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Enzyme precipitate coatings of lipase on polymer nanofibers
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Abstract Lipase (LP) was immobilized on electrospun
and ethanol-dispersed polystyrene—poly(styrene-co-maleic
anhydride) (PS-PSMA) nanofibers (EtOH-NF) in the form
of enzyme precipitate coatings (EPCs). LP precipitate
coatings (EPCs-LP) were prepared in a three-step process,
consisting of covalent attachment, LP precipitation, and
crosslinking of precipitated LPs onto the covalently
attached LPs via glutaraldehyde treatment. The LP pre-
cipitation was performed by adding various concentrations
of ammonium sulfate (20-50%, w/v). EPCs-LP improved
the LP activity and stability when compared to covalently
attached LPs (CA-LP) and the enzyme coatings of LPs
(EC-LP) without the LP precipitation. For example, the use
of 40% (w/v) ammonium sulfate resulted in EPC40-LP
with the highest activity, which was 4.0 and 3.6 times
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higher than those of CA-LP and EC-LP, respectively. After
165-day incubation under rigorous shaking at 200 rpm, the
residual activities of EPC50-LP were 0.5 pM/min mg of
EtOH-NF, representing 113 and 75 times higher than those
of CA-LP and EC-LP, respectively. When LP was partially
purified via a simple ammonium sulfate precipitation and
dialysis, both activities and stabilities of EC-LP and EPC-
LP could be marginally improved. It is anticipated that the
improved LP activity and stability in the form of EPCs
would allow for their potential applications in various
bioconversion processes such as biodiesel production and
ibuprofen resolution.
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Introduction

Lipases (LPs) are one of the widely used enzymes in
various applications such as detergents, organic synthe-
sis, food industry, leather industry, and paper industry
[1-4]. A variety of approaches have been proposed to
achieve highly active and stable enzyme systems, which
can improve the enzymatic bioprocesses [5-8]. Espe-
cially, the recent developments of nanobiocatalysis have
gathered growing attention due to their successful results
in achieving high enzyme loading and stability [9].
Various nanostructured materials, such as mesoporous
materials [10-15], nanoparticles [16—18], carbon nano-
tubes [19-23], and electrospun nanofibers [22, 24-33],
have been used for enzyme immobilization because their
large surface areas can improve the loading and activity
of enzymes per unit mass of materials. Among them,
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polymer nanofibers offer many advantageous features,
such as durability, easy recovery, and lower mass
transfer limitation by immobilizing enzymes on the
nanofiber surface [34, 35].

The approach of enzyme coatings (EC) on polymer
nanofibers, consisting of covalent attachment (CA) and
enzyme crosslinking, has been successful in stabilizing
the trypsin activity by preventing both enzyme denatur-
ation and leaching [24, 27, 28, 31, 32]. Interestingly,
however, the EC approach could not stabilize the activity
of glucose oxidase (GOx), and an approach of enzyme
precipitate coating (EPC) was proposed as a bypass and
employed for the successful stabilization of GOx on
polymer nanofibers [22]. The EPC approach, consisting
of covalent attachment, enzyme precipitation and enzyme
crosslinking, enables effective enzyme crosslinking by
allowing for close contact between GOx molecules in
their precipitate form.

In the present work, EPCs-LP were fabricated on the
surface of alcohol-dispersed nanofibers (EtOH-NF) by
precipitating LPs in various concentrations of ammonium
sulfate, and their activities and stabilities were character-
ized in comparison of two other control samples of cova-
lently attached LP (CA-LP) and enzyme coating of LP
(EC-LP) with no step of enzyme precipitation. It has been
demonstrated that all the EPC-LP samples showed higher
activity per unit mass of EtOH-NF and better enzyme
stabilization when compared to CA-LP and EC-LP. To
further improve the results of EPC approach, LP was par-
tially purified via a simple ammonium sulfate precipitation
and dialysis, and used for the preparation of EC and EPC
with improved activity and stability.

