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Abstract

Bioresponsive materials that are able to release their cargoes in response to disease
specific cues are of great interest for developing targeted therapsutue to their potential to
limit drug release to its site of action, thus minimising side effects. The use of proteases as triggers
for biomaterial response is particularly attractive as upregulated activity of proteases, such as
elastase, is related teeveral pathological states such as tissue destruction associated with chronic
wounds and respiratory diseases. As elastase also possesses important functions that are crucial
for maintaining a healthy status, full enzyme suppression is not desirableathsiodulation of
elastase activity to restore the natural protease/inhibitor balance that favours restoration of

tissue integrity would be advantageous.

Feedbacicontrolled modulation of elastase in response to the level of enzyme activity
could be achgved by incorporating inhibitors and elastasensitive components in the material.
This thesis aims to develop peptideosslinked PEG hydrogels able to release the elastase
inhibitor alphal-antitrypsin (AAT) in response to the level of elastase in itgirenment,
YAYAO1LAYy3 (GKS 062ReéQa yldadzNFf &adNyGS3e F2NI ol ft
achieve this, hydrogels were formed by crosslinking of teiwhinated elastasesensitive
peptides with multiarm thiokreactive polymers. ltially the hydrogel crosslinking kinetics, mesh
size, mechanical properties and ability to physically entrap molecules were optimised using a
model short dithiol. Then, an elastasesponsive peptide sequence with suitable solubility was
incorporated intohydrogels via thietrosslinking chemistries. Elastassponsive hydrogels were
shown to release a model dextran upon incubation with elastase, while elastasesponsive
gels (fabricated with a scrambled peptide) were unaffected by the enzyme. drifisneed that
the responsive release was dictated by the peptide sequence. Further confirmation of the
KERNRISEQa aStSOGADOS NBALRYAAODS yibrgeted emtyie, | OKA S
Matrix Metalloproteinase2, which did not increase macromoldeuelease.

The ability of AAT encapsulated in elastassponsive hydrogels to liibit elastase was
demonstrated as characterised by monitoring the release of a model probe and measuring
elastase activity in thenilieu. Scrambleegpbeptide crosslinkedjels were used apassive release
control,andmodulated elastase activity a lower extent tha the responsive hydrogel&inally,
the effects of hydrogels in cells and their ability to promote a beneficial effect on cells through
elastase activity modulain was studiedn vitro. In vitrotests confirmed hydrogels did not affect
epithelial cell viability and AAldaded gels were able to modulate elastase activity in the presence

of cells and improved elaasehindered epithelial repair.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Introduction to hydrogels

1.1.1 Classification and properties of hydrogels

Hydrogels arelefined as three dimensional networks with the ability to retain large amounts
of water and mechanical properties characteristic of a solid, although thesnastly formed by
liquid®<®. Hydrogels present several advantageous properties as drug deliebigles such as
their porosity, hydrophilic nature, versatility and high water content, that has led to numerous

reviews in the fieléf’.

Hydrogels can be classified into chemical hydrogels or physical hydrogels, depending on the
mechanism ofiydrogel formation. In physical hydrogels the hydrogel network is formed through
non-covalent reversible interactions. One example of physical hydrogels are supramolecular
hydrogels, which consist of the thretmensional association via nanovalent inteactions of
molecules known as gelators. Gelators are small molecular weight compounds such as amphiphilic
nucleosides, short peptides, or sugars, able to-asffemble into selfupportive structures that
form the gel network, normally upon the action aftriggef. The resulting structures are usually
formed of entangled fibrilar networks that entrap large amounts of witeDue to their ability
to encapsulate active ingredients within the saffisembled structures, supramolecular gels using
avast array of amphiphiles have been used for drug encapsulation and déli¥&ry Physical
hydrogels have also been formed via physical crosslinking of polymeric chains, via a variety of
physicochemical interactions (e.g. ionic interactions, hydrophobic or hydrogen bofdfm)
instance, hydrogels formed by hydrophobic interactions and ionic interactions between polymers

have been particularly advantageous for the encapsulation of small hydrophobic argedha
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drugs, respectively. Although physical hydrogels are very versatile, and have the advantage of
situ gelation, there is a limited l&¥ of control on the hydrogel strength, network pore size and

resistance to dilution.

Chemically crosslinked hydrogels provide a better control over crosslink density and pore size,
have stronger mechanical properties and allow easy incorporation of auraltgroups within the
hydrogel network. These gels are usually formed by covalently crosslinked hydrophilic polymers
with a high affinity for watex. Once the chemical crosslinks are formed, the hydrogel network will
be prevented from being dissolved intocater, but their porous structure will allow water to
penetrate between the hydrophilic polymer chains, subsequently causing swellRPdymeric
hydrogels can be formed either by natural or synthetic polymers. Several hydrogels made of
natural polymers such as chitosan, hyaluronic acid, chondroitin sulphate or alginate have been
used for drug delivery, due to their inherent kilegradationand biocompatibility*>?°. Hydrogel
preparation with synthetic polymers hake advantage of improved control over hydrogel pore
size and mechanical properties by careful selection among a versatile library of polymer types and
sizes, and greater flexibility for chemical functionalisatféis Several derivates of synthetic
polymers with varying physical properties such as charge can be used. For instance, neutral
polymers such as poly(vinyl alcohol) (PVA), poly(hydroxyethyl methacrylate) and poly(ethylene
glycol) (PEG) or charged polymers such as poly@eniti) (PAA), poiyethacrylic acid) (PMMA)
or polyacrylamide (PAAmM)Among these, hydrogels based on PEG {gtblylene oxide repeating
units) are one of the most widely used biomaterials for biomedical applications. This is due to PEG
being biocompatibleand nontoxic, approved by the FDA aride option of hydrogelsbeing
covalently crosslinked using a variety of methods which can easily incorporate a broad range of
functionalities to improve mechanical properties, biocompatibility and controlled asse
profiles>?’. Some of thdirst uses of PEG were conducted by Mesatial., who studied its ability
to reduce platelet and protein adsorption and thrombus formation at the implants sui§asimce

then, PE@ased hydrogels have been designed for many drug delivery appfis such as ocular
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delivery, sustained release formulations, wound dressings, hydrogel aadamicreparticulates

or in situcrosslinking injectable geéfs*

a. Physical encapsulation

a.1 Passive diffusion

E Mesh size

Slow diffusion

~

a.2 Immobilisation —degradation, deformation qr swelling
%Immobiliuﬁon% Degradation
_ —

Deformatlon Swolling

b. Covalent linkage c. Electrostatic interactions

b.1 Highly stable Amide bond Carboxylate
0=C, o
N?H #
b.2 Cleavable Hydrolytlc linkage d. Hydrophobic association

Aliphatic chains
Hydrolysns —»O
-—
cH’ CH,

Figure 1.1.Mechanism of drug encapsulation and release into polymeric hydroggl€Physical
encapsulation of the drug within the hydrogel network. The release mechanism takes place by either
passive diffusin, or hydrogel degradation, deformation or swelling, depending on the relative
drug/mesh size ratiob.) Covalent linking of the drug to the polymer netwock), encapsulation by
electrostatic interactions and.) hydrophobic associations. Figure adapteahf'.
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The incorporation of therapeutic molecules into hydrogels can be waelidy different
means ranging from physical entrapment, covalent linking, and hydrophobic and electrostatic

interactions (Figure 1.1).

1.1.1.1 Physical encapsulation

The most common strategy for drug encapsulation is by physical encapsulation of the
molecule within the hydrogel network, since it does not require the use of any chemical
modification of the bioactive cargo or the hydrogel. This is especially advantageous for biologics
such as proteins, peptides or cells, since their bioactivity can be rooniged by chemical linkage

or by the use of additional chemicals.

The release kinetics of macromolecules physically entrapped into hydrogels will be
determined by the relative size of the molecule with respect to the hydrogel mesk¥ize
Hydrogel mesh size is defined as the distance between two adjacent crosslinking points in a
polymeric hydrogel (Figure 1.1.a.1). The me&te $s an important parameter for physically
encapsulated drugs, since it strongly influences the passive diffusion of the entrapped molecules.
Several parameters can be used to tune hydrogels mesh size in order to improve physical
entrapment, such as patyer size, concentration and crosslinking degtée*® If the mesh size of
a hydrogel is much larger than the size of the entrapped molecule (given by its hydrodynamic
diameter), then the drug can freely diffuse through the hydrogel network leading to a burst
release mechanishi*?2 When the mesh se and drug size are in the same range, then drug
diffusion through and out of the hydrogel will be hindered and leading to a release will be slower

over time? (Figure 1.1.a.1).

If the mesh size is much smaller than the drug size, then the steric hindnalhedfectively
immobilise the molecule inside the gel. The drug will then remain physically entrapped within the
hydrogel until the network of the hydrogel is altered (Figure 1.1.a.2). This allows for the use of

stimuliresponsive strategies to triggehe release by causing hydrogel degradation, swelling or
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deformationt*”. For instance the incorporation of labile groups (e.g. ester) or enzyme substrates
within the polymer allows for hydrolytically or enzymatically controlled hydrogel degradation and
drugrelease, respectivet§®3° An alternative approach to trigger the release is to incorporate

functionalities that, upon contact with the stimuli, cause hydrogel swelling and subsequent

increase in mesh size that leads to the release of the®i(&igure 1.1.a.2).

1.1.1.2 Covalent linking

Another approach for controlling drug release from hydrogels is to covalently bind the drug
to the polymer chains. This covalent conjugation is often employed if the therapeutic to be entrap
is too small tdbe physicallyetained irside the hydrogelasotherwisethe therapeuticwould be
released in a short time. Normally, the drug will be modified for covalent attachment to the
polymer by either a highly stable or cleavable linker (Figure 1.1.b). Whenrsliwké high stability
over time are used, such as amide or thioether bonds, the drug will then be released as the bulk

hydrogel degrade$4?(Figure 1.1.b.1).

Stimuliresponsive release of the drug can be achieved by careful design of a cleavable linker.
The covalently attached drug will be released from the hydrogel via degradation dihkes
(Figure 1.1.b.2). For instance the incorporation of esters, disulphide or enzymatically degradable

linkers allows for pH, oxidative and enzymatic controlled deli¥&py

1.1.1.3 Noncovalent drugpolymer interactions

Finally, noncovalent interactions can be exploited to form strong affinity between drugs and
the polymer chains. They exhibit some of the beneficial properties of the previous two categories.
They do not require any chemical alteration of the encapsulated), therefore there is no risk
of altering its activity as the drug is physically entrapped. Additionally, they can significantly
improve drug retention of charged or small hydrophobic drugs, compared with covalent linking

strategies.
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Electrostatic inteactions by norspecific chargeharge associations between the hydrogel
and charged drugs or macromolecules are particularly advantageous for the controlled delivery of
charged therapeutics. This can be achieved by the use of charged polymers or bydtitnoaf
charged functionalities within the hydrogel. For example, hydrogels containing polymers that are
negatively charged at physiological pH, such as alginate or chondroitin sulphate have been shown
to efficiently encapsulate positively charged proiisuch as growth factor846. Alternatively,
when the polymer does not carry any charges, it can be functionalised with chargegteunaks.

For instance, Kinat al. have incorporated pendant charges wiglither negative (Sulfonate) or
positive (trimethylammonium chloride) net charge in PEG hydrogels to retain amtdotthe
release of positivelpr negatively charged proteiffs Negatively charged proteins albumin and
insulin, were better retained in the positive functionalised gels while they underwent faster
release from negatively charged gdrepulsive forces). These studEsowedthat the use of
charged polymersor functionalities can contribute to reducing the passive diffusion and

controlling the release of charged therapeutics such as proteins.

Introduction of small hydrophobic functionalities within the polymer chain can improve the
entrapment and reduce th@assive release of hydrophobic drugs, which otherwise would be
problematicto retain due to the hydrophilicity of hydrogels. For instance the introduction of
hydrophobic polymers, cyclodextrins or cholesterol molecules in the polymer has been used to
improve the encapsulation of hydrophobic drdg¥ Despite the effectiveness of hydrophobic
associations for encapsulation of hydrophobic drulgs,incorporation of hydrophobic areas may
change hydrogel physical properties. Therefore an appropriate balance of drug encapsulation and

maintenance of adequate physical properties must be assessed.

In summary, there are different approaches for the gumaation of therapeutics into
hydrogels. The most suitable will depend on the specific molecule to entrap and the application.
This is because there are many factors such as molecule size, charge, and,stabilitydrogel

mesh size and composition thaan affect both, drug encapsulation and its activity. Among the

8



Chapter 1. Introduction

previous reports, hydrogels encapsulating drugs by physical entraghi®#i} covalent linkingf
45 and noncovalent interaction®#%*” have been shown to achieve coolled release. Thus,
controlled release strategies can be achieved independentthefirug encapsulation method,

and the choice would depend on each particular case.

1.2Proteases in health and disease

Enzymes are the main biological catalysts and theyaqultigal roles in all biological processes
in living organisms. Enzyroatalysed reactions are highly specific towards their substrate and a
myriad of biochemical reactions are controlled by enzymes (e.g. gene expression, cell adhesion,
matrix remodelling, oxidative balance, signal transduction). Thus, adequate regulation of
enzymatic activity is essential to maintain homeostasis within tissues and organisms, and many

pathological states areharacterised by altered levef enzymes.

Proteases are enzymésat degrade peptides and proteins, and are extensively implicated in
tissue remodelling. Proteases are involved in a broad array of functions, such as cell migration and
detachment, extracellular matrix (ECM) remodelling, regulation of growth factorste acu
inflammation and activation of gene regulation pathw&§s. Proteases are usually tightly
regulated by their physiological inhibitors. Overexpression of protease activity has been
associated with several dise=s such as cancer, osteoarthritis, chronic wounds, cardiovascular
diseases and inflammatory pulmonary dised%és Proteases are usually classified according to
their catalytic mechanism as cysteine proteases, serine proteases and matrix metalloproteinases

(MMPs).

1.2.1 Unbalanced proteases in chronic inflammatory diseases

Serine proteases and MMPs are the main protease types involved in tissue remodelling, since
they are secreted to the extracellular space by various cell yfe81MPs and serine proteases
are endopeptidases (peptide breakage at #erminal amino acids) with a Zn cation catatyti
group and a serine at the active site, respectivelgder physiological conditions both types of

9
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enzymes are tightly regulated by their physiological inhibitors, the Tissue Inhibitors of Proteases
(TIMPs, MMPs inhibitors) and Serine Protease Inhibi{®&ERPINS). Both enzyme types are
overexpressed in certain chronic diseases such as chronic wounds or inflammatory pulmonary

diseases

1.2.1.1 Unbalanced proteases in wound healing

Acute and chronic wound healing are usually used as an example of pratethgity
dysregulation Wounds area disruption of normal anatomic structure afehction, caused by a
pathologic process beginning internally or externally to the involved orgdnder a tissue is
wounded, a muistep process known as wound healing is triggered in order to restore the
disrupted tissue integrity (Figure 1.2.a). Briefly, it begins with the formation of a fibrin clot to
prevent excessive bleeding (haemostasis) which leads to an inflammatory respmnsstracted
leukocytes, macrophages and neutrophils that release reactive oxygen species (ROS) and
proteases to break down damaged tissue and foreign bodies (inflammation). Then, growth factors
are released to promote attraction and migration of fibrasis and keratinocyte cells to support
granulation tissue formation (proliferation). This granulation tissue is then further remodelled to
a definitive extra cellular matrix (ECM) architecture that approaches that of normal tissue (re
epithelialization andwound contraction)®*¢%62 The proteolytic activity of MMPs and serine
proteases is essential for cell migration and detachment, and remodelling and contraction of the
ECM during the different phases of wound hed?tg°® In normally heahg wounds, protease
activity fluctuates during the different phases of healing. This proteolytic activity regulation is
achieved by a tight balance between proteases and their endogenous inhibitors that allows

equilibrium of matrix deposition and degradian favourable to tissue regeneration.

Chronic wounds fail to progress through the normal phases of healing, remaining usually

at the inflammatory phasé&*®* It is estimated that chronic wousdr norhealing wounds affect
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1-1.5% of the population of the industrialised world. The related treatment costs makes up 4% of

healthcare budgets in Europe, with a £64 billion annual expenditure in the UK®’.

a. Normal wound b. Chronic wound
~~ ) fibrin clot Delayed epithelial
MMP % __— ﬂ migration
\ [ HB-EGF T \ epith
Cl==]=T=T=Ts 1 o
= ! EGF_/
TGF-§ ¢ excessive
\_ el MMP g proteolysis  ROS  po50anized
—— ‘ $  glycated ECM
o MMP FGF-2 P
£ ’ X
Bioactive matrix \// VEGF \
fragments ! Impaired
—_— angiogenesis
Matrix-bound x \ ‘%’ cell proliferation
growth factors ( TGF-g /,' =
g T A “ =40 o T
7 EPC recruitment % Impaired =
EPC recruitment
o macrophage [} endothelial progenitor cell (EPC)
@ keratinocyte dermal matrix

~@ - fibroblast

— basal membrane

—— endothelial cell

Figure 1.2.Comparison ofa.) normal healing wond andb.) chronic wound bed environmena.)
normal healing wounds present organised ECM, growth factors, more matrix synthesis than
degradation and modulated proteases activity) Chronic wound is characterised by persistent
inflammation, proteolysisind degradation of growth factors, and ECM, from DemieRiceet aP®

Chronic wounds often present a complexv@onment and high patient to patient variability.
In general, the chronic wound stage is characterised by elevatednflasnmatory cytokines,
oxidative stress and increased activity of proteases, as illustrated in Figuré$2:bit is well
known that the protease/inhibitor balance is significantly affected in chronic wodn@i&. The
expression of protease inhibitors is very low, which results in excessive protease activity, causing
ECM and connective tissue degradation as well as cytokine and growth factor inactivatiah
these factors have been associated with impaired he&lifig®’®. The overexpressed proteases
are mainly MMPs and serine proteases. MMPs include collagenases and gelatinases that are

involved in collagen remodelling anteamokine degradatiof§->%707276 with described activities

that can be up to 30 times higher than acute wourtls
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The main serinenptease associated with wound chronification is Human Neutrophil Elastase
(HNE), which has been associated with growth factor degradation and MMP activation,

contributing to impaired healirfj®87>76.79
12.2 Roles of Human Neutrophil Elastase

Human Neutrophil Elastase (HNE, E.C 3.4.21.37) is a serine protease produced mainly by
neutrophils and immunocompetent cells under normal conditt8ndHNE cleaves peptide
sequences after small neutral amino acids, such as valine and alanine with a higher specificity for
valine (BRENDA:EC 3.4.2%#:BAmong its physiological functions are pathogen degradation, host
pathogen destruction, bactericidal activity, degradataiicCM components and plasma proteins
cleavage of growth factor receptors, and activation of other prote®s&us, under physiological
conditions, elastase has an important role in cell signal regulation, immune response, tissue

remodelling and inflammation.

Elastase can be highly tissue destructive when present extracellularly in high
concentration&. In addition to chronic wounds, some other chronic inflammationatss such
as the pulmonary diseases Chronic Obstructive Pulmonary Disease (COPD) and Acute Lung Injury
(ALI) present excessive levels of extracellular elastase that has been correlated with poor
prognosié®® These pathological conditions display a much higher elastase activity than in healthy
tissueg®83 COPD is a heterogeneous and slow progressing disease characterised by persistent
airflow limitation and chronic inflammation. The exact molecular mechasiamaerlying COPD
are not fully un@rstood, but it is believed excessive ECM turnover may promote the structural
changes that accelerate COPD progresSidalastase is one of the main proteases believed to
contribute to COPD progression, due to high degradation of elastin and other components of the
ECM in the Ing epitheliun¥*. This hypothesis is based on an elastase/elastase inhibitor imbalance
theory. In physiological calitions the main physidogical inhibitors of elastase aralpha

lantitrypsin (AAT), Secretory Leukocyte Proteinase Inhibitor (SLPI) anéfdlafnsimilar way to
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previously explained for chréam wounds,these elastase inhibitors (in particular AAT), tightly
regulate HNE activity in the lung. Under chronic inflammation conditions, such as-amiloked
inflammation, the high infiltration of neutrophils leads to a rise in HNE activity. HNE [dnis&
inhibitors are not able to adequately control these levels of elastase which causes the excessive

proteolysis and tissue dama@e

This hypothesis is supported by the alghantitrypsin deficiency (AATD) disease. AATD is an
hereditary disorder characterised bgny low levels of circulating AAT. The low levelaaiive
AAT that reach the lung are not enough to inhibit HNE, and as a consequence patients experience
the emphysematous changes observed in C8@PIhe current treatment for AATD patients is

augmentation therapy, by intravenous administration of AAT

Additionally preclinical models show an association between high elastase actiniy
inflammation and epithelial damage. For instance wound models using Secretory Leukocyte
Proteinase Inhibitor (SLPI) deficient mice lead to high elastolytiivitac and wound
chronificatiorf’. Intratracheal instillation of elastase is used as preclinical model of pulmonary
emphysem&®° Thesein vivo models give an insight on the damaging effects of elastase to

healthy epithelium in chronic diseases.

Thesein vivo data, together wih COPD and chronic wounds clinical pathology, and the
evidence of augmentation thapy for AATD treatment, suggesiat the elastase/inhibitors
balance is an important factor in maintaining healthy epithelium, whether it is in wound healing

or inflammatorylung diseases.

1.2.3 Strategies and challenges for modulation of excessive proteolytic activity

Many chronic wound and pulmonary inflammatory diseases treatments have aimed to

reduce elastase activity.
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To date the only approvedlastaseinhibitor for pulmonary diseases is AAT, indicated only
for augmentation therapyn AATD patienf8. Although several synthetic HNE inhibitors have been
studied for pulmonary diseases, only SiveleBtas reabed the clinic for COPD and Acute Lung
Injury and it is only approved in Japan and South K&&a This shows that the systemic
administration of elastase inhibitors has so far achieved limited success in modulating HNE
activity??. This could be due to HNE modulation rather thanifilibition beingrequired, due to

the beneficial functins of elastase at low concentrations.

A review of recent literature revealed two predamant approaches to reduce proteolytic

activity in the wound environment (Table 1.1):

i) Incorporation of broad spectrum elastase inhibitors in wound dressings. |mambar
reduction of protease activity has been achieved with polyvinyl pyrrolidone iddine,
direct administration of synthetic elastase inhibitt#¥, oligosaccharideé¥ and
derivatives of tetracycline® (Table 1.1.i).

ii) Protease activity modulation € & Y 2 Llisifatggies (@akle 1.1.ii)). Theasee wound
dressings that act by binding the enzymes decreasing their activity in the wourtd%ed
A dressing composed of collagen and oxidised regenerated cellulose (ORC) has been
O2YYSNODALI £t AT SR exdessive profedR dattivity Sré chronic wounds
6t NEY23INI Yt0 ¢KS hw/ yR O02tftF3ISy YIFGNRE davY2F
several proteases, drastically decreasing their presence in wound eximaito’>%,
Synthetic sequestering protease dressings have also been developed as chemically
modified gauze'$® and polymerbased super absorber dressings and particles that can
additionally help to manage wound exudat®&s®. Despite the variety of mechanisms
described above, Promogradis the only proteas modulating wound dressings that has

reached clinical applicationwithin this category of dressings This product reduces
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protease activity by an unspecific and uncontrolled mechanism, affecting many other

enzymes andavhich could lead tainpredictable levels of elastase.

In summary, more targeted and regulated methods of elastase inhibition would be beneficial

for chronic wounds and inflammatory lung diseasesvi®us reports have either shown a lack of

efficacy or are based in unspecific mechanisms, and therefore need to be improved. A system that

allows for elastase modulation rather than full inhibition would be advantageous, since it-will re

balance the elaase/inhibitor ratio found in healthy tissueEherefore more specific and targeted

therapies may be required.

Tablel.l. Strategies to decrease protease atyivin chronic wounds. (i) Incorporation of inhibito
and (ii) decrease in activity by sequestering of enzymes/coenzymes in the dressing matrix.

Inhibitio  Target

Entry Product composition Mechanism of action Ref
Enzyme(s)
Gelati , Polyvinyl lid PV
1 0] eglnases oyviny pyrrpl one (PVE) Inhibition of proteases 93
plasmin, ehstase iodine
2 0] Elastase MeOSueAAPYCMK Inhibition ofelastase 95
El ide inhibi
3 0] Elastase astase pept.lde inhibitors, Inhibition of elastase 94
elastinal
MGWCTASVPPQCYG,
4 0] Elastase GWCTASVPPQCYG(GA)7 an Inhibition of elastase 102
elastinal
. Nanoolligosacharide (NOSF) .
5 Proteases Inhibition of proteases 96
® (UrgoStarts®) or P
6 (i) Elastase Dialdehyde modified cotton Binding/sequestering 100
gauze (DAG) elastase
4 (i) MMP-2,-9, Collagen/Oxidised regenerated  Binding/sequestering 75.09103
elastase, plasmin  cellulose (ORC) (Promogram® proteases
1.3 Controlled drug delivery

Over recent years there has been increasing interest on designing strategies to modify

and control the release ofirugs. This can be achieved in different ways, depending on the

application and the dosage requirements of a specific drug and disease (Figure 1.3). Most

advanced drug delivery strategies are based on engineering of the materials and they can be

classifiel as stimuliresponsive or nosesponsive drug delivery. Nemesponsive drug delivery
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systems control drug release either by restricting drug diffusion through the material, or by
offering a slow erosion of the material over time. In the particular caswdifogels, diffusion and
either erosion through hydrolysis have been employed for controlling the release of several

proteins®104

Non-responsive release

A% .‘ ?'7 Y,
,0\ On-demand i s

(<\ release Diffusion Erosion

regulated release Q
X RO
'\/C W Nucleic acids

o
Light \ %
|

‘ Enzyme activity Controlled release 0 3

g strategies NIR .

V
Externally ‘900/

Glucose Vs

Magnetic fleld

L= Oaldative UItrasound ‘

s " Heat
®oa 5 o AD

Stimuli - responsive

Figure 1.3.Common controlled release strategies, including stimesponsive and nonesponsive
mechanisms.

1.3.1 Stimuliresponsive drug delivery

Stimuliresponsive materials contain functional motifs that arensitive to particular
stimuliincorporated into the delivery system. Upon contact with the target stimuli, the functional
motif will cause a change in the delivery system that triggers release. Thret &iguli can be
either an externally applied stimuly@s.g. light, magnetic fields, ultrasound or heat) or an internal
stimuli (e.g. nucleic acids, enzymes, glucose, hypoxia, oxidative stress afitl ptdjerials
responsive to externally applied stimuli have been widely used for drug delivery, since it allows

userdefined spatial and temporal control of the release. For example, temperature comtrolle
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delivery can be achieved by fabricating hydrogels using thermally reversible crosslinking’oints
Hydrogels able to release their cargo in response to externally applieddightjtrasounds have

also been develope?’197

The application of an external stimulaynot be always feasible (e.g. accessibility to the drug
location), and it may affect the biological environment of the delivery system (e.g. tissue damage).
The development of materials able to release their cargo in response to internal stimuli offers a
alternative approach to limit drug release specifically to the disease site. Therefore by targeting
internal stimuli characteristic of the targelisease the delivery can be optimised and limited to
the site of action. pHesponsive hydrogels for drugelivery are probably among the most
investigated stimulresponsive delivery system, due to their application to treat diseases or body
organs characterised by ated pH, such as cancer and gastrointestiradt, respectivel}?10819
Several glucosesponsive delivery systems have also biegelyinvestigated. This is because
hydrogels that release insulin in response to glucose levels have the potential of achieving an
autonomous delivery of insufibt!!® Other internal stimuli related to pathological states have also
been explored for the development of bioresponsive drug delivery hydrogels suzkidedive

stress, hypoxia and genetic mateffef-111
13.2 Enzymeesponsive materials

A particularly interd G Ay 3 I NP dzLJ 2r@spadié Yiondirals aral enxgmef A
responsive materialEEnzymes play critical roles in all biological and metabolic processes in living
organisms and many pathological &8 are characterised bwgn altered level of different
enzyme&> 112 Moreover, enzymes are very selective towards their substrates which would allow
for specific and biologicaliyspired release mechanisi$ For this reason, materials whose
properties can be regulated by enzymes have been of increased populassvieral biomedical
applications, such as injectable degradable scaffolds and cellular supfattsg delivers?11518

and diagnosid’118
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This young class of biesponsive materials are known as enzyrasponsive materials
(ERMs) and they were first defined by Uljin in 280&ince then the research on thgtpe of
functional systems has substantially grown leading to multiple review papers and book chapters
on the field?%?d0 9 waa I NBE OdzZNNBy Gt & R SHeikfynstiBnaliyss alY I G SNAR |
NBadzZ & 2F GKS | OGA 2y 22Therelasé folr yefuemBnts2hgt ndedkiSbe Y I i S NA |
fulfilled to achieve functional ERMS First, the system must be able to operate in conditions of
enzymatic activity. Then, they need to incorporate an enzyme sensitive functionality (i.e. enzyme
substrate, Figure 1.4.a) and be abldranslate this activity of the enzyme to the sensitive part of
the material (Figure 1.4.b). Finally, this translation needs to change some of the materials
properties that generate a response in the material (Figure 1.4.c). A fifth consideration is dequire
when considering the use of ERMs for efficient enzyasponsive drug delivery. The material

response to enzyme action has to trigger the release of the encapsulated drug.

/a. enzyme action on the material b. translation of the enzymatic reaction C. material response \
TURNC ) o R
enzyme >‘»~—NH7 e I ]
sensitive HN‘ = o W NI .
functionality \ 7 enzyme P d r i H
/ // ( (R | NG
/ / \
\\ / R \,\o
4 Y*! HyN ~No —L
AN ®
H;N F \ )
o -
| © development of
! !rjl A non-assembling fibres driven by # & “8%s
HoN D (o] oligomers [fe p-sheet formation P \
N A N 2 N Y,

(]

Figure 1.4lllustration of the requirements of ERMs. Enzyme sensitive functtgr@&@BF), translation
of enzymatic action (Transl) and material response (MResp), using as an example a self assembling
switch peptide. Adapted frorfL

1.3.2.1 Mechanisms oénzymerespnsiveness and drug release

As the research in ERMs grows, these functional materials are seen as a great opportunity for

improving drug delivery.
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Considering a broader definition of ERMs and including materials where the release is
triggered indirectly by the enzyme, there are several release mechanisms that can be exploited to
achieve appropriate enzymeontrolled delivery (Figure 1.5). The most common approach is to
include enzymesensitive moieties within theydrogel that would leado drugrelease controlled
by the material cleavage upon enzyme action (Figure 1.5.a). These moieties can either link the
drug to the polymer or be part of the hydrogel netw&tk?*126, Other approaches for release
through enzymecontrolled cleavage are more common from nanoparticle systems, and they
include cleavage of an outside shell layer, and removal of a cage in a porous!$jysfeifhe
enzymecontrolled drugdelivery can also bedirect, for instance, by exposure of targeting ligands
for cell internalisation upon enzyme action on the matéffalFigure 1.5.b). Finally, the release

may be indirectly caused by specific product generated by the enZyFigure 1.5.c).

a. cleave/release b. cleave/activate/deliver
_’ ‘ .
o / 0

cellmembrane

LS ., 2% ¢ react/activate/release
VWAV ——— . . .
52 ‘o~ S <, Substrate 2 .~ product
'\3 »
3552550 ——to S Yo o LoR) — ==
. ) » A"y ~

enzyme o drug = cleavage site
) cage group targeting ligand
Figure 1.5.Mechanisms of enzymaticalbontrolled trigger of drug delivery. Release @3 direct
cleavage of enzymsensitive linkers, matrixand shell cages (from top to bottom).) enzyme

activation to expose targeting ligands, and indirect activation via enzymgenerated products.
Adapted fran 122,

19



Chapter 1. Introduction

Several classes of enzymes have been considered as triggers for esmytnodled drug
delivery taking advantage of their imbalance értain pathological staté$®. Examples of widely
targeted enzymedor enzymatic controlled release are protea¥e§ phospholipasée$’® and
oxidoreductaseS®. Among these, pteases have been a widely exploited target for enzyme
controlled drug delivery strategies and many delivery systems responsive to proteases such as
elastasé®'32 trypsin®, chymotrypsif®, thrombirf3% plasmid®, cathepsin®’ and Matrix
Metalloproteinased>>1%8have been developed recently. Tleencentration range of enzyme
that lead toresponsivedrug delivery is highly variable between different studies depending on
the target enzyme, desired extent of release, and units of concentration (e.g. molar concentration,
weight concentration or actity units). For instance drug delivery from elastassponsive
hydrogels was achieved within 24 h of incubation with elastase at concentrations between 100
nM and 1 pM while very low release took place in absence of the enZy#& Delivery systems
for the controlled release of therapeutic proteinsuch as Bone Morphogenic Protein 248
2)1%8, Tissue Inhibitor of Protease3 (TIMP3)!15, Vascular Endothelial Growth Factor (VEGE)
and Immunoglobulin Gn response to MMP concentration have also been devel6pethe
concentration of enzyme used vadidetween publications from 1 to 200 U/mL of collagenase (a
mixture of MMPs). However all publications demonstrated a higher extent of release in presence
of MMP with respect teextent of release in the absence of enzyfh&®13° An increase in the
release rate of the encapsulated protein at higher concentrations of MMP§ demonstrating
a clear proteaseontrolled mechanism of releas®s also been deveped. Similar to MMPs and
elastase examples, drug delivery systems responsive to thrombin have also been developed.
Again, the total release increased with the concentration of thrombin in the mediug@&2nM)
and depended on the selected enzyme sensiiwetionality incorporated into the materiaf'4°
Although it is difficult to compare between studies due to the use of different normalisation and
guantification of enzyme levels, the previous reports demonstrated that the relase ERMs

takes place ata higher extent in presence of higher concentrations of target

enZymél,43,115,132,138,139

A clear correlation between the enzyme concentration range in pathological states and the
protease concentrationgsequired for achievingesponsive delivery frolERMsemains unclear,
and it is andber challenge in this field. It has been broadly stablished in preclinical and clinical
studies that diseases such as chronic wounds, pulmonary diseases and cancer have higher activity
of certain proteases such as MMPs and elastase with respect to haatikiduals. However, the

lack of unified methods for the enzyme quantification makes comparison between isolated studies
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and the acquisition of an absolute humbers of enzyme concentration difficult. For instance,
elastase and MMPs levels have been déstito be overexpressed in chronic inflammatory
diseases, such as chronic wounds and pulmonary diseasegjifferent techniques have been
used for quantification. Some studies are based on the quantificadfoproteases levels by
EnzymelLinked Immunosdrent Assay (ELISA), and Mass Spectrometry based
quantification§®141:142 Although these techniques are highly specific for the targeted protease
and allow for accurate qudifications, they are not always able to differentiate between active
protease (related to disease progression and state), and inactivated protease (not necessarily
related to disease state). Other studies are based on measuring proteolytic activity attikie
protease. This is achieved either by quantification of enzymatic hydrolysis rate of a model
substrate (units of enzyme activity) or by quantification of the protease degradation products in
patient sample&:7°8 Although this technique has the advantage of measuring the active enzyme,
which is the marker of idease activity, the lack of standardisation between studies (e.g. the
definition of units of activity, substrate choice, sample/substrate ratio and normalisation) difficults
comparison between different studies. Although the existence of a variety ohigebs and lack

of standardisation for protease quantification makes difficult to predict the protease levels the
ERMs for drug delivery will need to be responsive to, it can be concluded that the activity of these
proteases is overexpressed by a seveoddd in chronic/disease state respect to healthy/acute
state$4%87279 Nevertheless, recent experimenthave shown that enzymesponsive drug
delivery can be effectively achievéd vivowith improved therapeutic outcomes. For instance,
MMP-responsive delivery of TIMP achieved improved cardiac function of a porcine model of
myocardial infarction and liited TIMR3 action to the infarction region for a two week time
frame!®. In two separate studies Fostet al. and Phelpset al, hawe shown MMPresponsive
delivery of VEGF improvenh vivo vascularisation and showed extended delivery respect

untargeted therapy (IV administration of VEG#Y, These studies confirm that the levels of
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enzymeresporsiveness of recently developed ERMs is adequate to achieve enzyme controlled

releasein vivg which is an important first step for clinical translation of this delivery

Enzymeresponsive drug delivery systems include many types of different materials asuc
hydrogels, microparticles, nanoparticles and micéfés!27:129.143144 A |ot of research on ERMs
for drug delivery have focused on developing enzyremponsive hydrogels. This is due to
hydrogels porosity, hydrophilic nature, versatility and high water content imifenild conditions
for both, drug encapdation and enzyme interactions, so these will be explained in more detail in

section 1.4.

