The hPBMCs were incubated
in RPMI-1600 with 10% FBS, 100 units/mL penicillin, 100 jig/mL streptomycin, 2 mm
glutamine, 40 units/mL DNase, and 70 ng/mL G-CSF on commercially available 12-
well polystyrene plates treated with an MPC polymer (Nunc Japan, Tokyo, Japan)
with and without the PLLA or the PLLA/PMB30W films (diameter: 20 mm, thickness:
0.2 mm) at densities of 2.0 x 10° hPBMCs per well. The mold contact surface of
polymer films was placed upward. At 24 h, supernatants were collected after
centrifugation at 200 x g for 15 min. Then, the hPBMCs were incubated in fresh
medium. The supernatants were collected 48 h after centrifugation at 200 x g for
15 min. Commercially available kits based on the enzyme-linked immunosorbent
assay (ELISA) (R&D Systems, Minneapolis, MN) were employed for the quantitative
determination of macrophage migration inhibitory factor (MIF), monocyte chemo-
attractant protein-1 (MCP-1), interleukin 1 (IL-16), [L-6, and turnor necrosis factor-
o (TNF-a). Each standard and sample was tested in duplicate; samples that have
a variation coefficient >0.20 were remeasured. The absorbance of each sample was

recorded using a microplate reader after the blank subtraction that corrects optical
imperfections in the plate.

2.6. Statistical analysis

Data are expressed as means and standard deviations. Statistical differences
(*P < 0.05; **P < 0.01; ***P < 0.001) were analyzed by the Mann—Whitney U test for
the animal studies and the analysis of variance (ANOVA) with the Bonferroni
correction for the in vitro study.

3. Results and discussion

3.1. Bioabsorption of polymer implants after subcutaneous
implantation

The subcutaneous milieu is considered adequate for evaluation
of the basic properties of cardiovascular implants, such as biodeg-
radation [36]. Rapid biodegradation of temporary stent materials
could lead to incomplete opposition to vessel recoil forces [3-5].
Over the 6-month observation period, weight loss of both PLLA and
PLLA/PMB30W was about 2% and the average molecular weight of
the PLLA and that of the PLLA/PMB30W still remained over 93% of
the initial values (Supplementary Fig. 2). During biodegradation,
the changing molecular weight of the PLLA precedes its mass
change and determines its bulk properties [11,37]. Because the
molecular weight of the PLLA and the PLLA/PMB30W was not
changed substantially, it is assumed that the mechanical strengths
of the PLLA or those of the PLLA/PMB30W remain unaltered over 6
months of subcutaneous implantation.

The PMB30W is a water-soluble polymer and can be eluted from
the surface of implants. However, we previously demonstrated that
the tightly entangled blend system of the PLLA/PMB30W did not
exhibit a substantial loss of the PMB30W on the surface of tubing
during PBS incubation [11]. Fig. 2 shows that the density of phos-
phorylcholine groups on the inner surface of the PLLA/PMB30W
eventually approached equilibrium (the P/C% values = 0.8 + 0.1)
between hydrophilic attraction from the in vivo environment and
hydrophobic molecular entanglement with the PLLA chains. These
results suggest that the PLLA/PMB30W maintained stable bulk and
surface properties during 6 months implantation in vivo.

The cross-sectional picture of each part of polymer tubing

o} 1AL LWL Y
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o
o

0 03 06 09 12
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Longitudinal distance from the proximal part of polymer tubing
to the distal part of polymer tubing (mm)

Fig. 3. Analysis of the cross-sectional areas (CSA) of the PLLA/PMB30W tubing after 30 d implantation into an internal carotid artery of a rabbit. After the explanation of the polymer
tubing, they were cross-sectioned (thickness: 0.30 mm) while in a deep frozen state. For morphometric analysis, all cross-sections were digitally exported from a microscope camera
as shown in the above the figure, and the CSA was calculated using the National Institutes of Health Image] software.



2244

Table 1
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Cross-sectional areas (CSA) of polymer tubing after implantation into the infrarenal aorta of rats. The CSA of the unimplanted polymer tubing (T) was 1.13 .

