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Abstract

Liposomes possess phospholipid bilayer membranes and water pool where biomolecules
such as enzymes can be solubilized. Enzyme-containing liposomes are potentially applied to
drug delivery systems, cosmetic materials and biocatalysts. Selectivity in permeability of lipid
membranes is one of the crucial functions of liposomes. Biological activity of enzymes is
potentially stabilized in liposomes, whereas the rate of catalytic reactions significantly
decreases because of the permeation resistance to the hydrophilic substrate molecules. So far,
the membrane permeability of liposomes was modulated with low concentrations of
detergents and channel-forming membrane proteins. On the other hand, the structure and
permeability of liposome membranes are controllable on the basis of mechanical stresses such
as ultrasound and liquid shear stress. Since shear stress is generated in practical reactors
including bioreactors, the stress would be useful for modulating the functions of liposomes. In
this study, the shear flow-induced structural and functional changes of lipid membranes are
examined using the small or large unilamellar liposomes with the diameter smaller than 500
nm, which were little employed previously in shear flow. Then, the measurement method is
developed for the purpose of quantification of the shear rate in any bubble column bioreactors.
The novel enzyme-catalyzed reaction, which is regulated with the applied shear stress, is also
developed on the basis of the structural and functional changes of enzymes and liposomes.
The present thesis consists of five chapters as described below.

In Chapter 1, characteristics and general properties of lipid membranes and
enzyme-containing liposomes are described, focusing on the structural and functional
responses of the enzyme molecules and the membranes to the shear stress, and the importance
of shear rate in the application of bubble columns for microbial fermentation processes. The
objective of this thesis is also described.

In Chapter 2, the effect of shear stress on the permeability of liposome membranes is
clarified using the cone-and-plate geometry as a generator of defined shear flow. The
permeability coefficient of hydrophilic fluorescence dye (5(6)-carboxyfluorescein (CF))
through liposome membranes is determined as a function of shear rate at 40-55 °C. The effect
of size of liposomes on the structural stability is also clarified using the liposomes with mean
diameter Dp of 101-323 nm. The CF-containing liposomes with the Dp values of 101-189 nm
are structurally stable under the shear stress whereas larger ones are collapsed, as revealed
with the dynamic light scattering measurements. Moreover, the clusters of negatively charged

liposomes with diameter of about 1.5 um are prepared by adding calcium ions. The membrane



permeability of clusters associated with structural flexibility is elucidated in the defined shear
flow. The liposome clusters exhibit comparable permeability to the non-clustered liposomes
under the shear stress.

In Chapter 3, a novel method to estimate shear rate in bubble columns is described on the
basis of the shear-induced permeabilization of liposomes. The negatively charged liposomes
encapsulated with CF, which are found to little interact with nitrogen bubbles, are suspended
in the normal and external loop airlift bubble columns with different scale and configuration,
and the rate of CF-release from the liposomes is measured. Then, the relationship between the
permeability coefficient of CF and shear rate is determined, which allows estimating
unknown shear rate in the columns. Based on this method, the distribution of shear rate in the
normal bubble columns and the importance of the gas distributor on the shear rate are
clarified. The average shear rate in the three types of external loop airlift bubble columns is
also reasonably estimated.

In Chapter 4, the liposomal glucose oxidase-catalyzed reaction is controlled using the
laminar shear flow generated in microtubes with inner diameter of 190 or 380 pum. In this
flow, intense shear stress compared to the stress employed in Chapter 3 can be applied to
liposome membranes, giving the maximum stress at the wall of microtubes. As a result,
release of the enzyme molecules into the shearing bulk liquid is triggered by the
shear-induced structural perturbation and partial disruption of lipid membranes. Moreover, the
liposomes exhibit the chaperone-like function toward the shear-denatured enzyme molecules,
which can stabilize the enzyme activity in shear flow. Based on the above phenomena, the
glucose oxidation catalyzed by the liposomal glucose oxidase can be accelerated and also
decelerated depending on the applied shear rate.

In Chapter 5, the general conclusion and perspective of this work are described. The
measurement of shear rate in bubble columns using liposomes would be applicable to
measure local shear rate through immobilizing the liposomes at any place in the columns. The
results would also be applicable to develop blood flow-responsive drug carriers and to

understand functions of cells and proteins in the flow.



B L B A oottt 1
L L e BT D EE B et 1
1—1—1. VARV —L0OHEEBLOBEREFHAY RY —LORKEETEH . 1
1—1—2. WA MLV RIZHT HEERE VR Y — ADIEEME e, 2
1—1—3. [UBEBINA AV T 7 X2 =BT A2 AWEEDOEZEM............. 4
1= 2. AHFZED BT HEER oo 5

F2EEAMRFT OV RY — LB LT 7 AZ =V RY —LOEFEME L ZEME.. 10

2 L. BB e, 10
2 2 B R ettt 12
2 = 2 = Lo BB e 12
2 — 2 — 2. 5(6)-Carboxyfluorescein (CF) £ AU AR Y —2 (CFL) OFHH ... 12
2 =2 =3, FAMITEDTEE oot 13
2—2—4. CEEHAVRY =250 CF BEZFEBRMEDBEITE oo 13
2—2—5. a—=2 7L — - DOIEEDOWIE DRITE oo 14
2—2—6. VAV —LORFERIFIE L CBEMLOBENE oo 14
2 =2 =T . FBPETTE oot 15
2—2—8. URY—=LOBEFEEMEDTITE oo 15
2—=2—=9. URY =L T AL —=DIRFHIENT coooeeoeeeeeeeeeeeeeeeeeeeee e 16
2 = 3. FERILTUEEER e 16
2—3—1. CFL & a—r -7 L — MEIREMOFHENER o, 16
2—3—2. a—r -7 L— MBEHNICBITOREEAMA R LA LB |

L A DIEIE oottt 19
2 —3—3. CFLIEOFBMEIZH T DT AMTA B L AORE 22
2—3—4. HAMPEFD CFLIEDZETENE (oo, 22
2—3—5. FAWRFICH T HIEEZEMEIZKITT CFL %4 X2 ... 25
2—3—6.Cfﬁ%@éﬂéﬁ$ﬁ)f/ DDOBEERFME o, 28
2—3—7. CaHITHFHEIND VAR Y — LEEROEE EOREME oo, 31
2—3—8. HAMAMNLVRIZHFEEINDZ T AX—(LIRY —LOEFZEME

DIHETR oottt 36

. B ettt 38



FHIE  URY—LOMEERCEFIH L2 KIasE N O VBNEE ORITE ... 41

B L. BB e, 41
B 2. FEBR e 42
B 2 L e 42
S3—2—=2. URY =D oo 43
3—2—=3. =T b— MR ABEERE e 43
3—2—4. EBUMEH L7RTEEE DEFE e, 44
3—2—5. [IBHENIZEIT 2 KIK ZAETEDTZAL v 45
3—2—6. URY—LORABEIATDBNTE oo 45
3—2—7. URY—LEEN LTz CF OFBIEBIREL Pop DUETE oo, 46
3= 3. MERIZLTUIEBER oot 46
3—3—1. TAMRFICRBIT DU R —BDLTEM oo, 46
3—3—2. HAMEEL URY — ABEFEEPEDBIR o, 46
3—3—-3. =7 V7 MUIKYAEIZBIT L VR Y —LEOFEE Mo 49
3—3—4. =7 U7 MUK O AWHEE DOHETE ..o 49
3—3—5. CFL-XafMHAEMERICKIETREBEMRMOELE e 51
3—3—6. CFL OEFEBMEIZ RITTIRIRDFLEE (o 53
3—3—7. CFL OEFEBRMEIZH LT TRIAEETERDEE e, 54
B . A S ettt 56

FEC PR SR AL S DAL e 58

A L S e 58
A= 2. BB et 60
A =2 = T BB s 60
4—2—2. BERHFAVRY—LECFEHAVRY —L2OE ..o 60
4 =2 = 8. GOTEMEDTITE oo, 61
4—2—4. Catalase TEMEDBITE c.ooovoeeeeeeeeeeeeeeeeee e, 61
4—2—5. FEPRIFBE LRI AT OTTE oo 61
4—2—6. ANEBERABUNHERIGERH O 7 32— AR oo, 62
4—2—7. BAMBTICET DU RY — LNEAEESE & ERERER OZEMED
BUITE <ottt 63

4—2—=8. URY—=L0P5D GO TRHDBENTE oo 64



4—2—9, HAMKHRIZREBE LY RY—L050 CFIRHEEDOHITE & 54 64

4—2—10. EEEREAT T U 7 FRISIEEND HyOp 53R e, 64

A — 3 R U B e ettt et eaeen 65
4—3—1. TAMBTIZBITSD GOE AU R Y —EBS OB oo, 65
4—3—2. VARV —LIEOBERAIA B L AR oo, 68
4—3—=3. URY—=E05D GO Z3F DITH oo, 69
4—3—4. HAMFTRTOBERSFIZHTDHIRY —LDY vy o AAREERE... 74
4—3—5. BAMRFTDOU R Y —LREEZIND AT = A Do, 75
4—3—6. EFAMRETTNLRE L TO catalase E AV K Y — A(CAL)D KRR

B L L D T Al oo e et 79

A . S ettt oottt e, 79
B D B B B oo, 82
D B TR oottt e et et e e et e e et et et s e e e s rren e, 85
BT B B 2 T oo e e et e ettt e et et e et e e e es et e e e s e e e e et e e earann 96



1—1—1. VRV —L2OEERB L UOEEZE AV R Y — 2O LS

T PICEKER & BRI 1595 U VIR E ORI KIER &2 I 2. 5 & NERIC
WK EARTHZEREE nm OFSE o FFE/ANE (VR Y —5) BERT S
(Bangham et al., 1965), U R Y — LD H A R LHFLO@IECBE R RITC L v T
5o URY —NFTAEREEE R CEAHEEZ SO, EREHIMENE WY R Y —LNFE
YiEaEE A (Holme er al., 2012), /A & ¥ (Liu and Boyd, 2013). FEE3E /]
(Yoshimoto et al., 2004)7¢ SIS AR EIFF ST %

S

AR — L
MIKAE

lipid bilayers

Figure 1-1 Schematic illustration of mass transfer in liposomal system.
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Table 1-1 Studies on the shear-induced activity and conformational changes of biopolymer.

Biopolymer Device Factor Remarks Reference
a:l{e_lic_?lsme Flow-cell Shear rate Unfolding of the a-helix of ~ Bekard et al.
pOly-L-ly (74-715 s PLL (2011)

(PLL)

DNA

Horseradish
Peroxidase
(HPR)

B-Galactosidase
(GA)

Glucose oxidase
(GO)

Cone-and-plate
geometry

Nanochannel
(Diameter = 800
pum, Length = 600
mm)

Microchannel
(Depth =100 pm,
Width = 250 pum)

Microchip

(Depth =200 pm,
Width = 200 um,
Length=40 cm)

Nanochannel
(Depth = 110 nm,
Width = 200 um,
Length = 8 mm)

Shear stress
(4.3-68.5 kPa)

Flow rate
(0.67-33 cm-s™)

Flow rate
(15-400 pm-s™)

Inactivation of a-amylase
(a-Amylase had a shear
resistance to approximately
25 kPa.)

Thermal stability of DNA in
microfluid was increased.

Activation of HPR (Reaction
in the mincrochip was about

2 times faster than that in the
bulk liquid.)

Activation of GA (The
reaction in the microchip
was about 5 times faster than
the that in batch reaction)

Activation of GO (The value
of Michaelis constant K,
value of GO in nanofluidics
is nearly three times smaller
than the value in the bulk
system.)

van der Veen et
al.

(2004)

Yamashita et al.
(2007)

Tanaka et al.
(2001)

Kanno et al.
(2002)

Wang et al.
(2013)
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Table 1-2 Correlation equation of between gas superficial velocity and shear rate.

Bubble column Correlation Reference

Normal bubble column (NBC)
(Diameter D =0.15 m,
Height H=1.8 m)

¥ = 5000 Ug

(Us = 0.04-0.1 m/s) Nishikawa et al. (1977)

NBC y=1500 Ug

(D=0.14m, H=3.9m) (Us = 0.008-0.064 m/s) Henzler (1980)
NBC y=2800 Ug Schumpe and Deckwer
(D=0.14m, H=2.7m) (Ug = 0.02-0.08 m/s) (1987)

External loop airlift bubble column
(ELBC)

_ 2
(Volume ¥ = 40dm’, diameter of riser Dy = y = 14800 Ug =351 Ugt3.26

0.194 m and downcomer Dp = 0.064 m, (Ug = 0.004-0.06 m's)

H=14m)

ELBC - )

(V= 700dm’, D = 0225 m, Dp = 0225 m, |~ 24392 Ug-11.1 Ugt14.9 Al-Masry (1998)
=2 m (Ug = 0.0018-0.07 m/s)

ELBC » =8 Ug/(t(1-€))((1+3n)/(4n))

(V =35dm’, Dg =0.0.095 m, Dp = 0.06m)  (Ug = 0.003-0.025 m/s)

NBC y — (7.38><10_3>< UGOAIIXKOA389)(1/H-1)
(D=0.125m, H=0.6 m) (Ug = 0-0.23 m/s)

Concentric-tube airlift bioreactor (CTA) 7= (6.65x107x Ug"? = g 043211
(Dr=0.075m, Dp=0.125m, H=0.6 m)  (Ug=0-0.23 m/s)

Split airlift bioreactor (SA) y=(6.95x107x Ug™ " x g 038D

(D=0.125m, H=0.6 m) (Ug = 0-0.23 m/s) Thomasi et al. (2010)
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Figure 1-2 Shear rate y as a function of the superficial gas velocity Ug.



Ml fEma B TS ETHERIND, FEDOEMR%L Figure 1-3 177, FEONEIL
TFREOERBY TH D,

B1ETIE, IBE O TFELEREHAY R Y — AOEKR B, AR LA
ZxtI D EESR T L REEMR OIS EMEC BT 2RO A, KYaE AL AV T 7 Z—D
BEICBWTEAMERELZHET D Z & OBEEMEROARFEOLE . BEY. X0
FBAZ DWW TIRRTW S,

2 ETIE, EHA400 nm AT O VU R Y — A DEFEMEIC RIETIRIEEAK A F L
A DR FA omffmfwéo)$y—Aﬁ%ﬁLtﬁm%mﬁé%ﬂw
Carboxyfluorescein (CF) DM % 40-55 °C “Ciéﬁéﬁ”b?lﬂ‘/umx N ARSEHTTE
B L7, ERINTEAMBGEZERSEL70Ica—r -7 L— NEEESH 2 A L
Too 1B, LAWTEE, UKy —2A%8 (101-323 nm) OFFE L CF OEEEBI%RE DR
RERGNC L, S0, ABMEEZEA T2V R Y —LZ2 N T LA F M
ﬁT?77x&~kéﬁ5$&%ﬁ%¢5kk%m\ﬁh%xkvxﬁ&?x&~@
& & NE O RSB EEIE L &fgﬁ%%%mfbko

%3 ECIL, HAMEHEICKET 2 Y R Y — AEFZBEMICESWO TRIAB N THRAE
T HEAWTEE ZHEE T D HIEIC OV TR TN D, X#~wkﬁhﬂiﬁ6%%ﬁ
BRATT V7 MISKIaE R OEERSINEIZ CFE AV R Y — L5 8BE L T, £58
EROEABEEOHEZIT o7, ZOWEIZARRIRY =L L LT, Kids DO
HERANNSWHEMY R Y —LE2REL WD, TOFECESE, T4 —/F D
v~ —WriE R & B SR 2 Be7p B 3T O NE R KRN O AWREE % &
BHAICHEE LTz,

FA4AETIE BINAENTERENDBIRGEFAE LTCERE A RY —LORE
M L IEEOFIENC SOV TR TV D, AL 380 um LLFONEEZ L HOHE I
FEREI AU R Y — DRBER A XR T 5 2 L CRAEIY T, KBRE TIL., F3EDOR
JAEICHRTEOWEAW A N U ADRMEREREHFICB N T Y RN Y — AEIZER S
Do WAWITRHFIZE T DIEEROBEZ(L RO RY —LNE T L a— A FF 2 —
B OWAE~DOIRFHIZ OV TR LT,

%5 ETIL, Uﬁy—A@@h%xbvxmﬁﬁ’%6<%m%ﬁmmwﬁh%ﬁ
EOERE VR Y —LREERRIEOEGAINEICET 2w e R < T\ 5,

AL T U EO X BRHAV R —LOFAMA b L AREMICE S X,
ZRI2 A F VT 7 X —NOFENFRFEIIRE U CTIEEDSHIE S5, 35 LUOESFE
b AR DOBRF W AT A B L AT %E L Cfa R B R TR BE RIS A D
HARIZ SO N DR AR RS
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F2E HAMRTOURY —L2BLOT 7 A4 —URY —LDOEFEME & 2 EMH

2—1. %=

A KIZE S (Louhivuori et al., 2010; Yoshimura et al., 2008) <ot AW A b L A
(Makino et al., 2006) @ L 9 7o BEBOHIR 2 3858 L C, v 7 T VREREE 2/ L Tk
REMTFEEORINCERT D, ZOA T ) N T URE T a T RICBWTEE
I EE /2 %E 41 5 (Zhang et al., 2011; Gudi et al., 1998), #lz 1%, BEICHMER SN
T NE IR VAT RiEE S /N7 & (G-proteins) [ZHAMT A b L ANFI & &
LR BREEEIC L VIEMILEND (Gudietal., 1998), £7-. HAWA b L A TME
WA 2 I L7 fiifk & MR OB OB 2 R8T 572 DICEEThH 5 (Tarbell et
al.,2010), EFEEO X D ITIREMRIIR 2 RAERBESOEMRE & L THRIEEL T\ 5, T AMr
A b U RTREENED B 5 AR B ORI & MRS IC s 1 DR & L CHEE L
05,

