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Numerous promising drug leads are regularly abandoned due to having poor
pharmacokinetic profiles. Biomaterials are often used as drug delivery systems to
improve the pharmacokinetics of these otherwise promising drug candidates.
Hydrogels are a subset of biomaterials that offer porous matrices, permeable to
endogenous nutrients in aqueous in vivo environments. Environmentally sensitive
hydrogels have become of interest to further tailor these materials to only allow
therapeutic release in response to specific environmental cues instead of simple
encapsulation and subsequent diffusion. Enzyme-responsive materials allow for the
exploitation of endogenous tissue enzyme expression levels and/or altered expression
levels during pathological states. The simplest and most common method for stimulus-
dependant release is through the destruction of the matrix to release encapsulated
therapeutics that would otherwise be trapped indefinitely. A second approach is to
covalently attach therapeutics to the hydrogel scaffold and include enzymatically
sensitive cross linkages throughout the scaffold backbone. The third, and least
common approach, is to use labile linkers between the therapeutic and the scaffold
which affords controlled, precise release of the therapeutic with a known molecular
structure. These linkers can also be tailored to specific enzymes that are elevated in
certain disease states. This review will; 1) briefly describe matrix degradation; 2)
present the cleavage of covalently attached therapeutics and; 3) highlight the few
examples of targeted cleavage of therapeutics from specific matrix locations and the
potential use of these systems in biomedicine.

Keywords: drug delivery system, enzyme-mediated controlled release, hydrogel scaffold, enzyme sensitive linker,
pharmacokinetic, injectable hydrogels

INTRODUCTION

Hydrogels are permeable three-dimensional matrices of fibres that exhibit physical
characteristics of soft tissues. Extensive research has been invested in engineering these
biomaterials to serve various clinical applications such as diagnostics (Schiffer et al., 2015),
providing physical support (Griffin et al., 2015), tissue regeneration (Dang et al., 2017), cell
delivery (McFetridge et al., 2018) and drug delivery (Thambi et al., 2017). Currently there are
over 30 injectable hydrogel products approved by the European Medicines Agency and the US
Food and Drug Administration and a plethora of models being investigated in clinical trials
(Mandal et al., 2020).
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FIGURE 1| Schematic representation of hydrogel-mediated controlled release using; (A) matrix degradation and diffusion of encapsulated drugs; (B) non-specific
enzymatic cleavage and release of conjugated therapeutics and (C) targeted cleavage of drugs conjugated via enzyme-sensitive linkers. Figure adapted from Li and

Many drugs are abandoned due to poor pharmacokinetics
(PK), particularly biomolecules. Tailored biomaterials like
hydrogels provide a solution which could become important
in streamlining pharmacological research and translation into
clinical use. Poor PK of lead compounds could be overcome
through the use of such biomaterials and could present new
avenues in drug treatment. Overall, hydrogels can drastically
improve the effectiveness of therapies while also reducing dosage,
dose frequency and adverse effects associated with high systemic
exposure of delivered therapeutics. Hydrogels provide protection
from non-specific cellular uptake, enzymatic degradation, and
rapid clearance of therapeutics (Li and Mooney, 2016).

Stimulus-dependant release has been explored to further tailor
biomaterials to only commence releasing the therapeutic payload
in response to specific environmental cues instead of simple
encapsulation and subsequent diffusion. These stimuli include
pH, light, redox conditions or enzymatic action or various
combinations of these for further refinement (Vemula et al,
2011; Chandrawati, 2016; Wang et al, 2019). The ability to
selectively release encapsulated drugs in the presence of
chosen environmental cues can be extremely advantageous as
it not only provides control over drug dosage but avoids burst
release and subsequent high plasma concentrations.

The use of enzymes for pro-drug activation and drug
metabolism has been established over the last few decades

(Fukami and Yokoi, 2012) and it comes as no surprise that
they are now becoming incorporated into responsive DDS.
Enzyme-responsive materials are highly advantageous as
endogenous enzyme expression can be used in controlling the
release rate of various therapeutics for a wide range of
applications. This variety is also evident in the array of
functional groups that have been incorporated into hydrogel
scaffolds that change in structure or are cleaved via exposure
to enzymatic activity (Hu et al., 2012). Some systems have been
designed to use phasic enzyme expression levels in certain disease
states to release a payload only when needed during a
pathological state (Joshi et al., 2018). This review will describe
the use of enzymatically sensitive components incorporated into
DDSs to release encapsulated therapeutics through matrix
degradation, as well as conjugated therapeutics through
targeted cleavage utilising endogenous enzymes (Figure 1).