Number of Implantation Mean CSA Minimal Lumen area stenosis (%)
implants period (mm?) CSA (5) (mm?) [{1.00 — (S/T)} x 100]
PLLA 3 3h 0.14£0.05 0.05 + 0.05 95.7 +4.5
PLLA/PMB30W 3 3h 048 +0.03 030+0.14 733137
PLLA 3 30d 0.27+0.12 0.23+0.14 793+ 125
PLLA/PMB30W 4 30d 0.66 +0.27 0.48 £0.20 616214

3.2. Acute thrombus formation after intravascular tubing insertion

The procedure of intravascular tubing insertion into smail
animals has been employed and modified for the evaluation of
blood clot formation on the polymer tubing [38]. Because the
diameter of the tubing was larger than that of the arteries in which
they were implanted and the tubing fully covered the vessel lumen
(Supplementary Fig. 3), incomplete apposition was not observed.
All polymer implants had identical morphology; any thrombus in
the implanted arteries was deposited on the surface of the mate-
rials, and CSAs of polymer tubing represent the patent lumen areas
as shown in Fig. 3. In our animal models, the vessel wall, which is
a compartment rich in tissue factors, was disrupted by puncturing
the vessels. Simultaneously, exposed collagen and foreign materials
triggered the accumulation and activation of platelets [9]. To focus
on material-associated thrombosis, no antithrombotics, except
heparin, were administered to the animals. Thus, thrombi were
rapidly formed and propagated into the polymer implants, of which
the distal part was located approximately 2 mm proximal to the
puncture site. This rapid and extensive thrombus formation in
small-diameter (<2 mm) vessels can be correlated with frequent
failure of small-diameter (<6 mm) vascular prostheses.

Three out of 10 rats in the 30 d groups (PLLA at 1 d, PLLA at 3 d,
PLLA/PMB30W at 1 d) died following bilateral lower extremity
paralysis due to the occlusion of abdominal aorta and were
excluded from further comparisons (Supplementary Fig. 4). Table 1
shows the unpaired comparisen of the CSA of the fumens of the
PLLA versus those of the PLLA/PMB30W tubing after implantation
into the infrarenal aorta of rats. At 3 h after implantation, the
averages of mean and minimal CSA of the PLLA versus the PLLA/
PMB30W tubing were 0.14 mm? versus 0.48 mm? and 0.05 mm?
versus 0.30 mm?, respectively. At 30 d after implantation, the cor-
responding values were 0.27 mm? versus 0.66 mm? and 0.23 mm?
versus 0.48 mm?, respectively.

One out of 5 rabbits in the 2 d group was euthanized because the
animal was unable to move and suffered from loss of brain function
after the surgery. Additionally, 1 out of 6 rabbits in the 30 d group
was diagnosed with an infection and euthanized. Table 2 shows the
paired comparison of the CSAs of the PLLA versus the PLLA/PMB30W
tubing after the materials were implanted into the internal carotid
arteries of the rabbits. At 2 d after implantation, the averages of
mean and minimal CSA of the PLLA versus the PLLA/PMB30W tubing
were 0.38 mm? versus 0.88 mm? and 0.15 mm? versus 0.55 mm?,
respectively. At 30 d, the corresponding values were 0.55 mm?
versus 0.93 mm? and 0.26 mm? versus 0.66 mm?, respectively.

The averages of the total CSA (CSAs overall of the cross-sections)
of the PLLA versus the PLLA/PMB30W after implantation into

Table 2

infrarenal aorta of rats were 0,18 mm? (n = 13) versus 0.49 mm?
(n=12)(P=0,0002) at 3 h and 0.24 mm? (n = 8) versus 0.67 mm?
(n = 10) (P = 0.0019) at 30 d (Fig. 4A). The corresponding values
after implantation into internal carotid artery of rabbits were
0.37 mm? (n = 26) versus 0.84 mm? (n = 20) (P < 0.0001) at 2 d
and 0.59 mm? (n = 32) versus 0.96 mm? (n = 29) (P < 0.0001) at
30 d (Fig. 4B).

Considering that thrombosis was initiated in vulnerable areas,
thrombus propagation on the stent materials would depend on
platelet deposition, accumulation of tissue factors, and generation
of fibrin [9,10]. The surfaces containing high density of phosphor-
ylcholine groups have the free water fraction and could reduce the
thrombus formation [22—24]. During the remodeling process, the
thrombus slowly regressed over time. The remaining thrombus
volume provided a provisional matrix [7] into which smooth
muscle cells migrated, proliferated, and synthesized extracellular
matrix (Fig. 5). The remarkable thrombus formation on polymer
implants was presumably due to the short distance (~2 mm)
between the puncture site and the implantation site. Further, no
antithrombotics {except heparin in the rabbit study) were admin-
istered, which is different from the real clinical situation. Thus,
significantly different levels of thrombus formation were observed
between the PLLA and the PLLA/PMB30W.