U UREEITKBERFICBWTES LTHE TR/ (VR Y —25) 2T 5,
YR Y — L33 Y5 E K (Bailey and Berkland, 2009) . /N1 74 & > ¥ (Liu and Boyd,
2013) . MkiF-& R (Tester et al., 2011) . EEFEMABLR S OHIHE (Walde and Ichikawa,
2001; Yoshimoto et al., 2004) 72 EDZIERICHDPEFHEI N TV D, 2 b DISH TIE,
BN 50-500 nm To VR TSN ER SN HEE~NT 7L (Walde, 2004) 23 A <
Ao Ting, VR Y —ABRITEIESEMG TIZBWTESE OFE LI 2 ZELT 5
TEBRHEINTND, ZOBEY R — DY A ANEERHE|Z RT-7 (Yoshimoto
etal.,2007), U ARY —LNEARERAE T ORIS T, K20 LI EE OB ) R
R & 72 % (Chaize et al., 2004; Yoshimoto et al., 2004; Li et al., 2007), L7=3->7T, Y
WY — LB ST BER TS & BRSNS AT EET % (Treyer et al.,
2002; Yoshimoto ef al., 2004; Yoshimoto et al., 2005), ERABIIZIE. VAR Y — 2 NE AR
FITTEAMA DU ABREAET HMTLEHANA AV T 7 2 —NTHRERET 5 0LE
Nd % (Yeow et al., 2002; Saki et al., 2011; Yoshimoto et al., 2010), L7273 -> T, EFED
KL RREF (50-500 nm) O VAR Y — AOREHIEBMEICKITTHEAERA N L ADEEE
PS5 Z LINEEL D,

VRY —LEGUFER XU 7 VOB A N U ASKETICE T 2 ENIRE X,
RSB EICE L CHFIFES TV 5 (Takagi ef al., 2009; Foo et al., 2004; Shahidzadeh et
al., 1998; Robbins et al., 2011; Noguchi and Gompper, 2005), — 5. HAW A kL A2
fL XN D REEEOFE B OEINIHEN 72 GE & L THE SN TV 5h (Chakravarthy
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et al., 1992; Hallow et al., 2008), Chakravarthy and Giorgio (1992) 1V 7RV — A% L
TN T DA T DX D IR TFEWEDBRE DRI E AR A R L A2 X0 e
ENDZEEHEL WD (Giorgio and Yek, 1995) , EFRDIHEDIF L A LI 500 nm
NHE 10 pm ORI FEE L OV v A T2 b7 )L (Walde, 2004) (ZOWTHE SN
TV, VRY —LHNOBEFREBHEE 2 6l L CEREAICAH AR b DI 720123,
K ORLFEDN/NE 72 VR Y — DT D8RS F DR FE M 2 R S 2 M)
H5,

URY = NIPI)FPRICERERBETCHLZ 0, EARHZRXAVF—ZKT S
B HDICEET AEMRH D, VAR Y —LEERDZ ORBITAEDET R L OE
EFHSHICEB W TEE TH L, iz, VRY —L0EEIX, x0T 7k
I TE D LXEFv U T (Paleos et al., 2012) REMFHIKELARD Y 4 X RS
HZ LD~ a Ty —T~OERL (Sabin et al., 2012) 23 FTEEZR A EF OB FE A~
HT& 5, EMTHFEAREBLENG, KENLO VR Y —LOENUT, £ b OEER
DOFRIZ LV RESN D, UL, ERANRRIGT 0t 2281 HBEREAAY RV —
LDIEHICBNWTE DO TEEL 2% (Yoshimoto ef al., 2010),

URY —LFZOIATIE, IBE 0 FIREOFEEEI T AR O O IA K, K
AR W CEEZ2KRE 2R3, VR Y —LREZXE TR, BE Y FI3EERE
i L CRAEND Y R Y — LNEABIET DM ER DD, Lo T, VRV —
AFEERETCH > CTH o RBEEEEE RTUERH D, UK Y — LEEEROTEK
IZEOY L FRPREER Y AR Y — LB R O BT OREB L Z(L ST 5720
EIROFEMEC B 2 KE T, IBERZIEHEEILY R Y — LR OB mEIZ
Bl 5720, HREBOK T IXZEMEOREAD 25| EE 27 (Sada er al., 1990) . T
ETIZ, VRV —LbDanA REZEMOHIEE FRIZOWTIL, A 4 2 (Sabin et al.,
2007). RV A A (Cametti, 2008), & kA U ~— (Thevenot et al.,2007), ¥ L/ V&
(Dimitrova et al., 1997; Kayal et al.,2012) OIHFTFITEB W TIAEITHFZE STV S, L
MLRB B, VRY — LhEERO R Z ERRRBLENDBEF L& RIZE A EH
STV, ERMREHTTOU R Y — LAEEEROFELBET 72012, VR
YV — LEOHEER KO OBBBICE N EE L 725, i L IBEIC X DRI AVl
ARNVADOEBIZVRY —LAOEEBI O EBREFET D (Bernard et al.,
2005; Chakravarthy and Giorgio, 1992), HAMI A L AIZLVFEEIND VR Y —LD
ECH R I THBRIE N R TH 5,
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ARETIE, VAR Y —ALEEZN LT=BKMEETE 5(6)-Carboxyfluorescein (CF) D4
Z 40-55°C THEM SNIZHEAMA NV AEHET CRET LT, VAR Y — LREIRIC L
TERDIEAMEELRESELDICa—r -7 L— NUEEH 2 H L7z, CF #
AVRY—2 (CFL) OEAIT101-323 nm & LT, VR Y —AfEEZ/ L= CF D%
PEZHEABA B L AL THIIT A2 FEEZA LN LTz, 6L, YRY—LT T
AL =B L O AW E 7T LR TICRBIT 57 7 A2 — VR Y — LOFEmEME

IS & AR S N BB E AR OB RET Lz, Ca¥ iz kv VR
V=B DY T AL —AEFET HIDICREIRE, AEMIBEE 2L AT a— LD
BRENDURY—LEHALE,

2—9. EB

2—92—1. B

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) . 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) |3 NOF (Tokyo, Japan) 7>5EEA L7-=, Cholesterol &
Ak v A ZKkFo (CaCly- 2H,0) 1% Wako Pure Chemical Industries (Osaka,
Japan) 7" HHEA L7z, 5(6)-Carboxyfluorescein (CF, Mr = 376.3) |3 Sigma-Aldrich (St
Louis, MO)’»» 8§ A L7, 1,6-Diphenyl-1,3,5-hexatriene (DPH) | Invitrogen (Carlsbad,
(A)ﬂ%%ﬂbtoif@&%iﬁkbth ECHEA L7, KidkE{by A7 A Elix
3UV (Millopore, Billerica, MA) % AV TR BT, Bl 4>, WE L7,

2 — 2 — 2. 5(6)-Carboxyfluorescein (CF) # AU 4~ —2L (CFL) OFf%

POPC (50 mg) (¥Z7 m /LA 4.0 mL (2K - T 100 mL OF AR 7 5 2 2 N CIAfR
L7cth, n—2 ) —= R —F —TREZRE LT, RIZCPOPC &Y =F )Lz —T
U 4.0 mL ICERREL . RIEARE L., Z08EEL 2 F#RVIE L7, 5517 POPC
TR BRI 0 F A BRET D 2 DICHAE RO U 7o, #248 POPC F&1Z 100 mM
CF Z&{r pH 7.4 @ 50 mM Tris-HCl/50 mM NaCl #2 &% 2.0 mL (Tris buffer) (Z L Y /K
L7z, KFntk, H#E (80 °C, 7 min) - @hfE (37 °C. 7 min) ALE (7 VA 7 L) I
L ORI FRNKERZEREL 7 /L (MLVs) 2 SE7-, MLV ZEE~XT 7 V|
T AT, MLV BREE 28 L LZEKEEE LiposoFast-Basic Avestin Inc.  (Ottawa,
Canada) (MacDonald et al., 1991) %f#H L T 50, 100, 200 or 400 nm O EEJHHFLIR A &
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DR Y J—ARA— MEZ 11 BEhEE S0, VARY —LRKEAD CF 4313 Sepharose
4B 717 A (1.0 cm (i.d.) x 20 cm) |2 & > T CFL 8T A 5 438 L 7=, CFL 8E R H o
POPC BE |IfHEEL > CTEE L7 (Takayama et al., 1977), AIZHEE LY R Y — A
ZRR9 5 7212, POPC (50 mol%). POPG (20 mol%). Cholesterol (30 mol%) 35 &
W, POPC (5 mol%). POPG (65 mol%). Cholesterol (30 mol%) DEEIREW NS5
HLIEARE % 2.0 mL @ 50 mM Tris-HCl #&f#i% (pH 8.5) T/AKFI L THEA L 7=,

2—2—3. HAMTEOERK

AR OEEARL (HAWEE ») ICK VAT HHEMNEREYLTZY OHONEA
WrA FLRArCTHDH, BAMA L R 2 UMNEE TR LZENE utExSnT
W5 (1= puy) RS TIRMEIGEZHAET H7DICy 2 AWVTW D, w Xt EO/RK
RIRETENT D, 1TV R Y —LR0BROMEZR 2 O HEITHN TN D,

HAWRIE a2 — - 7 L — MRS EE ST DV-II+Pro (Brookfield Engineering Laboratories
(Middleboro, MA) ) ZfEH L THEAEIE, 23— 7L — MNIRAT UL AHTH
%, =— (Model CPE-40) D ¢ & Z RIZFNEHN 140 x 107 rad & 2.4 cm T
» 5, CFL&EIR (0.5mL) (F=2—2 ey 707 v — MNREOBOZEMIZEA LT,
7 7 OREIIERKZIER S THEI L2, HEHATOAEET 0 705 209
rad/s @%E“C“ﬁ%l # L7z, CFL%BKIIMERa— 2 &7 1L — | F'aﬂ“(“ﬂi“/uliﬁéa”bf:o
EEOER r iZBITDEHREE v (v=or, r<R) \ZKIET r OEBEMOZEIIE r
ﬁﬁéﬂh‘f/@méh@i%bﬂ (h=r0) \ZEL->THESND, ZOXIHIT ’@/ul_ﬁkf‘—
yE o) X, r ICEBRICH LD, BRoTIE y=15x10s' 5605, &Ky
IZBWTHABA R LA 71340 & 55°C TENE 1.1 & 0.83Pa Th D,

2—2—4. CFEHAVRY—2LME5O CF EHEMEORIE

CFL £721% CFL 7 7 A% — ([lipid] = 1.0 mM) Z %% L 7= Tris $EERITIEIEME
(25°C) THHET 25°C T3 h, LRROEFIIBWTE AR L7, WA 1V, © CFL
BREBTR & $EEEET B 2 W 3 7 AREBRE NIC AN (Vo= 0.5 mL (F5EEED). Vo= 1.0
mL GRERE) ), ¥ CFIBEE Cy & B FgRF D CF IREE C.o 2 # I 0 YEHEFT FP-750
(JASCO, Tokyo, Japan) ZHWTHIE L7z, Copld VR Y —2% 40 mM = — /LS b
U UL THEMLTHE L KR E & #OREIZTNL1 490 nm & 517 nm & L7z,
BIEIREIX 25203 °C & L7z, CFA IRV AR Y —2NICERETHAIND Z LIC
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LV BEHENET D, EEORM t 12 CFL &K% 50 uL £BRELL ., Tris fEEHE T 20 %
F72E 100 AR L7, 2Dk, CFIRE CARIE LT, 40 mM O 22—/ Lg% il %
TEEORM t 1B 52 CF IRE Co 2 lIE LTz, ®iREHETIZRIT HKDOEFIC
£ % CFL BB OYRME 2 M IET 272D DIREL f = Crp/Cooy 2 FAWVNT, CFL 725D CF
JRHE Rer % Rep = (FCi— C)(Coop— Co) & LTHEMH L7z, CFIZBT 2IEEFIRED
MENRZIZ, WHEOTOOMEM NI ARY —LNID CF BEZLT DL
(dC/d)VL = Pcpa (Cin — C)Vs EFLIR T X B, Pepld CF OEFERFE AR L, a 13V 7 A
2 =L L TWRWY R Y —LDHRERE(a=6/Dp) Th D, VLBLO VslTiEARKER &
QU R Y — LNE DK DMRIEIEZ R T (Vs < V) U AR Y — LJEH DR ER
IEKFLITVARY — DR FEDIDPRDV/NIVEDICERTH I ENTED
(Sherwood number Sh =2) (Chakravarthy and Giorgio, 1992), Ci, (L Co(VL+ Vs) =
CVL+CulVs E LT G EMETE D, LER-> T, EEEOWEINE L kOBEHRNIE
541 % (Yoshimoto et al., 2007),

—ln(l—RCF)=PCF at (1)
2—2—5. a—rt7L— h~OIFEDOWEDOHE

[E R Hm~0 CFL O 3% % E& L7-, CFL %#&{K (0.5 mL) [Z¥HIEEIZE Cpy T
FEEFHZIE A L7, 1hfk, CFLEREBR A~ 7 Xy MZX VR L CIEERE
Cpy ZWE LTz, BEEERRA~DOIEEDORER A IIEE OMEINITESNT AL =1~f
(Cp/Cpp) LVEH L, 7'U— MAERmEICWE LIZEEZEIT 572012, FL—
R % 243 f#1 400 pL O Tris FEEHR CTHeid L 7o, 15 DAV AR EIRBIR I DWW T R (T
SR LIEERELY ZNENAE LT,

2—2—6. UVRY—LORFESHE LN EBIMOBIE

URY = LOYER AL Dp ERLFEDMITKREEF (Osaka, Japan) OH|ELEE
ELSZ-2 plus % ] L CEIROELELEE (DLS) (2L WE Lz, HEEE TSRS LT
160° D—EMAFEIZIIT D 660 nm O EDOHEK L —HF —Z2H W TW\W5, CFL ORif
PRO3AR X Marquardt 7 /L3 U X A% W CHE72, CFL OHERUREL & 20 8iiE$k P1 I,
X2 T2 MENTZHAWTHRE LT, DpfEIEX, EHTE 1.33 2V T, Einstein-Stokes
RICESZTHELLE, VAY—L2D(EMIT 15 O—TEAECTETMESREFEHRHLTL
— W= Ky 77 —kIZ X #IE L7, Smoluchowski Zid ( BALME A FHE T 572000
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ML, VARY—24 ([lipid]=1.00r 0.5 mM) & Ca* DIEEZDOHEIEIL. R FlnikRe
(ZET HIEE 20 min 1297 - 72, HIEIL 25+ 03°C 2B WT 3 mL DEEE HOFHE
BN TITHoTz, v~ 7 v /VTIRERENMGBEOY 7V ERIET 572 OI2EH
L7ce URY — NBRBIR 2 AR T 5 72 DI A L7z Tris $REHRIL 0.22 pm OFAFLE %
H3 5 (Milex PVDF, Millipore, Billerica, MA) %@ L CEi# L7-, £ COHEIEIL3 E
1T-72,

2—2—7. BEATE

VR Y — NEEER O E T T 572012, VR Y — A% I S W7z Tris R ER O
I & 500 nm (2351 D (ODsoo) IR L7225 25 = 03 °C THIE L7z, BIEIX
Peltier il FE fll L & & 20 L 72 43 Y6 R EEET V-550 (Jasco, Tokyo, Japan) % FVWNTiT- 72,
ETOHEIEIZ3.0mL OV T IARFET 1.0 cm OHRBEREEZAT D A5/ HIZBNT
1Tole, UVARY =L OEEEAOHMEZRFTT 272912, CaCLIER (1.0 M) %
40~80 mM O #iPH T 20 min B ICEBEMICHIINL T, VAR Y — LB EIK
(llipid] = 1.0 mM) @ Ca* EBEZELSET, S5I2, URY —LBBEKD 1/2 (5
(1.5 mL) % Tris fEMEE & 2o L CAEEBE 0.5 mM | Ca”' JBFE 40mM & L7,

2—9—8. URY—ADOEFRENWEDR|IE

U R Y — LREHIHEZ9A A 72 DPH O FE & s CROCEE P IEAEE o0 [BIfREE) |2 B L
72U R Y — L OREFEEME (Blatt and Vaz, 1986) Z 342 7202k D X 5 IHEIE LT,
URY —LBERE T AFIVARNLVLT I K (DMF) [ZIAf#L7- DPH #R& L CHRE
BE (0.5 mM) & DPHIRE (2.0 uM) OIREK E Lic, U AR Y —AE~DPH 433
B3 2 £ T, BT CISh#E L7, IRAWETO DMFIREIL 04 vv% TH D120,
IEAFMEIZ X IE T DMF OB TER TE 5, IRIC, bk - o RoeT & 2506 L 7280ty
FSEEET (FP750, Jasco, Japan) CTEOGRIEABIE L7z, B, #EERITEZNEN,
360 & 430nm TH 5, EFTLDOVYRY —A-DPHIEAKZEERE TR LT, FiTH
JETREE [ & EEOLIRE 1, ZWE Lz, F— OB EATREIC L VB LT, AT
IR i & MEELEE i ZWE L, P = (I, - GL)/(;+ Gl,) & LTPEEHR
ELT, 2 CHREMREGIEG =i /ijk LTEH L7, PIEOWHE ERENINEOFRIE
L35,
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2—2—9. URY—ALT T AN —DOEGHNT

TN 200 VR Y —LOEREdOBOMEERIZT 7 o 7 VT — VR ) L #EE
FIFAEAVER B L OUKFIfE AEVER % & T & 1E S 7172 Derjaguin-Laudau-Verwey-Overbeek
(DLVO) Ha4 VT L7z, 3.7 nm OFEE [ (Dorovska-Taran ef al., 1996) & ¥4£%
97nm) 26D 2 DDYRY—LDFINTHDLT 7 T/ T — /L2 V(dIFKRAT
F XD (Tadmor, 2001):

d+21 d+1 d

AR{ 1 2 1}_£1nd(d+21) o)

