Table 1. Dose-dependent uptake clearance of HbV in liver, spleen, kidney, lung
and heart after ZI-HbV administration in mice
All mice received a single injection of *I-HbV (1, 10, 200 and
1400 mg Hb /kg) containing 5% rHSA. The uptake clearance
for each organ was calculated by integration plot analysis at
designated times from 1 min to 30 min after injection.

CLugtake (L)

dose (mg/kg) liver spleen kidney lung heart
1 26081654 1018+188 19494 3.5=0.9 0.14=:0.06
10 14732440 78694 18+8.1 2.5%0.2 0.38+0.09
200 4524114 102:+36 25492 1.3£0.2 0.06+0.02
1400 2566+37 51+6.1 27+£9.4 0.6£0.2 0.14£0.06

The values are mean + S.D. (n=3-6).

22T, IRFEERVCFAERME, 251237 v 3—#la
OfEE LTIy ABBBEERY 07 7 — YV TdhbHRAW 2647
Ml Z A, HbV OB ARICEET 2 MBECEE 1T
ol h, IRFEERVUIFARMIBIZBWT, PTLHbV OFF
BRLE 0 AKIERD b o7z9%, RAW 2647HIA8IC B
TOH, PLHbV ORI LI Ak & HEFBO LN, F
72, RAW 264.7 MIF8IZ B} % SLHbV OB ;A RIS
AoLNIzZ e b, FFREECBEEANORY AHITIES v S —i
BEVEE< 07 7 —-VOBSIHO M Ehodz. R L7
Iz, VARV — ABANIFEIRE L & O MPSIZ & o TH
DRAINBHL?, ZoBRBICR, BEREEIMICLLYRY —
ADA TV LB EETAEEZONTWS., T2, YRY
— ABIF OB AAER & LTI CD14, CD36, CD51/61%% &?
AARY I VT I =N LIREBIHFEESINLTHEY, &5
CERAEEEL, WAEREZAELSELEERFITIBN,
RAW 264.7#IBIC & 2 HbVOBFERRIYAFNEZ L 2R
HLTBY, HbV OFEE CEEADOI Y AL BRI ITHE
RIEEIC L BBBIIMAT, AARYILETF — Ehi—
RIS LT B I REEASRIR S 1z,

3 HbVIBEL D DIERENREREAT
ANILBEZEREIFRMRRBY TH L 0BFEOEA L IR
%Y, —ERXREREENE. FTOD, —EEZEPIZHS
TFHEREIEHREANEREEZ R T I EPBEEND.
IZHbV OBREELS Th 5 Hb RBEE, SMEOEREZY 2,
BEERS EicalA7Fuo—VoER) IERSP OCOEESR
DYARZT77 ¥ —IZHYVESR®, 22T, HbVOREHb &
UEBEESO—2THBEIVATO—VEEZNENLBSI RO
FyF s (CH) cE#EL7-HDV (PLHbV RUCH-HLY) %
B, EEBRiEsEE & S5 1400 mg Hb/kg TddY v A RO
SDF v Miz#k5 L, HbVERRKS O M2 AN RERFED
BE %2172 72,

ddY =@ A BLHDBV & 5 WIid*H-HbV # BRI TE 5% 0 =1
HbV BUCH-HLV X IFRBOMETEEHERZRL, BEHE
BEBE OBONENEE T A -7 BITT—F L. &5
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WERFELGTEEZHWT, HbBRTETH 5480 M4E
FRELHESTCHEELLE IS, BLHBV RUTCH-HbV O
LEL—F LA ThoDRERIE, Ho VAR THHE ST
52 &R, MREREELREB LA TOREERLTVWAS
ERBCRBELTn A,

F 72, BLHbV R UPH-HbV & 12, HbV O T ESHEET
HLEFBECEEICOA LT, F20C, FREEUCERICE
T ERBN R OHEROBET 2T, Clyw. 2 BH L2 L 2 5,
BLHbV ROPH-HbV T { =% L (Liver; 256 =+ 37, 301 =+ 41:
Spleen; 51 =6, 43 = 12 uL/hr, for *I-HbV and *H-HbV,
respectively), HbVIiZ/NEEEEZ R LB TREB~Y
AFNBEZEPRBIN. L LN SIERASH 2 R
BRI h, BEHEBEHZEYSOPLHbDY RUPH-HbV ®
EFXHEOIIER /. Thbb, PLHbVESTIZ 7 BLL
WIS HEHEE DRSS T 2 5 E L72AY, *H-HbVELSICBWT
B4 BB TEEIEDOONZ. 20k XY, HbVIZIFRE
RUBBIC BT, BERS L HIcHBEh, Zh2hof
B, REEREER LI LAVRBENI,

Z Z T®LHbV R UTH-HbV OHEIREEIC O W THR G £,
BLHbV ST ZOREERED 84% 457 B UPIZRFA
PRt E N2 LT, EFANOPMEIH % TH 72, —F,
SH-HbVIZT70% L EMFEFRICHRHEE N Tz, T2, Bt
WA SHIEESED SN0, BERGEs@BE-, 1
o bERAEEE NS Z ESRBEEN. MAT, SDT
v MZBLHbV & UCH-HbV % 1400 mg Hb/kg THRE L, [
OWRET 2T oA, TTXALEHOEEGZRL.
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Fig. 4. Representation of a sequence of HbV disposition, metabolism and
excretion from pharmacokinetic examinations using I-HbV and
*H-HbV.
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INHDMEIICL Y, BV GEEZRELLZRET
MmAZERL, MaBELZRR L F, EICHE - BRI
FHETHMPSICRD AT NGBE 1T 5 &#wmTT4. iz,
HbVAfE#ETIENEBHD L RER S OBENIE R Y, " diE
BIIBVWTTIVBLARLVETHRE2ZT -5, ER0IE
w2 HHEEL, EICRPICERHESN S OISR LT, REERS
BRI B REREZRL, FOXBoEERrbEH
~PEl S N —EDORABREENE L& 2 o7 (Fig 4).
INbDOFERIE, HbV A EBRERE L 215 1400 mg Hb/kg
LI REBRESNLBAIIBWTY, EFERENDSE L,
T/, WEEOHbREERS L AEORBE CRBIREEZN S
ZEERBLTEY, HbVIARE - PREEICERLTWE D L
DEE RIS, LA LENS, S EOEBREIZHETHD D
FuEyERELEEEBEERESOI VAT O VR EEL
bDTHED, §%, AIMHbFONL MO EEER
B () VEEERE) OBREFFEICE L T L EMRBE 1T
VERHLEEZLND.

4 HbVICL B ABCEZKOHFEY

HbVZ2BTORMAEL LTERAENLII L ZBELLS
&, A—BENRYVELESENIRBETDICEESNS.
EE, VARV —LHH, FFICPEGHEEI ) R Y —AICBNWT,
2EEHICHS U2 PEGEE ) RV — 2O CLA 1 HE#ZS KL
HRTELIEKRT S, WhY b ABCHSVIRE (FB#E LY,
UFEY —a8H % EHTABICIIEERERICBIT 2 EHNERE
HEOEAILODWTHBTAZLIEETHLLELLNS.
T, PEGIB#FHR Y Ry —28HTH A HVIZBWTD,
ABCHEVPTFEINE PEMNITDOWTHRE L7z,

< v AIEEHBEDV EHWT, —RICPEGEH ) RV — A4
HEHTABCHARIFFEENALALNTWAREEE (0.1
mg Hb/kg) RU'HbV OBRERETH LEREE (1400 mg
Hb/kg) %ERAES L, WEES 7 BRICBUVR CREED
WLHbV 25 L2225, E#x5E (01 mg Hb/kg) BT,
2EBIC#E L PLHbV AR IR HiEdk L. &
OB, CLIZEZEL{HEXL, ABCHAROFEF HR I N
(Fig. 5A) (CL; 369 = 04 and 22.3 = 8.1 mL/hr, p<0.001, for
the first and second injections, respectively). —7, Bi&5E
(1400 mg Hb/kg) B, 2 EE 5 L-*LHbV OMH CL
DERFERSNT, ABCERRIEIFES N2 o7 (Fig 5B)
(CL; 0.12 £ 0.04 and 0.14 = 0.05 mL/hr, not significantly, for
the first and second injéctions, respectively)

