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Abstract: Nanofibers are considered versatile materials with remarkable potential in tissue engi-
neering and regeneration. In addition to their extracellular matrix-mimicking properties, nanofibers
can be functionalized with specific moieties (e.g., antimicrobial nanoparticles, ceramics, bioactive
proteins, etc.) to improve their overall performance. A novel approach in this regard is the use of
enzymes immobilized onto nanofibers to impart biocatalytic activity. These nanofibers are capable of
carrying out the catalysis of various biological processes that are essential in the healing process of
tissue. In this review, we emphasize the use of biocatalytic nanofibers in various tissue regeneration
applications. Biocatalytic nanofibers can be used for wound edge or scar matrix digestion, which
reduces the hindrance for cell migration and proliferation, hence displaying applications in fast tissue
repair, e.g., spinal cord injury. These nanofibers have potential applications in bone regeneration,
mediating osteogenic differentiation, biomineralization, and matrix formation through direct en-
zyme activity. Moreover, enzymes can be used to undertake efficient crosslinking and fabrication of
nanofibers with better physicochemical properties and tissue regeneration potential.

Keywords: nanofibers; enzyme immobilization; biocatalysis; tissue repair; extracellular matrix

1. Introduction

Nanofibers can be of synthetic or natural origin, which are preferably fabricated
through a technique termed electrospinning. Electrospinning affords us 1D nanomaterials
in the form of micro and nanofibers. Nanofibers have attained a premier place in the field
of tissue engineering and are the main focus of current regenerative medicine owing to
their remarkable extracellular matrix-mimicking functional properties [1–3]. Nanofibers
can be functionalized with additional moieties to impart specific properties in addition
to their inherent tissue regenerative properties [4–6]. Nanofibers have been studied and
successfully evaluated for different uses because of their textured microstructure, which
imparts high surface area. The unique structural features and the increased surface area
to volume ratio, controllable pore size, biomimetic morphology, and the presence of inter-
connected pores present in nanofibers suggest efficient delivery of bioactive compounds
through nanofiber.

Nanofibers support enzyme immobilization, which can improve enzymes’ perfor-
mance by increasing surface area, mass transfer resistance, loading efficiency, and the
possibility of recycling the enzymes after catalytic performances. The primary emphasis
after fabrication of nanofibers so far, however, has been mainly on improving their me-
chanical properties, cellular adhesion, and biocompatibility. Nevertheless, several studies
have used bioactive proteins in nanofibers as moieties for triggering signaling pathways
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for regulating tissue regeneration [7–9]. A unique approach for nanofiber modification is
that of enzyme immobilization [10]. As we know, enzymes are versatile biological entities
that carry out the catalysis of various reactions to regulate the rate of processes in living
organisms, and hence enzymes play a vital role in the optimal working of cellular systems.
In tissue repair and regeneration, many enzymes operate to catalyze important reactions for
maintaining tissue homeostasis, e.g., collagenases, transglutaminases, metalloproteinases,
trypsin, serine proteases, alkyl phosphatase, etc. [11–15]. Inspired by the properties of these
natural biocatalysts (i.e., enzymes), several studies have reported enzyme-immobilized
nanofibers for improved tissue regeneration applications. These studies show that enzyme-
immobilized biocatalytic nanofibers offer a novel approach for the repair and reconstruction
of tissues. These nanofibers work by undertaking the catalysis of processes that are es-
sential for the regeneration of tissue, e.g., polymerization of extracellular matrix (ECM)
components, increasing gaseous diffusion to assist artificial respiratory devices, etc. Alter-
natively, these biocatalytic nanofibers help to eradicate certain obstacles that hinder the
process of tissue repair or healing, e.g., digestion of components (such as collagen) of a
scar to increase its porosity for unrestrained cellular proliferation. Other strategies involve
the use of enzymes to facilitate better crosslinking in nanofibers for improved properties
and performance. This review provides a comprehensive account of numerous strategies
explored for improving the utilization of biocatalytic nanofibers in tissue engineering. In
this perspective, here we discuss the applications of biocatalytic nanofibers in wound
healing, ECM polymerization, artificial tissue fabrication, bone regeneration, etc.

