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Improving Biocatalytic Activity of Enzyme-Loaded Nanofibers
by Dispersing Entangled Nanofiber Structure
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A simple and efficient way of dispersing hydrophobic nanofibers in aqueous solution was devised, and its utility

in production and application of enzyme-loaded nanofibers was demonstrated. Polystyrene-based nanofibers were
produced via an electro-spinning process. A small amount of maleic anhydride group in the polystyrene fiber was
used for covalent attachment of lipase onto the fiber surface. The pristine polystyrene nanofibers are hydrophobic
and aggregate in water, forming a tightly collapsed clump. These nanofibers can be dispersed in a surfactant-free
aqueous solution via a simple alcohol pretreatment. The tightly aggregated electro-spun polystyrene nanofibers
can be dispersed into a loosely entangled structure in aqueous alcohol solution. Once treated with aqueous alcohol
solution, the polystyrene nanofibers remain dispersed even in DI water as long as the nanofibers are not dried
during the washing step. The dispersion of polystyrene nanofibers increases the enzyme loadin@ tipnes

and augments the steady-state conversion of a continuous flow reactor filled with enzyme-loaded nanofibers.

I. Introduction In this paper, we describe a simple and efficient way of

dispersing polystyrene-poly(styrene-co-maleic anhydride), PS-

Immobilization of enzymes on solid supports is of great PSMA, nanofibers in water without using conventional surfac-
interest in biocatalytic reactions and sensors because it can makeants. The maleic anhydride groups at the nanofiber surface
the handling and recovery of enzymes much edsiédano- provide the enzyme anchoring sites, which can form covalent
structured supports such as mesoporous materials, nanoparticlesonds with free amine groups at the enzyme surface (Figure
and nanofibers are widely studied because they provide a high1). The PS-PSMA nanofibers are hydrophobic and do not
surface to mass ratfb;> among these, polymer nanofibers offer  disperse in aqueous solution. The dispersion of these hydro-
several advantages over other nanostructures. Long and COhtinUphobic nanofibers can be attained by washing the nanofibers
ous polymer nanofibers can easily be made with an electro- with aqueous alcohol solutions before immobilizing enzymes.
spinning proces$’ This technique is applicable to a variety of  The well-dispersed enzyme-loaded PS-PSMA nanofibers give
polymer materials. The electrospun polymer nanofibers can bea higher enzymatic activity per unit mass of nanofiber than do
structurally tailored to non-woven mats, well-aligned arrays, or the poorly dispersed nanofibers. Being able to disperse PS-
membrane$. The large surface-to-mass ratio of nanofibers PSMA nanofibers in agueous solution allows the construction

provides an advantage of higher loading per mass, and thusof continuous-flow biocatalytic nanofiber reactors.
higher enzymatic activity per ma8shese electrospun nano-

fibers can be easily recovered from solution and re-dgéd.
To maximize the enzymatic activity, it is very important to

dISperse the enzyme-loaded supported materlals in the rea.lcnon II-1. Preparation of Alcohol-Dispersed PS-PSMA NanofibersA
media. I_3_ecause most enzymes work in aqueous SOIuFlons’polymer solution was prepared at room temperature by dissolving PS
hydroph|I|c pplymgrs are often chosen as a §upport materlal' Fo (M., = 860 000) and PSMAN,, = 224 000, maleic anhydride content
attain good dispersion. The electrospun na}noflbers of hydl’(?phlllC =7 wt %) with a 2:1 weight ratio in a mixture of tetrahydrofuran and
polymers must be cross-linked after or during the electrospinning acetone (7:3 ratio by volume). The total polymer concentration in the
process to prevent the dissolution of hydrophilic polymers in sojytion was 15%. The polymer solution was loaded m8 mLplastic
aqueous solutiok*?The control of the degree of cross-linking  syringe equipped with a 30-gauge stainless steel needle. A biag of
still remains a challenge. In contrast, hydrophobic polymer fibers kv was applied to the needle using a high voltage supply. The solution
are intrinsically stable against dissolution in agueous solution. was fed at a rate of 0.15 mL/h using a syringe pump. The electrospun
The hydrophobic fibers may be advantageous for immobilization fibers were collected on a clean electrically grounded aluminum foil.
of enzymes that work for hydrophobic substrates such as The distance between the needle and collecting foil was 10 cm. The
lipasel® however, the hydrophobic nanofibers are not well nanofibers were manually peeled off, weighed, and washed with distilled
dispersed in aqueous solution. This can pose mass transportvater.

