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ABSTRACT: The adsorption “of proteins on poly(2-hydroxyethyl methacrylate) (PHEMA) brushes was
systematically studied by quartz crystal microbalatice (QCM] and fluoreécence microscopy as'a function of graft
density and protein size. The graft density o (chains/nm?®) ranged from 0.007 (dilute or semidilute brush regiime)
0 0.7 {concentrated brush-regime), and the protein size ranged from 2 to 13 nm in an effective diameter. The
lowest-density brush (o =0.007) adsorbed all the tested four proteins, while the highest-density brush (o = 0.7)
adsorbed none of them. The middle-density brush (o = 0.06) showed an infermediate behavior, adsorbing the
sallest two proteins but effectively repelling the largest two. PHEMA cast filins adsorbed a probe protein with
the adsorbed amountincreasing approximately proportionally to the film thickiess, indicating that the adsorption
mainly ocourred in the bulk of the film. The noted results for the Brushes support the idea of size-exclusion
effect, an cffect characteristic ‘of concentrated polymier brushes, n which the grafl chains are highly extended
anid highly oriented so-that laree molecules, sufficiently large compared with the distance Between the nearest-
neighbor graft points; are physically excluded fom the entire brush layer. In this regard, the behavior of the

lowest-density brush should be essentially similar fo that of the cast film, as was in fact observed.

Introduction

Living radical polymerization (LRP) has been applied to
surface-initiated graftpolymerization; allowing controlled grfi-
ing of well-defined polymers from various solid surfaces with
dramatically high surface densities.!® The surface density &
teached as large as 0.7 chains/nm? for common polymiers Hie
poly(methyl methacrylate) (PMMA) and polystytens (PS).° This
density was more than 1 order of magnitude higher than those
of typical “semidilute” brushes, going decp into the “concen-
trated brush™ regime which had been little explored systemati-
cally because of the unavailability of such brush samples. Recent

studies revealed that these concenirated brushes have siructure:

and properties quite different and even unpredictable from those
of semidilite brushes:® most strikingly, the PMMA conceritrated
brushes swollen in a good solvent (toluene) exhibited an
equilibrium film thickness as latge as 80~90% of the full
(contonr) length of the graft chains, indicating that the chains
areextended to a similatly high degree, %1% The surface density
of 0.7 chains/nm? for a PMMA brush, for example, also means
that the thickness of the dry film reaches about 40% of the full
length of the chains, which is much larger than the mean size
of .the chains in a random-eoil (or so-called “mushroom™)
conformation: Preswmably reflecting this characteristic confor:
mational feature of coneentrated brushes, dry PMMA brushes
had a:glass transition temperature significantly higher,!! and o
plate compressibility markedly smaller,'® than those of the
equivalent cast filins. More interestingly, they were immiscible
even with free PMMA of an oligomeric chain Jength. %3 This
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last-observation suggests that concentrated brishes in the molt
have a size-exclusion effect of (conformational) entropié erigin,
Asimilar effect is expectable for concentrated brushes swollen
ina good solvent, as, in fact, was demonstrated chromatographi-
cally by using the silica monolith column coated with concen-
trated PMMA brushes 514

As onie of the most interssting potential applications of
polymer brushes, attention has been directed toward biointer-
faces 0 tune Interactions of solid surfaces with biclogically
important materials. For ‘example, proteins will adsetb_on
surfaces through nonspecific interactions, often triggering a
biofouting, e.g., the deposition of biclogical cells, bacteriz, and
so on, Attempis have beer made o modify swfaces with
polymicr brushes to prevent protein adsorption. To understand
the ‘process of protein adsorption, the nteractions between
proteing and brush-coated surfaces can be modeled by the thres
generic modes ustrated in Scheme 1a (after Curie 6t al'% with
some modifications). One is the primary adsorption, in which
a protein diffuises into the brush and adsorbs on the substrate
siirface. The secondary adsorption s the one occuring at the
outermost surface of the swollen brush film, The last.oné is the
teitiary adsorption, which is caused by the interaction of protein
with:the polymer segments within the brush layer. For relatively
small proteins, the primary and tertiary adsorptions would be
particularly important, but they should become Jess important
with-increasing protein size and increasing graft density, since
a larger protein would be more difficult to diffuse against the
congentration gradient formed by the polymer brush, and fhis
gradient, clearly, 15 & function of graft density. However, the
size and density dependence of protein adsorption. would
manifest itself much more cleatly for concentrated brushes due
to-a different mechanisni. As already noted, the graft chains in
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Scheme 1. Schematic Hlustration of (a) Pessible Tntevactions of

Probe Molecules with o Polymer Brush and (b) Size-Exchsion
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a concentrated brush are highly extended and herice highly
otiented so that the entire brush layer, from the substrate surface
to the-outermost surface throughout, could have a sizé-exclusion
effect (Scheme 1b). By the terms “size exclusion®, we stress
the physical-aspectof the phenomenon, meaning that the protein
(or probe molecule) is excluded from the birush layer to avoid
the large (mainly conformational) entropy loss caused on the
highly extended ‘chains by the entrance of the Targe molecule:
Sinee the degree of chain extension i3 much less significant in
semidilute brushes, this effect should be minor for them,

In the past, poly(ethylene oxide) (PEO)-grafied surfases wers
extensively studied to discuss their protein adsorption behavior
ag a fimetion of graft density. 12 However, since those surfaces
were preparsd by physisorption of block copslyiners or combe
like polymers using & selt-assemblitig orthe Langmuir—Blodgeft
technigue, the graft density should bave been in a semidilute
regime, i.e,, 100 low t6.observe the mentioned effect clearly, if
any present. Well-defined concentrated brushes achievable by
surface-initigted LRP would set up size-exclusion limits at much
sallet sizes of probe molecules, thus allowing us to explore
them with available proteins. Most recently, poly(acrylamide)2
poly(2-(dimethylaminojethyl methacrylate),?* poly{olige(ethyl-
ene glycel) methyl methacrylate),®* and poly(2-méthacryloxy-
ethylphosphorylcholinie} (PMPCY % brushes were prepared by
surface-initiated LRP and observed to show good adsorption
resistance for proteins and cells. From a mechanistic point of
view, however, these studies remained purely qualitative, paying
little attention to the mentioned characteristics of concentrated
brushes.