MATRIX-DEGRADATION MEDIATED
RELEASE OF ENCAPSULATED
MOLECULES

The rational design of enzyme-responsive biomaterials can allow

exploitation of differences in tissue expression levels or altered

physiological ~environments during pathological states.
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TABLE 1 | Drug delivery via matrix degradation and subsequent diffusion.

Enzyme-Responsive Biomaterials in Drug Delivery

Tissue DDS Approach Physiological application References
Rationale Composition/ Cleaving Delivered Disease model Experimental
crosslinkers enzyme therapeutics findings
Gastro- Conformational Poly (methacrylic acid- ~ Trypsin siRNA targeting Inflammatory bowel Complex delivery Knipe et al.,
intestinal changes in pH hide or  co-N-vinyl-2- TNF-a disease - mouse approach that was (2016)
tract expose degradable pyrrolidone)/trypsin- model demonstrated in vitro
sections degradable (and and in vivo. *Reduction
peptin resistant) linker, in TNF-a expression in
rich in Arg and Lys murine macrophage
cells
High surface network  Gelatin-lipid emulsion  Lipase and Lipids in vitro model of Achieved delayed Wooster
density affords gastric  core encapsulatedina  proteases gastric-intestinal burst release of lipids et al., (2019)
survival mixed protein and conditions by altering the
polysaccharide thickness and
hydrogel shell composition of the
hydrogel shell
Avoids gastric Ascorbyl palmitate/ Lipase Anti-inflammatory Inflammatory bowel The negative surface Zhang et al.,
digestion via enema ester bond in corticosteroid disease - mouse charge of the hydrogel  (2015)
delivery backbone dexamethasone model targets inflamed tissue
due to the positively
charged enzymes
expressed as seen in
two colitis mouse
models
Intra- Target the Pluronic F127 Lipase 6-bromoindirubin-  Ischemic stroke BIO microspheres Liu et al.,
cranial inflammatory and nanoparticles (NPs) 3'-oxime (BIO) (photothrombotic exhibited burst (2022)
neuro-regeneration PLGA microspheres Hyaluronidase vascular model in mice) release, with 80%
phases of stroke at endothelial growth release at 3-days.
different times from factor (VEGF) VEGF NPs exhibited
the same material BIO and VEGF were encapsulated in NPs/microspheres before gradual release with
co-encapsulation in HA hydrogel 50% release at 15
days. Co-
encapsulation in HA
did not change these
rates but did cause
*improvement in
stroke-induced
behavioural and
histological deficits.
Co-encapsulation of
unprotected drugs did
not produce *results
Localised dual drug Hyaluronan and Hyaluronidase Cyclosporine and Ischemic stroke Only dual delivery of Tuladhar
delivery to the brainto  methylcellulose blend  and erythropoietin in (Endothelin-1 model both drugs resulted in et al., (2020)
avoid systemic effects  with drug loaded endoglucanases separate PLGA in rats) functional recovery
of therapeutics PLGA particles particles and *decreased infarct
volume. Both drugs
were present in the
brain for up to 28 days
post-implant but
remained low
systemically
Organ Graft surfaces Generated 2 enzyme-  Protein tyrosine Tacrolimus Liver transplantinrats  Delivery from both Wu et al.,
transplant ~ smeared with the sensitive kinases hydrogels caused (2018)
hydrogel provide a hydrogelators Nap- greater inhibition of
localised delivery Phe-Phe-Glu-Tyr-OH T cell activation than
(1) and Nap-DPhe- free drug. Gel 2 had a
DPhe-Glu-Tyr-OH (2) higher median survival
rate in rats receiving
liver transplants, as
measured at 7-days
post-surgery
(Continued on following page)
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TABLE 1 | (Continued) Drug delivery via matrix degradation and subsequent diffusion.

