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Abstract

Efficient functioning of enzymes inside liposomes would open new avenues for applications in
biocatalysis and bioanalytical tools. In this study, the entrapment of amyloglucosidase (AMG) (EC
3.2.1.3) from Aspergillus niger into dipalmitoylphosphatidylcholine (DPPC) multilamellar vesicles
(MLVs) and large unilamellar vesicles (LUVs) was investigated. Negative-stain, freeze-fracture, and
cryo-transmission electron microscopy images verified vesicle formation in the presence of AMG.
Vesicles with entrapped AMG were isolated from the solution by centrifugation, and vesicle
lamellarity was identified using fluorescence laser confocal microscopy. The kinetics of starch
hydrolysis by AMG was modeled for two different systems, free enzyme in aqueous solution and
entrapped enzyme within vesicles in aqueous suspension. For the free enzyme system, intrinsic
kinetics were described by a Michaelis-Menten kinetic model with product inhibition. The kinetic
constants, V, . and K, were determined by initial velocity measurements, and K; was obtained by
fitting the model to experimental data of glucose concentration-time curves. Predicted
concentration-time curves using these kinetic constants were in good agreement with
experimental measurements. In the case of the vesicles, the time-dependence of product (glucose)
formation was experimentally determined and simulated by considering the kinetic behavior of the
enzyme and the permeation of substrate into the vesicle. Experimental results demonstrated that
entrapped enzymes were much more stable than free enyzme. The entrapped enzyme could be
recycled with retention of 60% activity after 3 cycles. These methodologies can be useful in
evaluating other liposomal catalysis operations.

Background

Liposomes have long been used as carrier systems for the
delivery of vaccines, therapeutic drugs and hormones
because of easy preparation, good biocompatibility and
biodegradability, low toxicity, and commercial availabil-
ity [1-3]. Efficient functioning of enzymes inside lipo-
somes opens up new possibilities of applications in
biocatalysis and bioanalytical tools [4-6]. For example,
enzyme-containing vesicles can serve as nanoreactors for

biospecific reactions. In such reaction systems specific
substrates, which permeate across the vesicle membrane
lipid bilayer(s), are converted to products by the
entrapped enzymatic catalyst [6,7].

The present work explores the development of novel reac-
tive and stable biocatalytic interfaces for direct conversion
of substrates. The reactivity of entrapped enzyme inside
either multilamellar vesicles (MLV) or large unilamellar
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vesicles (LUV) liposomes was examined with respect to
externally added substrate. The ultimate goal is to design
stable catalytic interfaces that will mediate both chemical
transformations and interphase transport for extended
periods. The enzyme of choice for these experiments is
Amyloglucosidase (E. C. 3. 2. 1. 3). As an industrial cata-
lyst, amyloglucosidase (AMG) is one of the most econom-
ically important enzymes widely used in many industries
such as baking, detergents, sewage treatment, and natural
sweeteners [8]. This enzyme catalyzes both exo-(1-4) and
branch-point (1-6)-linkages to produce glucose, provid-
ing the primary step in the conversion of agricultural feed-
stocks to ethanol [9]. However, after completion of each
batch of reaction, the product is recovered using processes
that denature the enzyme catalyst leading to loss of activ-
ity, thus increasing processing costs. To eliminate the dis-
advantages associated with the use of soluble AMG
present in the conventional process, AMG has been
immobilized on various carriers in an effort not only to
retain catalytic activity for conventional processing, but
also to maintain stability for repeated and continuous
application [10-13]. Here, the utility of liposomal systems
for enzyme stabilization and recycle is experimentally
demonstrated, and mathematically described.

Mathematical models

The kinetics of amyloglucosidase from different sources
has been extensively investigated [14-16]. Process condi-
tions, including temperature, pH, chain length of the
starch, and starch concentration, have been found to
influence the rate constants.

The rate of starch consumption by amyloglucosidase can
generally be expressed in a Michaelis-Menten form with
competitive product inhibition [15]:

_AS_ VmaS
T G. . 1
dt Km(1+£)+S (1)
K;
where S is substrate concentration (mg mL1!), V, . (mg
mL! min) the maximum rate of reaction, K,, (mg mL1)
the Michaelis-Menten constant, G product concentration

(mg ml1), and K; (mg mL1) the inhibition constant.