Materials and methods
Materials

Lipase from Candida rugosa (LP), 4-nitrophenyl butyrate
(4-NB), glutaraldehyde (GA), tetrahydrofuran (THF), ace-
tone, N,N-dimethylformamide (DMF), and ammonium
sulfate were purchased from Sigma (St. Louis, MO, USA).
Polystyrene (PS, M, = 900,000) and poly(styrene-
co-maleic anhydride) (PSMA, M,, = 224,000) were pur-
chased from Aldrich (Milwaukee, WI, USA). Ethanol was
purchased from Deajung (Siheung, Korea). The BCA
protein assay reagent kit was purchased from Pierce
(Rockford, IL, USA). Dialysis kits MWCO 20 kDa) were
purchased from Spectrum Laboratories, Inc. (Rancho
Dominguez, CA, USA). All other reagents were purchased
from Aldrich (Milwaukee, WI, USA) in the highest grade
commercially available.
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Preparation of LP-immobilized nanofibers

PS-PSMA polymer nanofibers were prepared via elec-
trospinning the PS-PSMA mixture in a weight ratio of 2:1
in the THF and acetone mixture (4:1 volume ratio), as
described previously [27]. The PS-PSMA polymer solution
was loaded into a 5-ml plastic syringe equipped with
30-gauge stainless steel needle. Electrospinning was car-
ried out under voltage 7 kV using a high-voltage supply
(Ormond Beach, FL, USA). The PS-PSMA polymer
solution was fed at a rate of 0.15 ml/h using a syringe
pump (PHD-2000 Infusion, Harvard Apparatus, Holliston,
MA, USA). The electrospun nanofibers (NFs) were col-
lected on a grounded aluminum foil, placed at suitable
distance (7-10 cm) from the tip of the steel needle. The
NFs were immersed in aqueous ethanol solution (50%, v/v)
and shaken at 200 rpm for 10 min. After the NFs were
fully dispersed, ethanol-dispersed NFs (EtOH-NF) were
washed with 50 mM sodium phosphate buffer (PB) (pH
7.0). EtOH-NF was kept in the same buffer until use.

The LP solution (1 mg/ml) was centrifuged (10,000 rpm
for 10 min) to remove impurities, and the supernatant was
used for the LP immobilization. CA-LP was prepared by
incubating 1 mg of EtOH-NF in 2 ml of LP solution under
shaking at 200 rpm for 2 h. For the preparation of EC-LP,
the GA solution was added into the vial for the final con-
centration of 0.5% (w/v), and the vial was placed on a
shaker (100 rpm) at room temperature for 30 min and on a
rocker (50 rpm) at 4 °C for 5 h. For the case of CA-LP, PB
was added into the vial instead of the GA solution. EPCs-
LP were prepared by adding ammonium sulfate for the
final concentration of 20, 30, 40, 50% (w/v) just before the
step of enzyme crosslinking in the preparation of EC-LP.
Then, the same GA treatment was performed as that for the
preparation of EC-LP. All samples were washed with
50 mM PB (pH 7.0) three times. Unreacted maleic anhy-
dride groups were capped by incubating the samples in
100 mM Tris—HCI buffer (pH 7.0) for 30 min, and the
samples were excessively washed with 50 mM PB (pH
7.0). All the samples were stored in 50 mM PB (pH 7.0) at
4 °C until use.

Activity and stability measurements of CA-LP, EC-LP
and EPC-LP

The activities of immobilized LP’s on EtOH-NF were
measured by the hydrolysis of 20 mM 4-nitrophenyl
butyrate (4-NB) in an aqueous buffer (50 mM PB, pH 7.0)
at room temperature. The immobilized LP sample was
added to a vial containing 10 ml of 4-NB solution, and the
vial was shaken at 200 rpm. At each time point, an aliquot
was withdrawn, and the absorbance at 410 nm (A4;¢) was
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measured using the UV-Vis spectrophotometer (Shimadzu,
UV-2450, Kyoto, Japan). The initial rate was calculated
from the time-dependent increase of A41¢, and used for the
calculation of activity per unit weight of polymer
nanofibers.

The stabilities of immobilized LP’s on EtOH-NF under
recycled uses were investigated by checking the LP activity
time-dependently after incubating each sample in 50 mM
PB (pH 7.0) at room temperature under shaking at
200 rpm. After each activity measurement, the samples
were excessively washed using 50 mM PB (pH 7.0) to
remove unreacted substrate and products, and incubated
under rigorous shaking (200 rpm) until the next measure-
ment. The relative activity at each time point was calcu-
lated from the ratio of residual activity to the initial activity
of each sample.

Scanning electron microscopy (SEM) observation

The samples of EtOH-NF, CA-LP/EtOH-NF, EC-LP/
EtOH-NF and EPC50-LP/EtOH-NF were excessively
washed with deionized water, coated with thin layer of
platinum, and observed using SEM (FESEM, Hitachi,
S-4700, Tokyo, Japan).