Enzyme-Responsive Biomaterials in Drug Delivery

Tissue DDS Approach Physiological application References
Rationale Composition/ Cleaving Delivered Disease model Experimental
crosslinkers enzyme therapeutics findings
Intra- Localised delivery in SA small molecule Lipase Triamcinolone Human synovial fluid  Drug release is Joshi et al.,
articular response to arthritic amphiphile, triglycerol acetonide (in vitro) and an dependent on enzyme  (2018)
“flare-ups” monostearate/ester arthritic mouse model  exposure in vitro and
bond in backbone (in vivo) in vivo. Demonstrated
flare-dependant drug
release via
fluorescence imaging
*Denotes statistical significance.
Encapsulated therapeutic compounds can be released in the  simulation of gastric and intestinal conditions they

presence of specific enzymes by generating hydrogels entirely
from suitable substrates or by incorporating degradable sections
within integral fibres or crosslinkers. In this section the variety of
such designs and their applications in diverse applications are
briefly discussed and presented in Table 1, where relevant studies
are categorized by the cleaving enzyme [matrix metalloproteinase
(Shepard et al., 2010; Amer and Bryant, 2016; Foster et al., 2017;
Wang H. H. et al., 2018; Guo et al., 2019; Chakroun et al., 2020);
digestive enzymes (Knipe et al., 2016; Wooster et al., 2019);
carboxylesterase (Zhang et al., 2015; Joshi et al., 2018; Liu
et al, 2022); protein tyrosine kinase (Wu et al, 2018) and
endoglycosidase (Zhang et al, 2015; Lyu et al, 2018)]. Note
that DNA-based hydrogels have also been designed for drug
delivery in response to DNases and nucleases (Lyu et al., 2018)
and the breadth of protease-responsive materials have been
extensively reviewed elsewhere (Gacanin et al, 2020). Studies
that include the encapsulation of cells have been excluded as they
are beyond the scope of this review.

A key consideration in the design of individual tailored DDSs
is the type and expression levels of the enzymes that are
characteristic =~ within  certain  tissues.  Likewise, the
environmental conditions, found within tissues, like pH or any
oxidative species present, at can also be utilised for tailored
delivery. For example, the gastro-intestinal tract has divergent
enzyme expression levels and acidity, that is, dependant on the
location and whether it is in the fed or unfed state. Different
chemistries can be used to selectively deliver therapeutics to the
lower intestine after surviving the route through the highly acidic
stomach environment. For example, Knipe et al. (2016), designed
a polymeric material that adopted a condensed structure at low
pH levels to protect encapsulated trypsin-degradable nanogels.
The polymer backbone was then able to swell at more neutral pH
levels to expose the nanogels to trypsin-mediated degradation,
releasing sequestered siRNA for an anti-inflammatory effect in a
mouse model of inflammatory bowel disease. Another approach
is to control the porosity such that within gastric conditions the
main mechanism of hydrogel degradation is surface erosion in
contrast to intestinal conditions where enzymatic digestion
prevails. Wooster et al. (2019), partitioned their DDS by
encapsulating lipid-gelatin cores within a highly dense protein
and polysaccharide hydrogel shell. Through an in vitro

demonstrated that increasing the protein content of the
hydrogel enhanced matrix density which prolonged the
delayed burst release profile (Wooster et al, 2019). A third
approach is to avoid the gastric environment entirely and
administer the DDS via an enema. Zhang et al. (2015),
generated an ascorbyl palmitate-based hydrogel that contained
labile ester bonds in the backbone and encapsulated the anti-
inflammatory corticosteroid, dexamethasone. Administration of
this DDS in mice with colitis significantly reduced inflammation
and exhibited lower peak drug concentrations. They also
demonstrated that negative surface charge of the hydrogel
targets inflamed tissue due to increased expression of
positively charged proteins on inflamed intestinal mucosa in
human patient tissue samples (Zhang et al, 2015). A
limitation of the latter approach is that while enemas provide
a targeted treatment, oral administration is generally favored due
to patient compliance and convenience. Esterases can be
advantageous in cleaving biomaterials as they are expressed in
most tissues and can be upregulated in disease (Zhang et al.,
2015). Another application that exploits lipase activity and phasic
expression levels in disease states was published by Joshi et al.
(2018). They designed a small molecule amphiphile (triglycerol
monostearate) based hydrogel to deliver encapsulated
corticosteroids. The hydrogel backbone contained ester bonds
and would only degrade and release the therapeutic when
exposed to an enzyme cocktail or synovial fluid from arthritic
patients in vitro. Furthermore, the DDS reduced the paw
thickness and clinical score of an arthritic mouse model (Joshi
etal,, 2018). Another enzyme, that is, known to have a pathology-
dependant expression levels are protein tyrosine kinases (PTK),
which are key signalling molecules that phosphorylate tyrosine
residues of target peptides using ATP. PTK is known to be
activated on T cells after organ transplant and has been used
as a selective stimulus to release an immunosuppressive drug in
liver-transplant recipient rats by Wu et al. (2018). This is yet
another example of exploiting endogenous shifts in enzyme
expression levels to generate truly targeted materials.