AMG-containing lipid vesicles were first proposed for use
in enzyme-replacement therapy [17]. A quantitative
understanding of enzyme reactions in vesicles is crucial to
understanding the enzyme performance and mass transfer
limitation [18]. An AMG-containing vesicle system is
schematically illustrated in Figure 1. Starch diffuses from
the bulk aqueous phase, permeates across the dipalmi-
toylphosphatidylcholine (DPPC) bilayer shell of the lipo-
some into the vesicle's aqueous lumenal phase (interior),
where the enzymatic hydrolysis reaction is catalyzed by
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Figure |
Schematic enzymatic hydrolysis inside a DPPC vesicle.

entrapped AMG. The flux of starch from the external
phase into the aqueous interior is assumed to follow Fick's
first law of diffusion [19,20]. The mass balance for starch
in the bulk solution is expressed in Equation 2.

dlS ;
% = _kc([Sloutside - [S]inside) (2)

where [S],.size a0d [S];qiz0are the substrate (starch) con-
centration outside and inside the vesicles at time t, respec-
tively. K, is mass transfer coefficient. Once the vesicle
surface area and volume are determined, permeability
coefficient (Ps) for the substrate can be calculated [18].

The mass balance inside vesicle can be expressed in Equa-
tion 3.

d[S]inside

dt = ke ([Sloutsde = [Slinside) —v (3)

Michaelis-Menten kinetics with competitive product inhi-
bition (Eq. 1) can be applied to describe the rate of enzy-
matic reaction (v) inside the vesicles (Eq. 4).

V= Vrnax [S]inside
[Glisi (4)
Km (1 + %uie) + [S]inside
i
Methods
Chemicals

AMG from Aspergillus niger (A-3042) and dipalmitoyl-
phosphatidylcholine (DPPC) were purchased from Sigma
(St. Louis, MO). Soluble starch was obtained from Aldrich
(Milwaukee, WI). The fluorescent probe, 1,1'-dioctadecyl-
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3, 3,3, 3'-tetramethylindocarbocyanine perchlorate
(DiICy5 (3)) was obtained from Molecular Probes
(Eugene, OR). All other chemicals were of reagent grade
and obtained from Fisher Scientific (Hanover Park, IL).
All water used was purified using a Barnstead commercial
deionization system (Boston, MA).

Preparation of enzyme-containing liposomes

Multilamellar vesicles (MLVs)

MLVs were produced using the thin-film hydration
method [21]. Various amounts of lipids (usually 4-22 mg
DPPC) were dissolved into 10 ml of chloroform in a 100
ml round bottom flask. The solvent was removed to form
a thin lipid film on the wall of the flask under reduced
pressure using a rotary evaporator. Any residual solvent
was removed either under vacuum overnight or under a
stream of N,. AMG solution was prepared by diluting
stock solution (Sigma A-3042) 10-fold with distilled
deionized water. This solution (4 mL) was slowly added
to the flask, followed by a small quantity of glass beads to
provide mechanical agitation. The flask was returned to
the rotary evaporator, immersed in a warm water bath and
vigorously rotated to reconstitute the lipid film above the
lipid's main transition temperature (T, = 41.3°C), approx-
imately 5-10 minutes. A milky suspension of multilamel-
lar vesicles (MLVs) was produced.

Large unilamellar vesicles (LUVs)

LUVs containing entrapped enzyme were produced via
extrusion. In this process, AMG-containing MLV samples
were centrifuged and suspended in AMG solution (0.1 X)
to preserve the intravesicular enzyme concentration dur-
ing extrusion. The suspension was passed 21 times
through a stacked pair of polycarbonate filters (Avestin
Inc., Ottawa, Canada) mounted in an extrustion device
(Avestin, Lipo-fast), first with 1000 nm filters, then again
using 200 nm filters [22]. A significant decrease in size
and lamellarity can be achieved, resulting in a relatively
monodisperse vesicles.

