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ABSTRACT: Cationic polyelectrolyte doped hollow nanofibers prepared via facial ~ organic phase
coaxial electrospinning technology have been used for positional assembly of two
enzymes, glucose oxidase (GOD) and Candida antactica lipase B (CALB), at two
different positions, namely, in their lumen and on their surface. Therefore, the result
is four combinations, including lumen (GOD+CALB), surface (GOD+CALB),
surface (GOD)-lumen (CALB), and lumen (GOD)-surface (CALB). Surface
attachment of enzymes was achieved by layer-by-layer (LbL) technology, which is
based on the ion-exchange interactions between oppositely charged enzymes and
polyelectrolyte that was doped in hollow nanofibers; whereas placing enzymes inside
the lumen of hollow nanofibers was realized by in situ encapsulation during
coelectrospinning. The hollow nanofibers-based bienzyme systems were used for a
cascade reaction in an oil-aqueous biphasic system, in which glucose was oxidized by
GOD to generate H,0,, which was used as substrate and oxidant for CALB-
catalyzed epoxidation of oleic acid in the second step. The bienzyme nanofibers membrane was found to float spontaneously at
the O/W interface, which is advantageous to biphasic biocatalysis. Assembly strategies of the two enzymes affect their biocatalytic
efficiency significantly by influencing the utilization efficiency of H,O, in the reaction process. The highest reaction rate was
attained by lumen (GOD)-surface (CALB), corresponding to 114.45 times enhancement as compared to that of the free
bienzyme system.
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1. INTRODUCTION Cell-free multienzyme biotransformation sounds attractive.
However, for the free enzymes in environments slightly outside
of the biocompatible regimes, they are relatively unstable and
cannot be efliciently recovered and reused, and as a

Thousands of different chemical reactions catalyzed by various
multienzyme systems take place inside living cells to support
cellular growth and survival. Although these in vivo multi-
enzyme systems are complicated and diverse, they all have
excellent chemo-, regio-, stereoselectivity and high efficiency.
With the development of industrial biotechnology, constructing
and applying multienzyme cascade reactions in vitro is on the
verge of rapid growth from both academic and industrial

consequence, the advantages of free mutlienzymes versus
whole cells may be reduced. To accomplish their recycling in
practical application, immobilization of enzymes is an effective
approach, and in some circumstances, well-designed immobi-
lization may even improve many of other important features of

aspects, particularly in biomedical, biosensor, and biotransfor- the ?ﬂf’f?e’ like activities, stabilities, specificity, and so
mation fields.'"™> In contrast to the microbial-catalyzed forth. For multienzyme system construction, the selectivity
multistep metabolic process which is usually less efficient due and high efficiency is usually highly dependent on the precisely
to formation and degradation of intermediates and unexpected controlled location of each enzyme, which is realized in vivo by
side products, as well as the consumption of nutrient substance the high-degree compartmentation of the biological cells."”~*"
for supporting cell group, the synthetic route of in vivo The compartmentalization is therefore considered as one of the
multienzyme system can be flexibly designed and optimized." most crucial techniques that cells adopt to enable a high level of
One example is the production of H, from xylose, one mole of control over bio/chemical processes, in which numerous
xylose can generate 9.6 mol of H, by using a synthetic enzyme

cascade involving 13 enzymes and cofactors in a cell-free Received: ~September 13, 2014

system, while only 3.337 rgol of H, can be generated at most by Revised:  November 7, 2014

using microorganisms. Published: November 10, 2014
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Scheme 1. Schematic Illustrations of the Setup for Co-Axial Electrospinning and Positional Assembly of GOD/CALB Bienzyme

Based on PAH Doped PU Hollow Nanofibers
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multistep reactions take place simultaneously with unsurpassed
efficiency and specificity,'’~>' at the same time, providing a
solid scaffold for precise positional assembly of multienzyme
system and spatial isolation of enzymes so that any possible
negative interferences between different enzymes can be
avoided."®***® Due to the complexity of the in vivo
multienzyme system, how to biomimetically construct an
immobilized multienzyme system that can efficiently perform
multistep biotransformation has always been the most
important and challenging task from both biology and
materialogy aspects.”*>®

Nowadays, many efforts have been devoted to mimic this
natural concept of enzyme assembly by encapsulation.'¥*"**
According to the structure of compartmentation, current
artificial designs for positional assembly of enzymes can be
classified into single-chamber microcapsule (liposome and
polymersome),"®*'~*” multichambers microcapsule,***® shell-
in-shell microcapsule**™* and polymersomes within a
polymersome.*>** From an industrial standpoint, however,
most of these compartmental encapsulation of multienzyme
systems have limitations owing to the complicated and
nonbiofriendly preparation process, enzyme deactivation upon
direct contact with organic solvents used to dissolve the
template, low loading capacity, difficulty in reuse, and so on. On
the other hand, systematic investigations on the influence of
different positional assembly on the efliciency of a multienzyme
system have been deficient.

Advances in electrospinning techniques for fabricating
nanofibers with a multilever interior structure for the formation
of continuous nonwoven membranes inspired us to redesign
the natural concept of enzyme assembly and encapsulation for
multienzyme biotransformation.*~>' Recently, electrospinning
of two immiscible liquids through a coaxial, two-capillary
spinneret, which was proposed by Loscertales et al,**> has
been successfully adopted in our lab to directly fabricate hollow
nanofibers-based multienzyme system for bile acid detection, in
which two oxidoreductases and shared coenzymes were in situ
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encapsulated inside the nanochamber of the hollow nano-

fibers.>* Compared to the previously reported assembled
multienzyme systems which take the form of microcapsules,
several advantages of hollow nanofibers-based multienzyme
system have been proven as follows: specially designed two-
capillary spinneret will prevent the bioactive molecules from
contacting with the organic solvent; the in situ encapsulation
process ensures nearly 100% loading efficiency for expensive
enzymes; the confinement of the multienzyme system inside
the nanoscaled compartments enhances the enzymes stability;
the woven-membrane nanofibers enable easy recycling and
operation.54

The polyelectrolyte layer-by-layer (LbL) technique, which is
usually based on the ion-exchange interactions between
oppositely charged materials, is one of the most extensively
used technologies for fabricating microcapsules to realize
multienzyme system positional assembly extensively.'” Fab-
ricating polyelectrolyte-doped hollow nanofibers are expected
to enable the hollow nanofibers not only to serve as a scaffold
for multienzyme immobilization but also to enable precise
positional assembly of enzymes in different way via well-
developed facile polyelectrolyte LbL technique.