I this work, we have attempted to substantiate the postulated
sizesexclusion effect of concentrated polymer brushes by
systematically studying the adsorption behavior of varying sizes
of proteins on the substrates grafted with a poly(2-hydroxyethyl
methacrylate) (PHEMA) brush of varying sirface densitiss, by
megns of quartz-crystal microbalance (QCM)and fluorescénce
microscopy. PHEMA is a hydrophilic, biotompatible polymer,®
but the biccompatibility of PHEMA cast film is reported to be
not as good as e.g. PMPCY andpoly(2-methoxyethy] acrylate)
cast films 332 Herice, any favorable résults that PHEMA brushies
may present could be ascribed more fo the structural, rather than
thenmodynamic, properties of the system, Our ultimate goal is
ta develop, by utilizing the advantages-of surface-initiated LRP?
a concenirated brush-based, new bicinterface that will com-
pletely suppress the adserption of small as well as large profeins.
This work should be an important §tép For this goal,
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Scheme 2. Schematic Mustration of Graft Polymerizations on
an Inorganic Substrate: (a} Surface-Initiated ATRP and (b) a
Grafting-To Method
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Experimental Section

Materials. 2-Hydroxyethyl méthacrylate (HEMA) (99%, Nacalai
Tesque, Japan) was purified sceording to the literatare.® Cu(Br
(99.9%; Wako Pure Chemical, Japan), sthyl 2-bromoischutylate
(EBIB) (99%, Wako}, 2,2-bipyridine (bpy) (99%, Nacalai), metha-
nol (99%, Nacalai), phosphate-buffered saling (PBS) (pH = 7.4,
Wako), ammonia (28% aqueous, Nacalai), 3-mercaptopropyltri-
imethoxysilane {5810) (Chisso, Japan), and 2,2"-azobis(4-methoxy-
24-dimethylvaleronitile) (V70) (99.9%, Wako) were used as
teceived. 6-{2-Bromo=2<isobutyloxyhexyltriethoxysilane: (BHE), 2
fixable‘initiator for ATRP, was prepared, as previously reported 34
Bovine serum aprotinin (Aprotinin), bovine seruim albutnin (BSA),
fluorescein isothiscyanate-labeled BSA (FITC-BSA), bovine serum
immunoglobulin G (18G), and horse heart myoglobin (Myoglobin)
were-purchased from Sigma-Aldrich and used as received,

Sificon wafers were cleaned by ultrasonication in CHCl; for 30
mig and uittaviolet (UY)/ozone: treatment for 10 min. The UV/
ozotie treatment effectively removed organic contaminants on the
wafersurfaces. QCM chips (optically polished square-shaped AT-
out quartz'erystals (1 x I em?) with gold electrodes) (Seiko EG&G,
Seiko Instruments ine.y were similarly-cleaned. On the cleaned chip,
Cr and then Si0; were deposited in-a vacuum with the thicknesses
of 5 and 40 nuy, respectively,

Preparation of High-Density Brushes (0 = 0.7 Chains/nin?),
High-density PHEMA Brishes wére prepared by surface-imitiated
ATRP, as shown in Séheme 24, A silicon wafer and 4 Si0s-
deposited QUM chip were immerséd in 2 tetrahydrofiuran (THF)
solution of BHE {1 wt %) and NH; {1 wt %) fer 12 hat room
temperature and washed with THF. The BHE-Immobilized substrate
(wafer and chip) was immersed in 2 degassed methanol solution
of HEMA (4.5 M, Cu(l)Br (25 miM), bpy (63 tM), and the Free
initiator EBIB (22.5 mM), sealed under vacuum in a glass tube (1
cm diameter), and heated at 40 °C for a prescribed time. This
polymetization condition was refemred to Armiss et al, ‘who
successfully prepared lowspolydispersity free polymers of HEMA S
Alfter polymerization, the solution was diluted with ¥ N-dimeth-
ylformamide (DMF) to a known concentration and analyzed by
gel permedtion chromatography (GPCY, The conversion. was
determined from the GPC peak area. The substrate was rinsed ina
Soxhlet apparatus with methatiol for 5 h to remiove physisorbed
free polymers and impurities:

Prepaiation of Middle- and Low-Density Brushes (o = 0.06
and 0.007 Chains/nm?), Middle- and low-density PHEMA brushes
were: prepared by a grafing-to method, as shown in Scheme 2b.
Narmiely, PHEMA chaing with an alkoxysily! group at one chain
end were immobilized on.a silicon wafer and a SiOy-deposited QEM
chipin solution. Two end-functionalized PHEMAs with different
chain leéngths were used. The shorter one (M, = 9800 and MM,
= 1.2) was synthesized by ATRP with BHE {with-a irigthoxysilyl
group) used as a free initiator: & degassed methariol selation of
HEMA (4.5 M), BHE {22.5 mM}, Cu{[)Br (25 mM), and bpy (63
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Table 1. Characteristics of Studied PHEMA Surfaces

suifaces Miconi® Mypeet MMt L nm) o*/(chainami~Y F{away 98/(deg)

high-density brush 1760 3500 13t 2 6.7 1 2
high-density brush 9700 8000 1.286 10 0.7 1

high-density brish 168007 12300 130 15 0.7 1 29
riddle-density brush 18000 15300 127 2 0.06 4 27
low-density brush 1L2:% 108 1,24 2 0.007 12 29
cast film =45 108 30 23
cast film >4 1P 90 23
cast film >4ine 108 330 23
BHE 55

# Charagteristios of brushes were almost identical on sificon wafers and QUM chips, and typical values on silicon wafers aré listed. ® Caloufated ascording
to.eq 3.7 Estimated by PEG calibrated GPC. ¢ Film thickness, the error is within 10%. ¢ Graft density, calenlated with L and My accordiing to eq- 2.
7 Average distance between the nearest-neighbor graft points, caléulated according fo.d =0~ 2. EContact angle; the error ig within 2%, The Myiays is
17600 (see text). "Calculated with L and Mysvie (1.8 % 105 according io-eq 2./ BHEimmobilized surface,

mMy was heated at 30 °C for 1 h. After reprecipitation with cooled
water, there ‘was isolated a PHEMA (M= 1.5 3 10% and MM,
= 1.2} possessing a tricthoxysilyl group (derived from BHE) at
one chain end, A silicon waferand a $i0s-deposited QCM chip
were immersed i 2 methanol solution of the PHEMA (1 wt.%)
and NH; (2 wt %) for 12 h at room temperature and rinsed in a
Soxhletapparatus with methanel for 5 h, vielding a middle-density
brush (o= 0.06 chains/nm?),

The longer end-functionalized PHEMA 'was prepared by the
conventional radical polymerization with the chain transfer agent
S810: a methane! solution of HEMA (4.3 M), 8810 Cchain transfer
agent; 9 mM}, and V70 (9 mM) was heated at 40°°C for 2 h. The
obtained polymer was fractionated by use of a preparative GPC,
yielding a PHEMA (M, = 1.2 % 10° and M,/M, = 1.2y possessing
a trimethoxysilyl group {derived from SR10) at one chain end, This
polymier was immobilized on a silicon wafer and a Si0,-deposited
QCM chip as deseribed above, yielding a low-density brush (o=
0.007 chains/mm?),

Preparation of Cast Films. PHEMA (M, = 108 (Aldrich), after
having purified by reprecipitation from a methalol solution iito
cold water; was dissolved in methanal. The cast films were obtained
by spin-casting the PHEMA solution onto a silicon wafer using 2
homemade spin-coater at a spinning speed of 2000 rpm for 2 min,
followed by annealing at 80 °C for 24 h in a vacuum. The flm
thickness wa¢ controlled by changing the concentration of PHEMA
solution:

