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ABSTRACT: Mechanosensitive liposomes were prepared and applied to continu-
ously accelerate the glucose oxidase (GO) reaction in shear flow. The liposome
membrane was composed of a ternary lipid mixture containing 20 mol % negatively
charged lipid and 30 mol % cholesterol. The liposomes encapsulating GO and catalase
were passed through microtubes with inner diameter of 190 or 380 ym at 25 °C to
induce the catalytic oxidation of 10 mM glucose with simultaneous decomposition of
H,0, produced. The liposomal GO showed significantly low reactivity in the static
liquid system because of the permeation resistance of lipid membranes to glucose. On
the other hand, the enzyme activity of liposomal GO observed at the average shear
rate of 7.8 X 10° s™' was significantly larger than its intrinsic activity free of mass
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transfer effect in the static liquid system. The structure of liposomes was highly shear-

sensitive as elucidated on the basis of shear rate-dependent physical stability of liposomes and membrane permeability to 5(6)-
carboxyfluorescein as well as to GO. Thus, the above shear-driven acceleration of GO reaction was indicated to be caused by the
free GO molecules released from the structurally altered liposomes at high shear rates. Moreover, the shear-induced denaturation
of free GO was completely depressed by the interaction with the sheared liposomes with the chaperone-like function. The shear-
sensitive liposomal GO system can be a unique catalyst that continuously accelerates and also decelerates the oxidation reaction

depending on the applied shear rate.
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1. INTRODUCTION

Hydrodynamic shear force induces structural and functional
responses of cells.' It is well documented that vascular
endothelial cells perceive the shear stress generated by blood
flow and transduce it into intracellular functions.” In such
cellular mechanotransduction events, lipid bilayer membranes
may play a crucial role because of their structural flexibility® and
direct contacting with flowing fluids. Shear force also affects the
molecular level of structure of biopolymers such as DNA* and
proteins.”~’ Shear-induced biologically relevant phenomena
have received much attention because of their potential
applications.®” Holme et al.'® reported the shear stress-induced
permeabilization of liposomes composed of amidophospholi-
pids."" This is applicable to the mechanical stress-triggered drug
delivery where drugs are released from liposomes in response
to intense shear stress at a plaque of blood vessels. Because
shear stress is generated by any flowing fluid at various scales,
shear-induced structures and functions of biomolecules, lipid
membranes, and cells would be utilized for the design and
operation of bioreactors."

Microfluidics can offer highly controllable fluid systems
which are applicable to various analytical, separation, and
reaction processes.lz_15 Quite interestingly, some enzyme-
catalyzed reactions are accelerated by the laminar flow in
microfluidics,"®*® which would be useful in the analytical and
synthetic chemistry. On the other hand, the enzyme molecules
undergo conformational change and deactivation through being
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successively exposed to shear stress.'” >* Although the
mechanism for shear-induced acceleration of enzyme reaction
is not fully understood, the above observations show that the
shear flow can provide quite different environment for the
enzyme activity compared to the static liquid system even
under the physiological pH and temperatures.

In the cellular system, folding intermediates of proteins and
heat-induced conformationally changed proteins are facilitated
to become native forms by the actions of molecular
chaperones.”® Chaperone proteins can effectively interact with
hydrophobic sites of aggregate-prone proteins. On the other
hand, shear stress causes conformational changes of proteins
leadin% to exposure of their hydrophobic domains to the liquid
phase.”® Thus, it is implied that the stability of proteins in shear
flow increases in the presence of materials with the chaperone-
like function. For example, a-crystalline can inhibit fluid
flowing-induced formation of amyloid fibrils of conformation-
ally changed proteins.”* Molecular chaperones or chaperone-
like proteins are not the best materials to be applied to shear
flow especially at high shear rates because of their potential
deactivation and high cost. In this context, artificial chaperones
with sufficient mechanical stability may be candidates for
stabilizing the enzyme activity in shear flow. So far, materials

Received: December 26, 2013
Accepted: February 19, 2014
Published: February 19, 2014

dx.doi.org/10.1021/am405992t | ACS Appl. Mater. Interfaces 2014, 6, 3671—3679


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

such as nanogel,25 soft nanotube hydrogels,26 and functional
polymers”” were reported to function as artificial chaperones in
refolding or thermal denaturation processes of proteins.
However, to the best of our knowledge, little is studied on
the artificial chaperone that can function in shear flow.
Liposomes, which also function as artificial ch%perones in the
refolding of chemically unfolded proteins,*** would be
attractive to be utilized in shear flow because of their
controllable size, physical stability, and shear-sensitivity.**>

