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EVFRECT OF STORAGE ON RHEOLOGY ARD HEMOLYSIS OF
LIPOSOME-ENCAPSULATED HEMOGLOBIN IN LAMINAR
SHEAR FLOW

ciad e dl TRl ol paall 8 ,a LAd Gddiy gl e 00300
S 380D Agal

TAHA M. ALKHAMIS
CUEMICAL ENGINEERING DEPARTHENT
HU AN UNIVERBLTY
rP.O.ROX: T
HU'TAH - RARAK - JORDAN

AMD
JOHN 1L GOSSAGE AND ITICHARD ). ORISSINJER
DEPARTHERT OF CHEMICAL ENGINEERING
TLLIHOIR INSTUTUTE OF TECHNOLOQY
CHICAGH) - TLLINOLS

ua.ilc
i g oy AN Tl 45 sl (512 pasel) ol il Tumll 2 praa o Ll il oa Ao
fame S iad ol L) Ulisy n s M pailnd Zali cpm 3l paal o3 258y 2ol
GEM ) ol gy 5705 ja Loy e 50
Lealis 0 Iy 3 S s a3 206 42 pymall a3 L gl gy 0 (paailiaad ) il
e ST SR TPy S PEQY N TPONRRN PETR TR URENCE TF Ly
Ll S.}clj Al :.;.UL” ut! a.a.aj.;]!} SR g 4 s d.s Llail! i u_)l.i.l_ Ladie _},]L‘-\Sﬂ “J’J:d Ul
Al 322y M el e Rl 3 Jadll sl Oy 5l jeiliaall
ABSTRACT
Liposone sucapsulated hemnoplobin (LIE11) are produced in this study by lipid film hemoglobin
tydration method  LE produced  were tested for rhicological and hemolytic stabitily rs a fanction of
stormpe al 4 "C as in Bouad bank practice) and vider the bidluence of Jaminar shear flow Resully
indicate that LEH produced by the method described in this atudy are rheplogically stable as a unction
of storage age LEL! samples demonstraled stability with respect to hemolysis as & function of storage
age inlaminar shear felds Quality of encapsulaled F1ir as a finction of storage age are suggested o be
impraved by addition of catalase when compared to Hb before it is encapsulated and atored, LEH
proditced by the methiod described seem to be promising witli respect 1o the propeities tested.
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INTRODUCTION

Characterization of liposome encapsulated hemoglobin (LEH) and their susceptibility to shear
induced damage, represented by monitoring hemolysis, is an important step towards evaluation of LEH
efficacy as a red blood cell substitute. Characterization must not be limited to freshly produced
samples, but rather to stored ones, since ary blood cell substitute has to sustain rezsonable shelf life to
be considered as a suitable blood replacement. Other properties that any blood replacement must
possess in order to be truly desirable involve: adequate oxygen carrying capacity, universal
transfusibility, approprate half life in circulation, no 1oxic side effects, and sterilizability [1-4].

Previous studies deall, in one way or another, with most of the abave properties [5-8].
lewever, only limited studies dealt with the property of prolonged sheif life (1 e.) stabificy of LEH with
slorage in accordance (o vanation in cheological properties and resistance of such synthetic corpuscles
to low shear [orces as a function of time,

Sinnltaneous rheological characterizaiton of blood along with the evaluation of its
susceptibility to damage can be considered as a novel approach [9]. The evaluation of such properties
as related to LEH indicate the suitability of this product to flow within the circulation. Viscosity of a
{luid is considered the basic rheological property. Variation in viscosity helps in detenmination of a fluid
hehavior Therefore, evaluation of viscosity as a function of storage time will indicate how effective will
the produced LEH to be utilized in the blood exchange process wien they are used afier a certain shelf
life  Moreover, integrity of produced synthetic LEH corpuscles under the influence of shear forces and
as they aged when they are stored in conditions similar 1o that used for normal blood storage, are of
quite similar importance. Resistance of LEH membranes to shear fields as a function of storage time,
will indicate free hemoglobin (Hb) we will expect in the circulation if similar product is used afier being
stored

The limitation that is experienced in lotal blood exchange in large animal models involves
preparg adeqnale quantilies which has been tried 1o overcome by searchiog for suitable scale-up
processes [5.8] Tlis practice leads to a requirement for producing certain LEH products thal are
stable witl storage. Moreover, deafing with LEH as a blood substitute on commercial basis require
evaluation of Lheir properties as a function of siorage.