problems during the enzyme loading on the internal surface of  1I-2. Aqueous Alcohol Solution Treatment of PS-PSMA Nanofi-

the non-woven mat and the reactions of the immobilized bers for Dispersion in Water. For dispersion of PS-PSMA nanofibers

enzymes with substrates dissolved in the aqueous solution. in water, the electrospun nanofiber mat was first immersed in an
aqueous alcohol solution (water:alcokeld:1 by volume) and gently

[I. Experimental Section

* Corresponding author. E-mail: shkim@engr.psu.edu. shaken for several hours. The PS-PSMA nanofibers dispersed fully in
T The Pennsylvania State University. the aqueous alcohol solution. The nanofibers were then repeatedly
* Pacific Northwest National Laboratory. washed without drying with a copious amount of distilled water until
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Figure 1. Schematic representation of the covalent attachment of enzymes to the maleic anhydride functional group in the PS-PSMA nanofibers.

The NH; residues on the surface of the enzyme molecules form amide bonds with the maleic anhydride group of the PSMA (E = enzyme
molecule).

n

alcohol was thoroughly removed from the solution phase. The dispersed ("ii )
PS-PSMA nanofibers were always kept in water or buffer solution until |
they were used for lipase immobilization.

1I-3. Lipase Immobilization on PS-PSMA Nanofibers. Lipase
solution used for immobilization was prepared as follows. First, 20
mg of lipase Mucor Javanicug was dissolved in 10 mL of a 20 mM
sodium phosphate buffer (pH 6.5) and filtered with a series of syringe
filters in the sequence of 0.45, 0.22, and @uh pore sizes. For
immobilization, the PS-PSMA nanofibers were incubated in 1 mL of
the filtered lipase solution at 200 rpm at room temperature for 30 min
followed by overnight rocking at £4C. The nanofibers were then
transferred to a new glass vial and washed with 20 mM phosphate buffer (C)
(pH 6.5) and 100 mM Tris-HCI buffer (pH 6.5). The Tris-HCI buffer L
is used to cap the unreacted maleic anhydride groups. After capping,
the nanofibers were extensively washed in 20 mM phosphate buffer
(pH 6.5) until no leaching of lipase was observed. The total number of
washings was-7. The amount of lipase immobilized on the surface
of the PS-PSMA nanofibers was determined by measuring the initial
and final concentrations of the enzyme within the incubation solution
and washing solutions at 280 nm with a YVis spectrophotometer.
Bovine serum albumin (BSA) was used as the standard to construct
the calibration curve.

o . . . Figure 2. Visual comparison of as-spun (left column) and alcohol-

II-4. Activity Assay of the Free and Immobilized Lipase in a pretreated (right column) PS-PSMA nanofibers immersed in water.
Batch Reaction Mode. The lipase activity was measured by the parts (a) and (b) are top-view images of nanofibers in a Petri dish.
hydrolysis of 4-nitrophenyl butyrate (4-NB) in 20 mM sodium  Parts (c) and (d) are side-view images of nanofibers in a 20 mL glass
phosphate buffer (pH 6.5). The lipase immobilized on the PS-PSMA vial.
fibers was transferred to a new vial, and 19.6 mL of 20 mM sodium
phosphate buffer (pH 6.5) containing 4-NB at concentrations varying Off as a moderately transparent, free-standing thin film. FTIR spectrum
from 0.031 to 1 mM was added to initiate the reaction. For free lipase was collected wh a 4 cnt* resolution.
activity measurement, 0.2 mL of filtered free lipase solution (0.26
mg/mL) was used instead of the lipase-immobilized PS-PSMA nano-
fibers. The vials were then shaken at 200 rpm at°@5 and small
aliquots were removed every 5 min. The concentration of enzyme
reaction productp-nitrophenol, was calculated from the absorbance at
400 nm Quo0). The enzyme activity was calculated from the slope of
the Asoo Versus time plot. One unit of the enzyme activity was defined
as the amount of enzyme that catalyzed the productionohal of
p-nitrophenol per minute. Specific activity was defined as the activity