ABCHEOFE I, 7 v A—fRICI 2] AALBDHE
KPBBEINDLZEPFRESNLTVREI L9 6P, FE~NOS
HEHSBI2ERTICTEEFLL. CORKR, BEREE (0.1
mg Hb/kg) HOBE, WEHESRIE, RERIHSTREED
10% BE A LLOCHL, 2HERERETEIREED
50% PAEASA L TWi, ZOZE, ClopnlCbEERLRE
ELTRBEEN: (Clypuke ; 3.5 0.4 and 29.6 = 18 mL/hr,
p<0.01, for the first and the second injection, respectively).
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W, BikE5E (1400 mg Hb/kg) BTIE, CLyw.Pb
TORBAFERINZ 00, K#ES5E (01 mg Hb/kg)
BOL)REBRLRELERER SN2 h o7 (CLypeate ; 0.26 %
0.04 and 0.37 = 0.03 mL/hr, p<0.05, for the first and the
second injection, respectively).
CNITOHREICLS L, ABCHAEOFEICINEES I
IS LTHEBAS AWM ENIgMBRAEE 2 BEHRESE S
PEGBSR Y RY — L ITHEETHHER, 7 v - #ZIh
5z, BhAKEQOEME, it IHEEEOBDS
EVo—EDAHZXLAPRIBEINTWEY., £ZC, HbV
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Fig. 5. Plasma concentration curve of I.HbV after the first injection
(open circle) or the second injection {(closed circle) of **I-HbV to
mice at a dose of 0.1 mg Hb/kg (A) or 1400 mg Hb/kg (B). Male
ddY mice received a single injection of a non-labeled HbV
suspension or I-HbV to the tail vein at a dose of 0.1 or 1400 mg
Hb/kg. Seven days after the first injection of the non-labeled HbV
suspension, the same ddY mice received the *I-HbV suspension
to the tail vein. Blood was collected from the inferior vena cava
under ether anesthesia, and plasma was obtained. Each point
represents the mean = SD (n=3-6). C, Determination of IgM
against HbV after a single intravenous injection of saline (gray
bars), HbV at a dose of 0.1 mg Hb/kg (open bars) or 1400 mg
Hb/kg (closed bars) in mice. D, Determination of the specific
recognition site of IgM against HbV after a single intravenous
injection of HbV at a dose of 0.1 mg Hb/kg (open bars) or 1400
mg Hb/kg (closed bars) in mice. DAY mice were injected with
saline or HbV (0.1 or 1400 mg Hb/kg) to the tail vein. At 7 day
after injection of saline or HbV, blood was collected from the
inferior vena cava, and plasma was obtained. IgM against HbV
and each lipid component were detected with ELISA. Each bar
represents the mean = SD (n=4).
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K#x5E (01 mg Hb/kg) RUEKSE (1400 mg Hb/kg)
BICBWTHHDY IgMEAEICET AR 2ITonL 25, #
BRBEWI LICABCHBOFE S N2 oomEREE (1400
mg Hb/kg) BICBWTY, HHDV IgM QEAIHER SN
(Fig. 5C). &5, HHLV IgM OREIMLEHET 572012
HbV DR BB RE 21T 072 &£ 25, 1,2-distearoyl-
sn-glycero-3-phosphatidylethanolamine-N-PEG (DSPE-PEG)
WCOARFRICHET A LB LA (Fig 5D), ZO#R
13 Ishida 5 D PEGSEHFZE Y Ry —LIIBITE#HEL I {—&
L7z, 2% Y, &#E5E (1400 mg Hb/kg) BHIB VT, #T
HbV IgM DEAEDFERSNICHEHL LS, ABCEKNHE
ENhozBEBE, 7y /S—HMEICX 5 HbV DD AHE
BIZEMPEC -0 EEsNSE. BE, ERLZX S,
HbV O &E#HE B ICIFRICB I 28 0 AL BRICAM A5
BHENTnEY,

DEDHRE,S, BREE SN, B5HESE (1400 mg Hb/kg)
ST T, BEERSICE S ABCREERET LFEINT,
FEHHBEANOBERIL VI DEEZONLY, BehkE5E
SRR T 72010, 518, BA RRETHERORE 21TV,
F S BRBEL T BENFHD.

5 WML gy 7EFIVTy MIHIT 2 HbY DFEREGE
A

BAEIHENTWBEYERY — AEHED Amphotericin B AH
DRV - 2BHIREANLFERECL o THRABEFELR S
ZEPRESNTWAESY, o did, BLUERY— L8
THAHHDVESHIIB T HRERLRER (KEHME)
THRRERBEENE 2L TRENEREENS. 22T, REH
M (40% Bil) WHRShBmEYs vy 7EFVI v b
KBV THDV OEREREEREIT - 72,

FFgol, HmEY 2 vy 7 EFVT v MTPEHDV % 1400
mg Hb/kg THEEHOMTFREDOEZHET Lz, TOHKRE,
EERICHEEmEY sy BICBWTHREDH» 68820
WS E DR T AR SN (Fig 6). MEEFIREEB R L
DWEBEHRNT A EFERLZEIA, BERLEETSE
HinEy 2 v 7 BT, 25 2/3FA L (306 £ 4.0 and
18.1 £ 3.7 hr, p<0.01, for normal and hemorrhagic shock,
respectively), ZMIZfEoT, CLOFEZEM (0.47 = 0.04
and 0.80 = 0.08 mL/hr, p<0.01, for normal and hemorrhagic
shock, respectively) AYHEE Eh/>. BEREWI LT, WHm
R ER R 8= A Y P OSHERIMERTREL
BERLED, KEI2—= AV POSHER (V) EHiM
Mgy 7ETH 2B, F, FREEHD I 3
— PRV FEOBITEHEERT ky/k, OEIZEEF TIEZH6T
HHOILT, HIEY s vy 7EBTIH12THY 1 L HhK
ElpoTWi, IV, Rky/k,fEQOBAL YD, HHEY =
v 7 BB OBITHEDSTTEL T A Z M ORE S
f2. FZ T, RICHbV o&EE (BE, R BE F o
B) ~OBEBHRSHFHEBIIOVWTHRET LA, BERIC
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B, Bty s v 7BEOFDS, BENH» S HESHAHTE
LTw/z, ChboD#ERLY, By s vy 7BV,
HbVIdESRIC LI D EL BT TA I L HEESNA. /2, W
MY s v 788 5P LHVHEREOZEGR K O RPEHTEE
DRI ZERE, BERLARICECRPASEE S, Ef
NOHREIZ E A CTER ST, HEBICBW T O R
BLEVHRD ONLhrol.

INEDFER,G, HIMEY 3 v 7 BICIEHDV QI FES
HrEREL, MREREOERTIEREINAD, ZOHDVD
MAHEEOEME, Mmd SRS~ ORBITHERIZHES Mg
FRECETICEIADDOEHESIN. oF ), HOETay
JRIZBVWTE, BEPF~OHDVOBITHIERTE I LI
Iy, BEPORERRELHE L T AWEEIRIRE N,

LZAT, REHMOBEICH LTI, BEZHbETZ LR
SR L - DICRERMRBEHOEERES (391 FEER) 217
o TWwWab 74, HbVBRTOmLAEEL LTHETLIZ L%
BELLEE, A—EBF~0BERSFHHICEEEINE. &
BWLAX Y RY — 2EHOEEHS T ABCEHKEOFHE
PRBEIND. ZITRIC, HlEY sy 7EFVTy b2H
WTHDV 2 EFE S L Ha&ORRERE 2 e L.

