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Abstract

In an enzymatically responsive system, a suitable enzyme is used as a stimulus for a
control release or delivery at a specifically targeted site where that enzyme is
designed in such a way that can work at certain controlled conditions (such as
temperature, pH). Enzyme-responsive hydrogels prepared from cellulose along with
other materials have suitable macromolecular networks and can work in controlled
environment. Specifically designed enzymatic stimuli-responsive system, one of the
highly explored techniques, popularly explored to add a triggerable agent (such as a
polymer or a lipid) that can encapsulate the active component in a protective manner.
Usually, this active agent is responsive to degradation or swelling when it reaches at
the target site. An enzymatic stimulus-responsive system is highly attractive field of
research due to its many potential applications (e.g., in controlled release, drug
delivery, and other areas of life and material sciences). This chapter gives a brief
overview on the design and uses of enzyme-responsive hydrogels based on cellulose
and other polymers for their various applications in different fields including in
controlled drug delivery and other areas of biomedical and material sciences.

Keywords
Cellulose - Hydrogels - Enzyme - Enzyme-responsive hydrogels - Stimuli-
responsive hydrogels - Drug delivery - Biomedical

1 Introduction

Hydrogels are substances that absorb significant quantities of water, and usually they
are prepared from natural materials. They are widely studied all around the world for
their enormous biomedical applications [1—4]. The attractive characters of hydrogels
stimulate scientists for continuous investigation on novel biomaterials for their
potential industrial applications. Hydrogels have the capability to absorb large quan-
tities of water due to their three-dimensional polymer networks, and this morpholog-
ical structure also modifies their characters to allow them to be soft and pliable as well
as to retain structural water which makes them suitable for many conventional and
potential biomedical uses. Recently, hydrogels are popular for a variety of biomedical
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applications [5—12]. Because of the high water content of hydrogels, they are
compatible to most of the living tissues, and their viscoelastic nature also contributes
to reduce the damage to the surrounding tissue when implanted in the host system
[13—15]. Besides this, the mechanical characters of hydrogels are parallel to those of soft
tissues which are particularly attractive for tissue engineering applications. Bioactive
materials are frequently used for hydrogel synthesis, and these materials can interact
with the host tissues to assist and improve the healing process as well as to mimic
functional and morphological properties of organ tissues [13—18]. Hydrogels can also be
made by using biomaterials along with smart materials in order to offer natural adapta-
tions (e.g., sensing devices, controlled actuations, regulation of target functions, control
in feedback systems). This type of stimuli-responsive hydrogels is capable to adapt with
the required changes in their surrounding environmental stimuli (for instance, surround-
ing composition, presence of enzyme, temperature, pH, light) [19-28]. Smart hydrogels
are attractive for their practical and potential uses as biomimetic materials and for their
applications in biosensors, processors, and also in activators for electrical responses
[29-33]. As for example, the frequent uses of electroconductive hydrogels (such as in
bio-recognition membranes for implantation of biosensors, fabrication of drug-eluting
devices based on electrically stimulated hydrogels, and also in low interfacial impedance
layers of neuronal prostheses based on hydrogels) have been successful to open new
horizons in the fabrication of devices for biomedical detection purposes. One of the main
reasons for this success is based on the fact that both biomolecular recognitions and
responsive functions based on biomolecular targets and induced structural changes can
be incorporated into the structural networks of hydrogels using meticulous preparation
techniques and skillful design strategies [34-36]. In order for an effective therapeutic
delivery, monitoring, and molecular imaging (using noninvasive techniques) to detect
and treat different diseases, hydrogel-based drug delivery systems are popularly used
since hydrogels provide the required feasibilities for the integration of smart systems and
biomolecular imaging. As a result, this type of smart hydrogels can be used for self-
regulation and controlling hydrogel-based devices for maintaining physiological vari-
ables (suitable for drug delivery and cell culture applications) [37, 38]. For drug delivery,
hydrogel implantation can be carried out by preforming or injecting; however, the
preformed hydrogels are usually processed by using active reagent in vitro before
in vivo implantation. In biological sciences hydrogels are widely used in different
areas, because both the intracellular cytoskeleton and extracellular matrix (ECM) are
compatible with gel-phase materials. For example, biological gels can be designed to
show responsive characters when they are exposed to suitable changes in their environ-
ment using different methods including specific enzymatic processes that involve
adaption and reorganization of gel structures [39-47]. Both adaption and reorganization
are very important to different processes within cell cultures (e.g., differentiation and cell
division). Thus, the production of synthetic mimics of hydrogels is critically important as
they can be used to measure and direct different biological processes. Enzyme-
responsive hydrogels can be applied to mimic biological matrices, and different enzy-
matic processes have the feasibility to fabricate enzyme-assisted assembly of gels with
precisely controlled characters [48—50].