QUM Measurement. Protein adsorption was studied-at 25 °C
with.a quartz crystal analyzer 917 (Seiko EG&G) drivinga 9 MHz
QCM chip, The QCM chip 'was mounted in a thermostated
homemade QCM cell by means of O-ring seals, which allowed
only one face of the chip 1o come in contact with the solution.
Before injection of a PBS solution of a protein, the QCM cell was
initially filled with PBS and rinsed several times until 2 stable
baseline was. established. The stability of the frequency of QCM
was £0.3 Hz within 1 1 at 25°C in water, The adsorbed amount
A (ng) s represénted by

A= —Df Al 0 2F )" m
where Af is the frequency change (Hz), Fy is the parent frequency
of QUM {53 MHz), i, is the shear medules ofquartz (2.947 » gV
gi{em %)), pq 1s the density of quartz (2.648 g/oii), and 4 is the
surface area of elecirode {(0.196 em?),

Fluerescence Microscopic Observation. The sample was im-
mersed in a PBS solution 6f FITC-BSA (1.0 g/L) for apreseribad
time at room femperature, The sample was washed by softly
imnmersing in PBS, and this procedute was repeated five times with
fresh PBS. Fluorescénce images were taken on an optical miero-
seope: (Eclipse TE2000; ‘Nikon, Tokyo, Japan) equipped with &
highly'sensitive: CCD camera (ORCA-ER, Hamamatsu Photonies,
Shizioka, Japan). The observation was made on'at least Five spots
foreach sample, and the fluorescence intensities of these spots were
averaged. To check reproducibility of the FITC-BSA adsorption,
at least three samples were prepared wider the same conditions
and examined.

Other Measurements. The GPC analysis for PHEMA was made
on a.Tosoh CCP&HEU20 series high-speed liquid chromatograph
{Tokyo, Japan) equipped with two Shodex gel ¢olurmns LF364 (300
% 80 mm; bead size = 6 gy pore-size = 20~3000 A) (Tokve).
DMF was used as sluent with a flow rate of 0.8 mL/min (46 °C).
The column. systeni was ealibrated with Tosoh standard poly-
{ethylene glycol)s (PEGs). Sample detection and quantification were
made with a Tosoh differential refractomcter RI-8020. Samplc
detection was also made with a multiangle laser light scattenng
(MALLS) detector, 2 Wyait Technology DAWN EOS (Saula
Barbara, CA), equipped with a Ga—As laser (1= 690 nm), The
refractive index inerement du/de was-determined 1o bs 6.075 mL
g1 by a Wyatt Technology OPTILAB DSP differential refracto-
meter(A = 690 nm),

For the GP'C analysis of proteins, the above-noted chromatograph
equipped with & Shodex gel column KWSG4 (300 ». 80 nim; bead
size = 7 ufit; pore size = 300 A) (Tokyo) was calibrated with
Shodex standard pullulans. PBS was used as eluent with a flow
rate of 0.8 mL/min:(30°C).

The fractionation of PHEMA was made on a preparative L.C-
918 liquid chromatograph (Japan Analytical Induswty, Tekyo)
equipped with JAIGEL GS-310 poly{vinyl alcohol) gel colunms
(500 x 21.5 mm; bead gize = 16 gm). Methanol was used 25 eluent
with u Tlow rate of 5.0 mL/min {(room temperature):

The thicknesses 'of the deposited Croand 8i0; and the. grafted
and spin-casted PHEMA layers were determined by a compensator-
rotating, spectroscopic ellipsometer (M2000U, JA, Woolam,
Lincoln, NE} equipped with Iy and QTH lamps. The polarizer angle. .
was:45°,:and the incident angles-were 60%; 65° and 70°. From the
ellipsometric data, the thickness of PHEMA layer was evaluated
using the optical constants determined for the spin-cast layer with
& thickness of ca. 200 nm. The graft density o was estimated from

o= LpNM, @
where L is the thickness of graft layer, p i the bulk density of
PHEMA (1.15 g/em®y, Ny is the Avogadro number, and 34, is the
number-average molecular weight.

Contact angles () were measured at:room temperature with a
contact angle meter CA-X (Kyowa Interface Science, Saitama,
Japan), The measuremient was ifiade on at least five spots for'éach
samiple, and these @ valués were averaged.

Results and Discussion

Preparation and Characterization of PHEMA Brushes,
The “high-density” PHEMA brushes were prepared by surface-
ihitiated ATRP. A few previous reports dealt with surface-
initiated LRP of HEMA "% but we made an independent sffort
1o optimize: polymerization conditions to mest our purpose,
Three samples with different chain lengths of PHEMA (and
hence, different thicknesses of the graft layer) were prépared
by varying the polymerization time. Table 1 lists the M, and
Myl of the froe polymers simultaneously produced from the
free initiator in the golution, These values can be used ag
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Figure 1. Plot-of L vs M ny for the high-density brushes prepared
on (@) silicon wafer and (©) QUM chip.

sufficiently accurate indices for those of the graft polymers.*
The My /M, was 1.2—13 in all cases, suggesting a well-
controlied polymerization. The M csny Was calculated using the
following equation:

M,y = [HEMAL/[EBIB], x MW % /100 ()

where [HEMAJe and [EBIB); are the feed concentration of
HEMA and EBIB, respectively, MW is the miolecular-weight
of HEMA, and € is the monomer conversion in percent. This
value is the theoretical M, for an ideal living polymerization.
To evaluate the absolute value of 3, the GPC detection was
made with a MALLS detector for the highest-molecnlar-weight
sample {prepared by the ATRP): the thus-determined M,
(Mamsrrs = 17 600) agreed well with the theoretical value
(Micone = 16 B00) rather than the PEG-calibrated M, (M pec
= 12.300). Fot the oligomeric PHEMAs prepared by nearly
the same ATRP system, Arnmes et-al. reported that the absolute
M, determined by NMR was approximately equal to the
Micon® We will use Mo gone for the absolute value.

The thickness £ of the graft Jayer measured by ellipsomery
linearly inereased with increasing My eony of the free polymer
(see Figure 1), suggesting a uniform growth of graft polymer
with a constant surface density. From the slope of the ling in
Figure 1, the graft density o was estimated to beea, 0.7 chains/
mm?, which is similar to the highest values reported for PMMA
and PS brushes.® Brushes with Tower graft densities were
prepared by a grafting-to method nsing two end-functionalized
PHEMAs with M, = 1.5 x 10% and 1.2 x 105, They gave the
“middle-density” (o =="0.06 chains/in®) and “Jow-density” (o
= 0,007 chaing/nm?) brushes, respectively. These PIIEMA
brushes can be grouped into twoseries: one series is the high-
density brushes with a neatly Congtant grafi density of 0.7 chains/
nim® and different dey film thicknesses 2, 10, and 15 nm, and
the othieris the brushes with nearly the same dry filin thickness
of 2 nnyand different graft- densities 0,007, 0.08, and 0.7 chaing/
e,