Partial purification of lipase

LP (1 g) was dissolved in 100 ml of 50 mM PB (pH 7.0),
centrifuged at 4 °C for 20 min, and the supernatant was
used for the next step. Further purification was performed
via ammonium precipitation and dialysis at 4 °C. In detail,
ammonium sulfate (40%, w/v) was slowly added into the
LP solution under stirring condition for 3 h. The precipi-
tated LPs were centrifuged (10,000 rpm at 4 °C for
20 min), and the supernatant was taken to the next step.
Additional ammonium sulfate (60%, w/v) was slowly
added into the supernatant under stirring condition for 3 h.
The precipitated LPs were centrifuged (10,000 rpm,
20 min, and 4 °C), and the supernatant was discarded. The
LP precipitates were dissolved in 50 mM PB (pH 7.0), and
dialyzed with the MWCO 20 kDa tubing overnight. The
dialyzed LP was stored at 4 °C until use. Protein concen-
tration was measured by BCA assay before and after
purification step.

Results and discussion
Preparation and activity of EPCs-LP
The PS-PSMA NFs were prepared by electrospinning the

mixture of PS and PSMA (2:1 weight ratio) dissolved in a
mixture of THF and acetone (4:1 volume ratio) (Fig. 1).

Electrospun NFs were a tightly aggregated clump in an
aqueous solution, but could be dispersed via 50% (v/v)
ethanol treatment. Ethanol-treated NFs (EtOH-NF) kept its
dispersed shape even in distilled water (Fig. 1). The
enzyme loadings of covalently attached LP on clumped NF
and EtOH-NF were 11 and 66 pg/mg of nanofibers. EtOH-
NF provides more accessible surface area and inter-fiber
space for the covalent attachment of enzymes, leading to
higher enzyme loading [33]. Figure 2 schematically shows
the preparation of CA-LP, EC-LP, and EPC-LP. The
maleic anhydride groups of PSMA reacted with the amino
groups of LPs, leading to an easy covalently attachment of
LPs (CA-LP). EC-LP was prepared by performing an
additional step of enzyme crosslinking, while EPC-LP was
fabricated by inserting the step of enzyme precipitation in
the presence of ammonium sulfate between covalent
attachment and enzyme crosslinking steps.

The activity of immobilized LP’s was measured by
the hydrolysis of 4-NB in an aqueous buffer (50 mM PB,
pH 7.0) under shaking (200 rpm). The activities of CA-
LP and EC-LP were 1.62 and 2.12 pM/min mg of EtOH-
NF, respectively (Fig. 3). This marginal activity increase
of EC-LP suggests that the EC approach was not
effective in developing multiple-layered LP coatings on
the surface of EtOH-NF. When compared to successful
results of ECs with highly purified trypsin (TR) [28] and
chymotrypsin (CT) [29], a lot of impurities from the LP
bottle would prevent the effective enzyme crosslinking.
As a bypass, the approach of EPC introduces the enzyme
precipitation just before the enzyme crosslinking. By that
way, the enzyme precipitates would allow for closer
contact between LP molecules that potentially enables
more effective enzyme crosslinking, as demonstrated in
the case of EPC-GOx [22].

To optimize the EPC protocol for LP immobilization,
various concentrations of ammonium sulfate were used
for the LP precipitation. Four different EPCs-LP were
prepared by performing the LP precipitation in the
presence of 20, 30, 40, and 50% (w/v) ammonium sul-
fate, which were represented by EPC20-LP, EPC30-LP,
EPC40-LP, and EPC50-LP, respectively. The activities of
EPC20, EPC30, EPC40 and EPC50 were 4.55, 6.02, 7.06
and 4.87 uM/min mg of EtOH-NF, respectively. It sug-
gests that 40% (w/v) ammonium sulfate is the optimal
concentration for the preparation of active EPCs-LP. The
activity of EPC40-LP was 4.4 and 3.3 times higher than
those of CA-LP and EC-LP, respectively. The improved
activity of EPCs-LP supports that the close contact
between CA-LP and precipitated LP molecules results in
more effective crosslinking of LP molecules. In other
words, a simple addition of enzyme precipitation step
plays a critical role in increasing the activity of LP per
unit mass of NFs.
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Fig. 4 Stabilities of CA-LP, EC-LP, and EPC-LP under shaking
(200 rpm) at room temperature

not show any improvement in the LP stability when com-
pared to CA-LP. On the other hand, all EPCs-LP showed
better stability than CA-LP and EC-LP. Among EPCs-LP,