Vi (d)=—"*

v () 12 6 (d+1)*
Z 2T A%, Hamaker 3T 2.5 X 102" J & L7= (Sabin et al., 2007), &R V(d)

TR TEHE 2 5415 (Zhang et al., 2007):

Vi(d)=2neRy/ In [1 + exp (—kd)] (3)

T2 CelTMxHEE T=2982 KIZK IS 2 /KOFER wITRIE SN (BN EZRT,
K I ZT A BEOWEEFE L k= [2Nale’p/(chksgT)]? LEHETE 5, T2 T, NalZT7TRA
Ref, kg lZRNAVY < VR, e IXBTOEM. po FEAROEETH D, 11T A
BREE (=(1/2)X(miz) £ L. m (TEVBE, z ZEMTH D, DLVO BT ¥ vib
V(@i Vp(d)=Vu(d)+V(d) & LTHEGND, BT, KFFNRT v/ Vi(d)
t, % & L 7= (Molina-Bolivar et al., 1997),

Vi(d) = TRN,C,CA%exp (—d/)) 4)

Eq. (4) ([ZBWT, Gy & Cl3RFIEL L HEBE 4R T, NAGEIX 2.5 x 10° J/mol %

AL, AI3EERE S 1=0.26nm TH 2 (Sabin et al., 2007; Inoue et al., 1992), #R

T 2w L V() Vi(d) = Vi(d) + Ve(d) + Vi(d) DX D IZ B3 ODRT v L Dfn
ELTRAEIND,

2— 3. EREVELE

2—3—1. CFL ¢ a—> -7 L — MEFEEMOMHEEEH
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a— -7 L— MBEEHRNICB W T AT U AHFEREIT CFL BBiRioxt L TR
IREREAE A AT 5, CFL (XA E 2T VAR E O T DEELZITTWD,
CFL & A7 v VAR EH OB ANERZR 272012, Frik L7ICAEEZNIZIB W T
CFL %% & 40-55 °C T 1 h# 1 L C CFL OJsEWEE (4) & CFL 75D CF iR
HR Rep ZI7E L7=, CFL OWIH Dpld 117 nm THEAE TH - 72 (PI=0.087), AL fH
IRIEE R & L BTN L T 55 °C IRV THR K AL 0.31 #4587~ (Figure 2-1), X T
I3, RopfEIFIEEICE LIEFELTEY, 55°C TRer=0.79 L7257, 25°C DV &
DKEMZDZEIZE>TT L — FREICWE LTZIEE 2 HEE L, FENE CFL &
BWRAFEI LTz, 2O XD IZELNTAEEREBERKIZOWT DLS HIEZ To72, 2D
BIEILFEWE CFL, BB EREIRILICHETANT 2 Z L {iToT, Bbhi
& g% Figure 2-2 |27, BB IV FEIXEWEZ0EdEE (P1=0.247) 2R L,
KREREBER Gum <) ZEALTVDL I EIRENTZ, FERE LT, ZOIFEERER
XKML D CFL L HEi L CE L B DR F B E /R LT-, REFE CFL OEHE
DY — 7 ORLTRITARMEE CFL LR TENIRE SR> TV D, AT L A
(2%t % CFL Wefiisg OIRFEERTEVEIC O W TEIEEMICFT T 2 L BN H 5728, CFL &
DOIEEDRREEITIRAEIZ L > TELDFREEREWEE 2 ND, AT U L AT Y &

EEAEL) Vb SNT-FHRILEMEMEERTHZ LML TS (Tuytten
etal.,2006), A7 L ALY VIREOHEAEERIL, IBESFO U CERE & BUKMET
IO T NS5, £72, MR A= RNIRATH L2, U UEEIREE
IRTFHICEE E B AR REERT 5 2 ERHESNTWD (Wang et al., 2003), AHFIED
fERIL, ®IRSEMH T CHE SN DIEEREEDZEIZL Y . POPC 3 FOT v VEH &
BKYED AT v A g & OBUKMEME BAERMEE ST, IROEEREIC S0
HTEERLTND, BRELEIBEAHBETL2Z LT, @WEoBELE RERELE
BNz ETekk 2 I A XD VR Y — AR SN D, CFL O%FEIZL Y CF DR
DERICEZ D ERET D L. KWFE CFL 726D CFIRMHZE (Rep) 2% Repp = Rer- AL
IZE > THLND, 40, 55 °C 28BS D Repp % Table 2-1 1”37, REBE CRE L
Repp S HERDTZ0OIZRT, 40 °C T, AL fEIZ=— -7 L — FRRICTE N T 0.092
(Figure 2-1) &{&< . Repp fEITFREBRENICBIT DME (Table 2-1) &1ZIEF—EH L T3,
—J7, 55°C (4L=0.31) Tix, RBRENICHEITa—r 7L —FRIZBWTELL K
X7 Repp ENELN TV D, ERROERIL, MESRETOa—2 -7 L— MEERN
OFIEE TIL, RWHE CFL OFEMEN AT L ZAHFRE NSO RE R B L2Z T 5 2 &
ERLTWD,
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Table 2-1 The Rcpp values in the static liquid systems of cone-and-plate and test tube

geometry.

Rcrp(=Rcr—Ar) / -

Temperature / °C

Cone-and-plate” Test tube”
40 0.061 +£0.033 0.082 +£0.012
55 0.49+0.12 0.26 £0.01

“The values were calculated with the Rcr and A4y values shown in Figure 2-1.

"Practically no adsorption of CFL was observed in the test tube geometry (4 = 0).
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< 061 /
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Figure 2-1 Fractional amounts of CF R¢p released from CFL and lipids 4; adsorbed to
the surface of cone-and-plate, as a function of temperature obtained in the static liquid
system (y = 0) of non-rotating viscometer. Values are mean + S.D. of three

independent experiments.
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Figure 2-2 Representative size distribution of non-adsorbed CFL recovered from the
viscometer and lipids adsorbed to the surface of cone-and-plate followed by being
resuspended in the Tris buffer solution. The CFL was suspended at 55 °C in the
non-rotating viscometer for 3600 s. The result for the CFL with neither shearing nor

heat treatment (intact CFL) is also shown.

2—3—2. a—r-7L— MNBEHNIZBIT DRIEE AW A LA LER KL R
DU

MAEEAMA LA IE R — 2 L FRET L — NORICHAET H, HAMA R LA
1% 40-55 °C C CFL B@RICAR Lz, "7 M, EFREOTAMEE (=15
X 10’ IZBWT 1hlEESNT-, EEDOIREIZBNT, MIEOHH D 5 min iy
BN 70 7T MK > TEBANIEIMNT 572D E L7 (Figure 2-3, inset), 5~
60 min (235 CEIRMER Tl M BT A BB ORI & IR FIZED LT 5D,
IKDOZEFEDEEN T T A b L R RITTHEL LUT OFRIZHENT L7z, AREEEH T,
KOZFEFENERTE LN BITHEAMA B LR g (T2 — 2 (r=24cm) O
LERRLVELND,
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M
— max 5
Y ©)

BARE TOHRK R VY My 12 Figure 2-3 22 51572, 55 3L77 thax fE % Figure 2-4 (2
RY, —H., KOZRFEBRE £1T CFL BEHE D 1 h 1231 5 CF # OB bz HED Z Pk
TE LT fEIX 40 °CIlZEIT 5 0.846 7255 55 °C IR 5 0.655 ~ R~ 2 LTEBY .,
WIHEARAE Vo (= 0.5 mL) @ CFL BR¥E Tl 34.5 %728 55 °C THEFE L TWDH Z L2
Do AEBD FIZBI DA 5 a— L #oEE r (2 R) TR Ev EZ2BH
R

BEED A
‘%7%7% ©6)

QlZa—DAE (0=140 X 10%rad) T LT vida—r &7 L— FLOMOMR
Bt 133 um 2B E L2 OEHES R (v~ 0.06) THD, = ORERITHRIEMIERE 7V, T
RO rfiza522% 2 LIZESNTNDS, FIZIE f750.655 D& & rfElL2.19 cm (T
720, A= (R=24cm) LV/NSL< Db, EoT, a—r 7L — MO
CFL BB Tl /= STV 2W, 1 h OEFERIEREO & = f/MEAMA ML R 14
IR THE 2L,

L )
A=V f

T 2T\ Mpyin 1% 1 h (Figure 2-3) THIE L7zf/N bV 27 2R LTV 5, Egs. (5) &(7)
PORTE SIVD Tmax & Tmin X TR TELEZ U7 (Figure 2-4)0  Toin MBI tmax JEIC B < 3T
Hleind, - T, MIBICBWTKOEBENEL THIZIE—EDOT AW A b L AN
CFL BRI AR SET 5 Z &b s, #IH 5 min 12351 5 RepfEIXHAM T T
0.050, F#1:i% T 0.040 (y=0at40°C) ThH-o7=Z &b, CFIRHFITHH 5 min O
ZEIRIRAE (Figure 2-3, inset) (CBWTCIRIFER TE 52 L 2R LT,
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Figure 2-3 Representative time courses of torque M measured for CFL suspensions at
40, 45, 50 and 55 °C. Inset shows the programmed time course of shear rate at any

temperatures.
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Figure 2-4 Correction factor f'as a function of temperature. Values of shear stresses
Tmax and Tmin, Which are calculated with Egs. (1) and (3), respectively are also shown

as a function of temperature. Values are mean + S.D. of six independent experiments.
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2 — 3 — 3. CFLEOFZBBEBMEIZRT HIRIEE AW A b L A D2

a—r - 7L— MEEEEHT CFL BBIRICxT L TR & eEfiimfga 52 5, CFL 1%
AT v VA OBERERE & A OH T ORETIZEN D, IEOE ABHERE yD%)
RIX. 55 °CITRBWTHEE DWW AL & CFL 2> 6 @ CFRHH Repl2 3D  #F+ L 72, Figure

SICHERZTRT, AL & RepfHEIZ 1 h O@EREAYE AWHLER 72 72 HIZHIE LTz, ff
A U7= CFL ®#J# Dp % 101 nm T > 7z, Figure 2-5 7> & AWEE O _EF I 41
MEIZHH & 202 LT, =38 x 10 sTICBWTHR/IND ReplEZRT 2 L RN 5,
CFL JROFEBMEITRETEAMA LA a—r T L— N EOMEERDOERZIRIC
IVREESND, —FRE TCORERIZBN L, EFRED 2 DOR T ORI 72 EE
PRI AWHEEE ITIRIE L CEILT 5, BRy=15%x10°s" {2V T, FiHE~D CFL &
DO EMNH ST Lz (Figure 2-5), Z D Z LidE AW A kL 27 CFL D F ik
MEHIET L EE2RLTWND, —F, y=0 kST 28 LEFR Tl 4 i 0.31
Elpote, ik, a—r - 7L— bhE & CFL OMAEERANEEE 2 AL ELT D
ZEERLTWD, iR SN Repp B2 AUWTE }J—@Fa'éﬁ%(k L C Figure 2-5 Off AX]
(R T, BELLRER Reps B (0.92) 23y=1.5x 10° s 2B T 5 AW A b L 254k
TTELNZ, ZNLOMBRITEARA L AN CFL OEEBICHEET S 2 &%
fEIZR LTV %, CFL O & Fe/NRIZHNH T & 2 &KW A B EEIT 30T 40-55 °C
\ZBITD AL & Rep ZE L7- (Figure 2-6), = Z Cff L 7= CFL IZ Figure 2-1 |Z7R
L7ebD LD ENIKREV Dp=117 nm % &2, Rep fBIZH 5 2R EEITRAT L CHEN
L7z, 55°C (28D RepfBEIZ 40 °CIZBIF DX D 42 fFRE WV, Zh b DfERIT
CFL ROFIEMEIT R 2 VB E OB LEIRFIFE EHE IR D2 2R LT
WD, 40 °CIZBWNWT, a3—r « FL— MEEEFITNTRAEIETEAM A M L A5,
TVZ CFL %8 L C Rep TEORREFEL 2 HE L7 (Figure 2-7), KIZBW T, #IEHK
R THELE CF IRHORRERE Z B O 7= DITR Lz, Pop fEITEAWTRSEM T T
0.74 pm/s T - 7= (Figure 2-3, inset), AERE (FFILIK) TIE S HIT/NE720.13 pm/s
D Pcp MG BT,

2—3—4. EAWH O CFL EDOZ EMH:
AW A bV ASHETIZKIT S CFL EOWB R ZEEE T D012, AW

P RRE % OFEW S CFL 12O\ T DLS HIE A 1T > 7= (Figure 2-8), #I#1 LW LT
EEZHEE L7 CFLIZOW T REREDBIE 21T > 72, FEWAE CFL ORFE oA

22



1.0 4 CF L

. L
0.8 - \+/§/

] 0.0
02 0 500 1000 1500
5 % Shearratey/s”
_ \D

0.0 1

v 1 I I
0 500 1000 1500

Shearrate y/s”

Figure 2-5 The A; and Rcr values as a function of shear rate at 55 °C. Values are
mean = S.D. of three independent experiments. Inset shows the Rcrp (= Rcr — AL)

value as a function of shear rate.
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Figure 2-6 The A and Rcp values as a function of temperature obtained under the
shear stress (y = 1.5 % 10° s). Values are mean + S.D. of three independent

experiments.
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Figure 2-7 Time courses of Rcr for the CFL suspended at 40 °C in the shear flow at y
= 1.5 x 10° s™" (closed squares) and in the static liquid system of test tube geometry
(empty squares). Values are mean + S.D. of two or three independent experiments.
Inset shows the plot of — In (1 — Rcp) as a function of time for the determination of

permeability coefficient Pcp.

@%@(TL@”%ﬂﬁﬁf—ﬁbfW%s LV, CFL EIZE AW A b L AETRTSE
BT THLLREICHREINTNDE Z ENbnd, I5I2, VKR Y —LBRIBIROKY DR
FHIZXY —téh59$y~AW%@&LF®TW@i)T/ LDV A XTIF &
N EERBNIRNZ Enbnd, EANMEF O CFL ORI FREoMEs BEEBIET 52
ENTBIERARETH DA, #&%cmL®m%%A—iﬂﬁT%5&%26M5
. FREIEE T 2 DO TRE— 7 RA LIV, ot E R L7 (Figure 2-8),
ﬁhmmﬂiéU$V~A@%%@W¢ﬁthFVX&)$/~A%ﬁW@%ﬁ
BRIID 2 ODOFEET HA RV AFIZHIGT 5F v 7 U —4# C, ISV TEHET
% Z &N TE D (Bemard et al., 2005), C,EITRAUZ L > TH LD,
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o D)2y ()

ZTon L kTENTI, BWHRASE L IREREOITRIEAZR L TS, « EE 30
x 1020 JERETHE C3%&50x 107 T LHEET A Z LA TE S (Kaoui er al., 2009),
C,B 1 XD IEDMNT/INENWD T, FEWLZE CFL 1E, Figure 2-8 (IR THER L B )
BENNCHEAMTHDOF TIEEAEE LW ERRBINA,

NEE IR OREER BT & BAtR T 5 W BRAYRrME IR O i3 il 14 1T US 7 TN
T EMHBILTWD (Xiang and Anderson, 1997), Gudi et al. (1998) | iY/’ﬁ%ﬁ'ﬁiﬁ E DA
BREDOWUNRENREEAM A P L AICL VBT A2 L2 RELZ, LEEB-> T,
MRS T D IEE ZERE O R e EEZ{k2s CFL OEE &G 35 2
ERIB X415, Chakravarthy and Giorgio (1992) X /L3 U AA A2 DY R Y — LK
FEEa— - FL— MESEERAN (y=27-2700 s OFAMT R F L RICKVRESH
HTEERE LT, KMROERITZIIONT T LA F D TN RENV ST E
(M, =376) & b2 CF pFE AWM ClRERZZET 52 & 2 EIE LT,

2—3—5. BAWIRHICEIT D IEEFRIEICRITT CFL oA XD

CFL 7»5® CF OIRHZEENIIXIT T DpEDOE AT LTz, RepMEIZHIH Dp DR
¥ L LT Figure2-9 (2712 v b L7z, HAMRITRREABHEE (y=1.5X 10’s") T
FAESHT T2 DREF~OIEE OWAE TR TX 5, CFL @ DpfEA 200 nm LA T Tl
DpfEDENNT & & 720 CFL O LR as (= 6/Dp) 73BT 2728 RepfEIXIRA T 5,
323 nm @ Dp % > CFL I Dp<200 nm @ CFL & H7¢ A {H[H % /~d, CFL O F+£255
ilL 55°C, 1 h OFAWIRERERZ IZEF LR THIE L2 (Figures 2-10), 189 nm D F]
B Dp % %> CFL BB TlE, EAWIRIZ X DR FEDMOEMNEL < /hEan
(Figure 2-10A), —75, 323 nm O#H Dp % H-> CFLZTIL 187nm & 1.9 um @ 2 S D
KIFRYE— 7 iR TE . 58 CH 5 (Figure 2-10B), 55 °C THAWIREER. X
DRERDIAOE— 7 DHEBL T, B—D7 0 — RRIEFHROE— 7 NHERTE 5,
CORERITKRE 72 A XD CFL EITH AR A b L 2 AMSEME T Tl n2na
LERL TS, 2072 323 nm D DpfEZ &> CFL 8 HBHIR & 72 Rep lEZ R
D EFEx 55 (Figure 2-9),
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Figure 2-8 Representative size distribution of non-adsorbed CFL recovered from the
viscometer and lipids adsorbed to the surface of cone-and-plate followed by being
resuspended in the Tris buffer solution. The CFL suspension was sheared at y= 1.5 x
10° s for 1 h at 55 °C. The result for the intact CFL without shear treatment is also

shown.
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Figure 2-9 Effects of initial mean diameter Dp of CFL and temperature on the Rcp

value at the fixed yvalue of 1.5 x 10° s™.
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Figure 2-10 Representative size distribution of CFL with the initial Dp values of 189

nm (A) and 323 nm (B) with and without applying fluid shear stress (y= 1.5 x 10° s,