The contact angle & was measured in waler by the air-bubble
method for these brushes as well as.a BHE-immobilized wafer
and three PHEMA spin-cast filing -of thicknesses 30, 90, and
330 nm (Table 1). The BHE-immobilized surface (nongrafted
surface) was much more hydrophobie than the PHEM A-coated
samples (brushes and cast films), The brushes had a .8 vohie
slightly {about 5°) higher thar the cast filts (the experimental
error in 8 was 2%, for an unclear teason, The observed
dependence (or independence) of 9 on graft density and. film
thickness suggests that the substrate was completely covered
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Figure 2. Plot of fluorescence intensity of -adsorbed FITC-BSA vs
soaked titne £ (25 °C} for the cast films with I = (&) 330 nm, () 90
nim, and ((0) 30:mm and the high-density brush with L = 15 nm (@),
The FITC-BSA concentration was 1.0 g/L.

with PHEMA segments in all cases. The effect of the chain
end (bromine for the high- and middle-density brushes and
hydrogen for the low-density brush) is tiot evident even Tor the
high-density brushes, in ‘which, because of thelr oriented
structure stressed gbove, the free chain ends and hence the
bromine groups should be populated in the ontermost surface
of the film,

Adsorption of BSA. By fluorescence microscopy, we
examined the adsorption of BSA on PHEMA cast film a5 3
function of thickness: the cast films with different thicknesses
(L = 30, 90, and 330 um) prepared on silicon wafers were
soaked in a FITC-BSA solution (! /L) at room temperature
for a prescribed time, rinsed with PBS, and then obeerved by 2
fhicrescence microscope. The fluorescence intensity was almost
unchanged by further rinsing with PBS, confirming an irrevers-
ible-adsomption, The fluorescence images suggested that BSA
was homegencously adsorbed (in an-optical microscopicscalel.
Figure 2 shows the plot of fluorescence intensity vs soaked time,
Unfortunately, the fluorescence intensity was not calibrated to
the amount of adsorbed BSA, but the proportional relationship
between them may reasoniably be assinied. Asarough measure
of the adsorbed amount, we may réfor to the previous study
reporting that 0.38 jug/em® of BSA was adsorbed on PHEMA
cast filmis.* The fluorescence intensity and hence the amount
of adsorbed BSA gradually increased in several hours, ap-
proaching a-constant (saturation) value, As Figure 3 shows, the
intensity at 12 b, as 4 measure of the saturation value, increased
almost proportionally to film thickness L. This means that BSA
diffuses deeply into the bulk of the cast filin, and thai (he
adsorption in this system consists mainly of the tertiary
adsorption with minor contributions of the primary and second-
ary ones. It naturally took a very long time to reach the satiration
value (as compared with the case of high-density brush samples,
for exaimple; to be deseribed below).

Next, we examined the adsorption of BSA on the brushes
and “the: BHE-immobilized surfaces by QCM. This method
allows in situ monitoring of the adsorption procéss with a nsually
high sensitivity. However, when: it is applied to°a vigcoelastic
layer in' solution, the dissipation effect causes an ewor n
estinating the mass according toeg 1. This srror becomes Jarger
with increasing layer thickness, and for this reason, ouf cast
films were too thick to apply QCM. We confirmed that the
QCMs with: different fundamental frequencies (5 and 9 MHz)
gave a consistent result for the brish samples with £ = 10 mm
or thinner, meaning that the dissipation effect was minor for
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films soaked for 12 h (25 °C). The FITC-BSA concentration wes 1.0
¢/L. :

Intengity

044 L

&

[-3

0D F

fugem®

The amount-of adsorbed BSA

oL j
o% 0.7 Shainsinm’ b}
i o E 200D

DAz

e {22 10 T

ook L=15nm

008 F

Q.06 4

Jugon™

[

4.02

The amoiint of adgorbed BEA

0.00

“0.02

£/ ivin

Figure 4. Time evolution of the amount of adsorbed BSA (25 °Cyon
{(a) PHEMA brushes (o= 0,007, 0.06, and 0.7 chains/nm®) with L =
2.nimi and (b) high-density PHEMA brshes {0 = 0.7 chains/nm?) with
£.= 2, 10, and 15 nm. The BSA concentration was 1.0 g/L.

them. Figure 4 shows the results of the QCM measurement (25
°C) atan carly stage of adsorption (<1 h), where the concentra-
tion of BSA in-solution was 1 g/L. The adsorbed -amount of
BSA given i the ordinate axis was calculated from the
frequency change according to ¢g 1. A sharp peak appearing,
in some cases, immediately after the injection of BBA is duete
the slight change in pressure and/or temperature on injection.
The amoimt of BSA adsorbed onio the BHE-mmmobilized
surface was 0.28 pg/em® at 1 h {the data not shown), which is
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Table: 2. Absolute and Pullulas-Calibrated Moleculay Weights,
Crystallographic Dimensions, and 28, for Studied Proteins

mialiwt pulhalan- crystallographic . 2Ry
protein M calibrated M dimensions/iim i
Aprotinin 6.500 1.500 2
Myoglobin 170006 5900 Ix4wd 4
BSA 67000 22:800 3% 8x9 10
IgG 146000 35000 13
“Caleulated (s8¢ text).

close 0 the value (0.25 pg/om?®) réported for the side-on
monolayer adsorption of BSA.* To confirm reproducibility of
the: meagurement; we- coniducted at least five runs for each
sample (an example is given for the low-density brash in Figare
43, suggesting an experimental error of £10%). BSA was readily
{within 10 min) adsorbed on the low-density brush as well as
the BHE surface and not desorbed by washing with PBS,
indicating an irreversible adsorption. The -amount of BSA
adsorbed on the Tow-density brushat 1'h was ca, 0.07 pg/om?
(see Figure 4a), which is smaller than that for the BHE surface
butstill significant. On the other hand, there was no detectable
adsorption on the middle- and high-density brushes (Figure 4a)
with: L. = 2. nm. Figure 4b also shows that the high-density
brushes with different thickstesses (L= 2, 10, and 15 mm) were
all free from adsorption. These data clearly demonstrate that,
by increasing the graft density, the adsorption of BSA can be
suppressed: BSA has anellipsoidal shape with an approximate
dimension of 3 % § x 9 nm34-4 while the average distance
d (= ¢V between the nearestneighbor graft points is
approximately 12,4, and 1 nm for o = 0.007, 0.06, and 0.7
chains/mm?, respectively (Table 1). This reasonably suggests that
BSA is difficuli to diffuse into the swollen layer of the middle-
and high-density brushes, on which no adsorption of BSA was,
infact, observed. The longer-term stability of protein repellency
on. the  high-density brushes was studied by fluorescence
microscopy, for the QUM experiment was difficult due to 2
baseline drift: ‘no adsorption: of FITC-BSA was ‘detected on
them even after 2 days.

Adsorption of Profeins with Different Sizes. QUM experi-
ments were conducted with the brush samples for a series of
proteing with ‘different sizes: Aprotinin (molecular weight =
6500y, Myoglobin (17 000}, BSA (67 000}, and 1gG (146-000).