Hydrogels have been widely used for various applications for a long time. For
example, since the 1960s, synthetic hydrogels have been applied in biomedical uses,
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Fig. 1 A schematic representation of an enzymatic stimulus-responsive system

which at that time Wichterle and Lim illustrated the use of biocompatible hydrogels
prepared by cross-linking poly(hydroxyethylmethacrylic)acid [poly(HEMA)] in contact
lenses [49]. In 1980 naturally derived hydrogels (such as based on alginates) were
reported and used to encapsulate pancreatic cells [50], which was then followed by the
application of shark collagen in the dressings of burn wounds [51]. Both synthetic and
natural materials are frequently used in hydrogel formations; however, currently hybrid
systems are being rigorously investigated for their vivid benefits [52]. In previous studies
on hydrogels, mostly structural properties of hydrogels that can effectively match natural
tissues were used to be studied most rigorously; however, this focus has been shifted to
the synthesis of materials that can match structurally and chemically as well as have the
capability to mimic aspects of biological gels. As for instance, hydrogels are being
designed in such a way which can retain short peptides, sugars, or other biomolecules
in order to facilitate suitable interactions with biological systems. Recent progress in this
field is mostly focused on the control degradation using enzymatic action to design
biomaterials [48]. The application of enzymes in the fabrication of materials is signifi-
cantly important because of their selectivity and synthetic capability under mild condi-
tions [48]. Synthetics gels can be divided into two groups considering the chemical nature
of their networks; they are (a) polymeric hydrogels and (b) supramolecular hydrogels
(Fig. 1). Typically, polymeric hydrogels are covalently cross-linked networks that illus-
trate swelling characters because of the absorption and ability to trap water in their
structures [49]. However, supramolecular hydrogels generally show reversible,
non-covalent molecular interactions (such as hydrogen bonding, pi stacking, electrostatic
and hydrophobic interactions, van der Waals forces) between self-assembling molecules
(also termed as hydrogelators) to form nanofibers. Depending on their surface chemistry,
these nanofibers are entangled into 3D networks that provide the capability to trap water
and form hydrogels [52, 53]. This chapter briefly presents selective aspects of
enzyme-responsive hydrogels and their applications in specific areas.

2 Enzymatic Stimuli-Responsive Hydrogels
Environmental stimuli-responsive materials have the capability to change form

and/or function when exposed to environmental stimuli (or cues); some of the widely
used environmental stimuli include pH, temperature, light, and electric fields
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[49-51]. Suitable portable electronic devices based on stimuli-responsive materials
have variety of applications in different branches of science and technology as well
as in every-day life. These materials are highly sought for many advanced applica-
tions in a variety of areas (e.g., in electronics [52], healthcare [53, 54], and energy
creation and storage) [55]. The stimulus or trigger used for induction on the stimuli-
responsive materials causes a change or a combination of different changes on the
characters of the exposed material which is a very important part of the responsive
material technology suitable to design many controlled features of certain material
properties. Enzymes have some sort of decisive control on different processes of
living organisms, and thus enzymatic stimuli-responsive materials can be used to
design a wide range of materials including artificial biological materials to perform
desired activities [56, 57]. Enzyme-responsive materials (ERMs) change their func-
tionality when they are exposed to the action of a particular enzyme or a combination
of enzymes. Enzyme-responsive hydrogels are usually designed and synthesized for
enzyme-responsive materials [4, 58—62]. The practical use of enzyme-responsive
materials is a gradually increasing phenomenon in light of the inspiration for
biologically compatible synthetic technologies to mimic natural environments. For
example, in biological systems enzymes take part in a plethora of biochemical
reactions which have effective influences on different nanoscale processes which
include (a) protein expression, (b) formation of cellular adhesions, (c) signal trans-
duction, and (d) macroscale processes such as (a) cell movement and (b) muscle
contraction [57, 63]. In enzyme-responsive materials, enzymes control the specific-
ity, selectivity, and the catalytic efficiency of the host materials [63—65]. Figure 1
shows a schematic presentation of enzyme-responsive materials based on polymeric
(in the left side) and supramolecular hydrogels (in the right side). Enzymatic
processes may be exploited in both the degradation and the controlled assembly of
hydrogel materials. Recent investigations illustrated that the stem cell growth and
differentiation (in addition to biochemical signals) are strongly influenced and show
sensitivity toward suitable physical stimuli that exist within the range of their
surrounding environment [56].

