
(Measurement of shear rate in bubble columns and control of enzymatic 
reactions on the basis of shear flow-induced structural change of liposomes) 





5

1

2

5(6)-Carboxyfluorescein (CF) 

40-55 °C

(101-323 nm) CF

3



CF

CF 2

/ 3

4

380 m

3

5



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 m 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 m. 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. 
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nm  ( ) 

(Bangham et al., 1965)

 (Holme et al., 2012)  (Liu and Boyd, 2013)

(Yoshimoto et al., 2004)

Figure 1-1 Schematic illustration of mass transfer in liposomal system.

 (Figure 1-1)

100 nm

Yoshimoto et al. (2004) Proteinase K
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Rokitskaya et al. (2011) 

Indolicidin

Small et al. (2012) 2

Cholesterol

Table 1-1

Bekard et al. (2011) Poly-L-lysine

-Helix

3

van der Veen et al. (2104) -Amylase

25 kPa

Tanaka et al. (2001) Horseradish peroxidase

2

Kanno et al. (2002) -Galactosidase

Wang et al. (2013) 

Glucose oxidase 3

Yamashita et al. (2007) DNA
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Table 1-1 Studies on the shear-induced activity and conformational changes of biopolymer.

Biopolymer Device Factor Remarks Reference

-Helical 
poly-L-lysine
(PLL)

Flow-cell Shear rate
(74-715 s-1)

-helix of 
PLL

Bekard et al.
(2011)

-Amylase Cone-and-plate 
geometry

Shear stress
(4.3-68.5 kPa)

-amylase 
-Amylase had a shear 

resistance to approximately 
25 kPa.)

van der Veen et 
al.
(2004)

DNA

Nanochannel
(Diameter = 800 

mm)

Flow rate
(0.67-33 cm s-1)

Thermal stability of DNA in 
microfluid was increased.

Yamashita et al.
(2007)

Horseradish 
Peroxidase
(HPR)

Microchannel
(Depth = 100
Width 

-

Activation of HPR (Reaction 
in the mincrochip was about 
2 times faster than that in the 
bulk liquid.)

Tanaka et al.
(2001)

-Galactosidase
(GA)

Microchip
(Depth = 200 
Width = 200 
Length = 40 cm )

-

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

Kanno et al.
(2002)

Glucose oxidase
(GO)

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

Flow rate
(15-400 s-1)

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

Wang et al.
(2013)
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 (Giorgio and Yek, 1995; Bernard et al., 2005; Kogan et al., 2013)

Giorgio and Yek (1995) 

27-2700 s-1

Bernard et al. (2005) 

Ca Kogan et al. (2013) 

40 wt%  = 3100 s-1

500 nm 100 nm

 (Ando and Yamamoto, 2013) Gudi et al. 

(1998) G protein

 (Holme et al., 2012)

 (Chisti, 

2010)

 (Wang et al., 2003)

 (Merchuk and 

Ben-Zvi, 1992)

 (Nakao et al., 1999; Yoshimoto et al., 2006)

 (Chisti, 2010)
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Table 1-2 Figure 1-2 Nishikawa et 

al. (1977) UG = cUG

c

Shamiou et al. (1998) 

UG

Thomasi et al. (2010) 

Glycerol Xanthan gum

kLa

 (Chisti and Moo-Young, 1989)

(Contreras et al., 1999)

(Maveddat et al., 2014)

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

NBC
(D = 0.14 m, H = 3.9 m)

= 1500 UG
(UG = 0.008-0.064 m/s) Henzler (1980)

NBC
(D = 0.14 m,  H = 2.7 m)

 = 2800 UG
(UG = 0.02-0.08 m/s)

Schumpe and Deckwer 
(1987)

External loop airlift bubble column 
(ELBC)
(Volume V = 40dm3, diameter of riser DR = 
0.194 m and downcomer DD = 0.064 m,  
H = 1.4 m)

= 14800 UG
2-351 UG+3.26

(UG = 0.004-0.06 m/s) Shi et al. (1990)

ELBC
(V = 700dm3, DR = 0.225 m, DD = 0.225 m,  
H = 6.2 m)

 = 24392 UG
2-11.1 UG+14.9

(UG = 0.0018-0.07 m/s) Al-Masry (1998)

ELBC
(V = 35dm3, DR = 0.0.095 m, DD = 0.06 m)

 = 8 UG/(t(1-
(UG = 0.003-0.025 m/s) Shamiou et al. (1998)

NBC
(D = 0.125 m, H = 0.6 m)

= (7.38×10-3×UG
0.11×K-0.389)(1/n-1)

(UG = 0-0.23 m/s) Thomasi et al. (2010)

Concentric-tube airlift bioreactor (CTA)
(DR = 0.075 m, DD = 0.125 m, H = 0.6 m)

= (6.65×10-3×UG
0.227×K-0.432)(1/n-1)

(UG = 0-0.23 m/s) Thomasi et al. (2010)

Split airlift bioreactor (SA)
(D = 0.125 m, H = 0.6 m)

= (6.95×10-3×UG
0.14×K-0.385)(1/n-1)

(UG = 0-0.23 m/s) Thomasi et al. (2010)
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Figure 1-2 Shear rate  as a function of the superficial gas velocity UG.
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Figure 1-3
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 (Louhivuori et al., 2010; Yoshimura et al., 2008) 

(Makino et al., 2006) 

 (Zhang et al., 2011; Gudi et al., 1998)

 (G-proteins) 

 (Gudi et al., 1998)

 (Tarbell et 

al., 2010)

 ( ) 

 (Bailey and Berkland, 2009)  (Liu and Boyd, 

2013)  (Tester et al., 2011)  (Walde and Ichikawa, 

2001; Yoshimoto et al., 2004) 

50-500 nm  (Walde, 2004) 

 (Yoshimoto  

et al., 2007)

 (Chaize et al., 2004; Yoshimoto et al., 2004; Li et al., 2007)

 (Treyer et al., 

2002; Yoshimoto et al., 2004; Yoshimoto et al., 2005)

 (Yeow et al., 2002; Saki et al., 2011; Yoshimoto et al., 2010)

 (50-500 nm) 

 (Takagi et al., 2009; Foo et al., 2004; Shahidzadeh et 

al., 1998; Robbins et al., 2011; Noguchi and Gompper, 2005)

 (Chakravarthy 
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et al., 1992; Hallow et al., 2008) Chakravarthy and Giorgio (1992) 

