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Abstract

Expression levels of enzymes dictate the difference between health and
disease in many cases, including cancer. This leads scientists to explore strategies to
incorporate enzyme sensitivity in materials where the goal is to achieve dynamic and
targeted changes in material properties to influence cancer cells.

Peptide amphiphiles were designed (PhAc-FFAGLDD (1a) and GFFLGLDD
(2a) and their expected products of enzyme cleavage PhAc-FFAG (1b) and GFFLG
(2b)) such that, upon cleavage by a disease-associated enzyme, reconfigure from
micellar aggregates to fibres. After the designed peptides (la, 1b, 2a, 2b) were
shown to be suitable for controlling the morphology of the supramolecular
aggregates based on peptide length, hydrophobicity and charge, the enzyme triggered
micelle to fibre transition was explored. Following this it was investigated whether
the micelles were capable to perform as mobile vehicles for encapsulation and
release of hydrophobic drugs. It was observed that the assembled fibres provide a
scaffold for prolonged drug delivery due to the partial entrapment (localised depots)
of the drug and the intrinsic biodegradable nature of peptide carriers themselves.

The capacity of retention of doxorubicin in the hydrophobic core of the
micelles followed by its entrapment in the fibres was exploited in the development of
a method for visualisation of fibre formation around cancer cells. In vitro studies
were performed on human cancer cell lines using different types of microscopy.
MMP-9 activity was quantified in the mentioned cancer cell lines. In addition,
preliminary toxicity studies of the designed peptides to cancer cells were performed.
Being purely peptidic (compared to conventional aromatic or aliphatic peptide
amphiphiles), these systems have the advantage of being non toxic to cells and can
be used as carriers for doxorubicin in vivo. They are currently tested on animal
models where the cancer growth is slowed down by administration of doxorubicin
loaded peptides compared to doxorubicin only.

Another, complementary system was investigated based on crosslinked
polymer particles- microgels as a possible way to obtain enzyme responsive
materials. Amine rich microgels, poly(VAM-co-BEVAME) were synthesised and
functionalised post-polymerisation with peptides. Due to aggregation issues these

systems were not further explored for biomedical applications.
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1 Introduction to thesis

1.1 Motivation

Today cancer is a big problem faced by society as it is still one of the main
causes of death in the world. The conventional cancer therapy based on
chemotherapy, radiation and surgery is still not able to eradicate cancer completely.
The current therapy approaches have limitations in that they are not sufficiently
specific, effective or localized. Advances are being made in cancer treatment as
nanotechnology is developing new directions informed by new understanding of
cancer mechanisms and biochemistry- such as enzyme over-expression.'

Nanotechnology today offers a variety of inventive nanoscale systems having
organic, inorganic and biological origins.” Very recently some examples of ERMs
(enzyme responsive materials) based on self-assembly of aromatic peptide
amphiphiles have been considered for cancer imaging and therapy.’

In this thesis, the importance and the emerging trends in the field of enzyme
triggered self-assembly of peptide based materials for targeted delivery of anticancer
therapeutics using a minimalistic approach will be highlighted. Simple, cost
effective, safe and most importantly efficient carriers for selective cancer targeting
are required to facilitate standard cancer treatments. For this purpose biocompatible,
peptide based nanomaterials that undergo a morphology change in response to a
cancer associated enzyme are developed in this thesis. The mechanism of their action
would have the advantage of going from free flowing to localized drug delivery
systems only in cancer tissues. Such systems could provide new ways of addressing

imaging, diagnostics and ultimately treatment.

(D) Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.; Langer, R. Nat
Nanotechnol 2007, 2, 751.

2) Schroeder, A.; Heller, D. A.; Winslow, M. M.; Dahlman, J. E.; Pratt, G. W.; Langer,
R.; Jacks, T.; Anderson, D. G. Nat Rev Cancer 2012, 12, 39.

3) (a) Gao, Y.; Shi, J. F.; Yuan, D.; Xu, B. Nat. Commun. 2012, 3(b) Gao, Y.; Berciu,
C.; Kuang, Y.; Shi, J.; Nicastro, D.; Xu, B. ACS nano 2013, 7, 9055(c) Kuang, Y .;
Shi, J.; Li, J.; Yuan, D.; Alberti, K. A.; Xu, Q.; Xu, B. Angew Chem Int Edit 2014.



