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Nanostructured supports are believed to be able to retain the catalytic activity as well as ensure the immo-
bilization efficiency of enzyme to a high extent. Electrospinning provides a simple and versatile method
to fabricate nanofibrous supports. Compared with other nanostructured supports (e.g. mesoporous silica,
nanoparticles), nanofibrous supports show many advantages for their high porosity and interconnectivity.

Keyword?‘. I This review mainly discusses the recent advances in using nanofibers as hosts for enzyme immobilization

Enzyme immobilization ) . K
Nanofiber by two different methods, surface attachment and encapsulation. Surface attachment refers to physical
Electrospinning adsorption or covalent attachment of enzymes on pristine or modified nanofibrous supports, and encapsu-
Surface attachment lation means electrospinning a mixture of enzyme and polymer. We make a detailed comparison between
Encapsulation these two immobilization approaches and highlight their distinct characteristics. The prospective appli-
cations of enzyme immobilized electrospun nanofibers in the development of biosensors, biofuel cells

and biocatalysts are also discussed.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction electrospinning seems to be the simplest, by which one can fab-

ricate nanofibers that are exceptionally long in length, uniform
in diameter and diversified in composition. These unique features
ensure the potential applications of electrospun nanofibers in many
aspects, such as templates [1,2], reinforcement [3,4], filtration [5,6],
catalysis [7,8], biomedical and pharmaceutical applications [9-11],
electronic and optical devices [12-14]. Especially in the area of bio-
catalysis, electrospun nanofibers show distinctive characteristics
and superiority.
* Corresponding authors. Fax: +86 571 8795 1773. Enzymes are well-known green catalysts that possess a
E-mail addresses: Iswan@zju.edu.cn (L.-S. Wan), xuzk@zju.edu.cn (Z.-K. Xu). high degree of specificity. The specificity involves discrimina-

In recent decades, one-dimensional nanostructured materials
have attracted much attention because of their unique properties
and interesting applications. One-dimensional nanomaterials are
normally in the forms of fibers, wires, rods, belts, tubes, spirals,
or rings. They can be generated by various methods. Among them,
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tion between substrates (substrate specificity), similar parts of
molecules (regiospecificity), and optical isomers (stereospecificity)
[15-20]. The mildness and specificity of enzymes endow them with
a high efficiency for applications in fine-chemical/pharmaceutical
synthesis, food processing, biosensors fabrication, bioremediation,
and protein digestion in proteomic analysis [21-25]. However, the
applications of enzymes are limited by their instability and non-
reusability. Enzyme immobilization is an effective way to overcome
these limitations to some extent. First, the multiple-point attach-
ment to the support can restrict the undesirable conformational
change of enzyme proteins in unfriendly environments. Second,
insoluble supports can be recycled much more easily than soluble
enzymes.

The results of immobilization, including the performance of
immobilized enzymes, strongly depend on the properties of sup-
ports, which are usually referred to as material types, compositions,
and structures, etc. So far, different nanostructured materials have
been used as supports, such as mesoporous silica, nanotubes,
nanoparticles, and nanofibers. They stand out of other supports
because of their extremely high surface area-to-volume ratios,
which can provide large specific surface areas for highly efficient
immobilization as well as stabilize enzymes [26]. However, some
of the nanostructured materials have disadvantages that are diffi-
cult to overcome. For example, mesoporous silica usually confines
enzyme molecules on its inner surface, which limits the diffu-
sion of substrate to/off the enzyme and results in lower enzyme
activity. Nanoparticles and nanotubes are known to remarkably
decrease mass transfer limitation, while their dispersion and recy-
cling are more difficult. On the contrary, electrospun nanofibers
have a great potential to overcome these problems, and may be
promising supports for enzyme immobilization. Briefly, the qual-
ification of nanofibers as excellent supports is attributed to: (i) a
variety of polymers can be electrospun and meet different require-
ments as supports, (ii) the high porosity and the interconnectivity of
electrospun supports endows them with a low hindrance for mass
transfer, and (iii) the nanofiber surfaces can be modified to benefit
enzyme activity. Although each nanofiber provides the surface for
hosting enzymes, the collection of randomly arrayed nanofibers
usually forms a non-woven mesh (or membrane) with reusabil-
ity. From this point of view, the as-spun membranes have also
been explored as filters [5,27,28]. The enzyme-immobilized nanofi-
brous membranes have functions of biocatalysis and separation
simultaneously which is generally accepted as the fundamental
requirement for enzymatic membrane-bioreactor [29-31]. Appli-
cations in biosensors [32,33] and biofuel cells [34] are also allowed
for these nanofibrous membranes because of their porosity.