Ill. Results and Discussion

After the treatment with aqueous alcohol solution, the PS-
PSMA nanofibers are dispersed in water. Figure 2 compares
the as-spun and alcohol-treated PS-PSMA nanofibers immersed
in water. The hydrophobic nature of the as-spun PS-PSMA
nanofibers makes the non-woven mat form a tightly aggregated

per unit mass of enzyme. The measured activity was analyzed with clump in agueous SOIU_“O”'_ Even though the density of
the Michaelis-Menten method to get the maximum activity per unit polyst.yrene (1.05 g/cﬁl is higher than that (?f Watgr, the

mass of nanofiberRsy) and the substrate binding constaki,). nanoflber_aggregates float on the water. '_I'h|s might indicate that
the nanofiber aggregate contains tiny air bubbles. In contrast,

II-5. Continuous Flow Reactor Test.Two continuous flow reactor h . .
systems were constructed with the lipase-loaded PS-PSMA na\nofibers,the PS-PSMA nanofiber mat pretreated with the alcohol solution

(dry fiber weight= 7 mg) filled in polyethylene tubes (0.8 cm diameter, is fully dispersed in water. Moreqver, the nanofibers sink in
1.2 cm long; total volume= 0.6 mL). One system was filled with the water, as expected from the density of the polymer. Even after

pristine nanofibers and the other with the dispersed nanofibers. The 'éPeated rinsing with water for several days, the alcohol-
0.5 mM 4-NB substrate solution was continuously flowed through the Pretreated PS-PSMA nanofibers remain dispersed in water. The

tube reactors using a peristaltic pump. Three different flow rates were €xpanded nanofiber mat does not break into pieces even after
tested: 0.7, 1.8, and 2.8 mL/min. Thenitrophenol concentration of ~ Vigorous shaking because the nanofibers are physically en-
the eluted solution was obtained by measuring the absorbance at 40dangled. The same dispersion effect is observed for the nanofiber
nm. mats made of PS only. So, the small amount of the maleic
II-6. Characterization. Specimens of the electrospun PS-PSMA anhydride group as an enzyme immobilization site is not
nanofibers (with and without alcohol treatment) were analyzed by responsible for the alcohol-induced dispersion effect. The
scanning electron microscopy (SEM) and Fourier transform infrared apparent volume of the entangled fiber structure was about 10
spectroscopy (FTIR). For SEM, a thin layer of golg10 nm) was times or larger after dispersion. Further quantification of the
coated to prevent charging. For FTIR, the electrospun fibers were peeledthree-dimensional change was difficult because both norgg\-/
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Figure 3. SEM images of (a) as-spun PS-PSMA nanofibers and (b) alcohol-pretreated PS-PSMA nanofibers. SEM images were taken after
washing nanofiber mats with water and drying in air. Size distribution of (c) as-spun and (d) alcohol-pretreated PS-PSMA nanofibers. The
distributions are obtained from diameter measurements for 50 nanofibers.

persed and dispersed nanofibers had irregular shape and were 1.1 @
floating in the solution.