In this work, we propose a novel liposomal system for
accelerating an enzyme reaction in shear flow. This system
utilizes the mechanosensitivity of lipid membrane that enables
to release the liposome-encapsulated enzymes into the shear
field. Effect of liposome membranes on the stability of enzyme
activity was clarified to evaluate the chaperone-like function of
liposomes in shear flow. Laminar shear flow was generated at
relatively high average shear rates (~7.8 X 10° s™') using the
liquid flow through microtubes with inner diameter of 190 and
380 um. The model enzyme reaction employed was the glucose
oxidase-catalyzed oxidation of glucose with simultaneous
decomposition of H,0, produced.*** The controlled GO-
catalyzed reaction in ﬂowin§ fluids would be useful for the
selective sensing of glucose® and the production of gluconic

acid.>®

2. EXPERIMENTAL SECTION

2.1. Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG) were obtained from NOF (Tokyo, Japan). POPC is
zwitterionic, whereas POPG is negatively charged. Glucose oxidase
from Aspergillus niger (GO; EC 1.1.3.4, M, ~ 180 000)*® was obtained
from Toyobo (Osaka, Japan). Cholesterol, f-p-glucose, 3,3-dimethox-
ybenzidine dihydrochloride (o-dianisidine), sodium cholate, horse-
radish peroxidase (HRP) and catalase from bovine liver (EC 1.11.1.6,
M, ~ 240 000) were obtained from Wako Pure Chemical Industries
(Osaka, Japan). 5(6)-Carboxyfluorescein (CF) was from Sigma-
Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA, IgG-
free and protease-free) was from Jackson ImmunoResearch Labo-
ratories (West Grove, PA, USA). All chemicals were used as received.
Water used was deionized and sterilized using an instrument Elix 3UV
(Millipore, Billerica, MA, USA). The minimum resistance to the water
was 15 MQ cm.

2.2. Preparation of Liposomes Encapsulating GO and
Catalase, and Liposomes Encapsulating CF. A ternary lipid
mixture (POPC:POPG:cholesterol = 50:20:30 in molar ratio) was
dissolved in 4.0 mL of chloroform and the solvent was removed by
using a rotary evaporator. This procedure was further performed twice
using diethylether instead of chloroform. The residual organic solvent
molecules were removed under the reduced pressure in the dark with a
freeze-dryer. The thin lipid film formed was hydrated with 2.0 mL of a
50 mM Tris-HCl/100 mM NaCl buffer solution (pH 7.4) containing
5.0 g/L GO and 5.0 g/L catalase. The mixture of multilamellar vesicles
and enzymes was frozen in a refrigerant (dry ice/ethanol) for 7 min
and thawed in a water bath at 37 °C for 7 min (7 cycles) to enhance
the transformation of small vesicles into larger ones. The vesicles
suspension thus obtained was passed through a polycarbonate
membrane with mean pore diameter of 200 nm using an extrusion
device Liposofast from Avestin (Ottawa, Canada).”” Nonencapsulated
enzyme molecules were removed from the enzymes-containing
liposomes by using gel permeation chromatography (GPC) with a
sepharose 4B column (1.0 (id) X 20 cm). “Empty” liposomes were
also prepared with the same procedure as above except that the dry
lipid film was hydrated with an enzyme-free Tris buffer solution. The
CF-containing liposomes (denoted as CFLs) were prepared with the
method reported previously.® In this case, CFLs were passed through
100 or 200 nm membrane pores for sizing. The concentration of
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POPC was measured using a phosphatidylcholine quantification kit
from Wako Pure Chemical Industries.*®

2.3. Measurement of Enzyme Activity of GO. The enzyme
activity of GO was measured at 25 °C in the Tris buffer solution with
10 mM glucose as substrate. The GO reaction gives gluconic acid and
H,0, from glucose and molecular oxygen. The initial rate of H,O,
produced was determined based on the HRP-catalyzed oxidation of o-
dianisidine with H,0,. The initial concentrations of HRP and o-
dianisidine in the reaction mixture (1.5 mL) were 0.2 g/L and 0.33
mM, respectively. An increase in the concentration of oxidized o-
dianisidine was continuously followed based on the absorbance at 460
nm (&450 = 11300 M~'em™")* in a quartz cuvette with 1.0 cm optical
path length using a spectrophotometer (V-630BIO, Jasco, Tokyo,
Japan). We confirmed that the catalase activity contained in the
liposomal system did not interfere with the above activity measure-
ments. Intrinsic GO activity in the liposomal system was measured in
the presence of 40 mM sodium cholate for complete solubilization of
liposome membranes.*