To demonstrate our method is generic, novel polyelectrolyte-
doped hollow polyurethane (PU) nanofibers were fabricated
for positional assembly of a bienzyme system involving Candida
antarctica lipase B (CALB) and glucose oxidase (GOD). Lipase
catalyzes the reaction of oleic oil with H,O, as oxidant in an oil-
aqueous (O/W) biphasic system,55‘56 whereas H,0, will be in
situ generated by GOD catalyzed oxidation of glucose as an
attempt to avoid rapid deactivation of lipase upon contacting
with concentrated of H,0,. Epoxy stearate and epoxidized
plant oil are both valuable intermediates from which biobased
polyols can be generated by a facile ring-opening reaction.”” =%
The polyols are the most important monomer for synthesizing
polyurethane materials.** " Moreover, by coupling with the
GOD-catalyzed oxidation of glucose, another value-added
coproduct glucono-d-lactone can be obtained, and thus, the
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Figure 1. Characterizations of the PU hollow nanofibers prepared by coaxial electrospinning. (a,b) Cross-sectional SEM images of pure PU hollow
nanofibers and PAH doped PU hollow nanofibers produced at core—shell phase solution flow rates: 0.07:0.5 mL/h; (c,d) Shows the corresponding
size distribution of the inner and outer diameters of the hollow nanofibers shown in images (a,b); (e,f) TEM images of pure PU hollow nanofibers
and PAH doped PU hollow nanofibers; (gh) Images of an water droplet on pure PU hollow nanofibers membrane and PAH doped PU hollow
nanofiber membrane; (i) Tensile strength of pure PU hollow nanofibers membrane and PAH doped PU hollow nanofiber membrane; (j) Summary

of the characteristic data.

total economy of the process can be increased. In the present
work, the lipase/GOD bienzyme system will be positionally
assembled either on the outer surface or inside the lumen of the
hollow nanofibers, so that an in-depth investigation on the
relationship between positional assembly strategies and the
efficiency of multienzyme cascade reaction can be carried out
and discussed.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of Cationic
Polyelectrolyte Doped PU Hollow Nanofibers. In one of
our recent work, hollow PU nanofibers have been successfully
prepared via a coaxial electrospinning technique.”* Here in the
present work, to accomplish positional assembly of enzyme, a
water-soluble cationic polyelectrolyte, poly(allylamine hydro-
chloride) (PAH), was doped in to the PU nanofibers by simply
dissolving it in the core phase solution of coaxial electro-
spinning, which was composed of 80% glycerol and 20% water
(Scheme 1).

The SEM images of the PU hollow nanofibers and the PAH-
doped PU nanofibers showed that the morphology of the
hollow nanofibers were not affected by the doping of PAH
(Figure lab), both of them exhibited quite uniform size
distribution with average inner diameter about 500 nm and
outer diameter about 1.4 ym (Figure le,f). Compared with the
hollow nanofibers without PAH, visible tentacles on both the
inner and outer surfaces of the shell of PAH-doped PU hollow
nanofibers can be seen in the TEM (Figure 1c,d). Our previous
diffusion tests using proteins with different molecular weight as
probes have proved that the shell of PU hollow nanofibers have
a characteristic molecular weight cutoff (MWCO) about 20
kDa, which means that an encapsulated protein with molecular
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weight above 20 kDa will not be able to diffuse out from the
lumen of the hollow nanofibers.>* Unlike proteins which are
usually in globular shape, PAH is linear. Though the PAH has
molecular weight about 40 kDa, exceeding the MWCO of the
shell of hollow nanofibers determined using proteins, we
speculate that it can still penetrate into the shell of the hollow
nanofibers to form tentacles during evaporation of the solvent
due to its linear molecular structure. The PAH tentacles
therefore would act as binding sites for further anchoring of
enzymes either on the outer surface or the inner surface the
hollow nanofibers via ion-exchange interactions between
enzymes with opposite charges and the ionizable groups of
PAH by simply adjusting the pH of the enzyme solution to
favorable values.

The presence of ionizable groups on the surface of the PAH
doped hollow nanofibers was also supported by its reduced
water contact angle. The pure PU hollow nanofiber membrane
had a contact angle of 106.8°, while that of the PAH-doped PU
hollow nanofiber membrane was reduced to 94.2° (Figure
1gh). Tensile strength measurement showed that the doping of
PAH did not change the tensile strength of the hollow
nanofiber membrane much. Therfore, as a result of the linear
long-chain PAH doped in the shell of hollow nanofibers, acting
as the role of “glue”, the elongation at break was significantly
increased from 318.9% to 811.8% (Figure 1i), which means the
PAH-doped hollow nanofibers were more tenacious than that
of pure PU hollow nanofibers, and thus, the PAH-doped hollow
nanofibers can be used for much severer reaction conditions
than other materials. The major properties of the hollow
nanofibers were summarized in Figure 1j.