It is noteworthy to mention that a number of techniques are used to immobilize
enzymes on nanofibers utilizing the principles of encapsulation, adsorption, and covalent
bonding between the polymers and the enzymes [16,17]. However, encapsulation involves
the entrapment of enzymes into the nanofiber network, wherein the enzymes are mixed
with the polymer solution, which is later used in nanofiber fabrication. The encapsulation
technique increases the enzyme’s stability and ensures that no enzyme leakage occurs from
the nanofibers. On the other hand, adsorption involves binding of the enzyme through the
formation of weak forces, e.g., electrostatic attraction, hydrophobic and/or Van der Waal’s
force. A robust immobilization technique is one through which the formation of covalent
bonds between the nanofiber and the enzyme can occur. This covalent bonding-mediated
immobilization can occur through the functional groups present on the nanofibers that
can interact with enzymes to form bonds, hence arresting the enzyme in the polymer [18].
Physical binding, i.e., adsorption, generally produces weak bonds between the nanofiber
and the enzyme, resulting in reversible bond formation. Such type of binding is highly
sensitive to process conditions such as pH, temperature, etc. On the other hand, covalent
linkage gives rise to highly robust and durable enzyme-immobilized nanofibers but, at
the same time, is an expensive method. [19]. We provide in the following sections a
comprehensive account of strategies adopted using enzyme-immobilized nanofibers for
tissue engineering applications.

2. ECM Digestion

The ECM in the musculoskeletal system’s fibrous connective tissue comprises of
aligned collagen fiber bundles that function as microstructural reinforcement to impart
mechanical strength to the whole system [20–22]. The ECM imparts tissue resistance against
external stresses along the fiber length and provides the strength to withstand the external
load. During an injury to such tissues, the ECM–collagen microstructure gets disrupted,
and hence the mechanical strength and load-bearing capacity of the tissue is altered. During
the course of self-healing at the injury site, the tissue develops a scar mass that consists of a
disordered high-density collagen fiber structure [22]. The application of a tissue-engineered
scaffold at that site is limited because of the already deposited dense ECM of the scar. This
is because the naturally existing high-density ECM bears less porosity, which hinders cell
proliferation, adhesion, and migration. Hence, it acts as the barrier for endogenous tissue
repair, resulting in inadequate healing. In this regard, researchers have suggested the
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use of the collagen digestion approach as an effective strategy for managing the efficient
working of a nanofibrous implant. In this course, several studies have shown effective
wound healing while applying digestion of wound edges using matrix-digesting enzymes
that are immobilized on nanofibers. Examples of such enzymes that many researchers use
as biocatalysts for tissue repair are collagenase, trypsin, hyaluronidase, etc. [23–25].

An excellent illustration of the application of this strategy to tissue repair is the one
demonstrated by Qu et al. for restoration after knee meniscal injury [26]. It is well known
that tearing in joint menisci leads to the destruction of collagen microstructure and the
development of dense collagen scar that often results in degenerative osteoarthritis [27,28].
The primary treatment for meniscal injuries is meniscectomy or resection of the affected
meniscal area through the surgery. However, the recovery rate during such a procedure is
relatively low, and the meniscectomy imparts only temporary pain relief. Several patients
need a second surgery, resulting in increased morbidity rates. Furthermore, the surgical
procedures may damage articular cartilage and meniscal fibrocartilage, requiring total
arthroplasty in some cases [29,30].

The basic idea behind employing a biocatalytic approach for such tissue repair is
to decrease the density of meniscal scar to reduce the impedance in the healing process
and allow easy cell migration, proliferation, and matrix deposition. Qu et al. fabricated
collagenase-incorporated nanofibers for the repair of knee meniscal injury, employing the
biocatalysis of collagen degradation in the dense matrix of wound scar. The nanofiber
scaffolds were fabricated by electrospinning using 8% w/v polyethylene solution (in 1:1
ethanol/water) or 40–50% w/v polyethylene oxide/poly(ε-caprolactone) solution con-
taining 1.25% w/v collagenase for 10–15 min onto glass coverslips. The in vitro release
studies indicated that the nanofibers released the collagenase enzyme in a controllable
manner. The scaffolds were evaluated in vitro for meniscal repair in juvenile and adult
bovine menisci, as indicated in Figure 1. The scaffolds were placed in the meniscus defects,
which significantly reduced the matrix integrity, increased the porosity, and reduced the
levels of proteoglycans and collagen at the wound edge. This resulted in an increase in
the cell infiltration and integration of fibrils, leading to the closure of more than 90% of
the wound within four weeks. The annulus-core boundary of the meniscus displayed
relatively higher cell density.

Feini et al. adopted the same approach for the fabrication of biocatalytic nanofibers
that incorporated a chemotactic agent in addition to the immobilized collagenase [31].
These researchers hypothesized that in addition to reducing the stiffness and density of
native ECM, it was essential to guide the adult repairing cells to migrate to the wound
site. Therefore, a chemotactic agent (i.e., platelet-derived growth factor-AB) was used to
encapsulate in the nanofibers. These nanofibers were fabricated by electrospinning using
15% hyaluronic acid, 35% poly(ethylene oxide), and 50% poly(ε-caprolactone). Various
nanofibrous scaffolds of different compositions that were evaluated are shown in Figure 2.