The characteristics-of the four proteins arc listed in Table 2. As

the gize of protein, crystallographic data are available for
Myoglobin and BSA but not for the other two. The apparent
molecular weights of these four proteins estimated by pullulan-
calibrated GPC were 1500, 5900, 23000, and 350600 for
Aprotinin, Myoglobin, BSA, and IgG, respectively, from which
their radii of gyration (R,) 'were estimated to'be 1,2, 5, and 63
nin, respectively, by using the known relation®*® between the
R, and molecular weight of pullulan, As shown in Table 2, the
values of 2R, may be good indices for the protein size (compare
these valuegs with the crystallographically determined dimensions
of Myoglobin and BSA).

Figure 5 shows the amount of adsorbed protein after L b of
soaking. The low-density brush adsorbed all the proteins, the
middle-density one adsorbed ouly Aprotinin and Myoglobin,
and the high-density one adsorbed none. These data show a
clear dependence of adsomption on protein size and brush
density: very crudely, we can state that no significant adsorption
of protein takes place on a PHEMA brush when the brush dis
smaller than the protein 2R,

All these tesults confirm the size-exclusion effest of con-
centrated brushes. This effect would reduce the primary and
tertiary. adsorptions biit not necessarily the secondary adsorption.
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Figure 5. Amounts-of adsorbed proteing onto PHEMA brush-surfaces,
soaked for 1 b (25 °C): (a) Aprotinin, (b) Myoglobin, {¢) BSA, and
(d) 1gG. The protein concentration was 1.0 /L in all ‘cases.

The 'secondary adsomption can be induced by two possible
interactions: one is the van der Waals and/or Coulombic
interaction between the protein and the substrate, which should
depend on the thickness of the brush Iayer.!* The other is the
interaction berween the protein and the brush itself {at its
outermost surface). The latier possibly depernds on-e.g. the water
conitent of the brugh layer,* the michility of the brush chain*?
and the structire of water near the brugh surface 3422 Even
though these ‘details remain 10 be explored, the fact that no
significant adsorption of any protein was detected on the high-
density PHEMA brush indicates that the secondary adsorption
is unimportant for this brush and thege proteins. Figire 5 may
indicate-a nonnegligible adsorption of IoG on the high-density
brush; but this may be asciibed to the insufficient number of
trialg, since-another type of indépendent test (not shown here),
which consisted of cycles of protein injection and rinsing, gave
no indication -of adsorption of this and other proteins on the
high-density brush, To bestressed is the above-noted fact that
the high-density brushes of diffevent thickness repelled a protein

Poly(Z-hydroxyethyl methacrylate) Brushes. 2289

(B5A) equally effectively. This means, on -one hand, that no
thick brish-is needed for thig piitpose and, on the otlier hiand,
that & thick brush has a size-exclusion effect from its bottom o
the outersurfaces through out. This is the very feature expected
for g concentrated brush.

Finally, a-comment is‘due regarding the block copolymer of
PHEMA-PS type. Even though PHEMA cast films themselves
have rather poor biocompatibility, a5 we have observed for the
protein repeliency, PHEMA-PS block copolymers are known
to show improved biocompatibility. % At first, this improved
biocompatibility was considered io have something 1o do with
a microdomain surface structire caused by the phase separation
of the PHEMA and PS8 segments. However, the ground for this
interpretation seemed to have been lost, when the later structural
studits on the cest films ‘of these block copolymers revealed
that the outermost surface of the films inwater was preferentially
covered with the laterally phase-separated PHEMA layer, 9052
On'the basis-of our results, we would suggest the formulation
of a.concentrated brushlike structure of the PHEMA layer, in
which the PHEMA chains are.extruding out into the water phase
from the hydrophobic-(unswollen) PS layer, thereby repelling
profeins ‘or other large molecules by a size-exclusion effect.

Coenclusions

The cast films and low-density brush (o= 0.007 chains/nm®)
of PHEMA showed poorresistance against protein adsorpiion,
which was reasonably ascribed to the tertiary adsorption, 1.6,
the adsorption induced by the interaction within the bulk of the
PHEMA layer. On the other hand, the high-density brugh (o =
0.7 chaing/nm?®} showed excellent resistance even fora protein
as-small as Aprotinin, independently of the brush thickness (L
= 2~15 nm). The middle-density brush showed anintermediate
behavier, adsorbing smaller proteins but effectively repelling
larger proieins. There was a good comelation between the protein
size and the threshold graft density beyond which the protein
does not adsorb. (The secondary adsoiption, oceurring on the
outermost surface of the PHEMA brushes, was inherently weak
for the studied proteins.) These regilts confirmed the idea of
size-exclusion effect of concentrated brushes. In general, it i§
suggested that the surface adsorption of large molecules like
proteins can be greatly suppressed by densely grafiing a
polymer, i.e.; controlling the physical structure of the polymer
layer, With other unique properties of concentrated polymer
brushes along with a range of possibility to design chain
architecture by LRP, PHEMA concentrated brushes will find a
wide variety of applications as a novel biointerface, such as
biochips, biosensors, bioseparators, and medical body implants.
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Blind Subxiphoid Pericardiotomy for Cardiac Tamponade
Because of Acute Hemopericardium

Yoshihiko Kurimoto, MD, Mamoru Hase, MD, Satoshi Nara, MD, Naoya Yama, MD,
Nobuyoshi Kawaharada, MD, Kiyofumi Morishita, MD, Tetsuya Higami, MD, and Yasufumi Asai, MD

Ohjesiive: Percotaneous catheter
drainage (PCD} is not always effective ina
case of hemopericardinm. Acute occlusion
of eatheter and cardiac perforation can hap-
pen more often. Te perform subxiphold
pericardiotomy within a minute for emer-

" gency cases, we have done this procedure in
a blind method. after finger dissection by
subxiphoid approach. We report the useful-
nesz of blind subxiphoid pericardictomy
(BSF) based an the results of 8 prospective
control study.

Melhads: We desioned astudy fo deter-
mine & favorable managerent for cardise
In'an emergency ease of cardise tamponade

because of hemopericardium, board certi-
fied sorgeons showld perform BSP and
oiher emergency physicians should perform
PCD, with or without local-anesthesia, PCD
(= §7)yand BSP(n = 16) were performed
for patients with cardio-pulmonary arvest
(CPA) or near CPA Because of cardiac tam
ponade secondary to trauma {n == 7}, acute
dortic dissection (n = 65), and cardiac rip-
ture following acute myocardial infarction
(o = 11} in our emergency medical center
from January 2000 fo December 2004,
BESUIS: BSP was effective I all cases
but PCD was ineffective In five cases he=
cause of clotting in pericardivm (p = 0.260)
No complication was observed in the BSP

group but five erdtical complications and
three infeasible drainage complications
were ohserved in the PCD group (p =
0.146). Ten patients (BSP. 4y PCD, 61 p =
8.077) survived after emerpency surgery
{n-== 8) or'conservative treatment (n= 2).

Gonelusion; BSP was safe and conld
be performed quickly in an ensergency sit-
uation.. Percutanepus catheter drainage
for hemopericardivm conld not aveid crit-
ical complications becanse of clotting in
pericardium.