2.2. Positional Assembly of GOD/CALB Bienzyme
System on Hollow Nanofibers. Co-immobilizing enzymes
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Figure 2. Confocal laser scanning microscope images of the PAH-doped PU hollow nanofibers with positionally assembled GOD/CALB bienzymes.
GOD and CALB were labeled by FITC and sulforhodamine 101, respectively, prior to positional assembly.

for performing multistep biotransformations either in cascade
or in coupling mode is usually kinetically advantageous over the
separately immobilized system because the second enzyme may
utilize the product of the first enzyme as substrate directly at
very high concentration without need of this product diffusing
out from the first biocatalyst and penetrating to the second
one.®"%% On the other hand, this advantage will highly depend
on the match of these coimmobilized enzymes in their specific
activities and operational stabilities.’" To realize the advantages
of coimmobilization, in the present work, four different
coimmobilization strategies were tested by positionally
assembling the bienzyme system involving GOD and CALB
for cascade reaction to the different locations in hollow
nanofibers, which includes lumen (GOD+CALB), surface
(GOD+CALB), surface (GOD)-lumen (CALB), and lumen
(GOD)-surface (CALB). Placement of enzymes inside the
lumen of the hollow nanofibers was easily accomplished by in
situ encapsulation during coaxial electrospinning, and the
uniformed dispersions of the GOD and CALB inside the lumen
of the hollow nanofibers were confirmed by the confocal laser
scanning microscope (CLSM) observation (Figure 2a). Due to
overlay of the green (FITC-labeled GOD) and red fluorescence
(sulforhodamine 101-labeled CALB), strong yellow fluores-
cence was observed in the merged images.

The doping of cationic polyelectrolyte, PAH, allowed us to
assemble the enzymes on the outer surface by ion-exchange
interaction between oppositely charged enzymes and the
ionizable groups of PAH, which is one of the most widely
used mechanisms of LBL technology for preparing multi-
chamber microcapsules and positional assembly multienzyme
system due to its mild reaction condition.*"** To find the
proper condition for enzyme assembly by ion-exchange
interaction, zeta-potential of PAH-doped hollow nanofiber
membrane was measured over a wide range of pH from 2 to 11.
As seen from Figure 3, a significant positive surface zeta-
potential was detected for the PAH-doped hollow nanofiber
membrane, and the zeta-potential decreased from 250 to 20
mV by increasing the pH of solution from 2 to 12. In contrast,
the PU hollow nanofibers membrane without PAH showed a
constant zeta-potential of zero. Before zeta-potential measure-
ment, the membrane was immersed in buffer solutions and
shaken at least for 10 min. If the PAH was just exposed to the
outer surface of the hollow nanofibers instead of penetration
across the shell of the hollow nanofibers, most of them would
be washed out by shaking and no such significant zeta-potential
would be detected. Therefore, this result further confirmed the
penetration and protrusion of PAH out of the shell of the
hollow nanofibers as we have discussed before, allowing binding
of enzymes via ion-exchange interactions over a wide range of
pH. Considering the isoelectric points of CALB and GOD were
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Figure 3. Surface zeta-potential of hollow nanofiber membrane. (O)
Pure PU hollow nanofiber membrane. (M) PAH-doped PU hollow
nanofiber membrane.

4.9 and 6.0, respectively, they will be negatively charged at pH
7.0 in potassium phosphate buffer (S0 mM); therefore, GOD
or/and CALB can be quantitatively positionally assembled onto
the surface of hollow nanofibers through ion-exchange
interaction without need of other cross-linking agents.

The successful coassembly of GOD and CALB on the outer
surface of PAH-doped hollow nanofibers through the simple
solution-contact procedure was clearly confirmed by CLSM
observation shown in Figure 2b. GOD and CALB have
molecular weight about 160 kDa and 33 kDa, respectively,
which are all above the MWCO the shell of hollow nanofibers,
and therefore, the assemblies of these two enzymes are strictly
limited to the outer surface of the hollow nanofibers. Through
in situ encapsulation and consequent PAH facilitated
postassembly on the outer surface of hollow nanofibers, the
other two positional assembly strategies, which are surface
(GOD)-lumen (CALB) and lumen (GOD)-surface (CALB),
were successfully realized, and their corresponding CLSM
images are shown in Figure 2¢,d.

Loading amounts and activities of CALB and GOD in each
of the above-mentioned four bienzyme systems were
individually measured, and the results were summarized in
Table 1. The activities of enzymes listed in this table represent
the results determined using their corresponding standard
substrates at well-developed measuring conditions, and the
activities of the encapsulated and adsorbed enzyme were
determined separately. Specifically, for GOD activity measure-
ment, the rate for glucose oxidation was measured, and for
CALB activity measurement, the rate for 4-nitrophenyl acetate
hydrolysis was measured. It can be seen that the recovery of
activities of GOD and CALB, which were either encapsulated in

dx.doi.org/10.1021/cs501383j | ACS Catal. 2014, 4, 4548—4559
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Table 1. Enzyme Loading and Activities of GOD and CALB Which Are Positionally Assembled in PU Hollow Nanofibers

through Four Different Strategies”

positional assembly strategies ~ enzyme enzyme loading (mg-pro/g-fiber)
lumen (GOD+CALB) GOD 217 £ 0.12
CALB 1.14 £ 0.23
surface (GOD+CALB) GOD 2.61 + 024
CALB 144 + 0.32
surface(GOD)-lumen(CALB)  GOD 2.38 + 0.09
CALB 1.14 + 0.17
lumen(GOD)-surface(CALB) GOD 217 + 0.22
CALB 1.53 +£ 0.31

activity recovery (%)

specific activity (U/mg-enzyme) gross activity (U/g-fiber)

83.94 + 0.71 83.47 + 0.71 181.14 + 1.53
89.26 + 2.35 14.78 + 0.39 16.85 + 1.44
72.43 £ 0.53 72.02 £ 0.53 187.97 + 1.39
76.09 £ 2.20 12.60 + 0.36 18.14 + 0.52
73.03 + 0.66 72.61 + 0.63 172.82 + 1.51
86.52 + 0.68 14.33 £ 0.11 16.33 + 0.13
83.73 + 0.89 83.26 + 0.88 180.67 + 1.92
7747 £ 0.79 12.83 + 0.13 19.63 + 0.60

“The activities of the encapsulated and adsorbed enzymes were determined separately. For GOD activity measurement, the rate for glucose oxidation
was measured, and for CALB activity measurement, the rate for 4-nitrophenyl acetate hydrolysis was measured.

the lumen or absorbed on the outer surface of hollow
nanofibers, were all retained at about 70—80% of their activity
in free formation, which can be attributed to the mild condition
of immobilization process and the small mass transfer resistance
due to the short diffusional distance across the shell of the
hollow nanofibers. By adjusting the enzyme concentration and
the adsorption time for enzyme binding to the outer surface of
the hollow nonofibers, the amount of enzymes in each of the
four combinations were controlled approximately the same, so
that the effect of the positional assembly strategy on the
catalytic efficiency of the bienzyme cascade reaction can be
investigated further on the basis of the comparable enzyme
dosages.