The alcohol-induced dispersion does not depend strongly on '
the nature of alcohol. We have tested the dispersion effect for
methanol, ethanol, 1-propanol, 1-butanol, and 1-pentanol. As
the alkyl chain length gets longer, the initial dispersion of the
PS-PSMA mat in alcohol solution becomes easier, occurring
even at gentle agitation. Once the PS-PSMA nanofiber mats
are fully dispersed in the alcohol pretreatment solution, they
remain fully dispersed in pure water regardless of the alkyl chain ('l ) V@
length of the alcohol used in the pretreatment process. In the
rinsing step, the only precaution is that the PS-PSMA nanofibers 1200 1400 1800 1800
should be kept in wet conditions at all times. Once the dispersed -1
PS-PSMA nanofibers are dried in air, they do not redisperse Wavenumber (cm )
upon immersion into water. The dried nanofibers should be Figure 4. FTIR transmission spectra of (a) as-spun PS-PSMA
treated again with alcohol solution. It seems that a critical nanofibers, (b) alcohol-pretreated PS-PSMA nanofibers, (c) as-spun
alcohol concentration is required to disperse the PS-PSMA mat”S-PSMA nanofibers washed with distilled water, and (d) PS-PSMA

. nanofibers reacted with n-propyl amine. The vibration peaks corre-

structure 'r_]to t_he loosely entangled structure. When the ?lCOh()l sponding to the maleic anhydride group are marked with dashed lines.
concentration is lower thar20 vol %, the PS-PSMA nanofiber  the c=0 stretching (1642 cm2) and the in-plane N—H bending
mat does not get fully dispersed or expanded even with vigorous (1557 cm~1) vibration peaks are marked with arrows.
shaking.

The alcohol solution pretreatment does not alter the physical aromatic ring at 1490 and 1590 cf and the G=C stretch at
and chemical feature of the PS-PSMA nanofibers. Figure 3 1605 cnTl. The characteristic bands of the maleic anhydride
compares the SEM images of the as-spun PS-PSMA nanofibersgroup are the symmetric and antisymmetrie@ stretch at 1780
and the alcohol-pretreated PS-PSMA nanofibers. The SEM and 1860 cm?, respectively. The alcohol treatment or rinsing
images were taken after the wet nanofibers were completely with the buffer solution do not change the=O stretching peak,
dried. The data show that the alcohol treatment does not induceindicating that the maleic anhydride functional group is intact
any morphological changes of the PS-PSMA nanofiber surface. (not hydrolyzed) and still available for enzyme immobilization.
The average diameters of the as-spun nanofibers and alcohol-The reaction of the maleic anhydride group of the PS-PSMA
pretreated PS-PSMA nanofibers were calculated to be#619 nanofiber with free amine is checked by exposing the nanofibers
175 and 575+ 202 nm, respectively. The diameter of the to the buffer solution containing-propyl amine. The infrared
nanofibers is the same within one standard deviation range. spectrum shown in Figure 4d shows the decrease of the maleic

Figure 4 displays the transmission infrared spectra of PS- anhydride peak at 1780 and 1860 ¢hand the growth of the
PSMA nanofibers after different treatments. The vibration peaks amide bond peak at 1557 and 1642 @émThis proves the
characteristic of polystyrene are the-8 deformation of the feasibility of the covalent bonding of enzymes via the reaction
polymer backbone at 1450 crh the deformation of the between the surface amine group of the enzyme and the n@B{?
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Table 1. Activity and Kinetic Parameters for Free Lipase in
Solution and Lipase Immobilized on As-Spun and
Alcohol-Dispersed PS-PSMA Nanofibers (35 °C, pH = 6.5)
immobilized
protein@
(ug/img
nanofiber)

(a)

specific 15%
activity

(U/mg Kmn
lipase)? (mM)

187.2 +34.1 0.381 + 0.106

Rmax
(U/mg

sample nanofiber)

free lipase in
solution

as-spun
nanofiber
with lipase

dispersed
nanofiber
with lipase

10%

56+22 31+£69 0.344 £0.085 0.17 £ 0.04

501"‘0

Steady-state conversion (X*%)

42.4 £ 185 31+£7 0.481 +0.116 1.30+£0.29

0%

2The amount of lipase is measured as the BSA-equivalent mass in
the 280 nm absorbance measurement. U = 1 uM of substrate reacted
per minute.