Key Words: Pericardiotomy, Pericar-
diocentesis, Hemopericardinom, Cardiac
tamponade.

ardiac tamponade cansed by acute hemopericardium is

critical and requites emergency intervention. Based on

the clinical conrse and the findings of echo-free space
in s pericardial sac, an initial treatment should be performed
for relief ‘of cardiac tamponads as early as possivle. Many
reports have supported the usefulness of percutaneous perear-
dial catheter drainage (PCD) against pericardial effusion,'
PCD 18 less invasive, which seems preferable for severely ill
patients, However, hemoperdcardium is different from pericar-
dial effusion because of the possibility of clot i the pericardial
sac atid usually the hemopericardivm becomes critical in-a short
period.** Conventional subxiphoid pericardiostomy overcomes
some drawbacks of PCD, but requires specialized surgical in-
struments and takes several miputes to accomplish. We have
employed subxiphoid pedeardiotomy in a blind manver for
selected cases with cardiopulmonary arrest (CPA) of nisar CPA
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becanse of cardiac tamponade caused by hemopericardinm to
quickly relieve the cause of CPA. In this prospective coniral
study, we ‘evaluate the results of blind subxiphoid pericardiot-
omy (BSP) for cardiac tamponade because of acute bemoperi-
cardium and compare them with the result of PCD:

METHODS

We designed a prospective control study to determine the
preferred initial weatment for cases with CPA or near CPA
becauze of cardiae tamponade caused by acute herpopericar-
dium. JIn our emergency medical center; it was decided that
board certified surgeons should perform BSP and other emier-
gency physicians should perform PCD to relieve cardiae tam-
ponade cavsed by acute hemopericardium: Eighty-three patients
were admitted and given a diagnosis of cardiac tamponade
because of acute hemopericardiurm ag the capse of CPA or near
CPA from January 2000 to Deceinber 2004, Sixty-nine patients
suffered CPA dudng transportation to the hospital and the re-
mzining 14 patients suffered CPA or niear CPA after arrival at
out emergency rogm. PCD (n = 67) and B3P {n = 16) were
performed for patients with cardiac tamponade secondary to
trauma (o = 7), acute dortic dissection (n = 65) and cardiac
rupture after acute myocardial infarction (n = 11). There was no
difference statistically betwesn the two groups (Table 13

BSP

Most patienits had been undergoing cardiopulmonaty re-
suscitation (CPR) with tracheal intubation before or during
BSP. A 5 em-Jong skin incision is made from the lower end
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BSP for Cardiac Tamponade Because of Acute Hemopericardium

L

Table 1 Padents’ Characteristics

Male/ Traunia/ CPAOR/

Ho. Age Female  ADMI CPAAA
PCD 67 704 %157 30/37 G54l 59/8
B&P 16 68.5 « 184 9/7 1434 10/6

PCD, percutaneous pericardial catheler drainage; BSP, blind
subxiphoid pericardictomy; AD, aortic dissection; Ml, myocardial ins
farction; CPADA, cardiopulmaonary arrest on arival: CPAAA, cardio-
pulmonary arest {or niear CPA) after afival,

of the sternum caudally. The upper linea alba is divided in the
midline without resection of the xiphoid sternum (Fig. 1A).
The tissue plane between the posterior wall of the sternum
and the anterior pericardium is developed by blunt finger
dissection without any specific surgical instrument (Fig. 1B).
While tounching the pericardiam with an index finger, an
inferior site of the perfcardium is cut by scissors (Fig. 1C). If
cardiac tamponade is not quickly relieved by pericardiotomy,
clots in the pericardium are evacoated using a suction system.
In cases in which spontansous circulation is restored, a drain-
age tibe (2028 Fr.) is placed in the pericandinm (Fig, 11}
and a skin incision is approximated temporarily to transport
~ patients to an ‘operating room if indicated.

Percutaneous Perlcardial Catheter Drainage

Most ‘patients had been ondergoing CPR with tracheal
intubation before or during PCD. After confirmation of dig-
tance and direction from the subxiphoid access site to the
pericardium wsing echocardiography, the pericardium is en-
tered with an 18:gauge needle by 2 standard subxiphoid
approach. A 0:035-in (0.089 cmy I tip guide wire s advanced

into the pericardial space and the needle removed. The tract
of the vesdle is dilated with an 8.5 Fr. dilator, and an 8.5 Fr.
pericardial cathetey  (Pericardiocentesis set, Covk  Ine.,
Bloomington, IL) is advanced into the pericardial space. In
cases in which spontancous circulation is restored, patients
are transported fo an operating room if indicated.

Statistical Analysis

The data are presented as means = SD. The Mann-
Whitney U test or the x* test was used to compare daia in the
two groups using the statistical software program SttView-]
5.0, (SAS Institute Inc., Cary, N.C.).

RESULTS

BSP was effective in all cases but PCD was ineffective in
five vases because of clobting in the pericardium (p = 0.260),
Ten patients (BSP, 4; PCD, 6; p = 0.077) survived after
emergency surgery (n = 8) orconservative treatment (n = 2),
Mo complication was observed in the BSP group but there
wers five critical complications and thrée infeasible drainage
complications in the PCD group (p = 0.146) (Fig. 2). Right
ventricular puncture (n = 2) caused by PCD résulted in one
death and-one open repair after BSP a3 4 second intervention.
Acute oeclusion of percutaneons didinage wbe{n = 3y resulted
in two deaths and one emergency thoracotomy (Table 2).

DISCUSSION

Many reports have discussed methods to relieve cardiac
tamponade, but mainly in elective cases caused by peticardial
effusion.”*!! Representative methods of initial manage-
ment are percutaneous pericardial catheter drainage (PCD)

Fig. Y. Operative procedure of BSP. The linea alba is divided (A). After blunt finger dissection (B), the pericardium iscut by séissors (C).

A drainage wbe is placed tn-the pericaydiinn (D).

Volume 61 = Namber 3
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L e S

A Insfiaciive drainage dus to dotting
3cases(4.58% )

Right ventriclé punclire
Survived 2 cases { 3.0%)

B oases [ D.0%

butnot survived 9 cases(56.2%)

Fig. Z. Results of perowtaneons pericardiol catheter dratnage (A}
and BSP (B). BSP was effective in all cases but PCD was ineffective
in five cases (p = 0.260). Ten patients survived (BSP, 4; PCD, 6; p
= 0.077). No comp‘lica!ion was observed in the BSP group but there
were five critical complications and three infeasible drainage com-
plications in the PCD group (p = 0.146).

and subxiphoid pericardiostomy. Three decades ago, needle
pericardiocentesis was performed. 4t the bedside without
echocardiographic guidance or hemodynamic monitoring and
the risk of life-threatening complications were as high 35
20%.* However, the Mayo clinic group reported that echo-
cardiographically guided pericardiocenteses could be per-
formed with a total complication rate of 4.7% (major, 1.2%,;
minor, 3.5%) and Maggiolini et al, reported that it could be
done more safely using a probe-mounted needle.! On the
other hand, Some reports have presented better results of
subziphoid pericardiostomy as a method of managing peri-
cardial effusion, not only to relieve cardiac tamponade but
also for diagnosis of malignancy and infection.” Regarding
the drawbacks of subxiphoid pericardiostomy, it usually re-
quires general anesthesia and swrgically trained (1o somie
extent) physicians and it takes several minutes to perform.
According to studies comparing these two methods, subxi-
phoid pericardiostomy was preferable for elective cages with
pericardial effusion and PCD shonld be employed for emer-
gency cases because of cardiac tampenade. '™