Several reviews have summarized the applications of sup-
ports with different nanostructures for enzyme immobilization
[26,34,35]. The present paper is focused on electrospun nanofibrous
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supports, describing the role of the nanofiber surface (pristine
and modified) and enzyme immobilization approaches (surface
attachment and encapsulation). Prospective applications for these
enzyme-immobilized nanofibrous membranes are also discussed.

2. Surface attachment of enzymes on nanofibers

2.1. Enzyme immobilization on pristine nanofibers

The first example dealing with nanofibers as supports for
enzyme immobilization has been described by Jia et al. [36]. In
their study, polystyrene synthesized with a hydroxyl-containing
initiator was electrospun into nanofibers having reactive surfaces.
Then, a-chymotrypsin was covalently attached onto these sur-
faces. The amount of loaded enzyme was up to 1.4wt.% of the
nanofibers. It showed that over 27.4% of the external nanofiber sur-
face was covered with a monolayer of enzyme. Specific activity of
the immobilized a-chymotrypsin was over 65% of that of the native
enzyme in aqueous solution. Low diffusional limitation for the
immobilized enzyme was reasonably deduced from this result. The
stabilities of immobilized a-chymotrypsin to storage and organic
solvents (e.g. isooctane and hexane) were much higher than those
of the free ones. Pristine silk fibroin (SF) nanofibers were also
used for a-chymotrypsin immobilization [37]. Interesting results
were found with regard to the stabilities of immobilized enzymes
on SF nanofibers with different diameters. a-Chymotrypsin on SF
nanofibers with 205 nm diameter retained more than 90% of the ini-
tial activity after 24-h storage in aqueous solution and showed the
highest storage stability. However, the highest stability in ethanol
was obtained from a-chymotrypsin on SF nanofibers with 320 nm
diameter which retained more than 45% of the initial activity.

In our group, nanofibers electrospun from poly(acrylonitrile-co-
maleic acid) were used for lipase immobilization [38]. The amount
and activity retention of lipase immobilized on the nanofibers were
21.2 mg/g fibers and 37.6%, respectively, while those on the corre-
sponding hollow fiber membrane were only 2.36 mg/g membrane
and 33.9%. Combined with the kinetic parameters, it can be con-
cluded that nanofibers presents a low diffusion restriction on
substrate. However, low activity retention for the immobilized
lipase suggests that loss of enzymatic activity still exists. It can
be partly attributed to the immobilization reaction and enzyme-
support interactions. Despite that, this study provides a simple
route to fabricate reactive-groups-containing nanofibers for the
covalent immobilization of enzymes. To improve the performances
of the immobilized enzymes, the reactive groups on the nanofibers
are potential for further modification of the nanofiber surface. This
will be discussed later.

Different from the above results, Li et al. [39] immobilized
lipase by an amidination reaction using pristine polyacrylonitrile

Fig. 1. Enzyme dispersion on the nanofiber in monolayer (a) and aggregate (b).
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nanofibers as supports. Their results of activity retention showed
that lipase immobilized by the conjugation method gave higher
activity than those immobilized by other methods. Further expla-
nation is needed for these results.