2.4. Measurement of Enzyme Activity of Catalase. The
enzyme activity of catalase was measured at 25 °C with 10 mM H,0,
as substrate.*’ The time course of H,0, decomposition was followed
in the cuvette based on the absorbance at 240 nm (g, = 39.4 M™!
em™")* with the spectrophotometer. Intrinsic activity of catalase in
the liposomal system was determined in the presence of 40 mM
sodium cholate.

2.5. Measurements of Mean Size and Size Distribution. Size
distribution of liposomes was measured by the dynamic light scattering
method with an ELSZ-2plus instrument (Otsuka Electronics, Osaka,
Japan) equipped with a semiconductor laser as a light source. The
wavelength and an angle of the light were 660 nm and 160°,
respectively. The size distribution was calculated with the Marquardt
algorithm. Mean diameter (Dp) of liposomes was determined with the
Einstein-Stokes relation using a refractive index of 1.33. Polydispersity
index (PI) of liposomes was determined based on the size distribution.
The Tris buffer solution used for diluting liposome suspensions was
filtrated through a membrane (Milex PVDF, Millipore, Billerica, MA)
with pore diameter of 0.22 ym. All measurements were performed at
25 °C in triplicate.

2.6. Oxidation of Glucose in a Reactor with External Liquid
Circulation through Microtubes. Figure 1 shows the schematic
drawing of a reaction system used which consists of a quartz cuvette
and four parallel tygon tubes with the length L of 0.40 m and the inner
diameter d;, of 190 or 380 ym. The simultaneous liquid flow through
the microtubes was generated using a peristaltic pump instrument
ECOLINE VC-MS/CA4-12 (ISMATEC, Glattbrugg, Switzerland).

= R
Liquid A
POPG ow
Peristaltic f - U (Parabolic
pump [ 0 ’ distribution)
ey [Ch 0
S r
\ I 7Y (Linear
— [ distribution)
|1 |
< YEV
‘4 y=0
Cylindrical R/2
microtube
(x 4) !
Liposome diy
membrane Reaction Quartz Laminar shear flow
mixture cuvette

Figure 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 (d;, = 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 water bath 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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The maximum average flow rate u,, was 0.37 and 0.30 m/s at dy, of
190 and 380 pm, respectively. The Reynolds number Re is a
dimensionless number that can be a measure of the flow regime in a
cylindrical tube flow path. Re is defined as Re = dj,u,,p/u, where p is
the fluid density, and u is the viscosity of the fluid (4 = 0.94 mPa s).
The Re value can be calculated as Re < 7S. This means the laminar
flow regime in each microtube. Since the liposome suspension was a
Newtonian fluid, a parabolic velocity distribution of liquid flow u
should be formed in the mictrotubes as u = {APR*/(4uL)}{1 — (r/
R)?}, where r is the distance from the center of a microtube, R is the
radius of the microtube (R = d,,/2), and AP is the pressure difference
between inlet and outlet of the microtube (AP = 8uLu, /R?).* As a
measure of the shear condition in the microtubes, we employed
average shear rate 7,,. The shear rate y at any r is described as y = du/
dr = APr/2uL. Thus, a linear shear rate distribution should be formed
in the microtubes, giving the y,, value as y,, = APR/(4uL) at r = R/2.
Accordingly, the average shear stress 7,, can be calculated as 7,, = y, .
The present operation condition gives the y,, values of 7.9 X 10” to 7.8
X 10° s\ The maximum shear rate (Y, = 274, is generated at the
wall of microtubes.