Enzyme as a stimulus is very often used to perform a certain piece of work in
order to control material properties. A wide range of enzyme-responsive materials
are used to carry out different ranges of selective activities. For example, different
enzymes are used in enzyme-responsive materials where some of the most fre-
quently used enzyme classes include (a) proteases, (b) kinases, (c) phosphatases,
and (d) endonucleases. Proteases and endonucleases are capable to cleave peptides
and oligonucleotides, respectively; they have their usual applications in the degra-
dation or disassembly of enzyme-responsive materials. In addition, they are also
capable to cleave functional groups from enzyme-responsive materials which make
the materials suitable for a variety of sensing applications. On the contrary, enzymes
with covalent bond formation capability (e.g., transglutaminases) can be applied for
enhancing the structural strength of enzyme-responsive materials by allowing the
formation of cross-links within the material [48, 56-59]. Generally, sophisticated
methods are used to apply the hydrolytic properties of proteases and endonucleases
as enzymatic triggers for initiating overall changes on the properties of the enzyme-
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responsive materials. Additionally, phosphatases and kinases are also frequently
used because of their complementary catalytic actions. For example, kinases are
popular enzymes for phosphorylation of molecules during the presence of adeno-
sine-5’-triphosphate and phosphatases are used for dephosphorylation reaction.
Antagonistic interplay of this type of enzymes provides the scope of designing
reversible enzyme-responsive materials with dynamic properties. The level of enzy-
matic interaction between enzymes and different enzyme-responsive materials is
sometimes distinctly different from enzymatic reactions which involve solubilized
substrates. As for instance, the usual use of kinetic models for stating the enzymatic
conversion of solubilized substrates (such as Michaelis-Menten kinetics) cannot be
employed for enzyme-responsive materials when the materials are significantly large
in size (and show relatively lower mobility compared to that of the enzyme). Most
enzyme-responsive materials (such as hydrogels, surfaces, particles) where the
enzymes are expected to move toward the substrates show similar behavior. More-
over, it is also possible that aspects relating to diffusion kinetics where substrates
bound to other materials may also exhibit a difference in characters than from the
properties of solubilized substrates with respect to enzyme specificity and steric
effects. As a result, for designing efficient enzyme-responsive materials, different
important factors are usually considered, some of which are (a) the chemical and
physical characters of the material, (b) the concentration of the enzyme present in
substrate/material, and (c) the method in which the substrate is anchored to the
material [64—66]. In addition, a longtime goal of the research activities on hydrogel
is focused on the way to develop stimuli-responsive hydrogels with potential
controls on external features relating to cell encapsulation or release of actives.
Stimuli-responsive smart or intelligent hydrogels are those gels which may display
property or functionality changes in response to variations in the external environ-
ment. Typically, these changes in their surroundings involve solvent polarity, tem-
perature, pH, supply of electric field, light, etc. [4, 59]. More generally, materials
based on stimuli-responsive technologies are increasingly attracting attention due to
their potential applications in everyday life, offering improvements in many tech-
nologies [48, 60, 61]. There are excellent reviews on this topic that discusses the
design, advantages, and challenges of stimuli-responsive hydrogels [56, 62]. In
cellular environments, most stimuli-responsive mechanisms take place under the
control of enzymes [63]. Compared with physical or conventional chemical stimuli
(e.g., pH, temperature, ionic strength, ligand-receptor interactions), enzymatic reg-
ulation of material properties shows much promise because it enables responsiveness
to biological signals, which are highly selective and involve catalytic amplification
to enable fast response times [64]. Both polymeric and supramolecular hydrogels are
useful [65] which can be used to degrade matrices in a controlled fashion using
suitable methods, such as by incorporating enzyme-responsive materials into the
structural compositions of the hydrogels. So, by doing this it is possible to design
hydrogels with the capability of controlling degradation by using different ways
including the breaking of chemical cross-links (polymeric hydrogels) or controlled
disassembly (supramolecular hydrogels) (Fig. 1). As it is possible to carry out
enzymatic degradation selectively and precisely using suitable techniques and
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materials, enzyme-responsive hydrogels are highly attractive field of current active
research for their huge application potentials in different areas of science and
technology [66, 67].

2.1 Biocatalytic Assembly of Supramolecular Polymer-Based
Enzyme-Responsive Hydrogels

In general, dynamic processes in biological systems can be controlled by two
spatially confined molecular mechanisms; they are (a) catalysis and (b) molecular
recognition. The working principles are a bit different for the biological system
compared to that of other traditional methods usually used to control supramolecular
synthesis that typically uses the change in one or more of the environmental
conditions (e.g., pH [68], temperature [69], solvent polarity [66], and/or ionic
strength [67]). For over the last two decades or so, enzymes have been popularly
used for direct supramolecular assembly [48, 70, 71] due to a number of reasons
including the relative ease in biocatalysis. Some advantages of biocatalysis
performed in this way are (a) easy responsive assembly under constant, physiolog-
ical conditions [72], (b) exploitation of biocatalytic reactions particularly relating to
certain cell types or diseased states [64, 73], (c) easy inherent catalysis involving
molecular amplification (turnover numbers approx. 10°-107) that facilitates fast
response time, (d) new tools for bottom-up nanofabrication by taking advantage of
the ability to spatially and kinetically control the self-assembly process [72—74], and
(e) thermodynamical control systems with routes toward the discovery of peptide-
based nanostructures by using reversible exchange of amino acid sequences in
dynamic peptide libraries. Additionally, biocatalytic self-assembly forms gelators
by using enzymatic reactions (either through hydrolysis or condensation of pre-
cursors) followed by the self-assembly of these molecules to form supramolecular
structures. These assemblies, in turn, entangle to form different nanostructures (such
as 1D, 2D, or 3D nanostructures) (Fig. 2) through different non-covalent interactions
that include (a) n-m interactions, (b) hydrogen bonding, and (c) electrostatic interac-
tions [75-79].

2.2 Designing Enzyme-Responsive Materials

Generally, a wide range of issues are properly considered for the design of high-
quality enzyme-responsive materials very selectively, and two of them are briefly
included here.