The nanofibers were able to successfully release the collagenase with an initial 20%
showing a burst release and the remaining 80% released in a controlled manner over a
period of 5 h in a phosphate buffer saline. On the other hand, 67% of platelet-derived
growth factor-AB was released over a period of 12 days. The nanofibers were evaluated
for their tissue repairing application in meniscal defects. The results showed increased
cellularity at the wound site and integration with the adjoining tissues. The nanofibers
were assessed for their meniscal repair potential in vivo in athymic rats by inserting the
nanofibrous scaffolds subcutaneously. This revealed the role of the dense extracellular
matrix in hindering the healing process of the wound. The degradation of the wound
matrix collagen increased significantly with the use of the novel collagenase scaffold, while
allowing for the formation of its own cellular matrix. This was evident from the appearance
of interconnected thin collagen fibers that were found to bridge the scaffold with the wound
tissue within four weeks (Figure 3).
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Figure 1. Reduction in the adult bovine meniscal matrix density and cellularity increase through 
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(B) Histological analysis of repair constructs using hematoxylin and eosin staining (left) and 
4′,6-diamidino-2-phenylindole (right) staining. Reproduced from [26]. Copyright (2013) Elsevier 
Ltd. 
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(B) Histological analysis of repair constructs using hematoxylin and eosin staining (left) and 4′,6-
diamidino-2-phenylindole (right) staining. Reproduced from [26]. Copyright (2013) Elsevier Ltd.

In these results, the cell proliferation and new collagen formation were more evident
in the case of collagenase-immobilized scaffolds. An important aspect of these novel
scaffolds is that the collagen degradation takes place only up to 300 µm from the wound
edge. The study further revealed endogenous cell-mediated wound closure by recruitment
was possible through the chemotactic property of the scaffolds.

Another target for extracellular digestion as a fast tissue repair facilitation strategy is
the chondroitin sulfate proteoglycan digestion. The formation of a glial scar is considered
as one of the major factors restricting the nerve regeneration process during the healing
of a spinal cord injury. Therefore, a glial scar remains a chief therapeutic target for the
treatment of spinal cord injury and efforts are being put forward to devise methods
for eradicating glial scar to facilitate adequate reconstruction. Because the significant
component of such a scar is chondroitin sulfate proteoglycans, several researchers have
used a biocatalytic approach to eradicate these glial scars associated with spinal cord
injury by using the enzyme chondroitinase as the biocatalyst. There is not much literature
available demonstrating this application of the biocatalytic nanofibers; however, Liu et al.
have applied this approach to the treatment of spinal cord injury [32]. Presently, intrathecal
injection of chondroitinase ABC (lasting for weeks) is the central treatment approach for
spinal cord injury, which is quite invasive, apart from chondroitinase ABC being thermal
sensitive and susceptible to degradation in the host. Additionally, the use of intrathecal
chondroitinase ABC injection is restricted because it overflows beyond the injection site,
reducing the amount reaching the actual injury site. Liu et al. fabricated collagen scaffolds
containing neurotrophin-3 and chondroitinase ABC for the repair of spinal cord injury.
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These nanofibers were able to release both neurotrophin-3 and chondroitinase ABC in
a sustained manner, thus avoiding the rapid clearance from the site of action, which
generally happens with conventional drugs. A similar combination for spinal cord injury
treatment has already been attempted by other researchers who demonstrated an enhanced
locomotor function and sensory axon growth in rats [33]. However, hydrogels are generally
isotropic and weak. Furthermore, hydrogels exhibit poor mechanical and morphological
properties, which are pivotal for cell alignment, migration, and proliferation. On the
other hand, nanofibers fulfill all these requirements and provide an excellent alternative
as a scaffold for neurotrophin-3 and chondroitin ABC delivery for neuronal repair in the
treatment of spinal cord injury. Nanofibers’ excellent topographical properties enable their
use in spinal cord injury due to their ability to increase cells, as demonstrated by Chew
et al. using Schwann cells [34]. Further, when incorporating neurotrophic factors in the
topographically favorable nanofibers, an increase in nerve regeneration was observed [35].
As demonstrated by Liu et al., nanofibers have been used in the treatment of acute spinal
cord injury in rats [36].

The nanofibers fabricated by Liu et al. provided sustained release of both neurotrophin-
3 and chondroitin ABC, minimizing the chances of losing therapeutic agents. These
researchers used rat tail extracted collagen scaffolds for immobilization of neurotrophin-3
and chondroitin ABC. The immobilization was achieved by crosslinking through microbial
transglutaminase crosslinking. In addition to this, heparin was added to increase the
protective effect on chondroitin ABC. This was evident because the chondroitin ABC
showed 32% bioactivity after 32 days compared with the 1.9% action after 22 days.
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Copyright (2017), Feini Qu et al.
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collagen II signal within the scaffold and % defect integration (% integrated tissue at the wound site) for various scaffolds
are also presented. # = p < 0.05 vs. Scaffold, ** = p < 0.05 vs. Scaffold + P. These figures are reproduced from [31]. Copyright
(2017), Feini Qu et al.