In addition, there have been multiple studies including
additional components such as requiring more than one
enzyme to degrade hydrogel matrices or particles encapsulated
within that contain the therapeutic payload (Hu et al., 2012). For
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example, Tulhadar et al. (2020), generated a composite system
comprising of two individual therapeutics within separate Poly
(lactic-co-glycolic acid) (PLGA) microparticles that were
encapsulated within a  hyaluronic acid (HA) and
methylcellulose hydrogel. The purpose of this multi-faceted
DDS was to target the inflammatory phase as well as the
recovery phase of ischemic stroke. The authors demonstrated
burst release of an anti-inflammatory factor and slow release of an
angiogenic factor over 32 days (Tuladhar et al., 2020). Liu et al.
(2022), added greater complexity to this approach by generating
different nanocarriers for each drug that were then encapsulated
within a hyaluronic acid (HA) hydrogel. The HA scaffold would
be degraded by hyaluronidase and the nanocarriers by esterases.
Using a photothrombotic model of stroke in rats, they observed
significant anti-inflammatory action, increases in angiogenic
markers and improvement in behavioural measures. Other
similar composite DDSs have been reviewed elsewhere (Kass
and Nguyen, 2021).

CLEAVAGE AND RELEASE OF
COVALENTLY TETHERED THERAPEUTICS

Multiple studies have used covalent tethering to further control
the release or exposure of the payloads to the physiological
environment. Although the synthesis of such conjugated
materials can be more challenging than encapsulation and
subsequent diffusion, it provides the means to select
appropriate conditions required for drug release. For example,
Edelbrock et al. (2017), delivered a neurotrophic factor through
conjugating its non-functional lysine to a carboxylic acid
functionalized hexaethylene glycol which was linked to
protease-sensitive self-assembling (SA) peptide amphiphile
monomers. Murine primary cortical neurons demonstrated
increased phosphorylation of the target TrkB receptor by their
DDS and free neurotrophic factor as compared to non-functional
negative controls. The authors also compared the efficacy of their
DDS and simple encapsulation through examining cortical
neurons 1week after being seeded on various hydrogel
compositions. The encapsulation and conjugation techniques
presented similar  phenotypically mature levels and
significantly increased action potential firing to a similar
extent. Although, the conjugation approach demonstrated
significantly greater infiltration of neurites from the top of the
hydrogel surface than any other group, likely due to burst release
of the encapsulated group for which there is no published
kinetic data.

A similar strategy involved gelating HA that was modified to
conjugate bisphosphonate to the HA backbone with a hydrazone
linkage (Varghese et al., 2009). The ubiquitously expressed HA-
specific enzyme, hyaluronidase, was hypothesized to fragment the
hydrogel scaffold for selective endocytosis through CD44
receptors that are over-expressed on cancer cells. The
covalently bound bisphosphonate would then cause cell-
specific toxicity and apoptosis. The specificity of cellular
uptake was investigated by using two cell lines that had either
high (HCT-116 cells) or low (HEK-293T cells) expression levels

Enzyme-Responsive Biomaterials in Drug Delivery

of CD44. Firstly, they demonstrated that fragmentation of the
matrix fibres was necessary for endocytosis as addition of
hyaluronidase was required for cellular uptake after 3 days of
incubation with HA. They then demonstrated bisphosphonate
concentration-dependant cytotoxicity of the two cell lines, the
extent of which correlated with their divergent CD44 expression
levels. The effect of various modifications to HA-based materials
on CD44-binding has been further explored in recent years
(Kwon et al., 2019).