1.2 Objectives

In this thesis, two different strategies to incorporate enzyme sensitivity in
materials were explored with the goal to achieve dynamic and targeted changes in
material properties. The main approach is based on self-assembly of aromatic
peptide amphiphiles. It was the objective to exploit peptide-self assembly and its
versatility to form fibrillar structures in a controlled (enzyme-triggered) manner. The
second approach involves the development of enzyme responsive microgel particles
where enzyme induced swelling is of interest for drug delivery applications.

Firstly, we set out to develop peptide based enzyme responsive systems able to
undergo a morphological change from micellar aggregates to fibres in response to
cleavage by MMP-9. This required a design study based on literature examples
where MEROPS database was used as a starting point to determine the substrates for
MMP-9. The micelle to fibre morphological transition was then exploited for
localised formation of a depot for slow release of hydrophobic, anti-cancer
therapeutics (e.g. doxorubicin) only in the presence of the target enzyme. In vitro and
in vivo investigations are expected to show the ability of the designed systems to
influence/slow tumour growth.

In addition, post-polymerisation modification of microgel particles with
peptide sequences was assessed with the goal to achieve enzyme triggered swelling
of microgels. This approach could have potential in biomedical application if a drug
is loaded into the polymeric particle. After swelling only in the presence of the

enzyme the payload could be released on demand.

By working in parallel on these two different approaches, MMP-9 sensitive
peptide amphiphiles were found to be more promising as carriers in terms of cost
(easily synthesized and scalable) and toxicity. Some additional advantages are their
inherent biocompatibility (made of natural amino acids) and ability to mimic more
complex protein assemblies present in the body. This was later confirmed by cell
viability studies conducted on cancer cells. Therefore our main focus was put on
developing MMP-9 responsive peptide amphiphiles for slow release of doxorubicin

with future applications in vitro and in vivo.



1.3 Layout of the thesis

The thesis is split into several Chapters. The first Chapter is composed of a
literature review focused on the state of the art of the use of nanotechnology for
application in cancer therapy (Fig 1.1). In particular, self-assembly based
nanomaterials are discussed with the emphasis on enzyme responsive peptide

amphiphiles and the progress made in the field.

Passive targeting ng l
=
\

Ligand mediated targeting

Stimuli responsive targeting

Figure 1.1. Schematic representations of possible mechanisms for targeting cancer with

peptide-based materials.

The literature review is followed by a series of experimental Chapters. Each
experimental Chapter has its own introduction, experimental section and a results
and discussion section.

The first experimental Chapter (Chapter 3) investigates peptide amphiphiles
(PhAc-FFAGLDD and GFFLGLDD) that undergo MMP-9 triggered micelle-to-fibre
transitions (Fig. 1.2). The enzyme induced morphological transition was exploited

for in situ formation of nanostructured depot for slow release of doxorubicin.



Figure 1.2. A) Schematic representation of micelle to fibre transition induced by MMP-9
cleavage showing disassembly of micelles and the re-assembly into fibres after the removal
of the hydrophilic group enabling prolonged drug release. B), C), D) and E) AFM images of
micelle to fibre transition induced by MMP-9: PhAc-FFAGLDD (B) to PhAc-FFAGL (D)
and GFFLGLDD (C) and GFFLGL (E). Scale bars are 200 nm.

This concept was further explored in terms of visualisation of fibre formation
around cancer cells (Fig. 1.3) in Chapter 4. This Chapter is a collaboration project
with the Beatson Cancer Research Institute, Glasgow, UK. Human cancer cell lines
(cervical and breast cancer) were provided and handled by Max Nobis at the Beatson
Cancer Research Institute. MMP-9 activity of these cancer cell lines was quantified
and different microscopy techniques were used (confocal microscopy, TEM and
SEM) to study the fibre formation in presence and absence of cancer cells/enzymes.
In addition, in vivo studies are ongoing to assess the ability of new peptide carriers to

affect tumour growth in mice (briefly discussed in Appendix I).
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Figure 1.3. A) Schematic representation of enzyme triggered formation of local depots for
slow release of doxorubicin in proximity of cancer cells. B) SEM image of fibres formed
after MMP-9 treatment of GFFLGLDD. C) MBA-MD-231- cells treated with GFFLGLDD
loaded with riboflavin.