3. Extracellular Matrix Protein Polymerization

Quite contrary to the previous approach (ECM digestion) for tissue repair is ECM
polymerization, which is justifiable in its own space. The ECM is considered the primary
component of tissue and focuses on current material science research for tissue engineer-
ing applications. The main reason for nanofibers’ success in wound healing and tissue
engineering is their ECM-mimicking factor [6,37]. The ECM consists of several fibrous
proteins and glycosaminoglycans (such as fibronectin, elastin, hyaluronic acid, collagen,
etc.) embedded in the fluid matrix that act as reinforcement and impart structural integrity
to the tissues (Figure 4) [38].
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Hence, focusing on ECM proteins’ production is another strategy for the repair and
regeneration of degenerated or injured tissues. One of the prime groups of enzymes is
transglutaminases that mediate extracellular matrix proteins’ polymerization through
glutamine–lysine interaction (Figure 5). These enzymes carry out transamidation and cat-
alyze the formation of isopeptide crosslinks between proteins and/or amino acids. Hence,
these facilitate the polymerization of proteins, such as fibronectin, collagen, osteopontin, os-
teonectin, fibrinogen, etc., which are essential constituents of the ECM. Transglutaminases
show protective action in some pathological conditions, such as osteoarthritis, hepatic
injury, kidney disease, and wound healing. In osteoarthritis, transglutaminases have been
shown to exhibit enhanced activity, thus regulating bone mass formation and preventing
bone resorption and osteoclastogenesis. Transglutaminases demonstrate bone regeneration
properties by interacting and binding to various substrates and by mediating their accumu-
lation in the bones. A well-known substrate of transglutaminase is fibronectin, which is
essential for cell proliferation and ECM deposition. Fibronectin deposition and accumu-
lation in osteoblasts in the bones has been shown to be dependent on transglutaminases.
Another mechanism by which transglutaminases are known to induce ECM polymerization
is ECM–cell adhesion through surface-related high-affinity fibronectin crosslinking. This
has been attributed to the observation that inhibition of transglutaminases makes the cells
more liable to detach from the surface.
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Further, the fact that externalization of transglutaminases occurs only at the basal
surface of endothelial cells compared with the apical surface also shows the involvement
of transglutaminases in cell adhesion [39]. The transglutaminase enzyme activity is reg-
ulated by Factor XIIIA, which converts plasma fibronectin into the ECM, as shown by
Cui et al. Transglutaminase also carries out vascular lesion healing through induction
of platelet–fibrin–endothelium stability and TGF-β activation [40,41]. Transglutaminase
enzymes are also involved in the crosslinking of proteins constituting dermo–epidermal
junction at the tissue interface. This has been revealed by findings of stable skin grafts
corresponding to the presence of transamidation of reinforcing fibrils and ECM of the
skin. The ECM protein transamidation catalyzed by transglutaminases results in stabilized
protein complexes that are impervious to digestion by metalloproteinases [42]. Nardacci
et al. have demonstrated the protective role of transglutaminase II in hepatic injury. It was
found that transglutaminase’s low activity in mice was responsible for the delayed healing
or lack of necrotic tissue clearance of carbon tetrachloride-induced liver injury. An increase
in transglutaminase expression up to 3–4 times was observed in hepatitis C virus-infected
patients [43]. These enzymes induce the matrix production during fibrotic scarring through
post-translational protein modification through their catalytic triad (Cys/His/Asp). Hence
this enzyme seems to be involved mainly in the natural healing process and can be pivotal
in inducing tissue repair through ECM polymerization when used as nanofiber dressings.

The polymerization of proteins, e.g., collagen using transglutaminases, has been al-
ready demonstrated by many researchers and has stirred great interest in its use for the
fabrication of nanofibrous scaffolds. However, these generally require a covalent crosslink-
ing agent to display stable integrity since it is prone to physicochemical changes and
degradation by collagenases. Chemical crosslinking agents, such as glutaraldehyde, have
been primarily used to improve these properties; however, these agents always present
the risk of toxicity. For this reason, several researchers have used biocatalytic methods
to insert crosslink bonds between the polymer molecules. An excellent example is that
of collagen, which is a component of the extracellular matrix essential for maintaining
the structural integrity and mechanical properties of connective tissues and thus has
been extensively used as a scaffolding material. Transglutaminases have been shown to
efficiently induce crosslink bonds between collagen fibrils and collagen and ECM pro-
teins such as fibronectin [44,45]. Transglutaminase mediates the crosslinking of collagen
molecules through chemical interaction between the glutamine on one fiber with the lysine
on the other fibers, thus providing a strong reinforcement to hold the 3D scaffold struc-
ture. Orban et al. have used transglutaminase for biocatalytic crosslinking of collagen for
scaffold fabrication for tissue engineering application [46]. The amount of crosslinking
was revealed by amine analysis (assessing the content of amine groups) of the nanofibers
since the crosslinking occurs by transamidation. The amine analysis showed a decrease
in the number of amine groups as the concentration of transglutaminase was increased,
indicating intensification in the degree of crosslinking. The resulting scaffolds possessed
excellent mechanical properties, as depicted by the increased transition temperature by
transglutaminase-aided nanofiber fabrication through differential scanning calorimetry
results. In addition to providing for an excellent option for macromolecular crosslinking,
transglutaminase use also reduced the cytotoxic effect of the nanofibers, as demonstrated
in bone marrow stromal cell culturing.
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When an acyl intermediate product comes in contact with a nucleophilic substrate, it results in a
crosslink bond which is an ε-(γ-glutamyl)lysine isopeptide bond. Similarly, the enzyme can catalyze
the acyl transfer to (b) monoamines and (c) polyamines. Reproduced with permission from [47].
Copyright (2018) multidisciplinary digital publishing institute.
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4. Artificial Tissue Fabrication