Although the rationale of using HA scaffold fragments to
target endocytosis through cell-specific machinery is justified,
Varghese et al. (2009), do note the variability in potency of free
drug and the resulting product post-cleavage (Fan et al., 2019).
The ICs, of bisphosphonate in the two cell lines, measured via
cytostatic MTT assay, were reduced by six- and ten-fold due to
the non-specific cleavage along HA fibres that results in drug-
scaffold conjugates that are structurally diverse. This draws
attention to the unpredictability of scaffold-drug
physicochemical ~ properties  that  prevents
quantification of drug release kinetics which forces researchers
to rely on indirect functional outcomes to infer drug release. This
is an unfortunate shortcoming as one of the main benefits of
responsive DDS is the ability to slow release rates which would
otherwise be driven by osmotic pressure. Varghese et al. (2009),
are the only authors to comment on this directly and provide
experimental data for effects on potency. Importantly, this
structural variety could also hinder the efficacy of such
approaches by steric or electrochemical interference at the
drug-receptor interface and cause off-target effects. Therefore,
DDSs that adopt a more targeted cleavage mechanism by
introducing enzyme-sensitive linkers to conjugate therapeutics
to the hydrogel scaffold are of potentially greater clinical
relevance and are discussed further.

accurate

TARGETED CLEAVAGE OF SYNTHESIZED
COVALENT LINKERS

The benefits of hydrogel-mediated drug delivery have been
established, though generation of highly versatile systems with
finely tuned control over release rate via enzymatic cleavage for
specific applications remains a challenge. This has resulted in few
published examples, even though the approach lends well to
tailored therapy as the expression of enzymes in
pathophysiological conditions can control the release. As
discussed previously, it is advantageous to ensure predictability
of physicochemical properties of the resulting cleaved product
which can be achieved through targeted cleavage sites designed
between the cargo and scaffold. This is where the composition of
the released therapeutic is minimally altered which reduces the
potential for interference with drug-receptor interfacing and non-
selective activity. Rather than covalently attaching drugs to
degradable hydrogel matrices, an approach that results in
uniform products post-cleavage is the design of degradable
linkers that are shorter lived than the matrix itself. This
ensures predictable size, structure, and bioactivity of released
therapeutics.
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FIGURE 2 | Depiction of the composition, assembly mechanism and targeted cleavage of the discussed drug delivery systems. Blue indicates the hydrogel
backbone, purple indicates delivered therapeutics, green indicates protecting groups, red lines indicate the cleavage site for the corresponding enzymes in red text.
Figure adapted from (A) Purcell et al. (2014), Fan et al. (2019); (B) Gao et al. (2013), Gacanin et al. (2020); and (C) Kwon et al. (2019), Kulkarni et al. (2021).

As discussed previously, MMPs are upregulated in response to
myocardial infarction (MI), especially MMP-2. Fan et al. (2019),
designed a DDS to deliver basic fibroblast growth factor (bFGF)
to support angiogenesis and prevent negative cardiac remodelling
post-MI. They used a unique DDS that involves a covalent group
attached to the cargo that interacts non-covalently with an
additional component of the hydrogel matrix. The bFGF was
modified to include a tissue inhibitor of metalloproteinases
(TIMP) peptide with a glutathione S-transferase (GST) moiety
appended to the TIMP. The hydrogel scaffold was composed of
collagen with glutathione (GSH) covalently bound. Subsequent
mixing of the modified growth factor and hydrogel monomers
resulted in a disulphide bond between the GST and GSH
components (Figure 2A). The inclusion of the TIMP peptide
portion of this linker inhibited MMP-2, which was hypothesised
to inhibit the remodelling effects of MMPs post-MI. Although
there was a slight burst release within 24 h of bFGF in all hydrogel
conditions tested, the inclusion of the TIMP peptide segment and
MMP-2 caused a significantly higher release at all timepoints
tested over an 8-day period. The efficacy of this DDS was assessed
in rats subjected to simultaneous MI and intra-myocardial
hydrogel injection after 30 days. Cardiac function as measured
by  echocardiography  revealed  significant  functional
improvement. Histochemical analysis also demonstrated
inhibition of negative cardiac remodelling processes. The
designed DDS was also compared to simple encapsulation in
collagen-based hydrogel by measuring bFGF levels in blood from

the rat study as the GST-TIMP-bFGF showed slow, gradual
release whereas simple encapsulation resulted in a burst
release that diminished over the 5-day period measured. Fan
etal. (2019), designed a system that to our knowledge is the first to
include a cleavable linker on the therapeutic which is then joined
to the matrix through further modification of a non-covalent
interaction. Subsequent studies discussed herein have a more
direct approach of covalent drug-matrix conjugation via various
linkers.