HilfEY 2 v 727NV 5 v MCIEE#HDV % 1400 mg Hb/kg
THRESL, 1 BREZCBECEEDO®LHLV (1400 mg Hb/kg)
BB Lz FORKRE, Y s v 7 EFNV Ty PABER
S LRI 2 MEBRS L0 AME S P2 IR EEEo
mEDFERR &N (Fig 6). $7/2, EHRERNTA—FEHEH
Lk zn, HIIHEY a vy 7 BFVS vy bABRERS LRI
B2EEHRG LZELD, 2 cmmLy (181+37
and 324 = 1.1 hr, p<0.01, for one-injection group and two-
injection group, respectively). BEBRZERWI &2, oMM
VavsETNT Yy M 2EEBRELBOMETREH#E L

~@— Normal rats
-~ One-injection rats
Two-injection rats

Plasma concentration
{% of post-injection dose)
=

0 24 48 72
Time (hr)
Fig. 6. Relative plasma concentration of I-HbV after administration of
1400 mg Hb/kg via injection of normal, one-injection group or

two-injection rats. Each point represents the mean * SD (n=5).
*< 0.05 or **<0.01 vs. normal rats.
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BERNGA—FIL, BES v FEOERL X CEAML TV
FITIDILEEIDDDI, HEY sy 7EF VT Y
MIEERU 2 BERSEICEIT 5 &ES (B, R, BE,
B, O ~OREBNZOFERERE L. ZOBRE, HE
BERCSR, 2HBRSBCIIREHRI2BE T CRESH
DR PRER I NIz, 12BHE2EELL, 2EERE LK
DEBAIFVTHELT W, T2, RERUERAOFEEE)
BRELALZA, BERU2EE#RS L2BETIE, PLHDV
OFERER BRI N2 2o 7205, FREOER IV,
2EEBHRS LHICB W THHEOBIENRE SN, WA T,
HitEy a vy 7EFVT v MCIEERHDY % 1400 mg Hb/kg
TS L, 1REBICBITSHHEDY IDMOBEZHALE S
5, TOREZBE SR Dok,

fEo T, WMWY a v 7HICHEITORERDIEE AR
HbVZ 1 REHEBTERKS LTS, FLHDV IgMiZELE SR
T, ABCHERFEINE VI LRI, BEENE
i, WIS = v 7 BOMERSRICES S mRE gk
DETIZ 2 EERSFHFICEEELTBY, £, WEEFESEIC
HRT, 2 [ BRSE CRESERFROCHH L, JHEEETE
LTwi., Zolérb, HillEY s v 7EKICHM %2 2 HE
BETHE, WEKRSICEBMPSICE AW ALOEFIC X
D, HbVidMH I EREEE T2 LT, BE~OBRIMHE
2 FEFRACAT D W DRIB X Nz,

6 TZINARLT =Ty T®

HbV OBRRHABZEZE L2B, b MBI 5 HbV O3
DFHE, WhbWBET = NVAT—=VT v T, BEEREET)
ECRECARATHS. £2TC, LB L2TYYX - Ty NOK
RESoublZ & B Tc-HMPAOWE HbV Z Wz w9 FITH
75 HbV OENERER® 2HWT, 7aX by sX (P=
a + W’P: pharmacokinetic parameters, W; body weight, a;
coefficient, f; exponent) Z/EH L, & MICHDbV % 1400
mgHb/kg THS L72HEDHbV OEBHOFHEZHAA L
(Fig. 7).

ZORR, & MBI HEEIIIHCRETH L & Fill S
N7z, MOV RY —ABETHL FFVNMET YHAYRY —
LDGE, Ty MBI HFRIIBEFHTH LI LT,
E MIBWTIES6-0RETH o7, T, BERIZYRY -
ADE MIBIAERBIET Y POW2-3ETHELEEDN
TEY, SEOEADHFERED LT LTV, fEoT,
SEOME EBEOHRELRENICHENTALL, M MIBITS
HbV OFEIZH 3-4 BTEZWHEFRE NS,

BhWIZ

BETRRZzL91, B2 omBRRHABREREICE T 5EY
BRERBOBEERNELNLTWA. Ihid, EYEERED,
TR 5EY D ADME 2888 57213 TR, EYPLEIE
BEFHTLHDOIRIONPLTHAS. 20084, JAMAFEIZH
HEN, FMEEHBOCSHEROILTRE L LHEESR
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Fig. 7. Allometric relationships between body weight and body weight
and clearance (CL). The linear regression of the logarithmic
values was calculated using the least-squares method (y=1.466x"",
r*=0.984). The extrapolated human values based on a body weight
of 70 kg (open circle) are also shown. *Data from reference for
Rabbit, and we calculated the human CL using k., which is from
Sou et al™, and our estimated V.
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Determination of electrolyte concentrations in serum
containing cellular artificial oxygen carrier (HbV)

Seiji Miyake @, Jiro Takemura @, Masuhiko Takaori @

Abstract

We attempted to measure electrolyte (Na, K, C) ion concentrations in serum containing an artificial
oxygen carrier, HbV (hemoglobin encapsulated liposme vesicle emulsified in physiological saline),
by dry chemical method using Vitros250™ (Ortho Clinical Diagnostics) or conventional wet method
using TBA200FRNEO™ (Toshiba Medical System). Clinically satisfactory values of the electrolyte
ion concentrations were obtained in the serum which contained the HbV at 1/2 ~ 1/32 volume
ratio and even in original HbV emulsion by the dry chemistry method. By the wet method,
however, satisfactory values with clinically acceptable accuracy were not obtained when mixing
volume rate of the HbV remained above 1/8 mixing rate. Subsequently the satisfactory values
were obtained when mixing rate of the HbV in serum reduced less than 1/16. Reason for the
above limited capacity for the wet method remained obscure. Further a trace amount of
potassium ion in the HbV emulsion was a puzzle.

Keywords
cellular artificial oxygen carrier, serum electrolyte determination, dry chemistry, liposome encapsulated hemoglobin,

polarographic examination

1. Introduction

It has been desired to develop a therapeutic agent which
can restore the circulating blood volume and also oxygen
carrying capacity of blood for treatment of massive
hemorrhage instead of transfusion of blood, which should be
stored at 5+ 1 C and compatibility test must be required.
Such therapeutic agent is expected most useful for initial
treatment e.g. in accident field by Medicares and most
effective for life saving for out-of-hospital patient care. Up
date, two types of candidate, namely hemoglobin based
oxygen carrier (HBOC) and perfluorocarbon based oxygen
carrier, were tested for this purpose. Unfortunately
development for the latter was discontinued due to short life
span in the circulation and also to thrombocytopenia after
infusion”. On the other hand for the former, acellular type, it
has been pointed out arteriolar vasoconstriction due to its
scavenging effect of nitric oxide from endothelial cells**® and
consequent coronary events® after its infusion. Thus two
pharmaceutical companies have withdrawn from the HBOC

development in early 2009. Only liposome encapsulated
hemoglobin vesicle which is emulsified in the physiological
saline (HbV) remains to be developed further as HBOC
without noticeable adverse effects.

In general, however, it has been reported that HBOCs

6,7, 8)

could interfere clinical laboratory tests®”® particularly
spectrophotometry used that would be interfered by
absorbancy of hemoglobin molecule. Moreover laboratory test
without spectrophotometry, such as polarographic
examination, would be suspected to be interfered by the
HbV. Since the HbV wvesicles covered with non-
electroconductive phospholipid, their adherence on electrode
surface might effect on boundary potential.

This study was carried out to demonstrate whether or
not analyzers commonly used in practice could work well for
measurement of electrolyte concentrations in serum
containing a cellular artificial oxygen carrier, HbV.

