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In Vivo Blood Compatibility of PU-PEO-S0s as Coating Material for Blood
Sac of Left Ventricular Assist Device (LVAD)

Dong Keun Han, Jong won Kim*, Gyu Ha Ryu*, Jin Wook Choi* Kyu Back Lee*, Young Ha Kim, and
Byoung Goo Min*

Sulfonated poly (ethyleneoxide)-grafted polyurethane (PU-PEO-SOs) prepared by bulk modification
was coated on a blood sac for electrohydraulic left ventricular assist device (ELVAD) implanted in
dogs and its in vivo blood compatibility on shear stress was studied as compared with untreated PU.
The effect of the wall shear stress on the protein adsorption unlike platelet adhesion is dependent on
the surface characteristics of the material, although less proteins seem to be adsorbed in the region of
the high shear stress. The thickness of total proteins adsorbed on PU-PEO-S0a(400 A) by trans-
mission electron microscopy (TEM) was considerably lower than that of untreated PU (1,000~1,600
A), but PU-PEQ-SO: showed high albumin adsorption, low fibrinogen and IgG adsorption, and low
platelet adhesion as compared with untreated PU, suggesting that PU-PEO-SO:s is more in vivo blood
compatible. Therefore, it appears that such a blood compatible PU-PEO-SO: is useful for blood con-
tacting biomaterials including artificial organs.
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INTRODUCTION

Plasma protein adsorption on the artificial surface is
strongly influenced by not only the surface characteristics
of materials but also the fluid dynamics inside the blood
pump, and it would affect subsequent platelet adhesion
and activation, which plays a major role in the initiation of

thrombus formation at the blood-material interface in vivo.

There exist a few papers which were reported on the
quantitative description of the adsorbed protein distri-
bution inside the artificial heart” 2. Mabuchi er al.? tried to
find the distribution of adsorbed plasma proteins onto the
surface of the blood pump by 251 conjugated antibody
method. Though many studies on the protein adsorption
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Fig. 1. Schematic diagram of the electrohydraulic ieft ven-
tricular assist device(FLVAD)

in the artificial heart were performed*~?, its relationship to
the mechanism of platelet adhesion and activation is not
well known yet at the blood-material interface.

In this study, in vivo blood compatibility of sulfonated
polyurethane (PU-PEO-S03)

coated on a blood sac for left ventricular assist device

poly (ethyleneoxide)-grafted

(LVAD) was investigated relative to untreated PU by can-
ine implantation. Also to study protein adsorption and
platelet adhesion on the wall shear stress in blood-material
interactions, the three major plasma proteins such as fi-
brinogen, albumin, and gamma globulin (IgG) and platelet-
s adsorbed on ventricular surfaces were examined by trans-
mission electron microscopy (TEM), enzyme linked immun-
osorbent assay (ELISA), and scanning electron microscopy
(SEM) analyses.

MATERIALS AND METHODS
1. Coating of PU-PEQ-SQs to blood sac for LVAD

Sulfonated  poly(ethyleneoxide)-grafted polyurethane
(PU-PEQ-S03) was prepared by bulk solution reaction as
described in detail previously®”. In brief, first, propane sul-
tone in tetrahydrofuran(THF) was added dropwise to
amino-terminated PEQ (molecular weight: 1000; NOF
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Fig. 2. Schematic diagram of the sectionized ventricle for
ELVAD

Corp., Japan) solution in THF, and reacted at 50°C for 5
hrs to get sulfonated PEO (H:N-PEQ-SOs). Consecutively,

H:N-PEO-$0: in N, N-dimethyl acetamide (DMAc) was
reacted with excess amount of hexamethylene diisocyanate
(HMDI) in DMAc at 507 for 3 hrs in the presence of
triethylamine (TEA) to yield isocyanated PEO-SOs(OCN-
PEO-503). Finally, OCN-PEO-50; in DMAc was grafted
to PU bead (Pellethane® 2363-80AE; Dow Chemical Co.)
dissolved in DMAc for 3 days at 50C in the presence of
TEA to produce PU-PEO-SO:. The obtained PU-PEQ-80s
was dissolved in DMAc(2.5%, w/v) and coated on blood
sac inside LVAD. Untreated PU was used as a control.