Another example of cleavage-induced inhibition of deleterious
enzymes was designed by Maitz et al. (2013), who conjugated
carboxylic acid moieties of heparin to starPEG via a thrombin-
sensitive peptide sequence crosslink for the application of post-
operative clot prevention. They demonstrated the suitability of
the peptide sequence as a thrombin substrate as replacing it with a
scrambled sequence showed substantially lower heparin release
after a 3 h incubation with whole blood. The release rate of their
DDS exhibited a linear release over an 8 h time course that was
tuneable by altering the level of peptide crosslinking with
increased crosslinking leading to slower release rates. They
also demonstrated reduced thrombin activity in static
conditions and in the presence of a pro-coagulant stimulus.
Lastly, incubation of freshly drawn whole blood with
thrombin-responsive hydrogels prevented coagulation over the
1h observed while complete coagulation was noted in non-
responsive hydrogels which was consistent with an additional
resupply of blood and incubation for 1 h.
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Gao et al. (2013), designed a hydrogel based on the SA peptide,
Nap-FFGGG, that was covalently linked to an azide-containing,
galactose-protected nitric oxide (NO) donor for topical wound
healing. In contrast to most studies discussed thus far, the release
of NO was primarily dependant on an exogenous addition of the
enzyme [-galactosidase, which removes the galactose through
hydrolysis and releases the protected NO (Figure 2B). An 8-hour
time course demonstrated NO release to be linear and (-
galactosidase-concentration dependant, with zero NO detected
from hydrogels in the absence of B-galactosidase. In mice with
excision of dorsal skin demonstrated the most significant healing
and neo-vascularization with the NO gel and (-galactosidase
exposure over 7 days as compared to other controls.

Another DDS that involves exogenous enzymes was based on
poly (vinyl alcohol) (PVA) with a topically applied multilayered
microneedle comprising a core and shell for appending onto a
topical patch (Wang J. et al., 2018). This segregated material is
designed for the generation of H,0, by glucose oxidase (GOx)-
induced oxidation of blood glucose to degrade the chemical linker
attaching insulin to the matrix in the core as well as cross linkages
that are included to help gelate the PVA matrix. Both the insulin
linker and H,0,-labile cross linkers are oxidized and hydrolysed
by the action of GOx. The H,O, is reduced by the covalently
bound H,0,-scavenging enzyme, catalase, to water for reduced
cytotoxicity to neighbouring tissues. To ensure immobilization of
both enzymes, they were encased in an acrylate nanogel that was
subsequently linked to the PVA matrix in their respective
sections. Therefore, increased glucose levels will release insulin
to return levels to homeostatic conditions. The glucose-
responsiveness of their system was ultimately exemplified in
an in vitro assay that exposed the hydrogel to repeating cycles
of normoglycemic and hyperglycaemic glucose concentrations,
eliciting pulsatile insulin release. The efficacy of this DDS was also
shown in vivo as normoglycemic blood glucose levels were
maintained for 40h in drug-induced diabetic
Additionally, application of the patches to healthy mice caused
a significantly lower hypoglycaemic response as compared to
subcutaneous insulin injection.

Our group has also investigated targeted cleavage via esterase-
sensitive linkers incorporated into a p*-tripeptide backbone. We
have shown that B*-tripeptides will self-assemble into injectable
hydrogels despite the conjugation of larger structures (Kulkarni
et al.,, 2016; Motamed et al., 2016; Kulkarni et al., 2018). Given
this observation, we proceeded to conjugate several ligands onto
the peptide scaffold. We demonstrated targeted release of
conjugated lactose over 28 days, which only occurred in the
presence of serum esterases. Esterase-mediated release of
conjugated BDNF mimetics was observed via LC-MS and
responsible for enhanced neuronal survival of primary murine
dorsal root ganglion neurons (Figure 2C). Normal neuronal
function was also supported after 7 days as assessed via calcium
imaging (Kulkarni et al., 2021). Although there was a portion of
linker attached to the cleaved product, our results indicate that
the bioactivity of the molecule was not affected. However,
radioligand binding is required to determine whether the
potency of the product is altered compared to the original
molecule.

mice.