55 °C).
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2—3—6. CNIIHFREINDLAER Y R Y —LDOEELM

Figure 2-11A |ZfE % @ Ca® EESAET ., 25 °C I231F % POPC/POPG/Cholesterol (&
IV 5:2:3) U AR Y — ARREBIR OB E OREERT, URY — 20N Dy & PLIZ
FAZFEN1930m & 0.14 Tho7-, [Ca¥'] =40, 60 mM [ZI\WTHEE RS ZBIIHIM L
T3, —J5, [Ca®'] =80 mM (KT BIBEZELIZ/N &, Figure 2-11B 12V R Y — A
DEFEFIE DRI TR KIET Ca™ REDFEL R, [Ca®' =40 mM ([ZHW T,
115 um OB — 7 IR E REEERDFEE TE | [Ca® =60 mM TiE & 0 /NS 78R
PR TE 5, [Ca™] =40 mM ICBWCHEE L2V AR Y — L ORF4&1F 1.0 um X
KEL, BELTOZRWI R Y —ADOFHRI 4 (193nm) LV H S EEERE,
SHFAAIIZ 80 mM @ Ca™ TIZEEERNTER STV, Zh 6O RITBERE &
B —8T2%, URY—L0 BMICKHT D Ca® IBEDFEE Figure 2-12 [TR T,
URY = NIEPFE LR NG ES, AER (648 234mV) 6D, UAKRY—L0D
BT ORERZ[Ca”] = 30~40 mM ICBWTAL S, T Ca BEHMICBWT, VR
V—=LIIBINART v v EN L TERET D, mn FERERB LIV, fiE U R Y —L4
WIAB AR & BN % (Sennato et al., 2005; Zuzzi et al., 2008), [Ca®']>40 mM (2
BT, CaIBEDBNICHEN BN EF U TENMC) R Y — AEmNEICHEET
%, Szekely et al. (2011) L. MVEA A4 Phosphatidylcholines (PCs) & Ca® i DO FEAAE
X PCs OB /KSEO RIS B L ST 5 2 L 2HE Lic, 15613851 POPC 26
FRENDEBV /Sy 0 ZREED NSBB8\ CEERES) 45 POPC & Ca® HOFE A
TZ RNV F—BNIARFTHLZ E2WE LT, —FH., NyFX U TEEOEWIEEZ K
T 5N PCs (Z[EHET > h o B =2V NS W2 DIZ Ca™' & OFAE/EA N T 3L X —H)
WCEAE D, IBERICE M It/ DPH OEFHE XML P OFEIZHE SN T
POPC/POPG/Cholesterol f&IZ 31T 2 AEE DRl EER) A HEE L7, #5534 Figure 2-13 |2
Y, 25°C I2B W T EFED PHEITLARTICHE 7z POPC 75 72 5 (Yoshimoto e
al., 2007) XV H/hSWZ ERNRH I, T Cholesterol (2 X 2 EMERIE & & 2
b5 (Isaev et al., 2010; Wydro et al., 2011), L7=28-> T, Ca* 1% POPC DHDFE L 1
t Z2NZRAYIZ POPC/POPG/Cholesterol FRICE T 5 Z L3 TE %, Mao ef al. (2013) 1%
Ca”" % POPG EH DT ICHREICHERTHZ ENTED LB L, LIz > T, Ca™
& ODHEANEMIL POPC & POPG 73T D HIZFEEE S5 FIREMED B 5, AWFFEDRE R
X Ca TV R Y — L ORMEMCEET S Z LA LT 5, POPC & Ca™ Tl OFEEVEM
TEV CaBE TSN Y K Y — AREEMOEES (Figure 2-12) OFRATH 5,
Figure 2-13 (2B W T PHENRE O E & HIIFITHEFTHEML T VR Y — 4
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Figure 2-11 (A) Time courses of turbidity of the Tris buffer solutions (3.0 mL)
suspending liposomes composed of POPC, POPG and cholesterol (5:2:3 in molar
ratio) at the Ca®" concentrations of 40, 60 and 80 mM. All measurements were
performed at 25° C at the lipid concentration of 1.0 mM. (B) Size distribution of
liposomes without salt and that at the Ca®" concentrations of 40, 60 and 80 mM. The

measurements were performed at 20 min after the addition of Ca*" to the liposome
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Figure 2-12 Effect of the Ca®" concentration on (-potential of liposomes at the lipid
concentration of 1.0 mM. Data are mean of 3—6 measurements. Errors represent

standard deviation. When not indicated errors are smaller than symbols.
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Figure 2-13 Reciprocal of steady-state fluorescence polarization P of DPH embedded
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symbol.
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JEDOFEERRE DS 10~50 °C DIREELTHLINRNZ 3D 5, POPC EDOHERR IR
JE13-2.5 °C (Koynova and Caffrey, 1998), POPG (%—5 °C (Borle and Seelig, 1985) Th 5,
LAk 2 W POPC/POPG/Cholesterol f=iZ 25 °C IZBWTHREEFH TH A Z L 2 LTV A,

2—3—7. CNTHFEHEIND URY — LEEEROHEE oKk

Ca TR END U AR Y — LNEEERO#EE EORMAZRFT 57-HIc, CREIC
RAF LI2 U AR Y — A —Ca” R A VB O F itk 2 58 27=, Figure 2-14 O LX) K Y
— LRRIBIR DB E ORI EL 2T, VR Y — L DOWIEPR 291 % Figure 2-14A 12
R, EIRE D Ca® VRIRIZ[Ca® 1 =40 mM & 957212 20 min TV &K Y — LBREIRIC
WML (REDD), VAR Y —LEEEROTKIT EX B TREN 5 REICHETE L2k +
BT HESXHERT H 2 LN TX S (Figure 2-14B), # D%, [Ca¥'1=80mM |22 %
£ 9\ CaP VR 2 IR L7 (REN2), BINE N7 CaCLIE O BT D Y
Y — LERBIR D 4 vIv% T D T2 ITIEEIREIZEERIZ A, B, C TRIN DRI
1.0 mM (ZfR7ZZI TV D, C TRINDHHETH LD EE N SBIZHED LR oRL
FESHIZY R Y —LNF B L2 £ &Z R LTWD (Figure 2-14C), Figure 2-14C [T
BUWTA433 nm O/NSBRRFREL O a— R fit—7 BNA L5, REEED
KIFBAHMNORTESNDLEEY R —LDEEIL 64+49 % Toh-7=, Figure 2-14
OERO C TEHESNBEITEOINCEELZY RNy — L0 bAE UL RERND
%,80 mM O Ca* IZBI) 550 & — 2 (Figure 2-14C) IXEDFEET L L THETA
(27 F LTV (Figure 2-14A), ZHE, ViR Y — LN DRBEIEDO R LD
LD TH D (Sabin et al., 2006), V RV — LE~D Ca>' A F 2 DREITIEE D4y FiES)
ZHIfR9 % (Szekely et al., 2011), ZAUZ LV BRESNTZAKSFEZIN L THRED Sy *
T HRMERK IS (Blatt and Vaz, 1986), iU HI1EE 72V K Y — LAORFEOHD %5l
TEZT, VARY—L2BEBEE 0.5 mM OIFERE &3 572D 2 & £ 7 WIEEK
T2 fFIZHR LT2(RED 3), % LWAIRIZ S 23020 b T IREIR OB EE DN B LT
WV D TR SN REICHS DAV R 53 1 % Figure 2-14D (2789, 2 Z Tl Figure
2-14B IR LI L B<EEIL TV D, T7bb, UARY —LAOREL CREY
80mM 75 40 mM N SE DT LI KV EERET L b ol

VR Y — A OBEEEENCRIETIEEREOHELA LI TH2DIC, VRV —A
DRLTRA & LB FEA D Ca® IBESMT 0.5 mM OFEREICB W THIE LT,
Figure 2-15 ([ b N -6 RE2R"T, VAR Y —LEEKR (7 7 AX—{LVRY—2L1) O
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Figure 2-14 Time course of turbidity of the Tris buffer solution (3.0 mL) suspending
POPC/POPG/cholesterol liposomes at 25 °C at the lipid concentration of 1.0 mM.
CaCl, solutions ([CaCl,] = 1.0 M) were stepwisely added to the suspension to give the
final Ca®" concentrations of 40 mM at the arrow 1 and 80 mM at the arrow 2. Then,
the suspension was diluted two times with a salt-free Tris buffer solution at the arrow 3.
Panels A, B, C and D show the size distribution of liposomes measured at the time

indicated in the top panel as A, B, C and D, respectively.



TERDFERE L 72 % PL{E (Sabin ef al., 2007) 1%, [Ca’'1=20~40 mM THIRK L T\ 5,
U AR Y — LD ¢ BAL (Figure 2-15, inset) L0 UK Y — AR OEEBER I IE[Ca®'] =
3040 MM IZBWTIR T35 2 & 2T, Lo T, URY —LDOREITIEERE
0.5mM &[Ca’1=40mM THEZ ¥ . Figure 2-14 D D OEAEITKIIE L TV 5D, WEED
TR AL (Figure 2-14, top panel) LV, UK Y —LADEE, HOBT 0t AR HEIZ
HETWBHZENbND,

FRUVRY —20EE, BHH 7o 2B AEEEDLZENEEZ ) R Y —MlE
A LTz CF ¥ OIRHHEMEICESEMET L7z (Figure 2-16), Ca™' BEZHIH+ 5729
DALER T H(FFN 1~3)13 Figure 2-14 DFE L F—Th 5, Ca” BEIKIFET S CFL &
IR DWW R L ORI TR 54 D ZAVIL Figure 2-14 & L <L T\ iz (T — X EH),
Figure 2-16 HDORHI 4 TIIWNE DO CF A ZRET H72DI240mM O a2 —/LEEF R Y
T ALEMATYRY —LEEZZRIEESTHZ LICXY CF o2 RARICHRH Lz,
CF OIRHHE Rep (IIEEBREOBELE 7213V R Y — L OREORE 2 XM 5, Figure
2-16 IR T L DT, REI1 ~3 DR, BT 7B RIZEWT CF OFERIFLHIX
ARV, ZHOOBENLY R Y —A R 40mM Ca” DILFET T I AZ—2FR LT
WHZLEEFEIELTVD, EHIC, HIUVRY —LOEEEN 7 7 2 X —DEFIBEBRIC
BOTH#EFEEINTWAZ EEHALMNI LA,
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Figure 2-15 Polydispersity index PI and {-potential (inset) of liposomes composed of
POPC, POPG and cholesterol (5:2:3 in molar ratio) as a function of the Ca*’
concentration. The total lipid concentration was fixed at 0.5 mM. Errors represent

standard deviation. When not indicated errors are smaller than symbols.
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Figure 2-16 Time course of fractional release of CF Rcr from CFL. At the arrows 1, 2
and 3, the same treatments were performed as these shown in the top panel of Figure
2-14. At the arrow 4, liposome membranes were completely solubilized with 40 mM

sodium cholate.

U R Y — AR EAERICE T % S 0 POPC & POPG D& H RO EE L Ca DIELE
TTHELE, ALY AR Y—A1F 5 mol% POPC, 65 mol% POPG, 30 mol%
Cholesterol BRSNS, URY —AORFRESHEICKIFTT CalBEOREL
Figure 2-17A 2779, 50 mol% POPC & 20 mol% POPG 7> 5L =415 POPC & A =
DRENY R Y — L LIPS, S22 [Ca*] = 5.0 mM B X OFHLLED Ca?'
BETHYRY —LTEBEREZKT 5 (Figure 2-11B), Figure 2-17B [X VU R Y — LD
CBALE CBEICKT D VAR Y — LEHEROEIA Y (Figure 2-17B, inset) # 7R3,
POPG G HENRE VWY R Y —AZ[Ca® =10 mM ICB W CEENERTE S, 20
Ba, URY —LNFTAICHEELTWD ({EAM-204 = 1.0mV), VARY—LKED &
ALIE[Ca*'] = 80~100 mM ICBW T HBRDEEThoT-, I b DOFERITABER POPG
& Ca¥ DBROFEAEMEAN Y R Y — AOUEFRERICEET 22 L E2RLTVD, Lk
L0 UVRY —LAOBERERIZI T 2RO L O 2 A{EA X POPC & POPG O
G BITHEAE L TV 5, POPC/POPG/Cholesterol (E/LEE 5:2:3) U 7R Y — A Tl POPG
I3 Ca¥" LB FEATH —F T, POPC LT3 < ABAMEHT 5, A POPC A —E&FF
ETHZLITI TAZ LY RY — AOMRK ZER T D 70 DICEEREMHT
bHoZ Enmani,
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Figure 2-17 (A) Size distribution of POPG-rich liposomes composed of POPC, POPG
and cholesterol (5:65:30 in molar ratio) at the Ca*” concentrations of 0, 5, 40 and
300 mM. (B) { -potential of liposomes and fractional amount of liposomes
aggregated (inset) as a function of the Ca®" concentration. When not indicated errors

are smaller than symbols. The lipid concentration was fixed at 1.0 mM in both figures.
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2—3—=8. BEAMAMLRIZHEEINDZ 7 AX—{LU KR Y —LDOFEFEEEDHE K

Figure 2-18A (325 °C 28T 57 7 A Z—{L L T2\ CF £ AU 2" Y —2A (CFL)
D Rer DREFFEAL % RT, BIEBRIZEBWT, 3 h OBEICLVELLS /NS R fE
(0.015) WHELNTZZ L6, CF Ao FITAREREICR L TENCHZEEZ =T 2 &30
22%, CFIRMEE X — 7 b — MUEEFH CAER I 2T AR A b V2 AaREM:
TTHOLNIERL TS, AEHETICBWT, a—2r 7L — FDAT v L AHE
H~OIEEROWAEIIEE TE 5, Bq. ()OI T 1y MIESWTHRE L2 PorfE
1% Pcp=0.356 = 0.017 pm/s (8§ AKX Figure 18A) T 7z, Figure 2-19A (27" X 9 IZ
CFL ORI 2B L ORI RO MITEARA NV ADOBARICEVIZEA EREL
ZF7enote, LIl T, URY —LAOFEMET AT 7 WAHEEDOFRENE Z 53712
FEEIED RE O ZEIZ L > THFEIND, FRROBIGIINA Y 77 Z—HNOH
ABTTRICRRE L7 U AR Y — A2 OV THRE LTV 5 (Yoshimoto ef al., 2010), — 75T,
40 mM Ca*|ZFEfE &N D 7 T A X —{b VU 7RV — 2 (Figure 2-18 B) (28 TI% CF OJF
HAEF LR RICB W TERICAEEIND, VAY —LORKREEN TV T A X — DAL
WCEVBDTHEDEEZLND, VRV —LERD Y BRI ~D Ca> DR &IN5
BOREEE 2R L CRERO Ny X 7 E2EMIE5, LiB-T, 7T AKX —
LY ARY = LORFEEEOIRT 25 S 2RI H 5, IR TR b ILIRSE
R OFE G & XA & TR E AW IZ 38V T CF OJRH (Rep=0.097) 233 h(Z
BWTHALND, PopfElF 0.422 + 0.019 pm/s ToH - 7= (Figure 2-18B, inset), Z i1 5D
R, IBEEAZ 95 CF ZBO on-off DFHIENL Y T A X — (LU R Y — LDH AW
ARNVAICHEREINDIEZFBEEICESWTEETELZ 2R L TW5S, Figure
2-19B (2T X 91T, 7T AX—{bLEZH 7= CFL ORI+ H1E 3 h ORIEIZBV T
EEATHELIZEAEZ T 2WVAEAMRICEE T 52 LI TRESERD
S ER L2, ThUE, 7T AX—(LU R Y — AR AW A b L ARRSM T T
BTS2 2 L 2R LT 5, 7§xy—mvﬁy—Amﬁ%ﬁAﬁiﬁA%
BRAZFFIRRETHIE L7272 O AWRF O 7 T A2 — () R Y — LD 4 BUREE
RATH L, EAWS Y AR Y — LD (Bernard et al., 2005; Kaoui et al., 2009) &
i1 O UEEAEE (Higashitani and Iimura, 1998; Ovenden and Xiao, 2002; Xu et al., 2005)
WCHBELRITTZEnmbonNTND, 77 AX—{LURY —LAOFNEITEAMA |k
VARG T CHHEGEZE U THBICEHF SN TV D AIREERREV, 202 &
IZ& V. CF OIRM A D+ 72 iR ERE-/K S s8Ik O FE AL FIREIZ 72 5
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Figure 2-18 Time courses of RCF for non-clustered liposomes (A) and liposome
clusters (B) suspended at 25 °C in the static liquid system (empty squares) and in the
shear flow at the shear rate y of 1.5 x 10° s™" (filled squares). Errors represent standard
deviation (n = 3). Solid curves represent the calculated time courses, Rcp= {1 — exp
(—Pcrat)} with the Pcr values determined as a slope of the straight lines shown in the

insets.