The present stidy was designed to evaluate our modified
subxipheid pericardiotomy, employed to ovetcome some of
the drawbacks of these nwo techniques for emergency cases

584

Table 2 Clinical Course of Patients With

Complications After PCD
Infeasible drainage 67-yr-okd woman with AD died in
fn=18} the ER

S5-yr-old man with M| subsequently
underwent BSP died in the ER

68-yr-old man with: Ml subsequently
underwent ERT dled inthe ER

76-yr-old woman with. AD
subsequently underwent BSP in
the ER,-and survived-after open
repairin tha OR

72-yr-old woman with M}
subsequently underwent BSP in
the ER, but died during
transportation to the OR

18-yr-old man with trauma
subsequently underwent BSF in
the ER, and survived after open
repairin the OR

€2-yr-old man with Ml subsequently
underwent BSP in the ER, bit
died during preparation-of open
repair in'the 10U

E5-yr-old woman with AD died in
the ICU

RY puncture
fn=2

QOcclusion of catheter
=3

PCD; percutansous pericardial catheter drainage; AD, aortic dis-
seation; ER, emergency room; MI, myocardial infarction: BSP, blind
subxiphold pericardiotomy; ERT, emergency room thoracotormy; OR,
operating room; [CU, intensive care unit,

with cardisc tamiponade seconddry to hemopericardinm,
Echo-gnided PCD can be done immediately in the emergeney
roort and also completely avoids the critical complication of
tight veritticks punctore if wsing a special needle carvier that
facilitates continuous visualization during pericardial puncture.
Nevertheless, needle aspiration cannot guarantes that intraperi-
cardial blood will be successfully drawn in a case of clotting
hemopericardium.® In such cases, it might 6ften result in not
ohly ineffective pericardial drainage but also right ventricle
puncrure. On the other hand, conventional subxipheid peri-
cardiostomy generally demands specialized surgical insiru-
ments and ¢an be too time-consuming for emerpency cases,
guch a5 owr present CPA cases. Owr modified pericardiotomy
guarantees relief of cardiac tamponade secondary o hemaoped-
cardium and can be performied in 4 minute Withotit specialized
surgical instruments even during cardiac massage, which seems
1o be preferable for emergency cases, such a3 CPA or nsar CPA,

I cases -of acute pericardial hemorthage after pauma, sur-
gical repair of cardisc injury has been recommended 4s the
definitive treatment.>'** In particular, patients with penetrating
cardiac injuty need to. be transferred to the operating room after
or even before pericardial drainage. However, consideting that
there was 4 report of percutaneous catheter pericardinl drainage
being effective in all cases with hemopericardium, " it might be
reasonable 1o observe patients with blunt eardiac Wjury concom-
itant with other critical injuries and to only perform PCD o
relieve cardiac tamponade. In our depariment, surgical or cath-
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BSP for Cardiac Tamponade Because of Acute Hemopericardium
e

eter pericardial drainages have not been emploved in the emer-
gency room for patients with acute hemopericardiom whose
hemodynamics do not contraindicarte transfer to the operating
room. However, in cases of CPA because of hemopericardium,
pericardial drainage is mandatory 10 resuscitate those patients. In
such a gituation, we think that pericardial drainage, especially
blunt subxiphouid pericardiotomy, must be the first choics of
management before emergency room thoracotomy.'* In the op-
erating room, median sternotomy allows various kinds of repaie
of cardiac injury. However, although there are nsufficient sur-
gical instruments ‘and no Sircilation assist system in the emer-
gency room, the coler of blood gained by pericardial deainage
might ‘provide valuable information -about the site of cardiac
injury; which might sugpest the preferable procedure to be
undertaken in the emergency room {median stemotomy or left
antero-lateral thoracotomy) for patients who cannot be teans-
ferred to the operating room even after pericardial drainage.’®

Although we have to consider & possible biss in this study
because only board certified surgeons perforimed blind subxi-
pheid pericardiotomy ‘and ‘because of the limited number of
patients, our modified pericardictomy scems to be safe and
effective for emcrgency hemopericardiom. In conclusion, blant
subxiphoid pericardiotoiny could be a treativent of choice for
critical acute hemupericardivm. Percutansois catheter draibage
for hemopericardium could not aveid critical complications be-
cause of clotting in the pericardium in some cases,
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SUMMARY]

Off-pamp Covonary Artery Bypass in High-risk Patients
Tomoli Hongde el al., Department of Cardivvasenlar and Gereral Singerv. School of Medicine,
Shimine University. Toavo; Jupen

In this study, 110 consecutive patients who had undergone off-pwnp coronaty artery bypass
{OPCAB) in the past 2 years were evaluated for early vesults of OPCAR,
clasgified as a high-risk group (H group ! 68 patients consisting of 46 men and 22 women} and a
low-risk group (L group : 42 patients consisting of 31 men and 11 women). respectively, and were
svaluated for the early operative results.  No différences were noted between the H and L groups
in the mean aumber of bypassgrafts (2.9:£0.8 in the H-group; 2,940, 9 inthe L.group), the rates
of complete revascularization (85% in the H group, 93% in the L group), those of various graft
materials bypassed, or those of sequential bypass. In zll patients, we were able to wundergo
coronary revascularization by the aortic no-touch technigue using arterial grafts exclusively. In
the 'H group, 1 patient (1.5%) died in hospital, but no patients developed cerebral infarction
postoperatively, and the frequenicy of complications was similar to that in the L group. The
results of OPCAB for high-risk patients were good, and it was suggested that OFCAB using in sitn

-

Patients were’

arterial grafts was very useful particularly in patients with cerebrovascular diseases.