Giant unilamellar liposomes (GUVs)

In some experiments, giant unilamellar liposomes
(GUVs) were prepared according to [23]. In brief, a
desired quantity of DPPC was dissolved in 1 ml of chloro-
form and 200 pl of methanol. The aqueous phase contain-
ing 4 mL AMG was then carefully added along the flask
walls. The organic solvent was removed in a rotary evapo-
rator. After evaporation for 2 min, an opalescent fluid was
obtained. The resulting aqueous solution contained
GUVs.

Separation of the free and entrapped enzymes

Liposomal suspensions were centrifuged at 16 000 g for
30 min at 4°C to separate unencapsulated AMG from
liposomes. The supernatant was removed and 4 mL water
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was added to the pellet to resuspend the liposomes before
repeating the centrifugation. This wash process was
repeated three times to ensure complete removal of the
free enzyme from the liposome preparations. Free enzyme
removal was verified by total protein assay and starch
hydrolysis activity, the details of which are described in
the later section, for each supernatant. After the final cen-
trifugation, the pellet was resuspended in 2 mL water prior
to determination of entrapped protein and starch hydrol-
ysis activity.

Determination of entrapment percent and entrapment
efficiency

Entrapment percent and entrapment efficiency were deter-
mined after removal of external enzyme by repeated cen-
trifugation and washing. The entrapment percent (EP)
and entrapment efficiency (EF) can be calculated by sub-
tracting the amount of free enzyme in the supernatant
from the total amount of the added enzyme as:

EP = total enzyme — free enzyme

x100%  (5)
total enzyme

EF = total enzyme — free enzyme
amount of phospholipid used

(6)

Characterization of enzyme-containing liposomes

Negative staining electron microscopy

A drop of freshly prepared liposome was applied to a
Formvar-coated copper grid. After 20 seconds, the excess
liquid was absorbed at the periphery of the grid by filter
paper. The remaining sample was air-dried at room tem-
perature and the liposome was negatively stained with
0.5% uranyl acetate or ammonium molybdate for 20 s,
after which most of the staining solution was absorbed at
the periphery of the grid by means of filter paper. Samples
were examined with a Hitachi H-600 transmission elec-
tron microscope (TEM).

Freeze-fracture and electron microscopy

A small aliquot of a liposome sample was placed between
two copper strips, a double wing replica holder. The
holder was plunged into liquid propane (-190°C) for
approximately 10 seconds. Frozen samples were inserted
into a hinged double replica device and transferred into a
Balzer 301 freeze-fracture apparatus. Fracturing was per-
formed at -120°C and about 10-7 torr by releasing a spring
that opened the two sides of the replica holder. Samples
were immediately replicated with platinum and coated
with carbon. Replicas were cleaned in an acidic mixture of
nitric acid, sulfuric acid and acetic acid and washed with
distilled water. The clean replicas were collected onto
uncoated 400 mesh electron microscope copper grids and
were examined with a Hitachi H-600 TEM.
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Cryo-transmission electron microscopy (cryo-TEM)

A drop of liposome sample was applied to a standard elec-
tron microscopy grid coated with a perforated carbon
film. Excess liquid was removed by blotting with filter
paper, leaving a thin layer of aqueous sample covering the
holes of the carbon film. The grid was rapidly frozen in
liquid ethane, resulting in vesicles embedded in a thin
film of vitreous ice. Images of the vesicles in ice were
obtained under cryogenic conditions using a Gatan cryo-
holder in a Hitachi H-600 TEM and a defocus of -1.5 pm.

Confocal microscopy

Fluorescent probe (DilC,4(3)) was added to the lipid at a
concentration of 0.1 mol %. Confocal images were
obtained with a MRC 1024 confocal microscope (Bio-
Rad) with a 585 LB emmision filter at 488 nm excitation.
For three-dimensional image projection of a vesicle, z-
scans in 0.5 pm steps were taken through the upper half
of a liposome and projected by using the Confocal Assist-
ant 4.02 software.

Hydrolytic activity and protein assays

AMG activity was determined by the starch-iodine
method as described in [24]. The assay solution consisted
of 0.1 mL enzyme-containing sample and 1.0 mL starch
solution (1%, w/v) in distilled water at pH 4.5. Assay
tubes were incubated for 4 min at 55°C in a dry bath incu-
bator. Appropriate negative controls, samples prepared
without enzyme were made in all cases. One unit of
enzyme activity was defined as the amount of enzyme,
which hydrolyzed 1 mg of starch per minute under speci-
fied conditions.