1.4 Enzymeesponsive hydrogels for drug delivery

ERMs can be found in both categories of hydrogels, most commonly developed enzyme
responsive hgirogels are supramolecular (physical hydrogels) and polymeric (chemical hydrogels).
Proteases are the most targeted enzymes, due to their implications in many pathologies. However
hydrogels targeting other pathologically relevant enzymes for controlledassl, such as

glycosidase’$>14¢ hyaluronidas® or phospholipasé4’ have also been developed.

1 Supramolecular hydrogelSince the formation of supramolecular hydrogels is driven by non
covalent seHassembly, the incorporation enzymmesponsiveness into these gels can be quite
complex, requiring a high level of rationasign. For this, a sedfissembly molecule needs to
be covalently crosslinked to the enzyrsensitive moiety. The resulting conjugate has to fulfil
several requirements in order to guarantee hydrogel formation and subsequent
enzymaticallycontrolled degradtion: i) maintain suitable assembly properties to form gel
fibres, while ii) guaranteeing that the enzyrsensitive moiety is exposed to the outside of
the assembled structure, and iii) the conformational change caused upon enzyme activity
causes enough sictural changes which lead to hydrogel-dissembly*®. This approach has

been used to obtain supramolecular proteassponsive hydrogels, by combining a protease
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cleavable peptide with selfissembling sequences within the same peptide moleétfié¥.
Similarly, the covalent linkage between a small amphiphilic molecule andctimades has
been described for the design of glycosidassponsive supramolecular g&fs

1 Polymeric hydrogel€nzymeresponsive moietieare usually introduced in these hydrogels
by chemicdl crosslinking polymers witknzymesensitive molecules. These crosslinkers are
usually formed of twdunctional parts: one responsibdfor the enzymeaesponsiveness, which
will determine the specificit and kinetics of enzyme degradation, and the crosslinking points,

responsible for the linking to the polymiéf151.152

1.4.1 Preparation of proteaseesponsive hydrogels

In most cases, for incorporation of proteasssponsiveness into polymeric hydrogels, an
enzymesensitive peptide sequee is modified at both termini with functionalities that are
reactive towards the polymer (crosslinking points). Peptide sequences for preteggensive
materials are usually synthesised via solid phase peptide synthesis (SPPS). SPPS is based on the
step-wise coupling of individual amino acids to a solid support, constructing the desired peptide
sequence with a high degree of control. This versatile method can be used to synthesise up to
medium chain polypeptides (usually around 30 amino acids). Norsediyences of 40 amino
acid length are enough to achieve appropriate enzyme responsiveness, and therefore SPPS is the

peptide synthesis technique of choi¢&!?31%3

The most commonly used chemical crosslinking methods to introduce protessitive
peptides in polymericydrogels are based on highly efficient and facile reactions which take place
in aqueous environment. Common crosslinking chemistries to fabricate proteapensive

materials are summarised in Figure 1.6.

1 Azidealkyne cycloadditiofAAC, Figure 1.6.a): iskcrosslinking requires modification of

both the peptide and the polymer to introduce azide or alkyne functionalities to form a
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GNRFT2ES fAYy1® 1/ A& siiNESQYA pighlreadtitBa¥eandSy & WO
can be performed under very mildaetion conditions. Copper{tatalysed AAC between
both bisazido peptides and multivalent alkyne polym&t$° or alkyneterminated
peptides and multi azidpolymers has been describ¥®l Copper free variants of AAC
have also been developed, due to the toxicity of copper. DeFatstl. fabricated
enzymeresponsive hydrgels via StraiPromoted AAC between multizido polymers
andbis-cyclooctyne peptidswhich allowed encapsulation of living cefts

1 Hydrazone mwsslinking (Figure 1.6.b). Aldehyde functionalised polymers can be
crosslinked with complementary hydrazide fucntionalised peptides into a hydrazone bond
to form hydrogels under physiological conditions which do not affect encapsulated
protein bioactivity>1%8

1 Radical polymerisatioffFigure 1.6.c). Peptides sequences can befandtionalised with
polymerisable groups such as acrylates or methacrylates. Thasgbeabe incorporated
into multi-acrylate polymers via radical polymerisation to form the hydrogel netdwérk

9 Thiotbased crosslinking chemistrigggure 1.6.d and e). Two crosslinking mechanisms are
grouped within this category, Thiol Michael addition (Figure 1.6.d) and -émiel
photopolymerisation (Figure 1.6.e), both involving the addition of a thiol over an alkene
to form a thioether bond. Thidbased crosslinking chemistries have been widely used f
developing hydrogels for enzynresponsive delivery for biomedical applicati#ifg®e.
This is due to the fa¢hat they can be carried out in mild aqueous conditions, they do not
require complex peptide modifications, and they can lead to fast formation of hydrogels
16:162,167 The main adantage is that the thiol functionalities can be obtained by addition
of cysteine residues at both ends of the peptide linker during peptide synthesis, avoiding

any chemical functionalisation. Both reactions mechanisms will be explained in detail.
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Fgure 1.6. Simplified schematic of methods to introduce proteasmnsitive peptide crosslinkers into

polymeric hydrogel networks

1.4.1.1 Michaeltype addition and thieéne photopolymerisation for the preparation of protease

responsive hydrogels

Michaeltype addition and thiolene photopolymerisation are widely used to incorporate

peptides cleaved by the target enzyme into the hydrogel netwlylgrosslinking multisubstituted

vinyl polymers with dithiol peptidéd'® Their mild reaction conditions have made them

particularly useful for encapsulation of biologisuch as proteirfg=°3943138.13% heptides>2 and

Cellsll4,168
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9 Thiotene photopolymerisatian Thiotene photopolymerisation proceeds under wpus
conditions and is based on the use of phgenerated radicals to initiate the addition of a
thiol to an electronrich alkené®®®© Commonly used photoinitiators are Irgacure 2959 (2
hydroxy-1-[4-(hydroxyethoxy)phenylp-methyll-propanone) and Lithium pheng 4,6
trimethylbenzoylphosphinate, and commonly used alkenes include electron rich norbornene,
or vinylethers®::1’ The reaction requires the photenerated radical initiator to attack the
thiol yielding a thiyl radical (Figei1.7.a). The thiyl radical then attacks the alkene forming the
thioether addition product and generating a new thiyl radti€al’2 Since the reaction only
proceeds once and where Ulght is applied, this allows for control over the spatial and
temporal hydrogel formatiod® 3, This has led to a wide use of th@le photopolymerisation
to prepare proteaseresponsive hydrogels for sensing and drug delif#efy5°

1 Michaeltype addition.Michaettype addition consists of the 1,4 adidh of a thiol over an
electron deficient vinyl group such as maleimides, viwyiones, acrylates and methacrylates
to form a thioether bond (Figure 1.7d),'’% Since this reaction can be efficiently performed
in ageuous buffers and at physiological pH, hydrogelsméd by crosslinking of
multifunctional vinyl polymers with cysteiderminated peptides through MTA are
considered suitable for biomaterial design and have been used everinfaitu cell
encapsulation and injectable hydrogel scaffoltfs®* Michael type addition reactions can be
classified based on the catalyst used, since they can be initiated either by a catalytic amount
of a base or nucleophile, such as triethanolaen and Tris(2carboxyethyl)phosphine
hydrochloride, respectively’.

0 TheBase catalysed Michaglpe additionrequires the use of catalytic amounts of a
base to initiate the reaction by extracting a proton from the thiol to generate a
thiolate anion [§ (Figure 1.M). This anion is a strong nucleophile which can attack

the electron deficient beta carbon of the ene. This yields a strong carbon centered
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anion which can then subtract a proton form the conjugated acid of the catalysts,
generating the thioether productral regenerating the base cataly$t

0 The Nucleophilecatalysed Michaetype addition usually involves the use of
phosphines such a tris@arboxyethyl phosphine chloride (TCERY at has been
described to yield faster reaction rates at trace amotiffts> In this reaction, the
phosphine reacts with the electron deficient ene to generate a strong base which then
deprotonates the thiol leading to formation of the thiolate anion (Figure 1.7.c). The
thiolate anion will then attackanother vinyl group forming the thioether

product’4176

a. Thiol-ene photopolymerisation

m B = Base
Nu Nucleophile
R—S' ,

{
<
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\;‘
)

b. Base-catalysed Michael-type addition ¢. Nucleophile-catalysed Michael-type addition
B ﬁ—\ - /;\
— —\hTL v S o \JR Nu + ' © ' R
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Figure 1.7.Mechanism of thicbased crosslinking chemistriea.) Thiolene photopolymerisation
between norbornene and thiol.) Basecatalysed and.) nuckophile catalysed Micha¢ype addition
with electron deficient alkenes.

The first hydrogels prepared via Michagbe addition were formed between cysteine
containing peptides and acrylatéd'’” Then vinyl sulfone functionalised polymers were
introduced since they showed improved reaction kinetics andimaeical propertie$%176.178,
Maleimide is the most reactive of the Michael type acceptors, showing mrpeaction kinetics

and reactivity than vinyl sulfones and acrylates. Recently, hydrogels prepared via Michael addition
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with maleimidefunctionalised polymer were shown to require a lower concentration of catalyst
for obtaining hydrogels with improved eshanical properties and cytocompatibifit§ Due to

their higher reaction efficiency, maleimide crosslinked hydrogels can even be obtained without
using any base or nucleophilic catalyst&*1’® which could otherwise affect cell viability and the

stability of encapsulated proteiff§£0181

Since both reactions can be efficiently performed in agqueous buffers and physiological pH,
hydrogels formed by crosslinking of multifunctional polymers with cysteine containing peptides
have been largely prepared by both, thiol Michael type addffi!'4115123138 gand thiolene
photopolymerisatiod?1°2:161.168 The |ack of use of initiators is a key advantage of maleimide
Michael typeaddtion over thiokene photopolymerisation reactions. Initiators often used for
photopolymerisation generate radical species that can have toxic effects on cells and damage
proteins, reducing their bioactivity during hydrogel formation Stff2 The inhibitor
encapsulated in this project and used for achieving elastase inhibition is a protein, therefore the
use of such initiators could affect the inhibitor bioactivity, which is a key aspect of the project.
Additionally, the use of maleimidBEG as reaction for ¢hPEGylation of proteins is well
established and characteris®&dwith a solid precederih vivoand clinical trials studiés!82182 For
these two reasons Michad¢ype addition with maleimide functionalised polymers was the
crosslinking reaction of choice to start with in this work for the preparation of functionalised

hydrogels.
1.4.2 Drug delvery applications of proteagesponsive hydrogels

Protease overexpression has been associated with pathological diseases such as cancer,
chronic wounds, cardiovascular diseases and inflammatory pulmonary di&&33&4 They are
therefore major targets as internal stimuli for selective and controlled release. In an early report
from Westet al, they developed a proteasesponsive hydrogel that could beelectively

degraded by either collagenase or plastfinSince then there have been many reports of
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enzymeresponsive hydrogels targetingrqieases for controlled release, such as plasffiin
matrix metalloproteinase'¢®149:187:188 trypsin33138 chymotrypsif®, thermolysif®, thrombint®®

and elastas®.

The use of proteaseesponsive hydrogels can restrict drug release spatially and temporally
to the desired site of action by appropriate selection of the target protease and material design
115116 Once at the targeted site, drug release is triggered via enmontolled peptide
degradation, decreasing the amount of -tdfrget effects and achieving therapeutic ety as

shown by Purceltt alin theirin vivomodel®.

a. Thrombin formation b. Responsive heparin release
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Figure 1.8.Mechanism of protease activity autoregulation, using as exarhplgarin release from
thrombin-sensitive hydrogels, adapted frdfn a.) Protease activation (thrombin)y.) selective
cleavage of the crosslinking peptide (by thrombin) triggering the protease inhibitor release (heparin),
c.) Released inhibitor (heparirgatalyses the inactivation of the protease (thrombin) ahdl the
inhibition of the protease terminates gel degradation terminates and further inhibitor release
(heparin).

Proteaseresponsive hydrogels not only offer the possibility of obtaining praeamtrolled
release but also of achieving sedfgulated enzyme activity modulation. By incorporation of
inhibitors of the target protease within the proteasesponsive hydrogels, the inhibitor can be
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release ordemand depending on the activity levelstbe target protease. This approach has
been recently explored by Maiit al. and Purcellet al. for the local ondemand inhibition of
thrombin and MMPs, respectively. Mait al. developed a system for autonomous regulation of
coagulation. In the presee of thrombin (Figure 1.8.a) the hydrogel will be degraded and the
inhibitor (heparin) released (Figure 1.8.b). This will lead to the protease inhibition (thronabin
the heparinrantithrombin compleX (Figure 1.8.c), subsequently stopping hydrogel degfiad

and any further inhibitor release (Figure 1.8.d). A similar feedlsackrolled release mechanism

could be developed for the inhibition of other physiologically relevant proteases, such as elastase.

1.5 Aims and objectives

1.5.1 Challenges in the field

Theoverexpression of elastase in chronic inflammatory diseases with respect to healthy
tissue has been widely describ@®8 Although clinically important, introduction of elastase
inhibitors to tackle elastase overexgmsion has been of limited clinical effectiveness to tate
Thus far, responsive delivery strategies to tackle enzyme overexpression are scarce. Only some
isolated studies have developed controlled delivery systéor the modulation of enzyme activity
based on enzymeesponsive delivery of inhibitors. Although release kineticsiandvoefficacy
and compatibility of the materials was demonstrated, their ability for sustained release of
inhibitor, detailed inhilition kinetics and effects of inhibitor/protease ratio in a biological
environment has not been systematically studi©d® Furthermore, to date, a bicesponsive
delivery strategy has not been developed to address elastase overexpression. A responsive
hydrogel able to release an elastase inhibitor in response to the levels of elastase will be
advantageous, since it will provide an-damand inhibition of he enzyme. Since the inhibitor
release is dependent on elastase concentration, the system could contribute to restoration of the

elastase/inhibitor balance of healthy tissue and spatially and temporarily limit the release of the
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inhibitor to the site whereelastase is highly expressed, increasing potency and reducing side
effects. Some challenges still need to be addressed for the development of these complex

enzymeresponsive materials:

i. Establishing a relationship between hydrogel composition, physicodagmi
properties and physical entrapment of macromolecules.

ii. Development of an array of elastasesponsive peptide crosslinkers with high water
solubility tailored to Human Neutrophil Elastase.

iil. Study of specificity and selectivity of the enzynmntrolled rdease, for instance,
investigations of the release in presence of atameted enzyme.

iv. Establishment of required amount of inhibitor and ability to regulate different levels
of enzyme activity.

V. Elucidation of the effect of hydrogels on cells, their ibito modulate enzyme
activity in presence of cells and establishment of whether enzyme modulation leads

to any improvement in cell function with a suitable model.
1.5.2 Aim and objectives of the project

This work aims to develop a hydrodrdsed deliverysystem able to modulate elastase
activity by releasing an elastase inhibitor-d@emand, responsive to different activity levels of
enzyme in the environment (Figure 1.9). With this purpose elastassitive peptides will be used
to crosslink multi arm RE polymers and encapsulate alphantitrypsin. Before we can proceed
to the testing of the materials responsiveness and modulatory capabilities, physicochemical
properties and physical encapsulation properties of the hydrogels obtained with two different
thiol-reactive polymers (4&rm-PEGnorbornene and 4arm-PEGmaleimide) will require

investigation.

This work carpe split into five different objectivie as summarised below:
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i) Characterisation of hydrogel gelation kinetics, mechanical properties, meshasize
passive entrapment of model macromolecules with a model crosslinker dithiol (Chapter
3).

i) Development of a water soluble elastaskeavable peptide crosslinker, incorporation into
hydrogels and initial assessment of elastasgponsiveness (Chapter 4).

iii) Fabrication of peptiderosslinked hydrogels for improved macromolecule entrapment,
assessment of their specificity and craeactivity of release in presence of other
proteases (Chapter 5).

iv) Encapsulation of alph&-antitrypsin and characterisation of dyogel degradation and
modulation of different levels of elastase activity in solution (Chapter 6).

v) Determination of the biocompatibility of hydrogels and testing of their ability to modulate

elastase activity in presence of cells and improve eladtastered cell repair

Inhibitors Elastase Inhibitors

Elastase _ 1. Cleavage of

peptide

‘a-

3.Inhibited

2.Release, enzyme
Inhibitor '
Elastase-cleavable X .

Peptide Monomer Enzyme inhibitor

Figure 1.9.Preparation of elastaseesponsive hydrogels and proposed-@demand modulation of
enzyme activity
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Chapter 2.

Materials and Methods

2.1 Materials

Unless otherwise stated, all general chemicals were purchased frome3ilginich Ltd
(Dorset, UK), amino acids from Bachem AG (Bubendorf, Switzerland) and solvents from Fischer
Scientific UK Ltd (Loughborough, UK). All water used was obtained from an ELGA purification
system. Peptide synthesis grade Mlishethylformamide (DMJFwas purchased from Rathburn
Chemicals Ltd (Walkerburn, UK); 5 kDa and 10 kban4PEGnaleimide (4PEGMal) from
Advanced Biochemicals LCC (Lawrenceville, GA , USA); 5 kDa and -HorkibgdtoxytPEG (4
PEGOH) from Creative PEGWorks (Chapel HilllU$2,), EL-dithiothreitol (DTT) from Alf#\esar
(Heysham, UK); fluorescamine from Across Organics (Geel, Belgum); and Amicon Ultra centrifugal
filters (3.5 kDa moleculaveight cutoff (MWCO)), NH8uorescein and’exasRed Dextran 70 kDa
(TRD70) from Fishescientific UK LtLoughborough, UKHuman Neutrophil Elastase and Rink
amide Novagél resin for peptide synthesis were purchased from Merck (Darmstadt, Germany).
The dialysis membrane (0-8. kDa MWCO) was purchased from Spectrum Chemical Mfg. Corp
(New Brunswick, NJ, USA) and SolventPlus Kinesis Omnifit (Diba) solvent reaction column for
peptide synthesis (10 mm dimeter 100 mm length) from Kinesis Ltd (Cheshir&).UMatrix
Metalloproteinase 2and McaProLeuGlyLeuDpa(DnpAlaArgNH was acquied from R&D

systems (Minneapolis, MN, USA).
2.2 Analytical techniques

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectra were acquired on an Agilent

technologies Cary 630 FTIR instrument equipped with an attedusgansmission reflection (ATR)
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module. Spectra were recorded in the 400850 cm' range with 128 scans collected for each

sample.
Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectra were acquired in a Bruker 400 MHz NMR
spectrometerat 298 K. Unless otherwise stated spectra were acquired in 5 mm diameter NMR
tubes (Wilmad®, Sigma Aldrich) using the solvents indicated in each case. All chemical shifts are
reported in ppm relative to the solvent peak,@4.79, CDEY.26, (CE).SO 2.5¢pm). Spectra
analysis was conducted with Mestrenova 9.0.1 © 2014 MestreLab research S.L. Abbreviations for

multiplet description: s = singlet, d = doublet, t = triplet and m = multiplet.
Mass Spectrometry

Soluble and low molecular weight samples (<2008) Were analysed by Electrospray
lonisation Mass Spectrometry (B88). Low solubility peptides and synthesised polymers were
analysed by MatrbAssisted Laser Desorption and lonisation Fafi€light mass spectrometry

(MALDATOFMS).

Electrospray lonisain Mass Spectrometry (H8E5):ESIMS measurements were conducted

in a Bruker ApexlV HCR spectrometer in Electrospray lonisation (ESI) positive or negative
ionisation mode, as specified.

Matrix-Assisted Laser Desorption lonisation Fofi€light Mass fectrometry (MALDBToF

MS) MALDIToFMS measurements were conducted in a Bruker Daltonics Ulatraflex 11 MALDI
ToFMS in the positive ion mode. Polymers were analysed using a DCTB2{fa({&tert-
Butylphenylj2-methyl2-propenylidene]malononitrile) as a matrix and sodium
trifluoroacetate as a cationising agerdi0 pL (10 mg/mL) of polymer sample were mixed with
10 pL of sodium trifluoroacetate (10 mg/mL, acetonitrile) and 20 pLpL of matrix solution
(saturated, acetonitrile). 1 yL of the mixture werspotted onto a MALDI plate and left to

fully dry before analysis. Low solubility peptides were also characterised by MAEMIS
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using the alphayance4-hydroxycinnamic acid (CHCA) matrix. 20 yL (0.5 mg/mL, 19:1
water: TFA) of peptide solution were mixadth 20 uL sodium trifluoroacetate (10 mg/mL,
acetonitrile) and 20 pL of CHCA matrix (saturated, acetonitrile fiL of the mixture were
spotted onto a MALDI plate and left to fully dry before analysis. Spectra were acquired with

the PepMix RP (posre) method.
Reverse Phase High Pressure Liquid Chromatogrdyghgs Spectrometry

Reverse Phase High Pressure Liquid Chromatogidplsg Spectrometry (RRPLEMS)
spectra were acquired in a Shimadzu UFLCXR system coupled to an Applied Biosystems AP12000
with a C18 Phenomenex GemMK 50 2mm 3um-110A column. Sample gradient started with 1
min equilibration at 5% Solvent B (0.1% Formic acid in acetonitrile) and 95% Solvent A (0.1% formic
acid in water) for 0.5 min, 10 to 98% B for 2min, 98% B for 3min atal ®% B in 0.5, and 5% B

for one min. Flow rate was 0.5 mL/min with UV detection at 220 nm.

2.3 Peptide synthesis, purification and characterisation

2.3.1 Peptide synthesis

Peptides were synthesised using Fmoc (Fluorenylmethyloxycarbonyl) solid phase
chemistry on a rink amide Novagel resin (Merck) in a reaction column (Kinesis Ltd). The peptide
4S1jdzSy0S ¢l a FraaSyoft SR o0& aS| dzBmyodplotedted AndindzLI A y 3
acids to 0.1 or 0.2 mmol of the resin previously swollen overnight.fGrd#ionalities in cysteine,
arginine and serine were Trt (trityl), Pbf (2,2,4;:88ntamethyldihydrobenzofurab-sulfonyl) and
tBu (tertbutyl) LINR 1 SO0 SR NFmdeBdkttddZaming abid (@ 'eq) activated with
carboxyfactivating reagent (Z7-azalHbenzotriazolel-yl)}-1,1,3,3tetramethyluronium hexa
fluorophosphate (HATU, 3.9 eq) and Mlisopropylehtylamine (DIPEA, 8 eq) were dissolved in

peptide grade dimethylformamide (DMF) and left to react for 4 h at room temperg®20€&C)in

the reacton column. After each amino acid coupling, the resin was washed under continuous flow
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(3 mL/min) first with DMF, then with 20% v/v piperidine in DMF and finally with DMF using a NOVA
SYN® GEM manual peptide synthesiBach DMF and piperidine washing stegs conducted
over several minutes until Fmoc group and excess amino acids were fully removed from the

column, as determined by pesblumn absorbance monitoring at 355 nm.

N-acetylation of the sequences was achieved by reacting theridinal cysteineof the
sequence with 10 eq of acetic anhydride {8 and 1.5 eq of DIPEA for 30 min. The resin was
rinsed with DMF, dichloromethane (DCM) and hexane before cledifigalL each)The peptide
sequence was then simultaneously cleaved from the solid suppod deprotected using
trifluoroacetic acid (TFA)/triisopropylsilane (TIPS)/water (95/2.5/2.5 % v/v) for 4h. The resin was
separated by gravity filtration and the filtrate was dried under vacuum and triturated with cold

diethyl ether(5x1 mL)
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Figure 2.1. Structures of peptideg(1) Initial elastasecleavable sequenccCAAPVRGGENH;, (2)

Peptide for elastase cleavage conttbRGGG-NH. (3-6) Elastaseleavable analogue for improved
solubility: 8) AcCSRAPVRGGENH, @) AcCGGAAPVRGGENH;, (5) ACCSGAAPVRGGENH;, (6)
AcCKGAAPVRGGENH:.(7) Nonresponsive elastase sequendesCSSAVPGARENH: obtained

from scrambling the responsive sequenc®. (@) Matrix Metalloproteinase (MMP) responsive
sequence RGPQGIWGK-NH. Cysteine moieties to allow @slinking are represented in green,
hydrophilic amino acids additionally added to increase solubility in black, elestasdive amino acid
sequence is in blue, elastase scrambled amino acids in orange and MMP sensitive sequence in purple.
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2.3.2 Peptidepurification and RIHPLC characterisation

Peptides were purified by serpreparative Reverse Phase High Pressure Liquid

Chromatography (RAPLC) in a Waters HPLC with UV detection at a flow of 9 min/mL.

Purified peptides were characterised by-RPLCand ESMS. RAHPLC analysis was
conducted in a waters HPLC equipped with a Waters 2487 detector at 214 nm and using an Onyx
monolithic C18 HPLC column (C18 Phenomenex 100 x 4.6mm, 2um, 130A) at a flow rate of 3
mL/min. 25 or 50 pL of 1mM of crude or pupeptide were injected per analysiSolvent A
consisted of 0.06% TFA in water, and solvent B was 0.06% TFA in 90:10 HPLC grade

acetonitirile:water.
Method 1: 1 to 20% B over 8 min, 3.0 mL/min
Method 2: 5 to 23.5% B over 8 min, 3.0 mL/min
Method 3: 5 to 3% B over 8 min, 3.0 mL/min

Method 4: 5 to 40% B over 14min, 3.0 mL/min

2.3.3 Relative solubility of peptides;3®.

An approximation of the relative solubility of peptidgg 6 was obtained by comparing
the Area Under the Curve (AUC) of the HPLC peilie gfeptide at a fixed concentration with an
FmocGlycine internal standard. Crude peptides were prepared at 20 mM in water and centrifuged
at 150009 for 5 min at room temperaturgo remove the insoluble fraction. 10 pL of the
supernatant was diluted wit 190 pL of water and 20 pL of the Fr®Blycine internal standard
(ImM). 200 pL of each sample were analysed BYHREC (method 4) and the percentage of the
AUC from the peptide to the internal standard calculated in order to compare the relative
solubility of peptides3 - 6. Calculations are based on the assumption that i) the higher solubility

of the peptide the higher the AUC of the peak in the spectra, ii) the UV absorbance of peptides 3
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6 is comparable due to the absence of aromatic amino acidstandumber of aliphatic resigs

is the same in all peptides aiig that the products are of similar purity

2.3.4 Quantification of free thiols

@Q e o

DTNB Mixed disulfide TNB (Abs 412nm)
Figure 225 SGSNXYA Y A2y 2F GKA2f O2yiSyida Ay LISLIIARSE
reagent 5,5dithio-bis(2nitrobenzoic acid) (DTNB) with free sulfhydryl yielding a mixed disulphide and
the colorimetric compound Bhio-2-nitrobenzoic acid (TNB).

Free sulfhydryl groups in all peptide batches were quantified bydBhobis(2
nitrobenzoic acid(DTNB) colorimetric assdy The quantification methods is based on the
reaction of free thiols present in the page sequences with DTNB reagent forming a mixed
disulphide and generating compouneto-2-nitrobenzoic acid (TNB) in an equimolar ratio,
which can be quantified spectroscopically (Figure 2.2). Briefly, peptides were dissolved in
deionised water (and 4 mM). 5 mL of DTNB solution (2 mM, 4 mg) were prepared in sodium
acetate buffer (20.5 mg, 50 mM). TRIS buffer consisted of tris(hydroxymethyl)Jaminomethane 1 M
at pH 8.0 (pH adjusted with 1 M HCI). For analysis, 10 pL of the peptide containing samgple w
added to 840 pL of water, 100 yL of TRIS buffer. Then 50 uL DTNB solution were then added to
each sample and incubated for 5 min. Absorbance at 412 nm was read in a VarMis UV
spectrophotometer. The percentage of free thiols in each peptide batchtiven used to adjust

the experimental thiol toene ratio for the preparation of peptiderosslinked hydrogels.

After chemical characterisation, verification of hydrogel formation and adequate enzyme
responsive properties, the elastasesponsive sequerctAcCSSAAPVRGGRIE was purchased

from SynPeptide Co Ltd instead ofiause synthesised.

All purchased peptides were analysed routinely as described above MWAS-®FHPLC

and quantification of free thiols.
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Characterisation of synthesised peptide AZZAAPVRGGAUH: (1): ESIMS. [M+H] predicted
931.424, observed 931.424; [M+Naglredicted 953.402, observed 953.406. Oxidised peptide:
[Moxia+H]J predicted 929.41, observed 929.41; {M+Na] predicted 951.39, observed 951.3%R
HPLCretention time (rt.) 3.4 min (containing predominantly pr+H], [MoxictNaf)and 3.7 min

(containing predominantly [Mi+H], [MoxictNaf) (Method 2).

Characterisation of synthesised peptide-RGGG®OIH: (2): ESIMS. [M+H] predicted 448.21,

obtained 448.21RRHPLCr.t. 0.7 min (Method 1).

Characterisation of synthesised peptide AASSAAPVRGGHEE: (3) ESIMS. [M+H] predicted
1105.49, obtained 1105.49, [M+H+NX&predicted 564.24, obtained 564.24, [M+TFA] predicted

1241.46, obtained 1241.4RRHPLCr.t. 3.9 min (Mehod 2).

Characterisation of synthesised peptide ARGGAAPVRGG®IEL (4) ESIMS. [M+H+Na&j*

predicted 564.24, obtained 564.2RRHPLCr.t. 3.5 min (Method 2).

Characterisation of synthesised peptide AASGAAPVRGGGE: (5) ESIMS [M+H+Na&]*

predicted 54.23, obtained 549.2RRHPLCr.t. 3.6 min (Method 2).

Characterisation of synthesised peptide AGGAAPVRGGEIEL (6) ESIMS [M+2HF*

predicted 558.78, obtained 558.7BRHPLCr.t. 3.2 min and 3.5 (Method 2)

Characterisation of purchased peptide ALSSGAVPGARGE; (7): ESIMS. [M+H] predicted
1105.49, obtained 1105.49, [M+Z2Hpredicted 553.25, obtained 553.25, [M+H+Righredicted

564.24, obtained 564.2KRRHPLCr.t. 4.3 min (Method 2).

Characterisation of purchased peptide KCGPQGIWGRBXK(8): ESIMS [M+H]" predicted
1304. 73, obtained 1303.64, [M+ZHpredicted 652.33, obtained 652.3RRHPLCTr.t. 4.3 min

(Method 3).
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2.4  Synthesis of-arm poly(ethylene glycolhorbornene (4PEGNB)

o 0 o
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Figure 2.3 Schematic of ©arm Poly(ethylene glyct-norbornene (4PEGNB) synthesit.) Synthesis
of Norborneneanhydride.2.) Synthesis of #PEGNB.

4-arm Poly(ethylene glycobhorbornene (4PEGNB) was synthesised frormard
hydroxytPEG (LEGOH, Creative PEGWorks, Mn~5000) similarly to previouslgrided
methods3%161 All glassware was dried overnight. Equivalents are calculated relative to hydroxyl
group concentration. 4limethylaminopyridine (DMAP) (0.5 Eq) and pyridine (5 Eq) were added
to a 4arm-hydroxytPEG (PEGH) (1 Eq) previously dissolved in DCM. In a separate round bottom
flask, norbornene2-OF N 2 EOet A0 I OA R 6 picyslhhéxyldatbadineB(OT) SR 6 A G f
(2 eq) in anhydrous DCM for 30 min at room temperature to form the norbornene anhydride. The
anhydride was then filtered to remove the dicyclohexylurea byprodnctadded dropwise to the
PEG solution under nitrogen. The reaction was left at room temperature for 16h. Then the product
was concentrated under vacuum and precipitated in cold diethyl ether (3x). The cro&&HAIB
was purified by dialysis againgtLdidilled water (MWCO 1kDa, Spectrum Chemical Mfg. Corp.)
for 72 h (water changed 3 times/day)Purified 4PEGNB was finally lyophilised and hydroxyl

conversion characterised by NMR and MALBFMS.

'H NMR(400 MHz, BD, 1 = LJLJY (¢¥%.14and6 QX 095 (m, 2H, C=C), 4.891.18 (m, 2H,
CH20CO0), 3.933.44 (m, 124H, CH2CH20), 3¢2ZB95 and 2.44; 2.28 (m, 3H), 2.02 1.81 (m,

1H), 1.54 1.25 (m, 3H).

FFIR 2880 cnt (—h, 1951 cmt, 1728 cmt (—=9, 1650 cmt, 1464 cm', 1431 cmi, 1279 cnt,

1240 cm', 1099 crrt, 960 cm', 841 cm'.
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MALDIToFMS. [M+Na]" predicted 5491.7, [M+N&bbserved 5489.9, repeating unit 44 (

CHCHO).(From PEG starting material [M+Npiledicted 5002.4, [M+Napbserved 5003.4).

2.5 Hydrogel preparation by Michadlpe addition and thiekne

photopolymerisation
-
&
B _ 5mm
— — 5 —
= — —_— —
Svri Syringe mould Hydrogel formation Hydrogel removal
yringe preparation inside syringe mould from mould

Figure 2.3.Schematic of general procedure for the preparation of hydrogel disks usingpeut
syringes as moulds.

Hp 2NJ pn >[ KeéRNR3IStaAa 6SNB LINBLINBR AY ™M Y
order to avoid any possible effects of hydrogel geometry on drug release and enzyme degradation
kinetics (explanatory schematic in Figure 2.3l buffers were purged Wi nitrogen before
reaction in order to minimise thiol oxidation. A summary of the different types of hydrogels

prepared is shown in table 2.1.

Table 2.1.Hydrogel classification according to their polymer and crosslinker compositio
associated functinality.

Hydrogel type Polymer Crosslinker Functionality
Thiol- maleimide 4-PEGMal AN i
hydrogels (5 kDa or 10 kDa y
Thioknorbornene 4-PEGNB AN i
hydrogels (5 kDa or 10 kDa y
Nonresponsive . )
hydrogels Any DTT Not degraded by enzyme:
Elastase respong Any AGCSSAAPVRGGEE Degraded by elastase
Elastase unresponsive
(Scrambled) Any AGCSSGAVPGARBK:  Not degraded by elastase
MMP-responsive Any KCGPQGIWGQGIK: Degraded by MMR

*DTT=dithiothreitol, all hydrogels prepared at a 1:1 SH:C=C ratio.
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2.5.1 Preparation of PEased hydrogels via Michael addition

PEGbased hydrogels were synthesised by Mickgpk addition between the maleimide
functionalities of 4PEGMal 5 kDa and 10 kDa and a dithiol crosslinker with modifications from the
literature!®*12 Employed crosslinkers were eitherLRlithiothreitol (DTT), or the elastase
responsive peptide (ACSSAAPVRGGREEK). Buffers consisted in 0.1 M citrate buffer at a range
2F LJ 60X nX p YR cO0O® Hp 2 Nkrpemtagesfof PEEGRBNEBRADSt & 02y
and 30% w/v) were formed in a single step by addition of the dithiol crosslinker to-EieGMal
at an equimolar ratio of thiol to maleimide functional groups and left to react overnight before

any further analysis.