To initiate the catalytic oxidation of glucose, the Tris buffer solution
suspending the liposomes encapsulating GO and catalase was charged
into the cuvette and a glucose solution was added to give the
concentrations of total lipid and glucose of 1.0 mM and 10 mM,
respectively. The liquid circulation was then immediately started. The
volume (V) of liquid phase within the microtubes relative to the total
volume (V; < 2.0 mL) of a reaction mixture (V,;/V; = 0.1) was
identical regardless of the value of d,. Aliquots were periodically
withdrawn from the cuvette to quantify the residual concentration of
glucose with a kit from Wako Pure Chemical Industries. The
concentration of H,0, was also measured based on the HRP-
catalyzed reaction as reported previously.** The oxidation reaction was
also performed with 3.3 X 1072 g/L free GO and 5.0 X 1072 g/L free
catalase in the presence ([lipid] = 1.0 mM) and absence of empty
liposomes. To evaluate the effect of adsorption of enzymes to the inner
surface of microtubes on the reaction, the reaction operation was
partly performed using the microtubes which were pretreated with a
1.0 g/L BSA solution. This treatment was performed at relatively low
shear rate y,, = 7.9 X 10> s™" for 30 min followed by rinsing twice with
the Tris buffer solution at the same flow condition. The activity of GO
and catalase in the liposomal system was measured before and after the
reaction operation. The activity measurements were performed with
and without 40 mM sodium cholate. To evaluate the interaction of
liposome membranes with the inner surface of microtubes, the empty
liposomes ([lipid] = 1.0 mM) were continuously passed through the
microtubes and the concentration of lipid in the cuvette was followed.

2.7. Measurements of Stability of Liposomal and Free
Enzymes in Shear Flow. The liposomes encapsulating GO and
catalase were sheared by passing through the microtubes at the total
lipid concentration of 1.0 mM in the absence of glucose using the
apparatus shown in Figure 1. Then, the intrinsic enzyme activity of
GO and catalase in the cuvette was followed. For measuring the
stability of free enzymes, the above measurement was performed with
respect to the Tris buffer solution containing 1.0 X 107 g/L free GO
or 7.6 X 107 g/L free catalase. The stability of free GO was also
measured at the same enzyme concentration as above in the presence
of empty liposomes ([lipid] = 1.0 mM).

2.8. Determination of Leakage of GO from Liposomes. The
free GO molecules, which might be released from liposome interior
under shear stress condition, were separated from liposome-
encapsulated enzymes by using the GPC. The liposomes encapsulating
GO and catalase were sheared at y,, = 3.1 X 10* s™! by passing through
the microtubes for 180 min at the total lipid concentration of 5.0 mM
and then, the liposome suspension was loaded on a sepharose 4B
column. The collected fractions were analyzed based on the lipid
concentration and the intrinsic GO activity which was converted to the
enzyme concentration. The fractional amount of GO leaked was
calculated as the amount of GO in the later eluting peak relative to the
total amount of GO eluted.*’
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2.9. Measurement and Analysis of CF-Release from Lip-
osomes Suspended in Shear Flow. The CFLs were sheared at 25
°C using the microtube flow system (Figure 1). Aliquots were
withdrawn from the cuvette at any operation time ¢ for measuring the
fluorescence intensity I, of CF at 25 °C with a spectrofluorometer
instrument FP-770 from Jasco (Tokyo, Japan). The excitation and
emission wavelengths for the measurement were 490 and 517 nm,
respectively. The fluorescence intensity I, at the permeation
equilibrium was determined in the presence of 40 mM sodium
cholate. Then, the fractional release Rcg of CF from liposomes was
calculated as Rep = (I, — Iy)/ (I, — I,), where I, represents the initial
CF fluorescence intensity. The operation time ¢ was converted to the
effective shearing time t.g as t.q = t (V}/Vr) to compare the kinetics of
CF-release in the Ipresent shearing system with that in the previously
reported system.>’ On the basis of the mass balance with respect to
CF,*>* the permeability coefficient Py was determined as Pcg = ka™,
where a is the specific surface area of CFL (a = 6/Dp) and k is the
slope of straight line obtained by plotting —In(1 — R¢g) vs. tg