Nowadays, fibrous scaffolds are considered a promising tool for the fabrication of
artificial tissues and organs, especially the lungs. Moreover, lung transplantation, mechani-
cal ventilators, and respiratory assist devices have been vital options for treating chronic
obstructive pulmonary disease and/or chronic irreversible pulmonary failure. Current
devices used for the purpose are intravenacaval devices, such as intravenous membrane
oxygenators and intravascular oxygenators. These devices consist of hollow fiber mem-
branes that mediate gaseous exchange at the blood/gas interface. Although these devices
have found a premier place in addressing respiratory failure, they have been reported to
mediate inefficient gaseous exchange and removal of CO2, attributed to their inadequate
diffusion characteristic due to small membrane contact area with the blood. This is because
large blood contact surfaces of these devices present biocompatibility and thrombotic
response issues. In contrast to increasing the respiratory devices’ contact surface, many
researchers have sought to increase the diffusional efficiency of these devices instead, using
mechanical methods, e.g., increasing the blood flow through agitation near the artificial
respiratory device [48–52]. Biologically, our red blood cells and the lung capillary sur-
faces contain carbonic anhydrase that carries out the catalytic conversion of bicarbonates
to CO2 in the course of maintaining a sufficient CO2 concentration gradient across the
blood–lung interface. Inspired by the natural red blood cell functionality, scientists have
developed new biocatalytic devices harboring carbonic anhydrase on their surfaces that
works similarly to the red blood cells and lung capillary surfaces present in the human body.
These biocatalytic fibrous scaffolds are a novel approach that the researchers are seeking
for a solution to the aforementioned problem. In this regard, Kaar et al. have devised
novel bioactive fiber-based membranes to demonstrate their potential in eradicating the
diffusional limitation of hollow fiber membrane-based respiratory devices and artificial
lungs. These devices use hollow fiber membranes containing surface-immobilized carbonic
anhydrase for the purpose. Carbonic anhydrase is an enzyme that in blood mediates the
conversion of bicarbonates to CO2. The novel bioactive device comprising immobilized
carbonic anhydrase has demonstrated more significant potential in improving the hollow
fiber membrane-facilitated diffusion and exchange of CO2. The device improves the CO2
concentration and increases its diffusion, thus providing a versatile option for addressing
the otherwise diffusional inadequacy of the artificial lungs. The enzyme was covalently
immobilized onto the hollow fiber membrane surface after plasma modification of the
fibers. Before the enzyme immobilization, the membranes were modified by introduc-
ing surface-active hydroxyl groups through plasma treatment with a plasma discharge
of 25–100 W for 30 to 180 s. Additional activation of the membranes was achieved by
the treatment of cyanogen bromide, followed by treatment with carbonic anhydrase and
then the samples were incubated for 3 h. The performance of the fiber membranes was
evaluated by assessment of CO2 exchange using a model respiratory device. The evalu-
ation was done by measuring the CO2 removal rate of carbonic anhydrase-immobilized
membranes from a buffer containing sodium bicarbonate. Thus, this study provides a
demonstration of how carbonic anhydrase-immobilized fiber membranes can increase the
CO2 removal efficiency and thus improve the performance of artificial lungs and respira-
tory devices. Figure 6 shows the working of carbonic anhydrase-assisted CO2 diffusion
using enzyme-immobilized respiratory devices.
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(C) Steps for the immobilization of carbonic anhydrase on hollow fiber membranes. The membranes are initially plasma
modified, resulting in the deposition of –OH groups on the substrate, followed by activation with cyanogen bromide, which
results in the introduction of cyanate ester and cyclic imidocarbonate groups. Carbonic anhydrase is then subsequently
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Another example of fabricating biocatalysis-assisted artificial tissue is that of artificial
blood vessels facilitating the in situ release of nitric oxide for better cardiovascular func-