2.3. Epoxidation Reaction of Oleic Acid by Bienzyme
Nanofiber Membrane at O/W Interface. The conversion of
oleic acid to epoxy steric acid is a chemo-enzymatic reaction.
CALB catalyzes a perhydrolysis from oleic acid to peroxy oleic
acid, and then peroxy oleic acid chemically reacts with oleic acid
to generate epoxy steric acid.”~®” For such a reaction, the
lipase-catalyzed epoxidation reaction of oleic acid in the
presence of H,0, is a typical oil/water (O/W) biphasic
reaction system composed of oleic acid dissolved in toluene and
the buffer solution with dissolved H,O,. In previous reports by
other researchers,>*®%® the reaction efficiency was usually
rather low due to severe interfacial deactivation and the H,O,-
induced denaturation of enzyme when H,O, was used directly.
To avoid the contact of enzyme with concentrated H,O, so
that the duration of the enzyme activity can be extended, a
hollow nanofibers-based bienzyme system involving GOD and
CALB was constructed so that H,0, could be in situ generated
by GOD-catalyzed oxidation reaction of glucose.

Another factor limiting the efficiency of O/W biphasic
reaction is the availability of enzyme to reactants from both
phases across the interface between immiscible chemicals.®”~”*
In the O/W biphasic reaction system, the aqueous phase has
been traditionally used as a container of the biocatalysts. This
oil phase introduces, however, strong mass-transfer limitations
for reactants from the organic phase to reach the enzymes, and
in most cases, only a small portion of the applied enzyme can
be exposed to the interfacial region and is available to
substrates.”” Interface-assembled enzymes that could be
simultaneously available to reactants from both phases have
been prepared by conjugating enzymes with polymers®~"" or
nanotubes.”” Both interface-binding enzymes showed signifi-
cantly improved stability and overall catalytic efficiency for
biphasic reactions. But such interfacial enzymes are difficult to
be recycled. In this current work, we found, interestingly, that
the nanofiber membrane with positionally assembled GOD/
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CALB bienzyme system through four different strategies were
all able to float spontaneously at the interface of the biphasic
system consisted of oleic acid dissolved in toluene and the
buffer solution of glucose. This phenomenon was speculated to
be a result of the proper wettability of nanofiber membrane,
whose contact angle is 94°, close to 90°. It has been well-known
that for dispersed nanoparticles with a contact angle at O/W
interface close to 90°, they tend to spontaneously transfer onto
the O/W interface, to self-assembly into thin films,”*™° or to
form a so-called Pickling emulsion by self-assembly to the
surface to an emulsion droplet.*” The spontaneous transfer of
continuous hollow nanofiber membrane onto the O/W
interface, however, has not been reported so far. Scheme 2
schematically illustrates the bienzyme cascade reaction at the
O/W interface, and a picture showing the spontaneous floating
of the membrane at the interface is also provided.

Scheme 2. Schematic Ilustration of the Epoxidation
Reaction of Oleic Acid by GOD/CALB Bienzyme Cascade
Reaction at the O/W Interface (Right) and a Picture
Showing the Spontaneously Floating Bienzyme Hollow
Nanofiber Membrane at the O/W Interface (Left)

Organic phase

Epoxy

Oleicacid ctearate

UzJ‘ H,0

H, ‘H

GOD

0,+D-glucose  D-glucono-6-lactone

Aqueous phase

According to the reaction mechanism of this bienzyme
cascade reaction, with the oxidation of one mole glucose, one
mole of glucono-d-lactone and one mole of H,0, will be
generated, and the latter was then consumed as a substrate for
the epoxidation of oleic acid to form epoxy steric acid in the
second step via a chemo-enzymatic self-epoxidation mechanism
of peroxy oleic acid intermediate. Therefore, from a mass
balance point of view, the total generated H,0O, (with equal
moles to glucono-5-lactone) should include three terms, the
amount of synthesized epoxy steric acid, the peroxy oleic acid
intermediate, and the remaining H,0,.
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Using these four interfacial bienzyme nanofiber membranes
as biocatalysts which were prepared by four different
immobilization strategies, the synthesis of product, epoxy
stearate, as a function of reaction time is shown in Figure 4, and
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Figure 4. Kinetic curves of oleic acid epoxidation reaction using PU
hollow nanofiber-based bienzyme systems. (O) Native GOD+CALB,
(@) lumen (GOD+CALB), (V) surface (GOD+CALB), (A) surface
(GOD)-lumen (CALB), (M) lumen (GOD)-surface (CALB).

the corresponding initial reaction rates are listed in Table 2.
Compared to the free bienzyme system, 57.45—114.45 times
enhancement in biocatalytic efficiency was attained by using the
nanofiber membrane based bienzyme system. Taking the lumen
(GOD)-surface (CALB) bienzyme system as an example,
Figure S demonstrated the time course of changes in measured
concentration of glucono-d-lactone and H,0, in aqueous
phase, as well as the decrease in oleic acid concentration and
formation of epoxy steric acid in organic phase. It can be seen
that the sum of remaining H,O, and the synthesized epoxy
steric acid are generally equal to the concentration of glucono-
O-lactone, and the final concentration of epoxy steric acid
product is almost identical to the total decrease in oleic acid
concentration, indicating a good consistence in mass balance. It
should be noted that there was no peroxy oleic acid
intermediate detected. In a previous report about the chemo-
enzymatic epoxidation of unsaturated carboxylic acids, a very
low content of peroxy oleic acid (<2%) was also observed.®®
Results presented in Figure 4 and Table 2 indicate that all of
these four immobilized bienzyme systems have significantly
enhanced catalytic efficiencies. The assembly of the nanofiber
membrane at the O/W interface is certainly one reason for such
enhancement. On the other hand, the immobilization also
significantly improved the thermal stability of the enzymes and
their resistance to H,0, induced. Result shown in Figure 6
indicates that the free GOD lost about 96.2% of its initial
activity after incubation at 40 °C (the temperature for reaction)
for 24 h, and both GOD and CALB lost more 80% of their
activity after 24 h contacting with 5 wt % H,O,. Deactivation of
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Figure S. Time course of changes in oleic acid and epoxy steric acid
concentration in organic phase, as well as glucono-d-lactone and H,0,
concentration in aqueous phase. The reaction was catalyzed by lumen
(GOD)-surface (CALB) bienzyme nanofibers membrane.
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Figure 6. Stabilities of Novozym 435; free and immobilized GOD and
CALB at 40 °C; or in the buffer solution containing 5 wt % H,O,.