In Chapter 5 amine rich enzyme responsive microgels are described. This is a
collaboration project with the School of Materials, University of Manchester, UK.
Microgels were designed and optimised by the Saunders group at the University of
Manchester. These microgels were considered for further studies at University of
Strathclyde. In this Chapter a method development for post-polymerisation
modification (with peptides) of amine rich microgels is presented in order to
introduce enzyme responsiveness into the system (Fig. 1.4).

poly(VAM-BEVAME) microgel Functionalised poly(VAM-BEVAME)
microgel

Figure 1.4. Schematic representation of post —polymerisation modification of microgels.

This is followed by an overall conclusion and future work section that sums up

the achievement of the work and the next steps that will be performed.



2 Literature review

2.1 Nanotechnology for biomedical applications i.e. cancer therapy

One major area of interest in biomedicine is cancer, being one of the main
causes of death in the world,* and the second most common cause of death in the
United States according to the American Society of Clinical Oncology (ASCO).*
This agency publishes an “Annual Report on Progress Against Cancer” summarizing
the recent advances in cancer research including information about the annual
progress that nanotechnology makes in reaching the clinic.* Even though advances
are made in cancer treatment, the conventional cancer therapy, which is still not able
to eradicate cancer completely, to date, is mainly based on chemotherapy, radiation
and surgery. This limits its efficiency in treating/addressing specifically cancer cells
causing many undesired effects to normal tissues.’ In order to improve the quality of
life of cancer patients one focus has been put on nanotechnology and its tremendous
progress in the last decades.

Cancer nanotechnology emerges as a multidisciplinary field that designs and
develops materials at the nanoscale to research potential new routes to cancer and
metastatic cancer treatment.” Many nanosystems have been developed in laboratories
across the globe but the translation from laboratory to clinic is a slow and tedious
process and many systems i.e. designed nanocarriers fail clinical trials because of
limited delivery efficiency and selectivity in vivo.> However, designing new
materials focusing on better understanding of the tumour microenvironment and
targeting specific targets holds great promise for new systems to reach the clinic.
Nevertheless, some examples of anti-cancer nanotechnology systems have reached
the clinic with FDA approved treatments of cancer/metastatic cancer such as:
doxorubicin loaded PEGylated liposome based formulations (Doxil) for the
treatment of ovarian cancer and Karposi’s sarcoma™® and paclitaxel protein
(albumin)-bound nanoparticles (Abraxane)”’ approved for the treatment of
metastatic breast cancer, to name just a few. Among more than 40 nanotherapeutics
that have reached the clinic for treatment and imaging of various diseases only 25%

. . 28 . .. .
are related to cancer applications.”” However, a new generation of nanomedicines in



the stage of transition from laboratories to preclinical and clinical studies are being
developed primarily for cancer applications.®

Nanotechnology today offers a variety of inventive nanoscale systems having
organic, inorganic and biological origins. These are mainly based on building blocks
of different structural and functional properties including biologic materials (DNA,
proteins, peptides, lipids, polysacharides), polymers, metals (gold, iron), and carbon
based materials. A variety of new materials with potential application in drug
delivery are liposomes’, micelles (lipid, peptide or polymer based)', silica
particles'', gold nanomaterials'>, magnetic nanoparticles (iron-oxide)", quantum
dots'*, polymer-peptide conjugates', polymer-drug conjugates'®, various polymeric
systems (hydrogels, micelles, dendrimers, core-shell nanoparticles)'’, functionalized
carbon nanotubes'®, nanodiamonds'’, DNA origami cages®’ and many others.®

Nanotechnology tools designed and/or used to fight cancer are mainly based
on nanoparticulate systems including polymeric (polymer-drug conjugates) and
lipid-based systems (liposomes). The first liposomal nanoparticulate system for the
treatment of Kaposi’s sarcoma was approved by FDA in 1995, and later on extended
also to treatment of ovarian cancer. The most widely utilised polymer for drug-
delivery applications is polyethylene glycol (PEG) which is able to decrease the
immunogenicity of administrated systems (e.g. proteins). An example of its
commercialisation is PEG—l-asparaginase (Oncospar; Enzon) FDA approved in 1994
for the treatment of leukaemia.”' These examples show how liposomes and polymer—
drug conjugates have been important in setting the foundations for the field of
nanotechnology based, advanced drug delivery systems.”'** A review summarizing
the examples of polymeric and liposomal nanoparticles in clinical development for
cancer treatment was recently published.5 Challenges of metastatic cancer targeting
and examples of therapeutic nanocarriers used for their diagnosis and treatment were

shown underlining the progress that has been made in the field (Fig. 2.1).”
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Figure 2.1. State of the art showing nanomaterials strategies used to selectively target cancer

cells for therapeutic and diagnostic applications (taken form reference 2).”