tioning and vascular tissue regeneration. Nitric oxide released by endothelial cells plays a
vital role in maintaining the homeostasis of the cardiovascular system. It regulates blood
pressure through vasodilation and prevents vascular smooth muscle cell proliferation and
platelet aggregation and adhesion to the vascular wall. Insufficiency of nitric oxide in the
blood is an underlying cause of various cardiovascular diseases, such as hypertension,
stroke, arterial thrombotic disorders, atherosclerosis, coronary heart disease, and heart
failure. This is in agreement with the fact that most of these pathological conditions are
accompanied by vascular endothelium dysfunction, which is the prime source of nitric
oxide in the blood. Drugs are known as nitric oxide donors and many other nitric oxide
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release pathway modulators are being frequently used in the treatment of cardiovascular
diseases. These therapeutic agents work by increasing the concentration of nitric oxide in
the blood and restoring the nitric oxide-mediated cardiac functions. In addition to these
drugs, vascular bypass surgery using artificial vessels has a primary place in cardiovascular
disease treatment. Artificial blood vessels are a new interest of researchers for replacing
blood vessels having defunct endothelium, which has proven quite beneficial. However,
such procedures still do not provide adequate support for long-term relief from cardiac
problems and a lot of research is dedicated to making these vessels more clinically useful.
Most of the research’s prime focus has been on rendering these artificial vessels more and
more biocompatible, improving cell attachment, and increasing cell proliferation, rather
than incorporating any bioactive components for additional applicability. In some cases,
nitric oxide donors have been used in artificial blood vessel scaffolds to compensate for
the nitric oxide deficiency [54–61]. However, these drug-loaded scaffolds’ most significant
limitation is that nitric oxide supply persists only until the nitric oxide donor reservoirs
last. A novel strategy, known as enzyme prodrug therapy, has been used for addressing
this problem by fabricating biocatalytic fibrous vascular grafts immobilizing galactosi-
dase enzyme. The advantage of such a treatment is that it allows for precise dose control
and duration of action. Wang et al. fabricated artificial blood vessels (tubular grafts) by
electrospinning (under 11 kV voltage) a mixture of poly(ε-caprolactone) and azide group
terminated poly(ε-caprolactone) [62]. The azide terminated poly(ε-caprolactone) enabled
the introduction of azide groups on the tubular grafts’ surface, which mediated surface
functionalization with alkynyl–biotin and avidin. Through the biotin–avidin complex,
the galactosidase enzyme immobilization was then carried out on the tubular graft sur-
faces. The artificial tubular graft enables the in situ decomposition of nitric oxide prodrug,
injected intravenously after the in vivo implantation, releasing nitric oxide at the site of
action. The in vitro catalytic activity of these biocatalytic grafts was evident during testing
with diazeniumdiolates, which underwent hydrolysis in the presence of biocatalytic grafts
in PBS, spontaneously releasing nitric oxide. These grafts were able to display significant
catalytic activity even after subcutaneous implantation for up to 30 days. Further, the
real-time release of nitric oxide was assessed in actual blood flow conditions in rats using
arteriovenous shunt assay. Using diaminofluoresceins as a probe, the nitic oxide was
detected in the circulation after 1 h of the tubular graft fixation and nitric oxide prodrug
injection, verifying the galactosidase catalyzed in situ nitric oxide release. It is important
to mention that avidinavidin’s presence did not interfere with the nitric oxide release,
which was evident from the fact that avidin-functionalized grafts not immobilized with
galactosidase could not catalyze the release of nitric oxide. Finally, the in vivo evaluation
was carried out by implantation of the tubular grafts as a replacement for abdominal artery
in rats. The in vivo results revealed the formation of the new and significantly thick tissue
on the vascular tubular grafts and speedy endothelialization after one month. Further,
the regenerated endothelium was able to respond to the adrenaline and acetylcholine for
vasoconstriction and vasodilation, respectively, unlike the control group.