enzymes by H,O, is a very common phenomena, and therefore,
H,0, has been considered as a dangerous “liaison” in
biocatalysis, because it is a substrate or side product in many
enzyme-catalyzed reactions; for example, it is a side product of
oxidases, resulting from the reoxidation of FAD with molecular
oxy'gen.76 At high concentration, H,0, also led to severer
deactivation of CALB, such that the fresh enzyme displayed an
approximately 50% loss in activity when was used for
epoxidation of oleic acid with 30% hydrogen peroxide.” In
this work, immobilizing the enzymes either on the surface of
the hollow nanofibers or inside the lumen of the fiber all led to
remarkable improvement in their stabilities that almost 100% of
their initial activities were retained after incubation at 40 °C for
24 h, or after 24 h in contact with § wt % H,0,. The excellent
stabilities of the immobilized CALB against thermal and S wt %
H,0, is even slightly better than that of the commercialized
Novozym 435, which is regarded as one of the most powerful
industrial immobilized CALB. Such excellent tolerance of the

Table 2. Catalytic Activities and H,0, Utilization Efficiency of Hollow Nanofibers-Based GOD/CALB Bienzyme for

Epoxidation of Oleic Acid

bienzyme system reaction rate (V/[E]) (mg/mL/mg/mL-E)

free (GOD+CALB) 0.080 + 0.069
lumen (GOD+CALB) 7.54 + 0.34
surface (GOD+CALB) 4.59 + 0.56

surface(GOD )-lumen(CALB) 534 £ 0.71
lumen(GOD)-surface(CALB) 9.23 + 0.98

rate enhancement (V/[E])immobiised /(V/[EDfee
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H,0, utilization efficiency (%)

1 7.86
94.33 + 4.27 38.71
5745 £ 7.04 20.55
66.77 + 8.92 23.89

11547 = 12.20 55.85
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Figure 7. Time course of total generated H,0, in the bienzyme cascade reaction system in the absence of oleic acid (a), and the residual H,O, in the
presence of oleic acid. (O) Native GOD+CALB, (®) lumen (GOD+CALB), (V) surface (GOD+CALB), (A) surface (GOD)-lumen (CALB), and

(M) lumen (GOD)-surface (CALB).

Scheme 3. Schematic Illustrations of the Mechanism of the Bienzyme Cascade Reaction and the Generation and Subsequent

Utilization Intermediate H,O, in the Reaction System
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immobilized GOD and CALB against H,0, also enabled us to
perform this cascade reaction at excess amount of glucose and
higher GOD dosage, and therefore, the limitation of H,O,
generating to the overall reaction efficiency could be
minimized.

In addition, results listed in Table 2 indicate that the reaction
rates of the immobilized bienzyme systems are strongly
dependent on the assembly strategies of the two enzymes;
the lumen (GOD)-surface (CALB) has the highest activity,
whereas activity of the surface (GOD+CALB) is the lowest.
Results in Figure 6 have indicated that the effect of position (on
surface or inside lumen of the hollow nanofibers) of the
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enzymes on their intrinsic activities and their stabilities against
high temperature (40 °C) and H,0, are very minimal.
Therefore, the utilization efficiency of the intermediate product,
H,0,, in this cascade reaction might be an important factor
influencing the total reaction efficiency.

To elucidate the mechanism about the effect of utilization
efficiency of H,O, on the overall reaction efficiency, we first
analyzed the H,O, formation kinetics in this bienzyme system,
but in the absence of oleic acid, substrate of the second step.
Figure 7a showed that the total H,O, generated by these four
immobilized bienzyme systems were similar, although that of
the free system was much lower, mainly due the rapid
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ACS Catalysis

Research Article

deactivation of free GOD in the biphasic system. With the
addition of oleic acid, the generated H,O, will be consumed as
oxidant to synthesize epoxy stearate. Figure 7b presents the
detected H,0, concentration during the bienzyme cascade
reaction. As can be seen, the residual H,0, concentrations
follow a decreasing order of surface (GOD+CALB), surface
(GOD)-lumen (CALB), lumen (GOD+CALB), and lumen
(GOD)-surface (CALB), indicating an increasing order in
H,O, utilization efficiency. Because the H,0, was consumed
stoichiometrically at molar ratio of 1:1 during the formation of
epoxy stearate, therefore, the H,O, utilization efficiency can be
calculated by dividing the final concentration of synthesized
epoxy stearate to the totally formed H,O, at 24 h in absence of
oleic acid (Figure 7a), and the results are listed in Table 2.