3. RESULTS AND DISCUSSION

3.1. Characteristics of Liposomal GO-Catalyzed Re-
action in Shear Flow. The liposomes encapsulating GO and
catalase were monodisperse (polydispersity index PI = 0.062 +
0.024) and had the mean diameter Dy of 149 + 2 nm. The
average number of GO and catalase molecules per liposome
was estimated to be 12.8 + 2.5 and 6.6 + 0.4, respectively (see
Table S1 in the Supporting Information). The liposomal GO-
catalyzed oxidation of 10 mM glucose was performed at 25 °C
in shear flow. The flow regime in microtubes partly deviates
from the laminar flow because of peristaltic motion, potentially
causing intense shear stress. The local change in the flow
condition may have an influence on the structure of liposomes.
However, we employed the average shear rate (y,,) in the
laminar flow region to represent the shear stress condition in
the microtubes considering significantly short time for passing
through the non-laminar flow region compared to the average
residence time through a microtube. The reaction was also
performed in a test tube (y = 0). Figure 2A shows the fractional
conversion of glucose as a function of operation time at various
Y., values. It should be noted that for all of the reactions, the
H,0, produced by the glucose oxidation was not detected
throughout the operation period of 180 min because of
sufficient catalytic action of the liposomal catalase. At y = 0, the
liposomal GO shows significantly low reactivity because of the
strong permeation resistance of lipid membranes to the
substrate molecules.****” The reaction time course at y = 0
is also shown for the micellar system which was obtained by
solubilzing the liposomes with cholate to liberate the enzyme
molecules (broken curve in Figure 2A). The micellar GO
reaction exhibits larger oxidation rate than the liposomal one at
y = 0 because the former reaction proceeds under the reaction
control with negligible mass transfer effect. The apparent
oxidation rate of glucose (—rg,,,) catalyzed by the liposomal
GO tends to increase as the y,, value increases (Figure 2B). It is
worth noting that the —r¢,,,, values obtained at 3.1 X 10°s7' <
7.y are larger than the rate of micellar GO reaction. This result
indicates the shear flow-driven acceleration of GO-catalyzed
reaction. The above results demonstrate that the liposomal GO
system can exhibit a wide range of apparent enzyme activity
which is tunable on the basis of the applied shear rate.

3.2. Mechanosensitivity of Liposome Membranes. We
evaluated high shear rates-induced structural change in
liposomes composed of POPC, POPG and cholesterol based
on the permeability of lipid membranes and the physical
stability of liposomes. We selected the above mixed liposome
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Figure 2. (A) Time courses of fractional conversion of 10 mM glucose
catalyzed by liposomes encapsulating GO and catalase at various
average shear rates y,, at 25 °C. The total lipid concentration was 1.0
mM. The overall concentration of GO was 1.0 X102 g/L. Broken
curves and filled stars represent the data for the reaction catalyzed by
micellar enzyme system at y = 0. (B) Effect of y,, on the apparent
oxidation rate of glucose —rg,, catalyzed by liposomal GO. The rate
for micellar enzyme-catalyzed reaction is also shown (empty circle).

because its membrane structure can be altered even at 25 °C at
relatively low shear rates (y < 1.5 X 10° s71),% whereas the
shear-dependent permeability of the membrane composed of
POPC alone was reported only at a higher temperature.®!
Furthermore, negatively charged liposomes such as PG-
containing ones can form clusters in the presence of
cations,** which is quite useful for developing drug vehicles
based on a novel strategy®® and increasing shear-sensitivity of
liposomes.”® Membrane permeability of a hydrophilic com-
pound can be a measure of the degree of membrane
perturbation.”*>*° The 5(6)-carboxyfluorescein (CF)-contain-
ing liposome (CFL) with Dy, of 150 nm was passed through the
microtubes with d,, of 190 or 380 yum at 25 °C and the
fractional CF released Rcy was followed. In a test tube (y = 0),
the lipid membrane is practically impermeable, giving Rcp <
0.01 at the incubation period of 180 min. Figures 3 depict the
effects of effective shearing time f and y,, on the R¢g value.
The rate of CF-release at d;, = 190 um is seen to increase as the
Ya value increases (Figure 3A). This is also the case for the
CFL sheared at d,, = 380 um (Figure 3B). We also performed
the experiments with respect to the CFL with D} = 188 nm and
obtained similar results to the above (Figure S1). The
permeability coefficient Pcg of the CF molecules was calculated
on the basis of the unsteady-state mass balance with respect to
CF*>* and plotted as a function of 7,, (Figure 4). The data
obtained for the CFL with D, = 188 nm are also shown for
comparison. The P value clearly increases as the y,, value
increases regardless of the size of CFLs. It is also seen that the
CFL with D, of 188 nm shows larger P values than the
smaller CFL. Effect of shearing was examined at ,, = 7.8 X10?
s on the size distribution of CFLs with D}, = 150 nm (Figure
SA) and 188 nm (Figure SB). These CFLs are not significantly
affected in their size distribution by the applied shear stress.
The above results reveal that local structural change in the
hydrophobic core of liposome membranes is induced by the
laminar shear flow, whereas overall vesicular structure is
practically maintained. A closer look of Figure SA indicates
that the shearing causes a small decrease in the size of
liposomes. We examined the possible interaction of liposome
membranes with the inner surface of microtubes on the basis of
the lipid concentration in the liquid phase (see Figure S2 in the
Supporting Information). Practically no change in the lipid
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concentration was observed for 180 min at y,, = 7.8 X 10> s™/,