2.2.1 Operational Capability

Enzyme-responsive materials are expected to maintain enzymatic activity under
specific operational conditions or given environmental conditions (such as aqueous
environments at neutral, basic, acidic pH, other selected ionic conditions). Particular
types of synthetic materials (e.g., polymers or inorganic particles) sometimes can
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Fig. 2 Schematic illustration of enzyme-assisted self-assembly. The enzyme action results in the
formation of hydrogelators which are able to self-assemble to form supramolecular structures and
then entangle to form a network

work under this type of environmental condition. As for instance, poly(ethylene
glycol) [66], dextran [67, 70], amylose [80], gold [81, 82], and silica [71, 72]
nanoparticles and selected peptide-based materials [73, 74] are successfully used
to design environmental stimuli-responsive materials.

2.2.2 Meeting Specific Design Requirements

Environmental stimuli-responsive materials are expected to carry out enzymatic
activity and other stipulated functions by fulfilling certain design requirements.
Some of these requirements include (a) the presence of an active enzyme-sensitive
part, (b) translation of enzymatic action of the enzyme-sensitive part to the rest of the
material, and (c) sufficient contribution for an effective change in the overall
character of the material.

23 Specific Characteristics of Enzyme-Responsive Materials
for Market Applications

2.3.1 Typical Natures of Enzymatically Responsive Systems

Enzymes have one of the unique control mechanisms usually observed within
natural substances in order to regulate the complex biological processes which are
by far not matched by the artificially developed systems. As a result one of the main
objectives to design enzyme-responsive materials is to synthesize suitable materials
with capabilities to replace or at least a comprehensive interaction with natural
biological systems. The strength of enzymatically controlled material characteristic
depends on the feasibility to design the required material response which is totally
influenced and controlled by the biological systems present in the surrounding
environment for an ultimate goal to assimilate the environmentally responsive
materials into a biological process. However, due to biological complexity, there
are tough challenges to develop enzyme-responsive materials with tremendous
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application potential to carry out particular jobs on cue when prompted by an
enzyme. Enzyme-responsive systems have been widely used in different areas of
science and technology including (a) enzyme diagnostic systems [56, 86], (b) drug
delivery systems [9, 74, 83-88], and (c) different areas of regenerative medicine
[74]. For example, in order to detect different enzymes and their enzymatic activities,
different types of enzyme-responsive particles have been developed. Additionally,
because of aggregation or dispersion of particles and also due to a particular type of
control, the quenching activity of quantum dots, usually the detection of enzyme,
depends on the change in magnetic or spectroscopic characters [56, 89] where some
of these systems are sensitive even in low level of enzyme concentration [9]. Enzy-
matic stimuli-responsive hydrogels are frequently used for targeted drug delivery,
while the strength of enzymatically controlled drug delivery depends on the ability to
allow drug release when it is required in the presence of specific enzymes. Higher
levels of specific enzymes are related to different diseases; hence suitable markers
and stimuli for the spatially and temporally targeted delivery of therapeutics are
important. Thus, for a simultaneous treatment of the diseased tissue and the mea-
surement of the effect of the treatment, the impact of environmentally responsive
hydrogels, especially enzymatic stimuli-responsive hydrogels, has many special
significance. As for instance, regenerative medicine constitutes a wide range of
biomedical research where enzymatic stimuli-responsive materials are frequently
used along with the association of many functional polymers or nanomaterials or
biomaterials. Some specific applications out of many other important uses of enzy-
matic stimuli-responsive materials and enzymatic stimuli-responsive hydrogels
include (a) applications of enzymatic stimuli-responsive materials or enzymatic
stimuli-responsive hydrogels in the formation and degradation of hydrogels as
artificial cell supports [74], (b) the enzymatic control of surface properties to control
cell response [9, 85], and (c) the enzyme-triggered release of bioactive molecules
(such as growth factors) [48, 53-55, 58, 59].

2.3.2 Matching Enzymes and Materials to Specific Applications

Selection of right enzymes or ESM exerts challenges during the design of environ-
mentally responsive materials; however, different model enzymes are sometimes
conveniently used to illustrate the mechanism of an ERM. This type of system is
useful when the material used can show good performance under the specific
conditions present in its surrounding environment. The target enzymes should
have the ability to affect only the ESF in the material in order to leave the rest of
the material unchanged for minimizing the chances of non-specific responses.
Additionally, different strategies which have been developed for realizing the same
material response should be reflective of the need to have a versatile repertoire of
ERMs that can be adapted for a particular application. Undesirable effects of the
biological environment on the material should be avoided, apart from some respon-
siveness characters, such as response to the marker enzyme and inertness of the
environmentally responsive materials to other components present in the system
(such as other enzymes, pH, and temperature). In this context, many ERMs have
been synthesized and developed that have the capability to respond to an enzyme
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with a high specificity to a particular substrate [26, 90]. On the contrary, when
enzyme-responsive materials are unable to display the required specificity to a
particular enzyme, they have limited application potential. For enzyme-responsive
materials where longer peptide or DNA sequences are used that may be recognized
by other enzymes and to ensure high impact applications of ERMs, these types of
issues need to be resolved. For example, several ERMs with simple ESF (di- or
tripeptides that are only sensitive to very specific enzymes) or intentionally broad
enzyme specificity have been reported to perform well in in vitro studies that include
the formation of supramolecular hydrogels inside cells and polymer hydrogel deg-
radation [26-28, 66, 87, 91].