 (Giorgio and Yek, 1995) 500 nm

10 m  (Walde, 2004) 

 (Paleos et al., 2012) 

 (Sabín et al., 2012) 

 (Yoshimoto et al., 2010)

 (Sada et al., 1990) 

(Sabín et al., 

2007)  (Cametti, 2008)  (Thevenot et al., 2007)

(Dimitrova et al., 1997;  Kayal et al., 2012) 

 (Bernard et al., 

2005; Chakravarthy and Giorgio, 1992)
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5(6)-Carboxyfluorescein (CF) 

40-55 °C

CF

 (CFL) 101-323 nm CF

Ca2+

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 1-palmitoyl-2-oleoyl-sn- 

glycero-3-phosphoglycerol (POPG) NOF (Tokyo, Japan) Cholesterol

 (CaCl2 2H2O) Wako Pure Chemical Industries (Osaka, 

Japan) 5(6)-Carboxyfluorescein (CF, Mr = 376.3) Sigma Aldrich (St 

Louis, MO) 1,6-Diphenyl-1,3,5-hexatriene (DPH) Invitrogen (Carlsbad, 

CA) Elix 

3UV (Millopore, Billerica, MA) 

5(6)-Carboxyfluorescein (CF) CFL

POPC (50 mg) 4.0 mL 100 mL

POPC

4.0 mL 2 POPC

POPC 100 mM 

CF pH 7.4 50 mM Tris-HCl/50 mM NaCl 2.0 mL (Tris buffer) 

 ( 80 °C 7 min)  (37 °C 7 min)  (7 ) 

 (MLVs) MLV

MLV LiposoFast-Basic Avestin Inc.  (Ottawa, 

Canada)  (MacDonald et al., 1991) 50, 100, 200 or 400 nm
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11 CF Sepharose 

4B  (1.0 cm (i.d.) × 20 cm) CFL CFL

POPC  (Takayama et al., 1977)

 ( ) 

 ( = )

DV-II+Pro (Brookfield Engineering Laboratories 

(Middleboro, MA) ) 

 (Model CPE-40) R 1.40 × 10-2 rad 2.4 cm

CFL  (0.5 mL) 

0  20.9 

rad/s CFL

r vt  (vt = r, r R) r r

h  (h = r ) 

= / ) r  = 1.5 × 103 s-1

40 55 °C 1.1 0.83 Pa

CF CF

V0 CFL

 (V0 = 0.5 mL ( ) V0 = 1.0 

mL ( ) ) CF C0 CF C ,0 FP-750 

(JASCO, Tokyo, Japan) C ,0 40 mM

490 nm 517 nm

25 0.3 °C CF
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t CFL 50 L Tris 20

100 CF Ct 40 mM

t CF C ,t

CFL f = C ,0/C ,t CFL CF

RCF RCF = (f Ct C0)/(C ,0 C0) CF

C F

(dCt/dt)VL = PCFa (Cin Ct)VS PCF CF a

(a = 6/DP) VL VS

 (VS VL)

(Sherwood number Sh  2)  (Chakravarthy and Giorgio, 1992) Cin C (VL + VS) =  

CtVL + CinVS Ct

(Yoshimoto et al., 2007)

RCF) = PCF at (1) 

CFL CFL  (0.5 mL) CP,0

 1 h CFL

CP,t AL AL = 1 f

(CP,t/CP,0) 

2 400 L Tris  (

) 

DP  (Osaka, Japan) 

ELSZ-2 plus  (DLS) 

160º 660 nm  CFL

Marquardt CFL PI

DP 1.33 Einstein-Stokes

15 °

Smoluchowski
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 ([lipid] = 1.0 or 0.5 mM) Ca2+

20 min 25 ± 0.3 ºC 3 mL

Tris 0.22 m

 (Milex PVDF, Millipore, Billerica, MA) 3

Tris

500 nm  (OD500) 25 0.3 °C

Peltier V-550 (Jasco, Tokyo, Japan) 

3.0 mL 1.0 cm

CaCl2  (1.0 M) 

40~80 mM 20 min

([lipid] = 1.0 mM) Ca2+ 1/2

(1.5 mL) Tris 0.5 mM Ca2+  40 mM

DPH P

 (Blatt and Vaz, 1986) 

 (DMF) DPH

 (0.5 mM) DPH  (2.0 M) DPH

15 h DMF 0.4 v/v%

DMF

 (FP750, Jasco, Japan) 

360 430 nm -DPH

I|| I

i|| i P = (I|| GI )/(I|| + GI ) P

G G = i /i|| P
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2 d

Derjaguin-Laudau-Verwey-Overbeek 

(DLVO) 3.7 nm l (Dorovska-Taran et al., 1996) 

(97 nm) 2 Vw(d)

 (Tadmor, 2001):  

2)(
)2(ln

6
12

2
1

12
)(

ld
lddA

dldld
ARdVW (2) 

A Hamaker 2.5  10 21 J  (Sabín et al., 2007) Ve(d)

 (Zhang et al., 2007): 

Ve(d) = 2 R 2 ln [1 + exp ( d)] (3) 

T = 298.2 K

 = [2NAIe2
0/( kBT)]1/2 NA

kB e 0 I

 (I mizi
2)) mi zi DLVO

VD(d) VD(d) = Vw(d) + Ve(d) Vh(d)

 (Molina-Bolívar et al., 1997)

Vh(d) = RNAChCe
2exp ( d/ ) (4) 

Eq. (4) Ch Ce NACh 2.5 × 105 J/mol

 = 0.26 nm  (Sabín et al., 2007; Inoue et al., 1992)

VT(d) VT(d) = Vw(d) + Ve(d) + Vh(d) 3

CFL
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CFL

CFL

CFL

CFL 40-55 °C 1 h CFL  (AL) CFL CF

RCF CFL DP 117 nm  (PI = 0.087) AL

55 °C AL 0.31  (Figure 2-1)

RCF 55 °C RCF = 0.79 25 °C

CFL

DLS

CFL

Figure 2-2  (PI = 0.247) 

 (4 m <) 

CFL CFL

CFL

CFL CFL

 (Tuytten 

et al., 2006)

 (Wang et al., 2003)

POPC

CFL CF

CFL CF  (RCF) RCF,B = RCF - AL

40 55 °C RCF,B Table 2-1

RCF,B 40 °C AL 0.092 

(Figure 2-1) RCF,B  (Table 2-l) 

55 °C (AL = 0.31) 

RCF,B

CFL
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Table 2-1 The RCF,B values in the static liquid systems of cone-and-plate and test tube 

geometry.  