The design of the previously mentioned nanomaterials relies on cancer
targeting mechanisms and their efficiency is related to the capacity to selectively
reach the tumour site. As the main challenges in the development of anti-cancer
therapeutic agents are the improvement of targeting selectivity and a better delivery
efficiency an accurate knowledge of the tumour mechanisms is essential.’ The
targeting of delivery vehicles to tumour tissues can be achieved by either active or
passive targeting or a combination of the two. In recent years, stimuli sensitive
nanosystems emerged as a new targeting strategy where the transformation of the
nanocarriers is triggered by the tumoural extracellular environment.” It is well
known that the tumour microenvironment is characterised by specific physiological
and physico-chemical conditions such as low pH, hyper-proliferation, accelerated
metabolism and/or specific enzyme and receptor over-expression. All of these
factors individually, and nowadays more frequently combinations of them are
exploited for the design of novel nanosystems able to target cancer selectively. This

concept will be discussed in more detail in section 2.3.



Different strategies are used in the design of nanomaterials, some of them
copying processes used by nature (biology) to build mimics of proteins and
extracellular matrices. One example of this is exploiting self-assembly** (at the
molecular level) to create more complex/ordered structures (at nanometre scale)
giving rise to nanomaterials with various architectures widely used by the research
community in the recent years.” Self-assembly occurs spontaneously in nature and
is ubiquitous in processes essential to life such as protein folding and formation of
complementary chains of DNA. Simple building blocks such as peptides,
oligonucleotides and lipids are observed to spontaneously form highly ordered
structures such as proteins, DNA assemblies and membranes, respectively. This
principle can be exploited to form desired self-assembled structures by designing
building blocks that will spontaneously assemble in a controlled manner. This is a
powerful approach, because the control over self-assembly process gives
opportunities for designing new materials in a controlled fashion where different
functionalities are decorating the supramolecular structure with high localised
density (e.g. cell targeting motifs (RGD — fibronectin derived cell adhesion ligand)™*
or epitopes promoting cell differentiation (IKVAV)*) for applications in drug
delivery, regenerative medicine and tissue engineering. Design of synthetic
extracellular matrices for applications in regenerative medicine and 3D cell cultures
constitutes an example.”® Many of the nanotechnology tools used to fight cancer
mentioned above are indeed based on self-assembly (liposomes, DNA delivery
systems, peptides and polymers). Therefore, selective cancer targeting can be
achieved by supramolecular materials and particular attention will be paid in this
review on peptide based self-assembly as an approach to design materials that
contain within their structure the information necessary for selective targeting.
Different aspects of cancer cells can be targeted as peptides are versatile systems
having inherent biocompatibility and biodegradability, the ability to undergo self-
assembly and to form different architectures as a result of their structure and the
hydrophobicity/philicity balance. They are substrates of proteases that can target
intracellular or extracellular enzymes, can mimic cell-binging motifs, show pH
responsive behaviour, and present many other advantages. Mimicking natural

phenomena to design new materials brings us to work at the interface between
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nanomaterials and biology. This will be discussed more in detail in the next section

(section 2.2).

Being a wide field of research that is in continuous expansion, it is difficult to
address and cover the huge progress and recent advances made in cancer
nanotechnology. Self-assembly based materials based on liposomes, DNA, DNA-
gold nanoparticles conjugates, polymers, polymer-peptide conjugates and peptide
assemblies are being developed for detection and treatment of cancer. Therefore, the
focus will be put on recent advances of the self-assembly (peptide and polymer-
peptide conjugates) approach to develop targeted, peptide based, enzyme triggered
delivery systems for cancer therapy. Emphasis will be on examples covering
different stages of research, from their design to in vitro evaluations and in vivo
applications. A wide range of peptide materials that follow different design strategies
have been developed. However, no supramolecular, solely peptide based nanocarrier
has reached the clinic yet and it is plausible to assume that peptide self-assembly is
underdeveloped compared to other systems such as liposomes already actively used

in cancer therapy.