As biocompatible and biodegradable materials, nanofibers
of poly(e-caprolactone) and poly(p,L-lactic-co-glycolic acid)-b-
poly(ethylene glycol)-NH, (PLGA-b-PEG-NH;) block copolymer
were used as supports to covalently immobilize lysozyme [40].
In addition to exhibiting considerable enzyme loading and enzy-
matic activity, these nanofibers are biodegradable. It is helpful to
the post-treatment on supports.

Although nanofibers have large surface area-to-volume ratio,
the immobilized enzymes only form monolayer on each fiber (see
schematically in Fig. 1(a)), which largely limits the enzyme loading.
Therefore, Kim et al. [41] introduced enzyme-aggregate coatings on
the electrospun polymer nanofibers (Fig. 1(b)). In their work, seed
enzyme molecules were covalently attached on the nanofibers elec-
trospun from a mixture of polystyrene and poly(styrene-co-maleic
anhydride). Then, additional enzyme molecules and aggregates
from solution were cross-linked to the seed enzyme molecules.
The results showed that the initial apparent activity of the «-
chymotrypsin-aggregate-coated nanofibers was nine times higher
than that of nanofibers with just one layer of covalently attached o-
chymotrypsin molecules. The a-chymotrypsin-aggregate-coated
nanofibers also showed considerable stability even after being
shaken more than 1 month under vigorous conditions. It was due
to the high stability of the pre-organized superstructure of cross-
linked enzyme aggregates that were covalently attached to the
nanofibers [42]. Cross-linking reaction could damage the activity of
enzymes, however, the extremely high enzyme loading overcame
it and still led to high overall enzymatic activity. This approach
is especially potential for the manufacturing of enzyme-based
biosensors and biofuels, which normally require high enzyme load-
ing to ensure wide linear range in analytic detection.

Enzyme loading on a hydrophobic support is often limited
because of the worse accessibility of enzymes to the support
surface. Nair et al. developed a simple method to resolve this
problem [43]. PS (polystyrene)/PSMA (containing maleic anhy-
dride) were electrospun into hydrophobic composite nanofibers.
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These hydrophobic nanofibers were treated with aqueous alcohol
solution. Thereafter, the tightly aggregated nanofibers could be dis-
persed in water to form a loosely entangled structure. This structure
was stable enough for enzyme immobilization. The results indi-
cated that this method increased the amount of enzyme loading
up to eight times. It also augmented the steady-state conver-
sion for a continuous flow reactor filled with the enzyme-loaded
nanofibers.

2.2. Enzyme immobilization on modified nanofibers

From the above description, it is reasonable to choose nanofibers
as the supports for enzyme immobilization with regard to both
enzyme loading and enzymatic activity. Depending on the kinds
of nanofiber materials, immobilization approaches as well as the
treatment methods to the supports, the behavior and loading of
enzyme can be tailored flexibly. However, the loss of enzymatic
activity cannot be avoided. As can be seen from the studies men-
tioned above [37,38], the activity retention of enzyme is lower than
100%. Generally speaking, this can be ascribed to the following fac-
tors. First, multipoint attachment to support restricts the freedom
of the immobilized enzyme so that it is difficult for the enzyme
protein to adapt suitable conformation for catalysis. Second, non-
biospecificinteractions tend to occur between enzyme and support,
which results in undesired change on the conformation of enzyme
(Fig. 2(a and b)) and the variation of microenvironment [44]. Third,
especially for redox enzyme, electron transfer involved in the catal-
ysis process may be retarded by the support. These factors are not
independent, and all of them can be related to the surface chemistry
of support. Therefore, the specific activity and stabilities of immo-
bilized enzymes can be improved through tailoring the surface
chemistry of nanofibers. Several modes of surface modifications
are indicated in Fig. 2(c-e).