Protein content of enzyme solution was determined using
the Bio-Rad (Richmond, CA) DC Protein Assay kit with
bovine serum albumin as a standard.

Sugars produced by the enzymatic hydrolysis of starch
were identified and quantified by a Shimadzu HPLC sys-
tem (Liquid Chromatograph LC-10AT, Diode Array SPD-
M10A, and RID 6A) equipped with an Aminex HPX-87H
cation-exchange column (300 mm x 7.8 mm, Bio-Rad
Laboratories, Richmond, CA). The column was main-
tained at 50°C using a Bio-Rad column heater. Samples
were eluted isocratically with 5 mM H,SO, at a flow rate
of 0.4 ml min'!. Maltooligosaccharides were purchased
from Sigma Chemical Co. (St. Louis, MO) and used as
standards as described previously [24].

Intrinsic enzyme kinetics

Experiments for kinetic parameter estimation were per-
formed by hydrolyzing starch solutions of varying con-
centrations (1 - 10 mg mL!) at 55°C in a dry bath
incubator. The reaction medium consisted of 0.1 mL free
or entrapped AMG, and 1.0 mL starch solution. Starch
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solutions were prepared in distilled, deionized H,O (pH
4.5). For each specified concentration, a series of identical
reaction tubes containing starch solution was prepared.
Incubation of the tubes was initiated at the same time.
Samples, consisting of one reaction tube per time point,
were taken at 0.5 min intervals for 10 min. The reaction in
a tube was stopped by adding 1 mL HCI (1.0 M). The
amount of unreacted starch was estimated by the starch-
iodine assay, and glucose concentrations by HPLC as
described above. Each experiment was conducted in trip-
licate. Initial rates were calculated using the linear portion
of substrate vs. time plot.

Starch hydrolysis by entrapped AMG

Starch hydrolysis was carried out in liposomal suspen-
sions. Soluble starch was used as substrate, and the proc-
ess conditions were 55°C and pH 4.5 prior to the addition
of entrapped AMG. Samples (1 mL) were taken at 10-60
min intervals, and the reaction was stopped by quenching
in ice and adding 1.0 mL HCI (1.0 M). Samples were fur-
ther analyzed by HPLC as described above.

Repeated hydrolysis of starch

The capacity for recovery and recycle of MLV-entrapped
AMG activity from a process stream was also determined.
The rate of starch hydrolysis by entrapped enzyme was
determined at 55°C in 1.0 % (w/v) starch. After each
batch of hydrolysis, the entrapped enzyme preparations
were recovered from the reaction mixture by centrifuga-
tion at 16000 g for 10 min. The pellet was then resus-
pended into fresh starch solution for the subsequent run
of starch hydrolysis. The whole process was repeated for
Six runs.

Numerical analyses

Kinetic parameters for starch hydrolysis were estimated
using the nonlinear parameter estimation software of
TableCurve 2D (Jandel Scientific, San Rafael, CA) based
on initial rate data. Polymath 5.0 [25] (Special Education
Version, Prentice Hall, New Jersey) was used to solve the
ordinary differential equations. The programs gave con-
centration profiles of substrate (starch) and product (glu-
cose) for each set of conditions evaluated.

Results and discussion

Physical characterization of liposomes

Structural details were visualized by negative-staining,
freeze-fracture and cryo-TEM. Figure 2 shows a represent-
ative micrograph of a DPPC MLV containing AMG pre-
pared by the thin film hydration method: a negative-
staining image of a sample with an entrapped enzyme-to-
lipid ratio of 0.349 mg/mg (Fig. 2A), a freeze-fracture TEM
(Fig. 2B), and a cryo-TEM image (Fig. 2C). Cumulative
data obtained by these techniques showed that the vesi-
cles are spherical in shape with a wide size distribution
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500 nm

Figure 2
Representative micrograph of DPPC MLVs. A: Negative-
staining image. B: Freeze-fracture TEM. C: Cryo-SEM image.

http://www.jbioleng.org/content/1/1/4

ranging from approximately 0.2 to 10 um. These results
may indicate that aggregation of liposomes upon entrap-
ping the enzyme is occurring.