2.5.2 Preparation of PE®ased hydrogels via thiehe photopolymerisation

4-PEGNB 5 kDa was used to prepare peptide crosslinked hydrogels vignthiol
photopolymerisation 4PEGNB was combined at an equimolar [thiol]:[norbornene] ratio with the
elastase responge, elastasescrambled and MMR responsive sequences-8SSAAPVRGGGC
NH, AcCSSGAVPGARBK, and KCGPQGIWGQEHK, respectively (see table 2.1). Reaction
was conducted in presence of the photoinitiator lithium  pheky,6
trimethylbenzoylphosphinate AP, 1.7 mM). The resulting solution was exposed to 365 nm UV
light for 5 min (absence of protein inhibitor) or 2 min (for encapsulation of alphatitrypsin

AYKAOAG2ND® wp 2Nl pn > 6SNB GKSy dzASR F2NJ FdzNIik
2.6 Physical characterisati of hydrogels

2.6.1 Characterisation of crosslinkingiNMR

Hydrogels forH NMR characterisation were prepared according to the general protocol

for either Michael addition or thieéne photopolymerisation (Section3}.inside 3 mm diameter
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NMR tubegNorell®Select Serigs Norell Inc.). Hydrogels were fabricated at 85v/v polymer

and 1:1 [thioll:[ene] ratioyy | G 2GF f @OBRO®.dZYS 2F wun >]

Thiokmaleimide hydrogels were prepared in 0.1 M citrate pH 4.{D.2xPEGMal polymer
OmMmM Y30 ¢l a RAA&2f OSR Ay pmr>r 2F (GKS NBFOGAZ2Yy
3mm NMR tube. Then, the dithiol crosslinket & | RRSR om Sl {1 X mmn >[0
up and down with the syringaeedle avoiding air bubble formation in the hydrogel network. NMR

spectra were acquired 30 min or 14h after the addition of the crosslinker.

Thioknorbornene hydrogels were ppared in deuterated water D0). A 4PEGNB
a2t dziAzy o6mm YISZ mmn >[0 61 &8 YAESR 6A0GK GKS LIS
OMT YaX HH >[0 AY | wmdp Yransférred with aByinge @2mnK S YA E

NMR tube, and exposdd 365 nm UV light for 5 minutes before NMR analysis.

2.6.2 Determination of hydrogel mesh size

Hydrogel mesh size was determined based on the swelling ratio measurements as
described by FlosRehner and Canal and Peppas equafiths pn >[ K& RNR ISt a & SN
previously describeth section 2.5and swollen in 1 mL phosphabaffered saline (PB&t 37 T.
At each time point hydrogels were collected and the mass of the equilibrawollen networks
(Ms) was recorded. After four days hydrogels were fredded in a Biopharma Freeze drier to
obtain the dried mass of the gels M

Themeshsizé v A& RSTFAYSR a GKS RA&AGlIyOS 06SisS:
the hydrogel. It was calculated as described by the GRappas equatiori$(Eq 2.1 to Eq 2.6).

As a first step towards the mesh size characterisation, the molecular weight average

between crosslinkersi(¢) was calculated (Eq 2.1) as described by Fafyner and broadly used

for PEG hydrogels®8:191
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S — (2.1)

Where0 is the Mw aveage of the polymers, Mhe molar volume of the solvent (18
cn’k Y 2 f, isthe polymer volume fraction in equilibrium swollen hydrogel (equal to the
reciprocal volume swelling ratio, {9, ’ [the specific volume of polymef ( /” ). The solent-
polymer interaction parameteid) is 0.426 for PE®ater systems and it was considered constant

for this work®. In order to calculate Mc, the mas®{) and volume @) swelling ratio were

N

RSGSNN¥AYSR 6AGK Sldz GA2YyE H ayHR areyiiR densiyodt theNB & LIS O A

c

polymer (1.12 g/crifor PEG) and of the solvent, respectively.

06 — (2.2)

0 p — 0a p (2.3)

¢tKS aSakK aAailsS ovo gta 0GKSy OFfOdAFGSR o0& 9l
crosslink §) and root mean square of the erid-end distance of polymer chain ¥ can be

obtained from Eq 2. 5 and 2.6.

s T8 7 (2.4)
¢ c— (2.5)
PT w e (2.6)

Here, M is the molecular weight of the repeating units of the polymer (44 for PES).
the GC bond legth average (0.146m)*, andG, is the ratio characteristic of the polymer chain

(4.0 for PEGY
2.6.3 Rheological characterisation of hydrogels

Viscoelastic properties of hydrogels were analysed in oscillatory mode in an Anton Paar
Physica MCR 301 Rheometer using an 8 mrallghplate setup with temperature controlled to

H N /| ®
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Determination of mechanical properties of preformed gelsFor rheological
characterisation of preformed gels, hydrogels were prepared between two glass slides covered
with teflon laminate and separate by 1 mm spacers. After crosslinking, gels wesgollen
overnight in PBS at 3€? Hydrogels were then punched with an 8 mm biopsy punch for ensuring
8 mm diameter. The gap between the parallel plates was fixed to 0.7 mm to ensure sample contact
and avoidslipping. Linear viscoelastic (LVE) regime of hydrogel was assessed by conducting
frequency and amplitude sweeps. Frequency sweeps were conducted between 0.1 Hz to 15 Hz at
constant 0.5% amplitude and amplitude sweeps from 0.01 to%@t constant frequecy of 0.5
I T w2dziAyS RSGSNXYAYyLFGA2Y 2F aid2N)r3IS yR t23aa
at fixed 0.5 Hz frequency and 0.5% amplitude as those values fell in the LVE regime for the

samples.

In situ gelation. Gelation kinetics were charamtised by monitoring the increase on
dA02N) 3S Y2RIgzB dza YBRGQD dzh Yy BDQQU $AGK GAYS Fd | F.
strain. Hydrogel components were added between the two parallel plates and their viscoelastic
properties recorded every 15 sauds The gelation time or gel time was defined as the crossover

LRAYyG 2F DQH DQQI FyR (GKS FAyrf DQ 2F 3AStrdAzy

2.7 Encapsulation and passive release of model dextrans frorresponsive

hydrogels

Encasulation and passive diffusion from DZ-PEGMal hydrogels was assessed with a 70
kDa Texas red dextran (TRD&3S model macromolecule. 25 yL hydrogels were formed as
previously explaineth section 2.5vith TRD70 being incorporated during polymerisatitriinal
concentration of 10 pug/uL. Not physically entrapped dextran was removed by washing with PBS
(2 x 1 mL for 5 min) and used to calculate the encapsulation efficiency (expressed as percentage

of the theoretical maximum, Eq 2.7). Release experimergseveonducted by incubation of
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hydrogels in 5 mL PBS at 37°C for 15 days. 500 uL aliquots were collected for analysis at each time
point and replaced wh fresh medium. The amount of TRD70 released was quantified in a Tecan
LI I 4SS N&Hh=FBEONIM/B2AS nns;, Gain 81. Release was expressed as the percentage of the

total TRD70 dextran encapsulated.

0t OONi COWOWD THE O w

p T (2.7)

Where encapsulated macromolecule is the amount of dextran inside the gels at time Oh
and the total dextran is th entrapped dextran and the oneleased during the mediuwashes

before starting the release.

2.8 Fluorescamine assay for characterisation of the enzymatic degradation of

hydrogels and peptide in solution

Enzymatic degradation of peptides in solutio?00 yL of 3 U/mL of elastase (Porcine
pancreatic elastase or PPE) were added to |206f 2mM peptide A&CAAPVRGGE&NE?2 () in
PBS and incubated at 3T. After 3h incubation fresh enzyme was added to the medium. Two
controls corresponding to the peptida buffer and the enzyme in buffer were kept under the
same conditions. At determined time points the reaction medium was sampled and centrifuged
through 3.5 k2 MWCO filtersat 14000rpm for 5 min(Hermle Z 160 M benchtop centrifuga)
room temperatureto remove the enzyme prior to analysis. Samples were diluted ity@iistilled
water and 150uL of sample were then reacted with 50ul of a 3 mg/mL solution of fluorescamine
in acetone. After 10 min incubation fluorescence was read in a Tecan SPARK platdroeade
I 0 2 @ Swen#00 Nm¥460 nm for quantification of free amino groups (n=3). Additionally, samples
and controls were analysed by RIPLEMS and compared to peptidé)and enzyme controls and

the peptide fragment synthesised)(

46



Chapter 2. Materials and Methods

Enzymatic degradatin of hydrogels.25 uL 10% wi/v peptiderosslinked hydrogels (n =
3) were incubated in 0.5mL phosphate buffer pH 8 with porcine pancreatic elastase as the model
elastase (12.5, 25 and 30U/mL elastase for total enzyme activities of 6.25, 12.5, and 25 mU
respectively. Controls of each enzyme concentration without gels and gels incubated in buffer (O
U/mL enzyme) were also conducted. At each time point the supernatant was removed and
replaced with fresh medium. The increase in cleaved primary amines frgtdperosslinked
hydrogels was quantified by fluorescamine ad$ay®1% Briefly, samples were diluted 1/26
distilled waterand 150 pL bsample were then reacted with 50 pL of a 3 mg/mL solution of
fluorescamine in acetone for quantification of total primary amines content. After 10 min
AyOdzml GA2y Ftd2NBaOSyOS 41 & NHh4ARO ninfa60Inm orS O y
guantificaton of free amino groups. Results were normalised to mg of polymer and presented as
the increase with time of primary amines due to cleavage (nmeiiidpolymer). The maximum
degradation rate was obtained from the slope of the steepest region of theadation curve and

expressed as nm&H/mg polymer/h.

2.9 Elastaseontrolled release from peptiderosslinked hydrogels

Encapsulation efficiency and passive and enzgowrolled release from peptide
crosslinked hydrogels were assessed with a 70 kDa Teradextran (TRD70) dluorescein

isothiocyanatedextran 70 kDa (FDY@s model macromolecules.

25 pL hydrogels were formed as previously explainesbction 2.5vith the dextran being
incorporated during polymerisation at final concentration of 10 [ig/(Bels were incubated with
1 mL release medim for 12h (2x) to release not physically entrapped dextran and calculate the
encapsulation efficiency (Eq 2. 7). Release experiments were conducted by incubating hydrogels
in 500 pL of release medium at 3T with pancreatic elastase (6.28U), Human Neutrophil

Elastase (1040 nM) or just buffer. At each time point] ahediumwas removed for analysis and

a7
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replaced with fresh oneRelease mediuntonsisted oneither 0.1 M phosphate buffer pH 8,
zymogram (50 mMris_HCI, 10 mM CaCl150 mM NaCl, iM ZnGlJ, 0.05% w/v Brij35, pH 7.6}
5dzf 6 SO02 Qa a2 RA TR 8WRierd midureMBENF BYsuzdermente@ with 0.1%

w/v Bovine Serum Albumin (BSA) and Airway Epithelial Supplement (AES).

Hydrogels were egradedat the end of the release experiments by incubation with 1 mL
porcine pancreatic elastase (PPE) (10 pg/mL)rfore than4 h. This provided the amount of
dextran remaining inside the gels at the endpoint of release (not released). The amountrahdex
released was expressed as the percentage of the total amount encapsulated as determined

experimentally.

2.10 Crosselease in presence of Matrix Metalloproteings@MMR2)

20% wi/v peptidecrosslinked hydrogels were incubated for 12 h m2mL ofzymogram
mediumto release unentrapped dextran. Hydrogels were then incubated in 0.5 mbhgmam
medium consisting oMatrix Metalloproteinase2 (MMPR2, 16 nM in zymogram), HNE (10nM in
zymogram) or just zymogram buffer. At each time point the supernata# removed and the
dextran released quantified. All remaining dextran at the endpoint of the experiment was released
from the notdegraded hydrogels by incubation with 1 mL 20 pg/mL collagenase overnight.
Encapsulation and release of fluorescein isothémate-dextran 70 kDa was conducted following

GKS alyYS LINRPG202t YR | dzF yduehZFAXBER/515 hn, Gairfd6.dz2 NS & OS'y

2.11 Fluorescent labelling elphal-antitrypsin

2 mg of humarb -1-antitrypsin (AAT were dissolved in 0.1 M MaQ buffer at pH 8.5. A

stock solution 020 mg/mL stock of NHfBiorescein in DMSO (2 umol) was added dropwise under

48



Chapter 2. Materials and Methods

stirring. Reaction was left overnight at room temperature. Fluorescently labelled AAT protein

(AATF) was purified through AD columns ad its purity was analysed by HPLC.
2.12 Encapsulation angassiveelease oflphal-antitrypsin

Huorescently labelled AATagsadded during 25 yL hydrogel prepaiat, as described in
section 2.50f this chapter. Unentrapped protein was left to diffuset @f the gels for 24 before
starting release experiments. Fbie release experimentghe release medium (PB®as replaced
every 24h andthe AAT release quantified via fluorescent measurements in a Tecan plate reader

(<exemd92nm / 537nm)

2.13 Erezyme activity assays

2.13.1 Porcine Pancreatic Elastase activity assay

N-methoxysuccinyAlaAlaAlap-nitroanilide (NsueAlas-pNA) was used to determine the
activity of pancreatic elastase. NsAts-pNA is cleaved to yellow compound pNA upon the action
of pancreatic elastase. 50 uL of elastase were incubated at 37 °C with 1.45 mL of 0.29 mM
substrate in either TriglCl buffer 100 mM or phosphate buffer 0.1M pH 8. The rate of hydrolysis
was monitored every 15seadst G nwmn Y'Y F2 N ¢ adinythe linBar rangel | A Y
One enzyme unit (U) was defined as the amount of enzyme needed to cleave 1 pmol-éfaisuc

pNA per minute under the previous conditions. Enzyme activity was calculated as shown in Eq 2.

8.
B y 7 y 7
Yo (2.8)
In equation 8,Y0 ¢ [ @ani& the increase in absorbance of the sample,
o) 7 Q& OB e increase imbsorbance of a substrate solutiow,is the volume of
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reaction,Dfis the dilution factor of the enzyme solutioGeis the coefficient of extinction of pNA,

andVethe volume of enzme added into the reaction medium
2.13.2 Human Neutrophil Elastase aily assay

The cleavage of the substrate-rhikethoxysiccinytAlaAlaPro-Valp-nitroanilide (Nsue
AAPVWpNA, Sigma Aldrich) by HNE to release the colorimetric compowmitdyaniline (pNA) was
used to determine the activity of native Human Neutrophil ElssteING"®1%. 10 uL of HNE (200
nM ¢ 400 nM) were added to 80 pL of buffer (Phosphate Bl pH 8) in a transparent 96 well
plate. 10 pL of 2 mM NsusAPVpNA were then added to the mediunand the increase in
absorbance at 37 °C was immediately monitored every 3@rsin a Tecan plate reader.
Controls of substrate in buffer were also indéa. The amount of itronaniline (pNA) cleaved
during 30 min was calculated by comparing told4 standard curve and expressed as pmol/min.
One enzyme unit (U) was defined following the manufacturer instructions as the amount of

enzyme that will hydrgise 1 umol of NsudAPVpPNA per minute at pH 8.

For the analysis of HNE activity in release samples and cell culture supernatants, 90 uL or
140 pL of the sample containing HNE were incubated with 10 pL of 2 mMAX$GMpNA and

pNA formation was monitoreds described above.

2.13.3 Alphal-antitrypsin activity quantification

The inhibitory activity and stability efphal-antitrypsin was assessed based on its ability
to inhibit HNE activitylt was therefore quantified by assessing its ability to hinder-hid@iated
conversion oNsucAAPVpNAto the yellow compound pNAs described in the previous section
In order to achieve thislO pL of AAT were incubated with 10 pL 200 nM HNE in 70 uL buffer for
10 min prior to addition of the substrate and measurementle HNE activity as stated above.
AAT activity was expressed as percentage inhibition of the native HNE in absence of the AAT

inhibitor.
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2.14 Activation and characterisation of Matrix Metalloproteinase 2 activity

Activation and characterisation of Humaecombinant Matrix Metalloproteinase 2
(MMP-2) was conducted by Mr. Emanuele Russo. MMgtoenzyme (RnD systems, [1§) was
activated by incubation withqaminophenylmercuric acetate (APMA). ividIP-2 was diluted to
100 pug/mL in zymogram buffeand incub&ed at 37 °C for 1 hour in presence of 1 mM APKA
5a{ho ! OGAQGFGSR SyilevyS ¢gla GKSy FfAljd2iSR
>3AkKY[ LD

Enzyme activity was assessed by using the quenched MMP fluorogenic substreRedVica
LeuGlyLeuDpa(DnpAlaArgNH2  (McaPLGIDpaARNH2, RnD  systems) [Mca=(7
methoxycoumarird-yl)-acetyl; Dpa=M8-(2,4 dinitrophenyl}L-"-i -diaminopropionyl]. Mca
fluorescence is quenched by the Dpa group until cleavage by MMPs at the@hond. 50 uL of
0.2 ng/yL activated mzyme solution were added to 10 pL of 100 uM NRI2GEDpaARNH2 and
40 uL of zymogram buffer in a 96 black wailte. The rate of substrate hydrolysis was
O2yAydz2dzate Y2YyAU2NBR 0 0T ¢ lkwenF 3207 405 nkR dzNJ dza 7

Theenzyme activity was then calculated using Eq 2.9.

YR 'Q o 0I0E 0 QU Q- (2.9)

Where RFU/minvas the slope of the linear part ttfie curve, CF is the conversion factor
obtained by the ratio pmols/RFU using the calibration curve of control peptideRicaeuvOH

(y = 63.9x + 64.48, CF= 0.015 pmol/RFU).
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2.15 Cell culture

2.15.1 Cell culture reagents

Lung epithelial cells A549 wepairchased from ATCC (American Type Culture Collection,
alylraalraz !X !'{1 03X DAOO2 5 d2 atlcbtdix@rd DMEMRA FASR 9
F12 medium)Gibcd™l dzYl'y YSNI GAy 208 GS DNER ¢ i (Glb§dMaartl SYSy G t
Bovine Serum (FBS) moFisher Scientific UK Ltd (Loughborough,.8&hall Airway Growth
Medium Supplement was obtained from Lonza (Basel, Switzerland), from Airway Epithelial Cell
Growth Supplement from Promocell (idelberg, Germany)Peprogrowth Supplement from
PeproTech E@London, UK)and penicillinstreptomycin (10000 U/mL penicillin, 10 mg/mL

streptomycin, Sigma)
2.15.2 General Human Lung Alveolar Epithelial (A549) cell culture

Lung epithelial cells A549 were maintained-4n5icell culture flasks (Corning®). Cells were
Odzt G dzZNBR @A GK 5dzZt 6S0O02-Rautreerd Riktdreh (SNEEMA2 raetlidn) a SR A dzy' Y
supplemented with 10 % v/v Foetal Bovine Serum (FBS) &ad/v penicillirstreptomycinat a
final concentration of 100 U/mL penicillin and 40§/mL streptomycir{complete medium) Cells
were incubated in a humidified atmosphere at 37 °C with 5 % &0@ passaged when they
reached around 8@ 90 % confluence by trypsinisation with TrypEDTA solution (1x). After cell
detachment trypsin was deéicated by addition oicomplete medium(1:2 of trypsin: medium).
Cells were then centrifuged for 5 min at 20QMSE Mistral 300Qiyesuspended and transferred

to a new flask at an adequate dilution. Medium was replaced ev&yl@ys after splitting.

Cells were frozen for i term storage in 10 % v/v of DMSO in FBS. Cryovials were cooled
at -1 °C/min to-80 °C in the freezer and transferred into liquid nitrogen storage after 48h.
Cryopreserved vials were recovered by thawing in a water bath at 37°C and then transferred to

DMEMF12 + 10 % FBS. The obtained cell suspension was centrifuged &8I Mistral 3000i)
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for 5 min. Cell pellet was then resuspended in fresh DMB& and seeded in a7b flask, and

cultured with the general procedure stated above.
2.15.3 Media composion for assays containing Human Neutrophil Elastase

Human Neutrophil Elastase (HNE) showed not to be active in standard culture conditions
with 10 % FBS DMEWNL2 medium. Assays with neutrophil elastase were therefore conducted in

serum reduced (4 %, 2 %%, 0.5 % v/v FBS in DMENR) or serum free media alternatives.

Initial assessment of neutrophil elastase toxicity and recovery by administration of AAT
was conducted in Small Airway Growth Medium Supplemented DIMEM(SAGM). 500mL of
medium were sup@mented with the following volumes of the SAGM Bullet Kit ,as suggested by
the supplier: 2mL Bovine Pituitary Extract, 50 insulin, 500 uL hydrocortisone,500 pL
transferrin, 500 pL recombinant human Epithelial Growth Factor (rhEGBY) uL ng/mL
triiodothyronine,500uL epinephrine and mLof Bovine Serum Albumin (BSA). The supplements

of Retinoic Acid and Gentamyeftmphotericinprovided by the supplier were not included.

Due to interruption in the supply of the SAGM supplement by the manufacturer,
alternative serurdree media with similar compositions were tested. This included DNFERI

supplemented with:

1 Human Keratinocyte Growth Supplement (HKGS). HKGS was diluted 1/100 in DMEM:F12 basal
medium for a final concentration 0.002 mL/mL BPHg/ML recombinant human insulifike
growth factor (irhILGF), 0.18 pg/mL hydrocortisone, 5 pg/mL bovine transferrin, 0.2 ng/mL
hEGF).

1 Peprogrowth Supplement, containing 1/200 v/v lipid mixture solution and 1/100 serum
replacement solution, diluted according to slr instructions.

1 Airway Epithelial Cell Growth Supplement (AES). AES was diluted according to supplier

instructions to a final concentration of 0.004 mL/mL BPEgbinL insulin, 0.5 pg/mL
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hydrocortisone, 10 pg/mL transferrin, 10 ng/mL recombinant hufBpithelial Growth Factor

(rhEGF), 6.7 ng/mL triiodothyronine and 0.5 um/mL epinephrine).

All media were tested with and without BSA supplements and compared in their ability to
support cell viability and migration. For this cells plated in DMEMX + 10 %BS were gradually
transferred in the test medium, by adding 50 % DMEM + FBS and 50 % test medium 48 h
before the assay and 100 % test medium2Before the assay. Afterwards cell migration and

viability were assessed as described below.
2.154 Detemination of cell viability: Prestoblue® assay

vdzt YGATFAOIGA2Y 2F YSOFIo062tA0 FOGAGAGE SAGK t N
viability after treatment with hydrogels, AAT and HNE, and compare cell viability under different
conditions. Prestoblu® is a resazurin containing reagent that evaluates the reducing ability of
cells. Healthy cells will reduce Prestodléo the highly red fluorescent compound resorufin. In
contrast, unhealthy cells will not be able to conduct the reduction of resaztivarefore not

yielding the fluorescent product.
Toxicity of Human Neutrophil Elastase ahdl-antitrypsin

Cells were seeded at>810° cells/well in a 96 wells plate and incubated with either HNE,
AAT, or HNEAAT combinations in a humidified atmosphete3@°C with 5 % GOThe treatment
was removed at every time point, replaced with|@0of fresh medium and 1QLof Prestoblué",
and incubated for 1 h at 37 °C. ThenQ®f the medium were plated in a black 96 well plate and
fluorescence was read at/em 560/590 nm in a FlexStation 3 (Molecular Devices). Metabolic

activity was normalised to untreated cells at the same time points as described in Eq 2.10.

P 6Qu OO QU6 pTT (2.10)

Where d "O¥ 1 Q (xo'@xdxand 6 'O& ¢ 0 1 Qi@ dd@e the fluorescent signal at

each time point expressed as arbitrary fluorescent units (AFU).
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Toxicity of thiol thiol-norbornene hydrogels

Hydrogels preparation was concted as specified in section 2&nd under sterile
conditions. €lls were seeded at&0* cells/well in a 24 well plate and incubated in a humidified
atmosphere at 37 °C with 5 % @@th PEGmaleimide or PE®lorbornene. Hydrogels were placed
in a Transwell® insert (6.5 mm diamater@ pore, Corning®) to avoid physical damage of the
cell monolayer. At every time point, hydrogels were removed and&#f fresh medium and 30
uLof Prestoblué™were added to he cells and incubated for 1 h at 37 °C. Theryl9&f medium
were plated in a black 96 well plate and fluorescence was reagat, = 560/590 nm in a
FlexStation 3 (Molecular Devices). Metabolic activity was normalised to untreated cells at the

same time points (Eq 2.10).
2.15.5 Migration Assay

The scratch wound migration assay was used to assess the ability of cells to repair
disrupted cell monolayers, as described elsewh&rgé Cells were grown in a 24 well plate until
they reached 95% confluencehen cells were serum starved for 24 h in the test medium used for
migration, corresponding to dier SAGM or AES supplemented DMEM for experiments
containing Human Neutrophil Elastase. After 24 h, a wound was created by scratching vertically
the cell monolayer with a 200L pipette tip and wells were washed withx3L mL of cell medium

to remove attached cells.

25 L lydrogels were placed in a Transwell® inptated in the 24 well plates, in order
to avoid physical damage of the cell monolayer and the scratch. Treatment was then added to the
cells in a total volume of 6Q0Lin the receptor charber and 10QuLin the Transwell®. Images of
the wound were taken every 2dunder an Olympulsiverted McroscopeCKX53 with XM10 digital
camera and CellSens softwaie4dx magnification. Wound closure was assessed by measuring the

wound area with ImageJ H2a Softwaré®” (National Institute of Health, USA,

https://imagej.nih.gov/ij/index.html). at each time point andomparing it to the originally created

55


https://imagej.nih.gov/ij/index.html

Chapter 2. Materials and Methods

wound size. Wound closure was expressed as a percentage of the original wound, and calculated

with Eq 2.11.

bwmé 6elhéi 6490 (2.11)

Wherew £ 6 & Q0@ Qs the area of the created wound at time Oh, atxE ¢ &i (Qa Q

corresponds tdhe area of the wound at each time point analysed.
2.16 Statistical Analysis

GraphPad Prism 7 version 7.04 for Windows (GraphPad Software, La Jolla California USA,

www.graphpad.corpwas used to perform all statiséicanalysis.

Data is reported as mean + standard deviation for dependent samples and as mean +
standard error for independent experiments. The number of repeats are stated as N for
independent experiments and n for dependent experiments. When independgpériments

were compromised of dependent replicates within the experiment, both N and n were stated.
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Chapter 3.

Fabrication and characterisation of Pia@eimidebased hydrogels

3.1 Introduction

Polymeric hydrogels are of growing interest in biomedaggilications, such as drug delivery
and tissue engineerirtg!'4 Their high porosity, hydrophilic nature and high water content make
them an attractive drug delivery platform, as they can encapsulate high amounts of therapeutic
macromolecules, cells and nanoparticles within the polymeric network under mild
conditiong®164198 |n particular, poly(ethylene glycol) (PEG) based hydrogels possess tuneable
properties and can be easily modified with a broad range of functionalities parimimproved

mechanical properties, high biocompatibility and controlled release préfitest414°

It is the aim of this thesis to delop hydrogels for the efficient proteagesponsive delivery
of inhibitors of proteases. One of the remaining challenges when formulating hydrogels for
responsive drug delivery is to reduce passive diffusion from the hydrogels porous structure and
therefore minimise unspecific drug reled8®. Passive release can beduced by: i) covalent
linking of the drud'ii) gekmacromolecule ionic or hydrophobic interactidhdii) formulation of
the therapeutic into secondary delivery systems such as nanopaffitlaad iv) modification of
hydrogel physicochemical properties forpnoved passive encapsulati&nwith the latter one

offering the mildest and most suitable conditions for physically entrapped macromolecules.

Thiol crosslinking chemistries (thiehe photopolymerisation or thiol Michael addition
reaction), are the most comamly used method for the fabrication of proteasesponsive
materials for biomedical applicatié#!®. Thiol Michael addition consists of the 1,4 addition of a
thiol to an electron deficient vinyl group such as maleimides, ‘@offbnes, acrylates and

methacrylates leading to a thioether bond formation (Fig3i*a)This allows for efficient

57



Chapter 3. Fabrication and characterisation of faBimide based hydrogels

crosslinking of polymers containing medtim vinyl functionalities with multysteine containing
peptides, creating the hydrogel network. The use of tlioémistries eliminates the need for
complex chemical modifications of the peptide crosslinkers and can be conducted under mild
aqueous conditions, facilitating fast formation of hydrog®l&*16316The exact mechanism of
hydrogel formation via Michael addition and other alternative chemistries for hydrogel fabrication

are discussed in more detail in section 1.4.1.

Due to their higher reaction efficiency, maleimide crosslinked hydrogels can be obtained

without using any catalysts!”317® which could otherwise affect cell viability and the stability of

encapsulated proteiri§®189:181 Additionally, the use of maleimieREG to PEGylate proteins is well

stablished and it has led to commercialised produstish as Cimzia®(Certolizumab pegol)

Cimzia® is an aAfumour Necrosis Factor (affiNF) antibody Faffragment antigen binding)

PEGylated with a multiarm PEGaleimide currently used in the treatment of several

inflammatory diseases sucls@ohy Q4 RA &SI &S | y R ®®ESrdrfHose2wb R | NI K NJ
reasons, thiol Michael addition a8 the crosslinking reaction of choice in this work for the

preparation of functionalised hydrogels as summarised in Figure 3.1.a.
3.1.1 Michaeladdition hydrogels: properties that affect drug release

There are two key aspects which can influence drugpsalation in hydrogels prepared
via Michael addition: the kinetics of crosslinking and the mesh size of the polymeric hydrogel

network.

3.1.1.1 Crosslinking kinetics
Crosslinking kinetics are a key parameter in hydrogel fabrication by Michael additioa, s
uniformly crosslinked gels are required for reproducible macromolecule encapsulation and

release.

Although the superior reactivity of maleimides has made them good candidates for

biocompatible hydrogel preparation, their higher reaction efficiencgoaimplies faster
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crosslinking kinetid$®>. This can lead to the crosslinking reaction, and therefore hydrogel
formation, taking place faster than the speed at which hydrogel precursor compsramt be
mixed togethet’>1”% The resulting hydrogels would have ramiform hydrogel networks with
domains containing low and high crosslinking densities within the same hy#ifbdel a result,

the distibution of macromolecules within the hydrogel matrix would be heterogeneous and drug
diffusion would be highly variabl€, therefore altering release. On the other hand, too slow
gelation kinetics have been associated with irregular distribution of the gels cargo resulting from
sedimentation before crosslking takes placé®. Therefore this balance of botispects has to be
considered during optimisation of gelation speed, in order to guarantee kinetics slow enough to
achieve homogeneous reproducible drug distribution and release, but not so slow as to allow drug
sedimentation before gel formation. Despithe wide use of maleimide hydrogels for tissue
engineering and protein release, a systematic assessment of different parameters on crosslinking
kinetics has been mostly overlooked in the field, except for two key works by Detrlashgand
Janseret al.1”*1"®Darling and ceworkers observed that gelation kinetics chfm-PEGmaleimide
(4-PEGMal) were too fast under physiological conditions and lead to fd@rains of varying
crosslinking densities. They studied the effect of polymer concentration, pH and pkatbidhe

on the crosslinking kinetics and concluded that slowing gelation by changing the pka of the thiol
was the most suitable strategy to slow gelation for cell encapsulation and sSptedaisenet al.

also observed that#EGMal polymers reacted rapidly with thiols at physiological pH without any
catalyst. They systematically studied the effect of lowering polymer concentration, buffer pH and
concentration and the use of more electronegattinols on gelation kinetics. All changes lead to
slower gelation and usually more uniform hydrogels, presenting less variable diffusion of small

molecules through the netwotk’.

There are several factors that can affect hydrogel gelation kinetics of hydrogel formation
through Michael addition which are sunarised in Figure 3.1.b and can therefore be used to

modulate gelation kinetics:
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1 Thiol crosslinkerincreasing number of cysteine residues and therefore number of
thiols available for crosslinking has been described to speed gelation kiffetics
Additionally, the pka of the thiol can drastlly change the crosslinking kinetics of
Michael additiod’>17712201 The use of negatively charged amino acids adjacent to
the cysteine can increase the pKa of the thiol and reduce gelation kinetics up to ~100
fold, allowing uniform mixing without compromising hydrogel mechanical
propertieg 3178

1 Polymer and vinyl groupAn incease in the concentration of the polymer and
therefore the vinyl groups accelerates crosslinking kin&fié& Additionally, lower
molecular weight of PEG or an increase in the nembf arms per polymer will
effectively lead to more vinyl groups available for crosslinking, being therefore
associated with faster gelatiéti’® Another strategy tanodulate gelation kinetics
could be by changing the vinyl group functionality. Maleimides are the most reactive
¢enes for Michael type addition, and vinyl sulfone and acrylate functionalised
polymers show slower kinetics (reactivity: acrylate < vinyl selfomaleimide, Figure
3.1.b bottom right}”3178 Although this strategy efficiently slows gelation, it has been
shown that acrylate and vinyl sulfone polymers require the use of higher amount of
catalyst to form hydrogels under same conditions than rimaige ones, which has
shown to affect cell viabilit§*. It has also been shown that vinyl sulfone and acrylate
lower reactivity with thiols decreases the efficiency in thiol incorporation, leading to

more loosely crosslinked networks with weaker mechanical propéfties

1 pH of the bufferAltering the pH of the reactiobuffer has been described as another
valid option for modulating Michael addition kineticklydrogel formation via
crosslinking between thiols and vinyl groups has been shown to take plac@H

range betweerB to 10317317 This is becauspH values below &aylead to too
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low a concentration of thiolatesand could #ect the stability of other functional
groupssuch as ester bongthushindering crosslinking reactionsleutral and slightly
acidic pHvalueskeep the raction selective towards thiols, minimising any possible
reactionsof maleimides with primary amines in the peptidesnd gelation is usually
conducted at pH below 88.5'841:114.164.166 Additionally, bwering the buffer pH will
modulate the thiol/thiolate equilibium towards the protonated forn{thiol). This
reducesthe thiolate concentration, which is the active species for Michael addition
and therefore slowgelation kinetic{Figure 3.2.b top right}>1’% Varying the buffer
pH has been shown to not affect final mechanical properties of the hydidgels
1 Temperature The temperature of reaction can also affect crosslinking kinetics. Datling
al. and Elbertet al. have shown that a decrease in the temperature can slow crosslinking
reaction kinetics leading to sidiantly slowing gelatiott*'”® Although varying
temperature could bean efficient approach to control gelation kinetics of hydrogels
formed via Michaetype addition, it has less impact on maleimid®sslinked
hydrogeld’3. Additionally, the preparation of hydgels under low temperature presents
impracticalities and difficulties to be implemented into routine hydrogel preparation. For
these reasons, this parameter has not been varied in this work, and hydrogel formation

was conducted at 26C throughout this wik.
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Figure 3.1Thiol Michael addition reaction for functionalised hydrogel preparatahSimplified schematic
of crosslinking reaction between dithiol crosslinkers and maleimide polymeric net(hgrketical 2D
structure) b.) Parameters affecting dation kinetics via Michael addition (ordered from slowest to fastest
gelation condition left to right within each category).