(1) Osaka Prefecture Saiseikai Noe Hospital

(2) East Takarazuka Sato Hospital, 2-1 Nagao-cho Takarazuka-city Hyogo 665-0873, JAPAN
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2. Materials and Methods

Experimental procedures were performed in Osaka
Prefecture Saiseikai Noe Hospital. Blood of 18 ml was donated
by six healthy, adult volunteers for each who had consented
to an informed consent which had stated purpose and
procedure of the study and which had been authorized by
ethics committee of the hospital. The experimental
procedures were examined and regulated by the ethics
committee. The HbV was produced and supplied by Nippro
Co (Kusatsu, Shiga), which is one of member in research
group of Japanese Ministry of Health, Welfare and Labor
Research Project "Clinical Applications of Artificial Oxygen
Carrier H18-Drug H18-General-022",
Physicochemical properties for the HbV was listed in Table 1.
Medium of the HbV was collected by ultracentrifugation
(50,000 G for 30 minutes) and supplied by Dr. Sakai, H. ,
Associate Professor, Waseda University who is also one of

Innovation

member in the above research project.

Table 1. Physicochemical properties of HbV

diameter of vesicle (nm ) .cooeeiirennes
vesicle volume (HbVcrit %) vovveervirernnenn.
hemoglobin content ( g/dL ) .coerernreeene.
phospholipid content (g/dL) .oevvvennnn.
hemoglobin / phospholipid ratio
carbon monooxide hemoglobin (%) ...... 0.1
endotoxin ( EU/ml)
sterility test ovvvvivirerieeniiiiiiiienicnns

Blood of 2 ml was collected in EDTA-2K tube and used
to determine hematocrit and hemoglobin value. Serum of
approximately 9 ml was collected in a serum separating
vacuum tube by centrifugation with 1,300 G for 30 minutes
from remained blood. Human albumin powder (A3782-1G
Sigma-Aldrich, St Louis, Mo, US.A.) was dissolved at 4 % in
the HbV and the mediurn separated from HbV.

The HbV was mixed with the original serum at 1:1
volume ratio (1/2 mixture of the HbV). Subsequently a part
of this mixture was mixed with the original serum at 1:1

volume ratio and 1/4 mixture of the HbV was prepared.
Then serial mixtures, 1/8 ~ 1/32, were prepared in the same
manner. Electrolyte concentrations (Na*, K*, Cl°) were
measured duplicated for the original serum, serial mixtures of
HbV and serum, HbV and medium of HbV with dry (D)
method® mounted on Vitros250™ (Ortho Clinical Diagnostics,
Rochester, N.Y,, U.S.A) and wet (W) method® mounted on
TBA200FRNEO™ (Toshiba Medical System, Ohtawara,
Tochigi), respectively. The above experimental procedure
was repeated on five other days. Consequently total 12
measurements were performed for each same categorized
sample with the both methods, respectively. Concentration of
the electrolytes in the mixtures of HbV and serum was
estimated by simple, mathematical dilution equation. For
example, Na* concentration in the 1/2 mixture was calculated
as follows

Na (1/2 mixture)=(1/2 A + 1/2 X 07 X 154 ) + (1/2 + 1/2
% 07)

where A is concentration of Na* in the original serum and 0.7
is ratio of water volume contained in aliquot volume of the
HbV. Since liposome encapsulated hemoglobin vesicles were
emulsified in the physiological saline at volume of 30 % , Na*
concentration for the medium of HbV was adapted to Na*
concentration of the physiological saline of 154 mEq/L. Mean
and standard deviations for actually measured value (Am *
SD), estimated value (Em = SD) calculated the above
equation and difference (Dm = SD) between the actually
measured value and the estimated value were provided for
each measurement.

When the Dm was less than 2.0 mEq/L for Na*, less than
0.05 mEqg/L for K* and less than 2.0 mEq/L for CI’, actually
measured value corresponded to those Dms for each was
evaluated as acceptably determined value, respectively.

Hematocrit and hemoglobin value for the original blood
was measured with RBC pulse height detection method and
sodium lauryl sulfate hemoglobin method, respectively, using
Automated Hematology Analyzer XE-2100™ (Sysmex Corp.
Kobe, Hyogo).

# When we measure concentration of electrolytes in sample (serum of plasma) using the dry method which is mounted of Victors250™
(Orho Clinical Diagnostics), we inject the sample and reference solution into a small cylinder with maximum capacity of 50041 for each and
put those cylinders on each proper position inside of the analyzer. The analyzer sucks up the sample and reference solution with a needle

simultaneously and drops them at each proper spot on a piece of film which specific electrode for Na, K, and Cl ion are built in, respectively.
After measurement we take out the film and the cylinders and discard them. Therefore any fluid remains inside of the analyzer and so we

call the above procedure as dry method.

On the other hand for the wet method, each specific electrode adapted to the ions is provided in capillary part inside of an analyzer, for
example, TBA200FRNED™ (Toshiba Medical System). The capillary is always filled with special reference solution for the ions and

calibrated. Therefore we call it as wet method.

AT Vol. 18, No.1, 2010



Table 2. Electrolyte concentrations for the original serum (serum), serial mixtures of the original HbV and
the serum, and the original HbV (HbV)

HbV HbV in the mixtures

serum
172 1/4 1/8 1/16 1732
Am 1550#22 1480%19 147122 1464=24 145826 1453%28 148025
D Em 148115 145921 1464+23 1443%25 1442+25
Dm 0.0+0.9 12=05 00+05 1.5+09 12x07
Na®
Am 1102+14 1257+10 1346=13 1387=15 1408%17 1418%16 142013
W Em 147008 144510 1448=12 1427=12 1424=*13
Dm -213%09 -99%10 -61%09 -18=10 -05%08
Am ND 222+0.18 312%=022 353+025 371£025 382+025 393+030
D Em 232%+018 320+0.30 361+029 3.77+030 386=031
Dm -0.10£0.06 -005+0.07 -007=+007 -0.05+0.08 -0.05%0.08
K*
Am 035001 194013 289017 336+018 360+020 3.72+020 3.85+0.25
W Em 227+0.16 311+020 354+024 370+025 3.78x0.26
Dm -033+0.07 -022+007 -018+0.08 -0.10+0.07 -0.05%=0.08
Am 1500x67 1267=35 1159%24 111.1%23 1094%25 1084=2.1 107017
D Em 1265+10 1162+14 1127=17 1091%18 108118
Dm 02+27  -03%+13 -16x08 04=x12 03x1.0
Cr
Am 1053+121 1045%09 1048+11 104813 1049+16 1048+15 103917
W Em 1246=11 1136+14 109716 1060+17 104917
Dm -201+04 -88x05 -49+05 -11x07 -02+06
D : dry method W : wet method mEq/L

serum = the original serum obtained from the volunters

n =12 mean * standard deviations ND : not detectable

Am : mean for acutually measured values Em : mean for estimated values by the mixing equation (* see text)
Dm : mean for differences between Am and Em corresponded

3. Results

As shown on upper column in Table 2, Na* concentration
was determined as 155.0 = 2.2 mEq/L for the original HbV
and 143.0 = 25 mEq/L for the original serum with the D
method. Difference (Dm) between actually measured 1480 %
1.9 mEq/L for the 1/2 mixture and 148.1 = 1.5 mEq/L for its
sstimated value was 0.0 = 0.9 mEq/L. Subsequently Dms with
the D method measurement were distributed in a range of
)0+ 05 ~ 15 £ 09 mEq/L for the 1/4 ~ 1/32 mixtures.

On the other hand with the W method, Na*
concentration for HbV and 1/2 mixture were measured as
110.2 £ 1.0 mEq/L and 125.7 = 1.0 mEq/L with Dm of -21.3 =
)9 mEq/L , respectively. Subsequent Dm for the 1/4 and 1/8
nixture were —99 £ 1.0 and -6.1 £ 0.9 mEq/L, respectively
and therefore those Ams were not evaluated as the
acceptably determined value. Dm with Na’" concentration for
‘he 1/16 and 1/32 mixture, however, was 1.8 = 1.0 and 0.5 =
).8 mEq/L, respectively. Those were less than 2.0 mEq/L and

ARTIFICIAL BLOOD Vol. 18, No.1, 2010

those actually measured values were evaluated as the
acceptably determined value.