Enzyme-Responsive Biomaterials in Drug Delivery

While all previously discussed DDS achieve controlled release
through the activity of specific enzymes, several studies have
designed materials that also require an additional environmental
condition to achieve drug release. For example, Badeau et al.
(2018), has designed a PEG based hydrogel to deliver small
molecules following multiple environmental triggers. An azido
group anchors dual linkers that are sensitive to MMP-8, light or
chemical reduction to the PEG scaffold. Doxorubicin was
covalently attached to the PEG scaffold via these input-
dependant linkers. This group has since modified their
systems using model small molecules such as fluorescein
(Badeau et al,, 2018) and enhanced green fluorescent proteins
(GFP) (Ruskowitz et al., 2019). Through incubating hydrogels
with different combinations of dual linkers in different conditions
they were able to demonstrate the selective degradation of linkers
in specific conditions and the requirement for dual inputs in the
case of dual linkers. However, no release kinetics were reported.
The creation of these DDS is highly technical and has contributed
much to the field of materials science, though the applicability in
the clinic over enzyme-only responsive materials has not been
well described. All discussed examples have been summarised in
Table 2.

FUTURE DEVELOPMENTS IN
ENZYMATICALLY SENSITIVE DDS

The goal of designing enzymatically sensitive DDS is to provide a
high degree of control over drug dosage over the medium-long term
from a minimally invasive treatment. Achieving this would reduce
treatment frequency and associated costs while increasing patient
compliance and therapeutic efficacy. This is particularly important
as the demand for long-term drug release continues to grow as
average lifespan and subsequent burden of chronic disease rises.
Thus far, there are only ten clinically available drug-delivering
injectable hydrogels (Mandal et al,, 2020). Seven of these deliver
a burst release of an analgesic to sooth injection-related pain and all
ten deliver via osmotic pressure. The stark contrast between the
overarching goal of the field and the current lack of clinical
translation can, in part, be explained by the relative youth of the
drug delivery field that began in the 1950s and has only begun
exploring enzyme-mediated release from hydrogels in the 2000s. In
addition, the vast variety in hydrogel composition, delivered
therapeutic, disease setting and design approach as presented in
this review could be contributing to a slow, but steady, progression
breadthwise. It can also be explained by the intensive research
devoted to generating formulations in nanomedicine that have
certainly provided medical breakthroughs and contributed to the
current market but were not as successful as predicted in terms of
long-term delivery (Park et al., 2022). Finally, Bae and Park (2020),
have expressed a pessimistic view that advances in drug delivery
technologies are stalled by the current funding systems that favour
modified existing techniques and discourage new radical ideas.
An important aspect to consider in future clinical translation is
the high variability of enzyme expression between patients and
during disease states. These characteristics must be thoroughly
understood for the relevant medical application before such
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TABLE 2 | DDS with targeted cleavage of covalent linkers.

Degradable linker
sequence

PLGLAG (TIMP)

High (GPQG + IASQ) and
low (GPQG + PAGQ)
activity sequences

Glycosidic bond

GG(D)F-(R)pipecolic acid-
RISWGCG

HoO,-labile; 4-nitropheny!
4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2- yl)
benzyl carbonate

Ester bond

GPQG|IWGQ

GPQG|IWGQ

GPQG|IWGQ

NB: enhanced green fluorescent protein (EGFP); glutathione (GSH); poly(vinyl alcohol); brain-derived neurotrophic factor (BDNF).

treatments can be administered to patients. However, with the
rising trend of personalised medicine and continual progress in
processing patient biomarkers, this may well be accomplished in
the coming decade. There are already many examples of increased
enzyme levels being used as biomarkers for the diagnosis of

Cleaving
enzyme/other
stimulus

MMP-2 and -9

MMP-2

p-galactosidase

Thrombin

glucose
oxidase (GOu)