demonstrating that the liposome-microtube interaction was
negligible. The above results imply that the small extent of
disruption of liposomes occurs through the hydrodynamic force
derived from shear flow. The P values obtained here for the
POPC/POPG/cholesterol liposomes at 25 °C are larger than
the values reported for the liposomes composed of POPC
alone at 40 °C.*" The high sensitivity of the present liposomes
to shear stress may be derived from the structural heterogeneity
of the cholesterol-containing membrane.

3.3. Leakage of GO Molecules from Liposomes. We
measured leakage of the GO molecules from liposomes
suspended in shear flow. The molecular mass of GO is about
480 times larger than that of CF. Activity efficiency Ego was
defined with respect to GO as Ego = Ay 5/A;q, where Ay g is the
activity of GO observed in the liposomal system at the shearing
operation time of 180 min and Ay, is the intrinsic activity at the
initial state. The A, value can be determined by solubilizing
liposomes with cholate. Figure 6 shows the Ego value as a
function of y,,. Significantly small Egg value can be confirmed
at y = 0. The value tends to increase up to 0.48 as the y,, value
increases to 7.8 X 103 s’l, reaching a plateau at39x 10°s71 <
7. This result suggests that the GO molecules are released
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liposome-encapsulated GO molecules. The Egq value was determined
at the operation time of 180 min at 25 °C.

from liposome interior to the shear field. The GO-containing
liposomes, which were sheared at y,, = 3.1 X 10° s™* for 180
min, were loaded on a sepharose 4B column in order to
separate free (leaked) GO from liposomes. Relatively small Eq
value of 0.15 was obtained in this case probably because the
lipid concentration employed was 5 times higher than that used
for the glucose oxidation reaction. Figure 7 shows the elution
profile obtained based on the concentrations of lipid and GO. A
single peak at the fraction no. 7 is seen with respect to the
concentration of lipid, showing the elution of liposomes within
the peak. On the other hand, two peaks were observed with
respect to the concentration of GO at the fraction nos. 7 and
1S. Considering the elution profile of lipid as well as the
significant difference in the size between a liposome and a free
GO molecule, the earlier eluting peak corresponds to the
liposome-encapsulated GO molecules and the later peak
corresponds to the leaked GO ones. We found that the present
GPC separation causes little leakage of the liposomal GO
molecules based on the following observation. In the
preparation of enzyme-containing liposomes, we also used the
column for separating free (non-encapsulated) enzymes as
described in the section 2.2. The apparent activity of liposome-
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Figure 7. GPC profiles of liposomes encapsulating GO and catalase
sheared at y,, = 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.

encapsulated GO recovered from the column was on average
3.8 + 0.6 % (mean =+ standard deviation, n = 6) of its intrinsic
activity. The low apparent activity showed that the lipid
membrane exhibited large permeation resistance to glucose and
also the liposome suspension contained negligible amount of
free GO molecules. The above results clearly demonstrate that
the sepharose 4B column cannot promote leakage of the
liposome-encapsulated GO molecules. Therefore, the free GO
molecules detected in Figure 7 correspond to the molecules
which are released from liposomes not during the GPC but in
the shear flow. The amount of GO leaked relative to the total
amount of GO eluted was determined as 0.16. This value agrees
very closely with the above Ego value of 0.15, indicating that
the Ego value corresponds to the fractional amount of GO
molecules leaked by the shearing. We measured the size
distribution of enzyme-containing liposomes with and without
shearing at y,, = 7.8 X 10* s for 180 min (see Figure S3 in the
Supporting Information). The shearing treatment causes no
significant change in the distribution, although a slight decrease
in the size of liposomes is seen. The mean diameter of
liposomes was 183 + 1 nm at the initial state and 177 + 2 nm
after the shearing. The above results favor the major
mechanism where the liposomal GO molecules pass through
lipid membranes with a little effect on the overall vesicular
structure of liposomes. Shear stress-triggered partial disruption
of liposomes is also suggested, which can be an alternative
minor mechanism of the release of liposomal GO. The y,, value
of 7.8 X 10° s™" corresponds to the average shear stress 7,, of
7.3 Pa. At the wall of microtubes, intense shear stress of 14.6 Pa
is generated, which would cause significant release of the
macromolecular GO from liposomes.