K* concentrations were listed on middle column in
Table 2. K* concentration for the HbV could not measured
by the D method. Since the analyzer the D method mounted
showed "ND" (not detectable) on its display panel. However
subsequent actually measured values of K* concentration for
the 1/2 ~ 1/32 mixture distributed in a range of 3.12 ~ 3.82
mEq/L and Dms were less than —1.00 + 0.06 mEq/L with the
D method.

With the W method, on the other hand, K* concentration
for the HbV was determined as 0.35 = 0.01 mEq/L and Dms
for the serial mixtures of 1/2 ~ 1/32 distributed in a range of
-0.33 £0.07 ~ -0.05+0.08 mEq/L . Those Dms became
smaller corresponded to decreasing in the mixing rate of the
HbV down to the 1/32 mixture.

As shown on lower column, Cl” concentration measured
with the D method was 126.7 £ 35 mEq/L with Dm of 0.2




2.7 mEq/L for the 1/2 mixture and 1159 = 24 mEq/L with
Dm of -03+ 1.3 mEq/L for the 1/4 mixture. With the D
method, maximum Dm of -1.6 + 0.8 mEq/L was noted in the
1/8 mixture and the other Dms did not exceed it.

Contrary with the W method, ClI” concentration was
measured as 1053 = 1.2 mEq/L for the HbV. And also Cl°
concentration was measured as 104.5 = 0.9 mEq/L for the 1/2
mixture and 104.8 = 1.1 mEq/L for the 1/4 mixture. These
values differed -20.1 % 04 and -88 £ 05 mEq/L from those
each estimated value, respectively. However actually
measured Cl™ concentration of 104.9 = 1.6 for the 1/16
mixture and 104,8 £ 1.5 mEq/L for the 1/32 differed -1.1+
0.7 and -0.2 = 0.6 mEq/L from each corresponded estimated
value, respectively. Therefore those actually measured values
were evaluated as the acceptably determined value.

As shown in Table 3, Na* concentration for medium
separated form the HbV was determined as 154.5 = 2.1
mEq/L with the D method and as 1515 = 0.8 mEq/L with the
W method. CI” concentration was determined as 1562 + 6.9
mEq/L for the medium with the D method and 151.3 £ 0.8
mEq/L with the W method. K* in the medium was not
detected with the D method but was determined as 040 %
0.02 mEq/L with the W method.

Hematocrit and hemoglobin value for blood donated by
the volunteers was 43.4 = 3.7 % and 15.1 £ 1.5 g/dl,
respectively.

Table 3. Electrolyte Concentrations in Medium of HbV

Na* K Cl
dry method 1545%2.1 ND 156.2+6.9
wet method 1515+0.8 0.40=0.02 151.3+0.8

mean * standard deviations mEq/L

ND : not detectable

4 . Discussion
Several reports have pointed out that contamination of
HBOCs in blood specimen interferes clinical laboratory

&8 particularly spectrophotometry used.

examinations
Further Miyake et al”have reported that exact determination
of blood type, such as A, B, O, and AB, with an automated
blood type analyzer could not be guaranteed until the HbV
contamination would become less than 5 %. In addition it has
been reported by Ali et al that contamination of HBOC in the
circulating blood does interfere with pulse oxymetry for
oxygen saturation monitoring.'”. Murata et al'’, therefore,
eliminated the HbV vesicles from patients' plasma by

ultracentrifugation for a number of clinically laboratory tests.

Alternatively Takaori et al™®, Murata et al®, Sou et al™ mixed
the blood with high molecular weight dextran, such as 200 ~
600 kD, and separated the HbV vesicles entrapped into
aggregated red cells and obtained HbV free plasma. These
procedures separating the HbV vesicles, however, would not
be applicable for clinical laboratory practice, particularly in
emergency medicine. Cameron et al'™ has reported,
nevertheless, that electrolyte concentrations in blood
containing Hemospan™ (HBOC) could be determined using
with Rcohe/Hitachi 902 ISE Modular Analytics (Mannheim,
Germany) without any HBOC separation. Their blood
samples, however, had been diluted 8 times in the analyzer.
In practice where HBOC would be used for treatment for
massive hemorrhage, the HBOC might be contaminated up to
40 % in blood as documented in a guidance for clinical
application of the HBOC™ and thus their corroboration above
would not be guaranteed.

Fortunately in this study, we could measure the
electrolyte concentrations in the 1/2 mixture with HbV and
even in the original HbV with the D method while a few
values for K* were exceeded a little beyond the acceptable
range. In contrast with the W method the electrolyte
concentrations could not be measured while the mixture rate
was higher than 1/8 but could be less than 1/16. Reason why
definite determination could be most done with the D method
but not with the W method until the HbV was diluted less
than the 1/16 remained obscure. It also remained to reveal
that the liposome vesicle per se or liposome enclosed
hemoglobin would affect on measurement with the W
method.

In processing the HbV formation, namely encapsulation
of hemoglobin solution which obtained from hemolysed red
cells, K* should be enclosed into liposome vesicle. The
vesicles were rinsed several times with physiological saline
after the encapsulation. In fact, Na* in the HbV was found at
concentration of 1545 = 21 mEq/L with the D method and
151.5 # 0.8 mEq/L with the W method. However K*
concentration for the HbV per se and the medium separated
was determined as 0.35 = 0.01 mEq/L and 0.40 = 0.02 mEq/L
with the W method, respectively. Liposome membrane is
defined as semipermeable by Chang'. Therefore possibility
that K* might diffuse out through the liposome membrane
during storage could be anticipated. This possibility remained
also to be revealed in the future.

Incidentally any abnormal findings were noted on
neither hematocrit nor hemoglobin value for the blood
donated by volunteers.
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5. Summary

It was confirmed that the dry method mounted on
Vitros200™ (Orho Clinical Diagnostics) was most adaptable
to determine electrolyte concentrations, such as Na*, K, and
Cl', in serum containing the HbV. On the other hand, the wet
method mounted on TBA200FRNEO™ (Toshiba Medical
System) was limited to determine them until the HbV would
be mixed less than 1/16. Reason for the limited capacity for
the wet method remained to be explained in the future.
Reason for presence of trace amount of K* in the HbV and
for possible permeation of ions through liposome membrane
also remained to be studied.

6. Acknowledgement

This study was supported by the Grant for Japanese
Ministry of Health, Welfare and Labor Research Project
"Clinical Applications of Artificial Oxygen Carrier H18-Drug
Innovation H18-General-022". Authors would like also to
express a great thank for Dr. Hiromi Sakai, Waseda
University who supplied medium separated from the HbV by
ultracentrifugation.

References

1. Takaori M. Artificial oxygen carriers : Looking forward to
its future, Artif Blood 2007; 25: 90-98. (in Japanese)

2. Gibson QH. The kinetics of reactions between haemoglobin
and gases. In : Butler JAV, Katz B, eds. Progress in
Biophysics and Biophysical Chemistry. New York :
Pergamon Press, 1959; 1-54.

3. Motterlini R, MacDonald VW. Cell-free hemoglobin
potentiates acetylcholine—indliced coronary vasoconstriction
in rabbit hearts. ] Appl Physiol 1993; 75: 2224-2233.

4 . Katusic ZS, LeeHC, Clambey ET. Crosslinked hemoglobin
inhibits endothelium-dependent relaxations in isolated
canine arteries. Eur | Pharmacol 1996; 299: 239-244.

5. Natanson C, Kern SJ, Lurie P, Banks SM, Wolfe SM. Cell-
free hemoglobin-base blood substitutes and risk of
myocardial infarction and death - A meta-analysis. JAMA
2008; 299: 2304-2312.

6. Callas DD, Clark TL, Moreira PL, Lansden C, Gawry MS,
Kahn S, Bermes EW]Jr. In vitro effects of a novel
hemoglobin-based oxygen carrier on routine chemistry,
therapeutic drug, coagulation, hematology, and blood bank
assays. Clin Chem 1997; 43: 1744-1748.