Therefore, the objective of this experimentad study was to establish a clear vision sbout
vanation of LEH, produced by film hydrating metliod, rheological propcrties and susceptibility to
damage under shear. This simultaneous characterization is considered (o be & novel approach since it
deals with both the rheology of the suspension and the integrity of the synthetic phospholipid
miciibrane The suspensiom 15 characierized first as being fresh and the fresh properties are compared to

long range properties
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MATERIALS AND METHODS

Hb solution: Hb solutton is prepared using a modification of the procedure of Farmer and
Gaber [10]. To preserve Hb functionality, all steps are performed at 4 °C. Qutdated packed red blood
cclls (RBCs) are washed three times in 1% NaCl solution and centrifuged at 4000Xg in 8 Beckman 12-
21 refrigerated centrifuge (Beckman Instruments, Palo Alto, CA). The washed RBCs are then lysed in
deionized water, and then resulting stroma is removed via centrifugation at 30000Xg. The Hb solution
is next concentrated to the desired value of approximately 20 g% (20 g/dl} with a Minitan® cross flow
vitraftliration system (Millipore, Bedlord, MA) Finally, the concentrated Hb solution is dialyzed
overnight in pll 74, 30 mM phosphate buffer, after which the following antibiolicy are added (all
values are pcr liter) Penicilling 50000 units, Gentamicin, 40 mg, Polvmyxin; 25000 units, and
Streptoinycin; 50 mg.

Lipid golution Hydrogenated soy phosphatidyicholine (HSPC, American Lecithin Co., Atlanta,
GA), cholesterol (Chol, Sigina Chemical Co, St Louis, Mo), dicetyl phosphate {DCP, Sigrna), and
alpha tocopherol (AT, Sigina) are dissolved in chioroform in the molar ratio of HSPC.Chol:DCP-AT,
34102

Phosphate_buffered saline. Phosphate bufTered saline (PBS) is composed of 115 mM NeC), 3
midl KO, and 30 mh[ phosphate at pH 7 4 When used with the liposomes, antibiotics reported gbove

in 1b solution section are added at the samme concentration,

Tyrode's albumin solution, Tyrode's albumin solution (TAS} consists of 5.4 mM KCl, 134 mM
NaCl, 0.98 mM magnesium sulfate, 9 5 mM sodium phosphate, and ¢.35% human albumin (Sigma) at
pli74[11]

Acid_cilrate_dextrose: Acid ailrate dextrose, formula A (ACD) is anticoagulant/preservative
which contains 22 0 g trisodiun: citrate, 8.0 g citric acid, 24.5 g dextrose, and enough deionized water
to make 100¢ ml of solution {12}

Blood: Theblood used in this study is obtained from two sources. The outdated packed RBCs
used tn make Hb solution 15 provided by Michael Reese Hospital and Medical Center (Chicago, L)
and comes orgmally from volunteer blood donors. The blood used as whale blood (WHB) as well as
that which is resuspended i3 oblained from healthy volunteers who had fasted overnight and had not
taken medications for 14 days. This blood is collected in plastic tubes containing ACD in the ratio of 15
m! ACD per 100 m! blood and is received by our laboratory 10 minutes of collection.

RBCs_suspensions; RACs are obtained by centrifuging the WHB at J000Xg for 10 minules
and then removing the plasma, The packed RBCs are next washed (hree times with either PBS aor TAS
and then resuspended in the same aquecus phase at a hematocrit (volume percent solids) of 30%. The

suspension is then stored at 4 °C until tested. Shear iests on fresh suspensions are carried out within 2
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liours of preparation. Part of Wi{B wes stored and tested for viscosity measurements and shear
induced hemolysis.

LEH production: Figure | shows a schematic of LEH production steps. The lipid solution is
dried to a thin, homogeneous film on the walls of a round-bottom flask by means of a rotary
evaporator (Buchi, Fisher Scientific, ftasca, IL). Next, a sufficient quantity of concentrated Hb solution
is added to (he flask to bring the final lipid/Hb concentration to the desired values (i.e.) in this study,
either 100 mM/ml (batch 1) or 200 mM/ml (barch 2). At this point, the lipid molecules spontanegusly
orient themsclves into lipid bilayers which then form multilameliar vesicles (ML V) - large (up to 100
mim), multichambered ohjects which contam Hb solution. The MLV suspension is then processed at 5-
7 "C through the Microfluidizer® M- 110 (MFZ, Microfluidics Corp., Newton, MA). The MFZ forces
the dispersion at 23500 psi through the interaction charmber (figure 2). There are two high velocity jets
in the thin microchannels strike each other with such force that MLV are broken down into small
unilamellar vesicles {SUV). The dispersion is passed eight times through the MFZ so that the average
particle size is reduced by two orders of magnitude (i.e.) from some tens of microns to a few tenths of
a micron. Next, the SUV dispersion is washed three times in PBS at J0000Xg to remove the
unencapsutated Hb. The SUV are finally resuspended in PBS. At this point, the dispersion is referred to
as liposome-encapsulated Hb.