2.3.3 Choosing the Enzyme Response Mechanism

In case when a particular type of mechanism employed to translate enzymatic action
into a material, response has to be tailored to the enzyme catalytic action if a target
enzyme has been selected for a specific application. Since both bond formation and
cleavage have been employed to date, the bond cleavage has been the more popular
choice for existing ERMs. Besides this, some new methods have been applied in
order to have opposite material responses with the similar type of enzymatic
reaction, for example, enzymatic cleavage of peptide sequences on metal nano-
particles has been used to cause both aggregation and dispersion of the particles
[28, 30]. In addition, current trends to enhance different targeted properties of
enzyme-responsive materials are more focused on relatively higher dynamic or
reversible systems that illustrate a shift from a single-time use of enzyme-responsive
materials. Moreover, the introduction of functional characters with a capability to be
controlled reversibly and/or on an on-demand basis is another level of progress for a
relatively more precise type of incorporation of ERMs into a biological system.
Different targeted applications where phosphatases and kinases play significantly
important roles are useful for this due to their natural design to catalyze opposite
reactions. Reversible enzyme-responsive materials are usually based on a phospha-
tase/kinase system, although nucleases and ligases perform similar functions (cleavage
and bond formation between nucleotides); one example of an enzyme-responsive
material is well known where the DNA strands are chemically reconnected after
enzymatic cleavage [26-28, 40].

2.3.4 ABrief Discussion on the Enzyme Kinetics of Enzyme-Responsive
Hydrogels
A full understanding on enzyme-substrate interactions and the manipulations of
these interactions relating to enzymatic control on the suitable drug delivery systems
based on enzyme-responsive hydrogels requires a basic understanding on certain
aspects of enzyme kinetics, which is briefly outlined here in Fig. 3. The enzyme and
substrate must interact to bind together for a conversion of a substrate (S) into a
desired product (P), and in that stage the substrate gradually starts to convert into to
the product by the enzymatic reaction depending on a range of influencing factors
(such as temperature and pH of the surrounding environment, nature of the substrates
and enzymes used, amount of both substrates and enzymes used, time of enzymatic
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reaction, etc.). At the final stage, the product is released by the action of enzyme
(as demonstrated in Fig. 3). Figure 3 also demonstrates the mechanism by which
enzyme specificity occurs using the “lock and key” mechanism. In this case, each
enzyme has an active site (termed as lock) to which substrates of proper conforma-
tion (termed as key) must bind together and interact to cause a change in chemical
structure. However, this change in chemical structure contributes to regulate the
specificity of the enzymes in such a way to ensure that only specific substrates with
the proper conformations have the capability to bind to the lock and undergo
enzymatic conversion into product [27, 28, 92]. For instance, Fig. 3 exhibits a
circular substrate would not be converted to product as it would not properly fit in
the triangular lock.

24 Selective Examples of the Synthesis of Enzyme-Degradable
Self-Assembled Hydrogels

Nowadays hydrogels are rigorously studied due to their different applications in
various areas of science and technology; some applications include well-defined
controlled release of bioactive molecules (such as proteins) and encapsulation of
living cells. Biodegradability of hydrogels is one of the very interesting features of
controlled drug delivery systems where the original three-dimensional structure has
the capability to be disintegrated into nontoxic substances to ensure biocompatibility
of the gel. Chemical cross-linking is a frequently used popular method to synthesize
mechanically robust hydrogels, but the cross-linkers used in hydrogel preparation
require to be extracted from the hydrogels before any suitable application because of
toxic nature of the used cross-linkers. In this context, physically cross-linking
techniques are preferred alternatives for preparation of hydrogels. Additionally,
enzymes are also used for cross-linking to perform specific operations where most
of the enzymes are usually used for biodegradation. The generation of a range of
star-shaped block copolymers composed of a biocompatible poly(ethylene glycol)
(PEG) core tethered to a polyalanine (PAla) shell that possesses the capability to
(reversibly) self-assemble in water is a very interesting and important way of
producing biodegradable hydrogels. The hydrogels formed in this way offer a
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hydrophilic environment that is compatible to different biological processes involv-
ing proteins and are able to withhold albumin for prolonged periods before its
triggered release following the targeted material degradation by a proteolytic enzyme
(such as elastase). Thus, the hydrogels prepared in this way provide a promising
opportunity to deliver proteins (and inhibitors, to some extent) in response to a
proteolytic enzyme overexpressed in chronic wounds [27, 28, 4648, 88, 92].