Temperature / °C 
RCF,B (= RCF AL) / - 

Cone-and-platea Test tubeb

40 0.061 ± 0.033 0.082 ± 0.012 

55 0.49 ± 0.12 0.26 ± 0.01 
aThe values were calculated with the RCF and AL values shown in Figure 2-1. 
bPractically no adsorption of CFL was observed in the test tube geometry (AL  0). 

40 45 50 55
0.0

0.2

0.4

0.6

0.8

1.0
R

CF
A

L

Temperature / C

Figure 2-1 Fractional amounts of CF RCF released from CFL and lipids AL adsorbed to 

the surface of cone-and-plate, as a function of temperature obtained in the static liquid 

system (  = 0) of non-rotating viscometer. Values are mean ± S.D. of three 

independent experiments. 
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10 100 1000 10000

0

5

10

15

20

25
Intact CFL

 Non-adsorbed CFL
 Resuspended lipids

Diameter / nm

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. 

40-55 °C CFL M  (  = l.5

 103s-l) 1 h M 5 min

 (Figure 2-3, inset) 5

60 min M

max  (r = 2.4 cm) 
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3
max

max )3/2( R
M

Mmax Figure 2-3 max Figure 2-4

f CFL 1 h CF

f 40 °C 0.846 55 °C 0.655

V0 ( = 0.5 mL) CFL 34.5 % 55 °C

f r ( R) 

3/1
0

2
)1(3 fVvr    (6) 

 ( = 1.40  10-2 rad) v

13.3 m  (v ~ 0.06) fV0

r f 0.655 r 2.19 cm

 (R = 2.4 cm) 

CFL 1 h min

fVv
M

0

min
min )1(

    (7) 

Mmin 1 h (Figure 2-3) Eqs. (5) (7)

max min  (Figure 2-4) min max

CFL 5 min RCF

0.050 0.040 (  = 0 at 40 °C) CF 5 min

 (Figure 2-3, inset) 
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0.0
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1.0

1.5

2.0

2.5

3.0

3.5

Time / s

0 1000 2000 3000 4000
0

500

1000

1500

2000

Time / s

Temp. / C
40
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55

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.  

40 45 50 55
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Temperature / C

max

min

Figure 2-4 Correction factor f as a function of temperature. Values of shear stresses 

max and min, which are calculated with Eqs. (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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CFL

CFL CFL

55 °C AL CFL CF RCF Figure 

2-5 AL RCF 1 h

CFL DP 101 nm Figure 2-5 AL

3.8 × 102 s-1 RCF

CFL

2

1.5 × 103 s-1 CFL

 (Figure 2-5) CFL

 = 0 AL 0.31

CFL

RCF,B Figure 2-5

RCF,B  (0.92)  = 1.5 × 103 s-1

CFL

CFL 40-55 °C

AL RCF  (Figure 2-6) CFL Figure 2-1

DP = 117 nm RCF

55 °C RCF  40 °C 4.2

CFL

40 °C

CFL RCF  (Figure 2-7)

CF PCF

0.74 pm/s  (Figure 2-3, inset) 0.13 pm/s

PCF

CFL

CFL

CFL DLS  (Figure 2-8)

CFL CFL
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0 500 1000 1500

0.0

0.2

0.4

0.6

0.8

1.0

0 500 1000 1500
0.0

0.2

0.4

0.6

0.8

1.0

Shear rate  / s-1

R
CF

A
L

Shear rate  / s-1

Figure 2-5 The AL and RCF values as a function of shear rate at 55 °C. Values are 

mean ± S.D. of three independent experiments. Inset shows the RCF,B (= RCF AL) 

value as a function of shear rate.  

40 45 50 55
0.0

0.2

0.4

0.6

0.8

1.0
R

CF
A

L

Temperature / C

Figure 2-6 The AL and RCF values as a function of temperature obtained under the 

shear stress (  = 1.5 × 103 s-1). Values are mean ± S.D. of three independent 

experiments. 



24 

0 2000 4000 6000 8000 10000 12000

0.0

0.1

0.2

0.3

0.4

0.5

0 4000 8000 12000
0.0

0.1

0.2

0.3

0.4

0.5

Time / s

Time / s

Figure 2-7 Time courses of RCF for the CFL suspended at 40 °C in the shear flow at 

= 1.5 × 103 s-1 (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  ln (1 RCF) as a function of time for the determination of 

permeability coefficient PCF.

CFL CFL

CFL

CFL

2  (Figure 2-8)

2 Ca

(Bernard et al., 2005) Ca
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3)2/( P
a

DC (8)

30 

× 10-20 J Ca 5.0 × 10-4 J  (Kaoui et al., 2009)

Ca 1 CFL Figure 2-8

 (Xiang and Anderson, 1997) Gudi et al. (1998) 

CFL

Chakravarthy and Giorgio (1992) 

 ( 27-2700 s-1

(Mr = 376) CF

CFL

CFL CF DP RCF DP

Figure 2-9  ( =1.5  103s-1) 

CFL DP 200 nm

DP CFL aS (= 6/DP) RCF

323 nm DP CFL DP < 200 nm CFL CFL

55 °C 1 h  (Figures 2-10) 189 nm

DP CFL

(Figure 2-10A) 323 nm DP CFL 187 nm 1.9 m 2

 (Figure 2-10B) 55 °C

CFL

323 nm DP CFL RCF

 (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  = 1.5 ×

103 s-1 for 1 h at 55 °C. The result for the intact CFL without shear treatment is also 

shown.  