3.1.1.2 Hydrogel mesh size

| 8RNR2 ISt YSakK aAail§ 6vo O2NNBaLRyRa (G2 GKS Raad
in the hydrogel network, being a key parameter dictating effective drug encapsulation and passive
releasé??. Several parameters canF F SO0 Ke RNR ISt Qa YSakK aAl Sz I yR
passive release from hydrogels. Some of the parameters have also been described to have an
effect on gelation kinetics (section 3.1.1.1) and therefore their effect on the final macromolecule

releae can be complex to predict for hydrogels fabricated via Michael addition:
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1 Molecular weight and concentration of polymémn increase in the polymer concentration
and reduction in the molecular weight produces hydrogels with reduced mesh size values,
due to the higher density of crosslinking points in both cd%®s Zustiaket al. and
Rehmannet al. have described that this also altered the passive diffusion of proteins
through the geff affecting passive release of different size protéins

1 Number of arms of polymeAn increase in the number of arms of the polymer, and
therefore the number of vinyl functionalities available for crosslinking for the same Mw
has beerdescribed to reduce hydrogel swelliftand the mesh siZé& This is due to the
higher spatial distribubn of arms around the polymer core leading to lower
interpenetration and overlap of arms and reducing local fluctuation, leading to higher

crosslinking density?,

Since one key aspect of this thesis is achieving enzymeolled release, guaranteeing the
lowest passive release possible,darder to achieve more efficient enzyroentrolled release is
essential. Thus, mesh size quantification and characterisation and its influence on passive release

is crucial.
3.2 Aim and objectives

This chapter explores the synthesis and characterisatibmpady(ethylene glycol) (PEG)
hydrogels via Michael addition ofatm-PEGmaleimide and dithiol crosslinker dithiothreitol (DTT)
for the delivery of macromolecules. DTT is used throughout this chapter as-effaative model
dithiol, in order to charactese the effect of different variables on hydrogel properties relevant

for drug delivery.

It is our aim to systematically study how the buffer pH, Mw and concentration of polymer

affect i) hydrogel formation conditions between PEG maleimide and crosslaiitgols, ii)

KERNR ISt Qa YSOKEYAOFE LINPLISNIASE FyR YSakK aifl

dextran as a model macromolecule.
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The objectives of this chapter are as follows:

() Synthesis of DFdrosslinked 4arm-PEGmaleimide gels and confiration of hydrogel

formation.

W Characterisation of the effect of pH, molecular weight and polyc@centrationon

gelation kinetics and mechanical properties of BHFHEGMal gels.

W Characterisation of the effect of molecular weight and polyroencentrdion on the

mesh size of crosslinked hydrogels.

W Reduction of passive release of model macromolecules fram¥dPEGmaleimide gels

by tuning the molecular weight armbncentrationof polymer.

3.3 Results and discussion

3.3.1 Crosslinking of mulirm-PEGmaleimide with dithiols to form chemically crosslinked

hydrogels

Michaehtype addition between 4arm-PEG maleimide {EGMal 5 kDa and 10 kDa) and
the crosslinker dithiol dithiothreitol (DTT) was used to obtain chemically crosslinked hydrogels
(Figure 3.28). Hydrogel formation was assessed'HNMR and rheological characterisation of
the swollen hydrogels (as described in sections 2.7.1 and 2.7.3 of the methods chapter,

respectively).

!HNMR has been extensively used to confirm hydrogel formafiétt. Chemical
crosslinking was confirmed by disappearance of the maleimide charactepstions at a
chemical shift of 6.8 6.9 ppm in the NMR spectrum (labelled as proteria Figure 3.2) which
indicates complete reaction between maleimides and the dithiol crosslinker within the detection

limit of NMR.

Oscillatory rheology is routinelysed to describe the flow of viscoelastic materials, such
as hydrogels, and characterise their mechanical properties and gelation kittétis-dydrogel
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Figure 3.2 Chemical monitoring of hydrogel formatioa.) Michaektype addition reaction between-arm
PEGmaleimide (4PEGMal) and dithiol dithiothrait (DTT)a protons highlight maleimide protond3-NMR
of 5 kDa 4°PEGMab.) before andc.) 30 minutes after reaction with DTT %w/v in 0.1M citrate pH 4 in

D-0) showing disappearance of maleimide protons.

Hydrogels consist of macroscopic networkstthimit the flow of the aqueous phase,
behaving macroscopically as a viscoelastic solid. Therefore, if a hydrogel is obtained, the resulting
LINE RdzOG ¢gAtft 0SS OKINYOUGSNRASR o0& | KAIKSNI ad2Nn
throughout the linea viscoelastic (LVE) region. The LVE region corresponds to the amplitude

(Figure 3.3.a) and frequency (Figure 3.3.b) range in which the mechanical properties of the sample
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plateau.

Successful synthesis of thimlaleimide hydrogels via Michael addition was confirmed by
oscillatory rheology as storage moduli values were much higher than loss moduli in the LVE,
indicating a gelike structure (Figure 3.3). The obtath hydrogels had strong mechanical

properties, with a storage modulus in the kPa range.

A frequency of 0.5 Hz and an amplitude of @%vere selected for further rheological
experiments as they both fall well within the LVE (0.16 to 3.17 Hz & 6t&in and 0.0631 to 5
%strain at 0.5Hz). Those strain and frequency values will therefore guarantee hydrogel integrity
during rheological experiments. Therefore, observed rheological properties are only due to

changes in hydrogels structure.
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Figure 3.3.Determination of mechanical properties and linear viscoelastic region of-ZEHHGMal
hydrogels by oscillatory rheologg.) Frequency and.) amplitude sweeps of preformed hydrogels swollen
in PBS (10010kDa 4PEGMal, n=2). Dotted lines represent chosen lgoge and frequency within the LVE
selected for further rheology measurements ePEGMal hydrogels (Strain @% Frequency 0.5 Hz).

3.3.2 Influence of pH, polymer concentration and molecular weight on mechanical

properties and gelation kinetics of hgdels prepared by Michaatdition

Physicochemical properties of hydrogels such as mechanical strength, gelation kinetics
and mesh size are key when formulating hydrogels for drug delivery, as they can alter hydrogel
strength, homogeneity and macromolecslencapsulatiof¥!’3 For this reason, the impact of pH,
molecular weight and concentration of polymer on the properties of tmaleimide hydrogels
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obtained by Michael addition reaction betweerPEGMal and the modeitHiol DTT was studied.

In general, either a base or nucleophile are required as catalysts for Michael addition hydrogel
formationt’® Maleimide is the most reactive of the Michael addition acceptors and has shown
superior kinetics and requires less catalyst for impobvsdrogel propertie$*. We theefore
aimed to obtain and characteriseREGMal crosslinked hydrogels without using any catalyst, since
the use of extra catalysts may compromise the biocompatibility and cytotoxicity of the

materiald®,

The effect of pH on hydrogel formation was investigated as it has been shown that pH
affects Michael type addition reactiol$1’31’® Thiolates (deprotonated thiols) are the active
species in Michael addition, hence, lowering tfH can effectively slow polymerisation kinefits,
increasing gelation tim®. The influence of pH on hydrogel gelation kinetics was characterised by
Y2YVAU2NRAY 3T GKR &RANT ¥R Ry FKDadHEQNDal an@ DT gt pH 4,
5 and 6 (Figure 3.3 a,b) and ¥%w/v at pH 3, 4, 5 and 6 (Figure 3-8 ® DQQ 2NJ f 244
indicative of viscous behaviour of the sample, does not increase after addition of thel dithi
crosslinker (Appendix Figure Adp Conversely, the storage modulus, (G'), indicative of the
elastic solid behaviour of the sample, starts at lower initial values and increases as the crosslinking
reaction between dithiol andPEGMal takes place, tilrplateauing at a maximum once gelation
is complete, reflecting hydrogel network formation (Figure & &adc)!*. The gel point was used
as numerical value to compare gelation kinetics at different conditions and it was described as the
GAYS G sKAOK DQBDQQ 6 FPIPTHedgel Pinidad atdingdiwithinFsdzNA y 3
min for pH 46, while pH 3 showed a delayed onset of gelation of ~30 min foh1® kDa
hydrogels (Figure 3.3.c and Table A.1in the Appendix). pH dramatically affected gelation kinetics
by reducing the gel point from722 min to 0.4 min from pH 3 to pH 6 (Figure 3.3.c, Table A.1 in
GKS 1'LISYRAEOD® LI f&az2 ¥F¥FSOGSR GKS FAyLf DQ |
at pH 6 than 4 (Figure 3.3.d). However, there was no significant difference in the neathan

properties of hydrogels prepared at different pH after being left to cure overnight and then
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swollen in PBS (Figure 3.3.e). This data shows thid¢ warying the pH of the mediumodulates
gelation kinetics, with substantial changes in gel timeglidt not affect the final mechanical

properties of the hydrogels.
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Figure 3.3.Influence of pH, on hydrogel formation kinetics and mechanical properties -afimé

PEGMaleimide (PEGMal) gels monitored by oscillatory rheology #S&rain, 0.5Hz). Effect pH ona,c.)

gelation kineticsb,d.) storage modulus at the end of gelation) storage modulus equilibrium swollef

PEGMal DFgdrosslinkedgels a.) and b.) represent 5% w/v 10 kDa 4°PEGMal gels and), d.) ande.)

represent 1ow/v 10 kDa 4EGMal dta. Gelation kinetics of %6w/v 10 kDa gels at pH 3 are not included

sinde gelation was not observed within 1 h (data not showimdicates statistically significant difference

2F D Q-wayBAN@WA @iith Tukey pesbmparisons (p<0.05, n=3, mean arsiard deviation). Dashed

line represents addition of the crosslinker to initiate polymerisation. In gelation kinetics assays, only
FEAGSNYFGS RFEGE LRAYyGa 2F DQ INB aK2gy F2NJ OfFNRdGed DS
a.) and c.) an be found in Figure Al.a. and b in the Appendix.

Similar observations were found when thencentrationof polymer was lowered to %
The gel point decreased with increasing pH values in a similar trend to #gal3 (Figure 3.3.c).
As expected, ecreasing the concentration of polymer and crosslinker leads to slower kinetics of
crosslinking compared to 1% hydrogels. Longer gel points than the %Xyels at each pH were

observed with 12.5, 2.5 and 0.3 min for pH 4, 5 and 6, respectively (Figure Bgpendix Table
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l dHZ0d [2y3IASNI St LRAydGasz YStHy GKIFG &l YLX Sa 4.
would allow for more homogeneous mixing during hydrogel preparation fdrbydrogels. 3%
Mn 151 Ke@RNRIASEt A 4&K?2 hdhRO%yalS séfledingQieakear tnéchahicalg S NJ D
properties of the gels, as expected due to lower amount of polymer and crosslihieigure

3.3.ab).

Hydrogel mechanical properties and gelation kinetics can be further tailored by changing
the size anadoncentrationof the polymet®’. Therefore the effect of theoncentrationof polymer
(w/v) on the kinetics and mechanical properties of hydrogels was investigated more
systematically. 5 kDa-BEGMal hydrogels were prepared at pH 3 and 4, from 5 t&@&0v of
polymer at a 1:1 [Thiol]:[Maleimide] ratio (Figure 34lp Increasing the polymer concentration
lead to faster gelation (shorter gel points, Figure 3.4.a and c.) and significantly higher storage
moduli at the endpoint of gelation at both pH (Figure 3.4nd @) as similarly observed by other
researcher¥®1%” Higher storage modulus &0 G Ay ONBIF &aSR LRt &aYSN 02\

crosslinking densities
and stronger gefs¢4

Interestingly, the mechanical properties of 20 and 3®w/v hydrogels were not
significantly different, indicating similar crosslinking densities. Similar to as shown previously with
the 10 kDa £EGMal gels, pH 4 hydrels had an overall faster reaction rate (Figure 3.4.c), with
AK2NI SN 38t LRAyGa YR DQ OFftdsSa OKASOAYI LI
3.4.a). This is due to the pH control over thiolate formation, with lower proportion ofatgo
anions present at pH 3 than at pH 4, leading to slower hydrogel formétidrowering the pH is

therefore promising as means to slow gelation kinetics to obtain more homogeneous hydrogels.
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Figure 3.4 Effect of polymeiconcentrationon the gelation kinetics (a.,c.) and final storage modulus (b.,d.)
at pH 3 (a.,b.) and pH 4 (c.,d.) of 5 kDREIGMal DTdrosslinked hydrogels. * indicates statistically
AAIAYATAOK yi RA-Way ANOYA VIS TuRe¥ pob@paiséns @085, n=3 mean + standard
deviation). Dashed line represents addition of the crosslinker to initiate polymerisation. In gelation kinetics
assays, only alternate data points are shown for clarity.

Figure 3.5 summars the gel points of PEGMal hydrogels obtained at different
polymer size anatoncentration(w/v) at pH 3 and 4. Overall, the gelation time was higher for
hydrogels prepared at pH 3 compared to pH 4 at all polymer concentrations and Mw. Gel time
was highe for the same polymeconcentrationfor 10 kDa 4EGMal in comparison to the 5 kDa.

5 kDa hydrogels contain double molar concentration of maleimide groups, with an increase in the
concentration of maleimide groups available for crosslinking leading terfgelatiort’® 20 %
and 30%w/v for 5 kDa 4°PEGMal at pH 4 had very fast gel times (0.7min), versus 1.4min and 1.8

min for the same conitlons at pH 3 (Figure 3.5, Ta#e? in the Appendix).
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Figure 3.5Summary of gelation times at different w/v % of polymer for 3fiosslinked 10 kD& PEGMal
and 5 kDa £EGMal at pH 3 and 4 measured by oscillatory rheology (n=3, mean + standard deviation).

Too fast gelation kinetics can compromise hydrogel uniformity due to polymerisation
occurring faster than mixing, leading to heterogeneous hydigmntaining high and low
crosslinking density domains within the same gel, making hydrogels performance
unpredictablé”. Jansenet al. have shown that diffusion of macromolecules through
heterogeneous hydrogels due to too fast gelation is more vartdbland could lead to more
variable release profiles. In this section three strategies were investigated to slow gelation kinetics
of 4-PEGMal gels: varying the size and the concentratiow/(#6of the polymer, and reduce the
pH of the bufferWe observed that decreased concentration and higher size of the polymer could
efficiently slow gelation, increasing gel point. But those conditions also produced weaker
hydrogels. Weaker gels formed at bigger polymer size and lower concentration of pdigrresr
been associated with bigger mesh sizes in the network in the literature, leading to worse
entrapment and pasive release of macromolecutesTherefore due to the potential effect of
polymer size and concentration on mesh size and passive release of cargoes, they were not the
chosen strategy to modulate hydrogel kirest with applications for drug delivery and their effect
on passive release should be further investigated. We have shown that while the pH of the buffer
efficiently slows gelation, it does not affect the final mechanical properties of the hydrogels
(Figure 3.3.e), pH 3 was chosen for the preparation ePEGMal hydrogels for further

experiments. This will allow longer times for homogenisation of hydrogel components at the
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different polymer concentratiorand Mw without compromising the strength and crasking

degree of the hydrogel networks

3.3.3 Effect of molecular weight and polymer concentration on the mesh sipd bf

crosslinked hydrogels

¢tKS YSaK &A1 S ov0 A&4 RSTAYSR la pdn8inRAaidl yOoS
the hydrogel network.tlis considered a key parameter dictating effective drug encapsulation and
passive releagé®. Polymer concentration and MW of the polymer in PEG hydrogels can influence
their mesh size, altering macromolecule entrapment and passive diffusion through the hydrogel
network, thus modifying their passive release. This is due to bigger mesh sizes offering less
hindrance to the diffusion of macromolecules, whereas smaller mesh sizes allow higher
entrapment of macromolecules within the hydrogel network, reducing their rétdsé It is
therefore important to ealuate the effect of polymer concentration and size on the mesh size of
the obtained hydrogels, since it will condition the encapsulation and passive release of the

entrapped macromolecules.

The effect of polymer concentration (5, a0d 20%w/v) and sie (5 kDa and 10 kDa) on
the mesh size ofPEGMal hydrogels crosslinked with DTT as a model dithiol was evaluated. Mesh
size was calculated based on hydrogel swelling ratio (see TABLE A. 2 in the Appendix for swelling

values), as described in section 2,7a8d widely used for PEG hydrog&ts!®!
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Figure 3.6 Effect of polymerconcentrationand Mw on the mesh size of D-€fiossinked hydrogels.

Symbols indicate statistically significant differences bywag ANOVA with Tukey pesbmparisons
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The molecular weight of theglymer had a significant effect on the mesh size, with 5 kDa
hydrogels showing significantly smaller mesh sizes than their 10 kDa equivalents at all polymer
concentrationg(Figure 3.6). This is due to the smaller molecular weight polymers having shorter
PES chains per molecule and, at the same mass, increased molar concentration of maleimide
groups available for polymerisation. Overall, smaller size and increased concentration of polymer
lead to a reduction in the mesh size sPEGMal hydrogels (Figure B.®Bhis trend indicates higher
crosslinking densities are achieved at higher polym@ncentrationsand smaller Mw, being
consistent with the increased mechanical properties (Figure 3.3 and 3.4), and with reported values
in the literature?®1%”. The obtained mesh size values are within the same range as othdyeREG
hydrogels prepared under similar conditions by Zustiall.**and Rehmanmet al.??>. The reduced
mesh size values below 10 nm obtained are promising for efficient physical entrapment of
macromolecules, as they are in the same range as the hydrodynamic dimgjeof(Beveral

therapeutic macromoleculé$?23¢
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3.3.4 Effect of molecular gight andconcentrationof polymer on passive release of

dextran from DT-Erosslinked hydrogels

Since the different crosslinking conditions ePEGMal hydrogels affect the structure of
the resulting network, it is important to understand the effects thesesslinking conditions can
have on the encapsulation and release of macromolecules. The influence of Mw and
concentrationof polymer on the ability of £EGMal hydrogels to encapsulate and modulate the
release of a 70 kDa fluorescent dextran (Texas ReD,70) as the model macromolecule (Dh ~ 12
nm) was assessed. TRD70 was used as the model fluorophore since it has a similar size to the
elastase inhibitor that will be encapsulated in this project (alkentitrypsin) and will be

indicative of the releasprofiles that could be achieved with the protein under same conditions.

Dextran was incorporated during hydrogel formation and its encapsulétiopg/L)and
release was measured by periodical analysis of the release medium as descrifsadion 2.7
Only 10»and 20%w/v hydrogels are represented a®6wn/v hydrogels did not reproducibly lead
to hydrogel formation. A trend was observed displaying improved encapsulation efficiency at
higher concentrationof polymer and lower size, with th20 %5 kDagels showing the best
entrapment (Figure 3.7.a). All hydrogel formulations showed an initial burst release during the
first 6h (Figure 3.7.b) with a much slower release fronh 48wards. This can be attributed to the
swelling of hydrogels in aqueous mewh, which occurs during the first 2dand then it stabilises

at an equilibrium swelling value (see Table A.1 and Figure A.2 in the Appendix).

It has been shown that reduced release of macromolecules can be achieved by either
reduced molecular weight oincreasedconcentrationof the polymef#**3¢ This is due to the
increase in crosslinking hindering the diffusion of the macromolecules through the hydrogel
network, therefore controlling the release rafe®. We therefore expected the maximum amount

of dextran released (B to be directly related tahe crosslinking degree of the hydrogels

(highestDmax for 10 kDa 1PEGMal 186w/v and lowest for20 % w/v5 kDa). Raxfrom 10%
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5kDa 4PEGMal gels was significantly higher than all the other hydrogel conditions (Figure 3.7). As
hypothesised, 5 kDa-BEGMal hydrogels showed better retention of dextran with a significantly
lower Dmax after 15 days than the ¥w/v ones although it was not significantly different from
10%10 kDa and th€0%10kDa (Figure 3.7, Table.A.2 in the appendix).
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Figure 3.7Encapsulation and release of 70kDa dextran (TRD70) frorci§3linked hydrogels. Effect

of polymerconcentrationand size ora.) Encapsulation ant.) passive release of 70 kDa dextran.
Fluorescence microscopy images of hydragelium interfaces atelease endpoint, confirming
TRD70 is confined within the gel area (day 15, scale bar 1 mm).* indicates statistically significant
difference on encapsulation efficiency and on final amount released bywayeANOVA with Tukey
post-comparisons (p<0.05, n=hean + standard deviation).

3.3.5 Correlation between hydrogel mesh size and dextran release frorr&sslinked

hydrogels

The value of mesh size obtained for a given hydrogel composition has been used as an
approximate prediction of their efficiency andelease kinetics and encapsulation of
macromolecules of known siZésAlthough some deviations of predicted release from mesh size
data can occl#, in general a reduction of mesh size correlates with a reduction in the amount of

macromolecule released. If threesh size is much bigger than the hydrodynamic diameter (Dh) of
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typically resulting in an initial burst release followed by a slow release phase with a variable
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swelling and the total amountr(i%) of 70 kDa dextran (Dh ~12 nm) released at the endpoint of release

experiment (day 15).* indicates statistically significant difference of final amount released hyayne

ANOVA with Tukey poesbmparisons (p<0.05, n=4, mean + standard deviation).
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TRDO is approximately 12 nm in diameter and the mesh size of the hydrogels ranged
from 6.6 to 11 nm, placing the developeedPEGNMI hydrogels in the latter category of similar
YS&aK YR YIONRY2tSOdzZ S &A1 Sa o65KAvOd hdz2NJ NB¢
observations; as all hydrogels showed a burst release and then slow release (Figure 3.7a), with
dextran still remaining imll formed hydrogels at the endpoint of release (Figure 3.7.c). In order
to further correlate mesh size and dextran release, Figure 3.8 shows the maxiongentration
of dextran released at the endpoint of the releasen4lp as a function of the determinemesh
size of the hydrogels. With the exception of the%Q0 kDa hydrogels, an overall increase in the
mesh size led to an increase indR This is in agreement with similar RB&ed hydrogel systems

and macromolecules studied in the literatdté®

3.4 Conclusions

The scope of this chapter was to develop and characterise the formation of PEG hydrogels by
Michael addition and to evaluate the effect of buffer pH, and polymer size and concentaation
the kinetics of gelation, mesh size and macromolecule entrapment. PEG hydrogels prepared via
Michael addition between mukarm PEGnaleimide and the model dithiol (DTT) as crosslinker
showed full maleimide crosslinking and led to strong mechanicalgtigs in the kPa range.
Lowering the pH of the reaction solution affected the crosslinking kinetics, but not the mechanical
properties of hydrogels. Decreasing the polymer concentration slowed gelation kinetics but also
affected hydrogel strength and iresised passive release. Therefore lowering the pH of the buffer
to 3 was used as strategy to obtain slower kinetics, suitable for homogeneous hydrogel
preparation. Under those conditions, the influence of the molecular weight and concentration of
4-PEGMal #ect on mechanical strength, mesh size and pasdiffasion from DTT ®EGMal
hydrogels was characterised. Higleencentrationand smaller Mw of the PEG macromere led to

stronger hydrogels with smaller mesh size and improved passive release of desedrhere as
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a model macromolecule. A direct relationship between mesh size and passive release from
hydrogels was observed, with the 20w/v hydrogels showing a superior performance in reducing
passive release of TRD70 and being the selected compo$itiqproteaseresponsive hydrogel

preparation.
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Chapter 4.

Development of elastagesponsive hydrogels for controlled release

4.1 Introduction

In this chapter we will develop an elastassponsive peptide dithiol which will then be used
as crossliner between polymer strands to generate elastassponsive hydrogels. The
incorporation into hydrogels will be conducted via Michael addition with the fabrication method

optimised in Chapter 3 using a model dithiol.
4.1.1 Elastasecontrolled drug delivery

The development of stimuliesponsive delivery strategies is a growing field within drug
delivery, particularly the development of materials offering stinmaiponsive delivery upon

contact with diseasspecific molecular cué&®. For instance, hydrogels able to undergo selective

degradation by enzymes overexpressed in pathological states are an attractive strategy restricting

drug release temporally and afially to the desired site of action. This is achieved by appropriate
selection of the target enzyme and material desitjh Recent reseatcshowed that once the
material is at the targeted site, drug release is triggered via enzymatic degradation of the hydrogel,

decreasing the amount of offirget effects and achieving therapeutic efficacywivomodel*®,

In order to achieve the enzymeontrolled release mechanism, peptides that are recognised as
substrates by the targeted protease need to be incorporated in the hylrogtwork, as

represented in Figure 4.1.a. Then, in the presence of the targeted protease, the enzyme will

recognise the targeting sequence (Figure 4.1.b), leading to cleavage of the peptide and triggering

drug release. This will then translate into hydeb degradation and cause the release of the

entrapped cargo (Figure 4.1.c).
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VLS AAA Vo, P, Ny
SoF e % :
Foh I DAy = A
. ] =] $ — -
¢ 5 g % § “
.J' 77 Nad
o v - 0 o
polymer building blocks \/\/\/\  enzyme-cleavable linkers
c enzymes therapeutic molecules

Figure 4.1 Mechanism of controlled release from enzynesponsive hydrogels.) Incorporation of
enzymerecognised elementd.) Degradation of the linkers by the targeted gne.c.) Cleavage of

the enzymesubstrate linker translates into degradation of the hydrogel and release of the therapeutic
molecules. Image adapted from Chandravati

4.1.1.1Introduction of elastaseensitive functionalities

As cescriled in section 4.1.1selection of a linker which can be specifically recognised and
degraded by the target enzyme is a key requirement to achieve efficient enzgnmlled
release. Since elastase is the targeted protease, it is necessary to selectde pepfuence that
can be cleaved by elastase and incorporate it into the polymeric backbone of the hydrogel. The
design of synthetic peptides which can be selectively cleaved by elastase has been investigated

i * dru ivery” issu i irgy icati .
for sensindgt’-2°%206 drug delivery?'32and tissue engineerirff-2°®applications

Despite its clinical implications, the literature available on short synthedst@tesensitive
peptides is limited and is summarised in table 4.1. Human Neutrophil Elastase (HNE) cleaves
peptide sequences after small neutral amino acids, such as valine and alanine with a higher
specificity for valine (BRENDA:EC 3.4.2%).3&ccordingly, the peptide sequences found could be
grouped into three classes: i) pedjanine containing sequences where the peptide is cleaved
between alaningesidues; ii) peptides cleaved after an isoleucine residue; and iii) peptides cleaved

after a valine residue.
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i) Polyalanine sequencggleavage between alanine residues, entriegsih Table 4.1).
Sequences containing several consecutive alanine resmfuesgths varying from 2
to 8 amino acids have been reported to be cleaved by ela&&8&°7:2%8 Although
some of these references have employed Porcine Pancreatic Elastase (PPE) in their
assays and some did not specify which type of elastase was employed. PPE (E.C.
3.4.21.36) is considered as a different enzyme to HNE with broader specificity. PPE
cleaves peptles after small amino acids with a preferential cleavage site after alanine
residues (BRENDA:EC3.4.21.36). This was demonstrated by &atiekho found
that elastase (using PPE) cleaved the peptide AAPV after the alanine residue and not
after the vaine?®®. Guanet al. designed scaffolds incorporating AAK motifs, and
showed that elastaseontrolled degraddbn was very slowtaking weeks to achieve
40 % degradation. Interestingly, they reportethat their scaffolds were not
responsive to collagenase, which indicates some specificity of the secfiense
different approatr for obtaining elastaseesponsive materials used
copolymerisation of amino acids to lead random copolymers of alanine instead of
residue by residue assemBi§; Although this approach has been sucéelstor the
design of polymers containing pedyanine domains, the degree of control of the
amino acid sequence is not enough when more complex sequences, involving a
specific order of different residues are required.

ii) Sequences cleaved after an isoleaaiesidugentries 6-7 in Table 4.1). Korkmaz
al. developed several elastase sensitive sequences in order to produce specific
fluorogenic HNE substrates not recognised by other proteases. Among the
synthesized sequences, the peptide sequence ARPHERR was selectively degraded
by HNE, and not degraded by similar enzymes from the serine protease family such

as proteinase 3, Cathepsin G and Tryf34in
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Table 4.1Summary of elastasgensitive peptide sequences

Entry Peptide sequence Application Ref
1 [Aln[ER Design elastaseesponsive materials 209
2 AAAAR AAAK Elastasedegradable scaffolds 208
3 pABCYAAQ PVEEDANS Fluorogenic detection and management of elastase (P 2
4 DAQ AR Enzymeresponsie hydrogel swelling (PPE) 40,210
AQ ARGD Enzymeresponsive surface modification

5 AQ AK Elastase degradable scaffolds (PPE) 207
6 AbzAPEE) MRFQ-EDDnp Design of fluorogenic substrates specific to HNE 204
7 -Flo RW Fluorescence detection of elastase (HNE) 7
8 Sue! ! t #pNMA (1) . . .

Colorimetric detection of elastase (HNE 153,206

SucAAPA -pNA  (2) (HNE)

9 Sue! I t +AWIC (1) . .

Fluorogenic detection of elastase (PPE and HNE 205

SUGAPAQ-AMC  (2) g ( )

10 CRAPWM RGGGC

Elastase responsive release (HNE %9

COAAPNVA GGGGC ponsiv (HNE)
11 KroXAAPYD RG G Roxe
AAPW RGMG Spatial detection Elastase and responsive release (HN 132
AAPNv& GGMG

Elastase sensitive functionalities are highlighted in blue. Arrows represent protease cleavage sit
type of elastase is indicated when specified by the authors: Porcine Pancreatic Elastase (PPE) anc
Neutrophil Elastase (HNE). Othdabaeviations: Dab =-f4-(dimethylami no)phenyllazo}benzoic acid,
EDANS =K2-aminoethyl} amino]naphthalenel-sulfonic acid, Abz = orthoaminobenzoic acid, EDDn
Ethylenediamine, fNA = paranitroanilide, QXL = QXL® 610 acid, ROX «€a{®pxyrhodarme, Suc = N
succinyl.

iii) Sequences cleaved after a valine resifemrtries 8¢ 11 in Table 4.1). The AAPV
sequence has been the more commonly used motif for elastasponsive
detectiont>3205206gnd responsive drug delive®#*2 and is also widely used and
commercially available for the characterisation of elastase act®t}t Edwardset
al used colorimetric substrates with AAPV and AAPA for quantification of elastase
activity for chronic wound applicatioff§2%¢ Alater study from the same researchers
including fluorogenic detection with the same peptide sequences found increased
cleavage of the AAPV sequence with respect to APA by HNE in s8tuttamas also
observed that the APA substrate was more susceptible to cleavage by PPE than
HNE®. This suggests the alanine residues before cleavage site are more favourable

for applications targeting pancreatic elastase while the AAPV sequence, where
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cleavage takes place after the valimsidues, are more favourable for HNE targeting.
This is confirmed by Patriek al. (entry 3) who observed that their FRET substrates
containing an AAPV sequence were cleaved after alanine usirf§®.PRie whole
elastase sensitive sequence AAPVRGGG has been employed in two publications by
Aimetti et al. to form elastaseesponsive hydrogels with different apm@i@ons.
Although the two crosslinking chemistries were different, in both cases the sequence

cleavage by HNE triggered hydrogel degrad&tioi

Among the previous studies, only a few reports have focused on incorporating the
elastaseresponsive sequences into elastassponsive delivery systems that specifically
target neutrophil elastae®®!*2 Therefore the fabrication, systematic characterisation of
passive entrapment, and enzyreentrolled release from elastagesponsive hydrogels
remains unresolved. In order to fabricate hydrogels with suitable elastsgonsive
properties the selection and synthesis of a peptide with suitable was@ubility, and
specificity towards Human Neutrophil Elastase is important. With this purpose, the elastase
sensitive sequence AAPVRGGG developed by Aietetil*®1%2 was selected as to be
integrated into crosslinkable peptides. The crosslinker would be subsequently inctagora
into hydrogels in order to characterise their capabilities for physical entrapment of

macromolecules and elastasentrolled release.
4.2 Aim and objectives

The aim of this chapter is to fabricate and characterise elastassitive hydrogels suitable

for the encapsulation of macromolecules.
In order to achieve this aim, the objectives of the chapter are:

1 The design of a soluble elastassponsive peptide suitable for crosslinking via thiol

chemistries.
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1 The crosslinking of elastasensitive peptids with 4arm-PEGMaleimide (4PEGMal) for the
fabrication and physicochemical characterisation of hydrogels via Michael addition.
1 The characterisation of the passive and elastesetrolled release abilities of the developed

hydrogels.

4.3 Results and dcussion

4.3.1 Design and synthesis of an elastasasitive sequence for incorporation into

hydrogels

4.3.1.1Synthesis of elastasensitive peptide and characterisation of elastase

responsiveness

To achieve elastaseontrolled delivery hydrogels it isnportant to design a suitable
elastasecleavable crosslinker. The initial peptide was designed including an elzstiasiive
sequence AAPVRG&&E?flanked by two terminal cysteine residues in order to allow reaction
with 4-arm-PEGMaleimide polymer (peptidel, structure on Figure 4.1.a). All synthesised
peptides (peptide3 ¢ 6, Figure2.1) were acetylated on the fierminus and amidderminated on
the Gterminus. This avoids the presence of charges in the vicinity of the thiols which could lead

to altered reaction kinetics by Michael additidh'’”,

The crude peptide 1) was analysed by EMIS to confirm that the synthesis was
successful. Both protonated and sodium adducts corresponding to the reduced (protonated
thiols)and oxidised (oxidised thiols) forms of the peptide were observed in the spectrum (Figure

B.1 in Appendix B).

The confirmation of cleavage of the crude peptitlewas assessed by incubation with the
model elastase PPE (Figur2.d). Concentration of FPis stated as U/ml throughout this work,

and the method of unit calculation can be found in sectior82.1in the methods chapter. The
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proteolytic cleavage of peptidyl bonds in the peptide was confirmed by monitoring the
appearance ofde novoprimary amire groups with the fluorescamine agd%1°3212 Controls
consisting on peptide in buffer and enzyme in buffer were also conducted in ardaxcount for
primary amines present in both sampléghe fluorescence increase in the peptide samples when
incubated with elastase but not in the enzyme or peptide alone, suggests an increase in free amino
groups due to the proteolytic cleavage of the pidp (Figure £.b). The high magnitude of
increase of florescence in the reaction mediuoould be due to cleavage taking place at more
than one point in the sequence. Alternatively, since the crude peptide that was used for the assay
was not fully soluld, it was used as a suspension. Therefore as some substrate is degraded by the

enzyme, more substrate is solubilised and available for degradation.

Cleavage samples were additionally analysed by Reverse Phase High Pressure Liquid
Chromatography Mass Spegmetry (RPHPLEMS) in order to confirm cleavage site. For
comparative purposes, the-@€rminus sequence of the expected cleavage sitRGGGOIH
(peptide 2) was synthesised and characterised BYIRPGVIS as well. Full details of HPLC and ESI
MS confirning synthesis of peptide 2 can be found in Appendix B, Figure BEZPRBMS analysis
of elastase substrate (2) revealed appearance of the mass corresponding to the oxidised cleaved
peptide fragment FRGGGOIH: (2, [MoictH] 447.2) was present only afténcubation with
elastase, ([MaatH] 447.2 at r.t. 0.33min. Figure 4d) and absent if the substrate was incubated

only in buffer (Figurd.2.c).
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Figure 4.2 Verification of peptide 1) cleavage by elastasa.) Schematic of elastase cleavage to
predicted cleaved fragments ACAAPV and-RGGGOIH: (peptide 2)b.) Monitoring of cleavage over

time with fluorescamine assay (n=8)f.) RPHPLE&MS analysis of enzymatic cleavage assaysnd

d.) mass spectra at r.t. 0.33 min from peptide @8APVRGG®EH (1) incubatedt.) in buffer andd.)

with elastase. [MxiatH]" of 447.2 corresponding to the thiol oxidised product of cleavageGGGC

NH (2) is only present in the peptide sample incubated with the enzyme d.). e.) And f.) mass spectra
at r.t. 1.8 nin of the peptide control incubated e.) in buffer and f.) with elastasfvH] [MoxictHF*

of 9292.4 and 465.2 from the uncleaved peptide substratCAAPVRGG&EL (1) are only present

in the peptide in buffer control (e.) and absent after incubativith elastase(f.).