2.2.1. Modification towards biocompatible surface

Tailoring the surface chemistry towards biocompatibility is
commonly used for promoting the activity of immobilized
enzymes, which is stimulated by biomimetics methodology. By
mimicking the natural mode in living cells where enzymes present

Biomimetics
layer

Fig. 2. Effect of surroundings on the enzymatic activity: (a) native state; (b) surface induced undesired conformational change; (c) increased mobility by the flexible spacer;
(d) reduced nonspecific interactions by the biomimetic layer; (e) fastened electron transfer by the electrical conductivity of the support.
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mostly, the biomimetic systems are supposed to be able to stabilize
the structure of enzymes and retain their activities.

It has been mentioned earlier that the nanofibers electro-
spun from poly(acrylonitrile-co-acrylic acid) was used for lipase
immobilization [38]. A main reason to choose this polymer is its
availability of functional groups, which can react not only with
lipase, but also with other molecules (e.g. biomacromolecules).
The latter provides a simple route for surface modification that
increases the surface biocompatibility of nanofibers. Therefore,
in the follow-up study, the carboxyl-containing nanofibers were
modified with chitosan or gelatin to build dual-layer biomimetic
surface [45]. Chitosan is the principal derivative of chitin and can
be acquired at low cost. As a natural polyaminosaccharide, chitosan
offers a set of characteristics unique from common biomaterials,
including physiological inertness, antibacterial properties, remark-
able affinity toward proteins, good gel forming properties as well
as good chelation of heavy metal ions (the application of chitosan-
based materials for enzyme immobilization has been reviewed in
detail by Krajewska [46,47]). Gelatin is derived from collagen and
shows biological properties almost identical with those of collagen.
It is promising also because of its commercial availability at low
cost. Tethering these two biomacromolecules on the nanofiber sur-
face can combine the biocompatibility of them with the mechanical
strength of nanofiber. Moreover, the abundant reactive groups on
the backbone of chitosan or gelatin can provide sufficient bonding
sites for enzyme immobilization. Our results demonstrate the teth-
ering of chitosan or gelatin both increase the activity retention of
immobilized lipase, with little sacrifice of enzyme loading [45].

In another study also stimulated by biomimetics, phospho-
lipid analogues were anchored onto the nanofibers to enhance
the activity of immobilized lipase [48]. Phospholipids, the prin-
cipal components of natural biomembranes, have been proved to
be inherently biocompatible with various proteins [49]. Polymer
surfaces modified with phospholipid analogues have been shown
to interact with proteins without three-dimensionally conforma-
tional changes and hence to reduce protein adsorption significantly
[50]. Therefore, phospholipid moieties are often incorporated into
the backbones or side chains of polymers to fabricate biomimetic
surfaces. Researches have shown that membranes modified with
phospholipid moieties exhibited excellent biocompatibility [51,52].
Because of their alkoxyl groups, the studied phospholipid moi-
eties can also render the surface moderate hydrophobicity to some
extent [52]. It is essential for lipase adsorption, because lipase can
be activated in the presence of hydrophobic interface [53]. In the
natural state, some elements of secondary structure (termed the
‘lid’) cover the active sites of lipase and make them inaccessible to
substrates, referred to as the so-called ‘closed state’ of lipase. On the
other hand, significant conformational rearrangements take place
at a hydrophobic interface, yielding the ‘open state’ of lipase [54].
Generally, phospholipids anchored on the support surface have two
effects on the immobilized lipase, namely stabilization and activa-
tion.

Nanofibers with phospholipid moieties were also used for
lipase immobilization [48]. The nanofibers were electrospun from
the copolymer of acrylonitrile and 2-methacryloyloxyethyl phos-
phorylcholine (MPC). Phospholipid moieties usually present in
zwitterionic state in an aqueous medium, which was used to
adsorb enzyme through electrostatic interaction. We found that
the introduction of phospholipid moieties obviously enhanced
the activity of lipase, while retained the enzyme loading. These
results suggested that a biomimetic layer from the phospholipid
moieties provided a stable, highly hydrophilic and biocompatible
external environment, leading to an effective interfacial activa-
tion for the immobilized lipase. This piece of work provides a
simple route to fabricate biocompatible nanomaterials based on