KEY WORDS ! high-risk patient/OPCAB
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Gas Exchange

Development of an lmpiantahlé Oxygenator with
Cross-Flow Pump |

YUHCHL Asakawa,® Axio FUNAKUBO,* Kazuvosw Fukunaga,t Icriro Taca, T Tersura Hicamd TsuvosH KAwamUra § AND
Yasuuro Fogurt

Thrombogenicity, a problem with long-ferm artificial fungs, i
caused by blood-biomaterial interactions and is made worse
by noauniform flow, which alse causes decreased gas ex-
change. To overcome these obstacles, we changed the inlet
and added a uniform flow pump to our previous oxygenator
design. Conventional membrane oxygenators have a %-inch
port for the inlet of blood. These porl structures make it
difficult for the blood to flow uniformly in the oxygenator. In
addition, the complex blood flow patterns that eccur in the
oxygenalor, including turbulence and stagnation, lead to
thrombogenicity. A cross-flow pump (CFP) can result in uni-
form blood flow to the inlet sideof an oxygenator. In this
study, we evaluated the usefulness of an integrated oxygen-
ator with a fiber bundle porosity of 0.6 and a membrane
surface area of 1.3 m”. The inlet part of the oxygenator i
improved and better fits the outlet of the CFP. Each of the
three models of the improved exygenator has a different inlet
taper angle. The computational fluid dynamics analysis
showed that, compared with the original design, uniform flow
of the integrated oxygenator improved by 68.8% at the hol-
low fiber membrane. With the integrated oxygenator, O,
transfer increased by an average of 20.8%, and €O, transfer
increased by an average of 35.5%. The results of our exper-
iments suggest that the CFP, which produces a wide, uniform
flow fo the oxygenator, is effective in attaining high gas
exchange performance, ASAIO Journal 2006; 52:291-295,

L ung transplant is the treatment of Tast resort for patientswith

‘respiratory failure. Unfortunately, in many cases, patients have

to wait a long time for a lung transplant because of a lack of
donor lungs. Thus, an artificial implantable lung is a useful
respiratory support device for patients with severe lung failure
awaiting lung transplantation. We have developed two types
of artificial implantable lungs (AlL). The pumpless AIL was
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designed using a multiobjective genetic algorithm.! However,

an All with a blood pump is also required for patients who

nieed circulatory support.2-# The right ventricle might develop

cardiac failure due to the resistance created by the oxygenator

if an implantable oxygenator is connected to pulmonary ar-
tery-left atrium (PA-LA) and blood Is circulated without a

pump. Though there are many compact centrifugal and axial

blood pumps that are commercially available, it is difficult o

achieve uniform inflow at the fiber bundle inlet of the oxygen-
ator given that the Inlet port has a small diameter, and there is
liited space. A high flow speed from the small diameter port
causes complex flow in the inlet part of the AlLS This complex
flow is the cause of thrombus formation, because the activated
procoagulant molecules easily pool in the stagnation area. To
avoid this problem, the blood pump for fhie AlL should he
designed to have a wide and uniform outflow. We developed
an Integrated implantable pump oxygenator using a crase-flow
pump (CFP) that can produce a uniform flow to the oxygenator
within 2 limited space.5-> The blood flow pattermn in an oxy-
genator depends on the shape of the inlet part.! Uniform flow
in a fiber bundle is necessary in order to increase the efficiency
of the hollow fiber membrane part. If blood flows out from the
oxygenator without fully contacting the hollow fiber mem-
brane, gas exchange performance deferiorales; however, if
blood stays and does not flow aut from the stagnation area
when stagnation occurs in the hollow fiber, gas exchange
performance deteriorates. Furthermore, if high blood flow
causes channeling, and blood flows through a part of the
hollow fiber membrane, the contact time and the contact area
for O, gas are decreased, and gas exchange performance is
reduced. Because the membrane’s surface area will be used
effectively only if the flow velocity in the hollow fiber is
uniform, the highest gas exchange performance in the oxygen-
ator is shown under such conditions. To achieve uniform flow,
kinetic energy has to be changed efficiently to pressure energy
at the inlet part. The CFP cah convert kinetic energy to pressure
energy efficiently because it has a wide impeller and outlet. In
this study, we evaluated the effects on the performance of the
oxygenator by examining the uniformity of blood velocity at
the hollow fiber membrane part with the CFP.

Materials and Methods

Cross-How Pump

The structure of the CFP is shown in Figure 1. The Cfp
impeller has an inner diameter of 21 mm, an olter diameter of
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Figurs 1. Cross-seciional schematic of the crosstiow pump;

30 mm, and a height of 67.5 mm, The outlet blade angleis set
at 30 degrees, and the inlet blade anglé is set at 90 degrees,
The impeller has 18 vanes.5=19 The structure of the impeller is
shown in Figure 2. The CFP has an outlet of 10 mm X 66 mm.
Experimental results show that this impeller design has the
highest energy efficiency. The impeller was connected to a DC
motar through a magnetic coupling. The pedformance of the
CFP was measured during the in vitro experiments. The circult
was filled with glycerin having a viscosity of 3.3 cP. The flow
rate and pressure head of the CFP were measured at pump
speeds of 1400, 1800, 2200, 2600, and 3000 rpm, At each
motor revolution speed, the pressure head, determined as the
difference between the inflow and outflow pressures, was
varied by partial clamping of the outllow tube, and the pump
flow rate was measured. The experimental circuit consisted of
the reservoir, the CFP, a flow meter TS410 {Transonic Systems

inc., fthaca, NY), and a pressure meter RM-6000 {Nihon Ko-
.hden CO., Tokyo, Japan).

Cixygenator

Based on our hypothesis, the standard deviation of the flow
rate was used as the evaluation index that indicated the vari-
ation of flow velocity in the fiber bundle. When blood flows
uniformly to the fiber bundle, the standard deviation of the
flow rate is smaller. The standard deviation of the flow rate in
the fiber bundie was caleulated using the following formula:

(;” = lg (X; - ;{)2

Outlet angle

Inlet angle

Inner diameter

Outer diameter =

Figure 2. Blade profils for'the impelier.
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Figure 8, Shown is the standard model that used an improved
inlet part of 1he oxygenator tofit the outlet of the TFR.

where o 15 the standard deviation of the flow rate in the fiber

bundle, % is the flow velocity in each cell, Xis the average flow
velocity of the target cell, and n is the number of cells. The
second objective was to minimize the standard deviation of
the flow rate in the fiber bundle to obtain better gas exchange
performance.?

The improved model of «CUBE 6000 (Dainippon lak &
Chemicals Co., Tokyo, Japan) was used as the original design,?
The oxygenator has a 3/8+inch port. The fiber bundle (DIC
membrane) porosity is 0.6, and the mambrane surface area is
1.3 m?, Priming volume is 210 ml. Figure 3 shows the oxy-
genator model that uses an improved inlet port to fit the outlet
of the CFP. The oxygenator has an inlet port of 10 mm X 66
mm. Each of the three madels of the impraved oxygenator has
a different inlet part. The design parameters set up an inlet
taper angle o (Figure 4). We selected three representative
shapes of the inlet housing that resulted in different o values,
Design 1 was the improved standard model. In design 2 « was
10 degrees, while in design 3 o was 40 degrees.

Simulation software, STAR-LT (CD-adapeo, Japan), was em-
ployed to simulate the flow in the oxygenator. The fluid func-
tioned as a Newtonian fluid. In the current study, the physical
properties of blood were assumed to have a viscosity of 3.3 X
107 Pa's and a density of 1060 kg/m”. The inlet flow rate was
3 Vmin. It is difficult to model on a computer the hollow fiber
bundle with a complicated structure such as a filter. The
hollow fiber bundle part was calculated as a porous mediom.
The calculation conditions and boundary conditions are
shown in Table 1,1.11.12

In Vitro Experfiment

Gas exchange performance was measured. in an in vitre
experiment and was evaluated using the single path: method,

Figure 4. Design variables of the infet arigle. The inlet taperangle
e iz changed and selected 0 degrses, 10-degrees, 40 degrees,
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