2.2 Peptide self-assembly for biomedical applications (cancer therapy)

The early 1990°s saw a birth of a new area of molecular self-assembly based
on synthetic peptides with pioneering work presented by Ghadiri’’ and Zhang®®. This
field has seen a rapid growth and today peptide self-assembly is increasingly
investigated for a wide range of applications in biomedicine including drug-delivery,

. . . . . . .. 252a-¢.26.29
diagnostics, tissue engineering and regenerative medicine.”* "™

Peptide self-
assembly is of interest for biomedical applications because of the inherent
biocompatibility and biodegradability of peptides, but also because enzyme
responsiveness can be easily achieved. Kaplan in 2000, followed by Xu in 2004,
introduced the concept of enzyme controlled self-assembly. Both authors exploit
phosphatase catalysed dephosphorylation, in the former case to control solubility®’
and in the latter to induce hydrogleation®" setting ground to a new era of enzyme

responsive supramolecular materials. This is attractive as enzymatic control over
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self-assembly can be exploited but also enzymes over-expressed in various disease
states can be targeted. Thus, enzyme catalysis presents an attractive means to control
self-assembly on demand and under physiological conditions. This aspect will be
covered in more detail in sections 2.4 and 2.6.2.

The 20 gene-encoded amino acids, together with a variety of non-natural
ones, constitute a versatile toolbox. A rich chemical and structural diversity can be
achieved by designing building blocks composed of sequences of amino acids
(peptides) that can spontaneously assemble into nanostructures of different
architectures. Supramolecular assembly of the molecular building blocks composed
of specific peptide chains is based on the same principle found in nature during
protein folding. Since the elucidation, in the early 1950’s, of secondary structures in
proteins, such as p-sheets’ and P-hairpins, a-helices and coiled coils®, great
advances have been made in the understanding of protein folding as the different
natures of amino acid side chains determine the behaviour and the folding
characteristics. Today we know that synthetic peptides can self-assemble into a
variety of nanoscale morphologies directed by the amino acid sequence® and the
mode of assembly.” Molecular self-assembly process is based on weak, non-
covalent, interactions such as hydrogen bonds, electrostatic interactions that involve
charged groups, van der Waals interactions, hydrophobic interactions and aromatic
n-stacking. The nanostructures form as a result of interactions between
complementary peptide chains that mimic the basic conformational units found in
proteins.

Fibrillar structures reported in literature are obtained using a variety of
peptide designs. Self-assembled fibrous peptide or protein based materials were
classified by Woolfson®” in 3 main classes being: i) o-helical, ii) amyloid like (p-
sheet like) and iii) peptide-synthetic hybrid amphiphiles known as aliphatic peptide

%® In addition, another important class to

amphiphiles (PA), shown in figure 2.2 a-c.
mention is aromatic peptide amphiphiles (figure 2.2 d). These classes are exploited
for the design of fibrillar nanostructures that can further entangle to form 3D
networks resulting in hydrogels. Of these classes, the B-structured systems have been

the most extensively studied so far.
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Figure 2.2. Schematic representation of different types of fibrillar assemblies, that depict

different mechanisms of assembly peptide based nanomaterials can undergo (taken form

25b

reference 25b): a) B-sheet like assemblies,” b) a-helical assemblies, *** ¢) aliphatic peptide

amphiphiles;”® and d) aromatic peptide amphiphiles (in part taken from reference 36)*.

a-helical assemblies

a-helical secondary structures form when the peptide backbone of a single
amino acid chain coils due to repeating backbone dihedral angles. In this
conformation each amino acid residue hydrogen bonds with the amino acid residue,
which is four positions further along the chain. Assemblies based on a-helical
conformation are characterized by an a-helical coiled coil motif with the repeating
heptad unit (abcdefg),, where each letter indicates a precise position and
accommodates a specific amino acid type, as shown in figure 2.3.%"° For example in
a and d, which stand for positions one and four respectively, only hydrophobic
amino acids can be accommodated, creating a required spacing between hydrophobic
units. The fifth and seventh position (e and g) closely located on neighboring helices
usually contain oppositely charged amino acid residues. This electrostatic attraction
can contribute to the stabilization of the helices. The other three positions (b, ¢ and f)
are the solvent exposed residues and have less restrictions, thus different residues

can be explored for them. This type of self-assembly gives a precise control over
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oligomerisation, as the direct contributions of amino acids forming the structure are
understood and interactions between backbones controlled (occur to lower extent

compared to -sheet like structures).
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Figure 2.3. Schematic representation of a) peptide chain with dihedral angles, b) heptad
units: (abcdefg), where the a and d (green) are hydrophobic amino acids, e and g (orange and
red) are oppositely charged amino acid residues and b, ¢ and f (blue) represent the solvent

exposed amino acids and c) a-helix structure indicating hydrogen bonding.