Protonated forms that are characteristic of the uncleaved peptideGA&PVRGGGCINH
1) were present in the samples left in buffer and disappeared after incubation with elastase
([MoxictH] 929.4, [Mic+2H]? 465.4, r.t. 1.8 min, Bure 4.2e and f). This disappearance of the
peak characteristic of the uncleaved peptide and appearance of the peak corresponding to the H
RGGGOIH fragment, confirm the cleavage of the peptide. No peaks associated with the N

terminus flagment of the pepde (AcCAAPY were observed in the samples. This could be
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explained since the model elastase (PPE) is a broad spectrum enzyme that cleaves after small
aliphatic amino acids such as alanine (BRENDA:EC3.4.21.36, BRENDA database). This can lead to
the cleawage of the sequence fragment at other points (e.gQ@@RV or CAAt + 0 | & LINB QDA 2 dz
observed® being in agreement with the high increase in primary amines obdewith
fluorescamine assay (Figure 4P The results of quantification of primary amines together with

the mass spectrometry analysis confirm the cleavage of the designed sequence by the model
elastase. It also suggest that the cleavage may take placmoa¢ than one point. More

importantly, the cleavage of the sequence will allow elastaggered release from peptide

crosslinked hydrogels, regardless of cleavage taking place at more than one sites in the peptide

sequence.

In order to be used for hydgel formation, the elastase responsive peptid (vas
purified. Since the m/z of the peptide was observed in two fractions of the HPLC chromatogram
(Appendix B, Figure B.1), both fractions with r.t. 3.36 min (designated as fraction 1) and 3.68 min
(designated as fraction 2) were purified by RFPLC. Due to solubility issues it was impossible to
dissolve the purified products for further characterisation. The two purified fractions were
insoluble at 0.1mg/mL in several solvents with different polaritiewater, DMF, methanol,
isopropanol, hexafluoroisoproanol [HFIP] and DMSO). Both purification fractions were dissolved
in 10%TFA/ water (1mg/mL) to allow characterisation by MALBFMS. It was shown that both
reduced and oxidised forms of the peptid®fi+H] 929.4 [M+H] 931.4, and[MoxictNaJ 951.4
[M+Na] 953.4 were found in both HPLfEactions (Figure 4)3Distribution of the oxidised and
reduced form of the peptide varied between both fractions, with the oxidised form being the
predominant inthe first fraction and the reduced in the second. This confirm the purification of
peptide @) and that the presence of two HPLC fractions was not due to impurities, but due to
differences in peptide oxidation. Although the peptide could be solubilisedririxture of TFA

water, this is not suitable for any further application, due to high toxicity of TFA.
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Figure 4.3MALDITOFMS of the two RIHPLC purified fractions from peptide-SBAAPVRGGGIH,

(1). a) RPHPLC fraction 1 (r.t 3.4min in RIPLC)b.) RRHPLC fraction 2. (r.t. 3.7min in-RIPLC).
Detail of peptide region and assignment of adducts from reduced and oxidised forms of peptide for
both fractions included. [M+H]and [M+Na}l adducts for the oxidised peptide are noted in black
([MoxigtHT predicted 929.4, [MxgtNa] predicted 951.4; [MkiactH]f observed 928.9, [Mis+Na]+
observed 950.9). [M+Hnd [M+Na} adducts for the reduced peptide ([M]* predicted 931.4,
[M+Na] predicted 953.4; [Moxid+F{pbserved 928.9, [Mit+Na] observed 950.9)r@ noted in blue.

m/z= 698 was also found in the matrix blank (data not shown).
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4.3.1.2Synthesis of elastasesponsive peptides with enhanced solubilitg 63

Since the low water solubility of peptide meant it could not be used for hydrogel
formation, a series of peptide analogues were designed to improve the hydmiphitf the
molecule (Figure 4.4)a For this purpose two hydrophilic and charged amino acids were
incorporated between the elastase sensitive section and the cysteine residues emdhef the
sequence (peptides 36).We hypothesised that this approach could improve solubility while
maintaining both elastase sensitivity and thiols for crosslinking. The synthesis of the sequences

was confirmed by E®MS (Appendix B, Figure B.3).

a HNS NH, HN. NH;
oH NH NH
SH .SH
H O H O H O H O H © H O H O H O H O H O H O H O 7
. NT,-ILN N\_;)KNJ\(N\)L.@\(N%N%\,N AN A A N2 WN?,J\NWN\)LNJ\H,N\)L%N\;)LN%\KNJN/YN\)'\er]rNH;
o] ‘5HH o] \DHH o] o _~_H o H o H o o] \SHH e} H o 0o _~_H o H o H o
| S
-85- -GG-
3) (4)
HIN N NH, HN NH;
{1 NH
bo (o H O H O H O y o S H o H O H 9 H O H Q o
}TNVANLTNJNJ\(NJ(N‘)YNJN RS R ey R IR N\)(N]\“,N‘)LN N g NG
0 =gh © H o o _~ H o H o H o 0 gt O H o o _A H O H o H O
_ [ S|
-5G- “KG-
(5) ) (6)
*
b. 60 —
- —
=
=~ -
3 -E-_:--E-
S 404
© e
Q o
] e
2 o
< 'E-_:-'t- —
]
O 20+ e e
2 - e
w® e e
K o [l
: - n
0- T I:'.I:' T
3(-8S-) 4 (-GG-) 5(-SG-) 6 (-KG-)
OH HoqQ
H O N‘,)LN
N A ’\H 0
H o NH

Figure 4.4 Elastaseleavable peptide analogues for improved water solubility Peptide structures:

(3) AcCSSAAPVRGGBK:, @) AcCGGAAPVRGGHE®, (5) AcCSGAAPVRGGER, (6) Ae
CKGAAPVRGGEE:. Cysteine moieties are represented in green, elastssitive sequence is in

blue and hydrophilic amino acids additionally added to increase solubility in black and highbghted.
Estimation of relative solubility of peptides®. Relative absorbancedncentrationAUC of peptide
respect to Fmo&ly internd standard) of each elastasesponsive peptide analogue3)( Ac
CSSAAPVRGGBE2, #) AcCGGAAPVRGGEH2, b) AcCSGAAPVRGGEB2, 6) Ac
CKGAAPVRGGEHA2. The structures of varied amino acids in each sequence are highlighted in bold
and represented undethe X axis. * indicates statistical difference usingr@a3-ANOVA test with
Tukey post comparison (n=3, mean + standard deviation).
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In order to compare the solubility of peptidé&s¢ 6, an approximation of their relative
solubility was obtained by RRPLC. Crude peptides were dissolved in water at 20 mM and the
soluble fraction analysed by RFPLC together with an internal standafske section 2.3 for
experimental procedure details)rheconcentrationof the Area Under the Curve (AUC) of the
HPLC peatif the peptide with respect to a Fmdglycine internal stadard was calculated (Figure
4.4.b). Calculations are based on the assumption that i) the higher the solubility of the peptide,
the higher the AUC of the peak in the spectra will be, ii) the Udrabace of peptide$- 6 is
comparable due to the absence of aromatic amino acids and the equal number of aliphatic
residues in all peptides and iii) that the products are of similar purity. The peptide with highest
percentage of absorbance (and approximdrelative solubility) was th&sSanalogue, displaying
significantly higher absorbance than tHeG and-KG analogues (2vay ANOVA with Tukey post
comparison). Although the difference in absorbance was not statistically significant froiffGhe
, the-SS analogue 8) was selected as the sequence for hydrogel preparatiodHREC and mass

spectrometry characterisation of purified peptide 3 are showRigure 4.5
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Figure 4.5 Characterisation of purified ACSSAAPVRGGEE2 peptide (3)a.) ESMS spetra:
predicted [M+H} 1105.49, observed 1105.49; [M+NaTHAgdicted 1241.46, observed 1241.4Y)
RRHPLC chromatogram of peptid®,(r.t. 3.9 min.
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4.3.2 Preparation of elastas@sponsive hydrogels
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Figure 4.6 Chemical characterisation of hydrogelrmation. a.) Michaeltype addition reaction
between 4arm PEG@Gnaleimide and elastaseesponsive dithiol ACAAPVRGG@EL, a protons
highlight maleimide protons’H NMR of 5 kDa-REGMal in fD b.) before andc.) after reaction with
peptide (5 % wiv).

Michael addition between vinyl groups and thiols has been widely used in material chemistry
to form peptidepolymer hybrids with applications in drug delivery and functional materials
114115143164 This iglue to peptides introducing a wide range of fiimctionalities to polymers and
polymers increasing stability and delivery of peptide or protein based therapeutics. In particular,
maleimideterminated PEG polymers have been used to crosslink cysteimeénated peptides in

order to obtain hydrogels for proteaseesponsive drug delivety*139.16%
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This section focuses on developing and characterising elastapensive hydrogels. In order
to achieve elastaggontrolled delivery, hydrogels were formed via Michael addition between 4
arm-PEGmaleimide (4PEGMal) and the elasta®sponsive sequence developed in section 4.3

(peptide3) (Figure %b.a).

The extent of hydrogel crosslinking was determinedyNMR (Bow/v hydrogels, at 1:1
SH:C=C ratio, in OM citrate buffer in DO). The disappeance of the maleimide proton signal
between 6.8-6.9 ppm confirmed near full reaction between maleimides and the peptide dithiol,

with over 97%maleimide conversion as detected by Nfure 4.6).

The use of different crosslinkers can affect propertidshydrogels obtained by Michael
addition, such as crosslinking kinetics or mechanical strength, therefore potentially having an
effect on mesh size and drug releds€"212 For this reason, the mechanical properties of peptide
crosslinled hydrogels were compared to those of the previously studied hydrogels crosslinked
with the model dithiol DTT (Figure 4a%). First, the linear viscoelastic regime (LVE) and
YSOKIyAOIt aGNBy3adK a RSGSNNAYSR obedpeftieS & G2 NJ 3
crosslinked hydrogels were compared to thoseDdfFcrosslinked gels (Figure 4a]. Peptide
crosslinked (peptided-t 9 DY £ 0 KE@RNRIASt & aK2gSR GAa02St+adAao |
comparable to the equivalent DIFosslinked hydrogjs (DT#-PEGMal), for both 5 kDa and 10
kDa 4PEGMal hydrogels. PeptidePEGmal hydrogels have slightly faster gelation kinetics than
DTT ones(Figure.4/.b). 10 kDa and 5 kDa Peptidd’EGMal gels achieved the gel point (crossover
L2 Ay ¢ K &thIB3 aDKBR i espectively, while the gel points for the same conditions
were 3.8 and 9.6nin for DTH4-PEGMal (Figure 41, exact gel time numbers can be found in
Table A.1 of the Appendix). These slight differences in polymerisation kineticdeodle to the
effect of differences in pKof the thiols’"?**or sze between both crosslinkefson Michael

addition polymerisation. Although the gelation times were slightly different for the peptide

PEGMal gels, these gelatiames are in same order of magnitude, so the optimisations in pH and
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polymer concentration conducted in Chapter 3 to obtain homogenouscBHHEGMAI hydrogels

can be assumed to be applicable to pept®l® EGMal hydrogels.

No significant difference betweenechanical properties of hydrogels crosslinked with either
DTT or peptide crosslinker were found (Figurgg). In a similar work, Rehmaanal. did not find
differences in mechanical properties, swelling and mesh in similaib@E€sl hydrogels prepared
with different crosslinkers (PEg@thiol and peptides¥. This highlights that hydrogels with
comparable kinetics and mechanical properties were obtained with both DTT and peptide

crosslinkers.
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Figure 47. Comparison of DTT and peptid8) crosslinked hydrgel mechanical propertiesa.)
Amplitude sweep to confirm LVE for peptide hydrogels. Effect of crosslinker type in storage modulus
of 10 %4-arm-PEGMal 5kDa and 10kDa on PBS equilibrated swollen hydrogels. Effect of crosslinker
type in 10%4-arm-PEGMal kDa and 10kDdn.) gelation kinetics and.) final storage modulus during

ISt GA2y D Fb2 RWIHASNA vih Suked posvBrgarisons (pL0yS n=3 DTT, n=2
peptide).
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4.3.3 Elastase controlled degradation and drug release frét@@Mal hydgels

Having confirmed the incorporation of the elastasensitive peptide into £EGMal hydrogels
via Michael addition, hydrogel degradation in presence of elastase was evaluated. Hydrogels were
prepared as previously described in section 4.3.2 and ihenbated at 37 °C with increasing
concentrations of elastase for 24 Mediumsamples were taken periodically and a fluorescamine
fluorescent assay was used for quantification of hydrogel cleavage by the targeted enzyme. As
elastasecontrolled cleavage fahe hydrogels takes place, the concentrationdef novoprimary
amines released upon enzymatic hydrolysis of peptide crosslinkers within the matrix increases and
can be quantified with the fluorescamine as¥3dy®*!% The maximum degradation rate (nmol
NH/mg polymer/h) was calculated from the steepest region of the degradation curve for each
enzyme activity condition and used to compare etationkinetics (Figure 4.8). Degradation
of the peptidecrosslinked hydrogels depended on the enzyme activity with faster degradation
kinetics achieved at higher elastase activities (25 mU). Hydrogels incubated without elastase
showed negligible degdation. These results highlight the potential of the developed peptide

crosslinked hydrogels to be used as elastesatrolled drug delivery systems.
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Figure 4.8 Elastaseontrolled degradation and release from peptide crosslinkdtE4GMal hydrogels.

a.) Hydrogel degradation kinetics under different activity levels of elastase assessed by quantification
of de novoprimary amines (n=3, mean +* standard deviatidn)¢ c.) Encapsulation and elastase
controlled release of 70 kDa Texas red dextran (TRD7@&ntsgpment efficiency of TRD70 (n=6, mean

+ standard deviation);.) Release of TRD70 in absence (0 mU) and presence (6.25mU) of pancreatic
elastase (n=3, mean * standard deviation).
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Knowing that elastastriggered degradation of the peptide crosslinkegdhogels was
possible, their utility as elastasmntrolled delivery systems was investigated. 70 kDa Texas Red

labelled dextran (TRD70) was used as the model macromolecule.

In order to have elastaseontrolled release, it is crucial to avoid mixed rekeasechanisms by
keeping passive diffusion of the macromolecules from hydrogels to a minimum. Since similar
mechanical properties were observe between DTT and petidsslinked hydrogels, we selected
the composition of hydrogels which showed optimal me&te and passive release of dextran
from DTTcrosslinked gels optimised in Chapter 3. Henceépl®kDa peptide4-PEGMalat pH 3
was used for the following assays, as this showed the best encapsulation and lowest passive
release of dextran. Although thicomposition had a significantly bigger mesh size thar2€heo
w/v 5 kDa 4PEGMal gels, their release performance was not significantly different and they

require substantially less peptide for their preparation.

Release assays were conducted accordingsection 2.9. Before starting the release
experiments, hydrogels were swollen in buffer fort2tb release any loosely trapped dextran, as
it was shown that most of the burst release occurs in the first 24 h withdbdsElinked hydrogels.
The percentag of TRD70 retained inside the hydrogels at this time was used to calculate the
encapsulation efficiency of the hydrogels (% TRD70 encapsulated). The encapsulation efficiency
was 42.3%, meaning that most of the dextran had escaped out of the hydrogerdstarting
the release experiment (Figure 43 Hydrogels were then incubated at 32 in the presence
(6.25 mU) or absence (0 mU) of elastase. Dextran released at each time point from peptide 4
PEGMal hydrogels was quantified and the amount releasedewaiessed as percentage of the
total dextran released (Figure8.c). Hydrogels incubated with elastase achieved a%d@lease
within 6 h as opposite to circa 3% of dextran released in 2d4from hydrogels indoated without
enzyme (Figure 4.8). Thesdrends are in agreement with the elastasesponsive release found
by Aimettiet al. from their photopolymerised hydroget8in their work, Bovine Serum Albumin

(BSA) was physically encapsulated inside elagstsmonsive hidrogels with the samelastase
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sensitive sequence AAPVRGGGC. In the presence of enzyme, they observed hydrogel degradation

and BSA release taking place withim&hile BSA release did not take place in absence of elastase.

4.3.4 Suitability of peptide; 4-PEGmaleimide hydrogels for elastasentrolled drug

delivery applications

Although the release data, together with the fluorescent monitoring of the degradation,
confirm the elastasériggered degradation and release from the fabricated peptidesslirked

hydrogels, the encapsulation efficiency and the passive release of TRD70 are not optimal.

Since this work will explore the encapsulation of a protein enzyme inhibitor (Chapter 6), it is
extremely important to guarantee a higher encapsulation efficjeand a lower passive release.
Achieving a higher encapsulation efficiency guarantees that the maxiamount possible of
inhibitor added during fabrication remains inside the hydrogels until the start of the assay. A lower
passive release guarantees thhé biological effect of the inhibitor on the enzyme is dictated only
by controlled release due to the presence of specific enzyme. Both encapsulation efficiency and

passive release should therefore be further improved.

The hydrogel composition used fdre elastase controlled release in this chapter was the one
that showed the lowest passive release froaAPBEGMal hydrogels as optimised in Chapter 3. It
was hypothesised that another hydrogel characterised by a smaller mesh size will lead to a)
improved ercapsulation efficiency and b) lower passive release than the achieved with peptide 4
PEGMal hydrogels. Unpublished data within our group has shown that the mesh sizenef 4
PEGnorbornene hydrogels crosslinked with DTT via thioé photopolymerisationan be up to 3
nm smaller than that of the equivalent compositions described in this work (Table B.1, Appendix).
Thus, their ability to physically entrap macromolecules is much higher than 4#AREGMal

hydrogels.
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4.4 Conclusions

Initial steps towards thedevelopment of elastaseesponsive hydrogels have been
conducted. An elastasgensitive crosslinker was designed and demonstrated to be cleavable by
elastase. The purified peptide (2) demonstrated limited solubility and tendency to aggregation,

limiting its use in aqueous medium

Fourpeptideanalogues were synthesised by adding two extra hydrophilic amino acids to the
sequences showing improved solubil{B/6). The peptide ACSSAAPVRGGEK was selected
for crosslinking with £#EGMAI in order to obtaielastaseresponsive hydrogels. The crosslinking
with 4-PEGMal polymer resulted in full maleimide conversion by NMR and had strong mechanical
properties (kPa range) similar to the DTT crosslinked hydrogels obtained in Chapter 3. The
hydrogels were elastasesponsive, showing to be specifically degraded in presence of elastase
and the elastaseontrolled delivery was demonstrated with7® kDafluorescent dextran as the
model probe.Hydrogels incubated with elastase achieved full release of entrapmentatextr

within 6h while a lower release was observed on hydrogels incubated without elastase.

Despite the selection of a hydrogel formulation with the lowest passive release, the
entrapment efficiency and the passive release of the model macromoleculestitienprovable.
This data indicates that ideally both parameters should be further improved when enzyme
inhibitors are encapsulated in later chapténghis thesigChapter 6 an&hapter7). This will allow
improved treatment effectiveness and allow fordalivery mechanism controlled exclusively by

elastase.

It can be concluded that hydrogels prepared with the synthesised elastapensive peptide
successfully demonstrated an elastasmtrolled release mechanism. Since low encapsulation
and high passe release profiles were found, further investigation in the next chapter will address

this issue. The use of an alternative crosslinking mechanism will be explorederthiol
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photopolymerisation, to obtain hydrogels which keep the elastasponsive funonality and

improved release.
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Chapter 5

Fabrication of elastagesponsive hydrogels via thighe

photopolymerisation

5.1 Introduction

In the previous chapter an elastasensitive peptide was synthesised and used to prepare
elastaseresponsive hyibgels via Michael addition, characterised by a high passive release.
Chapter 5 builds on this knowledge by fabricating elastasponsive gels via thigne
photopolymerisation for improved macromolecule entrapment, assessing their specificity and

crossreactivity of release in presence of other proteases.
5.1.1 Hydrogel fabrication by thi@ne photopolymerisation

Thiolene photopolymerisation, together witMichael addition (explored inHapter 3 and
4), is one of the most common methods for the fabfica of proteaseresponsive materials.
Proteaseresponsive hydrogels can be prepared under mild conditions in an agueous environment
via crosslinking of thiol terminated peptides with multifunctional norbornene polymers via thiol
ene photopolymerisatiol’. The crosslinking reaction is a highly efficient and radical mediated
reaction between electron rich alkenes and thiols, requiring a phototnoitiand light to catalyse
the initiation (Figure 5.1.a). In the presence of the UV light the photoinitiator generates strong
radicals that attack the thiol generating a thiyl radical (Figure 5.1.b top) which then reacts
specifically with a norbornenterminated polymer forming a thioether bond (Figure 5.1.b.
bottom). Since the reaction only proceeds once UV light is applied, this allows for more control
over the spatial and temporal hydrogel formation (e.g. adequate premixing of the hydrogel

components befee gelation), leading to very homogeneous hydrotféets
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Several biologicals, such as proté#is® peptided® and cell$®®, have been
encapsulated using muldirm PE@orbornene. The aqueous environment and mild crosslinking
conditions have been shown to preserve both macromolecules functionality and cell viability after
releas&?339152.168 Thjs is possible due to the use of low tityi photoinitiators such as lithium
phenyt2,4,6trimethylbenzoylphosphinate (LA®Y!"X McCallet al. have shown that £EGNB
hydrogels can be prepared with very low concentrations of LAP initiator, which allowed the
maintenance of full bioactivity of encapsulated proteins (lysozyme &GF )% LAP was first
synthesised by Majimat al.?'%, and first used for hydrogel photopolymerisation by Fairbagtks
al %, showing advantages such as high water solubility, cytocompatibility, and improved
polymerisation kinetics compared with previously used photoinitiators such as Irgacur&2959
LAP was first used for thiehe photopolymerisation of #EGNB and peptide dithiols to obtain
proteaseresponsive hydrogels by the same group. This showed faster initiation of the crosslinking
and at lower concentrations (95uM) than commercial initiator$™. This has led to a wide use of
this technique to prepare proteasesponsive hydrogels for sensing and druaivabry?8-3%-160
Hydrogels prepared with PE@rbornene designed for proteasmntrolled release have shown
a good entrapment of proteins and anromolecules with a low passive rele#seand are

therefore good candidates to be used in this work.

Although 4PEGNB hydrogels prepared by théoke photopolymerisation and-BEGMal
hydrogels prepared by Michael additibave been widely used for biomedical applications, there
have been limited reports comparing the properties of both types of dedslinget al. have
shown that hydrogels formed via thiehe photopolymerisation were more microscopically
uniform than 4PEGMal ones prepared at neutral pH, affecting cell attachment and spfead
When 4PEGMal hydrogels were prepared with conditions that slowed maleimide gelation kinetics
to allow homogeneous mirg, both hydrogel types were uniform and equally supported cell

spread. Although EGNB have slightly stronger mechanical properties, and crosslinking density
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the authors did not found significant differences. To date, there are no reports on the effect

the two different crosslinking chemistries on macromolecule entrapment and release.
a. MMP-degradable sequence  b.

, 0
: . SOy, AL o)
/\/ - :%ﬁ‘\,or.z +

20 kDa 4-arm
PEG-Norbornene

0
¥
Ny

~
o 3 o
y -:: : —(U - )}()ﬁ’ 7 ()(' ~ O)’v_" NN
N 5

H

Figure 5.1 Fabrication of proteasdegradable peptide crosslinked PEGbornene gels formed using
thiol-ene click chemistry and LAP as a photoinitiaddr Chemicastructures of network components,
including MMPdegradable sequence and mudtim PEGorbornene.b.) Hydrogel formation via
radicatmediated thiotene photopolymerisation to form step growth networks. Adapted fréfn

5.2 Aim and objectives

In this chapter we aim to obtain elastasesponsive hydrogels with reduced passive release
of macromolecules, and characterise their elastasatrolled responsiveness and selectivity. In

order to achieve this aim, thebjectives of the chapter are:

1 Crosslinking of elastassmensitive peptides with -4rm-PEGnorbornene (4PEGNB) for the
fabrication of hydrogels via thi@ne photopolymerisation.

1 Comparison of LEGMal and-PEGNB hydrogels abilities to encapsulate andice passive
release of a model0 kDadextran.

1 Characterisation of the specificity of release in presence of elastase from elasspsmsive
and nonresponsive £EGNB hydrogels.

1 Studyofthe susceptibility of the elastasgensitive hydrogels towardedradation and release

in presence of Matrix Metalloproteinase 2 (MN&p
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5.3 Results and discussion
5.3.1 Fabrication of elastasesponsive hydrogels with improved entrapment and delivery

5.3.1.1Synthesis and characterisation eddn-PEGNorborneneyldrogel components

LAP photoinitiator was synthesised as initially described by Majtrah, and adapted by
Fairbankset al. 17+215 LAP photoinitiator synthesis and characterisation was carried out by Mr.
Emanuele Russo. Chemical characterisation of LAP can be found in Figure C.1 in tlklixappe
where Figure C.1.a shows the reaction scheme, Figure C.1.b shows the mass spdd&) &asl|

Figure C.1.c. thtH NMR spectra.

5 kDa 4PEGNB was obtained fromadm-PEGhydroxyl (4PEGOH) following established
procedure$®%ithat are described in section 2.4. The purified polymers were analystti¥yR,
FTIR and MALBIFMS to confirm successful conversion of alcohols to narboe esters (Figure
5.2). Conversion of alcohols to norbornene esters was determined by the appearance of the peaks
corresponding to the norbornene double bond protons (protons a, 6.838) and ester bond
protons (b) in the NMR spectrum (Figure 5.2.axcgasful functionalisation of hydroxyl groups
was also confirmed by the appearance of the characteristic stretching/bending band of the C=0

bond in the ester at approximately 1730 eifi-c=g=1728 cmt), and the €H band from the vinyl

group at around 700 cth(—cnving= 716 cmt, Figure 5.2.b). MALBEIIoFMS of 4PEGOH and 4
PEGNB show a shift in the mass peak distribution confirming conversion of four armsRBE& 4
OH to norbornee ([M+Naj = 5489.9, Figure 5.2.c). Multiple peaks are observed for both
compounds due to the polydispersity of the commercid@BGOH with repeating units of 44Da,
corresponding to the ethylene repeating units of PEG based polyrs@ék$CHO-). This data

together with™H NM, FIIR data confirnthe functionalisation of £E5>-OH to 4PEGNB.
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Figure 5.2.Physicochemical characterisation ofadm-PEGNorbornene (4PEGNB).a.) *H NMR
analysis of £EGN\B showing the integrals of norbornene double bond (&35), ester bond (4.39

4.18 ppm) and PEG backbone protons (4333 ppm).b.) Comparison of FIR spectra of 4arm-
PEGOH (grey spectrum) and-afm-PEGNB (red spectrum). Stretching/bending peak of ester bond
(—c=0= 1728 cm') and GH of the vinyl oup (chviny= 716 cmt). c) MALDIToFMS of 4PEGOH
(IM+Na] = 5003.4) and®PEGNB ([M+N&aF 5489.9).
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5.3.2 Characterisation of hydrogels prepared by tkiod photopolymerisation

Elastasecleavable peptide AecCSSAAPVRGGEKE: was crosslinked withd-PEGNB to
obtain elastasaesponsive hydrogels via thiehe photopolymerisation as described in Section
2.5.4 Figure 5.3.a). The degree of hydrogel crosslinking was determinéd BMR (5% w/iv
polymer, 1:1 SH:C=C ratio, 1.7mM LA®)DThe disappeance of the peaks from the norbornene
protons at 6.35 5.95 ppm confirmed over 9% conversion within the detection limits of NMR
(Figure 5.3.b). This conversion is similar to the one achieved wrtE@Mal hydrogels prepared
via Michael addition in chapt 4 (Figure 4.5.a). Consequently, comparative experiments between

both types of gels as delivery systems were conducted next.
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Figure 5.3Chemical characterisation of peptide 4-PEGNB hydrogel formatiora.) Thiotene
photopolymerisation between 4PEGNB ral elastaseesponsive dithiol ACAAPVRGGOEL, a
protons highlight norbornene protondH NMR of 5 kDa-REGNB and peptide) before anct.) after

exposure to UV light.
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5.3.3 Comparison of passive release from hydrogels prepared via Michael addiion

thiol-ene photopolymerisation

Achieving a high entrapment efficiency and low passive release of macromolecules is
important when designing enzyramntrolled delivery systems. In this way, the release of the
cargo will be mainly controlled by the effeaftthe targeted enzyme with minimal contribution of
passive diffusion. The peptide4-PEGMal hydrogels developed in the previous chapter showed
inadequate encapsulation and release of a 7@ KBxasRed dextran (TRD70). Unpublished data
from the group onthe mesh size of DTJ4-PEGNB hydrogels suggests th&f BGNB hydrogels
can offer improved encapsulation and passive release th®E@Mal ones. For this reason we
compared the encapsulation and release of TRD70 as a model macromolecule-BB@&Mal
(Michael addition) and4#EGNB (thietne photopolymerisation) hydrogels at a fixed composition

(5 kDa PEG, P@wl/v, 1:1 SH:C=C ratio).

Encapsulation and release of TRFOug/ ub) was condated as described in section 2.9
for responsive hydrogels. The lgrnvariant was the washing step to remove loosely entrapped
dextran and calculate the encapsulation efficiency. This washing consistedm incubation
in PBS, as described in section 2.7 and used forregponsive gels in chapter 3, instead oft24
as employed in chapter 4. This methodological change was conducted in order to have more data
points during the first 24 of release in mediurto better assess the passive release profiles at
early times, as it was unknown if theREGNB hydrogels waulperform similarly to £EGMal

and have a burst release mostly amid the first 6h.

Encapsulation efficiency of-BEGB hydrogels was significantly higher tharPEGMal
hydrogels, with the former being over 8and the latter ~ 606(p<0.05, t#test, Figue 5.4.a). The
passive release from hydrogels prepared via Michael additid?E5@Mal) was greater, reaching a
plateau of 80% TRD70 released from 6h (Figure 5.4.b). Hydrogels prepared via norbornene

photopolymerisation (PEGNB) showed a better passivéease profile, with a total dextran
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released at the end of the experiment () below 50% in contrast with almost 906 for 4-
PEGMal gels (Figs.4.b and Table 5.1xeSsttwas conducted and showed that the maximum
dextran released at endpoint was sidgciintly bigger for £LEGMal gels. It could be visually
appreciated that both the quality of the gels and the remaining dextran were lowerRE@Mal
hydrogels (Figure 5.4.c). Since both the encapsulation efficiency and the passive release were
improved h 4-PEGNB hydrogels this method of hydrogels preparation was employed for further

experimentdn this work.
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Figure 5.4 Comparison of PEGMal and-PEGNB hydrogels as delivery systems using TRD70 as model
macromoleculea.) Encapsulation efficiency aibd) passive release of TRD70 in frb@n% w/vs kDa
4-PEGMal (black triangles) ofPEGNB (blue circles) * indicates statistical significance as determined
by t-test (*p< 0.05, n=3, mean + standard deviatian).Visual appearance ofPEGNB and-REGMal

hydrogels at the end of release assay (day 6)

In order to further reduce the passive release of macromolecules freREGNB
hydrogels, the effect of varying polymer concentration (w/v) on the model dextran encapsulation
and release was investigated. It wagpected that the entrapment efficiency would increase and
the passive release decrease at higher concentrations of polymer (and crosslinker to maintain 1:1
SH:C=C ratio). We studied the release of TRD70 dextran as model molecute 1®M5 and 20

% wv 5 kDahydrogels with the same release protocol as above.
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Table 5.1 Encapsulation efficiency (E.E.) and t@afcentageof dextran released at 24 (D24)
and 144h (Ray

4-PEGMal 5 kD. 4-PEGNB 5 kDa
10 % wiv 5 %wlv 10%wliv 15%wilv 20%wlv
E.E. Shortwas 59.3%+7.0 78.8+2.0 81.1+0.7 91.6+1.3 94.1+15
D24 86.9+34 76.0+1.2 35.3+£3.5 26.8+1.6 23.3+8.5
Dimax 89.8+29 85.7+1.1 47.3+5.1 38.4+1.3 36.4+11.7

*E.E. considering as not entrapped the dextran releasethduhe 2x 5 min washes and 24 of
release experiment.

The amount of encapsulated dextran was higher at the higher crosslinking densities,
hydrogels comprising 15 and 20w/v polymer encapsulated over 9% of the dextran (Figure
5.5.a, Table 5.1). Ehpassive release from % hydrogels was much higher than any other
conditions, with over 806being released and visually less dextran encapsulated at the end of the
experiment (Figure 5.5.b an Figure C.2 in the appendix). All other conditions (10 %v20)
resulted in much lower passive release, which could be explained by higher crosslinking densities
offering more hindrance to macromolecule diffust&rBoth 15% and ® % w/v offer the lowest
passive release, with less than %Df dextran being released at 2dand at the endpoint of the
assay (Rnand Dhax Table 5.1). Although the 2@ hydrogels retained more 70 kDa dextran at the
endpoint of the assay than 1% ores (Lower Ry, there was no significant difference between
them at any time point of the release (Table C.1 in the appendix contains all significant differences
between all samples for the release experiment). This could be due % abd 206 hydrogels
having either a similar mesh size or both having a mesh size smaller than the diameter of the
dextran, which would lead to similar release kinetics between both sarhgdlewas therefore
concluded that either 1846 or 20% w/v peptideq 4-PEGNB hydrogels offer the most suitable
encapsulation diciency and passive releass they were used for enzymeontrolled release

experiments.
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Figure 5. 5 Effect of crosslinking density on encapsulation and release from elastase responsive 4

from 5 %, 104 15%and 20%w/v 4-PEGNB hydrogels.) Encapsulation efficiencly.) Passie rdease

of TRD70 in PBS mediuBymbols indicate statistically significant differences bywag ANOVA for

a. and tweway ANOVA for b with Tukey pedt2 YLIF NA a2y ® Ff AYRAOFI (1% RAFTTFSNB
w/v and ¥ from 2% w/v hydrogels, (n=3, mean * stdard deviation). Only statistical differences at

endpoint of release are shown for clarity, all statistical differences can be found in the appendix, Table

C.1.

5.3.4 Controlled release fromBREGNB hydrogels in response to pancreatic elastase

Porcine Rncreatic Elastase (PPE) was used as model elastase to check elastase
responsiveness of the peptiggosslinked 4°EGNB hydrogels. 1% w/v hydrogels were
incubated with increasing concentrations of elastase, as described in section 2.9 (0.5mU and 1.5
mU d PPE in 0.5ml total release volume). Increasing concentrations of elastase lead to faster
degradation of the hydrogels and trigger the release of the model macromolecule TRD70 (Figure
5.6). This demonstrates that the hydrogels are not only responsivéastase, but to the actual
concentration of the enzyme. These results suggest the hydrogels may also release higher
amounts of encapsulated elastase inhibitors at higher elastase levels, which are usually associated

with pathological states.
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time (h)
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Figure 5.6 Elastaseontrolled release of 70 kDa dextran (TRD70) froffEGGNB hydrogels with
Porcine Pancreatic Elastase (PPE) as model elastase in phosphate buffer pH 8 (n=3, mean + standard
deviation).