Flow rate (mL/min)

o
=

anhydride group of the PS-PSMA nanofiber surface (Figure 1). (b)

Therefore, enzymes can be immobilized directly to the nano-
fibers without any surface activation process.

The lipase immobilization to the PS-PSMA nanofibers and
the reactivity of the lipase-loaded nanofibers were measured
for both pristine and alcohol-dispersed nanofibers. The total
loading of the lipase enzyme is significantly increased by the
dispersion of the PS-PSMA nanofibers. The immobilized protein
(lipase) content was determined to be 5:42.2 ug (BSA-
equivalent) per mg of nanofiber for the as-spun PS-PSMA
system, while it was 42.4 18.5ug9 (BSA-equivalent) per mg
of nanofiber for the alcohol-pretreated PS-PSMA system. The
increase of a factor of8 in the loading is attributed to the
increase of the effective surface area of nanofibers available
for enzyme loading upon dispersion. When the PS-PSMA
nanofibers are tightly aggregated together, only the maleic
anhydride groups at the outer region of the aggregate will be of the hydrophobic substrate (4-NB) to the hydrophobic
available for the enzyme immobilization. Small droplets of air nanofiber surface in water, which would increase the local
trapped in the hydrophobic nanofiber aggregate can also blocksubstrate concentration near the immobilized lipase to a value
the transport of the enzyme into the deeper region of the higher than the bulk concentration. Another possibility could
aggregate. Upon alcohol-induced dispersion of the PS-PSMA be the different agitation behavior between the tightly aggregated
nanofibers, more surface area of the nanofibers is exposed tonanofiber clump and the dispersed but physically entangled
the solution and more maleic anhydride groups on the nanofibernanofiber body under the shaking condition.
surface will be used for enzyme immobilization. The enhanced  When a continuous-flow reactor is constructed using nano-
protein loading clearly demonstrates the importance of the fibers, it is important to attain the highest dispersion of

o
w

o
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=
-
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o

Flow Rate (mL/min)

Figure 5. (a) Conversion and (b) apparent pseudo-first-order reaction
rate constant of the continuous flow reactors constructed with the
as-spun and dispersed PS-PSMA nanofibers loaded with lipase.

dispersion of PS-PSMA nanofibers via alcohol treatment.
The maximum activity per unit mass of nanofib&§,) and

substrate binding constari,{) are obtained from the Michae-

lis—Menten analysis of the kinetic data (Table 1). Ragxvalue

nanofibers. We constructed two continuous-flow reactors using

the nondispersed and dispersed nanofibers. The 7 mg dispersed

nanofibers filled the entire flow reacto¥ (= 0.6 mL), while

the nondispersed nanofibers of the same weight partially filled

of the lipase immobilized on the nondispersed PS-PSMA the flow reactor. The flow rate dependence of the steady-state

nanofibers is 0.21# 0.049 U per mg nanofiber, while that of
the lipase immobilized on the dispersed PS-PSMA nanofibers
is 1.51+ 0.28 U per mg nanofiber. The difference Ryax is

conversion X9 of these reactors is shown in Figure 5a. The
decrease oi®® at the higher flow rate is mainly due to the
decrease of the residence time € V/F) in the reactor.