biomimetics methodology. It also offers an insight into the cor-
relation between biomimetic surroundings and the immobilized
enzymes. Although the effects of phospholipids on enzymes have
been studied extensively [55,56], the interactions between these
two molecules, especially when they are located on the surface of
nanomaterials, have not been clarified yet. Considering the interac-
tions among phospholipids, enzymes and nanomaterial surfaces, it
can be predicted that a further study about enzyme immobilization
on these biomimetic nanofibers will be of great interest.

Blending is another effective way to enhance the surface
biocompatibility of polymer materials. Polysulfone is an engi-
neering plastic with high mechanical strength and formability.
Materials (i.e. membrane) made from polysulfone alone tend
to exhibit hydrophobicity and limited biocompatibility, while
those from its blends with hydrophilic and biocompatible com-
ponents (e.g. poly(N-vinyl-2-pyrrolidone)—PVP) have significantly
improved biocompatibility [57]. Therefore, lipase was immobilized
onto the polysulfone-based nanofibers through physical adsorp-
tion [58]. PVP or PEG was used as additive, aiming to tailor the
surface properties of polysulfone nanofibers. The results showed
that the activity of immobilized lipase increased with the content
of PVP or PEG in the nanofibers, though the adsorption amount of
lipase was not influenced. It was attributed to the enrichment of
PVP or PEG towards the nanofiber surface. Compared with other
nanofibers for lipase immobilization, the composite nanofibers
showed much lower adsorption capacity for enzyme protein and
activity retention. The reason is still unknown. Nevertheless, upon
proper modification, the electrospun polysulfone nanofibers are
still potential supports for lipase immobilization.

2.2.2. Modification towards enzyme mobility

The flexibility of immobilized enzyme can be improved by keep-
ing the enzyme apart the support surface. Acommon method is to
introduce spacer arms onto the surface [59-61]. The flexible spacers
can offer the enzyme more freedom of movement and minimize the
steric hindrance caused by the solid support, so that the microen-
vironment for the immobilized enzyme is closed to that for the
free one. Wang et al. introduced PEG as the spacer arm onto the
alkali-hydrolyzed cellulose nanofibers for the covalent immobiliza-
tion of lipase [62]. The fibrous structure was retained throughout
each process such as alkaline hydrolysis, activation, coupling, and
activity assays. The immobilized lipase was revealed to present
high stability to non-polar solvents and high temperature. Mean-
while, the results suggested that the molecular structure of PEG
made the major difference in the catalysis of lipase rather than its
chain length. The highly hydrophilic PEG layer could offer essential
water, which ensured the conformational flexibility of immobilized
enzyme in organic media [63].

2.2.3. Modification towards electrical conductivity

Electron transfer tends to be involved in the reaction cat-
alyzed by redox enzyme. It is apparent that if electron transfer
is guaranteed, the catalytic reaction of enzyme will be sustain-
able. This is why electrically conductive polymers were applied to
enzyme immobilization, especially when used in electrochemical
biosensors [64-68]. Blending insulating polymers with electrically
conductive nanomaterials is also an effective method to fabricate
suitable supports for enzyme immobilization [69,70].

In our work, multiwalled carbon nanotubes (MWCNTs) were
filled into poly(acrylonitrile-co-acrylic acid) nanofibers for covalent
immobilization of catalase [71]. When the mass ratio of MWCNTs
to the polymer was 30%, the activity of the immobilized catalase
was increased by 47% without reduction in the enzyme load-
ing. It is partly attributed to the superb electrical conductivity
of MWCNTs, which can also form charge-transfer complex with
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. Lipase
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PAA length