Esterase

MMP-8/UV light,
reducing agents

MMP-8/UV light,
reducing agents
MMP-8/UV light,
reducing agents

Disease
setting

Myocardial
infarction

N/A

Topical wound
healing

Blood
coagulation
(surgery)

Type 2 diabetes

Peripheral
demyelination

N/A

Cancer

N/A

Tenz
exp

(Y/N)

Y

N/A

N/A

N/A

N/A

N/A

N/A

Conjugated
Drug

bFGF

RADA (arg-ala—
asp-ala)

NO

Heparin

Insulin

BDNF-mimetics

Model small
molecule -
fluorescein
Doxorubicin

Model small
molecules -
EGFPs

Hydrogel
composition

Collagen with
fused GSH

SA peptide (RADA)

Short SA peptide
with sugar-caged
NO donor

4-arm PEG

PVA methacrylate

p°-tripeptides

4-arm PEG tetra-
bicyclononyne

4-arm PEG tetra-
bicyclononyne
4-arm PEG tetra-
bicyclononyne

Enzyme-Responsive Biomaterials in Drug Delivery

Experimental Findings

Rats underwent simultaneous
Ml and i.m. hydrogel injection
that showed *functional
improvement and inhibited
negative cardiac remodelling
30 days post-surgery. bFGF
levels in the rat blood showed
gradual release from the DDS
compared to a burst release of
simple encapsulation

A 3-day incubation resulted in
32 and 9% product formation
from hydrogels containing high
and low activity sequences,
respectively

NO release was B-galactosidase
dependant and demonstrated
linear release over 8 h. Treated
mice had *greater healing after
7 days

Linear release over 8 h. Release
was tuneable as increased
crosslinking slowed the release
rate. Incubation of freshly drawn
whole blood with thrombin-
responsive hydrogels prevented
coagulation over 1 h compared
with complete coagulation in
non-responsive hydrogels

Normoglycemic blood glucose
levels were maintained over

40 h diabetic mice. Application
in healthy mice caused a *lower
hypoglycaemic response
compared with s.c. insulin

Linear release of lactose over
28 days when exposed to
serum esterases. Esterase-
dependant release of BDNF-
mimetics increased neuronal
survival and supported normal
neuronal function after 7 days

Successful stimulus-dependant
release of small molecules
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disease (including various cancers, neurodegenerative diseases,
cardiac and liver diseases) (Jansen et al., 2015; Lazo et al., 2015;
Parnetti et al., 2019; Kaul et al., 2021). It is quite possible that
there will be simple biomarker tests available in the near future
that could solve this particular obstacle.
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Biomedical understanding of disease pathophysiologies has
improved over the years as a function of medical research.
Wholistic understanding of a diseases progression or phasic
changes in enzyme expression profiles allows for the design of
systems that are uniquely suited to those environments. As time
passes, there will be further breakthroughs, increases in efficiency
and lowered cost in generating these materials. Considering the
complexity of generating true targeted cleavage-driven DDS, they
will likely remain the lesser researched category of DDS. Polymer-
based materials, small molecules and simple encapsulation will
continue to dominate the market due to low cost, low effort and
high yield. However, some drugs may might be reformulated to
be more suited to covalent conjugation to suitable scaffolds,
increasing the chance of success. In addition, enzyme-
responsive DDSs are a relatively new field and the relevance in
dynamic diseases where enzyme expression is changed will be of
great interest with the rise of personalised medicine (Gawade
et al.,, 2019).

As this promising field continues to grow and generate highly
precise drug delivery control, it is important to be mindful of
translatability to the clinical setting and ensure that they are
logistically feasible. This will include not over-complicating these
systems unnecessarily, relying primarily on endogenous
enzymatic cleavage and considering convertibility of a DDS to
other applications. Given the need for these materials to deliver
drugs over the course of many weeks to months, the ability of the
materials to evade any foreign body response or to mitigate any
phagocytic attack is likely to be the most critical and difficult
obstacle. Controlling clearance of the material is crucial as any
removal would likely include the delivered therapeutic, thus
impacting on the total dose. Ultimately, a material, that is,
invisible to the body whilst still responding to enzymatic
processes would indeed present a paradigm-shifting advance
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