100 150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0
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 50
 45
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Temp. / C

Figure 2-9 Effects of initial mean diameter DP of CFL and temperature on the RCF

value at the fixed  value of 1.5 × 103 s-1.
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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 (  = 1.5 × 103 s-1, 

55 °C).   
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Ca2+

Figure 2-11A Ca2+ 25 °C POPC/POPG/Cholesterol (

5:2:3) DP PI

193 nm 0.14 [Ca2+] = 40 60 mM

[Ca2+] = 80 mM Figure 2-11B

Ca2+ [Ca2+] = 40 mM

1.5 [Ca2+] = 60 mM

 [Ca2+] = 40 mM 1.0 

 (193 nm) 5

80 mM Ca2+

Ca2+ Figure 2-12

 ( 64.8  3.4 mV) 

[Ca2+] = 30~40 mM Ca2+

 (Sennato et al., 2005; Zuzzi et al., 2008)  [Ca2+]  40 mM

Ca2+

Szekely et al. (2011) Phosphatidylcholines (PCs) Ca2+

PCs POPC

POPC Ca2+

PCs Ca2+

DPH P

POPC/POPG/Cholesterol Figure 2-13

25°C P-1 POPC  (Yoshimoto et 

al., 2007) Cholesterol

 (Isaev et al., 2010; Wydro et al., 2011) Ca2+ POPC

POPC/POPG/Cholesterol Mao et al. (2013) 

Ca2+ POPG Ca2+

POPC POPG

Ca2+ POPC Ca2+

Ca2+  (Figure 2-12) 

Figure 2-13 P-1
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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 Ca2+ 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 Ca2+ concentrations of 40, 60 and 80 mM. The 

measurements were performed at 20 min after the addition of Ca2+ to the liposome 

suspension. 
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Figure 2-12 Effect of the Ca2+ -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 

in liposome membranes composed of POPC, POPG and cholesterol (5:2:3 in molar 

ratio). Errors represent standard deviation. When not indicated error is smaller than the 

symbol.  
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10 50 °C POPC

2.5 °C (Koynova and Caffrey, 1998) POPG 5 °C (Borle and Seelig, 1985) 

POPC/POPG/Cholesterol 25 °C

Ca2+

Ca2+ Ca2+

Ca2+ Figure 2-14

Figure 2-14A

Ca2+ [Ca2+] = 40 mM 20 min

 ( 1) B

 (Figure 2-14B) [Ca2+] = 80 mM

Ca2+  ( 2) CaCl2

4 v/v% A, B, C

1.0 mM C

 (Figure 2-14C) Figure 2-14C

433 nm

6.4 ± 4.9 % Figure 2-14

C

80 mM Ca2+  (Figure 2-14C) 

 (Figure 2-14A)

 (Sabín et al., 2006) Ca2+

 (Szekely et al., 2011)

 (Blatt and Vaz, 1986)

0.5 mM

2 ( 3)

D Figure 2-14D Figure 

2-14B Ca2+

80 mM 40 mM

Ca2+ 0.5 mM

Figure 2-15  ( ) 
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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. 

CaCl2 solutions ([CaCl2] = 1.0 M) were stepwisely added to the suspension to give the 

final Ca2+ 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. 
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PI  (Sabín et al., 2007)  [Ca2+] = 20 40 mM
 (Figure 2-15, inset) [Ca2+] = 

30~40 mM
0.5 mM [Ca2+] = 40 mM Figure 2-14 D

 (Figure 2-14, top panel) 

CF  (Figure 2-16) Ca2+

( 1~3) Figure 2-14 Ca2+ CFL

Figure 2-14  ( )

Figure 2-16 4 CF 40 mM

CF

CF RCF Figure 

2-16 3 CF

40 mM Ca2+

0 20 40 60 80

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 20 40 60 80
-70
-60

-10

0

10

Conc. of Ca2+ / mM

Concentration of Ca2+ / mM

Figure 2-15 -potential (inset) of liposomes composed of 

POPC, POPG and cholesterol (5:2:3 in molar ratio) as a function of the Ca2+

concentration. The total lipid concentration was fixed at 0.5 mM. Errors represent 

standard deviation. When not indicated errors are smaller than symbols. 



34 

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

Time / min

4321

Figure 2-16 Time course of fractional release of CF RCF 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. 

POPC POPG Ca2+

5 mol% POPC 65 mol% POPG 30 mol% 

Cholesterol Ca2+

Figure 2-17A 50 mol% POPC 20 mol% POPG POPC

[Ca2+] = 5.0 mM Ca2+

 (Figure 2-11B) Figure 2-17B

Ca2+  (Figure 2-17B, inset) 

POPG [Ca2+] = 10 mM

 ( 20.4  1.0 mV)

[Ca2+] = 80~100 mM POPG

Ca2+

POPC POPG

POPC/POPG/Cholesterol ( 5:2:3) POPG

Ca2+ POPC POPC
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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 Ca2+ concentrations of 0, 5, 40 and 

300 mM. (B) -potential of liposomes and fractional amount of liposomes 

aggregated (inset) as a function of the Ca2+ 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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Figure 2-18A 25 °C CF  (CFL) 

RCF 3 h RCF

(0.015) CF

CF

Eq. (1) PCF

PCF = 0.356  0.017 pm/s ( Figure 18A) Figure 2-19A

CFL

 (Yoshimoto et al., 2010)

40 mM Ca2+  (Figure 2-18 B) CF

Ca2+

CF  (RCF = 0.097) 3 h

PCF 0.422  0.019 pm/s  (Figure 2-18B, inset)

CF on-off

Figure 

2-19B CFL 3 h

 (Bernard et al., 2005; Kaoui et al., 2009) 

 (Higashitani and Iimura, 1998; Ovenden and Xiao, 2002; Xu et al., 2005) 

CF -
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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  of 1.5 × 103 s 1 (filled squares). Errors represent standard 

deviation (n = 3). Solid curves represent the calculated time courses, RCF = {1  exp 

PCFat)} with the PCF values determined as a slope of the straight lines shown in the 

insets. 
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d

2 VT(d) [Ca2+] = 40 60 80 mM

(Figure 2-20)

DLVO Ca2+

kBT [Ca2+] = 40 mM

2 ( ) -2kBT

 (Zhang et al., 2007) [Ca2+] 

= 60 80 mM 2

DLVO

Hamarker 2

4.2  10 19 J Hamarker 3.5  10 21 3.5  10 22 J

Hamarker 2.5  10 21 J

2.8  10 19 2.8  10 16 J

d

[Ca2+] = 40 mM d = 0.95 nm Ca2+

 (Sabín et al., 2007)

Figure 2-18 Figure 2-19 CF

 (DP = 101-189 nm) 

101 nm 117 nm DP CFL CF 55 °C

 (  = 1.5 × 103 s-1) CFL
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Figure 2-19 Effects of incubation in the static liquid system and shearing 

(  = 1.5 × 103 s 1) 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 VT(d) of the interaction calculated for the liposomes with a 

distance d.  
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POPC/POPG/Cholesterol (5:2:3) Ca2+

1.0 mM 1.5 m

40 mM Ca2+ POPG

Ca2+

POPC Ca2+

CF

DLVO

0.95 nm

CF

Ca2+
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 (Merchuk et al., 1998; Nakao et al., 1999; Meng et al., 2002; Yoshimoto et 

al., 2006)