PAA density

Fig. 3. Structural modes of PAA chains on the cellulose fibers: (a) gel-like graft
chains; (b) brush-like graft chains. In brush-like model, PAA length and density
shows great effects on the adsorptions of lipase [81]. Copyright® (2005 and Wiley).
Reprinted with permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

polyacrylonitrile. This specificity is thought to assist the electron
transfer between the hydrogen peroxide molecules and the inter-
mediate catalase, thus enhancing the activity of the immobilized
catalase. Catalase immobilized on the composite nanofibers also
showed higher storage stability than that on the pristine nanofibers
[72], which is associated with the hydrophilization and biocompat-
ibility from MWCNTSs. This composite nanofibrous support was also
used to immobilize another redox enzyme, horseradish peroxidase,
whose activity was also obviously enhanced by the filled MWCNTs.

There is a similar case where catalase was covalently immo-
bilized onto the nanofibers from MWCNTs co-electrospun with
poly(acrylonitrile-co-acrylic acid) bearing metalloporphyrin pen-
dents [73]. Porphyrin was recognized as an electron donor. The
results showed that the activity of the immobilized catalase was
enhanced most when both MWCNTs and metalloporphyrin were
incorporated into the nanofibers, indicating their cooperating
effect.

The outstanding electrical conductivity of MWCNTs endows
them potential in redox enzyme immobilization. Despite the fact
of activity enhancement for redox enzymes, there is no evidence
to directly relate this effect with the electrical conductivity. There-
fore, for the above work, it is necessary to verify how the composite
nanofibers interacted with the immobilized enzymes. On the other
hand, this method (i.e. blending for enhancing activity) also shows
several attractive features. First, this modification of nanofibers
is accomplished simply by co-electrospinning. By adjusting the
electrospinning parameters, the nanofibers can be deposited onto
various collectors, which provides a feasibility to modify the
enzyme electrode (or sensor) with these composite nanofibers. Sec-
ond, MWCNTs increase the mechanical stability of nanofibers, and
make them more durable under operating conditions. As the cost
of MWCNTs declines, the composite nanofibers can be applied in
the large-scale catalysis.

2.2.4. Others

Surface modifications can also bring along other benefits for
enzyme immobilization. For example, the microstructure of sur-
face modification layer can be modulated to tailor the behavior of
immobilized enzymes [74] (e.g. the nanofibrous membrane sys-
tem studied by Chen and Hsieh [75]). In their study, poly(acrylic
acid) (PAA) was grafted onto the cellulose nanofibers for physi-
cal adsorption of lipase. Gel-like (Fig. 3a) or brush-like PAA layer
(Fig. 3b) was formed on the nanofibers depending on the modes of

Table 1

Some typical cases of enzyme immobilization on electrospun nanofibers

Enzyme species Support Immobilization method Protein loading (mg/g fibers) Activity retention (%) Ref.
a-Chymotrypsin PS NF? Chemical 14.0 65 [36]
a-Chymotrypsin SF NF? Chemical 56.6 66.78 [37]
Lipase PANCMA NF¢ Chemical 21.2+0.71 37.6+18 [38]
Lipase PAN NF Chemicald 21.2+13 81.3+11 [39]
Lipase As-spun PS/PSMA NF¢ Chemical 5.6+2.2 16.5 [43]
Lipase Dispersed PS/PSMA NFf Chemical 42.4+18.5 16.5 [43]
Lipase Chitosan-tethered PANCMA NF Chemical 22.5+0.75 456+1.8 [45]
Lipase Gelatin-tethered PANCMA NF Chemical 20.7 £0.75 49.7+1.8 [45]
Lipase PAN NF Physical 232+16 56.4+0.7 [48]
Lipase PANCMPC NF& Physical 229415 76.8+0.6 [48]
Lipase PSF NF Physical 0.8+0.12 6.2+0.32 [58]
Lipase PSF/PVP NF Physical 0.59+0.09 26.7+£0.42 [58]
Lipase PSF/PEG-200 NFh Physical 1.24+0.15 18.7+£0.23 [58]
Catalase PANCAA NF Chemical 23.940.62 33.11 [77]
Catalase PANCAA/MWCNT NF Chemical 31.1+4.54 47.90 [77]
Catalase PANAACOPP NF¥ Chemical 18.9+4.03 39.3 [79]
Catalase PANCAACOPP/MWCNT NF Chemical 22.81+4.82 48.5 [79]
Horseradish peroxidase PANCAA NF Chemical 21.8+1.22 14.02 [78]
Horseradish peroxidase PANCAA/MWCNT NF Chemical 25.1+1.69 23.56 [78]