2. Electrohydraulic left ventricular assist device
(ELVAD)

The ELVAD is composed of three main parts®; a hy-
draulic pump, a blood pump, and a controller as shown in
Fig. 1. The prong type of sac(Fig. 2), which is solution-
cast by PU (Pellethane® 2363-80AE, Dow Chemical Co.),
is located inside the transparent acrylic resin chamber wher-
e the pulsatile pressure is transferred from the hydraulic
pump through a tube. Motor’s torque is converted by the
ball-screw mechanism to produce hydraulic pressure. The
ELVAD can operate in two control modes; synchronous
and asynchronous modes with the signal of the electrocar-

diogram.
3. Flow visualization

To obtain the wall shear stress inside the ventricle of the
ELVAD, the flow characteristics were analyzed by flow vis-
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Table 1. Summary of animal LVAD experiments
e e ‘Weig‘ht ' Ventricular Implantation -
i+ Cast ‘ A?‘““‘" (kg) ~ surface time (hrs) .
1 dog 17 PU 6
| dog 18 PU-PEO-S0s 6

ualization, A planar He-Ne laser (5 mW) light source illum-
inated the acrylic resin chamber through a cylindrical lens.
Polystyrene particles (IRA 904, Amberite ion exchange res-
in; Rohm & Hass Co.) were suspended in the testing fluid
as scatterers. Glycerin mixed water (36.7% (v/v) glycerin)
was used as the blood analogue fluid. Flow patterns for-
med by these scatterers inside the ventricle were captured
by a video camera (NTSC type, CCD; Hitachi Co.) and a
video recorder (Hitachi Co.). The captured images were dig-
itized using an image board (PCVISON plus, Imaging
Tech.) and the IBM PC 386. Digital images were trans-
ferred in off-line to the Macintosh FXII computer (Apple
Computer Co.) and processed using the software package,
Adobe photoshop (Version 1.0, Adobe Systems Inc.).

4. Animal experiments and sample segmentation

Two acute implantations of ELVAD were performed
with two mongrel dogs. Experimental conditions were sum-
marized in Table 1. The inlet cannula (wire reinforced type,
32 Fr, Stockert Shiley Co.) was sutured to the left atrial
auricle after incision of the left myocardium. The outlet
cannula (bent type, 28 Fr, Stockert Shiley Co.) was sutured
to the aorta.

Two Sinkhole bileaflet heart valves solution-cast with
PU (Pellethane® 2363-80AE, Dow Chemical Co.) were
used”. In the second animal experiment, the inner surface
of the ventricle where the blood is contacted was coated
with PU-PEO-80:.

After animal death, the blood contacted surfaces were
rinsed mildly with phosphate buffered saline (PBS, pH 7.4,
0.15M). The ventricle was sectionized into 8 segments as
shown in Fig. 2. The levels of the wall shear stress were
determined for each segment by considering the flow char-
acteristics inside the ventricle resulted from flow visualiza-
tion, The minimal size of each segment was limited for the

reliable quantification of adsorbed proteins.

5. TEM observation

Samples from each specimen were sliced into 0.5 mm
thick strips under a stereomicroscope. The strips were stain-
ed with 1% (w/v) osmium tetroxide (QsQs) solution for 30
min to measure the total thickness of the adsorbed protein
layers.

Monospecific rabbit antisera (primary antisera, IgG frac-
tion, Sigma Chemical Co.) against bovine serum albumin
(BSA) and gamma globulin (IgG) were used. The IgG frac-
tion of rabbil antisera against bovine fibrinogen was
obtained from immunized rabbits and isolated using pro-
tein A Sepharose CL-4B(Pharmacia Co.). The samples
were incubated in rabbit primary antisera against each
protein for 24 hrs at 40°C, then rinsed with PBS-BSA con-
taining 0.05% Tween-20(TPBS). In the reaction of sam-
ples with primary antiserum against BSA, PBS gelation
was used for its specificity instead of PBS-BSA. The sam-
ples were incubated in gold conjugated second antibody
(mean particle size=10nm; Sigma Chemical Co.) for 1 hr
at room temperature. After rinsing with TPBS, the samples
were immersed in a 1% (w/v) OsOs« solution for 10 min,
followed by fixation in Karnovsky’s solution for 5 min,
and then rinsed with PBS buffer (pH 7.4).