 (Merchuk and Ben-Zvi, 1992; Contreras et al., 1999)

UG

(Schumpe and Deckwer, 1987; Nishikawa et al., 1997; Shi et al., 1990)

UG

 (Chisti and Moo-Young, 1989)

 (Merchuk and Ben-Zvi, 1992; Thomasi et al., 2010; Grima et al., 1997)

 (Merchuk and Ben-Zvi, 1992; Grima et al., 1997)

 (Ramírez and Mutharasa, 1990; Barbosa et al., 2003; Al-Rubeai et al., 1993; 

Sen et al., 2001)

 (Chisti, 2010)

(Chisti, 2010) Ramírez and Mutharasan (1990)

 (Hallow et al., 2008)

(Gudi et al., 1998)
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500 nm

 (Takagi et al., 2009; de Haas et al., 1997; Chakravarthy and 

Giorgio, 1992) 100~200 nm

-

 (DAF) 

 (Oliveira and Rubio, 2011) pH

 (Han and 

Dockko, 1998) Yoshimoto et al. (2006) 

3 UG = 0.94 cm/s

1 mm

/

3



43 

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) Cholesterol

Wako Pure Chemical Industries (Osaka, Japan) 

5(6)-Carboxyfluorescein (CF) Sigma-Aldrich (St Louis, MO) 

Carboxymethyl cellulose (CMC, Sunrose®, type F01MC)  (Tokyo, 

Japan) CMC 0.65-0.75

Elix 3UV (Millipore Corp., Billerica, MA) 

15 M cm

5(6)-Carboxyfluorescein  ( CFL)  (50 mg 

POPC/20 mg POPG 50 mg POPC/18.2 mg DOTAP 50 mg POPC) 

7

100 mM CF pH 7.4 50 mM 

Tris-HCl/50 mM NaCl buffer ( Tris buffer) 200 nm

CF sepharose 4B

CFL CFL

Figure 3-1 CFL POPC

 (DV-II+Pro, Brookfield Eng. Lab., Middleboro, MA) 

Rleocalc 

(Brookfield Eng. Lab.) PC

1.40 × 10-2 rad 2.4 cm 0.3 wt% CMC Tris buffer 

CFL  (0.5 mL, [lipid] = 1.0 mM) 

40 °C CFL CFL

6.8 × 10-3 20.9 

rad/s = / ) 

CMC
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Table 3-1 Figure 3-2

DR 8.0 mm DD 4.8 mm H 100 mm ELBC Type A

 (240 mm, Type B)  (8.0 mm, Type C) ELBC

3 40-100 m

ELBC

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 

bubble column 

Liquid volume [mL] 

ELBC (NBC) 

H 

[mm] 

DR

[mm] 

DD

[mm] 

A 7 (3) 100 8 4.8 

B 15 (10) 240 8 4.8 

C 9 (3) 100 8 8 

ca. 4 nm

Lipid bilayers

CF 
molecules

ca. 200 nm

Liposome (CFL)

POPC
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Figure 3-2 Schematic drawings of the external loop airlift bubble column (ELBC) and 

normal bubble column (NBC). 

0.3 wt% CMC  Tris buffer CFL  ([lipid] = 1.0 

mM) 40 °C

UG = 0.01-0.03 m/s

CFL 160° 660 nm

 (DLS)  (ELSZ-2 plus, Otsuka Electronics, Osaka, Japan) 

CFL DP 1.33 Stokes-Einstein

CFL 50 CMC

25 ± 0.3 °C 3
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CF PCF

CFL CF RCF RCF = (Ct C0)/(C C0) 

C0 Ct t

CF C CF CF

CF CFL C

40 mM CF

CF

 (FP-750, JASCO, Tokyo, Japan) 25 ± 0.3 °C

PCF CF ln(1 RCF) = PCFaSt

 (Yoshimoto et al., 2007) aS CFL

CFL 180 ± 1 nm 0.104 ± 0.003

CFL

Figure 3-3  = 1425 s-1

UG = 0.03 m/s 40 °C 3 h CFL

CFL

CFL

CFL

0.3 wt% CMC Tris 0.3 wt% CMC

Tris  = 262  1425 s-1 = 1.45 ± 0.01 mPa·s

CMC

 = CFL

40 °C  ( = 375, 750, 1125, 1425 s-1) 
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Figure 3-4A RCF CF

 (  = 0) CFL

ln(1 RCF) t CF PCF

Figure 3-4A RCF = 1  exp( PCFaSt) RCF

PCF (Figure 3-4B)  = 1425 s-1

PCF = 5.2 × 10-13 m/s  = 0 PCF PCF

PCF [m/s] = (3.1 × 10-16 m) ×  [s-1] + (0.8 × 10-13 m/s) 

CFL (Figure 3-3) CF

10 100 1000

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35
 1: Without mechanical stress
 2: Cone-and-plate (  = 1425 s-1)
 3: Airlift (UG = 0.03 m/s)

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 PI 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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Figure 3-4 (A) Time courses of RCF at various shear rates  in a cone-and-plate device. 

Curves are calculated with RCF = 1  exp ( PCFaSt). (B) Relationship between PCF and 

. 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) × 10-16 m. 
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 (UG  0.03 m/s) CFL

CF CFL Figure 

3-5A UG ln(1 

RCF) = PCFaSt PCF PCF UG

(Figure 3-5B) PCF [m/s] = (2.6 × 10-11 [-]) × UG [m/s] + (0.8 × 10-13 m/s) 

UG = 0.03 m/s PCF = 8.1 × 10-13 m/s

10

CFL

(Figure 3-3) CFL

UG

CFL CF

(Yoshimoto et al., 2007)

CFL UG

UG PCF UG  [s-1] 

= (8.4 × 104 m-1) × UG [m/s] (UG  0.03 m/s) UG = 0.01  0.03 

m/s 8.4 × 102  2.5 × 103 s-1

UG = 0.03 m/s 3.5 Pa

 (Chisti and Moo-Young, 1989)

UG

Contreras et al. (1999) 

-
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Figure 3-5 (A) Time courses of RCF at various superficial gas velocities UG in an 

external loop airlift bubble column. Curves are calculated with RCF = 1  exp 

( PCFaSt). Broken curve shows the data at UG = 0, which is identical to the data shown 

in Figure 3A at  = 0. (B) Relationship between PCF 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) × 10-11 [-].   