2 Functional polystyrene nanofibers.

b Regenerated silk fibroin nanofibers.

¢ PANCMA NF: poly(acrylonitrile-co-maleic acid) nanofibers.
4 Amidination reaction.

¢ Pristine polystyrene/poly(styrene-co-maleic anhydride) composite nanofibers.
f

h PEG-200: PEG with average molecular weight of 200 g/mol.
I PANCAA: poly(acrylonitrile-co-acrylic acid).

I Hereafter, enzyme loading takes place of protein loading.
K

Aqueous alcohol solution treated polystyrene/poly(styrene-co-maleic anhydride) composite nanofibers.
& PANCMPC: poly(acrylonitrile-co-(2-methacryloyloxyethyl phosphorylcholine)).

PANAACOPP: terpolymer from acrylonitrile, acrylic acid and metalloporphyrin with Co?*.
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surface-initiation. The results indicated that these two structures
had distinct effects on the adsorption behavior and the activity of
lipase. Gel-like structure showed a stronger ability to seize enzyme
molecules (Fig. 3a), while the adsorption efficiency decreased with
the extent of entanglement and the thickness of grafting layer. This
structure also hindered the diffusion of substrate and restricted the
conformational freedom of immobilized enzyme, leading to a lower
activity of lipase. Brush-like structure exhibited a lower capacity to
entrap enzymes. The adsorption of lipase was able to achieve higher
efficiency as the grafted PAA chains got fewer and longer (Fig. 3b,
up), the activity of the immobilized lipase was higher as PAA grafts
got fewer and shorter (Fig. 3b, down).

As a summary (Table 1), surface modifications have been well
combined with the nanotechnology strategy to enhance the activ-
ities and the stabilities of immobilized enzymes. However, only
preliminary study has been explored on the effects of nanofiber
surfaces on the immobilized enzymes. Many problems still remain
to be resolved. For example, up to now, only apparent data on the
behaviors of the immobilized enzymes have been given toillustrate
the role of nanofiber surfaces. Nearly all the surface modification
methodologies of nanofibers were copied from those of other struc-
tured supports, with few considerations of the characteristics of
nanofibers themselves. Therefore, more in-depth studies are essen-
tial in the near future.

3. Encapsulation immobilization of enzymes in nanofibers

The encapsulation of enzymes in the nanofibers can be achieved
by direct co-electrospinning of enzymes and other components
(organic or inorganic materials). Most proteins can only be dis-
solved in aqueous media. Therefore, in many cases, the polymers to
be co-electrospun with enzymes are required to be water-soluble so
that they can form homogeneous solution with the enzymes. This
can reduce the surface tension of electrospinning solution, which
is necessary for fabricating bead-free nanofibers [76]. The com-
monly used polymers include poly(vinyl alcohol) (PVA) [32,77-79],
poly(ethylene oxide) (PEO) [77] and poly(N-vinyl-2-pyrrolidone)
(PVP) [33]. These polymers are commercially available at a fair
price and present good affinity to enzymes. Furthermore, PVA and
PEO have dissimilar structures to natural biomacromolecules and
the capability to form secondary bonding with proteins, which
can dissociate the hydrogen-bonded molecules (protein, chitosan,
etc.) and make the co-electrospinning of biomacromolecules easier
[80-83].