consistent with the total amount of the lipase loaded per unit Regardless of the flow ratesss is always significantly larger
mass of the nanofibers. So, the apparent specific actikgly,  for the dispersed nanofibers than for the pristine nanofibers.
(=Rmax divided by the BSA-equivalent mass of the loaded This could be ascribed to the enzyme loading difference of these
lipase), is almost the same, regardless of the nanofiber dispertwo nanofibers.
sion. Thergp values of the immobilized lipase are much lower Further kinetic analysis of the conversion data reveals another
than the specific activity measured for the free lipase (Table important difference between two reactors with different degrees
1). This is commonly observed for other immobilized enzyme of nanofiber dispersion (Figure 5b). The apparent pseudo-first-
systemd#15 This could be due to several reasons. One pos- order reaction rate constaritgy) of the lipase-loaded nanofiber
sibility is the denaturation or blocking of the active sites during reactor is calculated from the following design equation of the
the immobilization of the enzyme via the covalent attachment continuous flow reactorkapp = —In(1 — X%9/z. Note thatkapp
to the maleic anhydride grou. is the rate constant of the reactor loaded with 7 mg of nanofibers,
The substrate binding constalty, is slightly lower for the not the rate constant of enzymes. The dispersed nanofiber reactor
lipase loaded on the pristine nanofibers than for the lipase loadedshows a linear increase kf,,from ~0.12 mintatF = ~0.4
on the dispersed nanofibers, although the difference is not mL/min to ~0.32 mim! at F = ~2.8 mL/min. In the case of
significantly larger than the experimental error range. If this the nondispersed nanofiber reactor, thg, value increases
difference is real, it might be due to the preferential segregation marginally from~0.021 mirr! atF = ~0.4 mL/min to~0.039CDV
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min~! at F = ~1.9 mL/min and then levels off or decreases sidel® This interfacial ordering of alcohol molecules can make
slightly with further increase of the flow rate. the hydrophobic nanofibers disperse in water. The alcohol
The large flow rate dependence ki,, for the dispersed molecules at the polystyrene/water interface do not seem to be
nanofiber reactor is due to a more efficient supply of the removed by simple rinsing because the alcohol-pretreated
substrate into the reactor at a higher flow rate. This can be nanofibers remain dispersed in water after the alcohol is removed
estimated using the Weisz modulds= kapp, x 7. By definition, in the bulk liquid phase.
this modulus shows the competition between the enzyme
reaction and substrate transport rates in the redéiéivhen
@ is less than~0.1, the reaction kinetics is governed by the . . . .
steady-state conversion because the substrate supply into the 1NiS paper demonstrates the dispersion of hydrophobic
system is much faster than the enzyme reaction in the systemPOlymer nanofibers by simple pretreatments with aqueous
If @ is larger than~0.1, the substrate supply rate (flow rate) alcohol solut!ons, yvhlch increases the enzyme qudlng and thus
becomes comparable to the reaction rate of the reactor and thdn® enzymatic activity per unit mass of the nanofiber support.
steady-state conversion becomes a function of the flow rate. 1 1€ improved enzyme loading and activity will help to develop
The ® modulus of the dispersed nanofiber reactor varies from efﬂmem bloca}talytlc systems for bioconversion, bloremedlat_lon,
0.05 atF = 3.5 mL/min to 0.18 af = 0.4 mL/min. In other and biosensing. In addition, the easy control of nanofiber
words, the enzymatic reaction in the reactor is fast enough to Structure and surface chemistry can open up the potential for
reach the flow-rate-dependent regime. more_versatlle_ and _eff|_0|ent_ use_of hydrop_hoblc polymer
In contrast, the® modulus of the nondispersed nanofiber nanpf|be(s in bio-applications including drug delivery and tissue
reactor is only 0.040.03. This explains the weak dependence €N9'N€erng.

of kappfor the nondispersed nanofiber reactor. It should be noted  Acknowledgment. This work was supported by the National
that thekapp value of the nondispersed nanofiber reactor levels Science Foundation (Grant Nos. DMI-0210229 and EEC-
off or slightly decreases at a flow rate higher that.9 mL/ 0353569), the American Chemical Society Petroleum Research

min. This decrease must be related to the change in the fluid Funds (Grant No. 40605.G5), and the 3M Non-tenured Faculty
flow pattern inside the reactor. Because the nondispersedaward.
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