3 Applications of Enzyme-Responsive Systems
3.1 Biomedical Applications of Enzyme-Responsive Hydrogels

Enzyme-responsive hydrogels especially based on peptide self-assembly are attrac-
tive biomaterials because of their huge application potentials where some of the
principal uses include (a) cell culture, (b) drug delivery, (c) biosensing, and
(d) proving the scope for a dynamic control and regulation of cell fate by using
systems with intracellular operation capability. So, in brief, the potential biomedical
applications of enzyme-responsive hydrogels include (a) control and direction of cell
fate, (b) imaging and biosensing, (c) controlled drug release, and (d) applications in
cell scaffolds and tissue engineering [93—107]. Regenerative medicine, is a fast-
growing area of science and technology. Different researcher groups are constantly
working in different issues where devising and upgrading useful techniques and
methods for repairing diseased or injured tissues are continuously investigated.
Currently, stem cells are being rigorously studied because of their different aspects
relating to embryogenesis, homeostatic turnover, and normal tissue repair. In order
to realize the potential, stem cell-based therapies are still required to meet criteria in
a clinical setting because of different issues including (a) number limitation,
(b) immunogenicity, (c) tumor formation, and (d) ethical considerations surrounding
their usages. Additionally, the stem cell differentiation mechanisms are complicated
and very difficult to understand; hence expanding stem cell numbers and predictably
directing their commitment to a desired lineage is very challenging (particularly, to
devise tissue regeneration strategies). Different research groups are engaged with
continuous research activities to realize the full potentials of enzyme-responsive
hydrogels for tissue engineering applications particularly in the area of regenerative
medicines [93-107].

3.2 Application of Enzyme-Responsive Hydrogels in Drug
Delivery and Bioelectronics

Usually, enzyme-responsive materials have an enzyme-sensitive part along with
another part that can direct or control the level of interactions in order to lead
macroscopic transitions. Enzyme-responsive materials have many advantages over
pH- and temperature-responsive materials, and all these types of materials can be
used for stimuli-responsive hydrogels using suitable chemistry and methods. When
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an enzyme-responsive hydrogel is applied on a target substrate, the catalytic action
of the enzyme on the substrate can lead to different changes that include (a) changes
in supramolecular architectures and (b) swelling/collapse behavior or the surface
transformation of the substrate. In addition, the sensitivity of the enzyme as a
stimulus is unique as enzymes are highly selective in their reactivity and they have
the capability to operate under mild conditions present in vivo (a vital case for many
biological pathways). The stimulus does not need to be added externally but can be
supplied by the biological environment itself as many enzymes are already present in
the body. When the naturally present enzyme matches with the triggering enzyme of
the responsive material-based hydrogel system, it is more effective for particular
type of uses such as controlled drug delivery in a particular location. Both enzyme-
responsive materials and hydrogels produced by using them are important for drug
development. For example, peptide-based nanocapsules and nanoparticles and
hydrogel based on these products are useful for the delivery of bioactive molecules
due to its cleavability by protease [107, 108]. Besides this, enzyme-responsive
materials and hydrogels produced by using these materials are also suitable to
apply in the fabrication of smart antibacterial devices [109], where the principal
idea of smart antibacterial devices is based on the release of an antibacterial agent by
the presence of the bacteria themselves [5-9].

33 Enzyme-Responsive Hydrogels for Biocomputing

Enzyme-responsive hydrogels are useful tools for their potential applications in
bio-based computing systems that have wide scale uses in biomedical applications
(such as monitoring wound healing and other physiological monitoring). For exam-
ple, quick and accurate detection of injury (more specifically in accidents or battle
fields) is challenging which is further complicated by time and logistics required to
deliver emergency medicines. In addition, injuries that cause internal bleeding
(particularly, when the effected individual fails to provide any information about
his own conditions due to the severity of the accident) expose terrible challenge to
diagnose the exact problems, and this type of situations requires advanced diagnostic
measures in order to determine the injuries to the soft tissues with a sufficient
reliability. In typical cases, pieces of sophisticated diagnostic equipment are usually
used to study these conditions; some examples include (a) magnetic resonance
imaging and (b) electromyography, which are costly and time-consuming. Besides
this, there are many issues to operate these pieces of sophisticated equipment in the
actual situation when the delivery of an immediate therapeutic intervention is vitally
important. Moreover, in situations where such imaging equipment or laboratory tests
are unavailable or impossible to timely deliver the results, the diagnosis is generally
carried out by a medical professional using different physical tests. But this tech-
nique sometimes can lead to misdiagnosis leading to inaccurate treatments that may
encumber the healthcare provider with an extra burden on the patient. In such
situations, effective diagnostic tools which can be reliably used to rapidly detect to
devise a plausible targeted treatment are most likely to offer great promise that can
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contribute to enhance the prognosis of injury (such as in accidental or battlefield
conditions). Most recently, biochemical computing technology based on sophisti-
cated enzyme-based cascades has been drawing active research interest to develop
systems that can rapidly and reliably work in the diagnosis of injuries and provide
useful information to prescribe appropriate emergency medicine to save lives. In this
type of systems, leverage from Boolean principles is used to emulate electronic logic
gates in the biochemical domain. Enzyme-based logic gates have promising capa-
bility to integrate complex patterns of biological and chemical inputs in order to
provide required information for relatively rapid diagnosis on a real-time scenario.
This type of advanced diagnostic systems can be engineered and leveraged to realize
desired diagnosis objectives and to provide required treatment for accidental injuries
in an autonomous fashion which have potentials to develop an integrated “Sense-
Act-Treat” field [74, 87, 88, 106].