37



7 T AL —L YR Y — AOWIEIZE JIF T AW O L PR 5 12 OIZHEEE d
2D 205D Y R Y — AOHEAENERAORET v v v L Vi(d)Z[Ca*"] = 40,60, 80 mM
THE L 7= (Figure 2-20), & TIZVU R Y —ABOKFIFRIIRT v L2385 Ay 72
DLVO BEERICEEN TS, & Ca I HOW\WT, =3 /L F—[ERED & X 3T %L
F—kpT £V bFE<, VA Y —AIRAHNCEE L2V, [Ca™'] =40 mM 2BV T,
TRIVF—AREED 2 R/ IMEELEIRAE) D3 -2kpT UL EDOIES THERR TEX 5, ZHUE
75 A=A ) R — AOFSHIRTERIC 43 /B Td D (Zhang et al., 2007), [Ca®']
=60, 80mMIZEW\T, 2WE/MEDIERS XY 7 AZ —{L U RY —LDFEEDT=
IZIZ+45 TlE7Ze v, (ETE DLVO R T ¥ v LV OHBERERIL, EBRIICRET HZ &N
[K#E 7> Hamarker O EILIZIEFICHIR CTH D, AT T v /v D 2 IRE/IMEITKFD
TR 42 X 10T &2 —E & L7z & & Hamarker 7Y 3.5 X 107 ~3.5 X 102 &85
NN R/ MEDTE S 1T R E S Bk L=, —F5 . Hamarker %% 2.5 X 10°2'T D
BEME Lz X AKFMEKEZ 2.8 X 107~2.8 X 107'°) & HBAYLEICE(LSETH
TWRENINE LI, AR OFREIZEG 2 HNTNT A —F OB EDEII L TEH
W THD, TNDOFHEIXZ ORI TERMICBN SNV R Y —L0ao A REH)
EFHILCWD, HEOEEREEE LT, 772X —{bV R Y —ALMOEE d 85
Z5N5, [Ca® =40 mM O R E/IMEIL d=0.95 nm TH S, ZHiE Ca® dskFn
BLREISETHHAREMEN S D (Sabin et al., 2007), EFLOFFHRAOBTHI Y R Y — LB O
FEAERNEICEEL . BABA L AIZIV BT D2 LE2RLTVND, 2D
& 13 Figure 2-18 & Figure 2-19 TREL N D7 T AZ—{L V) AR Y — LD CFImHZE) &
BEMMNOHERTE 5, BAWRT DY T 22 —{b ) KR Y —LOBEHIZEE) 2 L 0 ZE4
ICHRETT D MERH L0, BONTRRITTEAMA NV AR T 22 —{LU KRV — A
OFSEBEOHIEIK T & U THIEET 22 L 2R LTS,

2—4. S

AE T, AW K D BN S VBT (Dp = 101-189 nm) & 6> U 7K Y —
AEOFBMENERT S 2 L& B Uiz, BEIEREE L OREEROF B ERC
Z 24RHEC 101 nm & 117 nm @ Dp % £, -2 CFL @ CF |2kt 3 2 @ HEIL 55 °C 125
WTIRIRE VBIEEE (y=1.5%10°s") O F CKRIBIZH AR L7z, CFL ORI F &5 H I1H
AEFA R L AITIEE A EEBEEZ TN 2 AR LT, B DTSRI AR Al 2
FLUANNSRYARY — L OEFZBZF| SR ITEF LR 2L EZHBEIR LT
%5
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Figure 2-19 Effects of incubation in the static liquid system and shearing
(y=1.5x10>s™") at 25 °C for 3 h on size distribution of non-clustered liposomes (A)

and liposome clusters (B).
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Figure 2-20 Total potential J'1(d) of the interaction calculated for the liposomes with a

distance d.
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& 51T, AT D POPC/POPG/Cholesterol (5:2:3) U R Y — LD 7 T A% —{kiE Ca*'
U= B 7 il ﬁﬂﬁ“é Z IR FICEEE SN, IBEIRE 1.0mM 2BV T 1.5 um D
BEEE L D7 T AZ—{L ) R Y — LT 40 mM Ca*'IC &V JERL S 72, POPG & A )
BV R Y — A Ca¥ O T CRAMIICREREZERT D &V Bl K S X,
POPC & Ca> DM ENEMIZTY R Y —LbD Y 5 AKX —{bLOFEEDER Th 5 = &3
binote, 727 AKX —AbO7T et RZBNT, VERY—ALIZE AL CF OFIXEE
(CEARMBEA~RE Lz o7z, & HIEE DLVO Bl S3& 7 7 A4 —L ) KR Y — A
FMOEREN 0.950m Th 2D Z ENHEE SN, 2L ORBICESE, a—r -7 L —
NSRS THEAELIZEAMA F L ZAAMEHTTIEZ JAZ—{L ) RY — LD
%L#%%’Wm#é:kﬁ%@éhkoCF%%K%#%&?X&—MUﬁy~A
DOIEFIEMEIT, B ILE R TIIAONR o TR AW A R L 2AERSE T CIdGBE S
e, %@fﬁ%\ I TG ALY R — LF AW A NV RAARMSGET T T AL —
{ELTWRNY R Y — A Emﬁéﬁk PEE IR LTz,
HAMA ML RCHERENLEZBE CICHFEINL Y RY —20[HRy Y 5
A B —ULIFEFL LOEY TFERISAICBWTEHEE TH S, flziE, VKR Y —24N
EHABER R E DY R Y — LBEE O 2 I AR EL & 2T M2 1T 2 WE
EZAEHRTH 5,
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FHIE  URY— OISR AR L7z KIaEE N O A WnE B o JIlE

3—1. %=

KIRE X R D AT — B W TR & LT AL RIS D T2 DS R GHE & L
THHTH S (Merchuk et al., 1998; Nakao et al., 1999; Meng et al., 2002; Yoshimoto et
al.,2006), BEEEEETT b TIIRIADRE AR LD DI BBEE Sh, HHRE
D& RIEBEBNARERTDITRELEDNES THOLRIRE DGR L LTEASL
T D, AW B 3R T T O TR ) PR RIS B 2 RE L, [IasENom'E
BEha BT D ERDO—>TH 5 (Merchuk and Ben-Zvi, 1992; Contreras et al., 1999),
SKVEERNOTAWEE L RE S IFEOIT 52 LT TERVWOT, HAMEEZHR T
LIV OO FERKD T AEERE Us OB E L THEINLTWD
(Schumpe and Deckwer, 1987; Nishikawa et al., 1997; Shi et al., 1990), L7>L. #W&HDOY
HALFERRRESCTIR N B DB OKIEE O AUMHEE L UsBICESEH#ET S Z
L IZREECTH 5 (Chisti and Moo-Young, 1989), ZAUIZESE L T, KISEN O AWHE
J (Merchuk and Ben-Zvi, 1992; Thomasi et al., 2010; Grima et al., 1997) & W)'E 5 &)
& OFAHEBHR (Merchuk and Ben-Zvi, 1992; Grima et al., 1997)% #2713 DT T /LI
LIV EAMHEZRECE L2 EnHEINT, . TAWEEZ EfECHET S
T L IEREEERINA AN T 72— IR W TR OEEE L & H/NMRIZHNZ 2 7201
HEE CThD (Ramirez and Mutharasa, 1990; Barbosa et al., 2003; Al-Rubeai et al., 1993;
Sen et al., 2001), FfRIEE 7 0t 25T 2 AWEE O RIT, 2 E TITIAL BF
ZEE TV D (Chisti, 2010), LvL. < OFE, ERo X 9 o8 AWNEE XG5
DA — VRFCRIAERTFT 2720, BEDNSA F VT 7 X —TELNTT — X & R
DI RE A T E 20, LI o TEB DAL AU 7 7 2 —I2B1T 2B A - L
2T OIS E 2 TRIT 5 Z L IXREETH D, HAMT A b LT3 D MR RE
DINEZ B A L ADOKBEITGAT 5 2 &13, A MLV AERLDTZDOH LN
BT DHRRNT 7 —FI2 5, LLaRn6, 2O MO A4
BERT 2 2 LI3@E TRy, 2R 61X, MROWELFRREE, REHEE, RE
FUHEEZEUOHRLARERPEAVMZZ T 2MROISERICEELZEX D12 THD
(Chisti, 2010), —7. Ramirez and Mutharasan (1990)/%/~1 7' U F—~ OB RO it Hh
HEREAMTRHPICBIT O RZEMRICEEEZRIETTtaRfE LT, £, FAMA ML
AN O FE B 25 & Z L (Hallow ef al., 2008), A H /) bT VAKX I a
(Gudi et al., 199Q)D = O DIFEEDOHEE L ZFHET L2 Z L hdESNTWD, Zh
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OOBGIT, MO D 5 b, IFERESZERANCE M A L AZEHTE D
ZEERLTWD, EDH, HAMA L2375 N TIRERO#EE F 7o 1368
BIISE % IEREICREE T 5 2 LN TE A HEEITIE, ROINEMHIC IS X RMOIE %
HIRHEZ BT A F VT 7 Z =BT 52 T AWEEDEELNFIEE 5,

URY —AFIKEEF T VIEEE DS ED Z LICL VAT Z N TX B,
URY = LD A X A X500, IBEREIIHIEFETH D, TABA ML A
X9 B BT EOIRERO IR ITEIZ 500 nm LD HREZVWEZRDORT 7 )L
ZAWTHFIE SV C & 7= (Takagi et al.,, 2009; de Haas et al., 1997; Chakravarthy and
Giorgio, 1992), RIEIZINT, 100~200 nm FEDEZEL © OV K Y — ADESEEMEN
a—y 7 L— MR E R CRAE SR AR T AT A AR L,
FAWRFIZEB T 5 Y R Y —AREOISEMHIT Y R Y — LR RIEKE LT, L7edio
T, RERKFEEZET D VR Y — L3V R Y — LG8 O EIRFE RN & B AR
HEOBRICESERS AV T 7 2 —NOEAMEELZHET OO T n—T7 L
LCOIGHP/TE S,

BRx IREHOSGME THAMEEZHET D 7201213 R Y —A-R[JafE oM AE/EH
KRBT HMERDDH, @& ARV v —MOFFEMREEMANTIRE E7BE (DAF) 7
0 ADEOICHFT S 72 (Oliveira and Rubio, 2011), & 52, B pH LI E C&RIAIE
BIZHELTRBY | EBRMOIAY RLICRET H I ENHREIINLTVS (Han and
Dockko, 1998), Yoshimoto ez al. (2006) %, ARFETHEH LI2ABER==T U 7 MK
AEOIFEOREE D=7 UV 7 MOKIagsHi%zBE LT, Us= 094 cm/s Tl
RIS Imm THDHZ EEHMELTWD, HHIE. VR Y —ARKIBOKIER
TDOZEMEEZHERIEDLZEHHELTWD, ZNHDBERITY RY —LDOBEHNK
e DHBEERAZHETL2 ETEETHDL I EERLTND,

ARETIE, sOAREAVRY — L2 L, 23— 7 L— MUREEST & SN
BT Y 7 MISHEEICBREB LY R — AEOERESF IO D EiER K s E
H-FERET D Z Lk, [IBENORMOTAWEE DO EELZRAT-, RipDEH
DYRY —L%5FHE L CRIA L OMAERZRE L, £z, EERMKIEEN O~
IRIRRIZBIT D AWRESHAWE LI, SO, BRLTAP—/F U ~—ME
FE L EEZ O 3EEONBBERAT T Y 7 NIKIEEN O AWHEE % HIE LT,
A=) EFRDBVDRRNE CTRAET 2 AWEEICE X 2B RE LT,

3—2. FEB

3—2—1. ##
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1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) . 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol (POPG) . 1,2-dioleoyloxy-3-trimethylammonium propane
chloride (DOTAP) (% NOF (Tokyo, Japan) 7>5EEA L7z, Cholesterol, =— /L&) k
U 7 A X Wako Pure Chemical Industries (Osaka, Japan) 7> & B A L 72,
5(6)-Carboxyfluorescein (CF) % Sigma-Aldrich (St Louis, MO) 7> & i A L 7=,
Carboxymethyl cellulose (CMC, Sunrose”, type FOIMC) I3 H AR S4E (Tokyo,
Japan) 7 HIRAES -, CMC DEHRRIT 0.65-0.75 TH - 71-, & TORBITBER(E
iz L7z, FH L72KiZEKE: Elix 3UV (Millipore Corp., Billerica, MA) (2 &

TRE . A A Ak Uiz, KIS D R/MEFUE 15 MQem Th o7z,

3—2—2. UKRY—LOFHH

5(6)-Carboxyfluorescein & A U " Y — 2 (LLF CFL) IZfEE DIEAEY (50 mg
POPC/20 mg POPG. 50 mg POPC/18.2 mg DOTAP. 50 mg POPC) ARNSY A5 RY AW R
AN A KFD L%, AR E TRV IRT Z LI IV BEON-ZER Y K Y — A
AL LB L TR L7z, IBE DK iNMmMCF%a@mYMQUOmM
Tris-HC1/50 mM NaCl buffer (LA T Tris buffer) Z{#H L7-, # L H LKL, 200 nm O
AREBETHHRY I—HF—Fh Hﬁi&)ﬂb\to A S 720> 7= CF 4311 sepharose 4B
NI LZELDTNER I v~ N T T 4 —IZ2X Y CFL b5 L7, CFL OBERSX
%m@mylam?oam%@ﬁ¢@HWCEE ISEERIETCTER LT,

3—2—3. a—y-7FL— Mg EERE

a— -7 L— REEES (DV-1I+Pro, Brookfield Eng. Lab., Middleboro, MA) X/
EINTHEABMBERK T DEOICERA L, 2E1EXY 7 M7 =7 Rleocalc
(Brookfield Eng. Lab.) (2K W #ET 270 PC I L=, R Lo — 03, M
HERI T 1.40 x 107 rad DAFEOL F 24 ecm & 5, 0.3 wt% CMC % & ¢e Tris buffer (2
X VAR S 72 CFL &8 (0.5 mL, [lipid] = 1.0 mM) 1Z7°'L— h & B v 7 ORIZT
HELUT, Iy FIIEREIRAK T 40 °C (ZHERF L7, CFL &R O CFL OIRFED F I
6.8 x 10° ThH o7z, BBIEIFEER L CWEa— 2 tEIE L7 L— hORBTHRK 209
rad/s DAFEE olZ BV THEAM ST, SAWTEE y (= 0/0) ITREFFHNTH—TH 5,
FIERE L CRBEEZEA L, VARY—L2E&E 720 EFRO CMC OFE ITfE 4
DO AWHEEE CHIE LT,
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3—2—4. EBRIERL-KI0E DR

KVBEE DR A Table 3-1 & Figure 3-2 |77, 2 TCORIAEIIN T A MThH D, T

AW —1R Dr 8.0 mm, ¥ 7 > J1~—4%% Dp4.8 mm, 55 H 100 mm @ ELBC Type A & |
R 8% (240 mm, Type B) BL X U I ~—4£ (8.0 mm, Type C) % & -2 ELBC
F3EEHAN, A=Yy —L LT, 40-100 pm DAFRILREFTH 7T A7 4 )b

H—% T AP —DEICRE L7z, BERKIOE I A 5Bk O 28

a3

DIZ4% ELBC DA 7 1~ — DR Eh 2 W L CHEH L7,

<—ca. 4nm

Lipid bilayers
Liposome (CFL)

BT DT

Figure 3-1 Schematic representation of the CFL prepared and chemical structure of POPC.

Table 3-1 Characteristics of the three external-loop airlift bubble columns (ELBCs)

shown in Figure 3-1.

Type of Liquid volume [mL] H Dpg
bubble column ELBC (NBC) [mm] [mm]
A 7(3) 100 8
B 15 (10) 240 8
C 903) 100 8
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Figure 3-2 Schematic drawings of the external loop airlift bubble column (ELBC) and

normal bubble column (NBC).