7. Wolthuis A, Peek D, Scholten R, Moreira P, Gawry M,
Clark T, Westrhuis L. Effect of the hemoglobin-based

oxygen carrier HBOC-201 on laboratory instrumentation :
Cobas integra, Chiron blood gas analyzer 840, Sysmex SE-
9000 and BCT. Clin Chem Lab Med 1997; 37: 71-61.

8.Jahr ]S, Osgood S, Rothenberg SJ, Li QL, Butch AW,
Osggod R, Cheung A, Driessen B. Lactate measurement
interference by hemoglobin-base oxygen carriers
(Oxyglobin™, Hemopure™, and Hemolink™). Anesth
Analg 2005; 100: 431-437.

9. Miyake S, Ohashi Y, Takaori M. Blood type determination
for blood which contains hemoglobin based artificial
oxygen carrier : Special reference to automated analyzer.
Artif Blood 2007; 15: 85-89. (in Japanese)

10. Ali AA, Ali GS, Steinke JM, Shepherd AP. Co-oximetry
interference by hemoglobin-based blood substitutes.
Anesth Analg 2001; 92: 863-860.

11. Murata M, Komine R. Effects of hemoglobin vesicles on
blood cells, blood coagulation and fibrinolysis Report for
Japanese Ministry of Health, Welfare and Labor Research
Project "Studies on improvement on safety of Artificial
Oxygen Carrier H17-Regulatory Science for Medical Drug
& Instrument - 074" with Chief Investigator Kobayashi, K.
April 2006 : 34-40 (in Japanese)

12. Takaori M, Fukui A. Treatment of massive hemorrhage
with liposome encapsulated human hemoglobin (NRC) and
hydroxyethyl starch (HES) in beagles. Artif Cells Blood
Subst Immob Biotech 1996; 24: 643-653.

13. Murata M. Optimization on laboratory examination for
blood specimens contained hemoglobin vesicles (HbV).
Artif Blood 2007 ; 15: 22 (in Japanese)

14. Sou K, Komine R, Sakai H, Kobayashi K, Tsuchida E,
Murata M. Clinical laboratory test of blood specimens
containing hemoglobin vesicles Interference avoidance by
addition dextran. Artif Blood 2009; 17: 6-15. (in Japanese)

15. Cameron SJ, Gerhardt G, Engelstad M, Young MA, Norris
EJ, Sokoll L]. Interference in clinical chemistry assays by
the hemoglobin-based oxygen carrier, Hemospan™. Clin
Biochem 2009; 42: 221-224.

16. Takaori M. Approach to clinical trial considering medical
ethics and efficacy for HbV, liposome encapsulated
hemoglobin vesicle. Artif Cells Blood Subst Immob
Biotech 2005; 33: 65-73.

17. Chang TMS. Semipermeable aqueous microcapsules
(artificial cells) with emphasis on experiments in an
extracorporeal shunt system. Trans Am Soc Artif Intern
Organs 1966; 12: 13-19.

ARTIFICIAL BLOOD Vol. 18, No.1, 2010




ATEFERF (HbV) 2 5 0 ME TOEREATE
SR, BARES KA SEDRERER), BISE REES & k)

BY A=V VAN FATT ATy 7B PO R2B0™Me Hnadry R ) Ry —ABICEGE AT O Y
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Hemoglobin vesicle (HbV) is an artificial oxygen carrier that encapsulates solution of purified and highly
concentrated (ca. 38 g dL™") human hemoglobin. Its exceptionally high concentration as a liposomal product
(ca. 40% volume ﬁactlon) achieves an oxygen-carrying capacity comparable to that of blood. We use small-
angle X-ray scattering (SAXS) and dynamic light scattering (DLS) to investigate the hierarchical structures
and dynamics of HbVs in concentrated suspensions. SAXS data revealed unilamellar shell structure and internal
density profile of the artificial cell membrane for Hb encapsulation. The SAXS intensity of HbV at scattering
vector ¢ > 0.5 nm™' manifests dissolution states of the encapsulated Hbs in the inner aqueous phase of the
vesicle having ca. 240 nm diameter. The peak position as well as the height and width of static structure
factor of Hb before and after encapsulation are almost identical, demonstrating the preserved protein—protein
interactions in the confined space. To overcome multiple scattering from turbid samples, we employed thin
layer-cell DLS combined with the so-called bruteforce and echo techniques, which allows us to observe
collective diffusion dynamics of HbVs without dilution. A pronounced slowdown of the HbV diffusion and
eventual emergence of dynamically arrested state in the presence of high-concentration plasma substitutes
(water-soluble polymers), such as dextran, modified fluid gelatin, and hydroxylethy! starch, can be explained
by depletion interaction. A significantly weaker effect of recombinant human serum albumin on HbV
flocculation and viscosity enhancement than those induced by other polymers is clearly attributed to the
specificity as a protein; its compact structure efficiently reduces the reservoir polymer volume fraction that
determines the depth of the attractive potential between HbVs. These phenomena are technically essential for
controlling the suspension rheology, which is advantageous for versatile clinical applications.

Introduction

Phospholipid vesicles, often called liposomes, encapsulating
or embedding functional drugs, have long been investigated for
their practical use as drug-delivery systems. They in part have
already been approved for antifungal or anticancer therapy.!
Hemoglobin vesicle (HbV), or liposome encapsulated Hb, is
an artificial oxygen carrier that encapsulates a purified and highly
concentrated Hb solution in a phospholipid vesicle.”~” The safety
and an oxygen-carrying capacity of HbV as a transfusion
alternative have been evaluated in animal tests.”® Its exception-
ally high concentration ({Hb] = 10 g dL.™'; [lipids] =ca. 6 ¢
dL™!, volume fraction, ca. 40%) compared to any other
conventional liposomal products for medical use offers sufficient
oxygen-carrying capacity comparable to that of blood. HbVs
are now widening their uses, aimed at other novel clinical
applications, such as the oxygenation of ischemic tissues and
the ex vivo perfusion system.!”

Significant functional consequences of the cellular structure
of the red blocd cells (RBCs) are the retardation of entrapment
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of endogenous vasorelaxation factors (NO and CO),'™? pres-

ervation of chemical environments, such as enzymes for metHb
reduction and allosteric effectors, screening of high colloid
osmotic pressure (COP) of a concentrated Hb solution, and so
forth. By mimicking RBCs, HbV is equipped with the hierarchi-
cally organized cellular structures despite its far smaller
size.>*"" Owing to this notable feature, serious side effects of
molecular Hb that exhibits a high COP and causes vasocon-
striction due to its specific affinity to NO and CO can be
avoided.’*" Successful fabrication of the HbV fine particle was
previously confirmed by indirect mathematical calculation of
lamellarity and intracellular Hb concentration using the particle
size and the total concentrations of the components in a
dispersion or microscopic observation of a dried sample.'>'¢
However, statistically valid, full structural characterization of
HbV in a dispersion state remains to be done. In particular,
microscopic internal structures of the phosphorlipid bilayer
membrane whose composition is precisely optimized for Hb
encapsulation and long-time preservation, and the dissolution
state of the concentrated Hbs confined into the inner aqueous
phase of the vesicle are of great interest. To access such
structural details, we used small-angle X-ray scattering
(SAXS).!718