3.4. Chaperone-Like Function of Liposomes toward
Enzyme Molecules in Shear Flow. The above results show
that release of the GO molecules from liposomes is induced in
a shear rate-dependent manner. The free GO molecules
potentially undergo structural change in shear flow. The GO-
containing liposomes were passed through microtubes at ¥,,
7.8 X 10% s™! and the GO activity was followed. The Egq, value
of 0.31 was obtained in this case at the operation time of 360
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min. This indicates that 31% of the liposome-encapsulated GO
molecules were released into the shear field. The result
obtained is shown in Figure 8. In the figure, no loss of the GO
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Figure 8. 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 y,, = 7.8 X 10°
s7! at 25 °C. The concentration of free GO was fixed at 1.0 X 1072 g/
L. Data represent mean =+ standard deviation.

activity is seen at 360 min. This result demonstrates that the
released GO molecules undergo little change in their activity
under the shear stress condition. In Figure 8, stability of the free
GO activity in the shear flow is also shown for comparison. A
progressive deactivation of free GO is seen during the shearing
in the absence of liposome, exhibiting remaining activity of 59%
at 360 min. Because practically no deactivation was seen in the
static liquid system, the deactivation of free GO was regarded to
be caused by the applied shear stress. We further examined the
stability of free GO in the presence of empty liposomes at the
same enzyme concentration as that employed for the free
enzyme alone. Liposomes clearly stabilize the GO activity in the
shear flow. Therefore, the liposome membrane can exhibit the
chaperone-like function toward the free GO molecules. We
found that the structure of free catalase was more sensitive to
the shear flow compared to that of free GO probably because of
fragility of the tetrameric catalase.*' The enzyme activity of
liposomal catalase was more stable than that of the free catalase
under the shear stress condition (see Figure S4 in the
Supporting Information). Liposome membranes consist of
hydrophobic core and hydrophilic region exposed to the liquid
phase. Hydrophobic patches are formed at the membrane-water
interface of liposomes because of local fluctuation of the
membranes, as previously elucidated based on the binding of a
hydrophobic probe to POPC liposomes.”® The surface of
liposomes is, therefore, hydrophilic overall but considerably
abundant in local hydrophobic sites. As observed in section 3.2,
the extent of membrane perturbation and the partial disruption
of liposomes are clearly dependent on the shear rate. These
structural changes in liposome membranes can cause the
formation of local hydrophobic sites on the surface of
liposomes which can be the binding sites to the conformation-
ally changed enzyme molecules.”® On the other hand,
conformational change of proteins is caused by hydrodynamic
shear forces, as well documented for bovine serum albumin
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(BSA)® and von Willebrand factor.® Shear stress also causes
deactivation of enzymes.'” Bekard et al.® reported that
intramolecular hydrogen bonding and interactions between
secondary structures of BSA were destabilized by the drag due
to shear flow (y < 500 s™"). These previous reports indicate that
shear stress can induce the formation of conformationally
changed GO and catalase molecules which may be prone to
form inactive aggregates. Our results indicate that the
conformationally changed enzyme molecules are stabilized
through the hydrophobic interaction with structurally destabi-
lized liposomes as artificial chaperones. Such mechanism would
be similar to that proposed for the chaperone-like function of
liposomes toward the refolding intermediates of several
enzymes.28’29

3.5. Plausible Mechanism for Liposomal Enzyme-
Catalyzed Reaction in Shear Flow. On the basis of the
above results, we assume that the free GO molecules, which are
released from liposomes by the shear stress, are responsible for
the shear-driven accelerated oxidation of glucose catalyzed by
the liposomal GO system. To verify this mechanism, we
performed the free GO-catalyzed reaction in the presence of
empty liposomes and free catalase at y = 0 and at y,, = 7.8 X
10° s7". The reaction was also performed with free GO at y = 0
in the absence of liposomes. The results obtained are shown in
Figure 9. At y = 0, the oxidation reaction with liposomes gives