First examples of rationally designed self-assembling hydrogels based on
peptides that assemble into a-helical structures were presented by Woolfson and co-
workers for potential applications such as scaffolds for cell culture and tissue
engineering as they supported growth and differentiation.”” Examples of a-helical
peptide assemblies investigated for anti-cancer applications are based on
antimicrobial cationic peptides. These peptides tend to assume a bioactive helical
conformation when in contact with cancer cell surfaces.’”® However, they are not
administered as nanostructures, but as soluble inactive forms that were found to
assemble due to the contact with negatively charged membranes to give cytotoxicity.
a-helical fibrous materials were reported using long peptide sequences (> 25 amino

acid residues) of de novo design to obtain control over fibre formation.*
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[-sheet like assemblies

Fibrillar assemblies of proteins based on [-sheets were found in some
degenerative disease states such as Alzheimer, where self-assembly of mis-folded
proteins results in amyloid fibrillar aggregates. B-sheet like fibrils are dominated by
intermolecular hydrogen bonding between adjacent chains and can be formed by
proteins, peptides of de novo design, B-hairpins, aromatic peptide amphiphiles and
aliphatic peptide amphiphiles. The hydrogen bonds extensively form between
carbonyl and secondary amino groups on the peptide backbone when they are closely
aligned. The formation of B-sheets can occur in two ways: parallel, where the
direction of every N (N-terminus) to C (C-terminus) peptide backbone is in the same
direction and anti-parallel, where the peptide backbones are parallel but the direction
of the peptide chains is alternating, going from N to C and from C to N as shown in
figure 2.4. In B-sheet like structures the pB-strands that hydrogen bond to form sheets
run perpendicularly to the fibre axis. B-sheet formation in engineered nanostructures
is obtained by alternating hydrophobic with hydrophilic residues, by introducing
aromatic moieties (aromatic peptide amphiphiles) or by basing the design on known
B-sheet forming moieties (aliphatic peptide amphiphiles). B-sheet forming peptides
based on EAK and RADA (peptide sequences), where hydrophobic amino acids
residues are alternated with hydrophilic, charged amino acids have been studied

. . . .. . . 40
primarily for regenerative medicine applications.

15



a) b)
o R H o R
c»termmus)J\N N NJ\ N-terminus
i H
O H R O

N
~N
N-terminus "“)KR( \g/k’\")%c-terminus
H H
-

0O R H o R
C-terminus)J\N N N)\ N-terminus
i H

0 R H (j/ R
| \ I
. /j\ N N N ’l\
C-terminus Y H N-terminus
—_—

Key:
—Pug i Peptide chain
Hydrogen bonds

—_— Peptide direction

Figure 2.4. Schematic representation of a) anti-parallel and b) parallel B-sheets found in

proteins and synthetic peptides.

Aliphatic peptide amphiphiles (PAs)

PAs pioneered by Hartgerink and Stupp consist of a peptidic part (usually -
sheet forming) and a hydrophobic alky chain (from naturally occurring fatty acids)
that favor the assembly into nanostructures having a hydrophobic core and a peptide
decorated shell.*’ Even if the peptide part is often based on B-sheet like assembly
(based on hydrogen bonding) these are treated separately as the hydrophobcity is
introduced in the form of alkyl chain to favor hydrophobic collapse while the
peptidic part has mainly a function of introducing the desired functionality.
However, the overall assembly into fibrillar nanostructures results from a balance
between hydrophobic collapse of the alkyl chains and hydrogen bonding in the -
sheet-forming region. These systems have the advantage to assemble into fibers,
with the self-assembling and functional units being incorporated into the same
molecule. This is valuable in the design of nanomaterials with high local
concentrations of specific peptides at the outer surface, that are of interest for cell

targeting (RGD, IKVAV) or for inducing cell toxicity (KLAK)*. An example is
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given by fibres decorated with cationic, cytotoxic KLAK peptides, known to disrupt
mitochondrial and/or plasma membranes. KLAK peptide nanostructures were found
to be readily internalised by cancer cells causing cell death. This concept can be used
towards the development of potential drug-free, biodegradable therapeutics.* Some
PAs recently reported by Stupp and co-workers are designed and explored as
nanotechnology platforms for cancer therapy.*** So far, they constitute the main
class of self-assembling peptides explored for cancer applications (drug delivery),
among the other types of peptide based nanostructures mentioned. An interesting
approach is the encapsulation of an anticancer agent, such as camptothecin, by