Shear lesty The shearing tests are performed using a modified Weissenberg rheogoniometer
model R16/RI8 rotational viscometer with a 10 ¢m aluminum cone {0 3°) in a cone-and-plate
geotnelry. This geomeiry is extremely useful, since for small rotational velocities used in this study a
good approximation to viscometric flow is achieved [13].

Before each run, the surface is cleaned with phosphate detergent solution, rinsed with
deionized water, and dried with a cool-air blower The sample is placed on the lower, conical, platen
and the upper, flat, plalen is then lowered untif the required gap i3 achieved. Next, the lower platen is
rotated [or 10 minutes, during which lime the viscosity data are obtained. Then the sample is collected
for [urther testing afler the shearing period.

For e WHB and RB(Cs suspension solutions, the sampie is centrifuged at 3000Xg for 10
minutes and the supematant is collected. On the other hand, for LEH solutions the sample is
iransterred to heparinized microhematocrit tubes and calcium chioride is added to each tube to engure
that the liposomes will spin down. The tubes are next centrifuged to obtain supematam for aqueous
phase Hb concentration determination.

Hb _concentration_determination. The concentration of Hb the fltered supematant samples of
this study is always quite small, in fact, almost all samples had concentrations below 100 mg%.
Therefore, the more traditional spectsophotometric methods of Hb concentration determination such as
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the cyanomethemoglobin method of Drebkin [14] cannot be used. Crosby and furth {15], which is
reportedly accurate to concentrations as low as | mg%, and is descnbed thoroughly elsewhere [2].

In order to measure the concentration of the Hb encapsulated, it is first necessary to dissolve
thc lipid membrane As found by Stratton and Farmer [2}, the detergent r-octyl-beta-D-
glucapyranoside will, when heated to 30-35 °C, lyse the vesicles and thus permit the b concentration
to be determined by Drabkin's methad [14]

RESULTS AND DISCUSSION
FRESH SAMPLES RESULTS;
LEI!_size distribution: The size distributiou for LEH product was obtained on Nicomp particle

size analyzer and is shown in figure 3. The average size of the particles proved to be just under 0.3
nticront for batch | and just over 0.35 micron for batch 2. LEH with such size can eastly pass through
capilfaries of the circulation which exhibit an average diameter of 3 microns Therefore, efficacy with
respect to particle size seeined to he proved by this procedure.

Yiscosily. Figure 4 shows the viscosity versus shear rate data for WHB, RBCs in PBS, RBCs
in TAS, and representative runs from batch 1 and batch 2. In the shear rate range of 500-4500 8™, all of
the suspensions exhibit Newionian behavior Moreover, the ratio of the viscosity of the RBCs in TAS
to the viscosity of the RBCs in PBS solution is | 17, which is about the same as the ratio of the
viscosily of TAS to that of PBS atone. This may indicate that effects of RDBCs at this hemalocrit (30%)
in beth suspensions cancel ezch other. Moreover, inleraction between albumin (high molecuiar weight
pratein) and RBCs membrane seem not to alter the rheclogical behavior of TAS except in the obvious
increase in the level of viscosity itself.

Figure S shows Lhe effect of [LEH lipocnt on viscosity as a function of shear rate For purposes
ol comnpadson the figure also contains data on WHB wviscosity for the saine shear rate range employed.
Non-Newtonian behavior is observed for all curves below 100 s'. However, asymptotic value is
reached and a Newtonian behavior is observed for all curves above 1005 (i.e)lor physiological
conditions This may indicate a clese rheclogical behavior is seen for WHB and LEH produced by the
process described in this study. Lipocrit is also seen to alfect viscosity of LEH suspensions, Moreover,
il is obvious that viscosity of 50% lipocrit LEH suspension is close to 43% hematocrit WHB, which
may supgest that exchange of WHB with LEH of this concenlration seema to be feasible with respect
to their rhevlogical behavior

Effect of the suspending mediurn on viscosity is shown in figure 6. All curves show Newtonian
hehavior within the shear rate range studied (500 - 4500 5. Suspensions of both LEH and RBCs in
PBS show the lowesl viscosity values, never the less TAS suspensions do not exhibit significantly high
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viscosily This may indicate hat addition of material thai is required for balancing colloid osmotic
pressure, such as albumin or may be dextran, does not really aiter the rheological properties of LEH
suspensions significantly. Therefore, LEH produced can still be modified to contain colloidal material in
the outer aqueous phase. Suspension of 7.5% albumin in PBS is presented in the figure, and when
compared fo the curve of 30% RDCs in TAS, it can be seen that the viscosity increased due to
existence of cells but 10 a value that is lower than that of 43% WHBR,