' 1.0 §/§
<

§ ./
<_5> 0.8

(@)}
S ?
< 0.6
K]

5

0.4
% ////////// L
© 1
® 0.2 /
c 1
9
=
8]
L‘LE 004 &
T T T T T T T T
0 50 100 150 200

Operation time / min

Figure 9. 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 y = 0 in the absence of liposomes (empty triangles).
Concentrations of free GO and free catalase were 3.3 X 1072 g/L and
50 X 107> g/L, respectively. Data represent mean + standard
deviation.

slightly larger rate than that without liposomes. Clearly, the
reaction in the shear flow (y = 7.8 X 10° s7') gives a
significantly larger oxidation rate than the reactions in the static
liquid system. This means that the free GO reaction can be
accelerated by the shear flow in the presence of liposomes. To
estimate the extent of shear-driven acceleration of the liposomal
GO reaction, we calculated the reaction rate —r'g [mmol-
glucose/(s g-GO)] based on the effective amount of GO as
—r'c = —7Gapp/ (EGoCgo), where Cgo is the intrinsic
concentration of GO in the reaction mixture. Figure 10
shows the effect of y,, on —r’¢, which was calculated from the
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Figure 10. Effect of y,, on the oxidation rate of glucose —r'(; 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.

—TGapp Values shown in Figure 2B. A plot of —r'¢ vs. log 7,,
gives an approximately linear relationship (filled circles in
Figure 10). Since the microtubes used offer significantly large
surface-to-volume ratio, adsorption of the enzyme molecules to
the solid surface needs to be clarified. We performed the
glucose oxidation reaction using the microtubes treated with a
BSA solution. The —r'g values obtained are plotted as a
function of y,, (crosses in Figure 10). Although the data show
some scatter, the relationship between the two parameters is
similar to that obtained without the BSA treatment. Therefore,
the enzyme adsorption appears to have rather minor effect on
the liposomal GO-catal;rzed reaction in shear flow.

Recently, Wang et al.'® reported that the free GO activity was
enhanced in the laminar flow generated in a nanofluidic reactor
compared to the activity in bulk solution. Similar phenomena
were also reported for other enzyme-catalyzed reactions.'®'”*!
Tanaka et al.'® reported that the horse radish peroxidase-
catalyzed reaction was accelerated in a microchannel. Miyazaki
et al>' reported that the hydrolytic activity of trypsin was
enhanced by using a microchannel reactor. They pointed out
the possible effect of the laminar flow-induced localization of
enzyme molecules within the channel on acceleration of the
enzyme reaction. It was also reported that the trypsin-substrate
affinity increased in the shear flow based on the kinetic
analysis.”” In the present work, the laminar flow in microtubes
can provide unique hydrodynamic properties including fluid
mixing and the flow rate distribution giving the maximum rate
of 0.37 m/s at the center of microtubes, which would affect the
efficiency of liposomal GO-catalyzed reaction in the shear flow.
Furthermore, one of the possible reasons for the shear-driven
acceleration of GO-catalyzed reaction is the formation of an
activated form of GO in the presence of liposomes in shear
flow. The intermolecular interaction among the conformation-
ally changed GO molecules is depressed because of the
liposome-enzyme interaction. Subtle structural change of an
enzyme molecule may influence its affinity toward glucose. The
liposomal interface can continuously stabilize the reactive form
of GO in the shear flow, although this needs to be further
studied.
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4. CONCLUSIONS

We succeeded in accelerating the GO reaction in a controlled
manner using the mechanosensitive liposomes encapsulating
GO and catalase. The shear-induced structural perturbation and
partial disruption of lipid membranes composed of POPC,
POPG and cholesterol (50:20:30 in molar ratio) triggered the
release of the GO molecules into the shear field. The oxidation
of glucose catalyzed by the released GO molecules was
significantly accelerated in the presence of liposomes at the
relatively high average shear rate of 7.8 X 10° s™'. Moreover,
liposome membranes stabilized the GO activity in the shear
flow where the free enzyme molecules were readily deactivated
in the absence of liposomes. In the static liquid, in clear
contrast, the liposomal GO showed low reactivity because of
the permeation resistance to glucose through the lipid
membranes. The liposomal GO system can therefore exhibit
a wide range of enzyme activity in response to the applied shear
stress, which may find applications in blood flow-responsive
drug vehicles and controlled oxidation reactions in micro-
fluidics.
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