5. Bone Regeneration

Alkaline phosphatase is an enzyme that undertakes dephosphorylation of many
compounds and plays a role in bone development in our body other than regulating
various other physiological functions, e.g., in the liver, kidney, bile duct, etc. A schematic
representation of the dephosphorylation process is depicted in Figure 7.
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dephosphorylation process through the cleavage of phosphate bond in phosphoric acid monoesters
to give rise to phosphate and alcohol.

The alkaline phosphatase promotes bone development through bone mineralization
by hydrolyzing inorganic pyrophosphate, a natural inhibitor of hydroxyapatite formation
and mineralization. Thus, the increased levels of inorganic phosphate are consumed for
the construction of hydroxyapatite, a naturally existing mineral form of calcium apatite
and a vital element of bone and teeth. Researchers have utilized the above-discussed
functionality of alkaline phosphatase as a biocatalytic strategy for bone regeneration using
nanofibrous scaffolds. Immobilizing alkaline phosphatase onto nanofibrous scaffolds has
been demonstrated as being effective in the revival of new bone tissue. Moreover, alkaline
phosphate is believed to undertake the deposition of acellular cementum in periodontal
sites. This has evidence from studies in alkaline phosphate knockout mice, where the
absence of alkaline phosphate significantly reduced the cementum deposition [63]. These
researchers also observed the enhanced mineralization on alkaline phosphate-immobilized
collagen membranes compared with non-functionalized membranes. Osathanon et al.
have developed nanofibrous fibrin scaffolds using the polymer poly(methyl methacrylate)
immobilized with alkaline phosphate with defined pore size and interconnection [64].
Prior to enzyme immobilization, the –COOH groups on the nanofibrous scaffolds were
activated by 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride (EDC). The
nanofibrous scaffolds containing immobilized alkaline phosphate showed excellent results
during the in vitro proliferation and differentiation of calvarial cells. The novel biocatalytic
nanofibrous scaffolds were effective in filling the mouse calvarial defects and inducing
bone formation as well. The main effect of these novel biocatalytic scaffolds was an increase
in the concentration of phosphate locally, which promoted the formation of osteoblasts vis-
à-vis being biodegradable. Culturing calvarial cells on the alkaline phosphate-immobilized
nanofibrous scaffolds resulted in enhanced expression of alkaline phosphate mRNA and
higher phosphate concentration, suggesting increased degradation of β-glycerophosphate.
Furthermore, the mineral deposition on the scaffolds also increased when the scaffolds
immobilized with alkaline phosphate were incubated in β-glycerophosphate-containing
medium.

Oortgiesen et al. demonstrated the bone and periodontal regeneration potential of
alkaline phosphatase-immobilized membranes using Bio-Gide® and Bio-Oss® for periodon-
tal regeneration [65]. The enzyme immobilization was achieved through an electrospray
deposition. Obtained from bovine intestine, the alkaline phosphate-immobilized mem-
branes increased the in vitro mineralization within 30 min and in vivo bone formation
in Wistar rats. Furthermore, the micro-CT and histopathological results indicated immo-
bilization of enzymes in these fibrous membranes could lead to guided tissue and bone
regeneration.
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6. Enzyme Mimetic Nanofibers

In addition to the above-mentioned strategies involving enzyme immobilization onto
the micro-nanofibers that can be adopted to catalyze specific processes to improve their
functionality, nanofibers can be instead fabricated from materials (e.g., peptides) to impart
biocatalytic action. Such nanofibers are fabricated from artificial structures resembling
enzymes that mimic the catalytic activity of enzymes without actually immobilizing the
enzyme. A prime example of an enzyme mimicked by nanofibers is that of alkaline phos-
phatase. In an enzyme mimetic nanofiber, the most crucial consideration is that of the
active sites of essential enzymes. Therefore, precisely knowing the mechanism by which
alkaline phosphatase works, is essential. The biocatalytic-mimicking properties of these
peptide nanofibers is exhibited through its imidazole-containing histidine moieties, which
catalyze substrate hydrolysis through a simple chemical reaction. These moieties catalyze
the deprotonation of water, thus generating a nucleophile with high affinity with the
phosphate monoester, yielding phosphate ions that initiate hydroxyapatite formation. The
construction of hydroxyapatite, an essential component of the bone matrix, is an indication
of the successful biocatalytic activity of these enzyme mimetic nanofibers. However, it
is hypothesized that the peptide nanofibers show higher catalytic activities when imida-
zole/histidine is present in high density on the nanofibers. Gulseren et al. fabricated this
type of peptide-based nanofiber for osteogenic differentiation, mimicking the biocatalytic
activity of the enzyme alkaline phosphatase [66]. Figure 8 shows the TEM images of these
nanofibers and the peptide amphiphiles structures used for nanofiber fabrication with and
without imidazole rings.
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Lauryl-VVAGH-Am, E-PA: Lauryl-VVAGE, K-PA: Lauryl-VVAGK-Am. Reproduced from [67]. Copyright (2015), American
Chemical Society.