hydrophobic collapse.**®

Encapsulation of camptothecin into nanofibres was
performed using a solvent evaporation method, where both the peptide amphiphile
and the hydrophobic drug were dissolved in a mutual solvent. After solvent removal
water was added and water—induced hydrophobic collapse obtained, resulting in
nanostructures containing high concentrations of the anticancer agent. Gradual
release of the drug from the nanofibres was observed over the period of 1 week. This
system was then investigated in vitro and in vivo for potential cancer treatment and
showed that the camptothecin had enhanced antitumour potential when encapsulated
in the peptide amphiphiles due to the peptide induced cytotoxicity. However, the in
vivo studies did not show a significant difference in tumour growth compared to the
camptothecin only. If further developed, great therapeutic potential could be
achieved using these systems by encapsulating the drug in pro-apoptotic or cytotoxic

peptides and/or peptides sequences that can target tumours.

Aromatic peptide amphiphiles

Of particular interest are aromatic peptide amphiphiles based on low
molecular weight hydrogelators. Short peptides, that are as short as 2 amino acid
residues, have been reported to self-assemble into fibers that can further interact and

entangle to form hydrogels.****

The use of very short peptides was pioneered by
Gazit” who showed diphenylalanine (FF) nanotube formation as a result of a
combination of hydrogen bonding and n-stacking of hydrophobic peptidic residues.
Since then the field of short peptide gelators (<5 amino acids) has grown

considerably. They are often modified at the N-terminus with aromatic groups such
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as phenyl, naphthyl, fluorenyl and others, which contributes to hydrophobic
interactions and 7-m stacking between aromatic moieties.*® Hydrogels based on small
aromatic peptide gelators have been explored for various biomedical applications,
ranging from tissue engineering to drug delivery. An example of hydrogels used as
drug delivery platforms for cancer therapy is given by a tetrapeptidic hydrogel used

2% It was

for the entrapment and slow release of an anticancer drug, doxorubicin.
investigated whether the hydrogelation can occur in the presence of doxorubicin and
if the physically entrapped drug can be released at physiological and a slightly acidic
pH. Hydrogelation was confirmed and the release was observed in both conditions
suggesting that the reported tetrapeptides are promising drug delivery vehicles for

future applications.

In summary, even though the fibrillar nanostructures and the resulting
hydrogels are extensively studied for a variety of applications and their mechanisms
of assembly are being elucidated, still little is known about their applications in
cancer therapy.** Especially, small molecular peptide based gelators together with
enzyme induced fibre and hydrogel formation have recently been discovered as a
potential new route for anti-cancer therapy development exemplified by some
pioneering work by Xu and coworkers.”**” This aspect will be explored in more
detail in section 2.6.2 dealing with supramolecular ERMs (enzyme responsive

materials) for cancer applications.

2.3 Targeting of tumour tissues

The concept of targeted drug delivery has its origins with Paul Ehrlich,
founder of chemotherapy, and is best described by the metaphor of the “magic
bullet” intended to fight human diseases.”® The concept derives from the capacity to
treat bacteria selectively without harming the host. Based on this idea, Ehrlich
discovered the first effective syphilis treatment, for which he was awarded the Nobel
Prize. When this concept is applied to cancer therapy it describes what would be the
ideal treatment, selective for cancer cells, giving little or no side effects and having

the drug accumulating at the desired site. The magic bullet theory became the

18



inspiration for many scientists for more than a 100 years trying to develop efficient
and innovative cancer targeting methodologies and vehicles. Since then, tremendous
progress has been made in the understanding of processes targeting cancer cells,
together with the diagnostic and therapeutic mechanisms. A summary of our actual
knowledge underlying the mentioned processes from the point of view of the cell is

shown in figure 2.5.
Key:
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Figure 2.5. Possible mechanisms for targeting cancer: a) passive targeting is presented by
loss of lipid asymmetry of the membrane, b) active targeting is presented by various ligand-
receptor interactions; and c) stimuli responsive targeting is based on lower values of local

pH and enzyme over-expression.