The large difference in H,0, utilization efficiency between
these four immobilized bienzyme systems may be explained by
analyzing the diffusion of H,0, and the consequent capture and
utilization of H,0, by CALB. Scheme 3 schematically depicts
the detailed mechanism of the cascade reaction catalyzed by
each of these four different immobilized bienzyme systems.
When GOD was assembled on the outer surface of the hollow
nanofibers, the generated intermediate H,O, will diffuse quickly
into both the bulk phase of the reaction solution and the lumen
phase. The CALB which is assembled on the outer surface will
not be able to efficiently capture the H,0, molecule, and
therefore, the lowest H,0, utilization efliciency of about
20.55% was obtained in the surface (GOD+CALB) system.
Due to the nanoconfining effect, a slightly higher local H,O,
concentration inside the lumen might be observed than that in
the bulk solution phase, and consequently, a higher H,O,
utilization efficiency about 23.89% was observed for the surface
(GOD)-lumen (CALB) system. When GOD was encapsulated
inside the lumen of the hollow nanofibers, the local
concentration of H,0, inside the lumen will be even higher,
so that the H,0, utilization efficiency of the lumen (GOD
+CALB) system was further improved to 38.71%, and the
highest value of 55.85% was achieved for the lumen (GOD)-
surface (CALB) system because most of the H,0O, can be
captured by CABL, when it diffuse across the shell of the
hollow nanofibers. Beside effect of H,O, diffusion on its
utilization efliciency and the overall catalytic efficiency, the
diffusion of epoxy stearate across the nanofiber might also have
some effect. For the lumen (GOD)-surface (CALB) system,
epoxy stearate was synthesized on the surface of the hollow
nanofiber, it can quickly diffuse to the solution, and possible
product inhibition on the enzyme could be eliminated.
Nevertheless, when CALB was encapsulated inside the lumen
of the hollow nanofiber, such as surface (GOD)-lumen (CALB)
system, the produced epoxy stearate has to diffuse across the
shell of fiber and might accumulate in the lumen.

Results discussed above have clearly demonstrated the
significant enhancement in reaction efficiency of this bienzyme
cascade reaction by coimmobilizing the two enzymes through
different strategies. To further demonstrate the advantages of
coimmobilization over separate immobilization, the reaction
was also compared with that by GOD and CALB, which were
separately immobilized inside the lumen of hollow nanofiber
(lumen (GOD)+lumen (CALB)), that by immobilized GOD
inside lumen coupling with free CALB (lumen (GOD)-+free
CALB), as well as that by immobilized GOD inside lumen
coupling with Novozym 435 (lumen (GOD)+ Novozym 435).
The dosage of the separately immobilized GOD and CALB
were all the same as that in the coimmobilized system, although

4555

the dosage of Novozym 435 was adjusted to the same activity
units as that of CALB in encapsulated formation. Results
presented in Figure 8 show that all these three bienzyme system
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Figure 8. Kinetic curves of oleic acid epoxidation reaction using GOD-
Lipase bienzyme system in different formations. (®) Lumen (GOD) +
free CALB, (M) lumen (GOD) + lumen (CALB) that are separately
immobilized, and (A) lumen (GOD) + Novozym 43S. The dosage
Novozym 43S was adjusted to the same unit of hydrolysis activity as
that of CALB encapsulated inside lumen of hollow naofibers.

have efficiencies lower than that of the coimmobilized system.
Even for the lumen (GOD)+lumen (CALB), which has the
highest reaction rate of 2.98 mg/mL/mg/mL—enzyme, that
value is still much lower than that of the least efficient
coimmobilized system, surface (GOD+CALB), which has
reaction rate of 4.59 mg/mL/mg/mL—enzyme) (Table 2).
When free CALB and Novozym 435 were applied, they are
only distributed in aqueous phase; therefore, the limiting
availability of enzymes to reactants from both phases across the
interface between immiscible chemicals and the low stability of
free CALB led to even lower reaction rate.

2.4. Thermal and Operational Stability of Hollow
Nanofibers-Based Bienzyme Systems. The thermal
stabilities of the bienzyme system were examined at 60 °C by
measuring changes in catalytic efficiency for the cascade
reaction after storing the enzymes at this temperature for a
different time. It appeared that the hollow nanofibers-based
bienzyme systems were remarkably more stable than the native
enzymes. Specifically, the native enzymes lost more than 90% of
its original activity after being stored at 60 °C for 1 h, while the
immobilized bienzyme retained more than 50% of its original
activity after a period of 4—9 h (Figure 9). Particularly, the
bienzyme systems of lumen (GOD+CALB) and lumen
(GOD)-surface (CALB), in which GOD was immobilized
inside the lumen, showed the highest thermal stability. This is
because the activity of GOD, which is more susceptible to
thermal deactivation than CALB, is critical to the overall
activity of the bienzyme cascade reaction.

Operational stability of immobilized biocatalyst is an
important feature for its potential applications in industry.
Figure 10 presents the residual activity of the hollow
nanofibers-based bienzyme system versus reusing cycles. By
defining the initial reaction rate of the first reaction cycle as
100%, it was found that except for the surface (GOD+CALB)
bienzyme system, which retained about 70% of its original
activity after 10 cycles of reusing, all of the other three
immobilized bienzyme systems could retained as high as 90% of
their original activities, indicating an excellent operationally
reusability in the biphase system. To better evaluate the
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Figure 10. Operational stability of the bienzyme cascade reaction
system. Each cycle lasted for 12 h. (®) Lumen (GOD+CALB), (V)
surface (GOD+CALB), (A) surface (GOD)-lumen (CALB), (H)
lumen (GOD)-surface (CALB), and (O) Novozym 435 with added
free GOD.

performance of the hollow nanofibers-based bienzymes system,
their operational stability was compared with Novozym 43S,
which is regarded as one of the most powerful industrial
immobilized CALB. The reaction was conducted under
condition similar to that of the hollow nanofibers-based
bienzyme system by adding glucose and free GOD for each
cycle of reaction. It can be seen from Figure 8 that after four
reusing cycles, the Novozym 435 lost about 80% of its original
activity. When H,0, was directly used, the reusability of
Novozym 435 was even worse, 88% of its original activity was
lost after 2 times utilization.”” The high efficiency and robust
operational activity make the hollow nanofibers-based
bienzyme system promising biocatalysts for industrial synthesis
of epoxy stearate.