=

3—2—5. KUALENIZEIT 5K RO

0.3 wt% CMC & ¥ ¥ 72 Tris buffer K TR S 7172 CFL BB#K ([lipid] = 1.0
mM) 27 U7 MIAT, =7 U7 FOEEXIEIREAKT 40 °C ([ZHEFF L 7=, JEi#
TANE —H B ST BRI AL IR E N LTI A P —DOWmEmEIZE S T A
ZEVERE Ug =0.01-0.03 m/s THE#E L CIRIBER 2755 L 72,

3—2—6. URY—AOR T OBIE

CFL B DKL T3 ARIE 160°D—E A IZH T 660 nm DK OFER L — 3 —
PR L 7B UL EGEL (DLS) HIEZs (ELSZ-2 plus, Otsuka Electronics, Osaka, Japan)
WX o TIRE STz, CFL OYEHERR Dp 13JEHTEE % 1.33 & L T Stokes-Einstein M
FRICESWTIRIE SN, CFL B> 7VTRIERIZ 50 AR 2T 272720 CMC

DEBTERTE DT LNV, ETOHIEIL25+03°CIZBWTHERALH T3 E

Hige L TITHo 7,
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3—2—7. URY—AL[EZN L7= CF DZB BRI Por DI-E

UARY =560 CFL 225 D CF DR ER Rep 1E Rep = (Ci— Co)/(Co — Cp) & L TR
ESNT, ZZTC & ClEEntin, W EAEEDORM t ITBIT2 Y R Y —L40K
FHOD CF REE, Col3EEFEHRED CFIRETH D, VAR Y —LFHACFITBCHLE
LTCWB 7, AET O CF 43 F1% CFL 7 HA5BET 2 MEERZ2 W, Cold U R Y — 4
4 b3 % 40mM O 2 — /vt U o AORGFETCRIE L7z, CFREEIXH L
UWHRE LT CF BE L8 i E OBMRICE SV CIRIE Lz, SRR X3 m 6t
E# (FP-750, JASCO, Tokyo, Japan) % W CTHIE L7z, £ TOHIEIL 25+0.3 °C TIT
272, Pep 3 CF 2T 2 IFE R IRRE DO E IS EED E—In(1 — Rep) = Perast D AR )
LIRETHZ EMNTED (Yoshimoto ef al., 2007), = 2 T. asld CFL DLFREHETH
%

3— 3. BREVEZE
3—3—1. BAMKHICBITA VR —LDOREN

L7 CFL X YR 22728 180 = 1 nm TH 0 . L4 EkFE%% 0.104 £ 0.003 & 1T
IFEHCTH » 7=, CFL OB LZEMIT = 7 ) 7 NS IEEN OH VBHEE O E &
ISR 270 EERRTF TH 5, Figure 3-3 [CHAMIEE)y = 1425 s, & H A%
PRI Ug=0.03 m/s (2381 T 40 °C DT 3 h /LB1%R O CFL KL F- B 49,
RO 72 AUER A 1T O3 RIE 472 CFL ORI & L D 72 DI IR LT b,
CFL DRI 13 EFROMMAILIRIC L > TE L A CHEBLZZ T TRV, 2 b DfE
FIX, CFL (3 H AW E ORIaHEOFE T T R Y — AEEENEETH H Z & &R
LTW5,

3—3—2. HFAWNEEL YR Y — LEFEMEDEG

0.3 wt%? CMC % & e Tris SRR 2 AR L L THEM L7z, 0.3 wt%?d CMC =& ie
Tris FEEHR 1T AWHEE y =262 ~ 1425 s [2FB W T —ERE 7= 1.45+0.01l mPa's &
AT =a2— MAETH Tz, ZiUE, A L2 CMC OEREEREICERT 5, &
AT A NV Acidr=ymé LCEFE SN S, CFL EOFZEME T —2 -7 L — N
A& L T40 °C, B AWHEEE (y=1375,750, 1125, 1425 s") OSMET THET L=,
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Figure 3-4A |2 Ror DFFFFRBICIIT 5 y OFEZRT, y EOEIIZLEN CF DR
I BN L TV 5, FFIEIER (y=0) IZBWT CFLIEIZIZ & A EiEitk%
RS2, —n(l —Rep) & t ORFTEBRICE S & | JRERA BT 5 CF OF BRI Por
ZRTE Lz, Figure 3-4A FO ML Rep = 1 — exp(—Pcrast) D> H#HE L7 Rep DEFERE

ZRT, Popld y ORIV S 2 B L T (Figure 3-4B). y= 1425 s 128\
“CPCF—S 2x10P m/s Z7R LTS, y=0I128BI1F 5 Pop EZEELTD L, Pop HE
PEIRIFITEMREGRAH Y . Pop [m/s] = (3.1 x 10" m) x y[s']+ (0.8 x 10" m/s) 15
LD, AW TIZIIT 5 CFL OWBERY 2 E M (Figure 3-3)I2 33 & CF 2Dk
TV ARY —AEOBEECIT < BEBE2NTA2FZBRICLIVEZ D, ZNLORERITY R Y
— AENERRE CRIEAEAM A N RAEZEA LT, BEOMgEE 2 bsEsZ L %
~LTWD,

0.35

J —2—1: Without mechanical stress
0304 —*—2: Cone-and-plate (y = 1425 s™)
| —=—3: Airlift (U, = 0.03 m/s)

0.25

0.20

. / &

. 7\

0.00 F—m—m—m—m—m—m— A l —

Relative scattering intensity / -

10 ' '””100 '1000
Diameter of CFL / nm

Figure 3-3 Size distribution of CFLs before (1) and after (2 and 3) suspending the
CFLs in shear flow. Shear stress was applied to the CFL suspension in the
cone-and-plate device (2) or airlift (3) for 3 h at 40 °C at the lipid concentration of 1.0
mM. Measurements were performed in triplicate (1 and 2) or duplicate (3) for each
condition and the representative data are shown. The mean diameter Dp was 180 £ 1,
190 = 1 and 189 + 8 nm for the conditions 1, 2 and 3, respectively. Polydispersity
index Pl was 0.104 £+ 0.003, 0.125 + 0.004 and 0.129 + 0.064 for the conditions 1, 2

and 3, respectively. Values represent mean =+ standard deviation.
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0 500 1000 1500

Shearrate y / s”

Figure 3-4 (A) Time courses of Rcr at various shear rates yin a cone-and-plate device.
Curves are calculated with Rcp = 1 — exp (—Pcrast). (B) Relationship between Pcr and
7. Data are mean of three independent experiments. Errors represent standard
deviation. When not indicated error is smaller than the symbol. Slope of the straight

line in the lower panel is determined as (3.1 £ 0.1) x 10™"° m.
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3—3—3. =7 U7 MNMISJEEIIEBIT 5 U R Y — AEOFHEME

SRR T U 7 MIRYEE N O RIRITENYS (Us <0.03 m/s) (ZH&E L 72 CFL 2>
5 CF D28 2 F7 7=, %6 L 7= CFL TR ER & [F— D b D & f# A L 7=, Figure
3[5A T Usg DN ERT 5L VR Y — AEOFBBREN LR 22 083005, —In(l -
Rcp) = Pepast \(ZF: D& PopfE A RET HZ LN TE 5, Por BT UGfEIZEH S TR TF
L T3 Y (Figure 3-5B). Py [m/s] = (2.6 x 107 [-]) x Ug [m/s] + (0.8 x 10 m/s) D FEEAZ
NEBND, Us=0.03m/s ICBWTEDLNT Pep=8.1x 107 m/s &, #ILETELN
TEED 10 fFEREV, =7 U7 MRTRY R Y —ARRAE, [EStE. K0 E H
DIREREAFAET A A REMEN H D, CFL 1Z=7 ) 7 hh THHEANCEETH H T2
(Figure 3-3), CFL (ZIXREAE~DOHAEIZ LD ZF L WEBEZ(LZ 5] & Z 3 mraettl
E\HECTES, LER-T, UG@LﬁC%wﬁm¢éﬁﬁ‘ﬁﬁmxﬁé$ﬂﬁA%
WEMNTT U7 MRS LT CFL RO CF HidfRic 28 2 B 5 2 5, s EEER X
=7 U7 MIKTEEIZB W TREREROBLR 2 #E L TV 5 (Yoshimoto ef al., 2007), L 7>
L. ZEENRFE, WK, CFLIBEE & Us O#BHIIAMIL L Bie > TV 5,

3—3—4. =7V 7 NMISJEERNO L UWEE OHEE

FEROLIITRE Ly BEIW Ug & Pop DEMRIEICEE S Xy & Us DRIy [s7]
=(8.4x10*m™) x Ug [m/s] (Us<0.03m/s)& LTHEONT-, FIZIE. Us=0.01 & 0.03
m/s ICBWTAEIL 84 x10% & 25x10°s! LHEETHZENTES, =7V 7 MIB
WT Ug=0.03m/s TIX3.5Pa DEAMA ML ANTET L LEARLTWVWD, LB
FRIZER CTHEM L 72 KaE OE L BIERFEOMAEDEIZOREFE R TH % RITHE
BT OMERDD, TAMEET, MEKEEEDOA =R LT EHRETE 5,
Z TR ORATER EEUAKTIE L TV D (Chisti and Moo-Young, 1989), Z D X 9
CRIAED T A P = X h~—WHEEN R D56y & Us OFEBRBRITE RS
EEZOND, HAMEEIIRIAENTE— TR, a1 NRO VR Y — L3R
RIERTE—IZHH L TV D720 REFZEIZ BV THWZ FIEITRE ORIaE N C
HET DO EAMRELBLTZOICENTH D, K[UBEIZ OV THE S-S AW
B PE X Contreras et al. (1999) IZX > THESNTE OO ELEFRBEORE I TH-T2, #
SIIARZE CEH LSO H A A 08— ¢ — O HIFLARIC TLET 25 1 a1
NOR-MKZDOFAWHEELZHRE LTz, HOIE=7 Y 7 FNOESHFERIIREROEA
W 2R3 2 2MELTEY ., FHEAWNEEDREIZEB W T AANR—V v —
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Figure 3-5 (A) Time courses of Rcp at various superficial gas velocities Ug in an
external loop airlift bubble column. Curves are calculated with Rcp = 1 — exp
(=Pcrast). Broken curve shows the data at Ug = 0, which is identical to the data shown
in Figure 3A at ¥ = 0. (B) Relationship between Pcr and Ug. Data are mean of two
independent experiments. Errors represent standard deviation. When not indicated
error is smaller than the symbol. Slope of the straight line in the lower panel is

determined as (2.6 + 0.1) x 10" [-].
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DEETHLZ NS, —F., AR CTHIE S V728 ABNEE X Shi et al. (1990)
2k o THE SR y[s7] = (14800 s/m?) x Ug® [m*/s*] — (351 m™) x Ug [m/s] + (3.26
s LHELTELLEBERD, ZNIE, HAZRR=Vx—DEA T, =27V 7 LD
WEEBORENRE AR T 2720 LEZ LD, CFLIEOREMENMEES L 55
G EBONRA LY T I X =BT 5 EAMEE LR L CFL Z AW THE LT P
Lyl DBRICESEHET 22 LN TEX 5, AR THEMA L7z POPC BT HEAIK
W UgfE (<0.03 m/s) CRIAIEN O AWHEE 2 HEE T 5 DIZH L TV D, KEFZED S
BT Us ODBACIZEE D HABHREOZLEHWET HT-DICEHTH S Z Enbholz,
PR L OB FICHEEAS S E - T HAKEEO&EITERMEOMER IO
BB L > TR D (Chisti, 2010; Bekard et al., 2011), /3A 4V 7 7 % — Dk & 75
HAWTEEEZHET 27201, E=a— b UFEFOBNEABEEICB TS VR Y
—LOEAEEZHONCT HHEND D,

3 —3—5. CFL-XVaMAEIEMICRIZTREERTORE

POPC/POPG 7> HHERL SN HAER U AR Y — 48 LT POPC/DOTAP 7 HAERL S
HIEER VAR Y — LAORBMEMILIENZN-31.9 mV & 192 mV Th o7, Figure 3-6
(Z NBC (Dg = 8.0 mm, Type A or C) |Z{&IE HL =40 mm, Ug=2.0 cm/s DZEFETFIZHW
TIEER & AER CFL 2808 L7~ & X D Roy DFRFZAV %779, DOTAP 44 CFL 1%
120 min (BT Rep=0.94 L 1EIELTD CF 2JFH L TV 5, Figure 3-7 121X NBC IZ
BB ORL T30 4773, DOTAP &A CFL ¢ NBC RERT DKL F B0 1Lty
KI5 Dp = 218 nm DEAE A 77T (Figure 3-7A), NBC %8 OR 5 I1EH 5
TR D258 ARLTEY CFL & XJADORWHEAIERDOIZ O ITEES G — 0
ToTWBHZ ERDND, —F, POPG &F VAR Y — 2% 120 min (2B T Rep = 0.08
%z~ L7c (Figure 3-6), NBC %% ORI RITVIERL T Dp = 184 nm LT & A
EEALB R 720 (Figure 3-7 B), Z OfEFRIL, BEM Y A Y — NFEER Y H Y —
LAEE L CRmEDHEAEERNHS NN IWNWT 2R L TW5D, Oliveira and
Rubio (2011) [TRIANAEICEE L T\ 5 2 & 2845 L7z, Han and Dockko (1998) 1Z1E
B OAA ) PHLFITBEMORIAICRSBAET D Z & aWE Lz, [USERNDOIRAE
KO AWHEEZ EET 572010, [IEEOMAEERAO/NSBRAERI KR — L%
FERTAHZENELTWDZERHALMNE ST,
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Figure 3-6 Time courses of R¢r for the CFLs composed of POPC and POPG (5:2 in
molar ratio), and POPC and DOTAP (5:2).
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Figure 3-7 Size distribution of CFLs composed of POPC and DOTAP (5:2) (A),
and POPC and POPG (5:2) (B).
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3 —3—6. CFL OEFHBEMEIC KT TIRIEDHE
Figure 3-8A |2 NBC (type B) (28T Us = 2.0 cm/s DT, Hx 72 H (16~
150 mm) THIE L7z Rep DR L ZRT, Hy =150 mm (23T 120 min Tl Rep =
0032~ L7z, —FH. HL=16 mm {2\ T, Rep=0.18 & 6 FDEZ R L1z, REHEIC
KE LT R EITEERL CTBY, BENMEWIZEEE W R B2 RT, T OfERIZHES
%P@ﬁ%%mLTF@m3&3:%¢ Por fBIZ H OBV & 2R LT
IIHAGT R DEENKE W LB X DN DIRIEICK EEFIT % ERE L T, Pk

= Perm(HinHL") ZFHE L72, 2 2 C Popm 138 BARV VR Hin \23B1T 5 PorfEZ 7R,
Figure 3-8 |28V T, H.=16 mm DEFD PepfEZ M L7z, FHEAEIL Figure 3-8 DR
DEHTleoTe, FRMEELE B —KLTWD Z & OO CRAET 58 AWE
EOEENRENZ LN,
(ZIX 872 % H #F (8 ~56 mm), Us=3.0cm/s [IZBWTHLNTZRERE
TR, Y Ug D72 DI IR HIZFB W T b Figure 3-8B X W K& 72 PopfE % 79, Figure
3-8B & [ABRITARV VIR Him (2361 % PoplE 2 FEHE L LR R 1%E:%¢§@Wﬁ
HEMEEBON—EZ AT, & H BB CIIEEME L Y EREN SV & 3 HEFET
%o ZOMEBKTIIA T ZJIRDHER S, AT 7l X D BEE VW ﬁ@ﬁk@t
TOXIRERERLIZEEZOND,

Figure 3-9

H, / mm
0.2 4 —0L—/16mm ® Observed B
1 —8—24mm 0.8 - — - — - Calculated
0.16 4 —&—40mm
. ] —O—56mm -
~ 012 1 —{1—80mm g 0.6 -
< ——150mm s
S 04 :
0.08 Q \0
.\,
0.04 0.2 | e
0 ' ' 0 T T T
0 30 60 90 50 100 150
Time / min H, / mm

Figure 3-8 (A) Time courses of Rcr at various Hp in an external loop airlift bubble
column. (B) Effect of H. on Pcg. The broken curve is calculated with Pcg= Pcrig

(Hyi6HL).
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Figure 3-9 Effect of HL on Pcr. The broken curve is calculated with Pcp = Pcrs
(HisHL ™).

3 — 3 — 7. CFL OEFHBEMEICE KX TXIBERR D2

Figure 3-10 (247K @ ELBC (Type A, B or C) |Z CFL ([lipid] = 1.0 mM) % Ug=2.0
cm/s DFRMET, BB L7ZE XD Pep 2777, Type A28 0.22 pm/s & B b =V O B iEFREL
L. Type B, C 1% 0.1 & 0.11 pm/s & Type A & Hb~_T 50 %lE EDFEFAEE R L
TN, IR A T — /L DEWD CF RHZBREICEELEX L2 RN brb, i
FETO Pep iZESETERIBERNOTAMNEE L 3 #HioHFELZEHA L THLIZ LK,
a— - L— MR A FEH L TRO 7T AWEE & Pop OEIf% % Figure 3-11 |
RY, RIAENZIRITRENNHB 3 5 AWHEE X Figure 3-12 (2733 X 9| focof:o
Type A @ ELBC {22\ Ty [s7'] = 8.9x10° [m ™ xUg [m/s] &% 3 i TR L7Zf5 58I
Wﬁ%ﬁ%mbfkw\)ﬁ/—A%ﬁﬁLhmz&#ﬁﬁ?%é;&%mbfwéo
Type B. C OMBERITZNENy[s']1=4.1X10"[m"] x Usg[m/s] . y[s']=4.5x10"[m"]
x Ug[m/s] &7eo72, Type A LV REREEZ SO BILA X VIERWEAMEEZR
T BB B L TV D RERIZINBC LEMPELEL TWD, T bARMNIE T
ALz Ar—)v® ELBC LA /N—2 v —iif THRAE LI ABEE DN RKE N
EWx D, Fl, XU UHw—FENRKEW Type C D ELBC I H U v B~ —DiKiiE
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D & RO KRIZ LA FEE AWEE DK TIZL Y Type A X D AR AWREE
ARLTZEBEZOND, ULOFEZERTLIZLICLD, BROELR L KIAEN
EHCHRATHEAMEELEZHEE T DI ERbholz, VARY —L%#T 505
HOMBL, T REEZDZ LI VEOFESEZZILSELZ ENTE S, T4
bbb, TAWEEICHT OB EZWET LN TE D, KJAEDORBIE S
HIGEA L7- Y B Y —A5W/EIT A - Lok BEx RIS IC B TR AT
RELHET D ENTEDHEEZOLND,

0.24 -

0.20

Pce/ pms
=
>

o
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0.08 -

0.04 -

0.00

Figure 3-10 Permeability coefficient Pcr of CFLs suspended in the three types of ELBCs.
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Figure 3-11 Relationship between Pcr and .
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Shear rate y / s

0 0.01 0.02 0.03

Figure 3-12 Relationship between yand Ug.
3—4. fF

HLWEAREZ Y 10— & LT 5(6)-Carboxyfluorescein & A Y A~ > — A(CFL) %
AT LI i@%&ﬁ?ﬁi7)7hm RIBERNO LT AMEE 2 E& LT,
R % i L 7= 638 70 1 DB mIREL Pop 1% CFL 2% L7- 22— -7 L — FRLAE
RO AWTEE EFEET 5 LN TED, =7 U 7 FHOAEIL Us = 0.03 m/s (28
7% PoplZHEDWTHERE Lo, T OHIEIZED S KIROEWIZ L HIEERITIAERN O
HAMEEZREST D2 LX) T AGHRERE THAT 28 AWNEE DR K
TNWZEEHAOLNI LT, £, BIRORR D 3 FEEOTIAEN O A WnE E 4 I E
THZELIZEY  TAPF—/F T T~ —WrEE L OIRE R £ OFR OO 3 A
BB EZ2 52 L #HLMNT LT, CFL 3Ex 72 A r— VB L OEE © oo
NAF VT I 2 —DHFAMEELZHEET D7-DICHEHATELREEND D, VR Y —
LD T ABEDRE VBT FIZBWTEE Th 572 H1E, CFL I3FFE= =2 — bk UJilR