5.3.5 Quantification of Human Neutrophil Elastase Activity

Before conducting release experiments, a colorimetric assay was employed to confirm the
activity of all the neutrophil elastase batches before conducting release experiments. The activity
of HNE was assessed by the ability of the enzyme to cteavs&ubstate NmethoxysuccinyAla
AlaAla-Pro-Valp-nitroanilide to release the colorimetric compounehiroaniline (pNA) (Figure
5.7.a), & detailed in section 2.14.2. The increase in absorbance at 410 nm was monitored over 3
h for a range of elastase concentimms (1¢ 40 nM). The assay was sensitive to different enzyme
concentrations tested, showing an increase in absorbance with increasing elastase concentration
(Figure 5.7.b). The highest linear correlation between the quantified activity (as determined by
absorbance) and the concentration of HNE was obtained when the incubation time was fixed to
30 min (Figure 5.7.c, Figure c¢.3.b in appendix C for correlations at all incubation times). This will
guarantee a better quantification of the HNE concentrationuimknown samples, and was
therefore the incubation time used to determine the activity of commercial HNE batches as well
the activity of elastase in release medi (Chapters &7). The obtained values of absorbance were
then converted in the internationalnits of enzyme activity using a calibration curve éfifs in

buffer (Figure C.3.b).
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Figure 5.7 Colorimetric assay for quantification of elastase actigifySchematic of the assay, showing
colorimetric pNA generation upon cleavage of the substrdig.Monitoring increase in absorbance
with time due to generation of cleaved-igA at different concentrations of HNE) Linearity of
absorbance generated by substrate cleavage ovedQ nM HNE at a fixed incubation time of 30 min
(0 min used as a contio

5.3.6 Controlled release from-REGNB hydrogels in response to Human Neutrophil

Elastase

Once passive release and hydrogels responsiveness to increasing levels of the model elastase
PPE were confirmed, release experiments in the presence of Hum@zoNkil Elastase (HNE)
were conducted. HNE is the physiologically relevant enzyme overexpressed in various
pathologie$?, and it has a slightly different specificity to PPE. Additionally the elastase inhibitor

used for further experimerst during this project (Chapter 6 and 7), alghantitrypsin, did not
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substantially inhibit PPE. Therefore it is of interest to use HNE since i) it is the physiologically

relevant enzyme and ii) enzyme inhibition is necessary in order to complete théxproj

Release experiments with HNE were conducted as stated in sectioneBas® medium
consisted on either phosphate buffer supplemented with @Bovine Serum AlbumiBGA or
cell medumused in chapter 7 (DME®12 supplemented with 0%BSA), dued observed higher
stability of neutrophil elastase in thesaedium than in nonsupplemented phosphate buffer
(Figure C.4 in the Appendix). Hydrogels were first incubaistth increasing concentrations of
HNE in BSA supplemented phosphate buffer (OnM,M040nM). Hydrogels showed a very low
passive release in absence of elastase (€6Zgure 5.8.a). Similarly to previously observed with
pancreatic elastase, release rates in presence of HNE increased at higher concentrations,

achieving a 108orelease vithin 72h at the highest concentration (40 nM, Figure 5.8.a).

Since in future chapters elastase will be added externally to cells meéilm, hydrogels
sensitivity to HNE and kinetics of release were also tested using the reaaiem composition
(0.1%BSA supplemented DMENL2). Hydrogels incubated with elastase (10nM) underwent full
degradation and release of TRD70 in 72h (Figure 5.8.b). A similar extent of hydrogel degradation
and elastaseontrolled release was achieved, with a much lower conceioimaof elastase in
medium in comparison to the release conducted in buffer (10nM instead of 40nM). This was
attributed to the higher stability of neutrophil elastase in BSA supplementedraalium with
respect to BSA supplemented buffer as determinedhgyHNE activity test (Appendix C, Figure
C.4). The difference in enzyme concentrations required to achieve a comparable controlled
release profile between both releageedium highlights the importance of validating elastase
dictated release profiles in ehbiologicalmedium since the same conditions will be used for

biological testing of the hydrogels (Chapter 7).
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Figure 5.8.Release of 70 kDa dextran (TRD70) frofRE.GNB hydrogels in presence of Human
Neutrophil Elastase (HNE). a.) Release with bu2@nM HNE and 40nM HNE in phosphate pH 8 + 0.1
% BSA. b.) Release witmedium or 10 nM HNE in DMEM-12 medium(n=3, mean * standard
deviation).

5.3.7 Evaluation of specificity and selectivity of release

5.3.7.1Development of nomesponsive elastase dool hydrogels

Hydrogels fabricated with peptide ACSSAAPVRGGEK: have intrinsic elastase
responsive properties. Since the hydrogel will be inherently degraded when incubated with
elastase, as a result, the biological effects of entrapped proteinasetéby passive diffusion in
presence of elastase cannot be detached from the effect due to elastaponsive release. It will
therefore be difficult to differentiate in later chapters the effects of encapsulated inhibitors on
elastase activity due to aslastasecontrolled feedback release and the effects exclusively due to
the passive release of the inhibitor under the same condition. Although in Chapter 3 non
responsive hydrogels were developed with dithiothreitol (DTT), this crosslinker is not gerfect
establishing these controls. As DTT has different charges and length to the elesjasesive

sequence, it could substantially alter the passive release of proteins.
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A better approach for an accurate control of passive release from hydrogelssarnue
of elastase, is to use a peptide with the same amino acid residues but in a scrambled order.
Consequently the crosslinker will have the same length and charge, with the only difference with
respect to responsive peptides being the lack of recognitipelastase. Therefore the variability
in the release of macromolecules from both types of hydrogels, crosslinked with responsive or
scrambled peptides, will be exclusively down to elastase degradation. This has led to a wide use
of scrambled peptides as control of nordegradation by target enzyme in proteasentrolled
drug delivery*®152217and imaging®2?°. An exact scrambled versidor the elastasaesponsive
sequence used in this work is not available in the published literattE&GRACG is the only
sequence found in literature specifically probed not to be significantly degraded by neutrophil
elastasé®2. However, the presence of the negatively charged residue at neutral pH glutamic acid
(B), instead of the positivelyharged arginine in our responsive sequence, implies the overall
OKFNBS 2F (KS LISLIARS oAttt 0SS RATFSNBYydlod® 5AFT
described to significantly modulate the passive release of protginkerefore a scrambled
sequence was designed specifically for this project using an online scrambler

(https://peptidenexus.com). AcCSSGAVPGARBK was onsidered as the scrambled sequence

(only the amino acid residues giving elastasgponsiveness were scrambled, leaving the cysteine
and serine residues in the same position as in the responsive gels). Due to a lack of literature in
peptides nonrcleaved ly elastase, the PROSPER webservemfailicoprediction of substrate
cleavage by proteas& was used to confirm that the scrambled sequence will not be hydrolysed

by neutrophil elastase.

To further verify the suitability of the new scrambled sequence asresponsive to
elastase, release exgments were conducted. 70 kDaXas red dextran was encapsulated in
hydrogels prepared with the elastasesponsive (ACSSARVRGGGRH) or nonresponsive
(scrambled, ACSSGAVPGARBK) peptides. Release was conducted in absence (DIAEM

medium) or presence of neutrophil elastase (10nM HNE in DMHERImMedium). Responsive
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hydrogels were degraded by elastase leading to afgignily higher release of TRD70 dextran
with respect tomedium (p<0.05, determined by-tiest). In contrast, the release from scrambled
peptide functionalised hydrogels in presence of elastase was not significantly different from the
release in absence efastase (Figure 5.9, Figure C.5). This confirms that hydrogels prepared with
the designated scrambled peptide are not sensitive to elastase degradation, and proves their
suitability to be used as model gels for the passive diffusion of macromoleculessenpe of
elastase. In both cases the passive release of dextran was considerably low, with less%watn 50
the dextran being released.
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Figure 5.9Release of 70 kDa dextran from hydrogels formed with either elastase responsive sequence

or elastasescambled sequence in presence and absence of 10 nM HNE (N=3, mean * error of the

mean). * indicates statistical significance for the same type of gels in presence/absence of HNE as
determined by ttest (p<0.05).

5.3.7.2Influence of enzyme crossactivityin controlled release profiles

The susceptibility of enzyrresponsive materials to degradation by enzymes other than
the targeted one is often not addressed. It would be of interest to understand the susceptibility
to cleavage of the responsive hydrogdby other physiologically relevant enzymes. Matrix
metalloproteinases (MMPs) are a class of Zlependant endopeptidase with a shared similar
structure involved in extracellular matrix proteolysis, modulation of cell adhesion and migration
and can proces a range of growth factors and receptSrsTheir overexpression has been

correlated with several diseases such as cancer, chronic wounds, and pulmonary &isé&des
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Thus, MMP2- responsive materials have been extensively reported for biomedical applications in
cancet?’12914% pylmonary diseasé®, tissue remodellint}, cardiovascular diseasés and

chronic wound&“4!?and MMPR2 degradable sequences are readily available. Therefore some
diseases characterised by overexpression of elastase, such asccivaunds and pulmonary
diseases, often present with high levels of metalloproteinase activity as4wélis therefore of
interest to establish the selectivity of the release from the developed elastsgonsive
hydrogels in the pesence of MMPs, since some diseases are characterised by both MMP and
elastase overexpression, and diseases characterised by either a high elastase and a high MMP

expression could also coexist.

In order to clarify the specificity of the elastasesponsve hydrogels, their release in
presence of Matrix Metalloproteinas2 (MMR2) as a model MMP was investigated. Release
experiments were conducted as explained in section 2.10 using zymogram as raledisen,
since it is the standard release buffer for NM. MMPR2 was activated and characterised prior
to the assays as described in section 2.15 and conducted by Mr.Emanuele Russo.-Elastase
responsive hydrogels treated with MMPdid not show a release significantly higher than the
hydrogels in buffer (Figar5.10.a). Similar to previous releases with elastasponsive hydrogels
(Figure 5.9), hydrogels incubated with elastase underwent almos@dd€gradation within 72h,
being significantly different to the passive release controls in buffer and with {AN&s
determined by tweway-ANOVA with Tukey pesbmparison, Figure 5.10.a). These results verify
the specificity of the hydrogels towards HNE cleavage, since the lack of sensitivity to cleavage by
MMP-2 lead to a release profile comparable to the passetease. It also confirms the ability of
the hydrogels to maintain an elastasentrolled release mechanism in presence of MR|ther

overexpressed enzyme in chronic diseases.

We further confirmed that MMR2 concentration employed for the release studwps
active and the lack of release was not due to a lack of MMHetivity. For this, hydrogels that

were specifically sensitive to cleavage by MRIRvere fabricated and tested, with the kind
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assistance of Mr. Emanuel Russo. MRIB a gelatinase, involvédthe cleavage of gelatine |, and
several types of collagens. Its substrate specificity is quite different from HNE, as it cleaves
peptides preferentially between glycirisoleucine in sequences based on the collagen domain
GPQ® IAGQ (where arrow indicates cleavage site, from BRENDA:EC3.4.24.2%) aiithe
selected peptide for MMPPesponsive hydrogel preparation was KCGRQEBGQCKNH: since

this sequence has been previously dsa the literature for the fabrication of MMesponsive
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Figure 5.10 Effect of enzymatic croseactivity on drug release from elastasesponsive and MM
responsive hydrogels. Release of 70 kDa dextran &drelastaseresponsive ob.) MMP-responsive
hydrogels in presence of zymogramedium Human Neutrophil Elastase (HNE, 10nM) and Matrix
Metalloproteinase2 (MMR2, 16nM). For simplicity, only conditions displaying statistically significant
differences from all other samples at each tipeint are noted as *, as calculated bynay-ANOVA
test with Tukey post comparison with both MMPand buffer samples (N=3, mean % error of the
mean).

Release from MM¥Pesponsive hydrogels was performed with the same concentrations of

MMP-2, HNE and zymogm buffer as previously conducted with the elastassponsive
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hydrogels. Dextran release from MM®Esponsive hydrogels incubated with elastase was higher
than the passive release controls (Figure 5.10.b, and Table C.2 for all statistical differences).
Nonetheless, it was also significantly lower than the release from hydrogels incubated with MMP
2. (Figure 5.10.b), showing a limited degree of selectivity in the release from those hydrogels in
presence of HNE. MMP showed significant degradation of the MMesponsive hydrogels with
~60%r release of dextran over 72h (Figure 5.10.b). The extent of release was significantly higher
than for both passive release controls (buffer) and HNE {(ag-ANOVA with Tukey post
comparison). This high release from Mivdponsive hydrogels incubated with MMPconfirms

that MMP-2 is active enough to trigger MMRcontrolled released from hydrogels witthe
adequate sensitive linkers. The same MRIBoncentration did not previously affect drug release
from elastaseresponsie gels, reinforcing that elastasesponsive hydrogels selectively lead to

elastasecontrolled release without interference of MMP,

In summary, elastaseesponsive hydrogels have shown to be selectively cleaved by
elastase, leading to elastasesponsiverelease, with MMP2 not affecting the extent of the
release from the hydrogels. This suggests that the elastasggonsive hydrogels can potentially
be used in diseases where other proteases such as e also highly overexpressed without
affectingthe elastasecontrolled release profiles. MMResponsive hydrogels were preferentially
cleaved by MMR2, but some increase in the release in presence of elastase was also observed,
showing a limited selectivity towards MMPcontrolled release. This couttean that the release
from MMP-responsive hydrogels in pathologies where both enzymes are overexpressed will also

be partially triggered by the action of elastase.

5.4 Conclusions

The passive release of a model dextran from elastasponsive £LEGMal ydrogels has

been further improved by changing the polymer functionality. Hydrogels prepared viaetigol
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photopolymerisation between4#EGNB showed a reduced passive release of dextran while they
kept having suitable elastasesponsive release profilesdydrogels underwent almost complete
elastase degradation over 72h in conditions similar to the ones employed for futurbaselt

experiments, indicating the applicability of the hydrogels for future applications.

Specificity of the hydrogels was canfied by comparing the release of hydrogels prepared
with the elastasesensitive peptide and scrambled peptide (r@sponsive). Elastasmntrolled
release profiles were only observed with the elastessponsive hydrogels, no release was
observed with thescrambled gels. This confirms the specificity of the sequence to elastase
degradation and triggeretelease, and defines the scrambled sequences as a suitable control for
passive release in presence of elastase. This will be important in next chapeastase
inhibitors will be encapsulated and a control accounting for their effect in presence of elastase

simply due to passive release will be required.

Finally, the lack of MMR-controlled degradation of the elastagsesponsive hydrogels, at
concentations which have shown to degrade MMBnsitive gels, confirms the selectivity of the
hydrogels to release their cargo in an elastasatrolled manner without being affected by the
other protease. On the other hand, MMBsponsive hydrogels were prefettiadly cleaved by
MMP-2 with only a partial increase of the release in presence of elastase. Although the selectivity
of the MMPRresponsive hydrogels can be further improved, in general, each of the hydrogels lead
to a preferential release in presence tiettargeted enzyme with respect to the untargeted one.
The data presented here signifies a first step to developing dually enmspensive materials
for targeting both elastase and MMPs. Those materials would ultimately allow the release of
active ingredents from each type of hydrogels selectively in response to the levels of the target

enzyme, and be unaffected Iblye activity of untargeted ones
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Chapter 6

Ondemand modulation of elastase activity with inhibitmaded
hydrogels

6.1 Introduction

The oveall aim of this project is to develop hydrogels able to modulate elastase activity by
releasing an elastase inhibitor @iemand in response to the levels of protease. The development,
passive and elastasmntrolled release properties of the hydrogels aslivas crosselease in the
presence of MMPs has been established in previous chapters (3 to 5). In this chapter, the ability
of hydrogels to encapsulate an elastase inhibitor, the ability of elastase to degrade the hydrogel,

and the modulation of elastaszctivity will be studied.
6.1.1Human Neutrophil Elastase Inhibitors

The high medical need for HNE inhibitors, due to elastase implications in tissue degradation
that contributes to the onset and progression of several inflammatory diseases, has led to the
dewvelopment of different types of inhibitors which have been recently reviewed by Von Nussbaum
et aP% The extensive research has made it possible to obtain a variety of elastase inhibitors
specifically used for bbtresearch and clinical purpo$és Elastase inhibitors can be classified as
synthetic or physiological, and they are summarised in Table 5.1. Some peptide derivatives have
been extensively used fam vitro andin vivoresearch such as MeOSAAPACMK and MeOStc
AAPVYCMK. Their mechanism of inhibition is based on the recognitientefrapeptide included
in the peptidechloromethylketone molecule, which leads to covalent insertion of the
chloromethylketone residue at the catalytic <t Due to their side effects, these inhibitors have
been used only in preclinical reseaitf*?2622 Sjvelestat and Alvelestat are two small molecule

synthetic inhibitors of elastase with clinical applications. $atal is approved for use in Acute
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Lung Injury and Systemic Inflammatory respiratory Syndrome in Japan and Soutii®>Korea
Sivelestat acts as a suicide substrate, acetylating the active site 8t. ANElestat has a similar
structure, but with the advantage of being orally active, and it is currently undergoing clinical trial
investigation for COPD, Cystibréisis and AAT Deficierté$??® The clinical use and ongoing
clinical trials of some of these synthetic inhibitors highlights their efficacy and therapeutic
potential. But their small size makes it unlikely that a good entrapment efficiency could be

achievedn the hydrogels developed in this work.

Table 6.1 Synthetic and physiological elastase inhibitors

Type Inhibitor Size Uses Ref
MeOSueAAPACMK 474.9Da Research 204,226
MeOSueAAPVYCMK 503Da Research 9

. Bastinal 512.56Da Research 94
Synthetic Clinical:
Sivelestat 434.46Da o %
Acute Lung Injury
Clinical trials COPD
Alvelestat 545.53Da S 230
Cystic Fibrosis
Alpha2-macroglobulin 720 kDa Broad protease inhibitor 82
SLPI 13 kDa SERPIN 87
. . . SERPIN
Physiological Elafin 6 kDa clinical trials PAH 231
(SERPINS) i
Main SERPIN
Alphal-antitrypsin (AAT) 52 kDa Clinical: AAT Deficiency 8
COPD

MeOSuc = Methxy succinyl, CMK = Chloromethylketone. SERPIN:= Serine Protease Inhibitors
Pulmonary Arterial Hypertension, SLPecretory Leukoproteinase Inhibitor

Physiological inhibitors of elastase are proteased inhibitors, therefore possessing a
higher size (Table 6.1). The main inhibitors of Human Neutrophil Elastase are-2alpha
macroglobulin, Secretory Leukocyte Protease Inhibitor (SLPI), Elafin andlalptitrypsirf®87.92
Although its high molecular weight (720 kDa) makes alphzacroglobulin a good candidate for
hydrogel encapsulation, its wide inhibition spectrum, inhibiting other serine proteases and othe
classes of endopeptidases such as MMPs makes it too broad for clinical applféat®ingilarly
SLPI and Elafin have a small molecular weight and are not clinically used (Elafin is in clinical trials
for Pulmonary Arterial HypertensioiClinicaltrials.gov identifier NCT0352283f making them
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not ideal candidates for this work. The glycoprotein Alikentitrypsin is a 54 kDa molecule that
represents the main physiafical elastase inhibitor. Patients having a genetic mutation on the
AAT gene possess around %dof circulating levels of AAT and develop the disorder known as
alphal-antitrypsin deficiency (AATD) characterised by severe emphysema and even chronic liver
diseasé. For this alphd-antitrypsin is clinically approved and it is currently used as an
augmentation therapy in AATD patiefftd*3 Therefore due to suitable size for encapsulation in
hydrogels (~50 kDa) and the precedent in its clinical use, dligrditrypsin was selected as the

elastase inhibitor in this pregt.

The mechanism of AAT inhibition of elastase is complex, characterised by an irreversible
suicide substrate mechanism for the ZXF The interaction of AAT with elastase can proceed
through an inhibitory or a substrate pathway. Figure 6.1 summarises the inhibitory process.
Initially the AAT forms mon-covalent complex with elastase (Michaelis Complex, El in Figure 6.1).
Elastase then attacks the inhibitor cleaving a peptidyl bond at the substrate cleavage point of AAT,
resulting in a covalentac y 1 @ YS A y (i SINMtErRhis IpainSthedredtio®can follow
either the inhibitory or norinhibitory pathway. In the notinhibitory or substrate pathway,
elastase cleaves AAT and leads to active elastase (E) and cleaved (inactive F&AY. (H)the
inhibitory pathway, the reaction & loop of AAT is inserted into elastase, causing distortion in the
active site of the enzyme and leading to the covalent complex where elastase in deactivated (EI*,
Figure 6.1). The extent of substrate or inhibitory pathway will depend on the relatieeofat
reactive centre loop insertion to the substrate cleavage rate. This will be an important factor to
consider when encapsulating AAT into hydrogels since an excess of inhibitor with respect to the
concentration of elastase will be required. Supportihgstmechanism, others have shown that
excess concentrations of AAT (10:1 and 20:1 AAT:HNE ratio) were required to suppress the

damaging effects of elastase on cétiwitro'®.
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%%@; Intermediate E-l1 Complex (EI’,.) y&%) Covalent E-I Complex (EI*)

Figure 6.1 Mechanism of alphd-antitrypsin (AAT) of elastase, following the general SERPIN
pathways. AAT Inhibitor)(forms a norcovalent Michaelidike Complex with elastas&l. Elastase

then hydrolyses the peptidyl bond leading to an aggstse covalent intermediate9(L @ O 9 L QI O
complex can progress through either the inhibitor pathway resulting in inactivated elastaigeor

complex EI¥), or the substrate pathway. The substrate pathway will lead to free (and active) elastase

(B and ctaved inactive AAT*). Structures obtained using NGL vietérFree native pancreatic

elastase (PDB entry 1H9L), native AAT (PBD entry 1ATU), cleaved AAT (PDB entry 7API) and complex
AATPPE (PDB entry 2D26, two colour codes to clearer represent inactive state aselast AAT in

the EI* complex, where orange is elastase and black AAT).

6.1.2Dynamic materials for satbntrolled modulation of enzyme activity

Enzyme overexpression has been linked to many pathological diseases. For instance, proteases
such as Matrix Met#dproteinases (MMPs) and serine proteases are described to be
overexpressed in diseases such as cancer, chronic wounds and chronic inflammatory
disease¥"83142 The limiation of many protease inhibitor therapies due to high occurrence of side
effects and reduced concentration at the disease site has brought attention to the need to develop
more efficient delivery systenf$2*8 Additionally many of these enzymes are required in smaller
concentrations for the normal fuioning of healthy tissue, therefore complete inhibition is not
desirable. For this reason, recent researchers have tried to address the challenges of systemic
LINPGSFaS AYyKAOAGU2NAR | RYAYAAUNI GA2Y o6& RSaA3ayAy3
inhibitors ondemand, depending on the level of the targeted enzyme.
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As an example, a system aimed for autonomous regulation of coagulation, a coagulation
responsive anticoagulant delivery system was first described by Maied*:. For this, the
anticoggulant heparin was linked to the hydrogel backbone with a throrsgnsitive peptide.
When coagulation occurs, thrombin (coagulation factor) will trigger the release of heparin,
inhibiting thrombin and stopping coagulation cascade on one hand and inasgwhtrombin on
the other, preventing therefore further release. The hydrogels released heparin in response to the
concentration of thrombin, reaching pharmacologically relevant levels of heparin release and
maintained low coagulation levéfs In a reent study the same group did a systematic study, and
designed materials with variable degradation speed and expanded the materials to be responsive
to other coagulation factors (FX,FXlla) which are located earlier in the coagulation é¢&scade
More recently, Zhanet al., used the same approach in a transcutaneous patch with a feedback
controlled anticoagulant system also responsive to thronffinThe patch was tested in a
thrombolytic challenge model, and demonstrated effective protection for acute pulmonary
thromboembolismin viva Some other studies have also used the concept of thromdsponsive
anticoagulant therapies to encapsulate other anticoagularsiggalternative delivery systems to
hydrogels. Liet al. developed thrombiresponsive nanocapsules able to release fibyisisl
activator tissuetype plasminogen activatorA) in response to thrombin levels to be used as

surface coatings®.

The first proof of concept to @senzymeresponsive delivery to release an inhibitor of the
targeted enzyme in presence of high levels of enzyme specifically targeting Matrix
Metalloproteinases has been developed by Puregllal!*>. MMP-responsive hydrogels that
entrapped a tissue inhibitor of proteases (THZP by ionic interactions were designed for
myocardial infarction treatment, which is characterised by higlelef MMPs with respect to
healthy tissué®. Theirin vivowork showed that the TIMB loaded hydrogels were able to
significantly educe the MMP activity on the infarction region without increasing the systemic

levels of TIMB. They also proved that the inhibitor MMBsponsive hydrogels significantly
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improved cardiac function 14 days pesjection’®. In a later study the authors proved that after
localized injection of the gels, sustained TH®IBffects were even longer with effects seen 28 days
postmyocardial infarction. It was also proven that hydrogels administration improved
remodelling and ventricular function and reduced key indices associated with heart failure

progressior®,

This concept is also being explored for enzymes other than proteases sugjattosidase.
A lactoseurea Low Molecular Weight Hydrogelator (LMWHG) has been reported to form
supramolecular gels which are degradedibgalactosidas¥®. The degradation kinetics of the
material, as measured by the gel to sol transition, depended on the concentrations of
galactosidase. The authors proved that hydrogels prepared in presence of high concentrations of
a | -galactosidase inhitor were able to modulatei -galactosidas&ontrolled hydrogel
degradation in a concentratiedependent manner. Although it is not clear from the publication
if the inhibitor was encapsulated inside the hydrogel or remained between the gel fibres, it
exe¥ LI ATASA GKIG GKS -oiibor-2yF & &19R0 AaFeraQi SWa dzoTa2(iNgg Yi SR
enzymes has a wider range of applications that just proteases. The authors state as a future
application the materials could be explored for controlled drug releasgliggiions, since
galactosidase is the main enzyme for lactose hydrolysis. As ag@koohcept they demonstrate

degradation of the hydrogel with kiwifruit, which contains high concentration ief

galactosidask®.

All of the above mentioned studies exploited the overexpression of a pathological enzyme to
trigger the release of an enme inhibitor, in order to achieve edemandand sitespecific activity
modulation. These studies highlight the importance of characterising the inhibitor release
kineticg4%, and the effect of different levels of the enzym&'>®and passive relea%&on
inhibition release and biological effects, since they can dramatically affect the efficacy of the
system. Therefore these characterisations are required in the hydrogel studies in the present work

before conductingin vitro studies.
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6.2 Aim and objectives

Hydrogel Preparation: 1. No release

W, dy’

s )\?{\’“oz\og;b X

</

@ .
Elas%.Q

HS\CSSAAPVRGGGC\S r
+ Inhibited elastase
Alpha-1-

antitrypsin

|

3. Elastase inhibition 2. Release inhibitor

~

Responsive hydrogel

Figure 6.2Schematic of hydrogel preparation for alphantitrypsin encapsulation (left) and expected

mechanism of elastase activity sedfgulation for this chapter (right). Mechanism of elastase
regulation: 1) in absence of elastase there is no release of the inhibyrElastase presence in the

medium degrades the responsive hydrogels, triggering the release of the-Afpttdrypsin inhibitor.

3) The release of alph&antitrypsin inhibits elastase psent in the medium, therefore there is no

more release of inhibitor (back to stepl.)

In order to be able tanodulate protease activity with enzymeesponsive hydrogels in a
biologicallyrelevant disease setting, it is important to assess the kineticsmpyraecontrolled
selfinhibition, including assessing the amount of inhibitor required for efficient activity
modulation, and its ability to modulate different levels of elastase. The expected mechanism of
elastase ordemand activity regulation is explaiden Figure 6.2. With this purpose, the aims of

this chapter are:

1 Characterising the inhibition kinetics and stability of aldfsentitrypsin in solution.
91 Ensuring inhibitor activity under polymerisation conditions and estimate passive release.
1 Determiningthe quantity of encapsulated alpkBantitrypsin required to inhibit elastase in

the releasemedium
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1 Assessing the ability of inhibitdwaded hydrogels to modulate the activity of different

elastase concentrations.

6.3 Results and discussion

6.3.1Characterisatin of alphal-antitrypsin inhibition and stability in solution

Before proceeding with the encapsulation of the elastase inhibitor alphatitrypsin
into hydrogels, its inhibitgr abilities on Human Neutrophil Elastase were tested. The inhibitory
activityof AAT was quantified indirectly by measuring the elastase activity of HNE after incubation
with AAT and comparing it to that afntreated HNE. Enzyme and inhibitor were incubated
together for 10 min before quantifying the activity of elastase with armletric substrate assay,
as described in section AR in the methods chapter. AAT had a concentratd@pendent
inhibition of HNE activity (Figure 6.3). The concentration of inhibitor that reduced elastase activity
to 50 % (IGo) for a 20 nM HNE soleth was 14.34nM. This number indicates that the inhibition
did not proceed as a 1:1 ratio between enzyme and inhibitor. This could be due to purity of the
inhibitor (>70% as defined by supplier) and due to the described mechanism of AAT inhibition
(Figure6.2). Since AAT interaction forms a complex which can either proceed via an inhibitory
pathway (resulting in inactive elastase) or a substrate pathway (resulting in active elastase and
inactive AAT). For this reason, it is important to account for an exaféahibitor when calculating

the required amount of inhibitor to be encapsulated.

Then, the stability of alpel-antitrypsin in release mediundDMEMF12) and under
hydrogel preparation conditions was assessed. Radiealiated protein damage has been
described at high concentrations of LAP photoinitiator when proteins are incubated with the
photoinitiator and exposed to UV light. For this reason solution polymerisations mimicking
hydrogel preparation conditions were used to characterise if any lashibitory activity of AAT
during radicallymediated thiolene reactions was taking place. Compositions were chosen to

avoid hydrogel formation and therefore facilitate AAT activity quantification. AAT, AAT-and 4
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PEGNB, and AAT and peptide were incubatedien UV light exposure in the presence of LAP
photoinitiator for three minutes, (mimicking hydrogel preparation conditions). Exposure of AAT
to UV light in the presence of LAP photoinitiator drastically reduced its inhibitory activity (Figure
6.4.a). Expage of the AAT inhibitor to LAP and UV light in presence of the polymer lead to only
partial reduction of AAT inhibitory activity. Finally, incorporation of the peptide with the inhibitor
had a protective effect on AAT activity, with-UXP exposed AAT maining the same inhibitory
activity over HNE as the control AAT in buffer (Figure 6.4.a). This result is in agreement with
previous studies of protein stabil#§? and it highlights that no damaging or loss of bioactivity of
the AAT inhibitor takes place during photopolymerisation in the presence of other reactive groups
(which are present at higher concentrations). Thus, this confirms that the inhibitor is stable under
hydrogel preparation conditions and thiehe photopolymerisation presents mild encapsulation

conditions which maintain the bioactivity of the encapsuthtehibitor.

1207 LoglCgy = 1.157

100 + ICgq =14.34
=
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Figure 6.3Inhibition kinetics and stability of alphiaantitrypsin. Concentratiodependent inhibition
of 20 nM HNE activity by AAT and determination of IC50 (14.34 nM), n = 4, mean + standard deviation).

Since the release mediurduring rdease studies with the hydrogels is periodically
removed every 24, stability of AAT in thenediumwas tested to guarantee its stability for at
least 24h. Alphal-antitrypsin was shown to be stable over %2in the release media, with

inhibitions of HNEEomparable to fresh AAT (Figure 6.4.b). These two stability assays together
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confirm the suitability of the encapsulation conditions, and the stability of the protein under the

selected releasenedium
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Figure 6.4 Stability of AAT inhibitora.) Stabiliy of AAT during hydrogel preparation conditions.
Percentage of AAT activity with respect to control AAT after exposure to UV light for 2min in presence
of LAP photoinitiator only, LAP and polymefPBGNB) or LAP and peptide. (n=3, mean * standard
deviatian). Symbols indicate statistical significance by-aag-ANOVA with Tukey pesbmparison (p

value: ***< 0.001, **** < 0.0001 and n.s.d. not statistically differert)) Stability of AAT incubated in
releasebuffer. (n=4, mean * standard deviatipn

6.3.2Estmation of the passive release of alghantitrypsin

Previous studies witilexas red dextran of a similar size to AAT inhibitor (70 kDa) have
confirmed that 4PEGNB hydrogels prepared at %bw/v and 20% w/v allowed for a high
entrapment and low passiveelease of the macromolecule (section 5.3.2). An estimation of the
passive release of alpkaantitrypsin was conducted in order to confirm a similar encapsulation
and release profile than the model dextran. For this, AAT was fluorescently labelledi¢aseitid
in section 2.11 and release was quantified as described in section 2.12). Hydrogels showed a high
encapsulation efficiency of the fluorescent AAT, with ovef@nhcapsulated. Passive release of
the inhibitor was also very low, with only P5release over 96 h (Figure 6.5). Although some

differences in release could arise between native and fluorescently labelled native inhibitor due
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to possible changes in hydrophilicity, charge and size, the good encapsulation and release
achieved suggests a sinmileelease may be obtained when encapsulating unlabelled alpha

antitrypsin.
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Figure 6.5 Passive release of fluorescently labelled alfpfamtitrypsin frompeptide-4-PENB 5kD20
%wi/v hydrogels. Encapsulation efficiency was 91.9 #2(8=3, mean + stadard deviation)

6.3.3Ability of hydrogels to modulate elastase activity

6.3.3.1Encapsulation of different amounts of inhibitor to achieve modulation of elastase activity

The ability of delivery systems to inhibit enzymes will depend on the relative ratio
between he quantities of inhibitor encapsulated and the enzyme in the releasdium If the
amount of inhibitor is not enough to regulate the enzyme, enzyme activity will be high and the
degradation of the delivery system fast. Only if the quantity of encapsdlatbibitor is high
enough will the activity of the enzyme be lowered, causing slower hydrogel degradation and

therefore controlled release, similar to a negative feedback t&Hf

The ability of alphdantitrypsin loaded hydrogels to modulate elastase activity was
assessed by monitoring Texasl dextran (TRD70) release as a probe of hydrogel degradation,

and by measuring the HNE activity after each time polf@RD70 monitoring has previously
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shown to be an efficient mechanism to track hydrogel degradation and elastas¢rolled
release, since the release of TRD70 increases in proportion to the concentration of elastase
(Sections 4.3.6 and 4.3.7). Hydrogelgevprepared at a 206w/v polymer and TRD70 was-co
encapsulated with 5, 10, 20 and 50 pg of AAT and incubated with 10 nM HNE in-BMEM
medium, since thismedium composition will be the one used for studying vitro effects of
hydrogels on cells in Chagrt7. Hydrogels without alphantitrypsin degraded faster than those

in medium, with 87%or TRD70 released over 72h in presence of HNE with respect to #®53
passive release controls (no HNE, Figure 6.6.a). Although there were no statisticahcé$ei@n
inverse relationship between TRD70 and the amount of encapsulated AAT was observed, with 83
% dextran released at the lowest amount of inhibitor encapsulated (5 pug) and 57, 66 a¥d 68
released at 10, 20 and 50 pg-encapsulated AAT (Figure 6.)5.&his indicates that a modest
effect of the amount of AAT encapsulated on regulating elastasgrolled release was achieved.

The lack of stronger trends on elastagantrolled release and statistical differences between
hydrogels incubated AAT, coulé blue to the high passive released observed%®3This value

was higher than in previous release studies, such & #/DMEMF12medium(Figure 5.9) and

lower than 25%when the release was conducted in zymognaredium (Figure 5.10).

Then, the elastasactivity at each time point was quantified and expressed as the
percentage HNE activity compared to blank hydrogels incubated with HNE (no AAT encapsulated).
As shown in Figure 6.6.b, hydrogels containing the lowest amount of AAT (5 pg/gel), did not cause
significant reduction of elastase at any time point even though they visually reduced HNE activity
at 24h. Hydrogels containing a higher amount of AAT inhibited HNE activity at earlier time points
(24h for 10 pg and 24 and 48for 20 pg gels). Thisdsie to a depletion of the inhibitor at early
time points, which does not leave enough inhibitor to efficiently inhibit elastase at the later time
points. Only hydrogels encapsulating the highest amount of AAT (50 pg) managed to modulate
elastase activity pito 72h (Figure 6.6.b). The lack of a difference between 50 ug gels and blank

gels at 24h was attributed to the high variability of HNE activity for AAT gels at this time point,
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since two samples had almost zero activity and the third one showed ove®aldifivity with

respect to controls (Figure D.1 on the supplement).