Fig. 5 SEM images of EtOH-
NF (a), CA-LP (b), EC-LP
(c) and EPC-LP (d)

EtOH-NF

Table 1 Purification of lipase from Candida rugosa

NS

EC-LP/EtOH-NF

EPC50-LP showed the best stabilization of LP activity.
After 165-day incubation under rigorous shaking at 200 rpm,
the residual activities of EPC50-LP were 0.5 uM/min mg
of EtOH-NF, representing 113 and 75 times higher than
those of CA-LP and EC-LP, respectively. The improved LP
stability in the form of EPCs suggests that the enzyme pre-
cipitation plays an important role for more effective cross-
linking of LP molecules, which can reduce the degree of both
enzyme denaturation and leaching under shaking and recy-
cled uses. The SEM images of EtOH-NF, CA-LP/EtOH-NF
and EC-LP/EtOH-NF did not show big difference while
EPC50-LP/EtOH-NF has thick coatings of crosslinked LP
(Fig. 5). This SEM result strongly supports the important
role of enzyme precipitation in forming crosslinked LP
coatings on EtOH-NF.

EPC50-LP using partially purified LP

LP from C. rugosa (57 kDa) used in this work contains
approximately 30% lactose and some other impurities [36],

CA-LP/EtOH-NF

EPC50-LP/EtOH-NF

.,

Total protein (mg) Activity (uM/min)

Specific activity (LM/min mg of lipase) Purification fold*

Lp° 101 162
Purified LP° 11 482

1.6 1.0
42.7 27

 Purification folds were determined by dividing the specific activity of samples by that of LP (supernatant after centrifugation)

° The LP solution was centrifuged to remove impurities, and the supernatant was used for the enzyme immobilization

¢ The LP was centrifuged to remove impurities, and then the supernatant was precipitated using 60% (w/v) ammonium sulfate. Precipitated LP

was further dialyzed using MWCO 20 kDa tubing
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Fig. 6 Comparison of a activity and b stability (after 22 days) of EC-
LP and EPC50-LP prepared using either centrifuged LP or purified LP

which can potentially hinder the effective enzyme cross-
linking in the preparation of EC and EPC. To remove the
impurities, we performed a simple step of partial purifi-
cation, consisting of centrifugation of LP solution,
ammonium sulfate precipitation, and dialysis (MWCO
20 kDa). The specific activity of LP after centrifugation
only was 1.6 pM/min mg of LP while that of LP after the
above partial purification was 42.7 pM/min mg of LP. This
suggests that the purity of LP was increased by approx.
27-fold after purification step (Table 1). Both LP and
partially purified LP were used to prepare EC and EPC, and
the activity and stability were checked to compare those
before and after partial purification of LP. The activity of
EC-LP was increased from 2.1 to 3.4 pM/min mg of
EtOH-NF by replacing LP with partially purified LP. The
activity of EPC50 was also increased from 4.9 uM/min mg
of EtOH-NF (just centrifuged LP) to 5.5 uM/min mg of
EtOH-NF (partially purified LP). The use of partially
purified LP also improved the LP stability in the forms of
both EC and EPC. The relative activity of EC-LP after
22 days was increased from 22% (just centrifuged LP) to
37% (partially purified LP), while that of EPC50 was
enhanced from 45% (just centrifuged LP) to 53% (partially
purified LP) (Fig. 6). These results suggest that the LP
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purification via ammonium sulfate precipitation and dial-
ysis reduced the impurities, allowing for more effective
crosslinking of LP molecules for the preparation of EC and
EPC.

Conclusions

EPCs-LP on alcohol-dispersed PS-PSMA nanofibers were
successfully fabricated by introducing the LP precipitation
step just before enzyme crosslinking. The resulting EPCs
improved the enzyme activity and showed better stability
than CA-LP and EC-LP. Moreover, the activity and sta-
bility of EPC-LP could be further enhanced when partially
purified LP was used. Even though the present work is
focused on the immobilization of LP on polymer nanofi-
bers, the protocol in the present work can be expanded to
the other enzymes and nanostructured materials. Further-
more, stabilized LP in the form of EPC-LP can be
employed to LP-related bioprocesses, including biodiesel
production and ibuprofen resolution.
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