CHLHEHATELEEZOND, YAWEEZEROICRET 52 L iITMREE ok

BT DR E & R/ RICHIE 32 & & bic, AEOMRIGE 2 BET D5 2 &
WZORN D, SHIZ, VRY—2L&27a—7 L35 B0 T 7o —F (12
RborfELZ DA F VT 72 —NOEAWEEOFMELE LTEHATH S,

AR THEA LY R Y —2NIEAW A N RS T DINEHEEERIES720
ICEEEERELZHEA L TV D, EPRIBEMMROEWVICE D EAMA L 223 T 5
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VAR Y — ADISEWENENT DN S, ZOREBLYRT 272 DIZITHE—IFE
MHRDURY—LOFAREZ NS, FlxIE, &AAEE Amidophospholipids 7> &
R ENADVRY —LZHEAMA R L AR L TEWVISEEZRT 2 ERRE I
TV 5 (Holme et al., 2012), ZD L 572 UK Y — L% FOFUIE AWNEE & EEE AR
BOBGRN—FBOICHETE 5720, VR Y — ARREICKER 2 BV znE ko
a— =V IREIR D,

F72, JIBEN ORI 77 BT B I XELIE CHEMER RN EAEL T D, S HIZ
VDR TR DEAMHERENEAET D, VR Y —0%& AW CHEIE Ltm/w\@
AW (X RIAEEN DR 2 IR 5L CRAET 2 ARHEE OV E2 R, VR Y — A
ZIEZIMERLF~EEL L TRIGENICRET 2 Z L2 0 | [UaENOEEOAE
DEIMEEL EBILT D00 T a—7 L LT RY—LZGHATHIENTX
Do
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Baw ALyx~Xnr b LTOMBIMA N AEZEY R Y — A L5 AWH
e R P S A s oD IERA

4—1. %=

MAEEIC LD EAMA b L RSO EEZ (LS L OBENIRELZFHET 5
(Chisti, 2010), MM&PNEHIIRIXIMIE DI L > TAELDEAMA ML A& L T
AN EE 2 BB 5 2 & BN STV D (Ando and Yamamoto, 2013), 2D K 5 7
MR AT ) R T VAR T 2 a TRV TEERN 282 5 (Gudi ef al., 1998),
iR & ERERICEM T O E _ERITEELRREH E O, AKX LR DNA
(Yamashita et al., 2007)<°% > X7 & (Schneider et al., 2007; Bekard et al., 2012; Jaspe and
Hagen, 2006) 72 & QARG 771 D551 LIV OREEICEELY RIXT, AR F L X
IZHERINDEMFRIBEGIIFERNICERATH S (Korin e al., 2012; Hallow and
Seeger, 2008), Holme et al. (2012) (3 AU Wri#kie =415 Amidophospholipids (Fedotenko et
al, 2010) MORERIND VR Y —2oFBEMEEZHRE Lz, ZUX, MEDOTST7—7
EALCRAET LENEAUBA ML XIRE L TEDN VR Y — Lot S ot
PREYA b LR REVEO YR ZIIGHTE 5, KA b LA IR L e X 7 — /L TR
BOWMEICE VAR SN D720, KRR SN DA ES T, BB, MiaotEidEis
KOBRREDAA AV T 7 Z —OBGFHCBRAEDIZD I TE 2 A[REMED S 5 (Chisti,
2010),

WUNRIET SA AXSESER0H. B S 7 m 22 EEICHETE S
(Seong and Crooks, 2002; He et al., 2013; Yamada et al., 2004; Sun et al., 2010), HLEEZE =
LT, WL OO BRSO I N R P O J& i THE(L S 415 (Tanaka et al.,
2001; Kanno et al., 2002; Wang et al., 2013), Z IO, GFILFHICBWCHEARES
Thd, —hH. BESTFERIEAMMICERR T2 2 L THEZE LOREERIT S
(Charm and Wong, 1970; Bekard et al., 2011; Veen et al., 2004; Ashton et al., 2009), B2 %
JESE AW R T S LD A = A AFERICHEHBE I N TV, RO RN
Fr R & Hle U T AWIRIRE 72 pH PIRESRM TIZRB W Ta< B2 5 RGERE
ERMT L EERL TN D,

FRL Y AT DTl XN EOT +—NT 4 THRESCEC L W BEE L LTz
BRI BT e VOIS L) RERIREE~AT T 5 (Hartl, 1996), > v X
0B N BITEE LT W H N B OBUKMERL & RS BER T %, —
. BB A B U RITBKRIE R A A ORFTIRN D 2 "7 BOWEZE(LZ 5] & i
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Z9 (Bekard et al., 2011), L7=3-> T, v HEOMELHT 2MENFET S
LI LD EAMRFICRIT B F N BEOREMRITEMT 5, a-Crystalline XA
MENCHE SNAMNMEEENEIL LIZF R EDT I uA Ni#EOR A RET
% (Mangione et al., 2013), ¥ NB V31ROV ¥ N1 RS VR T HITRHICE WE A
Hi A R L AZBWTCRIEMELT A AR H D . I BIZEN T A N DT AW
(ZIE AT 2 R e BEEClE eV, ZOBERITBW T, HAMNTEH OBERIEMEZ L EL
THEODOEME LT HOREROZEEZ L OA Ty Xn o nNEFond, 2
EFTOEZA, T FND KD 7L (Takahashi et al., 2011), Y 7 b F /) Fa—T7
A Kue /L (Kameta et al., 2012), BEEEMER U ~— (Osaki et al., 2007) 23U 7 4 —/LF
AT ETE RNV EOBREHRRE ALY v e & L THIET 5 Z &g
ENTW5, LinL, HAMIRF CHIET 22 LN TEDL ALYy X U 3diE s
TV, UR Y — A3, ALFRNCEME ST Z R BED Y 74— VT ¢ 7 iatE
IZBW T ALYy e EREEBE 2 BB 95 (Kuboi ef al., 1997; Yoshimoto and Kuboi,
1999), % 2 LV URY —LTHIE AT RRIobL 5. WERILEM:, AR
AL O ENLEAMRFCHATEALATL Y Y Xur bt LTHEAINTH S,

ARG TIL, BAWTRF OBRTEEZRET H7-D0OFH ) R Y — LV AT LR
BT D, TOVAT LATIIEAMRFICEBNTU R Y —AZEASNZBR KT
L2 ENTEDIEEROEMAIA b L AR EFAT 5, EAWIRIZBITD U RY
— LD 0 R RE & R B 7 OIS EERTE R O R EMEITH T D U R Y — A
DFNERZ B BN Lz, Bt AW 190 um & 380 um ONEE S/ NHE % i@
DIEAR DTN TE SN THBRI S W ABIEE Y (~7.8 x 10° s ICBWTAER ST,
BT NEERKS E U TARIBRIL KR ORI 3ELZE D 7V a— 24 F v 7 —Bfi
LS & B L 7= (Yoshimoto et al., 2004; 2005), AW 23517 5 Hli# 472 GO
R I 7L a2 — A ORI (Kim et al., 2013) & 7 Va2 U FRD AL (Nakao et
al., 1999) \[ZHERTH 5,
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4— 2. EBEx
4—2—1.

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) &  1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) I3 NOF (Tokyo, Japan) 7>5 & A L 72, POPC & POPG
ITENEINEM: L AEMEE CTh 5, Aspergillus niger 3D Glucose oxidase (GO; EC
1.1.3.4, M, ~ 180,000) (Swoboda and Massey, 1965) |d Toyobo (Osaka, Japan) 7>5HEA L
7z, Cholesterol, B-D-glucose, 3,3-dimethoxybenzidine dihydrochloride (o-dianisidine).
sodium cholate, horseradish peroxidase (HRP), H,O,, 4T D catalase (EC 1.11.1.6,
M, ~ 240,000) % Wako Pure Chemical Industries (Osaka, Japan) 7> 5 B&E A L 7=,
5(6)-Carboxyfluorescein (CF) (% Sigma-Aldrich (St. Louis, MO, USA) /" GEEA L7=, 4
[ y% albumin (BSA, IgG-free and protease-free) % Jackson ImmunoResearch Laboratories
owmﬁmeHxUmoﬁ%%Abtoifwﬁiiﬁlbtﬁ ECHEA L, KX
Elix 3UV (Millipore, Billerica, MA, USA) #ZEEZFH L THA 2> - BE L7z, KITx
9 5 E/MEFLL 15 MQem Th o 72,

4—2—2. BEEHAVRY—LE CFEAURY — LD

K HEE DIREW(POPC D A, POPC:Cholesterol = 7:3, POPC:POPG:Cholesterol =
50:20:30, E/LE) 1Z40mL DOV 0 a RV A TERBE L, 2 —F ) —T /R L —& —
THREAZREL, 720 aBr 0RO Iy F =T V2 MA T EROBREL
2 [EIFR IR LTz, FREE LT BRI 2 BRI LV BRE LTz, TBRENTZAE
BREIE 5.0 gL GO & 5.0 g/L catalase £ 721, 1.3 g/l catalase %= &1 50 mM
Tris-HCl/100 mM NaCl buffer (pH 7.4) % 2mL Iz CTAKFA L7z, ZEBXT 7 L LEEHR
DIREMI/NS 72/ aEEZRELTH72HIC 7 min BIEF (R4 T A4 A/=F ) —
JL) THFE LT 37 °C OIEIRME T 7 min iR L7z, 2O X 912 L TH b/ Mafkg
21T Avestin (Ottawa, Canada) OFF L H L3EE Liposofast'™ (MacDonald ef al., 1991)
A L GHFLEE 200 nm OR Y I —ARx— MNEZ @RI E, KREAERES T
sepharose 4B column (1.0 (id) x 20 cm) ZFRE L=/ A JEE 7 v~ F 7T 7 4 —IZ LV
BEZREAVRY —2NLERELE, Z2O YR Y — NIEEEZ G F 7oV EER CrgAs
BiEAZ KL CERRERUFIETHR LZ, CFEAY R Y —2 (LLF. CFL) 1 EFE
LU LEZ AW TR L 72 (Yoshimoto et al., 2013), CFL OV XFHEIE 100 £ 7=
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13200 nm OFMFLEE b O Z @& S 72, POPC RETIFEHEE TR0 Y VIEE EE
X v h&FEA L CHIE L7 (Takayama et al., 1977),

4—2—3. GOEMHEDOHIE

GOJEMIZ., HELLTIOmM O L a—2%&ETe I AAEE R A LT 25 °C
WIZBWTHIE L7, GO RUSIEZ Vv a— 2Dz L b 7 v a U E H0, AT 5,
H,0, DWIHAAERGHEEE X, HRP (2R X415 Hy0, 12 £ 5 o-dianisidine DEE{L ST H
SEWRE Lz, RISEAYA.5 mL)F D HRP & o-dianisidine D WHIEE I Eh
02g/L & 033mM & L=, Be{b o-dianisidine O EE DB S Y IEEEF (V-630BIO,
Jasco, Tokyo, Japan) Z# AV T 1.0 cm O EEH T HHHEE/LH T 460 nm (s460 =
11,300 M'em™) (Hill e al., 1977) OWIHEEIZESWNTEI LT, VR Y —LARICE TN
%557 —BIEEIX ERROEHREIC TS LN 2R L, YR Y —LARICE
T HNE GO JEMEIE. VAR Y —AfEEZ 40 mM O — T R U U LA TREICIERL
CHIE L7= (Yoshimoto et al., 2003),

4 — 2 — 4. Catalase JEMEDHIE

Catalase 7&M:1E 25 °C IZBWTEEHE LT 10 mM @ H,O0, ZHWTHIEL =
(Yoshimoto et al., 2007), HyO0, & EE DFRRFFZEALIZ B /VHIZIUNT 240 nm DRFEEE (5240
=39.4 M'em™) (Huggett and Nixon, 1957) (ZE:3 & 53 ER 2 AW TEBIR L, VR
V— LFRICBIT HNE catalase TETEIZ Y AR Y — L EZ 40 mM O 22— LR R 7 AT
SERICTEE L CHIE Lz,

4 — 2 —5. PRI &R OBIE

VR Y — LORLFESMITIEIR & U TR L — — 2 #4538 L7z ELSZ-2plus H2%
(Otsuka Electronics, Osaka, Japan) % f# ] L CEIRIEEEL(DLS A L W BIE L7z, o
BEEAEIZZENEN 660 nm 3L 160°TH -7, B+ AF 1L Marquardt 7 /L =
UALERAWCEHELEZ, VKR Y —LOFEER £ (Dp) 1TEITER (1.33) ZHWT
Einstein-Stokes DEfRIZ L W IRE LTz, VKR Y — L DE58FEH (P) (TR +EOHMIZ
EOERE LT, VAR Y — LBRBIKZ AR D72 0OIEH Lz Tris FEEHRITMFLE
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0.22 um ®OfE (Milex PVDF, Millipore, Billerica, MA) % @i S CE# L7z, £ TOH|
TEIL 25 °CIlZH VT 3 ERIE LTz,

4—2—6. SEMERAB/NHERISERT O 7L 3 — ZAEREOG

Figure 4-1 [ZEBRCHERA LI ARENL RS L=040m & NR di,= 190, 380 um %
> 4 DDAT Tygon & 7> HIERL S 1D SR OB 2 7=~ 4, & 418 5 IR EI X
#=8Eh 7R >~ ECOLINE VC-MS/CA4-12 (ISMATEC, Glattbrugg, Switzerland) % H L T
HE L7z, IR LI ey 13 din=190 & 380 pm [TV TEIVEL 1= 0.37 & 0.30
m/s Tho, HENDOHRNDOIREOIEIE L R D5 BIRITTETH L LA / )V XEL Re 13 Re
= dinttap/ WP HEIRE ST, T 2T, plIHEE ., IR ORE (u=0.94 mPa's) T
BHD, RefllZ Re<75 & LCREINZ, ZTHIXEHEANBREH CHLZ LE2E
B35, VAY —LBERITI==— b REHDIZD, BEOFTHIL u 13 u =
{APR*/(4uL)} {1 — (R} & L CHRRIR O EE A 2 d™, 2 2 CridMER LMD
DEERE, R IZAE ¥ (R=dw/2). AP IZHZEOAD L HAKDEH7E (AP =8uLu,/R?)
(Bird et al., 2007) T 5, HENOEAWHREDRIE L L CEHE AWEE,, 25 H
L7, fEBO riRlT 58 AWEE NIy=du/dr = APrR2ul L n 35, K-> T, #BIE
AW 737 23 B IS TR S 2L oy MBI T py = APR/(4pL) at r=R/2 & L THZ B iU
%o WHEAWA ML R 130, = peul LTRIETE 5, R OBIESRMIL 7.9 x
10°~7.8 x 10° s Dy MEE G2 5, KRBT AMIEE max = 27m) 1ZHE OBEMIZIHBWT
ET D,

T3 — A DR 2 BIE T 572012, GO B L catalase ZEH A L2V KRN Y —
2 ([lipid] = 1.0 mM) % %8 L 7= Tris $EER 2 B /VIZHIA A, 7V 32— XA ZFIRE 10

MIZ72 5 X ORI U7z, RAEERITESCMIBtA L=, RISERAEMO2EE (1 <
2.0 mL) (X 2HEOEE (Vm) OE (Vu/Vr = 0.1) 13 din DIEIZEIFR 2 < R —1Z
7o, —ERREEICY A2 AR H LEBRET/Va—RAREZEE LT
FEMETEORENx » b EHEA), H0, BE S HRP flEELRISIZES X HIE L
7= (Yoshimoto et al., 2007), BER{LFe X EFEDZED Y AR Y — 24 ([lipid] = 1.0 mMEE T
T 3.3 x 1072 g/L DOilEHE GO & 5.0 x 1072 g/L DOIEHE catalase Dt T THEAT L1z, Kt

BT HMENRE~DOBEEE O A Z 7T 572912, 1.0 g/L © BSA THIAFE L 72
P%%%ﬁﬁu\fﬁmswﬁ%ﬁo 7oo T DAL T 30 min ] LBV NS AU EE 5, = 7.9 X
0> s TEHME L., i\ T Tris FEEIR T 2 B0, VAR Y —ARICEBIT 5 GO B X
O catalase T&ME 1T SOGERIED RIZICHEIE L7z, IEMERIEIL 40 mM O 22— /Lfig ) R U
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LI EELBFETFCTEMB L, HEANREE VAR Y —LfFEL @*ﬁfﬂ’ﬁﬁﬁ%*ﬁ%ﬂ‘féf:m’
72D ) R Y — 2% POPC OWIEE 1.0 mM CEfGAICHZ @B IS8T, BERE 4
BEFL 72,

4—2—=7. FAMTHICEBIT DU R Y —LNEAEESE & ERERESE OZ EMOHIE

GO £ A Y & Y — Ald Figure 4-1 [T RISREANT, /A3 —ADEHEEFT
1.0 mM DHFERE CHE 2@l st 2 k&i@@h%@ﬁbto%@%\?w¢
® GO & catalase IEMH A HIE LTz, HEHEZOLEMZHET A0, ERLOBIE
I3 1.0 x 107 gL DEHE GO & 7.6 % 107 gL DIEHE catalase % & Tris ff;;@ﬂmﬁﬁﬁ L
THT =72, 5 GO OREVEIZZED Y A Y — 4 ([POPC] = 1.0mM) OFFET C LR &
Rk ORI THIE L7z,

=5 R
Liquid
POPG flow
POP i
O C Cholesterol Peristaltic a u (Parabolic
pump distribution)
A L
r
Y (Linear
— | distribution)
< Tav
i 'Y = 0
Cylindrical R/2
microtube
(x 4) — >
Liposome dn
membrane Reaction—|_ Quartz Laminar shear flow
mixture cuvette

Figure 4-1 Schematic drawing of a reactor consists of a quartz cuvette suspending
liposomes encapsulating GO and catalase with external liquid circulation through four
parallel microtubes (di, = 190 or 380 um). Dimension of the cuvette was 1.0 cm x 1.0
cm X 4.5 cm in height. The length of each microtube was 0.40 m. The cuvette was
bathed in a waterbath thermostatted at 25 °C. The distribution of liquid flow rate u and

shear rate y within the microtube is also shown.
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4—2—8. URY—2E0n5D GO RHEOHRIE