Typically, freeze fracture electron microscopy is an effec-
tive method to ascertain vesicle lamellarity. Despite
repeated attempts, bisecting cleavage of the vesicles to
reveal lamellar structure was not observed in our samples.
Therefore, we explored the capacity to use confocal micro-
scopy to demonstrate the lamellar multiplicity. The confo-
cal image in Figure 3 clearly illustrates the presence of
multi-lamellar vesicles in samples produced by the thin-
film rehydration methods.

Entrapment study

Entrapment studies of AMG in liposomal preparations
were initiated by incorporation of AMG into the DPPC
MLVs. To test the reactivity of entrapped AMG, it was
important to ensure that no extravesicular enzyme was
present in our preparations. The removal of entrained
AMG from the liposome preparations was complete, as
less than 0.05% total protein was detected in the final
supernatant of the wash preparation.

Table 1 lists AMG entrapment percentage and entrapment
efficiency determined after removal of external enzymes
by successive centrifugation, washing and re-dispersion
steps. Enzyme entrapment is directly proportional to
DPPC concentration. However, the entrapment efficiency
decreases with increasing DPPC content. The lower

Figure 3
Representative micrograph of DPPC MLVs by confocal
microscopy. The unit of the scale bar is um.
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Table I: AMG entrapment in DPPC MLVs

http://www.jbioleng.org/content/1/1/4

DPPC concentration (mg/ml) Entrapment percent (%)

Entrapment Efficiency
(mg protein/mg DPPC)

Activity of entrapped AMG
(Unit/mg protein)

2 6.83

4 9.35
78 13.17
11.25 14.45

0.507 8.86
0.349 5.76
0.252 5.84
0.188 6.68

entrapment efficiency suggests a disproportionately low
increase in capture volume. That is, the addition of more
lipid increases the lamellarity of the vesicle population
rather than producing more vesicles of the same lamellar-
ity. This is likely an artifact of the thin film rehydration
method. As the DPPC concentration increases, the thick-
ness of the lipid film deposited on a round bottom flask
wall is likely to increase, resulting in more vesicles of
higher lamellarity. With more concentric bilayer shells,
the MLVs will have a lower capture volume than MLVs
prepared with lesser amounts of DPPC (thinner DPPC
film), provided that size distribution, bilayer thickness
and interlamellar spaces of these MLVs are constant.

The apparent activity of entrapped AMG was measured as
shown in Table 1. It would be expected that the more pro-
tein is entrapped, the more activity appears. However, as
entrapment percent is increased by 2-fold from 6.83% to
14.45%, the apparent activity decreases from 8.86 units/
mg protein to 6.68 units/mg protein. The lower apparent
activity may be due to mass transfer limitation.

The entrapment percentage and efficiency as a function of
AMG concentration at a constant DPPC concentration

0.6
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Figure 4

The entrapment percentage and efficiency as a function of
AMG concentration. Filled circle (red circle): Entrapment
percent. Filled square (blue square): Entrapment efficiency.

content was also investigated. Maximum entrapment per-
cent was reached at 7.8 mg/ml AMG as shown in Figure 4.
In addition, an increase in the entrapment efficiency with
an increasing AMG concentration was observed.

Thermostability of AMG entrapped in MLV and GUV

To evaluate the thermostability of free and entrapped
AMG, the enzyme solution was incubated at the hydroly-
sis temperature in sealed tubes. Samples were taken after
various incubation intervals, the residual enzyme activity
was determined, and the relative enzyme activity was esti-
mated by assuming the initial enzyme activity as 100%.
Figure 5 shows the thermostability of MLV and GUV sam-
ples compared to the free AMG sample on the basis of the
estimated relative AMG activities in each sample. AMG
entrapped inside MLV and GUV remains preserved for a
much longer period of time in comparison to the activity
of the free enzyme in aqueous media. At 55°C, the native
enzyme retained 55 % activity after 160 h whereas the
entrapped enzyme retained 70 % and 100 % activity
under identical conditions for GUV and MLV, respec-
tively. Both the GUV and MLV studies show an increase of