The biocatalytic peptide nanofibers developed by these researchers had three distinct
properties. For instance, they possessed an extracellular matrix mimicking the fibrous
structure and maintained high catalytic sites with alkaline phosphatase-like activity and
biomineralization-inducing functions. The nanofibrous structures (diameter 5–10 nm) fabri-
cated from peptide amphiphile, Lauryl-VVAGH-Am, possessed catalytic sites composed of
imidazole-containing histidine residues at the boundary. The peptide nanofibers’ catalytic
activity was evaluated by determining the conversion of p-nitrophenyl phosphate to p-
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nitrophenol, which is mediated by histidine. The peptide nanofibers exhibited significantly
high catalytic activity, as depicted by the high value of the Michaelis−Menten constant
(kcat = 1.83 × 10−5 s−1). The nanofibers also displayed a significant deposition of calcium
phosphate crystals compared with the free imidazole and imidazole-free nanofibers, as
determined by the energy-dispersive X-ray analysis. An essential aspect of the biomimetic
peptide nanofibers was that the nanofibers were able to impart time-dependent regulation
of biocatalytic activity. This implies that as the biomineralization progresses, it results in
the formation of calcium phosphate crystals that occupy and hence block the access of the
substrate on the active sites on the nanofibers. In this regard, Figure 9 shows the SEM and
optical microscopy images of these calcium deposited nanofibers after culturing them for 6
days in osteogenic medium.
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The nanofibers were further able to initiate osteogenic differentiation of Saos-2 cells
through directly regulating the mineralization process, unlike many other extracellular
matrix-mimicking nanofibrous scaffolds that induce signaling pathways for cellular differ-
entiation. The cells grown on the alkaline phosphate-mimicking nanofibers could carry out
the formation of bone-like nodules within 3–6 days. This was in contrast to the cells grown
on culture plates and nanofibers devoid of histidine sites, where significantly less calcium
deposition was observed. An extraordinary property of the novel peptide nanofibers was
that osteogenic differentiation and bone regeneration required only the presence of an
organic phosphate without many osteogenic supplements being used in the osteogenic
medium, unlike many other types of nanofibers. This resulted in the formation of bone
nodules depicting the strong osteogenic and biomineralization potential of the novel alka-
line phosphate-mimicking peptide nanofibers. In addition to these observations, various
osteogenesis-related transcription factors were also observed to increase, including Runt-
related transcription factor-2, collagen type I osteopontin, and bone sialoprotein. The
study was further extended for evaluating the osteogenic potential of the nanofibers in
mesenchymal stem cells, which also revealed promising results.
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7. Limitations of Enzyme-Based Nanofiber and Future Perspective

Although the enzyme-immobilized nanofibers have tremendous advantages that can
be exploited for diverse applications, due to certain limitations they can still not be realized
for clinical or large-scale use. The first issue with the enzyme-based nanofibers is their
bulk production, owing to the difficulty in the fabrication of nanofibers at a large scale.
Secondly, the nanofibers’ enzyme-loading efficiency is also generally low, which means
a high cost on large-scale production. Further, the immobilization of the enzymes on
nanofibers may change the behavior and enzyme activity, rendering the enzymes less
stable. The enzymes’ attachment to the nanofiber surface may lead to conformational
changes in the enzyme, resulting in alterations in the enzyme kinetic parameters [67].
This can lead to the inactivation of the enzymes, e.g., by aggregate formation, destruction
of bonds, or formation of bonds between wrong side chains. Another limitation of the
enzyme-immobilized nanofibers is that the enzyme-based nanofibers may also require
complicated cofactors for their functioning, which makes this approach cumbersome and
costlier [68].

A significant health risk associated with nanofibers is that these require organic sol-
vents for their fabrication, which can prove toxic to humans. Further, the nanofibers act
as excellent substrates for the growth of microbes, resulting in the formation of biofilms
facilitating the development of diverse microorganisms on nanofiber surfaces. If not ap-
propriately addressed using antimicrobial agents, this can spoil the scaffolds or implants,
exaggerate the pathological condition, and finally reduce the enzyme activity, thus worsen-
ing the tissue repair further. In the future, research focusing on novel strategies employing
enzyme-immobilized biocatalytic nanofibers for diverse tissue engineering applications
is required. A thorough understanding of enzyme functioning in various organs can be
used for the development of a vast number of biocatalytic nanofibers exhibiting multiple
applications. Suitable approaches (e.g., using whole cells instead of isolated enzymes) can
be devoted to overcoming these limitations, thus rendering these biocatalytic nanofibers
fully functional for improved tissue engineering. Therefore, biocatalytic nanofibers can
find applications as wound dressings, artificial tissues, bone and tissue regenerators, etc.
Moreover, enzyme-based nanofibers can be used to improve the functioning of tissues such
as the cardiovascular system, liver, and kidney.

8. Conclusions

From the above discussion, it follows that enzyme-immobilized nanofibers have
potential implications in tissue engineering, including wound healing, tissue repair, tis-
sue regeneration, cell differentiation, artificial tissue fabrication, etc. However, not much
research in this field has been undertaken to exploit enzyme-immobilized nanofiber applica-
tions in tissue engineering. The available literature depicts a considerable prospect for this
novel approach, one which requires prompt scientific attention. Such a strategy can help in
the fabrication of nanofibers with better properties, improving nanofiber performance and
the fabrication of artificial tissues. These biocatalytic nanofibers have application in tissue
regeneration after surgery, bone regeneration after a fracture, as support for patients with
lung disease, and in wound healing.
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