HAWA MV RAAREETTY R Y —ARNE» LR & 5iEH GO 4311% GPC
AL TYRY—LEAN GO NORBELT, GO & catalase HE AU R Y — LA
([POPC] = 5.0 mM) % 180 min F%& Z3@if S5 Z LI L 0 B AWHLE (5 =3.1 x 10°
s L7, UK Y —LBEIK % sepharose 4B 71 5 L ThHtr Lz, TREL L7297 L
DIFERE L BFRBEELZE Lz, IRH L7z GO IF%F-0EHE—7 L LTELRD
R L7 GO B4 RE L T2 GO ElZxf1 2Mxt&E L L TEHE L7 (Yoshimoto et al.,
2003),

4—2—9. FAWMBHICEB LZYARY —L050 CEFIREEDRIE L ot

CFL X 25°C IZBWTHEZMH L CTEAMMIE L-, —E&DY 7 /LXK, Jasco
D53 s YR E & FP-770 (Tokyo, Japan) % FVNT 25 °C THIEHHE [ ZHIET 57
DIEBEOBRIERRE t I8V TRANSEY H Lz, BEORREE &®EEILE
ALEAL, 490 & 517 nm Th 5, FHEFHLRAE D IR 1% 40 mM O = — LEE{FIE
TOENBELZRET LD EICKVEE L, VKR Y =550 CF DI Rer 13 Rer
=(L—I)/(l.—1p) & LTEHE L, T 2T, LIZWHO CF &HMEZRd, HRiER
t 135 2 EEEAMFIEO CF IR O LEE 29 5 72 OB 28 AW ter=1 (Vu/V1) & L
THEH L7, CFICET2WEINZIZESE (Yoshimoto et al., 2007) FiEIREL Por %
Per=hka' &L LTEH L7, 2 2 T.a % CFL OLEFE (a=6/Dp). k 13—In (1 — Rcr) vs.
tyx 72y L TEHEONIEROEESTHD,

4—2—10. #HEERNT TV 7 MIKTEERNO H0, 55 iR 5

BFE15.0mL OFEEZATDHI=Ar— LOINTREERNTT U 7 MUK %2 3o
VT =L L fHERALE, =7 V7 DITA Y=L Xy h~—RIZTZENEN
150mm & 9.0mm Th o7z, A= % —L LT, 40-100 pm ORAFAILELZHT L7
TATANE —% T AP —DEERIZKE LT, [FEEE L 1.0mM [ZFE L 7~ catalase
FHAVRY =227 Y7 MIMZ 10 mM O H0, FFE T, Bl 7 4 L% — % @il S
VBRI AL MEaZ2 I L CH AZEERE L 047, 1.9 cm/s OHFIFH TEK L TRIG
EH72, =7 U 7 b OIREIXIEIRK T 40 °C (ZHERF L 7=, FF LR ITRBRE NIZ 10 mM
H,0, & catalase H AU R Y — L E2ELRINAERZ 1.5 mL I x TiTo 72, BB
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Keflc =7 U 7 B L OEREBRE O H0, IBE % 10 min BBF L 72, H0, 1L 25 °C
IZBWT~UL AR X —BIZ LY AR X 7172 o-dianisidine DER{LS ISV THIE
L 7= (Yoshimoto et al., 2004),

4— 3. FEREVELE
4—3—1. EAMRHFIZEIT 5 GO H AU R Y — A DR

GO & catalase - HE A SE72 U R Y — 2 FTEASE (ZOEHEE PI = 0.062 + 0.024)
TYBHRIFEE DplE 149+ 2nm TH o7z, VAR Y — A 1 HY72D D GO & catalase DI
W55 A B EIEE 1.0 mM O GO/ catalase & dLE AU AR Y — b & %48 U 7= Tris fB &
BHROBEATELEZRET 22 LICX VR LIEHER. NEA GO & catalase 771303
TILEI 128425 L 6.6+£04 EHEE I 4L72 (Table 4-1), GO- catalase FLEf AV ARV
— LB O 10 mM 70 32— A ORREE A 25 °C 128\ T AME  T1T o 72, 18
MM E RN O RERERI L, EBEIERAL THRV S AWHEE N AET 5 72 OIS RIS B i)
DAILD, T D XD e RENREED RETR 72 20X ) AR Y — L ORISR A RIT T
BEMEN S D, LavL., #UNEBEOAY O H A OTMKO LML IR & el LTI
BRI O RERFMIZE L ENWZ LE2ZEL T, HENOEABA ML A E2RKT /S
T A=K L L CBMERICB 5 FEEAWEE () AT L, OO
BRAEWNE LR (y=0) TOGR S FEHE L7, Figure 4-2A [ZfE 4 Dy (2B 5 7 02—
AR ORGEL 2R T, TR TORRIZEBNT, I a—AOIZ XD AR S
D HyOy 1T VAR Y — ALAND catalase IEHEIZ L VR SN2 o7z, v =0I1IZBWT,
UARY —LWNE A GO L7V 3 — A2k D I E RO K X 23R X VARV IS
M%7~ (Yoshimoto and Wang, 2003; Kuroiwa et al., 2012; Yoshimoto et al., 2004), y =
0IZBW\WTC, BESTFEEREISE D7D a— AV BIZEVD VR — L5/ TH 2 &
IZE VB o X BV R T OB LS ORRFEZA % Figure 4-2A ORI T,
T EALRGO KISIIWEBSERN A EH CE 5720, VARV —LFR0Dy =0DHE X
D RERBEEEZRLTND, URY—LNEAGO IZL > THEES NS 7L a—
AD DN OBBALIEE (rGapp) (X gy QI EF T 2MEEICH D (Figure
4-2B), 3.1 x 10° 51 < i ICBWVTIE BT —rgap EIZ I EAD GO KIE LY KE VN,
Z OFEFRIT GO ARBLE NS AMIIZ XV IEfb S Z 2R LT\ 5, ERRORE
BTV R Y — LPNEA GO BT D BT O 7 o — ZERAV RO TE B 23 1 A Wit 12 B
SEIRVEIF CHIEFRRETH D Z & 2R T,

65



Table 4-1 Estimation of average number of enzyme molecules per liposome.

Concentration of lipid Cp 1.0 mM
Mean diameter of liposomes Dp 149 nm
Average area per lipid head group” 4y ay 0.57 nm*
Number of lipid molecules per liposome” N 2.3x10°
Concentration of liposome® Cy 4.3 nM
Overall concentration of GO? Cco 55+ 11 nM
Overall concentration of catalase® Cca 294+ 2nM
Number of GO molecules per liposome Ngo° 12.8+£2.5
Number of catalase molecules per liposome Nea' 6.60.4

“The Ay, value was calculated with the head group area of 0.72 nm’ for POPC
(Dorovska-Taran ef al., 1996), 0.66 nm” for POPG (Ku&erka et al., 2012) and 0.27 nm?
for cholesterol (Hofsdb et al., 2003) (POPC:POPG:cholesterol = 50:20:30 in molar
ratio).

"The Ny, value was calculated as N; = (4TC/AL,aV){(DP/2)2 + (Dp/2 — 1)2}, where [ is the
bilayer thickness of liposome membranes (/ = 3.7 nm) (Dorovska-Taran et al., 1996).
Liposomes are assumed to be spherical.

“The Cy value was calculated as Cy = C;/N;.

“The concentrations of enzymes were determined based on their intrinsic activity.
Values are mean of three measurements. Errors represent standard deviation.

“The Ngo value was calculated as Ngo = Cgo/Cy.

'The Nca value was calculated as Nca = Cca/Cly.
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Figure 4-2 (A) Time courses of fractional conversion of 10 mM glucose catalyzed by
liposomes encapsulating GO and catalase at various average shear rates 7, at 25 °C.
The total lipid concentration was 1.0 mM. The overall concentration of GO was 1.0
x107 g/L. Broken curves and filled stars represent the data for the reaction catalyzed by
micellar enzyme system at y = 0. (B) Effect of 5, on the apparent oxidation rate of
glucose —rGqpp catalyzed by liposomal GO. The rate for micellar enzyme-catalyzed

reaction is also shown (empty circle).
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4—3—2. UKRY—LEOHBAIA b L ARSI

BB B MR L OV R Y — 2 0ERZ EMEICE ST POPC, POPG & =2 L
AT B—)LINLIBRIND VAR Y —AO@EEAMHEEIC L - THE S h A EEEL
BRI L7z, RO ABIEE (h <1.5x10°s") BLO25°CIcBVTH B
DIRE VR Y — NIEEEEFHEERT D LN TE D (Yoshimoto et al., 2013), — 7,
POPC DHMBIERL S5 U AR Y — LRZ5 8 M 0O & A s FE A iR B I C RS
ERDIEE2EIZBWVWTORLTWNS, BT, PG ZMAAALBIZHESEZY R
V—AXBA A DIFETTY TAX —% T HZ L TE % (Sabin et al., 2012;
2007), D7 T AZ—3FHEMF v U T OBR%E (Sabineral., 2012) LY R Y —LDHEA
Wzt z @5 (5B 2 8) mOIIIERICER T D, BUKEILAEY OEEEMEIX
RO ELLDOFRIE L 55 Z £ TE % (Yoshimoto ef al., 2007; Donato et al., 2012),
150 nm ORI % D 5(6)-carboxyfluorescein (CF) £ A U AR Y —24 (CFLs) 1% 25 °C
IZBWNT 190 BEL 380 um ONFEE DOV A 7/ BF 2—7 %@l ST CF Ot
FRep ZWNE LTz, HEREy= 0128\ T, 180 min OHIERF Rep < 0.01 & EEREILIZ
LA EHRNEE RS 2o 7, Figure 4-3 |38 20 AW o (2FE D Rer TEOZEAL
(ZRET D poy DEEE A TR, din = 190 pm (23517 % CF IR HIHEE 1T, IE O & & B 1
AR L TW5 (Figure 4-3A), din =380 pm (2351 %5 CFL DX AWHLER BT § [FIRE
DFEF L 72~ 7= (Figure 4-3B), Dp =188 nm ® CFL {28\ T EBR ATV FEIRE DR 5H
%157 (Figure 4-4), CF 53 FDFEIBAREL Pep 13 CF (T 2 IEE FH MBI AU ES
ZHEH LT (Yoshimoto et al., 2007), 7, PE%E LT v v k L7 (Figure4-5), Dp=
188 nm @ CFL (ICOWT DT —& b HED 7201277 T, PepfEix CFL ORI B
72 < Yy TEOHENNAENIA SR LTV D, £72. Dp=188 nm ¢ CFL [3/)» &V VAL
FED CFL LB L CTE Y K& 2R PpfEZ R LTV D, =78 x10° s IZB T HHA
Wr LB D 28 % Dp = 150 nm (Figure 4-6A) & 188 nm (Figure 4-6B) ® CFL ORI 11£24y
FICESEMET LIz, AR LZEAR A N LA TIX CFL DR B0 ITIZIEELH
20, EROFERIT, VAR Y — AOFEREE ITHERF SN TREET U R Y — AEOBUKYE
ERAL D TR RS ZAL DN AR K VR SN D 2 & 2R LT 5, Figure 4-6A
IR D & AWM N Y R Y — AORFROLT B b 2E x4 2 &
W05, P OREREICESERHUNIERNEE L VAR Y — AENHEAEIERT 2 F
HEMEZ 572 (Figure 4-7), U 7~ YV — A LU E NEBER OF8 AAE R I3 AEH @ POPC
T B0 L CEEME L7z, Figure 4-7 X0y = 7.8 x 10° s {235 T 180 min DIBHFT
IIEEREOEDITBEI SN/ LD VR Y — A LN E ORI ER
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TELZENDND, ULEDORERITY R Y — L OE4HI 72 FAEE DS AW o O ik 2
FURIZEDETTHZ EZRBL TS, 25 °C 128V T POPC/POPG/cholesterol
ViR Y — A THEOLILZ PopfEIL POPC DHNOLIERED Y AR Y — L& HNT 40 °C
TEONIBER FE2®E) Lo bRkEW, FAMA ML RAICHTEARHED Y KR Y —
LOEWREZMHIT 2 VAT a0 — LV EFEOHEEDRE —MIZHE LTV 5 ATEEMES
H 5D,

4—3—3. URY—2E0n5D GO SFDIRH

HFAWIRICBREBE LY R Y =20 50 GO o F+DiREZEIE L7z, GO D41 &L
CF LV 480 fF K&\, IEMEFIHZER Eco 13 GO VEMEIZEE LT Ego = ALg/dip & L TEF
T %, 22T, ALg 1E 180 min DHE/ERRICI VT Y R Y — LR THE SN GO TEME,
A B OBEEFEETH D, A EIZa—VERICK Y VR Y — LA &ML CTE-,
Figure 4-8 [Xyy & Eco EDO B Z RS, y=0 2B W TH LT/ W EgofENE B
T\ 5, Ego fEiEy B8 7.8 x 10° s £ THIMT 2 DITEE 0.48 (ZHIML TR Y L 3.9 x
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Figure 4-3 Time courses of fractional CF released Rcr from CFLs with Dp = 150
nm at various J,, values at 25 °C. CFL suspension was sheared in the microtubes
with di, = 190 um (A) and 380 um (B). Solid curves represent the calculated time
courses, Rcp = {1 — exp (—Pcratesr)}. The value of Pcra corresponds to the slope of

straight line obtained by plotting — (1 — Rcp) VS. Zefr.
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Figure 4-4 Effect of effective shearing time ¢ on the time courses of fractional CF
released Rcr from CFLs with Dp = 188 nm at various average shear rates j,, at
25 °C. The CFL suspension was sheared in the microtubes with dj, = 190 pum (A)
and 380 um (B). Solid curves represent the calculated time courses, Rcr = {1 — exp
(—Pcratefr)} -
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Figure 4-5 Effect of average shear rate j,, on permeability coefficient Pcr of CF

through liposome membranes.
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Figure 4-6 Effect of shearing on size distribution of CFLs with initial Dp of 150 nm
(A) and 188 nm (B). Shearing was performed at y,, = 7.8 x 10° s at 25 °C for tos =
1.0 x 107 s.
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Figure 4-7 Time course of concentration of POPC in a cuvette with external liquid
circulation through microtubes operated at j, = 7.8 x 10° s at 25 °C. “Empty”

liposomes were used. Errors mean standard deviation (n = 3).
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Figure 4-8 Effect of average shear rate j,, on activity efficiency FEgo of
liposome-encapsulated GO molecules. The Ego value was determined at the operation

time of 180 min at 25 °C.
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Figure 4-9 GPC profiles of liposomes encapsulating GO and catalase sheared at 3.1 x
10° s for 180 min at 25 °C at the total lipid concentration of 5.0 mM. The peak around
fraction 7 corresponds to liposome-encapsulated GO and the peak around fraction 15

corresponds to free (leaked) GO.
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Figure 4-10 Size distribution of liposomes encapsulating GO and catalase with and
without shearing at 7%, = 7.8 x 10° 5™ for 180 min at 25 °C. The measurements were
performed in triplicate and the representative data are shown.
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Figure 4-11 Time courses of fractional remaining activity of liposomal GO (filled
circles), free GO plus empty liposomes ([lipid] = 1.0 mM) (empty triangles) and free
GO alone (empty circles) at 7, = 7.8 x 10° s at 25 °C. The concentration of free GO

was fixed at 1.0 x 10 g/L. Data represent mean + standard deviation.
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Figure 4-12 Time courses of fractional remaining activity of liposomal catalase (filled
circles) and free catalase (empty circles) at 7, = 7.8 x 10° s at 25 °C. Data for the free

catalase represent mean + standard deviation.
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Figure 4-13 Time courses of fractional conversion of 10 mM glucose at 25 °C
catalyzed by free GO with empty liposomes at 7, = 7.8 x 10° s™' (filled circles) and at
= 0 (empty circles). The time course is also shown for the oxidation of 10 mM glucose
at 25 °C catalyzed by free GO at ¥ = 0 in the absence of liposome (empty triangles).
Concentrations of free GO and free catalase were 3.3 x 107 g/L and 5.0 x 107 g/L,

respectively. Data represent mean + standard deviation.
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(T catalase DN ENHERF SN2 F £ H0, 75 F2NERICIRE IR 21518 L TRt
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Figure 4-15 Time courses of H,O, decomposition catalyzed by CAL composed of (A)
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concentration was 0.12 mM.

80



WT GO 3 F DRt ZFI & # 2 L7z, it L7z GO 43 FAli T D 7 v 20— AL s
A O ABEFE 1, = 7.8 x 10° sTIZBWT U R Y — L (EE T Tl L Sz,

EHIZ, VAR Y =23 AWBRHFICE VT GO iEEELEN LIz, GO HAYKRY —
L, B IEERICBWTHEAET R L L T/ v a— 2 OEFEERILO7-0I1FE L
ARV GO VEMEE R LTz, —FH, ERMRTatx L L TONBERN=7 Y 7 Ml
A~ catalase HEA VAR Y — L ZWH L7 & 2 A, HAZEEERE IZKIFE L T catalase
Z U AR Y — NS LT E EBIRAIIC H0, D IEFEE HMELE X 70 TR SR 23 1T
HZERbhols, BEEHAVRY — LT AT AMIAFHEN LT AMEEICRE LT
JREIRBERIE A T 2 LD BREBLIGOHE~DIS AR Tx 5,

—J5 LR CRAET B AMHEE LB AR A b L AEFHITE % 48-12005" & 0.14-2.6
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AT A B U ATREMICRE TR AR Lo, AEMEZ b OREEN SR IND Y
R —hZ Ca?t LETICBWTHMC Y 72X —{b S HEE, Catt OFEE L
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