51 

Shi et al. (1990) 

 [s-1] = (14800 s/m2) × UG
2 [m2/s2]  (351 m-1) × UG [m/s] + (3.26 

s-1) 

CFL

CFL PCF

POPC

UG  (  0.03 m/s)

UG

 (Chisti, 2010; Bekard et al., 2011)

CFL-

POPC/POPG POPC/DOTAP

-31.9 mV 19.2 mV Figure 3-6

NBC (DR = 8.0 mm, Type A or C) HL = 40 mm UG = 2.0 cm/s

CFL RCF DOTAP CFL

120 min RCF = 0.94 CF Figure 3-7 NBC

DOTAP CFL NBC

DP = 218 nm  (Figure 3-7A) NBC

CFL

POPG 120 min RCF = 0.08

 (Figure 3-6) NBC DP = 184 nm

 (Figure 3-7 B)

Oliveira and 

Rubio (2011) Han and Dockko (1998) 
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Figure 3-6 Time courses of RCF for the CFLs composed of POPC and POPG (5:2 in 

molar ratio), and POPC and DOTAP (5:2). 

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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CFL

Figure 3-8A NBC (type B) UG = 2.0 cm/s HL (16

150 mm) RCF HL = 150 mm 120 min RCF = 

0.03 HL = 16 mm RCF = 0.18 6

RCF RCF

PCF Figure 3-8B PCF HL

PCF

= PCFm(HLmHL
-1) PCFm HLm PCF

Figure 3-8 HL = 16 mm PCF Figure 3-8

Figure 3-9 HL  (8 ~ 56 mm) UG = 3.0 cm/s

UG HL Figure 3-8B PCF Figure 

3-8B HLm PCF

HL

Figure 3-8 (A) Time courses of RCF at various HL in an external loop airlift bubble 

column. (B) Effect of HL on PCF. The broken curve is calculated with PCF = PCF16

(HL16HL
-1). 
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Figure 3-9 Effect of HL on PCF. The broken curve is calculated with PCF = PCF8

(HL8HL
-1).

CFL

Figure 3-10 ELBC (Type A, B or C) CFL ([lipid] = 1.0 mM) UG = 2.0 

cm/s PCF Type A 0.22 pm/s

Type B, C 0.1 0.11 pm/s Type A 50 %

CF

PCF 3

PCF Figure 3-11

Figure 3-12

Type A ELBC  [s-1] = 8.9×104 [m-1]×UG [m/s] 3

Type B C  [s-1] = 4.1 104 [m-1] × UG [m/s]  [s-1] = 4.5×104 [m-1] 

× UG [m/s] Type A B A

NBC

ELBC

Type C ELBC
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Type A

Figure 3-10 Permeability coefficient PCF of CFLs suspended in the three types of ELBCs.

 Figure 3-11 Relationship between PCF and .
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      Figure 3-12 Relationship between and UG.
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Amidophospholipids

 (Holme et al., 2012)
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(Chisti, 2010)

 (Ando and Yamamoto, 2013)

 (Gudi et al., 1998)

DNA 

(Yamashita et al., 2007)  (Schneider et al., 2007; Bekard et al., 2012; Jaspe and 

Hagen, 2006) 

 (Korin et al., 2012; Hallow and 

Seeger, 2008) Holme et al. (2012) Amidophospholipids (Fedotenko et 

al., 2010) 

 (Chisti, 

2010)

(Seong and Crooks, 2002; He et al., 2013; Yamada et al., 2004; Sun et al., 2010)

 (Tanaka et al., 

2001; Kanno et al., 2002; Wang et al., 2013)

(Charm and Wong, 1970; Bekard et al., 2011; Veen et al., 2004; Ashton et al., 2009)

pH

 (Hartl, 1996)
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 (Bekard et al., 2011)

-Crystalline

 (Mangione et al., 2013)

 (Takahashi et al., 2011)

 (Kameta et al., 2012)  (Osaki et al., 2007) 

 (Kuboi et al., 1997; Yoshimoto and Kuboi, 

1999) 2

190 m 380 m

( 7.8 × 103 s-1) 

 (Yoshimoto et al., 2004; 2005) GO

 (Kim et al., 2013)  (Nakao et 

al., 1999) 
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1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 1-palmitoyl-2-oleoyl-sn- 

glycero-3-phosphoglycerol (POPG) NOF (Tokyo, Japan) POPC POPG

Aspergillus niger Glucose oxidase (GO; EC 

1.1.3.4, Mr  180,000) (Swoboda and Massey, 1965) Toyobo (Osaka, Japan) 

Cholesterol -D-glucose, 3,3-dimethoxybenzidine dihydrochloride (o-dianisidine)

sodium cholate horseradish peroxidase (HRP) H2O2  catalase (EC 1.11.1.6, 

Mr  240,000) Wako Pure Chemical Industries (Osaka, Japan)

5(6)-Carboxyfluorescein (CF) Sigma-Aldrich (St. Louis, MO, USA) 

albumin (BSA, IgG-free and protease-free) Jackson ImmunoResearch Laboratories 

(West Grove, PA, USA) 

Elix 3UV (Millipore, Billerica, MA, USA) 

15 M cm

CF

(POPC POPC:Cholesterol = 7:3 POPC:POPG:Cholesterol = 

50:20:30 ) 4.0 mL

2

5.0 g/L GO 5.0 g/L catalase 1.3 g/L catalase 50 mM 

Tris-HCl/100 mM NaCl buffer (pH 7.4) 2 mL

7 min  ( /

) 37 °C 7 min

Avestin (Ottawa, Canada) LiposofastTM (MacDonald et al., 1991)

200 nm

sepharose 4B column (1.0 (id) × 20 cm) 

CF  ( CFL) 

 (Yoshimoto et al., 2013) CFL 100
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200 nm POPC

 (Takayama et al., 1977)

GO

GO 10 mM 25 °C

GO H2O2

H2O2 HRP H2O2 o-dianisidine

(1.5 mL) HRP o-dianisidine

0.2 g/L 0.33 mM o-dianisidine  (V-630BIO, 

Jasco, Tokyo, Japan) 1.0 cm 460 nm ( 460 = 

11,300 M-1cm-1) (Hill et al., 1977) 

GO 40 mM

 (Yoshimoto et al., 2003)