3. CONCLUSION

A novel and generic approach combing the coaxial electro-
spinning and LBL assembly technologies has been developed
for the facile construction of hollow nanofibers-based bienzyme
cascade reaction system. Positional assembly of GOD and
CALB either inside the lumen or on the outer surface of the
hollow nanofibers were realized by in situ encapsulation during
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coaxial electrospinning process, or through postassembly of
enzymes facilitated by its ion-exchange interaction with the
doped polyelectrolyte. Meanwhile, these hollow-nanofiber
membrane based bienzyme can spontaneously float at the O/
W interface, thus making it particularly attractive for biphasic
reaction. When this cascade reaction was used for converting
oleic acid to epoxy stearate, reaction rates of the nanofiber
membrane based bienzyme systems were found to be strongly
dependent on the assembly strategies of the two enzymes, and
57.45—114.45 times enhancement in biocatalytic efficiency was
attained as compared with that of the free enzymes system. The
mechanism accounting for the effect of assembly strategy on
the overall efficiency of the cascade reaction was investigated
and discussed thoroughly based on an analysis of the utilization
efficiency of the intermediate product in the reaction process.
Results obtained in this work demonstrates that PAH-doped
PU hollow nanofibers provide an ideal scaffold for mimicking
natural cell compartmentalization and positional assembly of
multienzyme systems for more complicated cascade reactions
with high efficiency and easy recyclability, thus promoting and
broadening the applications of multienzymatic system in
industry, biosensor, biomedical, and many other related
research fields.

4. EXPERIMENTAL SECTION

4.1. Materials. Polyurethane ASSE (PU) pellet with bulk
density about 700 kg/m*® was supplied by Xiamen Jinyouju
Chemical Agent Co. (Xiamen, China). Glucose oxidase (GOD,
EC 1.8.1.4), Candida antarctica lipase B (CALB, EC 3.1.1.3, a
liquid formation with protein concentration about 5.3 mg/mL),
Novozym 435 (an immobilized CALB on acylic resin),
fluorescein isothiocyanate (FITC), sulforhodamine 101, 2,2'-
Azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS), oleic acid,
were supplied by Sigma. Poly(allylamine hydrochloride) (PAH,
molecular weight about 40 kDa) and 4-nitrophenyl acetate
were purchased from Alfa Aesar. N, N-Dimethylacetylamide
(DMACc), glucose, and glycerol were all analytical grade.

4.2. Preparation of Cationic Polyelectrolyte Doped
Hollow Nanofibers and Positional Assembly of GOD and
CALB. General procedure for fabrication of cationic poly-
electrolyte doped hollow nanofibers by coaxial electrospinning:
shell solution was prepared by dissolving PU in DMAc to get
final polymer concentration of 25 wt %; core solution was
prepared by well mixing glycerol (800 uL) with ultrapure water
solution (200 uL) containing 20 mg PAH. A spinneret
containing two coaxial stainless steel needles was used, with
inner and outer diameters of the core nozzles used were 0.42
and 0.72 mm, and that of shell nozzle were 0.92 and 1.28 mm.
The core solution and shell solution were fed at 0.07 mL/h and
0.5 mL/h, respectively through two syringe pumps. A positive
voltage of 20 kV was applied, and an aluminum sheet was used
as the collector at a distance of 30 cm away from the nozzle tip.
Electrospinning was carried out at 25 + 3 °C, humidity 10—
15%. The collected scaffolds were placed overnight at room
temperature to evaporate residuals solvent.

To positionally assemble the GOD/CALB bienzymatic
system in hollow nanofibers, the following four strategies
were adopted according to the location of the enzymes. (1)
Lumen (GOD+CALB): crude CALB solution was concen-
tration 3-fold by PEG-dialysis, thereafter, concentrated CALB
solution (200 L) with protein concentration about 16.29 mg/
mL supplemented with GOD (10 mg, protein content about
62%) was well mixed with glycerol (800 L) containing PAH
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(20 mg) to form core phase solution of coaxial electrospinning,
with which GOD and CALB were in situ encapsulated inside
the lumen of hollow nanofibers. (2) Surface (GOD+CALB): a
blank hollow nanofiber membrane (about S mg) was immersed
into potassium phosphate buffer solution (1 mL, SO mM, pH
7.0) containing GOD (1.0 mg/mL) and CALB (1.0 mg/mL)
to immobilized the bienzyme system on the surface of hollow
nanofibers via LBL assembly. The incubation was lasted for 0.5
h at 4 °C. At the end of the adsorption, the nanofibers were
taken out from the solution and washed several times each with
3 mL of fresh buffer until no protein was detected by Bradford
method.”®”® The enzyme loading amount was calculated via
mass balance. (3) Lumen (CALB)-surface (GOD) and (4)
lumen (GOD)-surface (CALB): CALB was in situ encapsulated
within the hollow nanofibers as described in strategy (1), and
GOD was immobilized on the outer surface of the fiber as
described in strategy (2) (or vice-visa).

4.3. Characterization. The morphologies of the fibers were
characterized by scanning electronic microscopy (SEM, JSM-
6700F, JEOL, Japan). To view a cross-section of the hollow
nanofibers, the collected nanofibrous membranes were frozen
in liquid nitrogen and then cut perpendicularly to expose their
hollow structure. To determine the size distribution of the
inner and outer diameters of the prepared hollow PU
nanofibers, approximately 100 different nanofibers were
analyzed from the SEM images. The structures of the fibers
were also characterized by transmission electron microscopy
(TEM, JEM-2100UHR, JEOL, Japan).

Wettability of the nanofiber membranes was evaluated using
a contact angle instrument (DSA100, Kruss, Germany). A
droplet of water with controlled volume was deposited on the
membrane surface. Shape evolution of the droplet was
monitored using a high-speed camera operating at 250 frames
per second. Analyses of the drop shape and contact angle
measurements were performed using the accompanying
software of the instrument. In addition, tensile strength of
the nanofiber membranes was also evaluated by dynamic
mechanical analyzer (DMA Q800, TA Instrument, U.S.A.).