On the one hand, the preservation or adjustment of COP is
one of the important requirements for a transfusion alternative
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to sustain the blood circulation. In the human body, human
serum albumin (HSA), the most abundant plasma protein in our
bloodstream (dissolved at ca. 5 g dL.™"), preserves COP of blood
(ca. 20 Torr)." Since HbV suspended in saline solution does
not contribute to COP of blood, HbV must be coinjected with
a solution of HSA or other plasma substitutes (water-soluble
polymers) for its clinical use. However, an addition of nonad-
sorbing polymers to a suspension of colloidal particles generally
induces an aggregation tendency of colloidal particles, as known
to occur for various particle systems, such as polystyrene beads,
silica, liposomes, and RBCs.2"® At high enough polymer
volume fraction, it often causes phase separation. A theoretical
description on this intriguing phenomenon was first given by
Asakura and Oosawa;**?7 exclusion or depletion of small
particles or polymer molecules from the region closely spaced
large colloid particles lead to an effective attractive potential
between the two large particles, increasing the overall disor-
der.?73! This entropic driven force is of fundamental importance
as well as technologically implicative, as highlighted by the
practical use of nonadsorbing polymers as rheological modifiers
for colloidal products. This is indeed valid for medical applica-
tions of HbVs; as we have shown, the combination of HbV
and different plasma substitute solutions provide an opportunity

to manipulate the suspension rheology.*>%

From a physiological and medical point of view, high
viscosity fluid is often advantageous for increasing blood
viscosity to sustain peripheral blood flow because the resulting
increase in shear stress on the vascular wall promotes the
production of vasorelaxation factors, such as nitric oxide and
prostacyclin.®*~3 The HbV suspended in solution of recombi-
pant HSA (fHSA) behave nearly as a Newtonian fluid,*3238
whereas other polymers, such as hydroxylethyl starch (HES),
dextran (DEX), and modified fluid gelatin (MFG) medically
used worldwide in medical treatments,® ! lead to non-
Newtonian behavior and hyperviscosity.* This is possibly due
to HbV flocculation induced by depletion interaction. To gain
deeper insights into the underlying mechanism, we used thin
layer-cell dynamic light scattering (TC-DLS)*# combined with
bruteforce* and echo®~*’ techniques. This enables us to observe
collective diffusion in a concentrated HbV suspension and its
mixtures with plasma substitutes without dilation, overcoming
the interference from multiple scattering of turbid samples. The
results are not only implicative in interdisciplinary fields of soft-
condensed matter physics and biochemistry but are of practical
importance for a new class of forthcoming medical applications.

Experimental Section

Materials. The HbV was prepared under sterile conditions,
according to the previously reported procedures. 34647 Hbs are
purified from outdated donated blood provided by the Japanese
Red Cross Society (Tokyo, Japan). The Hb solutions for
encapsulation were prepared from this stock solution by
adjusting the concentration to 38 g dL™). The encapsulated
purified Hb contained 14.7 mM pyridoxal 5'-phosphate (PLP;
Sigma) as an allosteric effector in a molar ratio of PLP/Hb =
2.5. The lipid bilayer membrane for the Hb encapsulation
comprises 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine, cho-
lesterol, and 1,5-bis-O-hexadecyl-N-succinyl-L-glutamate, mixed
in the molar ratio of 5:5:1 (Nippon Fine Chemical Co. Lid,,
Osaka, Japan) and 1,2-distearoyl-sn-glycero-3-phosphatidyle-
thanolamine-N-poly(ethylene glycol) (NOF Corp., Tokyo, Japan)
at 0.3 mol % of the total lipid. The HbVs were suspended in a
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TABLE 1: Plasma Substitute Solutions and Their
Physicochemical Properties” ‘

plasma substitute M, (kDa) ¢ (gdL™") COP (Torr) Ry (nm)

rHSA 67 5.0 19 2.84"
HES+ 68 6.0 34 5.96°
HES 5 130 6.0 35 6.83°
HESg0 670 6.0 27 12.95%
DEX 40 10.0 44 4.96"
MFG 30 4.0 44 5.50

¢ rHSA, recombinant human serum albumin; DEX, dextran; HES,
hydroxyethyl starch; MFG, modified fluid gelatin; COP, colloid
osmotic pressure. R, for plasma substitutes except rHSA was
obtained with Guinier plot of SAXS data obtained at ¢ = 1 g dL™,
and that for rHSA was calculated by using Guinier plot'’ against the
form factor P(g) obtained as an output of GIFT®>75* procedure for ¢
=1]gdL™"

physiologic saline solution at [Hb] = 10 g dL ™' ([lipids] = ca.
6 g dL™") and were deoxygenated for storage with N, bubbling
in vials.*

The plasma substitutes used in this study are listed in Table
1. tHSA (M., = 67 kDa, 25 g dL. ") was a gift from Nipro Corp.
(Osaka, Japan). A DEX solution (M,, = 40 kDa, 10 g dL""' in
a physiological saline solution) was purchased from Kobayashi
Pharmaceutical Co. Ltd. (Osaka, Japan). Solutions of HES with
different molecular weights were assorted; an HES;q solution
(Saline-HES, M, = 68 kDa, 6 g dL™' in a physiological saline
solution) was purchased from Kyorin Pharmaceutical Co. Ltd.
(Osaka, Japan). An HES, 3, solution (Voluven, M,, = 130 kDa,
6 g dL! in a physiological saline solution) was a gift from
Fresenius Kabi AG (Homburg v.d.H., Germany). An HES¢,
solution (Hextend, M,, = 670 kDa, 6 g dL™! in a physiological
Ringer lactate solution) was obtained from Hospira, Inc. (Lake
Forest, IL). An MFG solution (Gelofusin, M,, = 30 kDa, 4 g
dL™"in a physiological saline solution) was a gift from B. Braun
Melsungen AG (Melsungen, Germany). As a standard for testing
the accuracy of our dynamic light scattering (DLS) experiments,
a pseudomonodisperse microsphere with a nominal diameter
of 0.209 um with a 0.011 gm standard deviation (Polyscences,
Inc., U.S.A.) was used.

For optimized experimental conditions, the concentration of
the HbV dispersions was further adjusted for SAXS and DLS
experiments by adding a saline solution (Otsuka Pharmaceutical
Co. Lid., Osaka, Japan) or solutions of plasma substitute, and
these samples were immediately used for experiments.

SAXS. We performed SAXS measurements on HbV suspen-
sions and their model systems to examine their static structures.
We used a SAXSess camera (Anton-Paar, Graz, Austria)
attached to a PW3830 sealed-tube anode X-ray generator
(PANalytical, Netherlands). The generator was operated at 40
kV and 50 mA. A G6bel mirror and a block collimator provide
a focused monochromatic X-ray beam of Cu Ka radiation (1
= 0.1542 nm) with a well-defined shape. A thermostatted
sample holder unit (TCS 120, Anton Paar) was used to control
the sample temperature. The 2D scattering patterns recorded
by an imaging-plate (IP) detector (a Cyclone, Perkin-Elmer,
U.S.A.)) were integrated into to one-dimensional scattered
intensities I(¢) as a function of the magnitude of the scattering
vector ¢ = (47/A)sin(6/2) using SAXSQuant software (Anton
Paar), where 0 is the total scattering angle. For all experiments,
we monitored attenuated primary beam at ¢ = O using a
semitransparent beam stop. All the measured intensities were
semiautomatically calibrated for transmission by normalizing
a zero-g primary intensity to unity. The background scattering
contributions from capillary and solvent were corrected. The
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absolute intensity calibration was made by using water intensity
as a secondary standard.*

DLS. We used DLS to study the size and size distribution
using a laboratory-built goniometer, equipped with single-mode
fiber optics and an ALV single-photon detector (ALV-Laser
Vertriebsgesellschaft, Langen, Germany) for detection of a time-
dependent scattered intensity. A 8 mm cylindrical sample cell
was immersed in a temperature-controlled index match bath
filled with decalin solvent. The light source was a Verdi V5
diode laser from Coherent with a wavelength of 532 nm with
a maximum output of 5 W. The data acquisition was performed
with an ALV 5000 multiple z-digital correlator. The ALV-
5000/E software package was used to calculate the intensity
time-correlation functions.

TC-DLS. In order to overcome the problems of multiple
scattering from turbid samples caused by typically submicrome-
ter particle size and their high concentration. we used a modified
TC-DLS technique.*** The TC-DLS apparatus was constructed
based on an apparatus originally designed for static light
scattering on turbid colloidal dispersions,™*' which was equipped
with a flat cell with variable thickness of 15, 50, and 100 xm.
a single-mode fiber, and the ALV-5000 correlator (ALV-Laser
GmbH, Langen Germany) for autocorrelation measurements of
the time-dependent scattered light intensity via the fiber and
the photomultiplier. A 10mW HeNe laser with a wavelength of
632.8 nm was used as a light source. The current setting allows
the measurements of the scattered light between 15 and 45°.