Relative activity of AMG (%)

0 20 40 60 80 100 120 140 160 180
Time (h)

Figure 5

Thermostability of AMG. Filled circle (red circle): Soluble
AMG. Filled square (blue square): MLVs. Filled triangle (green
triangle): GUVs. Experiments were carried out at pH 5.0 and
temperature 50°C. The initial activities were taken as 100%.
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starch hydrolysis activity within the first few hours of high
temperature incubation. This may reflect a change in the
state of the entrapped enzyme over time or a change in
liposome properties (which would impact starch permea-
bility) at the hydrolysis temperature. Further study is
needed to elucidate this phenomenon.

Kinetic parameter estimation

Kinetic constants (K,, and V,,,,) were determined from a
classic enzyme kinetic analysis based on initial velocity
measurements of soluble starch hydrolysis by either free
AMG or entrapped AMG in MLV or LUV at various starch
concentrations (1 - 10 mg mL-1). Results from this analy-
sis are plotted in Figure 6. K; was determined by fitting
experimental product concentration versus time data to
the Michaelis-Menten equation. Values for the kinetic
parameters are summarized in Table 2. The best-fit kinetic
parameters of the Michaelis-Menten model were esti-
mated by non-linear regression as V,,,, = 1.28 mg glucose
ml! min-! mg! protein and K,, = 1.55 mg/ml, V,, .. = 0.35
mg glucose ml-! min-! mg! protein and K,, = 1.15 mg/ml,
V,ax = 0.56 mg glucose ml! min'! mg! protein and K,, =
1.64 mg/ml, for free AMG, MLV and LUV, respectively. It
should be pointed out that kinetic parameters for free
AMG are intrinsic while those measured with MLVs and
LUVs are apparent values due to mass transfer effects.
Consistent with this, values of V, . were significantly
lower in the entrapped samples for both MLVs and LUVs
compared to that of the free AMG. This is in agreement
with literature data reported for amylase entrapped in soy-
bean phosphatidylcholine liposomes [26]. The decrease
in V,,,, can be attributed to steric effects resulting from
limitation of the accessibility of soluble substrate to the
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Figure 6

Initial rate study for entrapped AMG in DPPC. Filled circle
(red circle): Soluble AMG. Filled square (blue square): LUVs.
Filled triangle (green triangle): MLVs.
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Table 2: Kinetic parameters for single and dual enzyme systems.

Vmax Km Ki
(mg mL-'min-!) (mg mL") (mg mL")
Free enzyme 1.28 + 0.06 1.55 £ 0.29 0.10 £ 0.01
(intrinsic)
MLV 0.35 + 0.0l 1.15+0.12 0.10 £ 0.0l
(apparent)
LUV (apparent) 0.56 + 0.04 1.64 £ 0.25 0.10 £ 0.0l

active site. Since MLVs have more lamellarity than LUVs,
LUV has a larger value of V,,,, (0.56) than that of MLVs
(0.35) due to lower mass transfer limitations. The appar-
ent K,, values for MLV-entrapped AMG was lower than
that for the free enzyme. The apparent K,, for GUV-
entrapped enzyme was not significantly different from the
free enzyme K,,. The glucose inhibition constant (K;) was
determined to be 0.10 mg mL-! for all cases. While it is rea-
sonable to believe that the apparent values differ from the
free enzyme K and V,, because of the added transport
layer(s) in the liposomes, with the data presented, the
possibility that the intrinsic enzyme kinetics could be
altered in the case of liposome entrapment cannot be
completely excluded. The lower apparent V. for the
multi-layer liposome relative to the single layer is most
likely a reflection of the increased mass transfer barrier
resulting form the additional transport layers. This pro-
vides additional evidence that liposomal kinetics is
strongly a function of mass transfer.