Catalase

Catalase 25 °C 10 mM H2O2

(Yoshimoto et al., 2007) H2O2 240 nm  ( 240

= 39.4 M-1cm-1) (Huggett and Nixon, 1957) 

catalase 40 mM

ELSZ-2plus

(Otsuka Electronics, Osaka, Japan) (DLS)

660 nm 160° Marquardt

 (DP)  (1.33) 

Einstein-Stokes  (PI) 

Tris
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0.22 m  (Milex PVDF, Millipore, Billerica, MA) 

25 °C 3

Figure 4-1 L = 0.40 m din = 190 380 m

4 Tygon

ECOLINE VC-MS/CA4-12 (ISMATEC, Glattbrugg, Switzerland) 

uav din = 190 380 m uav = 0.37 0.30 

m/s Re Re 

= dinuav / (  = 0.94 mPa·s) 

Re Re  75

u u = 

{ PR2/(4 L)}{1  (r/R)2} r

R  (R = din/2) P  ( P = 8 Luav/R2) 

(Bird et al., 2007) av

r = du/dr = Pr/2 L

av av = PR/(4 L) at r = R/2

av av = av· 7.9 ×

102 7.8 × 103 s-1
av  ( max = 2 av) 

GO catalase

 ([lipid] = 1.0 mM) Tris 10 

mM  (VT

2.0 mL)  (VM)  (VM/VT  0.1) din

( ) H2O2 HRP

 (Yoshimoto et al., 2007)  ([lipid] = 1.0 mM)

3.3 × 10-2 g/L GO 5.0 × 10-2 g/L catalase

1.0 g/L BSA

30 min av = 7.9 ×

102 s-1 Tris 2 GO

catalase 40 mM
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POPC 1.0 mM

GO Figure 4-1

1.0 mM

GO catalase

1.0 × 10-2 g/L GO 7.6 × 10-2 g/L catalase Tris

GO  ([POPC] = 1.0 mM) 

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 (din = 190 or 380 m). Dimension of the cuvette was 1.0 cm × 1.0 

cm × 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  within the microtube is also shown.

din

Liquid 
flow

Peristaltic 
pump

Cylindrical
microtube 

( 4)

Reaction
mixture

Quartz 
cuvette

r

R

u (Parabolic   
distribution) 

(Linear 
distribution)

av

= 0

u = 0

Laminar shear flow

GO

Liposome
membrane

Catalase

POPC
POPG

Cholesterol
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GO

GO GPC

GO GO catalase

([POPC] = 5.0 mM) 180 min  ( av = 3.1 × 103

s-1) sepharose 4B

GO

GO GO  (Yoshimoto et al., 

2003)

CF

CFL 25 °C Jasco

FP-770 (Tokyo, Japan) 25 °C It

t

490 517 nm I 40 mM

CF RCF RCF

= (It I0)/(I I0) I0 CF

t 2 CF teff = t (VM/VT) 

CF  (Yoshimoto et al., 2007) PCF

PCF = ka-1 a CFL  (a = 6/DP) k ln (1 RCF) vs. 

teff

H2O2

15.0 mL

15.0 mm 9.0 mm 40-100 m

1.0 mM catalase

10 mM H2O2

0.47 1.9 cm/s

40 °C 10 mM 

H2O2 catalase 1.5 mL
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H2O2 10 min H2O2 25 °C

o-dianisidine

 (Yoshimoto et al., 2004)

GO

GO catalase  ( PI = 0.062 ± 0.024) 

DP 149 ± 2 nm 1 GO catalase

1.0 mM GO/ catalase Tris

GO catalase

12.8 ± 2.5  6.6 ± 0.4  (Table 4-1) GO- catalase

10 mM 25 °C

 ( av) 

 ( = 0) Figure 4-2A av

H2O2 catalase   = 0

GO

 (Yoshimoto and Wang, 2003; Kuroiwa et al., 2012; Yoshimoto et al., 2004)   = 

0

Figure 4-2A

GO   = 0

GO

 ( rG,app) av  (Figure 

4-2B) 3.1 × 103 s-1
av rG,app GO

GO

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

Concentration of lipid CL 1.0 mM 

Mean diameter of liposomes DP 149 nm 

Average area per lipid head groupa AL,av 0.57 nm2

Number of lipid molecules per liposomeb NL 2.3 × 105

Concentration of liposomec CV 4.3 nM 

Overall concentration of GOd CGO 55 ± 11 nM 

Overall concentration of catalased CCA 29 ± 2 nM 

Number of GO molecules per liposome NGO
e 12.8 ± 2.5 

Number of catalase molecules per liposome NCA
f 6.6 ± 0.4 

aThe AL,av value was calculated with the head group area of 0.72 nm2 for POPC 

(Dorovska-Taran et al., 1996), 0.66 nm2 for POPG (Ku erka et al., 2012) and 0.27 nm2

for cholesterol (Hofsäb et al., 2003) (POPC:POPG:cholesterol = 50:20:30 in molar 

ratio).  
bThe NL value was calculated as NL = (4 /AL,av){(DP/2)2 + (DP/2 l)2}, where l is the 

bilayer thickness of liposome membranes (l = 3.7 nm) (Dorovska-Taran et al., 1996).

Liposomes are assumed to be spherical. 
cThe CV value was calculated as CV = CL/NL. 
dThe concentrations of enzymes were determined based on their intrinsic activity. 

Values are mean of three measurements. Errors represent standard deviation. 
eThe NGO value was calculated as NGO = CGO/CV. 
fThe NCA value was calculated as NCA = CCA/CV. 
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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 av at 25 °C. 