Bruteforce and Echo DLS Experiments for Arrested
Media. We used brute-force ensemble averaging technique*
in combination with echo DLS*™* in the TC configuration to
achieve a multispeckle observation. The method allows us to
pursuit arrested slow dynamics of the HbV particles in floc-
culation in the presence of a kind of plasma substitute. Under
the condition that an ergodicity assumption is violated, that is.
when equivalence of time-averaging with ensemble-averaging
is not tulfilled, conventional DLS approaches based on a time-
averaging of the intensity fluctuations of a single speckle become
no longer valid. In order to achieve a proper ensemble averaging,
we used for short time correlation times the brute-force ensemble
averaging in which we monitored intensity fluctuations from
many independent speckles. performing repeated short-time
measurements for several hundreds of different sample cell
configurations. For the measurements of the long-time tail of
intensity correlation functions in the correlation time range of 7 >
10 s, we used echo technique; if the intensity correlation function
is measured with the sample cell precisely rotated. it allows the
exploration of many independent sample configurations during one
evolution of the rotation, avoiding a significantly longer time-
averaging. In such an experiment, the ensemble averaged correla-
tion function can be measured with relatively short averaging time.
The echo peaks appear at multiples of 1/f, where fis the frequency
of the rotation, and the peak height slowly decays. reflecting the
slow dynamics of the particles.

Results and Discussions

Particle Characterization of HbV in a Dilute Dispersion.
The intensity autocorrelation function. g»(z), measured in the
homodyne mode is connected to the normalized field correlation
function, or the dynamic structure factor, g(7), via the relation

g0 =1+ Blg,(n)l (1)

where /3 is called coherence factor. The present experimental
setup using single-mode fiber detection attains nearly its
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Figure 1. The particle characterization of HbV in a dilute dispersion
as obtained by DLS. Intensity correlation functions. g»(#), of a dilute
HbV dispersion ([Hb] = 6.3 x 107} g dL™!) and a 0.027 wt %
dispersion of pseudomonodisperse microsphere with a nominal averaged
diameter of 0.209 #m measured at 25 °C (a), the cumulant fit to the
same DLS data (b), and the particle size distribution of the HbV and
the microsphere (c), obtained by using ORT.*®

theoretical maximum of g ~ 1. In Figure 1, we present particle
characterization of the HbV in a dilute dispersion ([Hb] +
[Lipids] = 0.01 g dL™") as obtained by DLS. The effects of
structure factor. S(g), as well as hydrodynamic function. H(g).
are expected to be negligible at such low concentration. As a
control, we tested pseudomonodisperse microsphere with a
nominal diameter of 0.209 um (Polysciences, Inc.. U.S.A.) to
check the accuracy and the experimental broadening of our DLS
experiments. Monodisperse spherical particles exhibits a single-
exponential decay of g(r)

g,(1) = exp(—Dg’n) )

where the D is the diffusion constant. D can be related to the
hydrodynamic radius Ry of the hardsphere via the Stokes—Ein-
stein relation
kgT
6Ry

(3)

where kg is Boltzmann constant, 7' is temperature, and 7 is
solvent viscosity. The intensity correlation functions, g(7), of
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Figure 2. Structural characterization of a phospholipid bilayer
membrane for Hb encapsulation as obtained by SAXS. Small and wide-
angle X-ray scattering (SWAXS) intensity in 0.05 = gimm™" < 27 (a),
collimation-corrected SAXS intensities on absolute scale (b). the
thickness pair-distance distribution function, p(r) (c). and electron
density profile deconvoluted from p(r) (d) of 2 6 g dL~! dispersion of
the vesicle for Hb encapsulation as a function of temperature. In the
insets of panel ¢ and d, the structure of the lipid bilayer is schematically
shown. A light blue line and a pink ellipse respectively represent
hydrophobic chain and hydrophilic headgroup of the lipids, and a yellow
ellipse stands for cholesterol.

both diluted dispersions of the HbV and the microsphere exhibit
single-step relaxation behavior and a rapid convergence to the
baseline (unity). For particle systems having a rather narrow
size distribution that typically show single-step relaxation
behavior, the second-order cumulant analysis™ is often em-
ployed. The technique can be used as a convenient and fast
method for obtaining a semiquantitative measure of the mean
size and the width of its distribution. In Figure 2b, we display
the cumulant plot, namely, a natural logarithm of the field
correlation function, In[g(r)]. of the same DLS data shown in
Figure 2a. Despite a smaller intercept for the HbV (B ~ 0.85),
which is probably due to absorption of the hemoprotein, the
slower decay of g(z) for the HbV reflecting larger averaged
size is apparent in this plot. The g,(#) of the microsphere shows
almost ideal linear behavior up to its long-time tail, indicating
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a quite narrow relaxation time distribution, whereas that of HbV
represents still small but clear deviation from the straight line
at large 7, implying wider relaxation time distribution due to
its size distribution. The cumulant analysis yielded Ry = 143
nm and 34.8% width of size distribution for HbV, and Ry =107
nm and 6.6% width for the pseudomonodisperse microsphere.

For further quantitative discussion, we also carried out a more
detailed mathematical analysis. We evaluated the size-distribu-
tions by using optimized regularization technique (ORT).>®
which relies on (indirect) inverse Laplace transformation of the
experimental field correlation function, gi(#), into the relaxation-
rate distribution functions. Assuming a linear combination of
single exponential functions. g(f) of polydisperse systems may
be given by

g = fr:""* G(T)exp(—Tndl )

The exponent T is proportional to the diffusion constant D
as T = D¢ For the actual ORT evaluation, eq 4 is replaced
with

g = t: D(DW()exp(—1/)/ T dt )

where D(t) is the distribution function, W(r) is the weighting
function, and T = 1/z. W(r) = 1 gives intensity distribution.
and for volume or mass distribution, W(r) = 7°. We present
the deduced volume distribution function of hydrodynamic
diameter Dy(0oy). where oy = 2Ry. The ORT analysis provided
a spikelike size distribution for the microsphere. which confirms
negligibly small experimental broadening of our DLS experi-
ments for the present purpose. The analysis on the HbV
dispersion yielded an averaged hydrodynamic diameter, Ou. of
238 nm and a narrow size distribution with a 20 nm standard
deviation in the volume distribution. The data demonstrate well-
controlled geometry of the HbV particles as molecular assembly.

Structural Characterization of the Phospholipid Bilayer
Membrane for Hb Encapsulation. Figure 2 shows the X-ray
scattered intensities /(g) for a 6 g dL™' dispersion of the vesicles
without Hb encapsulation at different temperatures, prepared
as a counterpart model system of HbV. The raw SWAXS data
as obtained, shown in Figure 2a, confirm the absence of the
so-called o-gel peak at ¢ ~ 15 nm™", corresponding to interchain
spacing of d = 0.42 nm, at all investigated temperatures.
Although the o-gel—liquid crystalline phase transition temper-
ature of DPPC is known to be 41 °C, this confirms a melted
state of the hydrophobic chains in the lipid bilayers and high
lateral fluidity of lipids even at 4 °C owing to the presence of
cholesterol.

The (collimation corrected) absolute intensities after the
background subtraction. /(g), are displayed in Figure 2b as a
function of temperature. As is well-known. multilamellar stacks
give equidistant peaks due to their structure factor. However,
the low-¢g part (g < 0.3 nm™') of I(g) exhibits neither an
interbilayer interference peak nor its faint signature like an
undulation. This finding indicates that as we designed, the
structure of vesicle is. at least for the most part. unilamellar.

The quantitative analysis of the bilayer thickness and internal
density fluctuation is possible, while the maximum diameter of
the vesicle (ca. 240 nm) by far exceeds the maximum resolution
of our SAXS experiments. The theoretical descriptions of
scattering functions from a multilamellar stack of bilayers can
be summarized as follows.”” Assuming monodisperse bilayers.