STORED SAMPLES RESULTS:

Viscogity Effect of storage on LEH viscosity as compared to WHRB is shown in figure 7. Three
distinct viscosily regions are obvious in the figure The lowest viscosity values are for 30%% LEH of 100
mM fipid Teading, followed by those for 34% LEH of 200 mM lipid Joading, and finaily the highest
values are for WHB samples. For all curves it is obvious that storage age does not have any effect on
viscosily. Therefore, theological stability as a funciion of storage age can be assumed for the produced
LEH Differences in viscosities of batch 1 LEH and Batch 2 are due to lipocrit (28% to 34%) and to
the lipid loading (1 t02),

lb_guality: Figure 8 shows resuits on the quality of LEH encapsulate Hb as a function of
slorage age compared to fiee Hb which is stored at the same conditions. Functional Hb represents oxy
and reduced forms of Hb, Where as non functional Hb represent met-Hb form.Storage seems to affect
lb quality of encapsulated type, while stored free Hb was not significantly affected. However, a
plaleau {an asymptotic value} seems to be reached for LEH-Hb curve after 7 days of storage.
Conversion rate of oxy 1o met form of Hb appears to be slow after the first week of storage. After 32
days of siorage the change in percent conversion was about 12% while it was about 1.4% for free
stored Hb Existence of synthetic phospholipids seems to catalyze Hb oxidation. Therefore addition of
certain enzymes, that are kuown to preserve Hb, such as catalase [7] may help in stabilization of
cricapsulated Hb quality.

Shear_induced bernolysis: Hemolysis percent as a function of shear for fresh samples of RBCs
suspensions in either PBS or TAS, WHE, and LEH batches are presented in figure 9. Higher percent
hemolysis & observed for RBCs suspensions than other samples. Initial percent hemolysis for these
sanples as well as aged samples are shown in table |, Changes in percent hemolysis for all samples asa
fimction of shear rale were not significant. All curves show g highest heniolysis level of 1% which is
not physiologically significant. In fact, LEH samples are seen to sustain shear rate more than WHB or
RBCs suspensions. Therefore, LEH membranes can be considered stable under the influence of shear
fields

Figure 10 shows percent hemolysis of different LEH samples as a function of storage age and
shear rate and are compared to WHB. Shear rate and storage age seem not to influence the hemolysis
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level of alt sampics Lested. It is, there(ore, reasonable to suggest that LEH membranes are stable against
application of shear as 2 function of storage age. It is also obvious that percent hemolysis levels are all
below 1% which can be considered physiologically not significant. Therefore, we experience 2
reasonably good LEH product with respect to hemolysis as a function of storage age in shear fields.

In conclusion L.EH produced by the methad described in this study are rheologically stable ag a
function of storage age. LEH samples demonstrated stabilily with respect to hemolysis as a function of
storage age in Taminar shear felds. Quality of encapsulated Hb as a function of storage age can be
wmproved by addition of calalase to Hb before it is encapsulated and stored. LEH produced by the
method described seem to be promising with respect o the properties tested.
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METHOD OF PREPARATION
HB SOLUTION LIPD
PACKED RBC SOY PC CHOL AMPG  o- TOCOPHEROL
WASH RBC - DISSOLVE LIPIDS IN
CENTRIFUGE CHLOROFORM
~-MIX THOROUGHLY
LYSE RBC
INDI WATER
SEPARATE Hb SOLUTION DEPOSIT LIPID ON WALLS
FROM RBC MEMBRANES QOF FLASK BY EVAPORATION
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ITh SOLUTION
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LER

HYDRATE LIPID
WITH Hb SOLUTION

- ROTAVAPOR

*
PROCESS MIXTURE TOQ
PRODUCE LEH

- MICROFLUIDIZER |

WASH LEH WITH PBS
TG REMOVE

UNENCAPSULATED Hb
- CENTRIFUGE

Figure 1: Schematle of LEH  production procesa
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SAMPLE PERCENT HEMOLYSIS
Batch 1 day 1 0 ]
Batcir | day 12 042

Batch 1 day 19 .042

Batch 2 day-1 22 ]
Batch 2 dav 8 32

Baich 2 day 22 32

43% WHB day | 02

30% RBC in PBS day 1 312

30% RBC in TAS day 1 07

43% WHB day 7 02

43% WHB day 21 09

Table 1: Initial percent hemolysis as a function of age for LEH
samples as compared to blood
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