34 Smart Bandage and Wound Healing

Enzyme switchable systems have the potential for biomaterial-based display appli-
cations with potential uses in a wide range of applications including in smart
bandage systems for monitoring the state of injuries and wounds. For example,
switchable biomaterials such as enzyme-responsive hydrogels have the potential for
producing biomonitoring devices that benefit from lightweight form factors and have
the feasibility to make conformal contact with the body. Additionally, a smart
bandage can be designed to detect and monitor tissue wounds in vivo, and a flexible
electronic device can be used to develop noninvasive maps of pressure-induced
tissue damage or even provide some information when a noticeable damage is
difficult to observe visually. For example, it has been reported that by using
impedance spectroscopy across flexible electrode arrays in vivo on a rat model,
the frequency spectra of impedance measurements showed a correlation in a robust
way with the state of the underlying tissue across multiple animals and wound types.
In addition, tissue damage has also been detected by using the impedance sensor and
represented visually as a wound map that helped to identify regions at risk of
developing a pressure ulcer which contributed to allow intervention. So, these results
illustrate the feasibility of an automated, noninvasive “smart bandage” for early
monitoring and diagnosis of pressure ulcers and for improving patient care and
outcomes where enzyme-responsive hydrogels can be used [87-90, 108].

3.5 Enzyme (Such as Elastase)-Responsive Hydrogel Dressing for
Chronic Wounds

Chronic wounds exert an expensive economical and clinical problem by causing the
deaths of millions every year where the overexpression of enzyme (such as elastase)
is a main factor that prolongs the normal wound repair process within chronic
wounds. Many active research groups are engaged to overcome this situation, as
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for instance, specific research activities are employed for designing hydrogel-based
responsive chronic wound dressing systems. In this case, polymers such as PEGA
(polyethylene glycol acrylamide) in the form of particles are used to prepare hydrogels
for mopping up excess elastase by exploiting polymer collapse in response to elastase
hydrolytic activity within sample fluids for mimicking the environment of chronic
wounds. Besides this, many other investigations have focused on the functionalization
of PEGA particles by enzyme-cleavable peptides (ECPs) with charged residues in
order to control polymer swelling with a consequent elastase entrapment to cause a
cleavage of the charge balance changes [74, 87, 88, 110].

3.6 Complex Bioactive Fiber Systems Incorporating Enzyme-
Responsive Systems by Means of Electrospinning

Enzyme-responsive hydrogels have the potentials for producing complex bioactive
fibers using different techniques including electrospinning. Generally, enzyme-
responsive systems have a wide range of biomedical applications including in the
production of complex bioactive fibers for a variety of applications in different areas
of life sciences. As for instance, the prolonged life expectancy is a direct contribution
of welfare and medical developments, and this prolongation often leads to an
increased physical stress on the human body that sometimes requires to replace
nonfunctional and damaged tissues or organs. Artificial complex electrospun bioac-
tive fibers have many applications in tissue engineering. During tissue engineering,
in vitro cell culture is usually carried out in an artificial three-dimensional scaffold,
and there are different ways of doing this. For example, modern approaches toward
three-dimensional scaffolds using bioactive interfaces are frequently used in tissue
engineering that also provides the opportunity to use bio-integrated and biomimetic
systems. Advanced understanding on how materials passively interact or actively
communicate with biological systems via designed material-biology interfaces
requires precise methods for fabricating macroscopic and nanostructured materials.
Recently, modern materials and technology platforms have been developed for
producing bioactive scaffolds for serving a number of purposes including for
providing spatial control of mechanical, chemical, and biochemical signals at the
bio-interface together with the tailored pore architecture and surface topology.
Enzyme-responsive hydrogels or enzyme-responsive systems can be used to estab-
lish straightforward approaches to fabricate complex structures using electro-
spinning in order to produce structurally and chemically bioactive fiber suitable
for relatively easier cell infiltration due to the scope for a control of the mesh porosity
of the electrospun scaffolds. These electrospun scaffolds also provide the scope for
direct crystallization of fibers suitable to be used for the investigation of the cell
ingrowth for biomedical applications. Additionally, these types of electrospun bio-
active fibers can further be functionalized for the decoration of the fiber surface using
biomolecules (such as peptides and sugars) or other functional materials to serve
specific purposes suitable for control delivery or other related biomedical applica-
tions. Additionally, electrospun bioactive fibers have promising biomedical
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applications to replicate features of the natural extracellular matrix (ECM). However,
most of the electrospun scaffolds are either nondegradable or degrade hydrolytically,
whereas natural ECM degrades proteolytically, often through matrix meta-
lloproteinases (MMPs). There are reports for the synthesis of reactive macromers
that contain protease-cleavable and fluorescent peptides and are able to form both
isotropic hydrogels and electrospun fibrous hydrogels through a photoinitiated
polymerization. In addition, biomimetic scaffolds are susceptible to protease-
mediated cleavage in vitro in a protease dose-dependent manner and in vivo in a
subcutaneous mouse model using transdermal fluorescent imaging to monitor deg-
radation. This type of systems has many biomedical applications [74, 88, 95-99,
105-109].