It was therefore shown that although no significant differences were found in the release
of TRD70, a concentratiedtependent effect of the inhibitor on HNE activity modulation was
found. Hydrogels containing very low amounts of inhibitor ($ gig not modulate theactivity of
elastase, while increasing amounts of AAT encapsulated led to the gels having an ability to
modulate elastase for longer. Only gels containing the highest anmadunhibitor could modulate
HNE activity at the last time point.

a. 120- -©- Blank + media
-&- Blank + HNE
1004 -o- 5.9 AAT + HNE
-# 10pg AAT + HNE
—— 20ug AAT +HNE
-®- 50ug AAT +HNE

% TRD70 released

b. 1209 .. 1 Blank + HNE
e
100 = ----- Bl 5.9 AAT + HNE
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Figure 6.6.Release oflextran from hydrogels containindifferent quantities of AATIn presence
(+HNE) or absencerfiedium)of 10 nM HNE a.) Monitoring release of TRD70 (70 kDa dextram) a
model probe of hydrogel degradatioh.) Modulation of elastase activity by hydrogels encapsulating
different amounts of alphd-antitrypsin inhibitor. 0, (blank + HNE) 5 pg (5 pg AAT + HNE), 10 pg (10
Mg AAT + HNE), 20 pg (20 pg AAT + HNE) and 50 pm AZ20r + HNE) of inhibitor loaded in each gel
and then incubated with 10 nM HNE or diem. N = 3, mean + standard deviation, symbols represent
statically significant differences by tweay ANOVA with Tukey pesbmparisons (p value ** < 0.01)
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It is imposible to separate the effects on elastase inhibition of AAT released by an
elastasecontrolled degradation (specific release) from the effects of passively diffused inhibitor
(non-specific release) from elastasesponsive hydrogels. This is due to theiirgic degradability
of the responsive hydrogels if they are in contact with elastase. In order to characterise the effects
of alphal-antitrypsin released by a passive diffusion mechanism on elastase inhibition, ATT was
encapsulated in hydrogels preparedth the scrambled peptide (neresponsive hydrogels).

Either 20 ug or 50 pg of AAT were incorporated into the hydrogels, since these two conditions
rendered a more sustained inhibition of elastase with timéth the elastaseesponsive
hydrogels It was &pected that release of TRD70 would be unaffected by elastase concentration,
since it has been already demonstrated in chapter 5 (Figure 5.11) that the gels prepared with
scrambled peptides were not degraded by elastase. TRD70 release was not affeciadobyion

of hydrogels with elastase, neither did AAT encapsulation have any effect on TRD70 release (Figure
6.7). The passive release of TRD70 from scrambled hydrogels was very high, reaching between 65
and 75% over 72h. Partial degradation of the hydelg was visually noted and a weaker
consistency to the touch (Figure D.2 in the Appendix), which could be for instance due to ester
instability in cell culturenediun?®®. Both types of hydrogels encapsulating 20 pg or 50 ug were
able to modulate elastase activity for the first 48h, but they did not significantly inhibit elastase at
72h (Figure 6.7.b). This effect on elastase #gtigould be due to the high passive release
observed by TRD70 release due to the resulting weaker or partly degraded hydrogels. It has been
described that poorly crosslinked hydrogels will lead to an increase of the inhibitor retécesed

would explén the increase of inhibitory effect observed in the first 48h in this work.

Hydrogel composition and mesh size for elastegetrolled release has been selected
based on reduced passive diffusion of model dextrans and the fluorescent-hiph@irypsin
from the hydrogels. It was hypothesised that a high physical entrapment of the cargo would allow

for a release mechanism predominantly controlled by elastase degradation of the hydrogel and
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subsequent release of the inhibitor. However, neutrophil elastasa relatively small protein
(approximately 29 kDa in size) and it has been described to infiltrate into hydrogels. Asitakiti
designed a hydrogel containing some elasteessponsive FRET moieties, and they observed that
elastase uniformly penetratedver the full thickness of the hydrogels within 10 minutes 440

w/v using a 10kDa PE®) Although the hydrogels used by Aimedti al. had a slightly different
crosslinking density, it is possible that a certain extent of elastase infiltration may be taking place
in the present hydrogels. This effect would be especially relevant on gels sdraeedegradation

had taken place, since the crosslinking density will be much looser. Thus, protease infiltration
inside the hydrogel could lead to elastase inhibition through thissecific mechanism, without

the need of the inhibitor to be released the mediumin response to external levels of elastase.
This would cause a depletion of the inhibitor at early time points. This could also explain the high
extent of inhibition at early time points observed with both elastassponsive and elastase

scranbled hydrogels.

In summary, although elastase noesponsive hydrogels crosslinked with the scrambled
peptide were used initially as a control of the passively released AAT effects on elastase inhibition,
they showed a higher passive release of the TR®@Be than the responsive gels. This suggests
some degradation mechanisms other than elastasatrolled one may be taking place in
scrambled gels, which led to these hydrogels being able to inhibit elastase activity during the first
48h of release. Thefere, it can only be concluded from this section that although scrambled
hydrogels were able to modulate elastase activity at early time points, this was likely due to some
non-specific hydrogel degradation. Conversely, elastasponsive hydrogels encagating a
high amount of inhibitor were able to modulate HNE activity on the releasdiumup to 72h.
Although elastaseesponsive hydrogels with AAT did not significantly alter elastasérolled

hydrogel degradation, they showed an overall improvedi@@nance on elastase inhibition with
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respect to scrambled ones. This suggests that the elastastolled release of the inhibitor is

more efficient than only nospecific release mechanisms.
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Figure 6.7 Release offRD70 from hydrogels containing ditfat quantities of AAT anfbrmed with

the elastase;scrambled sequence in presence of 10 nM H\)BMonitoring release of TRD70 (70 kDa
dextran) as model probe of hydrogel degradatitr). Modulation of elastase activity by hydrogels
encapsulating diffenet amounts of alphéal-antitrypsin inhibitor. 0, (blank + HNE), 20 ug (20 ug AAT +
HNE) and 50 pg (50 pg AAT + HNE) of inhibitor loaded in each gel and then incubated with 10 nM HNE
or medium N = 3, mean * standard deviation, symbols represent statidgtifisant differences by
two-way ANOVA with Tukey pesbmparisons (p value * < 0.05, ** < 0.01)

6.3.3.2Ability of hydrogels to modulate different elastase activity levels

The concentrations of elastase have been described to be very variable with time and
between patients with chronic inflammatory diseases such as COPD and chronic #idt#ls
Therefore the performance of hydrogels on inhibition of higher concentrations of elastase needs
to be investigated. Aditionally, increasing concentrations of the target protease have shown to

dramatically speed up the material degradation, increasing the release of encapsulated
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inhibitor*3115241 1t could then be possible that higher concentrations of elastase could degrade
the hydrogel faster, leading to inhibitor depletion at early ¢isnwhich would make the hydrogels

lose their elastase inhibition properties.

10 nM HNE 30 nM HNE
4. 1204 -A- Blank gels + HNE b. 120,-@- Blank gels + HNE
1 -« AAT gels + HNE 1= AATgels+HNE ,, *x

-

(=]

o
L

- Media ok _} 1001 .. Media PP, g
80- * {f ------

60 - }

40- J

% TRD70 released
% TRD70 released

s8]
o
1

[=]

0 24 48 72 0 2:4 4.8 7.2
time (h) time (h)
50 nM HNE
C. 1204 -@- Blank gels + HNE

-~ AAT gels + HNE
1004 - < Media

% TRD70 released
=3

0 2 48 72
time (h)

Figure 6.8 Release of 70 kDa TexasRed Dextran from hydrogels loaded without (empty symbols) or
with AAT (filled symbols, 50ug) in presenca.pfilonM,b.) 30 nM anct.) 50 nMHNE. Symbols indicate
statistically significant differences by ANOVA with Tukey-postparisons (p value ** < 0.01, *** <
0.001, mean = error of the mean, N=3). For simplicity, only differences between hydrogels with (filled
symbols) and without inhibitofempty symbols) are represented. Statistical differences between gels
incubated inmedium(passive release) and with HNE can be found in Table D.2 in the appendix.

After determining the amount of encapsulated alphantitrypsin required to inhibit
elastase in the surroundingnedium, the ability of this formulations to inhibit higher
concentrations of elastase was studied. The elastase concentration of 10 nM used in the previous
section was initially selected to test the materials since it has showa éffect to epithelial cells,

which will be described in the next chapter (section 7.3.2). In this section, hydrogels were
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incubated with increasing concentrations of elastase (10, 30 and 50nM) in EREMedium
50ug of AAT were encapsulated in each, gghce it had shown better performance on elastase
modulation. Hydrogels were prepared at ¥%ow/v due to the high variability in release and

elastase activity obtained with the 28w/v ones in section 6.3.3.1.

Release of TRD70 from blank hydrodalscontaining AAT$howed a faster degradation in
the presence of all HNE concentrations of elastase than passive diffusion gels, achieving a total
release of 9@ dextran at 10nM and a 10%release at 30nivand 50nM HNE (Figure 6.8). The
encapsulation of AAhad different effects depending on the concentration of elastase. At low
concentrations of HNE the hydrogels containing AAT were able to significantly reduce the release
of TRD70 with respect to the blank ones (Figure 6.8.a and b, symbols indicatef¢nendis

between hydrogels with/without AAT incubated with elastase).

TRD70 release from hydrogels encapsulating the inhibitor was not only lower than blank gels
with elastase, but they presented the same profiles as passive release controls (releanst with
elastase, Figure 6.8.a. and b, all statistically significant data in Table D.2. in the Appendix). This
indicates that the gels were able to inhibit elastase, causing a reduction in gel degradation and
therefore TRD70 released. Other researchers hage described an effective reduction on
hydrogel degradation between inhibitor loaded/unloaded hydrogels, demonstrating a sustained
inhibition of the protease in thenedium'®. In contrast, hydrogels incubated with the highest
elastase concentration (50nM), were not able to modulate HNE in their environment, and as a
result the dextran released was not different from blank HMf&ted ge$ (Figure 6.8, no statistical
differences found). Since the stlity of AAT on the release mediutmas been previously
confirmed for the time of the release experiments (Figure 6.4), this indicates that the amount of
inhibitor was not enough to modulateasdtase activity at this highest concentration and therefore
did not slow hydrogel degradation and TRD70 release. Mait¢ described a similar protease
controlled mechanism on the inhibitor release prdfilerhey observed a higher release of heparin

(inhibitor) from hydrogels incubated with higher concentration of thrombin (protease), but the
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hydrogels had a good performance of anticoagulant effeatitra®>. So it may be possible that
although the hydrogels did not modulate release of the 50nMsgtHey may have still some

significant inhibition of elastase activity.

The elastase activity of the release samples was characterised in order to establish the degree
of inhibition achieved with AAlbaded hydrogels for different HNE concentrations. Ath2all
AAThydrogels reduced elastase activity with respect to blank (no AAT) hydrogels although only
30nM and 50nM samples were statistically significant (Figure 6.9.a). This demonstrated that
hydrogels were able to largely modulate elastase activitgady time points; however, this
inhibition did not translate into a modulation on TRD70 release. Although not significantly
different, the inhibitory effect of AAToaded gels on elastase activity was still present at 48h, with
lower elastase activitieschieved with AAEncapsulating hydrogels at all enzyme concentrations
(Figure 6.9.b). Towards the end of the assay (72h) hydrogels did not inhibit higher concentrations
of HNE (30nM and 50nM), a visible reduction in HNE activity was only achieved at NlEM H
though it was not statistically significant (Figure 6.9.c). This data indicates that the extent of

elastase inhibition is enzyerconcentration and timedependant.

Overall, elastaseesponsive hydrogels modulated lower concentrations of elastase more
efficiently, achieving only inhibition of high concentrations of elastase at early time points. This
was evidenced by the relative changes of the release of a model dextran, and the inhibition of

elastase activity.
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Figure 6.9.Modulation of increasing carentrations of HNE activity (10, 30 and BB1) with AAT
hydrogels. HNE activity measured on the releasedium at each time point with either blank
hydrogels (empty bars) or AAdGaded hydrogels (Filled bars, G AAT, 1B6w/v gels)ata.) 24h,b.)

48 h andc.) 72h. Symbols represent statistically significant differences by ANOVA with Tukey post
comparisons (*** p value < 0.001, **** < 0.0001, mean = error of the mean, N=3 except 50M 24
N=2).

6.4 Conclusions

Alphal-antitrypsin inhibitory activity on @lstase and its suitable stability during hydrogel
preparation and release conditions has been confirmed. The passive release of the inhibitor from

hydrogels was estimated with a fluorescéabelled alphal-antitrypsin. The passive release was
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very low, béow 209% being important for achieving subsequent elastasatrolled release in
presence of elastase. Although some differences in release could arise due to differences between
native and fluorescently labelled native inhibitor the low passive releadéewed suggests a

similar release may be obtained when encapsulating unlabelled dlditrypsin.

Only high amounts (5Qug) of alphal-anitrypsin inhibitor encapsulated in elastase
responsive hydrogels achieved sustained elastase inhibition. Althinegl were no significant
changes in the modulation of elastasentrolled release, it was observed that higher
concentrations of AAT led to a prolonged inhibition of elastase activity, suggesting that feedback
controlled elastase inhibition could succadhlf be used to inhibit elastase activity. An overall
trend of elastase activity inhibition was observed at early times; however, it is worth noting that
at some time points the variability of activity between different hydrogel samples was very high

within each hydrogel type.

Scrambled hydrogels encapsulating aldtzantitrypsin were used as a control of the passively
released AAT effects on elastase inhibition as they arerasponsive to elastase. Conversely,
some degradation was observed and they shdveehigher passive release of the TRD70 probe
than the responsive gels, suggesting some other unspecific degradation may be taking place. As a
consequence, scrambled hydrogels could also inhibit elastase activity during the first 48h of
release. This unspédic release is not fully clear but it is hypothesised that it could be due te non
enzymatic degradation of gels, and the possibility of elastase penetrating weak hydrogels. It has
been described that elastase is able to diffuse through hydrogels dus smiall siz€2 This
elastase penetration of HNE inside the gel could lead to the enzying b#ibited without the
need for the inhibitor to be released, contributing to the high variability in elastase activity and

the effect of scrambled hydrogels.

Elastaseesponsive hydrogelsntrappingwith higher amounts of AAT (5y) were able to

modulate more efficiently lower concentrations of elastase. Inhibition of high concentrations of
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elastase was only achieved at early time points, as demonstrated by the relative changes on the
release of a model dextran, and the inhibition of elastase activityis would be particularly
important to guarantee effective elastase modulation in a preclinical or clinical context, where the

levels of elastase can significantly vary with time and between different individuals.

Overall, although elastas®esponsivehydrogels with AAT did not systematically alter
elastasecontrolled hydrogel degradation, they showed a higher inhibition of activity with respect
to scrambled hydrogels. This suggests that -spacific release mechanisms of AAT are less
efficient to reguate elastase activity than the elastasentrolled release of the inhibitor, whereby
the elastase activity triggers the release of the inhibitor and therefore its own inhibition.
Moreover, hydrogels were able to modulate higher concentrations of elasthiseugh for 24
48h. Therefore, elastasdegradable hydrogels able to release AAT in the presence of HNE activity

have promising potential to be used to modulate elastase actinitgtro.
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Chapter 7

Modulation of elastase activity in anvitroepithelial cell model

7.1 Introduction

In previous chapters, enzymresponsive hydrogels with enzyreentrolled release and
elastasemodulating properties have been developed. The aim of this work is to develop systems
that can modulate elastase activity Witpotential use in biomedical applications. Thus, this
chapter will study the cytocompatibility of the prepared hydrogels and their ability to modulate

elastase activityn vitro.
7.1.11n vitrotesting of enzymenodulating materials

In vitro daracterisation 6 enzymeresponsive materials or materials aiming to modulate or
fully inhibit enzymes often involve general experiments such as cytotoxicity with relevant cell
lines, and specific assays for determining enzyasponsiveness or modulation. The dedlsed
experiments usually start by the determination of the biocompatibility with cells, to ensure lack
of toxic effects of the materials. This can be done by assessing cell membrane itte§ityell
metabolic activity?#14%164 or a combination of botf125178 Other researchers have previously
shown that peptidecrosslinked PEG hydrogedimilar to the system developed here did not have
toxic effects on celf§124125134.164.178Therefore it is not expected that the materials developed in
this work will have high toxicitiy vitroalthough it will be further tested. After these initigl vitro
toxicity expeimments, materials are usually testéa vivofor efficacy and/or toxicity. Due to their
singularity, some specific tests for enzymesponsive or modulating materials, such as release
FYR AYKAOAGAZY SELISNAYSY(Ga 6A40&s (RSS R I (A Sa18 Siy/H :

characterised, before moving to vivoor ex vivatesting:115123140,145,189
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Since the materials described in this work aim to modulate elastase,\atmo model to test
efficient enzyme modlation is required, since accurate characterisation of inhibition profiles
would be difficult to establishin viva As Human Neutrophil Elastase (HNE) enzymatic
overexpression has been linked to pathologies such as chronic wounds and pulmonary
disease®83 some in vivomodels which give an insight on the damaging effects of elastase on
different tissues have been developed. For instance, mice deficient in the elastase inhibitor SLPI
(Secretory Leukocyte Protease ilnitor) have been used to mimic a chronic wound state in Alice
Mice lacking this main inhibitor of elastase would experience problems related to elastase
overexpression SLPI knockout mice suffered from delayed wound healing, prolonged
inflammation and reduced new matrix deposition causing impaired hédlingtratracheal
instillation of elastase is often used @svivomodel of pulmonary emphysema. Animals instilled
with elastase present lesions characteristic of emphysema characterised by a high inflammatory
burden, high activity of metalloproteinases, and marked alveolar extraaehohtrix degradation
leading to high tissue dama$fé®. Subcutaneous elastase injection in animal feet pad has also
been often been used am vivo model to mimic inflammation and oedema, since elastase
administration causes notable microvessel wall destruction, inflation and swelling?#2243
Thesdn vivomodels provide a general understanding of the direct consequences of high elastase

activity, mostly associated to high inflammation and epithelial damage.

Some isolated studies have also tried ton@ghicein vitrothe negative effects of elastase on
epithelial cells observeih vivo,by supplementing cell culturmediumwith elastase. It has been
reported that addition of elastase to different epithelial cells can cause cell detachthant
death??’244247 This could be due to a combination of mechanisms, since the enzyme degrades
extracellular matrix compone#é’ and hinders celtell interaction$*®. Garratet alhave described
that elastase can impede epithdligell repair in a concentratiedependent mannet®®. Evidence
from these studies clearly indicates a negative effect of elastase on epithelial cell viability and

migrationin vitro. However, no comprehensive studies have been undertaken to make use of it
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as a biologically relevaint vitromodel to test elastase modulating agents or materials. Therefore
a part of this chapter will focus on the development of a suitéltromodel. Subsequently this

model is used to test elastagsaodulation abilities of the hydrogels. .

7.2 Aim and objectives

b. Model: Effects of elastase on epithelial cells

a. Hydrogel
Components: cytocompatibility Cell viability Epithelial repair
Mb«g*" Ce"sg m
(’/f °(°)\°

= HS\CSSAAPVRGGGC\SH

. = Alpha-1-antitrypsin

% = Active Elastase
Q = Inhibited elastase

- = Responsive hydrogel \ / 4
hydrogels

Figure 7.1Summary of in vitro tests conducted in this chaped ¢ SadGAy 3 2F KeRNRIST
cytocompatibility.b.) Developmenhof a basic cell model environment for the effects of elastase on

cell viability and epithelial repaiic.) Evaluation of the recovery in epithelial migration through
modulation of elastase activity with inhibitdoaded hydrogels.

This chapter investages the ability of the gels to modulate elastase activity in presence of
OSfta YR AYLNRGAY3I RSIOINAYSydGlt S¥FFSOha 27F St
cytotoxicity and ability to modulate elastase activity and minimise the damagingteibédigh
elastase activity on epithelial cells.

In order to achieve this aim, the objectives of the chapter are as follows and are summarised
in Figure 7.1:

1 Incubation ofepithelial cells with hydrogel components in order to test cytocompatibility

(Figue 7.1.a).
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1 Systematicabtudy of the effects of elastase on epithelial cell repair and viability, to identify
the conditions that can be used as a model of elastadeced epithelial damage (Figure
7.1.b).

1 Characterisation ahe ability of hydrogels tpromote epithelial repair by modulating elastase

activity.(Figure 7.1.c)

7.3 Results and discussion

7.3.1 Effect of hydrogel components on cell viability

Cytocompatibilty of the blank hydrogels and of different concentrations of al@mitrypsin
in lution were investigated. Cell viability can be characterised by measuring metabolic activity
2F GKS OStftaz YR KA& YSUGUK2R Kl a o0S3%NRI Rf & dz
These assays are usudilysed on the reducing power of the live cells and use a substrate that is

converted to coloured/fluorescent product upon cell reduction.

The cytotoxicity of elastaseesponsive £LEGMal and-PEGNB hydrogels and the algha
antitrypsin inhibitor in solubn was tested on a human lung epithelial cell line, A549. This cell line
has been chosen as the model of epithelial cells since it has been widely used as a referent of lung
epithelial cells elsewheté&125:245.249.250Cg|| viability was assessed throughout this project with the
Prestoblué fluorescence assay, which evaluates the metaboliwiic of the cell$L. The active
ingredient is the noffluorescent highly celbermeable compound resazurin. After entering living
cells, resazurin is redudeto the highly fluorescent compound resorufin yielding a strong
fluorescence signal (Figure 7.2.a). The concentration of resorufin is therefore proportional to the
metabolic activityof the cells in the assay mediuso it has been used to compare cellbiidy
under different conditions (as explained in section 2.16.3PEGNB hydrogels were tested for
their biocompatibility. Hydrogels were incubated with cells for 72h without showing any toxic

effect on the cells (Figure 7.2.b). Metabolic activity af ttells was not significantly reduced as
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compared to untreated cell controls as determined bytast between each hydrogel type and
the respective untreated cell control, confirming the hydrogels did not have a cytotoxic effect on
epithelial cells. Othestudies have also observed a lack of toxicity of similarfdpBde based

hydrogelsin vitrowith epithelial cell$*1?and other types of celf§134164.178

a. Viable cell

o
|
N\ //\\ N\ /Qt
® IPNGt
. |\;E P T
HO 0 0 HO S
Resazurin Resorufin
(non fluorescent) (high fluorescent)
b. 4254 { €. 150
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Figure 7.2In vitro cytotoxicity of hydrogel component®.) Reduction of resazurin to fluescent
compound resorufin by viable cells in Prestoblue assay of metabolic activity. Effect lofank
hydrogels on the viability of A549 epithelial cells measured as % metabolic activity. No significant
differences were found by multipletést (one pertime point) hydrogels with the untreated cell
controls at each time point (N = 3 and n=2, mean = error of the mearijffect of alphal-antitrypsin

(AAT) inhibitor on the viability of A549 epithelial cells measured as % metabolic activity. No aligtistic
significant differences were found by tweay ANOVA (mean + error of the mean N = 3,3j). Cell
numbers have been normalised to untreated cells for each time point, and dotted line indicatés 100
viability.

The effects of different concentrati@of alphalantitrypsin (:1000nM) on cell viability was
also investigated. A broad range of concentrations was studied in order to cover the highest
concentration expected even in the case that all the encapsulated inhibitor was released at once

from the hydrogels. Incubation of epithelial cells with AAT did not affect cell viability at 24 h or
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48h, since there was no significant reduction in metabolic activity compared with the untreated

cells (Figure 7.2.c).

Overall, these data indicate that blank dkeseresponsive hydrogels and the elastase
inhibitor human alphalantitrypsin are not significantly toxic to the model epithelial cell line A549,

as assessed by the metabolic activity experiments.

7.3.2 Invitromimicking of elastase damaging effectgpithelial cells

This section will aim to establish @m vitro model that can be used to test the elastase
modulating abilities of hydrogels developed in Chapter 6. Since the hydrogels aim to modulate
elastase activity, thén vitro model will aim to ming the harmful effects observed in epithelial
cells by overexpressed HNE viva It was hypothesised that addition of an adequate
concentration of elastase to epithelial cells will cause detrimental effects leading to a reduced
metabolic activity and cefhigration. For this, a range of media composition and concentration of
HNE will be studied in order to find the conditions where HNE concentration reduces cell viability
and migration, and the ability of the elastase inhibitor alghantitrypsin administeed in solution

to reverse those effects.

7.3.2.1 Selection of adequate cell media

Human lung alveolar epithelial cell line A549 were used throughout this work as the model
epithelial cell line, details of the general cell maintenance and culture cdouel in section
2.16.1. Standard cell culture conditions for epithelial A549 cells include the supplementation of
the basaimedium(DMEMF12) with 10%v/v of Foetal Bovine Serum (FBS). FBS is widely used in
cell culture applications, it has many factéepromote cell growth and cell survival, but its exact
composition is undefined. Among these factors there may be a range of protease inhibitors which

could inhibit Human Neutrophil Elastase (HNE) activity. Initial experiments showed that HNE did
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not hawe a toxic effect on A549 epithelial cells when incubated i#%EBS supplemented medium
(Figure E.1). For this reason the suitability of sereduced and serurfree media to be used for

elastase experiments was investigated. Two factors need to be @rasid

- First, the selectednediumhas to be able to support cell survival and migration. Since
cells inmedium will be considered as the positive migration control, the selected
composition needs to allow for a certain degree of migration which will theehibdered
by the addition of elastase.

- Second, HNE needs to have a certain degree of activity in the seleetdidm Unless

elastase is active in thmedium, its effects on epithelial cells will not be observed.

Epithelial cell migration was quantiflevith the scratch assay. Thevitroscratch assay, also
known as scratchivound assay, is widely used to study cell migraiiowitro and is based on
epithelial cells ability to migrate to close gaps created in a confluent cell mon&i&37érBriefly,
cells are grown until cdluence and then, upon the creation of an artificial gap (or scratch), cells
at the edge of the scratch will move toward each other until the wound is closed. Finally, the
comparison of images taken at given intervals can be used to assess how effabiéveslls
migrated to repair the created wound under different conditiéfi€*® This assay is generally
accepted asn vitro mimic of cell migration, but since differences in cell death and proliferation
could also affect the wound closure rate some authors prefer terr&d it more generally as a
method to evaluate epithelial cell rep&if. Experimental details of this assay can be found in

section 2.16.4.

Firstly, the ability to support cell repair of five reduced serum media%® 5% 2%and
4%v/v FBS supplemented DMER 2) and two serum free media composition846BS DMEM
F12 o SAGM [Small Airway Epithelial Cell Growth Medisupplemented DMEMF12) was
assessed. A range of FBS supplements were tested since the percentage of serum has been

described to reduce the ability of A549 to migrate in the scratch 8&38AGM supplement was
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selected since it is a serufree supplement widely used with oth epithelial cell lines such as

Human Small Airway Epithelial Cells. Cells migrated under all the studied conditions, although the

extent of migration increased in general trends with the percentage of serum (Figure 7.3.a). The

highest degree of wound cdare was observed by cells supplemented with SAGM, and at 1 and 4

%of serum, achieving a 34 49%and 64%wound closure respectively. Therefore the ability of

these media compositions to support HNE activity was tested.
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Figure 7.3 Ability of differat low serum and serum free media &) support epithelial cell migration
andb.) Human Neutrophil Elastase activity. Activity was expressed as percentage of elastase activity
in phosphate buffer (n = 3, mean * standard deviation).

HNE was incubated in%FBS, 46FBS and SAGM cell media and phosphate buffer pH 8
as a control. The elastase activity was quantified with the elastase colorimetric assay as described
in the chapters (Section 5.4.5) and described in the methods section 2.14.2. The actilasyasfes
was drastically reduced in cell media containing bo#dnd 4%FBS, which could be due to the
presence of protease inhibitors in FBS. Conversely, SAGM supplemegdadnshowed a much
higher activity of elastase, even higher than the standdrdgphate buffer control (Figure 7.3.b).
This effect could be due to the absence of serum in SAGM supplemented media, and therefore
any protease inhibitors, and to the presence of Bovine Serum Albumin (BSA) which can act as a

non-specific protein stabiliserSince SAGM supplementededium also allowed both high
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epithelial cell migration and elastase activity, it was selected as the medium focotit&ningin

vitro experiments.

7.3.2.2 Effect of Human Neutrophil Elastase on cell viability

The effects ®HNE on cell viability were evaluated using the Prestoblue assay. SAGM
supplemented medium was selected for the experiments as it was shown to promote epithelial
cell migration and maintain HNE activity (section 7.4.2.1). Cells were incubated with elastas
range of concentrations (& 140 nM) for 24h and 48h. After each time point, the cell viability
was calculated and expressed as relative metabolic activity compared to the untreated cells (using
equation 2.10). These concentrations were choseretiam the observations of Garrat al. who
found that primary airway epithelial cell viability decreased significantly after being incubated

with 50¢ 100 nM HNES,
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Figure7.4. Time and concentraticdependent effect of externally supplemented Human Neutrophil
Elastase on the viability of epithelial cells (N=3, og%ach experiment, mean + error of the mean).
Symbols represent statistical significance by&+ANOVA test Wh Dunnets post analysis between
each concentration respect the control with no HNE at the same time point (p Value ** < 0.01, ***<
0.001, and **** < 0.0001.)
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The addition of HNE had a concentratidependent and timedependent effect on
epithelial cellviability (Figure 7.4.). Concentrations higher than 10 nM lead to a reduction in cell
viability within 24h, and concentrations from 5 nM lead to reduction in viability within 48h.
Additionally, it was visually observed that the cell phenotype was altatddgh concentrations
of elastase, leading to rounded spherical cells and noticeable cell detachment causing reduction
in the cell numbers (Figure E.2 in the Appendix). The observed effect of HNE on cell viability may
be due to a mixture of mechanisms.€e€le may involve a combination of extracellular matrix
degradatior?’, alteration of celimatrix interactions and cetlell interaction$*® which can cause
cell detachment®and cell deatf?”-?4424|eading to the observed reduction in cell viability. Some
studies have observed similar effects of elastase or neutrophil conditioreetiumon epithelial
cells, causing reduced cell viability and cell dé&tkf4245247 |n particular, Songt al. have shown
reduction in cell viability of the A549 cell line by apoptosis after incubation elithtasé*’. In
contrast, one study by Xiaokaét al. has observed the opposite efft and found an increased
cell viability of A549 cells after exposure to HNEThe data of Xiaokaiét al. differs with the
results obtained in the previous publications and the present project. It could result from
differences in cell media, passage number of cells (unstated), the use of a different cell viability

assay, or even due to different mechanism of HigHs interactions.

Having shown that elastase has a negative effect on epithelial cell viabilityfftdut ef
co-administration of elastase and the elastase inhibitor alfikentitrypsin was investigated. Due
to significant reduction in cell viability after 48exposure to 5 nM HNE, this concentration was
selected for the addition of AAT. An excess of Aaf2:1 and 10:1 AAT: HNE ratio was employed
(10 nM and 50 nM), since it was shown in the previous chapter that AAT requires more than 1:1
ratio to inhibit HNE. HNE addition decreased cell viability alh 24d 48h. The cdelivery of AAT
lead to a recogry of epithelial cell viability, with a significant increase of cell viability dt &ith
the 10 times excess AAT, and at both concentrations d&t @8gure 7.5). Although both inhibitor

concentrations tested improved cell viability, the extent of g@bility recovery was significantly
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higher at the higher inhibitor concentration and cells showed improved morphology (Figure 7.5
and Figure E.3 in the appendix). This highlights the important need of an excess of inhibitor in
order to efficiently inhiti HNEinduced reduction of cell viability. These results are in agreement
with previous studies assessing the effect of HNE and neutrophditionedmediumcontaining

HNE on different epithelial cell types. There, a recovery in cell viability and dicedincapoptosis

was observed by administering an excess of elastase inhibitors such aslaptiypsirt?’ or

sivelestat’.
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Figure 7.5Reversibility of 5nM elastase reduction on cell viability byadministration of AAT (10 nM
AAT and 50 nM AAT). Symbols represent statistical significancevyZNOVA test witfTukey post
comparison (p Value: * < 0.05, ** < 0.01 and **** < 0.0001.

In summary, addition of elastase was shown to reduce cell viability in a time and
concentratiordependent manner, which is in agreement with previous studies where elastase
has beenrncubated with a variety of epithelial cell lines. More importantly, this elastadaced
reduction in viability could be recovered by-delivering of an excess of the elastase inhibitor

alphalantitrypsin.
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7.32.3 Effects of Human Neutrophil Elastaseepithelial cell repair

Once it had been proven that the presence of HNE can affect viability of epithelial cells,
its effect on epithelial repair was investigated. HNE concentrations of 1 nM and 2 nM, which have
previously been shown not to affect celhbility after 48h (Figure 7.4), were initially tested. It was
hypothesised that although these HNE concentrations did not affect cell viability, they may be
high enough to limit epithelial cell migration. Conversely, neither 1 nM nor 2 nM HNE affedted cel
repair over 48h, with cells migrating at the same rate than the untreated cells (Figure E.5 in

Appendix E).

Due to lack of effect of the lowest HNE concentrations on epithelial repair, the two lowest
concentrations that caused a decrease in cell vighilere tested for their effect on cell migration
(5 nM and 10 nM). Exposure of wounded A549 monolayers to HNE (5 nM and 10 nM) for 48h
significantly delayed or inhibited the ability of epithelial cells to repair and close the wound,
reducing the percentag of wound healing to less than 26 (Figure 7.6.a and b). In ngNE
exposed controls, rapid migration of cells into the generated scratched area was faster, achieving
a ~75% closure at 48h after wounding. Additionally cells treated with HNE exhibiteddrou
spherical morphology and some loss of cell attachment was clearly observed around the wound
area (Figure E.5 in the Appendix). The concentration of HNE that affected cell repair is in the
nanomolar range, similar to that described by Gareatal. who found that the addition of
approximately 50nM elastase hindered cell migration of primary epitheliaf&eknother study
with intestinal epithelial cells found that neutropl@lastase increased epithelial cell permeability,
indicating loss of epithelial barrier function by the cell monola$®r€onversely, Xiaokadt al.,
who had also reported an increase in cell viability afteubation with HNE, observed an increase
in epithelial cell repair after 244 incubation with elastase (10 nM) and showed no effect on cell
morphology?2. This was attributed to HNE inducting the migrating ability of A549, used in this

work as model lung epithelial tumour cells. The obtained results in this chapter are in accordance
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with the first type of works, where elastase was shown toder epithelial cell migration and
repair.