Simulation of batch starch hydrolysis

Enzymatic starch hydrolysis by free AMG and entrapped
AMG into MLV were investigated for reaction systems con-
taining 1% soluble starch. Glucose concentration was
measured versus time. The difference of intrinsic and
apparent kinetics was due to the substrate permeability
across the bilayer membrane such that the experimental
data were used to fit a mass transfer coefficient, by using
Equations 2-4. Figure 7 shows the glucose concentration
profiles (filled circle and filled square) compared with the
simulated results (red and blue lines). The model simula-
tions were in fair agreement with experimental data. In
addition, the model and parameter estimation procedure
allowed not only the quantification of the substrate per-
meability in the vesicle system used, but also provided
insight into the changes of substrate concentrations inside
the vesicles (green line), which would be rather difficult to
determine experimentally.

Repeated hydrolysis of starch

Figure 8 shows AMG activity in the repeated enzymatic
hydrolysis of starch with vesicle-entrapped enzyme.
Enzyme activity is very stable during the first three batch
runs. The AMG lost 39.1% of original activity after the
fourth batch run (after 96 hrs in processing). Beyond cycle
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Figure 7

Model simulation and experimental validation. Red (soluble
AMG) and blue (MLYV) lines are simulation results of glucose
concentration profiles. Symbols are experimental results of
the glucose concentration profiles: Soluble AMG (filled red
circle) and MLV (filled blue square). The green line is a simu-
lation result of starch concentration profile inside MLV.

four a great decrease in the degree of hydrolysis was
observed. The decrease could be due to either vesicle leak-
age, loss of enzyme by adsorption to the substrates, or
incomplete precipitation. The fact that enzymes are recy-
cled in the process will make an improved process econ-
omy possible.

Compared to free AMG, the rate of hydrolysis by
entrapped AMG is relatively low. This is either because of

Glucose concentration (mg ml™")

0 il 2 3 4 5 6

Number of run

Figure 8
Repeated runs using MLVs for enzymatic hydrolysis of starch.
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the low permeability of substrate across the liposome
bilayer or because of the low enzyme activity inside the
liposomes. In the current work, while apparent values for
K,, and V,, are presented, no attempt was made to deter-
mine if transport across the lipid layer is rate-limiting, or
if a lower reaction rate due to altered enzyme kinetics
gives comparable time constants to mass transfer rates.
Generally Thiele modulus, ¢, is used for this purpose. For
example, when ¢ is sufficiently small (¢ < 0.3), diffusion
of substrate is fast relative to its consumption. But in most
cases, slow permeation of external substrate results in the
low overall reaction rate. Currently there are generally two
approaches to increase the substrate permeability. One is
to reconstitute membrane channel proteins in the lipo-
some bilayers while the other is to utilize lipid/detergent
hybrid membranes [27].

Conclusion

The kinetics of starch hydrolysis in the AMG-liposome
microreactor system was characterized experimentally
and mathematically. This methodology has the potential
to be applied to evaluate other liposomal catalysis opera-
tions. In addition to investigating AMG entrapment per-
centage and entrapment efficiency, enhanced
thermostability of liposome-entrapped AMG was demon-
strated. As expected, hydrolysis rates are limited by the
rate of mass transfer of substrate across the lipid bilayer.
Activation of enzymes and altered permeability within the
liposomal environment are being investigated further.
The application of fluorescence laser confocal microscopy
in physical characterization of liposome lamellarity was a
useful methodology. Multiple batch hydrolyses of starch
with entrapped AMG inside MLV demonstrated that MLV-
entrapment was useful for catalysis with enzyme recovery.
Such recycle operations reduce the cost of AMG required.
These results show the promise of liposomes as enzyme
carriers in conversions involving macromolecular reac-
tants. Thus, the information gained from this research
should contribute to improving our ability to advance
biologically based processes by providing efficient and
economical ways of enhancing the activity and stability as
well as reusability of biocatalysts for use in bioprocessing
applications.

List of abbreviations used
EF entrapment efficiency

EP entrapment percent
k. mass transfer coefficient
K; the inhibition constant (mg mL1)

K,, the Michaelis-Menten constant (mg mL-1)
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P product concentration (mg mL1)
¢ thiele modulus
S substrate concentration (mg mL1)

Sinside SUDstrate concentration (mg mL1) in the liposome
phase

S substrate concentration (mg mL-!) in the bulk phase

outside

V

'nax Maximum rate of reaction (mg mL- min-!)

v rate of enzymatic reaction (mg mL-1 min-!)
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