Then samples were freeze-dried overnight, coated with a
6% polyvinylpyrrolidone (Sigma Chemical Co.) solution,
and cut with an ultramicrotome. A cross-sectional view
was observed with a Hitachi transmission electron mi-
croscopy (TEM, model H-600 EM).

6. ELISA

Adsorbed plasma proteins (fibrinogen, albumin, and
IgG) of each segment were quantified by an enzyme linked
immunosorbent assay(ELISA). The plasma proteins on
each specimen of the ELVAD were eluted with 2% (w/v)
sodium dodecyl sulfate (SDS)/PBS (pH 7.4) for 2 days and
dialyzed against PBS (pH 7.4). The protein samples (0.1 ml
each) were added into each well of the microelisa plate
(Dynatech Co.) and incubated overnight at 40°C. After
washing the plate with PBS-Tween 20 solution (TPBS, 0.05
% (v/v) Tween 20/PBS), the samples were incubated in 0.1
ml aliquots of rabbit primary antisera to canine fibrinogen,
albumin, and IgG at room temperature. Then the samples

were washed with TPBS and incubated in 0.1 ml aliquots
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Fig. 3.
diastolic phase

Image of the typical flow pattern inside the ventricle at

" of peroxidase-conjugated anti-rabbit second antibody (Sig-
ma Chemical Co.) at a dilution of 1:1,500 for 2 hrs at
room temperature. After rinsing the plate with TPBS, 0.2
ml aliquot of ELISA substrate solution (0.1 % 2,2’-azino-
bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), 0.005%
Hz02, 0.09M NaH:PO«, and 0.05M citric acid, pH 4.6)
was added to each well and mixed. The absorbance of
cach well was read at 405 nm in the microelisa reader
(Dynatech Co.).

7. SEM observation

Samples (1 X 1 mm) were cut from sectionized segments,
rinsed with PBS, fixed with 2% glutaraldehyde solution in
PBS buffer for 24 hrs at 37°C, dehydrated with several dil-
utions of ethanol and water, and then lyophilized. The sam-

ple was coated with an evaporated gold layer and the mor-
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phology of adhered platelets was observed with a scanning
electron microscopy (SEM, Hitachi $-510) at 15 kV. The
degree of platelet adhesion was evaluated by counting the

numbers of platelets adhered on the overall surface.

RESULTS AND DISCUSSION

A large vortex was developed at diastolic phase inside
the ventricle as shown in Fig. 3. The small picture in the
south-eastern part is the original image of the flow pattern
formed at diastolic phase. The white curve in the picture
indicates the direction of the vortex. A small region of
flow separation could be observed near the outlet valve.
The degrees of the wall shear stress can be categorized into
2 groups as listed in Table 2.

Fig. 2 shows schematic diagram of the sectionized ven-
tricle for ELVAD. The blood-contacted ventricles accord-
ing to the level of the shear rate after animal death were
sectionized. Because analysis of adsorbed protein might be
influenced by the size of the ventricle segment, the number
of segments was limited to 8 for a ventricle. The wall shear
stress of segment A is considered to be the lowest among
four parts since there exists a small region of flow separ-
ation at diastolic phase. Less proteins seem to be adsorbed
in the region of the high shear stress, but the statistical sig-
nificance of this fact was not obtained. It is interesting,
however, to note that in the case of PU-PEO-80s, the sig-
nificant change on protein adsorption was observed be-
tween high and low shear stress. Namely, more albumin
adsorption and much less fibrinogen and IgG adsorption
were found in low shear stress(segment A) than in high
one (segment B, C, and D).

Table 2. Protein adsorption® and platelet adhesion® on shear level of ventricular surfaces

Shear PU PU-PEO-SOs
Segment evel ‘
eve Fibrinogen Albumin  IgG  Platelet Fibrinogen Albumin  IgG  Platelet
A low 94.8 0.8 1.2 2 54.4 1.1 NA® 1
B high 32.5 0.5 0.8 2 30.1 0.5 0.5 2
C high 34.1 0.4 0.9 2 28.7 0.5 0.5 1
D high 577 0.8 0.7 1 45.9 1.6 NA 1

“By ELISA, unit : ng/cm?
"By SEM, relatively adhesion level : 221
NA :not available
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Fig. 4. Cross-sectional TEM views of adsorbed proteins on