4 Perspectives and Trends in Future Developments

One of the main strengths of enzyme-responsive materials compared to other
stimuli-responsive materials clearly depends on their ability to interact with a
biological environment with the same communication mechanism used by nature.
In principle, enzyme-responsive materials have the ability to perform their functions
with high specificity to their target enzymes. These functions are not largely
undisturbed by the multitude of other processes in the biological environment.
Until today, research activities on ERMs are principally aimed at developing of
enzyme-responsive mechanisms and the translation into a material response. Over
the last couple of decades, notable development has been realized in the form of new
translational mechanisms and the incorporation of ESFs into artificial materials.
Although the high attraction of enzyme-responsive systems to act dynamically and
on more than one enzymatic stimulus has been recognized, this area of ERM
development still holds great potential to develop new materials with unprecedented
possibilities. Enzyme-responsive systems are widely studied for their potential uses
in the fabrication of next-generation biological devices. For example, different areas
of biomaterials widely use functionalized hydrogels for their huge potentials in
different areas of biomedical applications including in cell culture [53, 54] and
biosensing [55] platforms. Hydrogels are popularly used in instructive matrices for
stem cell growth. In addition, the incorporation of biochemical signals that have
matrix protein-specific peptidic motifs (such as fibronectin-derived arginine-glycine-
aspartic acid or RGD) which can be used to facilitate cellular adhesion is particularly
important. As for instance, the mechanical [57] (such as gel stiffness) and structural/
topographical factors [111] of the cell-contacting matrix have special impact on
biochemical signals produced from the hydrogels, and they can be regulated to
control different features of hydrogels’ structure in order to have control of cell
fate when these hydrogels are used in cell culture or similar areas. Besides this, the
preparation with particular definitions of physical characters and chemical compo-
sition may need new synthetic protocols in order to control different properties that
include (a) stiffness, (b) gel network structure, and (c) chemical functionalization.
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Enzymatic fabrication techniques are useful to achieve some of these goals [48, 58,
74, 87].

In addition, mimicking biological systems is a hot topic for current active research
as an effort to have more decisive control over the bottom-up fabrication process.
Very often different aspects of biological systems are effectively influenced and
controlled using different spatially confined molecular mechanisms, some of which
include (a) catalysis and (b) molecular recognition. Thus, enzymes have been used as
important tools to regulate suitable nanofabrication methods with aims to develop
relatively complex and highly selective next-generation biomaterials for a wide
range of conventional and high-tech applications in various fields including in
material and life sciences. Different important characters of enzyme-assisted forma-
tion and dismantling of supramolecular structures include (a) self-assembly under
constant conditions, (b) spatiotemporal control of nucleation and structure growth,
and (c) control of mechanical characters (such as stiffness). In addition, systems that
assemble under thermodynamic control also show distinctive natures that include
(a) defect correcting and (b) component-selecting abilities. Currently, more focus is
concentrated on the effective design of suitable materials for specific applications
that cover particular areas which include (a) cell culture, (b) drug delivery,
(c) imaging, (d) biosensing, and (e) cell fate control. Dynamic processes in biolog-
ical systems are usually controlled by enzymes. Ongoing extensive research activ-
ities aim to have better understandings of different processes at their molecular levels
using enzymatic controlled self-assembly approaches. Some of the most challenging
tasks in this context include (a) effectively controlling nucleation and structure
growth, (b) regulating the access structures which represent non-equilibrium assem-
blies, and (c) producing asymmetric, dynamic, and multicomponent structures with
expected functionalities and characters. An enzyme-responsive hydrogel has a wide
range of continuous active research interests in order to form supramolecular
structures and also to devise suitable ways to investigate the ability of these
structures to perform specific activities, some of which include (a) recognition,
(b) adaptation, (c) correction, and (d) interactions of the complex ways related to
evolving behaviors [8, 9, 26-28, 38—41, 103—105].

5 Conclusion

Enzyme-responsive hydrogels prepared from cellulose along with other materials
have suitable macromolecular networks and can work in controlled environment. An
enzymatic stimulus-responsive system is a highly attractive field of research due to
its many potential applications (e.g., in controlled release, drug delivery, and other
areas of life and material sciences). This chapter has provided a brief overview on
different selective features of enzyme-responsive hydrogels based on different poly-
mers, and it has also stated various applications of enzyme-responsive hydrogels in
specific fields including in controlled drug delivery and other areas of biomedical
and material sciences. However, due to the limited scope available within the
perimeter of this chapter, it is almost impossible to explain all features of different
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enzymes usually used in the formulation of enzyme-responsive hydrogels. Efforts
have been made to provide enough references which can be used to have more
comprehensive information for advanced readers.
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