The total lipid concentration was 1.0 mM. The overall concentration of GO was 1.0 

×10-2 g/L. Broken curves and filled stars represent the data for the reaction catalyzed by 

micellar enzyme system at  = 0. (B) Effect of av on the apparent oxidation rate of 

glucose rG,app catalyzed by liposomal GO. The rate for micellar enzyme-catalyzed 

reaction is also shown (empty circle). 
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POPC POPG

 ( av  1.5 × 103 s-1) 25 °C

 (Yoshimoto et al., 2013)

POPC

2 PG

 (Sabín et al., 2012; 

2007)  (Sabín et al., 2012) 

 ( 2 ) 

 (Yoshimoto et al., 2007; Donato et al., 2012)

150 nm 5(6)-carboxyfluorescein (CF)  (CFLs) 25 °C

190 380 m CF

RCF = 0 180 min RCF < 0.01

Figure 4-3 teff RCF

av din = 190 m CF av

 (Figure 4-3A) din = 380 m CFL

 (Figure 4-3B) DP = 188 nm CFL

(Figure 4-4) CF PCF CF

 (Yoshimoto et al., 2007) av  (Figure 4-5) DP = 

188 nm CFL PCF CFL

av DP = 188 nm CFL

CFL PCF av = 7.8 ×103 s-1

DP = 150 nm (Figure 4-6A)  188 nm (Figure 4-6B) CFL

CFL

Figure 4-6A

 (Figure 4-7) POPC

Figure 4-7 av = 7.8 × 103 s-1 180 min
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25 °C POPC/POPG/cholesterol

PCF POPC 40 °C

 ( 2 ) 

GO

GO GO

CF 480 EGO GO EGO = AL,S/AI,0

AL,S 180 min GO

AI,0 AI,0

Figure 4-8 av EGO  = 0 EGO

EGO av 7.8 × 103 s-1 0.48 3.9 ×
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0.20
din = 380 m

 7.8
 5.9
 3.9
 2.0

Effective shearing time teff / s

av / 103 s-1
d

in
 = 190 m
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Figure 4-3 Time courses of fractional CF released RCF from CFLs with DP = 150 

nm at various av values at 25 °C. CFL suspension was sheared in the microtubes 

with din = 190 m (A) and 380 m (B). Solid curves represent the calculated time 

courses, RCF = {1  exp ( PCFateff)}. The value of PCFa corresponds to the slope of 

straight line obtained by plotting  (1 RCF) vs. teff.  
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Figure 4-4 Effect of effective shearing time teff on the time courses of fractional CF 

released RCF from CFLs with DP = 188 nm at various average shear rates av at 

25 °C. The CFL suspension was sheared in the microtubes with din = 190 m (A) 

and 380 m (B). Solid curves represent the calculated time courses, RCF = {1  exp 

( PCFateff)}. 
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Figure 4-5 Effect of average shear rate av on permeability coefficient PCF 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 av = 7.8 × 103 s-1 at 25 °C for teff = 

1.0 × 103 s. 

0 50 100 150 200
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1.0

1.2

Time/ min

Figure 4-7 Time course of concentration of POPC in a cuvette with external liquid 
circulation through microtubes operated at av = 7.8 × 103 s-1 at 25 °C. Empty
liposomes were used. Errors mean standard deviation (n = 3).  



72 

103 s-1
av GO

av = 3.1 × 103 s-1 180 min

GO GO Sepharose 4B

5

EGO (0.15) Figure 4-9 GO

no.7

GO no. 7  15

GO

GO GO

GPC GO

4-2-2  (

) sepharose 4B

GO 3.8 ± 0.6 % (

n = 6) 

GO

Sepharose 4B GO

Figure 4-9 GO

GO GO 0.16

EGO = 0.15 EGO

GO av = 7.8 × 103 s-1

180 min  (Figure 

4-10)

183 

± 1 nm 177 ± 2 nm

GO av = 7.8 × 103 s-1 7.3 Pa

av 14.6 Pa 

GO
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Figure 4-8 Effect of average shear rate av on activity efficiency EGO 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 ×

103 s-1 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 av = 7.8 × 103 s-1 for 180 min at 25 °C. The measurements were 
performed in triplicate and the representative data are shown. 
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 (Yoshimoto et al., 2007) Figure 4-12

25 °C av = 7.8 × 103 s-1 catalase

Catalase catalase

Catalase 4

POPC

 (Kuboi et al., 1997)

4-3-2

 (Kuboi et al., 1997)

 (BSA) (Bekard et al., 2012) von 

Willebrand factor (Schneider et al., 2007) 

 (Charm and Wong, 1970) Bekard et al. (2012) 

BSA  ( av < 500 s-1) 

GO catalase

(Kuboi et al., 1997; Yoshimoto et al., 1999)

GO

 = 0 av = 7.8 × 103 s-1 catalase

GO
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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 av = 7.8 × 103 s-1 at 25 °C. The concentration of free GO 

was fixed at 1.0 × 10-2 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 av = 7.8 × 103 s-1 at 25 °C. Data for the free 
catalase represent mean ± standard deviation. 
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= 0 GO Figure 4-13

 = 0

 ( av = 7.8 × 103 s-1) 

GO

GO

r G [mmol-glucose/(s·g-GO)] r G = 

rG,app/(EGO·CGO) GO  (EGO·CGO) CGO

GO Figure 4-14 Figure 4-2B rG,app

r G av r G  log av

(Figure 4-14 )

BSA

r G av

 (Figure 4-14 ) 2

BSA

GO

Wang et al. (2013) GO

 (Yamashita et al., 2001; Kanno 

et al., 2002; Miyazaki et al., 2001) Tanaka et al. (2001) 

Miyazaki et al. (2011) 

-

 (Yamashita et al., 2009)

( ) 

0.37 m/s

GO

GO

GO GO

-

GO
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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 av = 7.8 × 103 s-1 (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 × 10-2 g/L and 5.0 × 10-2 g/L, 

respectively. Data represent mean ± standard deviation. 
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Figure 4-14 Effect of av on the oxidation rate of glucose r G based on the effective 

amount of GO. Crosses represent the r G values obtained with the microtubes treated 

with a BSA solution prior to each reaction operation.  
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catalase (CAL)

5

catalase

H2O2 CAL

Figure 4-15 CAL 40 °C  UG = 0 ( ) 0.47 1.9 cm/s

H2O2 Figure 4-15A B H2O2

UG CAL

 (Chakravarthy and Giorgio, 1992) 

30 mol% Cholesterol CAL (Figure 4-15B) POPC

CAL (Figure 4-15A) H2O2 H2O2

100 nm CAL UG = 1.9 cm/s

catalase

CAL

catalase H2O2

catalase

(9.9 nm × 9.4 nm × 7.1 nm (Yoshimoto et al., 2009)) 

CAL

GO
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Figure 4-15 Time courses of H2O2 decomposition catalyzed by CAL composed of (A) 

100 mol% POPC and (B) 70 mol% POPC and 30 mol% Cholesterol in the static liquid 

(UG = 0) and in the airlift at 40 °C. Initial concentration of H2O2 was 10 mM. POPC 

concentration was 0.12 mM. 

B

A
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GO GO

av = 7.8 × 103 s-1

GO GO

GO

catalase catalase

H2O2

48-1200 s-1 0.14-2.6 

Pa  (Kamiya et al., 1984)
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