The co-electrospinning method offers a simple route to immo-
bilize enzymes into nanofibers and the enzyme loading can be
substantially high (up to 50% of the fibers [79]). With these charac-
teristics, the enzyme-immobilized nanofibers were directly applied
in fabricating enzyme electrodes for biosensors [32,33]. These
biosensors showed some common features, such as a low detection
limit and fast response, despite their difference in nature (glucose
oxidase and urease were respectively included in the nanofibers).
The so-manufactured biosensor provides another advantage that
the electrode can be facilely regenerated by peeling away the
nanofibrous mesh.

Despite the outstanding characteristics mentioned above, the
encapsulation approach has several disadvantages:

1. The enzyme molecules are not only embedded into the
nanofibers, but also reside on the surface, which usually leads
to loss of enzymes during measurement and storage.

2. Because most of the enzyme molecules are confined inside the
nonporous fibers, the accessibility of the substrate to the enzyme
is inhibited.

3. The materials to be electrospun with enzymes are only limited to
several species. Even electrospun from homogeneous solution,
nanofibers with beads were still formed [32,33,78]. When the
nanofibers are immersed in aqueous medium, the water solu-
bility leads to swell and disintegrate of nanofibers, resulting in
enzyme leakage, thermal instability and poor reusability.

4. Cross-linking of the biocatalytic fibers tends to reduce the
activity of immobilized enzymes, though it is normally used
for increasing the stability of physically encapsulated enzymes
[78,79]. On one hand, cross-linking can reduce the porosity
(among fibers [78,79]), which limits the accessibility of sub-
strates to the active sites of enzymes. On the other hand,
cross-linking itself damages the active sites of enzymes.

Considering these obstacles, water-insoluble materials have
been alternatively used for co-electrospinning with enzymes. For
that purpose, a coaxial electrospinning setup was used to fab-
ricate poly(e-caprolactone) (PCL)/lysozyme fibers with core-shell
structure [84], which has often been used for the purpose of con-
trolled release [84-86]. In another example, surfactant was used to
stabilize a-chymotrypsin in a PS/PSMA solution, which was then
electrospun into biocatalytic nanofibers [87]. This two-phase elec-
trospinning method has also been used for fabricating nanofibers
with a core-shell structure [85,88,89]. Also, silica nanofibers were
used to encapsulate horseradish peroxidase through electrospin-
ning [90], and no deformation of the fibers and no enzyme leakage
were observed in their study. Besides, the fibers were highly meso-
porous, which facilitated the diffusion of the substrate to the
enzyme.

However, a large number of water-insoluble materials (e.g. PS,
PSF, and PAN) are of poor biocompatibility. If they are used to
encapsulate enzymes, undesired conformational change of the
enzymes will take place [91-93]. Two approaches can be used
to improve the microenvironment of the encapsulated enzymes.
First, additional biocompatible components are incorporated into
the spinning solution to offer a biofriendly microenvironment for
enzyme. For instance, people included PEG [84,86] and dextran [94]
in the core protein solution for the coaxial electrospinning. Second,
the biocompatibility of the polymers are improved by in situ poly-
merization [95,96] or side chain modification [97-99], which will
also favor the enzyme catalysis.

4. Outlook

Electrospun nanofibers have been proven to be excellent
supports for enzyme immobilization because they can provide
large surface area-to-volume ratios, pore sizes tailored to protein
molecule dimensions, functionalized surfaces, multiple sites for
interaction or attachment, and low mass-transfer limitation. How-
ever, the studies of this issue are still limited in a small number
as there are still problems in their large-scale application. First,
nanofibers are still difficult to fabricate in batches, although multi-
ple spinnerets have been developed [83,100,101]. Second, very few
tools can be used to evaluate the effect of the nanofiber surface
on the behaviors of the immobilized enzymes. Nevertheless, based
on their unique advantages, people could still anticipate that the
resultant biocatalytic materials would enable new and expanded
uses of enzymes in practical applications such as biosensors, biore-
mediation, biofuel cells and bioconversions.
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