(a) PU and (b) PU-PEO-SQs surfaces

Fig. 4 shows cross-sectional TEM views of adsorbed
proteins on (a) PU and (b) PU-PEQ-S0:; surfaces. The thic-
kness of the adsorbed protein layer on PU surface was 1,
000-1,600 A, while that of PU-PEO-SO: surface was only
about 400 A. This means that the surface of PU-PEQ-SO:
may passivate protein adsorption to a great extent due to
synergistic effect of the grafted PEO and sulfonate groups.
Fig. 5 shows typical cross-sectional TEM view of adsorbed
fibrinogen on PU surface. The dots in the adsorbed pro-
tein layer indicate the stained fibrinogens. The adsorption
behaviors of other proteins, such as albumin and IgG, on
the surfaces were similar to the adsorption of fibrinogen.

The amount of adsorbed proteins on each segment of
PU and PU-PEO-S80s ventricles by ELISA -is also shown

1000 A
Fig. 5. Typical cross-sectional TEM view of adsorbed fibrino-
gen on PU surface

Fig. 6. SEM picture of adhered platelets on ventricular surfac-
es: (a) low level, (b) high level
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in Table 2. The degree of total protein adsorption on PU-
PEO-S0s was relatively lower than untreated PU, but only
albumin adsorption on PU-PEQ-SQO: was high as compar-
ed with PU, thus indicating that PU-PEO-SOs has specific
high affinity for albumin. In addition, less adsorption of fi-
brinogen and IgG was revealed on PU-PEQ-SOs surface
than PU one. These results are well consistent with in vitro
protein study as described elsewhere” °.

The degree of platelet adhesion by SEM observation on
overall surface of each sample was determined and categor-
ized them into 2 groups as shown in Fig. 6. Results of plat-
elet adhesion for each segment are also shown in Table 2.
Although the degree of platelet adhesion was little correl-
ated with the shear level in the ventricle of two experi-
ments, overall platelet adhesion on PU-PEO-80s was con-
siderably low as compared with PU. '

Although PU-PEO-80: surface is more inert than PU
surface to the plasma proteins, protein adsorption to the
surface is dependent on the wall shear stress. Therefore,
the effect of the wall shear stress on the protein adsorption
unlike platelet adhesion is dependent on the surface char-
acteristics of the material, as mentioned by Pitt and Coop-
er'’. Because of the short implantation time, the relation-
ship between the protein adsorption and platelet adhesion
on materials was not observed in present study. It must be
needed to measure the level of the wall shear stress more
absolutely and accurately in order to compare these results
to others and to find the dependency of the surface char-
acteristics on the shear level.

From these results of animal ELVAD experiments, PU-
PEO-SO: coated on a ventricle showed high albumin ad-
sorption, low fibrinogen and IgG adsorption, and low plat-
elet adhesion as compared with untreated PU, suggesting
that PU-PEO-SOs is more in vive blood compatible. Such
an improved blood compatibility of PU-PEO-50s is due to
the synergistic effect of the hydrophilicity and dynamic
mobility of PEQ chains and the electrical repulsion of neg-
atively charged sulfonate(SQ2) groups, as explained by
“negative cilia” model'> .

CONCLUSIONS

PU-PEO-SOs was coated on a blood sac for electroh-

ydraulic left ventricular assist device (ELVAD) implanted
in dogs and its in vivo blood compatibility on shear stress
was studied as compared with untreated PU.

A well-developed large vortex was observed at the center
of the artificial ventricle by in vitro flow visualization and
the blood-contacted ventricle was sectionized according to
the level of the shear rate from results of flow visualization
after animal death.

Less proteins seem to be adsorbed in the region of the
high shear stress, but the statistical significance of this fact
was not obtained. The effect of the wall shear stress on the
protein adsorption unlike platelet adhesion is dependent on
the surface characteristics of the material. Because of the
short implantation time, the relationship between the pro-
tein adsorption and platelet adhesion on materials was not
observed.

The thickness of total proteins adsorbed on PU-PEO-
$0:(400 A) by TEM was considerably lower than that of
untreated PU (1,000-1,600 A), but PU-PEO-80:s coated on
a ventricle showed high albumin adsorption, low fibrino-
gen and IgG adsorption, and low platelet adhesion as com-
pared with untreated PU, suggesting that PU-PEO-80: is
more in vivo blood compatible. Therefore, such a blood
compatible PU-PEO-80s is expected to be useful for blood
contacting biomaterials including artificial organs.
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