Intravascular tubing insertion has several merits for the explo-
ration of blood-stent material interactions; a uniformly circular
lumen shape of stent materials could control vascular responses
[39], and CSA can be obtained by simple objective histo-
morphometry. In contrast, in vitro tests of thrombogenicity hinder
the full range of interactions among platelets, complementary

, systems, and cellular components and produce inevitable artifacts
of the blood—air interaction and of blood with other substrates;
such systems are thus generally incapable of predicting in vivo
performance [40]. In the present study, the in vivo inflammatory
reaction has not been compared because the polymers showed
brittleness on a standard microtome and elongation in the acrylic
resin embedding. Moreover, the mechanical injury caused by the
rigid scaffolds and surgical procedures could mask the inflamma-
tory reaction of tissues contacting materials in both subcutaneous
and intravascular implantation. For these reasons, thick frozen
cross-sections (thickness: 0.30 mm) were primarily prepared for
histomorphometric measurements (See Fig. 3).

3.3. Proinflammatory cytokines released form human peripheral
blood mononuclear cells during contact with polymer films

Although thrombus formation and the inflammatory reaction are
interconnected [40—42}], inflammation without acute thrombosis

Cross-sectional areas (CSA) of polymer tubing after implantation into the internal carotid arteries of rabbits. The CSA of the unimplanted polymer tubing (T) was 2.01 mm?2,

Number of implants Implantation period Mean CSA (mm?) Minimal C5A (S) (mm?) Lumen area stenosis (%)
[{1.00—(5/T)} x 100]
PLLA 4 2d 038 +0.08 0151011 923=54
PLLA/PMB30W 4 2d 0.88 + 041 0.55+0.30 72.8+15.0
PLLA 5 30d 055+0.28 026 +0.11 87.1£5.7
PLLA/PMB30W 5 30d 093 £ 0.16 0.66+0.19 67.2+9.2
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Fig. 4. Comparison studies of the CSA in the PLLA (open column) and the PLLA/PMB30W (closed column) after intravascular implantation into (A) the infrarenal aorta of rats and (B)
the internal carotid arteries of rabbits. The P values were obtained by the Mann—Whitney U test.

can occur and trigger restenosis. Since acute thrombosis has been
reduced by the evolution of surgical procedures and antith-
rombotics, chemokines expressed from a variety of cells, such as
neutrophils and monocytes, have become more relevant to the
chronic responses toward biomaterials [41]. Thus, inflammatory
cytokines of hPBMCs were evaluated after contact with the PLLA
films, the PLLA/PMB30W films, or no-polymer films.

The PLLA/PMB30W films have a moderately hydrophilic surface
(SCA = 35 + 8°), while the PLLA films are hydrophobic
(SCA = 61 + 8°). Because hydrophilic phosphorylcholine groups
may rearrange at the water interface in an aqueous environment,
a captive-bubble method was employed to determine SCA. The P/C
% values of the mold contact surface of the PLLA/PMB30W films
reached 1.33 after overnight incubation in water.

Fig. 6 shows concentrations of proinflammatory cytokines from
hPBMCs cultured with and without polymer films. (The numerical
data are available in Supplementary Table 1.) The MIF is considered
to be a key player in the inflammatory reaction and in cardiovascular
disease, and may play a proximal role in the hierarchy of cytokines
[43]. Monocytes play a critical role in defense against foreign
organisms and in regulating the behavior of other cells. The MCP-1 is
thought to be responsible for monocyte recruitment in acute and
chronic inflammation [44]. The acute phase cytokines IL-1p, IL-6, and
TNF-o. are produced early during inflammatory processes in

Vessel wall Polymer implants
, ! S T

Thrombus-neointima-like tissue Thrombus

Fig. 5. A vessel remodeling after the intravascular tubing insertion. A cross-section of
the polymer tubing-inserted artery at 50 d shows thrombus-neointima-like tissues
leading to apposition of polymer implants, and the thrombus remained on the inner
surface of the polymer implant. The polymer was elongated during embedding with
acrylic resin. Smooth muscle cells proliferated into the thrombotic matrix.

cardiovascular tissue [45]. Thus, MIF, MCP-1, IL-1p, IL-6, and TNF-c in
hPBMCs were quantified after contact with materials.