Since the developed assay will be used to test elastase inhitstuaining hydrogels, it
is important to establish whether the detrimental effects of elastase on epithelial repair are
recoverable by additiorof the elastase inhibitor alph&-antitrypsin. To test the effect of eo
administration of alphalantitrypsin (AAT) on HNEhibited wound repair, scratch assays where
cells were incubated with both HNE and AAT were conducted. An excess of AAT at 2:1land 10
AAT: HNE ratio was employed, since it was shown in section 7.3.2.2 that an excess of AAT was

required to counteract HNE detrimental effects on viability.

a. 1004 Medium (untreated)
-0- 5nM HNE

g 754 -&. 5nM HNE + 10nM AAT
3 e~ 5nM HNE + 50nM AAT
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b. 100- _
Medium (untreated)

‘@ 10nM HNE
b-u- 10nM HNE + 20nM AAT
- 10nM HNE + 100nM AAT

% Wound closure

time (h)

Figure 7.6Effect of HNE and HNE andamministered AAT on epithelial cell repair.Untreatedcells,

cells treated wittb nM HNE and BM HNE and 10, and 50nM AAl).Unterated cells and cells treated

with 10nM HNE and 10nM HNE and 20nM and 100nM AAT (n=3, mean % standard deviation). Symbols
represent statistical significance bynzy-ANOVA testith Tukey post comparison (* Value < 0.05, **

< 0.01 and **** < 0.0001.). For clarity, only samples different to all other samples on the same time
point are noted, all statistical differences can be found in Tables E.1 and E.2 of the Appendix.
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Epithelid repair of 5nM HNE was significantly improved ahZzhd 48h (Figure 7.6.a). At
48h it was shown that the epithelial cell repair achieved with 10 excess of AAT (50nM AAT) was
the same as with untreated cells, but HiEubated with only 2x excess AATOM) was
significantly lower (all statistical differences can be found in table E.1). Similarly, for epithelial cell
migration in presence of 10nM HNE -administration of AAT significantly improved cell repair,
especially at 48h (Figure 7.6.b). In a Emivay to 5 nM HNE samples, a higher AAT:HNE (100 nM)
ratio improved cell migration to the same extent as HMifreated cells, but the extent of repair
in samples containing two times excess of AAT (20nM) was significantly lower than untreated cells
(Figue 7.6.b and Table E.2 in the appendix). This could be due to the mechanism of AAT
interaction with elastase, which requires an excess of AAT in order to achieve total HNE inhibition.
Briefly, upon elastas@AT interaction, the elastas®AT complex can folw an inhibitory pathway
(resulting in inactive elastase), or a substrate pathway (resulting in active elastase and inactive
AAT). The mechanism has been previously described in more detail in section 6.1.1. As a result,
higher concentrations of AAT witespect to HNE are required to achieve a full elastase inhibition
(described in section 6.3.1). Similarly, Gaetsl. found that HNEnhibited epithelial repair of
primary cells from cystic fibrosis patients could be improved by administration of asext AAT
(10:1 and 20:1 AAT:HNE). Although the epithelial repair capabilities were significantly improved
with the administration of AAT with respect to HNE treated cells, epithelial recovery was not
complete, and migration was reduced compared to untegacell control$®. This could be
attributed to the fact that higher concentrations of elastase (50 and 100 nM) were used and AAT
was added 12h after the cells had been indelolawith elastase, by which time the protease had
started to show some toxic effects on the cells in their experiments. Unlike the present work, full
recovery of epithelial repair was achieved by administration of the inhibitor in solution. But based

on the observations of Garradt al., it could be possible that only partial recovery of the repair
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may be achieved if the inhibitor is released too late or too slowly from the hydrogels in later

experiments.

In summary, the reported data shows that HNE ataranlar concentration reduced the
cell viability and epithelial repair of the human A549 epithelial cell line over a time of 48h. It has
also been proven that damaging elastase effects on both, cell viability and repair, can be reverted
by inhibiting the poteolytic activity of HNE with AAT. Our data shows that the improvement on
cell viability and epithelial migration by administration of AAT is dependent on the total HNE
concentration and also on the inhibitor:protease ratio. These results confirm thethdg¢dINE
controlled damage of cell repair could be used asrawitro model to test the efficiency of the
AATFloaded hydrogels in modulating elastase activity in a biologicaliyvant model. Although it
may be possible that the developed vitro model may not be sensitive enough to show
improvements in repair in response to small changes in the release of the inhibitor or too slow
release. It has been shown by us and oth&that once elastase has started to hinder epithelial
repair it also causes some cell death and detachment which may prevent complete migration of

cells even with the subsequent administratioham elastase inhibitor.

7.3.3 Modulation of elastase activity vitroinduced by inhibitor loaded hydrogels

7.3.3.1Replacement of epithelial cell medi

Due to a discontinuation in the supply of the epithelial growth supplement SAGM by the
manufacture, alternative serurdfree mediumwith similar compositions were investigated. It is
important that the newmediumcan support cell survival and cell repair over 48h at least, and it
has to allow elastase activity, so that elastésguced damaging effectsn cells can be observed.
Therefore a series of supplements designed for similar epithelial cells were selected based on
similarities wih the composition of SAGM mediusupplement: Human Keratinocyte Growth
Supplement (HKGS), Airway Epithelial Cell Gro®tipplement (AES) and Peprogrowth

supplement. The media agposition compared to SAGM mediucan be found in Table 7.1,
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although Peprogrowth supplement is different in composition to all others, but it was included
since it has been defined as suitable fioe A549 cell line by the manufacturer. The addition of
albumin (BSA) to AES and HKGS supplemented media was also considered, as these supplements

are missing this protein componenwhich is present is SAGM mediiable 7.1).

The ability of the media tsupport epithelial cell survival and growth in comparison to the
standard 10%v/v FBS supplementadediumwas investigated. Cells were adapted to a 1:2d.0
FBS Medium: test medium for 2dand then fully incubated in the testedium (AES, HKGS or
Peprogowth Supplementeanedium). Similar metabolic activity was observed for cells incubated
in media with the different supplements with or without BSA, of aroun@&® the activity of the
control cells (incubated with 186 FBS) as shown in Figure 7.7.a. édih no differences in
metabolic activity were found, the cells grown in Peprogrowth supplememtediumshowed an

altered morphology and did not grow uniformly (Figure E.6 in the appendix).

Table 7.1 Composition of epithelial cell supplements studied.

Composition SAGM AES HKGS Peprogrowth
For cell line: hSAEC Airway epithelial ~ Keratinocytes -
BPE N/S 0.004ml/ml 0.002mli/ml -
Insulin N/S 5ug/ml rhILGF* 1ug/ml -
Hydrocortisone N/S 0.5ug/ml 0.18ug/ml -
Transferrin N/S 10ug/ml 5ug/ml -
rhEGF N/S 10ng/ml 0.2ng/ml -
G/A N/A - - -
Retinoic acid N/A 0.1ng/ml - -
BSA N/S - - -
T3 N/S 6.7ng/ml - -
Epinephrine N/S 0.5ug/ml - -

Lipid mixture solution
Serum replacement solution

BPE = Bovine Pituitary Extract, G/A = gentamicin /Amphoteridd@AEC = human Small Airwe
Epithelial cell, rhEGF, = human recombinant Epithelial Growth Factor, rhILGF = hhskéirGrowth
Factor, T3 = triiodothyronine, N/S = not specified, N/A = not added.

Other: -
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Epithelial repair was then assesswith all the supplemnts usingthe scratch wound
assay. The ability of ABSA supplemented DMERML2 medium to promote wound closure was
higher than all the other samples, and reached ®&losure compared to the controls cells
migrating in 10% FBS supplementethedium (Figue 7.7.b). Peprogrowth supplemented cells
barely promoted any epithelial repair, achieving only &%4@ound closure and with most cells
adopting a spherical morphology around the wound bed (Figure E.6.b in the appendix). The
activity and stability of HNENGAES+BSA supplemented medium was tested and compared to a
phosphate buffer standard control. Timeediumpromoted higher HNE activity and led to higher

stability of the enzyme in comparison to the buffer control (Figure 7.7.c).
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Figure 7.7 Comparison of jgithelial supplement support of cell growth and repair of epithelial cells.
a.) Cell growth after 24 adaption in 1:1 106FBS medium:Assay medium andii the indicated
assay media, compared to %0v/v FBSnedium b.) Epithelial repair over 78 in omparison to 10/

vivl FBS supplemented mediura) HNE activity and stability on AES and BSA supplemented BPMEM
F12 in comparison to phosphate buffer MLstandard (P@). All samples in-a represent mean +
standard deviation and n=8.) Effect of HNE @nM) and HNE and eadministered AAT (108M) and
medium (untreated cells)n epithelial cell repair in AEBSA supplemented DMERM.2 mediunm(N=3

and n=3, mean % error of the mean).
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Since AES+BSA supplementeztliumoffered the best support to cell migtion and also
enhanced HNE activity it was used for further tests. Epithelial cells were incubated in the presence
of 10nM HNE and a combination of 10nM HNE and 100 nM HNE in AES+BSA supplemented
medium to confirm the same effect of elastaseduced hindeed epithelial repair as shown
previously with SAGM could be achieved (Figure 7.6). It was observed that cells in presence of
elastase did not migrate (Figure 7.7.d). Cells incubated with elastase and an excess of AAT showed
recovered migrating abilitiegsomparable to the untreated cell controls (Figure 7.7.d). This data
follows the same trend as obtained with the SAGM supplement (Figure 7.6.b), confirming the
suitability of AES+BSA supplemented DMEM to reproduce the datéoopsiyv optimised with

SAGM meaim.

In brief, all media supported cell survival but AES + BSA supplementednmiedi to
improved cell repair and supported HNE activity and stability. Therefore AES+BSA supplemented
medium was selected as substitute for SAGM medium, discontinued inysd@pfurtherin vitro

testing of the hydrogels.

7.3.3.2Modulation of elastase activity and epithelial repair with hydrogels

Having established the conditions where HiN&uced poor epithelial repair and shown
that normal cell repair could be restoredth the coadministration of AAT in solution, hydrogels
were tested using this model. It was hypothesised that if the elastasponsive hydrogels could
modulate HNE activity efficiently in presence of the epithelial cells, thenlitiiEred epithelial

repair would be improved and a drop in HNE activity could be quantified in the cell supernatant.

Alphal-antitrypsin was incorporated on elastasesponsive hydrogels (40g per gel).
This amount of inhibitor was selected since some of the loaded protdlibevost during swelling
of the hydrogels prior to the assay, and an excess of AAT was required in previou®

experiments for a full recovery of cell repair functions (10:1 AAT:HNE, Figure 7.6.b). Blank
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hydrogels (without any inhibitor) were usesb a negative control of neamodulation of HNE
activity. Hydrogels were placed inside a transwell insert to avoid physical damage to the cell
monolayer (as simplified in Figurgl.a). This still allows mediumxchange between both

compartments (one witlthe cells and one with the gel) through the pores of the insert.

The epithelial repair of HNtEeated cells was significantly improved in presence of-AAT
loaded hydrogels but not in presence of blank hydrogels (Figure 7.8.a). However, epithelial repair
with AATgels was lower than the untreated control cells. Even encapsulation of a higher amount
of inhibitor (100ug per gel) showed improved migration with respect to Hi¢ated cells and
blank hydrogels, but only a partial recovery of migration capadslitbserved in untreated healthy
cells. This could be due to the rate of release of inhibitor from the hydrogels depending on the
elastasecontrolled hydrogel degradation. Elastase will diffuse through the pores on the transwell,
degrade the gel and releaghe AAT, which would then diffuse out and inhibit elastase activity
and consequently slow the release of further inhibitor. This complex mechanism of release may
cause the release of inhibitor from the hydrogels to be slower than the time by when tlse cel
start experiencing toxic effects of elastase. Then, even if more inhibitor is released it will not be
able to reduce cell death. It has previously been shown that even if high excess of AAT (20:1
inihibitor:HNE) is administered after the onset of toxffects of elastase, only a partial
improvement epithelial cell repair is obsen/&d Additionally, due to the release of the inhibitor
being dependent on the degradatienhibition cycles, as explained above, it is possible that only
a fraction of the inhibitor will be releasle This amount may not be sufficient to inhibit elastase to
below the levels at which it shows toxic effects to the cells. Visual inspection of the hydrogels
confirmed that most of the hydrogel remained intact after the experiment (Figure E.7 of the

appendx), indicating that some inhibitor may not have been released.
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Visual inspection of the migrating cell phenotype revealed a marked difference in cell
morphology and detachment between cells treated with HNE or HNE and blank gels compared
with AAT encpsulating hydrogels (Figure 7.9.). This demonstrates the ability of elastase
responsive hydrogels to promote epithelial repair in HiMated cells, although the improvement

in migration did not reach the levels of untreated control cells

* 0 Medium (untreated)

-3 HNE

-¥- HNE + blank gels

=¥ HNE + AAT gels (70 png)
-# HNE + AAT gels (100 pg)

80+

% Wound closure

time (h)

Figure 7.8 Effect of AAFloaded hydrogels on HNEpeded epithelial cell repaiEpithelial repair by
elastaseresponsive hydrogels encapsulatifgug (blank),70 ug and 100ug of AATcompared to
untreated cells (medium)*represents statistical significance byway-ANOVA test with Tukey post
comparisons, for clarity only samples different from the Hhftibated cell controls are noted, all
statistical differences can be found in Table E3 of the Appendix. Represented mean + error of the mean;
N =3, n=3 for samples nobtaining hydrogels; N=4, n=2 for responsive hydrogelsp@Q and
N=2,n=2 for responsive hydrogels (14F).
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Medium (untreated) HNE + AAT gels (70ug) HNE + AAT gels (100pg)
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48h

HNE + blank gels HNE + AAT scr gels (70 HNE + AAT scr gels (100pg)

Oh

48h

Figure 7..Effect of AAToaded hydrgelso HNBEpeded heIiaI cell repair. Epithelialair
after48 h incubation withonly cell medim (untreated) and different hydrogel typeshowing
morphology and wound closure with elastassponsive or scrambled (scr) hydrogels. Scale bars are
500 um

In order to determine the contribution of the inhibitor released by passive diffusion from
hydrogels on ameliorating HNBduced epithelial damage, hydrogels prepared with the elastase
non-responsive (scrambled) peptide were tested. Similarly to elastasgonsive hydrogels, a
partial improvement in epithelial wound closure with respect to HNE dreated cells was

observed on the scratch assay (Figure 7.10) together with an improved visual appearance and
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reduced detachment of the cells (Figure 7.9, down). Responsive and scrambled hydrogels
promoted a similar extent of epithelial repair, with statistical differences found between them
(Table E.3 in the Appendix summarises all statistical differences). This could either mean that the
amount of AAT delivered to the cell mediuby passive release is enough to cause a considerable
inhibition of elatase. In this case, this could be further investigated by encapsulating lower
amounts of inhibitor inside the hydrogels, but this will possibly lower even more the partial
improvement in epithelial repair currently observed. Another reason for achievinigas effects

on epithelial repair with either elastagesponsive or scrambled gels is due to some degradation

of the scrambled gels. Images of the hydrogels at the endpoint of the scratch assay showed that
part of the scrambled hydrogels have been delgeh (Figure E.7 in the supplement), supporting
this possibility of norselective degradation. Degradation may occur due tBEAGNB ester
hydrolysis or other celiecreted proteases may recognise and degrade the scrambled sequences
used on the controls hydgels. For instance, the MMP concentration levels secreted by healthy

cells to degrade the extracellular matrix during migration have been shown to degrade

hydrogels®2.

80 % O Medium (untreated)
e -¥: HNE + blank gels
S5
° ¥ HNE + AAT gels (70 mg)
(8]
. - HNE + AAT gels (100 mg)
c
3 HNE + AAT scrgels (100 mg)
= ) % { - HNE + AAT scrgels (100 mg)
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Figure 7.10Effect of AATloaded hydrogels on HNBEpeded epithelial cell repair. Improvement on
epithelial repair by scrambled (scr) hydrogels encapsulating @d@aug of AAT respect to untreated
(medium ) cells and HNEeated cells. *represents statistical significance byw&~ANOVA test with

Tukey postomparisons, for clarity only samples different from the Hidtibated cell controls are
noted, all statisital differences can be found in Table E3 of the Appendix. Represented mean + error
of the mean; N =3, n=3 for samples not containing hydrogels; N=4, n=2 for responsive hydrogels (70
Hg), and N=2, n=2 for responsive hydrogels (100 pg) and scrambled hgdid@eind 100 ug).
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The effects of the released inhibitor are therefore not exclusively due to passive diffusion
of the inhibitor. The data from elastasesponsive blank and AAbBntaining hydrogels indicates
that the elastasecontrolled mechanism of inhitor release effectively downegulates HNE

activity enough to promote a partial improvement of epithelial cell repair inithistromodel.

In order to further understand the degree of HNE inhibition achieved with hydrogels in
the presence of the cd] the cell supernatants were collected at each time point and the HNE
activity quantified. It was observed that controls with AAT administered in solution where capable
of fully suppressing HNE activity at both 24 and 48h (Figure 7.11). This confirrhdl ttetovery
on epithelial cell migration with the inhibitor administered in solution is achieved by inhibition of
HNE. Blank hydrogels did not reduce HNE activity compared tareldted cells, although a high
variability of HNE activity was observeddlank hydrogel samples. At 24all AATencapsulating
hydrogels significantly reduced elastase activity on the cell supernatant compared #rd4iie
cells without reaching full inhibition (Figure 7.11). This data agrees with the cell repair
experiments where scrambled and responsive hydrogels promoted improved epithelial repair,
but did not achieve the full repair capabilities of healthy control cells. This also indicates that a
higher degree binhibition of HNE on the mediumay be required in ordeio achieve complete
migration of the cells. Conversely, at 48h only elastasponsive hydrogels significantly inhibited
the activity of HNE (Figure 7.11 and table E4), while scrambled hydrogels did not significantly
reduce elastase activity. Although $Hack of significance with scrambled gels could be due to the
smaller number of independent experiments conducted, it indicates that modulation of elastase
was higher with the responsive hydrogels than scrambled ones at longer time points. This
indicatesthat the partial improvement in cell migration with scrambled gels (Figure 7.10) could
have been due to a higher passive release of inhibitor within the firlt 8dthat during this initial

time period some gel degradation took place.
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Figure 7.11.Efect of AAHoaded hydrogels on HNE activity in cell supernatants of-tidded
epithelial cells. *represents statistical significance by&~ANOVA test with Tukey pesbmparisons,

for clarity only samples different from the HMitubated cell contra are noted, all statistical
differences can be found in Table E3 of the Appendix. Individual experimental points can be found in
the appendix on Figure E.8. Represented are mean * error of the mean (N =3 of triplicates for samples
not containing hydroge|dN=4 of duplicates for responsive hydrogelsi{@® and N=2 of duplicates for
responsive hydrogels (1Q@) and scrambled hydrogels (70 and 1.@).

7.4 Conclusions

4-PEGNB hydrogels and elastase inhibitor aiplaatitrypsin did not affect cell viality

of epithelial cells, indicating their cytocompatibility.

In order to develop a model of elastaseluced epithelial damage the effects of elastase
on epithelial cell viability and epithelial cell repair capabilities were established. Externally
supdementing cells with elastase in the nanomolar range resulted in significantly reduced cell
viability, in agreement with the majority of publications where elastase has been incubated with
epithelial cell$’244245 Elastase toxicity was time and concentrataependant, and it could be
attenuated by cedelivering the elastase inhibitor alpHaantitrypsin at a high excess of respect to
elastase. Similarlythe ability of epithelial cells to repair mechanically produced wounds in
presence of elastase was decreased in presence of low concentrations of elastase.- The co

administration of HNE with alphkantitrypsin led to an improvement in the repair abilities
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epithelial cells. Full epithelial repair comparable to untreated controls was only observed when

cells were treated with a high excess of inhibitor of 10:1 respect to elastase concentration.

Hydrogels were then tested using this elastésguced epithdial damage model to test
their efficacy to reduce HNE activity in a biological context. Only hydrogels containing AAT
improved the wound repair abilities of epithelial cells, confirming the amelioration is caused by
release of the inhibitor. Although thepithelial repair observed with elastasesponsive
hydrogels was better than in HNEcubated cells, it did not lead to full epithelial repair as in
untreated cell controls. Others have observed that even a 20:1 excess of inhibitor does not lead
to full epithelial repair if the inhibitor is delivered once the cells have already started to suffer
toxic effects from elastase incubatithh In this case, the observed partial imgement in repair
may be due to the cells being exposed to HNE before the inhibitor is released. This delay in AAT
release may be caused by the mechanism of inhibitor delivery, which depends on HNE
degradation HN#nhibition cycles to degrade the hydrogeidhrelease AAT. This was confirmed
08 G(GKS 20aSNBIFGA2Yy GKIFG GKS 1 b9 FOGAGAGE 41 &
reduction in HNE activity may explain why the improvement in wound repair was not as complete

as when the inhibitor wasdministered in solution.

Then, the effect of passive released AAT on epithelial repair was assessed using scrambled
hydrogels controls, since they were not expected to undergo significant degradation. Scrambled
hydrogels promoted a similar level of repaiompared to responsive hydrogels. This was
attributed to a mixture of passive release and degradation mechanisms instead of the expected
mechanism based purely on passive release, leading to an increase in AAT release. The mechanism
of degradation has nadbeen clarified, and it could be due to a small level of cleavage of the gels
by other proteases, such as MMPs Additionally, hydrolysis of the esters on thePEGNB
polymer may be taking place to a small extent, which may be, for instance, adiranges in the
pH of the mediumcommon in cancer cef¥2°% The scrambled hydrogels alsignificantly

inhibited the HNE activity in the cell supernatant at24xplaining the improvement in epithelial
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cell repair at this time. Although, in contrast to responsive hydrogels, scrambled gels did not show
significant inhibition of elastase at B8indicating that modulation of elastase activity was better

with the responsive hydrogels at longer time points.

In summary, the reduction in elastase activity obtained with the elastasponsive
hydrogels, confirms the improvement in epithelial rapabserved with these gels is caused by a
partial inhibition of elastase. Although it could not be demonstrated that this release is exclusively
caused by an elastasmntrolled mechanism leading to séfihibition of the enzyme activity, the
use of ehstaseresponsive hydrogels to modulatdastase activity and improwepithelial repair
has been demonstrated. The partial improvement in migration with scrambled gels suggests that
elastase inhibition may also be achieved by +etastasecontrolled release othe inhibitor,
therefore opening the possibility to other forms of hydrogel release taking place within the first

24n.
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Chapter 8

Conclusions and outlook

The aim of this thesis was to develop an enzyesponsive delivery system alttemodulate
protease activity in a setkegulated feedback manner, in response to the levels of protease
activity. Elastase was selected as a clinically relevant target enzyme, since increased levels of
activity of this serine protease are often associated with chranflammatory pathologies. This
was achieved by designing hydrogels that were crosslinked with an elastsansive peptide
incorporating an elastase inhibitor (alpfiantitrypsin). In our studies muérm-PEG polymers
with endfunctionalities reactive dwards thiols (norbornene and maleimide) that have been
previously used in responsive drug deliv@fy1%° were used as the building blocks for hydrogel
structures. In order to increase the understanding of the hydrogel formatioe delivery system
properties and the interactions of the materials with cells, the work was divided in several sections
to address these objectives in detail: i) the characterisation of physical properties, gelation
conditions and ability to physicgllentrap macromolecules (Chapte),3ii) synthesis of the
elastasesensitive and incorporation into kyogels (Chapter ¥ iii) selectivity of release in
response to elastase (Chapte), 5ii) ability to encapsulate the elastase inhibitor algha
antitrypsn and inhibitionprofiles of elastase (Chaptej,@and iv) modulation of elastase activity

in anin vitromodelof epithelial repair (Chapter)7

i) Hydrogels were initially prepared by crosslinking multiarm -Btaf&imide with a model

short dithiol, in @der to establish conditions that allowed uniform hydrogel formation, small mesh
size and lower passive release. Reduction of the molecular weight of the polymer and high
crosslinking densities together with using a low pH for gelation, led to unifornobgts with the

lowest passive release of a model dextran.
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i) An elastase responsive peptide with adequate solubility and elastesgponsive
properties was synthesised and purified. The work conducted with the short dithiol was translated
into forming peptide-crosslinked hydrogels, the optimal conditions of gelation and encapsulation
established with the short crosslinker were utilised with the elastssgsitive peptide to generate
responsive hydrogels. Although peptideosslinked hydrogels prepared Iiichael addition
showed an elastaseontrolled mechanism of release, they did not retain macromolecules very
efficiently and were characterised by a high passive release. Therefore a multiarm PEG
norbornene, an alternative thieleactive polymer, was empyed to produce peptiderosslinked

hydrogels.

iii) Hydrogels prepared with PEtrbornene were able to reduce passive release of a model
dextran and undergo a suitable elastasmntrolled degradation, leading to almost 10@release

of a fluorescent detxan upon incubation with elastase. The specificity of the hydrogels to undergo
elastasecontrolled degradation and triggered release was confirmed by using a scrambled
peptide (nonresponsive to elastase) as crosslinker. It was shown that these hydrvegedsnot
degraded by elastase, confirming the peptide elastasponsive sequence determines the
elastasecontrolled release. Finally, elastassponsive hydrogels were incubated with MMPRt
concentrations that have shown to degrade Mi#3ponsive hydrgels. MMP2 did not lead to

an increase in degradation of elastassponsive hydrogels or increased release of a model
dextran. Therefore it confirms the selectivity of the hydrogels to be degraded by elastase, with no

interference of other protease orhe release mechanism.

iv) After confirming the stability of alph&-antitrypsin (AAT) under hydrogel preparation and
release conditions, the inhibitor was encapsulated into hydrogels. The ability ocfoAddd
hydrogels to inhibit elastase was dependemnt the amount of inhibitor encapsulated, with only
hydrogels with 5Qg AAT able to modulate elastase activity after 72h. Scrambled hydrogels were

used as a control of the passively released AAT effects on elastase inhibition. A higher passive
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release of theTRD70 with respect to responsive gels led to inhibition of elastase at short times.
Thus elastaseesponsive hydrogels showed an overall improved performance on elastase
inhibition with respect to scrambled gels, suggesting that the elastasérolled rdease of the

inhibitor, is more efficient than only nespecific release mechanisms.

V) Before studying modulation of elastase activityvitro, it was determined whether the
hydrogels and AAT had a toxic effect on epithelial cells using A549 as acubhdigle. It was
observed that neither hydrogels nor AAT affected the viability of cells, as determined via a
resazurin based cell metabolic activity assay. Then, the detrimental effects of elastase to epithelial
cell viability and repair of A549 cellewe established in order to develop a model for elastase
induced epithelial cell damage. HNE caused a time and concentddjoendent toxic effect on
cells, and reduced the ability of cells to repair induced wounds on cell monolayers. Both
detrimental effects of elastase on cells were ameliorated by the administration of AAT in solution,
confirming that thein vitromodel represented elastasaduced epithelial damage. Consequently,
hydrogels were tested for their abilities to inhibit elastase activity iamorove elastaséiindered
epithelial repair with this model. Although AAT incorporating elastasponsive hydrogels
improved elastasénduced epithelial repair, it did not lead to full wound closure as observed in
untreated cell controls. This parti@hprovement in wound repair was attribel to cell exposure

to the mediumsupplemented elastase before the inhibitor starts to get released from the
hydrogels, and a partial rather than full ibktion of elastase in the mediunscrambled hydrogels
promoted a similar level of epithelial repair to that of responsive gels. It was observed that gels
were partially degrading, indicating some ngpecific mechanism of degradation had taken place.
Although the degree of repair achieved with both types of hydrogels similar, scrambled gels
showed a reduced ability to inhibit elastase activity at longer times. In summary, the inhibitory
abilities on elastase activity in the presence of cells with elastasgonsive gels was greater than
the scrambled ones, althgh differences in epithelial repair were not observed. Although this

demonstrates a greater inhibition effect due to elastasmtrolled release, it cannot be confirmed
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that elastase inhibition leading to improved cell repair is only caused by elastagelled

release of AAT, but other nespecific mechanisms may be involved.

Overall, this work aimed to increase the knowledge on enzyesponsive hydrogels for
applications in drug delivery, addressing in particular the development of hydrogels capable of
inhibiting enzymes in response to the activity of the target enzyme. In depth analysis of the release
kinetics and enzymeesponsiveness were conducted by using scrambled hydrogels andrgjudy
release in enzyméree medium, mediuntontaining the target @zyme, and mediuncontaining
MMP-2 as an example of a ndargeted enzyme. Although high variability on the modulated
levels of enzyme was observed, elastasgponsive hydrogels showed superior elastase inhibition
with respect to noAesponsive ones at tmer times. Furthermore, the same effects were
confirmed in a relevant biological modelvitro. Hydrogels achieved a partial inhibition of elastase
activity that led to a partial improvement in elastaBimdered epithelial repair. Overall, this works
signifies the first step in the development of a selective delivery system towards autonomous
regulation of elastase activity, whereby the release of an elastase inhibitor is fully triggered by the

level of enzyme in its environment.

8.1 Future work

Furtherinvestigations are required in order to gain a better understanding into the system
and identify the source of variability, the degradation observed in scrambled gels and further

insights into the system as well as potential clinical applications.

The abity of the hydrogels to release a loaded cargo in response to the target enzyme
elastase has been proven, however some variability in the system has been observed. The passive
release of a model fluorophore from hydrogels, and the results on elastaséyaatiwdulation,
show some variability between hydrogel batches. It would be interesting to clarify whether this
variability is linked to reproducibility on hydrogel preparation (e.g. crosslinking degree) or to

variability during the release studies (E.gzgmegel interactions). We have tried to minimise
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these two possibilities by quantifying the free thiols of the peptides before gelation and measuring
the activity of elastase batches. For instance, more regular tests of enzyme activity and
guantificationof free thiols could be useful with this regard. Additionally, fluorescently labelling
of a small fraction of polymer or peptide followed by confocal analysis of the hydrogels could help
identifying variability on gel uniformity and between different bags'”3. This could benefit in

directing optimisations on reproducibility of the materials.

The ability of the hydrogels to achieve inhibitor release controlled by the target protease,
and therebre ondemand enzyme activity modulation based on the levels of enzyme was of great
importance in this work. For this reason, more investigations on the observed partial degradation
of the scrambled controls would be important. If an unspecific releaseiisg place, then it could
be the same case for the responsive hydrogels as well, meaning that the release of encapsulated
inhibitor will not only be triggered by enzyme activity. For instance, it has been recently shown
that ester linked £PEGNB (PEGNBbased gels, such as the ones used in this work, have lower
stability than amide £EGNB (PEGaNB) gé. Hunckleret al, have demonstrated that 4
PEGNB and-BEGaNB gels were equally stable in release buffer and had similar mechanical
properties. While £LEGaNB gels were stable in cell culture condition€(H26CQ pH 7.4, cell
medium with and without FBS), -REGNB underwent slow degradation under cell culture
conditions after two weeks and they were fully degradedvivo 24 h after subcutaneous
injectior®®. During the present work, the release studies of model fluorophores or the inhibitor
in presence of elastase have been conducted under cell culture conditions (Chapte6p Hnsl
possible that some of the slow degradation of th?BGNB observed by Huncké&tral, had
started to take place over the length of our release studies and cell studies. It will therefore be of
interest to either contemplate the possibility toawe to a more stable polymer {8EGeNB), or
conduct the proof of concept release experiments in release buffer instead of cell culture

conditions in order to avoid unspecific instability mechanisms.
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While this work focused on designing materials for sdlealelivery in response to elastase,
it could be more widely applicable to target other proteases. For instance, there is precedence of
MMP-responsive hydrogels where a MMP inhibitor (TH8)has been encapsulated and released
on-demand?®. The key of responsive protease inhibition targeting relies on the selectivity of the
peptide sequence and the inhibitor encapsulated towards thhgeéaenzyme. A careful selection
of the peptideinhibitor pair using the same delivery system could be used to address another
protease. The combination of different materials, each able to individually and selectively
modulate the activity of one proteasecould provide simultaneous modulation of different
enzyme activities. This would be of special interest in diseases where several enzymes are
overexpressed and present variable activity levels over time such as chronic WbuRs
selectivity of release form the elastasesponsive materials in Chapter 5 demonstrated that
MMP-2, an enzymesometimes overexpressed in diseases with high elastase did not affect into
drug release from the designed hydrogels. This data is promising as an initial assessment towards

developing multiple enzymeesponsive delivery systems.

Finally, protease inhibitg can present inhibitory effects on proteases other than the target
one. For instance, alpkkantitrypsin has inhibitory effects on other serine proteases such as
proteinase3 or trypsirt®’. Gene therapy based on siRNA (small interfering RiboNucleic Acid) could
be a promising therapeutic modality for modulating protease activity by regulatiagtbtease
expression at a genetic level. Some recent studies have shown that emegpmnsive siRNA
achieved efficient inhibitiorof MMP-2 and tumour growtk” and improved chronic wound

healindg?®in vivo.

The final chapter of this work addressed the development oihartro model for elastase
modulation in presence of cells and improvement in epithelial tissue repair, and subsequent
testing of materials in thén vitro model. The testing of the efficacy of the materials in more
complex models would be of great interest,arder to further understand the behaviour of the

delivery system and their efficad@y vivo.In vivomodels of high elastase activity associated with
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inflammation and epithelial damage could be useful for this purpose. For instance wound models
using Secr@ry Leukocyte Proteinase Inhibitor (SLPI) deficient fhicedema inflammation
models of subcutaneous elastase injecti#fa$*3 or intratracheal instilldon of elastase causing
pulmonary emphysent&8®are currently being used as preclinical models which give an insight on

the damaging effects of elastase on chronic diseases.
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Appendix A: Supplementary data from Chapter 3

Table A.1 Effect of pH, crosslinker, Mw and percentage of polymer-®#EGMal dation kinetics
and storage modulus.

Mw PEG Crosslinker pH %w/v Gel point* DQ FAYLIl €
5 30.9+45 3.4x16+6.7x 16
10 96+1.8 1.2x16+1.0x 16
PH 3 20 1.8+0.9 9.2x106+1.6 x1(?
& kDa DTT 30 14+05 1.1x10+5.1x18
5 59+5.0 7.2x16+4.2x18
oH 4 10 1.4+0.7 52x16+2.7x18
20 0.7+0.1 85x16+9.6x18
30 0.7+0.1 1.1x10+4.3x18
Peptide pH3 10 3307 3.81G+45x18
oH 3 10 272+24 22x168+15x18
20 7.4+0.6 14.7 x 16+ 9.2 x 10+
5 125+1.3 89x16+9.2x10
pH4 10 3.8+£0.8 19x16+5.1x18
10 10a DTT 20 1.3+0.6 6.3x16+1.5x 18
oH 5 5 25+05 59x%x16+2.9x18
10 0.7+0.1 3.2x16+7.0x18
5 0.3+£0.1 79x16+3.2x18
pH 6
10 04+0.1 89x16+1.5x 18
Peptide pH4 10 2.63+£0.2 79x16+2.4x18

F o/ f0dA I GSR gAGK 2a0Afftl G2NB NXKS2ft 2 Heviatiod n=3
for DTT samples and n=2 for peptide samples.
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Table A.2: Influence of Mw and percentage of polymer on hydrogels swelling 1
(Qm), Mesh size, and 70 kDa dextran encapsulation efficiency (%) and ma
dextran releasedD,__)

Encapsulation

Mw PEG % wiv Qm Mesh size (nm) Efficiency (%) D (%)
5 46.0£5.6 11.0+£0.2 - -

5 KDa 10 172+15 8.2x+0.3 96.5+0.3 86.1 +£10.5
20 13.3+1.0 7.4x0.3 965+ 0.6 56.4+6.1
30 10.2+25 6.6+x0.9 - -
5 295+58 11.1+0.2 - -

10 kDa 10 16.6+1.1 11.0+x04 88.0+6.4 69.2 + 6.0
20 128+1.3 9.75+0.6 814+11.1 68.1 £ 10.5

“Dimax % 70 kDa dextrareleased at endpoint (day 15). Adlamples were prepared at a 1::
SH:C=C ratio, n=4, mean * standard deviation.
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Figure A.1Effect of pH, Mw and polymer percentage in gelation kineticstof4Da | £ 3ISf ad DQ Iy
ofa.) 5%10 kDa PEG at pH-4,b.) 10%10 kDa PEG at pH63c.) 5 kDa PEG at pH 3 from 5 t0%0

wiv, d.) 5 kDa PEG atpH 4 from5©®6k @d ! ff 3INI LKA Ay Of dzZRS f2aa oD
da02N)F3S 06DQU Y2Rdzf dza | f NBFRé& AyOf dzZRSR Ay CA3IdzNBE od
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