In order to characterize the distribution of enzymes
positional assembly in polyelectrolyte doped hollow nanofibers,
GOD was labeled by FITC and CALB was labeled by
sulforhodamine 101 prior to positional assembly. The hollow
nanofibers with positional assembled enzymes were then
characterized by confocal laser scanning microscopy (CLSM)
with Leica TCS SPS microscope (Leica Camera AG,
Germany). The laser provided excitation of FITC and
sulforhodamine 101 at 488 and 586 nm, and emitted
fluorescent light was detected at 545 and 605 nm, respectively.
The CLSM images for each nanofiber membranes containing
both labeled enzymes were then obtained by merging the
fluorescent signal at 545 and 605 nm.

The surface zeta-potential of polyelectrolyte doped hollow
nanofibers was measured using a Surpass solid samples zeta-
potential analyzer (SurPASS, Austria). The pH of buffer was
changed from 2 to 12. Before the measurement, the membrane
was cut into a rectangle, immersed into water, and shaken for
10 min.

4.4. Calculation of Encapsulated Enzymes Amount.
The total amount of encapsulated substance in the hollow
nanofibers prepared at the core—shell solution flow rate of
0.07:0.5 mL h™" was calculated as follows. The total weight of
the nanofiber membrane collected after 30 min of stable
coelectrospinning was approximately 100 mg. Then, the total
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volume of electrospun core solution will be 0.035 mL (0.07 mL
h™' X 0.5 h). Considering the concentration of substance in the
core solution was 10 mg mL™", for example, in total 0.35 mg of
the substance was encapsulated inside the 100 mg membrane
sample. Therefore, the amount of substance encapsulated was
0.0035 mg substance per mg nanofiber membrane.

4.5. Enzyme Activity Assay. Activity unit of GOD was
defined as the amount of enzyme needed to oxidize 1 pmol
glucose to glucose-lactone in 1 min at pH 7.0 and 25 °C.
Activity of GOD was determined by measuring the initial
oxidation rate of glucose at 25 °C. To potassium phosphate
buffer solution (1 mL, SO mM pH 7.0) containing glucose (30
mg/mL), HRP (S ug/mL), and ABTS (0.3 mg/mL), free GOD
(0.5 pg/mL) or a piece of nanofiber membrane (about 0.5 mg)
containing about GOD (1.05 ug) was added to initiate the
reaction. The reaction was monitored by measuring the
absorbance at 420 nm, A,, (e**™ =36 mM™ cm™),
continuously for 5 min using a Unico 2800 spectrophotometer.
For the activity measurement of nanofibers enzyme, A,,, was
measured at every 30 s after retrieving the fibers with tweezers
from the solution.

Activity unit of CALB was defined as the amount of enzyme
needed to hydrolyze 1 pmol 4-nitrophenyl acetate to p-
nitrophenol in 1 min at pH 7.0 and 25 °C. Activity of CALB
was determined by measuring the initial hydrolysis rate of 4-
nitrophenyl acetate at 25 °C. To potassium phosphate buffer
solution (1 mL, SO mM pH 7.0) containing 4-nitrophenyl
acetate (3 mM), free CALB (0.8 pg/mL) or a piece of
nanofibrous membrane (about 0.5 mg) containing about CALB
(0.6 ug) was added to initiate the reaction. The reaction was
monitored by measuring the absorbance at 410 nm, Ay
(grmitrophenol — 949 mM™' cm™'), continuously for 5 min
using a Unico 2800 spectrophotometer. For the activity
measurement of nanofibers enzyme, Ay, was measured at
every 30 s after retrieving the fibers with tweezers from the
solution.

4.6. GOD-CALB Bienzyme Cascade Reaction for
Epoxidation of Oleic Acid. The bienzyme cascade reaction
system consists of two phases due to the difference in solubility
of reactants. The aqueous phase (2 mL) consists of glucose (0.2
g/mL) in potassium phosphate buffer solution (50 mmol/L,
pH 7.0), and the organic phase consists of oleic acid (20 mg/
mL) in toluene (2 mL). The reaction was then initiated by
adding free GOD (64 pg/mL) and CALB (32 pg/mL) or
nanofiber membranes (about S mg) with positional assembled
bienzyme system into the two-phase system. The reaction was
conducted at 40 °C on an orbital shaker (120 rpm). At time
intervals, the organic phase (about 20 L) was withdrawn, and
the amount of formed epoxy stearate product was measured by
HPLC (1200 series, Agilent) on a reversed phase Agilent
Extend C-18 column (dimensions: 4.6 mm X 150 mm, dp: §
um) maintaining at 40 °C. Detection was performed using an
evaporative light scattering detector (ELSD, Altech, U.S.A.)
equilibrated at 40 °C with an air flow rate of 1.5 mL/min and
pressure of 0.5 MPa. Acetonitrile—water (90:10, v/v) was used
as mobile phase at a flow rate of 1.0 mL/min.

The H,0, concentration in the aqueous phase was
determined by HPLC (1200 series, Agilent) on a reversed
phase Agilent Extend C-18 column (dimensions: 4.6 mm X 150
mm, dp: S ym) maintained at 30 °C. Detection was performed
using an ultraviolet detector (UV, Agilent) at 205 nm.
Methanol—water (10:90, v/v) was used as mobile phase at a
flow rate of 1.0 mL/min.
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4.7. Thermal Stability and Operational Stability of the
Bienzyme System. Thermal stability of the positional
assembled bienzyme system was determined by measuring
changes in the initial reaction rate of epoxidation reaction of
oleic acid after the bienzyme nanofiber membranes were stored
at 60 °C for different times. Operational stability of the
immobilized bienzyme was examined by measuring the reaction
rate of the cascade reactions in biphasic system with the same
composition mentioned above. The reactions were run for 12 h
before they were stopped by retrieving the nanofiber
membrane. After washing the hollow nanofibers-supported
bienzymes with buffer solution, fresh substrates including oleic
acid and D-glucose were added, and the next reaction
measurement was carried out. The reaction rate of the freshly
prepared multienzymes system was defined as 100%. The time
interval between one reaction cycles to the next round was
about 1 h.
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