Compared to the PLLA, the PLLA/PMB30W stimulated less
robust proinflammatory cytokine activation. Although high
concentrations of the MIF were observed in all groups at 1 d, the
MIF concentrations were lowest on the no-polymer film (negative
control) and were highest on the PLLA at 3 d. The high MIF
expression observed at 1 d could be due to the freezing and
thawing of hPBMCs before contact with the materials. At 1 d, both
the PLLA and the no-polymer film induced high concentrations of
MCP-1 compared with that induced by the PLLA/PMB30W. At 3 d,
the no-polymer film amplified MCP-1 production while the PLLA
and the PLLA/PMB30W did not. The amplification of MCP-1
production on the no-polymer film can be explained as a danger
signal for surviving monocytes. Hydrophilic substrates increase the
proportion of adherent apoptotic monocytes/macrophages [46],
and hydrophilic phosphorylcholine groups contribute to sup-
pressing monocyte adhesion on the surfaces of materials [47,48].
However, the generation of cytokines by monocytes is not
proportional to the number of cells adherent to the surface [49].
Here, high MCP-1 expression represents a double-edged survival
strategy, protecting cells from apoptosis and enabling them to
migrate toward targets [50]. In an optical examination, clustered
hPBMCs were observed on no-polymer film, but not on polymer
film. This suggests that the cell—cell interaction was far more
significant on extremely hydrophilic substrates [51]. Although it is
clear that the lowest expression of MCP-1 on the PLLA/PMB30W
films indicates monocyte quiescence, this may be interpreted with
caution, when compared to the no-polymer film. In vivo, mono-
cytes have a universal chance to migrate toward other sites unlike
in vitro culture, where the cells make permanent contact with the
hydrophilic surface and confront hydrophilic apoptosis. Concen-
trations of IL-1p and IL-6 were substantially different on the PLLA
and the PLLA/PMB30W at 1 d. At 3 d, concentrations of IL-1p and
[L-6 on the PLLA/PMB30W and on the no-polymer film were below
detection limits, while those on the PLLA were increased (data not
shown). The release of TNF-a stimulated by the PLLA and the PLLA/
PMB30W was significantly different at 1 and 3 d. Relatively high
expression of TNF-a. could be due to administration of G-CSF into
the culture medium, although other reports have previously
described discrepancies in the expression of TNF-a and IL-1f by
hPBMCs [52]. The mechanism that evokes the inflammatory reac-
tion of hPBMCs to biomaterials has yet to be elucidated [41].
Monocyte inactivation on hydrophilic substrates prevents differ-
entiation of macrophages [46], but the apoptosis of healthy
monocytes does not guarantee cytocompatibility.

The surfaces covered with phosphorylcholine groups signifi-
cantly improved cytocompatibility [18,47,48,53] by modulating the



2246 H.I Kim et al. / Biomaterials 32 (2011) 2241-2247

A 14 e - TR
—_ ] B FetAemesow =
= 491 LU _No-polymerfim _ [= o
E el 1 e J
> g 200
£ 10| =
- o
= O 150 el i
8
5 =
o o]
S 6]
3 o § 100
T 4 g
m 4 ek =
gz g 50
o 5
0 f © 0
1d 3d 1d
Incubation period
D 160——— —
-él 140 At*i o
2120
(o)
_ 100
‘G
° 80
el
T 60
$ 40
e
8 20 .
0 |

C 2 :
. 5 i
*kk £ kK :
S 20 :
— &
o
ﬁ' 15
B
| £
810
©
2
8 5
| =
j=]
O
i D SETEEN EIprrE e

Incubation period

500

400, | | -

i ! _»

300

200

100

Concentration of TNF-o (pg/mL) M

1d 3d
Incubation period

Fig. 6. Inflammatory cytokines released by human peripheral blood mononuclear cells. Data are presented as 8 cultures (PLLA and PLLA/PMB30W) and 7 cultures (No-polymer
film). (A) MIF = macrophage migration inhibitory factor; (B) MCP-1 = monocyte chemoattractant protein-1; (C) IL-1p = interleukin 1 at 1 d; (D) IL-6 = interleukin 6 at 1 d; (E) TNF-
. = tumor necrosis factor a. The P values were obtained by ANOVA with the Bonferroni correction.

leukocyte-mediated inflammatory reaction with monocyte quies-
cence. These findings strongly suggest that the homeostasis of
human blood cells can be maintained by phosphorylcholine groups
located on the surface of temporary cardiovascular stent materials.

4. Conclusion

Adverse tissue responses toward the PLLA used for temporary
stenting were significantly reduced when the surface of the PLLA
was covered with the phosphorylcholine groups by simple
blending with an amphiphilic MPC copolymer, the PMB30W. In
addition to temporary stenting eliminating the safety concerns
involved in permanent cardiovascular stenting, the PLLA/PMB30W
could reduce thrombotic occlusion under in vivo models and
inflammatory reactions in vitro model. Therefore, we can believe
that the PLLA/PMB30W is a promising material for temporary
cardiovascular stent. A further investigation based on interven-
tional procedures in large animal studies with long-term follow-up
is necessary to confirm the clinical utility of these materials.
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Figures with essential color discrimination. Figs. 3 and 5 in this
article are difficult to interpret in black and white. The full color
images can be found in the online version, at doi:10.1016/j.
biomaterials.2010.11.067.

Appendix. Supplementary data

Supplementary data associated with article can be found in
online version at doi:10.1016/j.biomaterials.2010.11.067.
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