Today, targeting specific diseases with therapies that have better selectivity
(for cancer, drug-resistant bacteria strains, etc.) with reduced side effects, is
increasingly exploited in designing drug delivery systems. This is possible due to our
increased knowledge and better understanding of mechanisms involved in several
diseases including cancer, but also the biological processes that govern the
nanomaterials retention in the tumour. In recent years, mechanisms have been
elucidated involved in cancer genesis, growth and spreading to other tissues
(metastasis). Several attempts to develop cancer specific carriers have been made,

with some being highly successful in reaching clinical trials. The first generation of
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nanoparticles used for specific cancer treatments were liposomes and polymer-drug
conjugate based systems.”' Ideally, when administrating anti-cancer drugs/
nanocarriers loaded with drugs, they should first be able to target tumour cells
selectively. Once in the tumour tissue, they should selectively kill the cancer cells by
increasing the intracellular concentration of administrated drugs.

As mentioned already, targeting of cancer cells/tumour tissues can be active,
passive or stimuli responsive. Active targeting is based on the specific interaction
between receptors and ligands and/or antigen-antibody interactions. A full account of
systems based on active targeting is beyond the scope of this thesis but is mentioned
here briefly, as many peptide based anticancer systems rely on this type of targeting
mechanism or make use of a combination of active targeting with passive and/or
stimuli responsive.” Passive targeting exploits the characteristic cancer cell and
tumour architecture, resulting in the enhanced permeability and retention effect
(EPR) present in cancer tissues due to an irregular vasculature and undeveloped
lymphatic drainage system. Stimuli responsive targeting takes advantage of the
distinctive tumour microenvironment (low pH, enzyme overexpression), where
nanocarriers are activated by the targeted stimuli that in turn trigger a material
response. In addition, external stimuli such as temperature and external magnets can
be exploited for stimuli responsive targeting. The possible ways to target cancer are
shown in table 2.1 with emphasis on peptide based self-assembly examples, where
data is available. Peptide based self-assembly systems were mainly developed for pH
and enzyme responsive targeting. However, also examples of active (integrins) and

passive (lipid asymmetry) targeting were reported.
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Table 2.1. Possible ways to target cancer with nanotechnology with the emphasis on

supramolecular peptide materials, where data is available. (Note that no supramolecular

peptide based nanocarriers were reported to be part of preclinical and/or clinical studies).

Target Examples Marker/Effect Examples Status
Stimuli-sensitive targeting
a) Endogenous stimuli
Enzymes” MMP-9 Enzyme cleavable GPLG|LAG’" Invivo
Phosphatase substrates Nap-FFYp**™ In vivo
KRRASpVAGK™ In vitro
Local pH 6.5.-7.00% pH sensitive KFG vesicles”’ In vitro
6.15-7.40 systems
b) External stimuli
Temperature Hyperthermia Temperature Poly(NIPAM) modified In vitro
(e.g. 42 °Cin responsive systems  liposomes™®
some carcinomas)
Local heating of the
tumour (e.g. with
ultrasound) **
External Use of external Magnetic targeting  Iron oxide In vivo®
Magnets magnets” by guiding nanoparticles
nanoparticles to a metallic iron- Clinical
particular site doxorubicin conjugate®®  trials®"
Passive targeting
Increased Increased lactic acid  Increased Nap-FF*® In vitro
metabolic rate production internalisation
(Warburg effect)®!
Loss of lipid Net negative charge Positively charged SVS-1 % In vitro
asymmetry on the cell surface peptides (KLAKLAK)," In vitro
RRRRRRRR" In vitro
EPR effect® 10-100 nm*"** Accumulation of Peptide-polymer From
nanoparticles at conjugates’ in vitro/ in
tumour site Polymer-drug vivo to
conjugates, liposomes,  clincal®

nanoparticles”
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Active (receptor mediated) targeting

Integrins® Specific ligands Integrin binding From
domains (RGD***, In vitro
Folate receptors®’ IKVAV*) to
Receptors® Folic acid preclinical®
Antigens / epitopes  Antibodies and Monoclonal antibodies  Clinical
on receptors> antibody fragments  (bevacizumab - anti-

VEGF, Avastin®)*

2.3.1 Targeting of cancer cell membrane and tumour architecture

Enhanced permeability and retention (EPR) effect

As tumours are rapidly expanding, their uncontrolled growth results in the
production of new and irregular vasculature. This neovasculature surrounding cancer
cells presents gaps in the endothelium, favouring the crossing of the macromolecules
from the circulation to the tumour tissues (extravasation) giving rise to the EPR
effect (figure 2.6). The tumour vasculature is hyperpermeable because the rapidly
growing tumour needs an easy way to access the necessary nutrients and oxygen.
This in turn presents a weak point and many nanocarriers can exploit this weakness
to passively accumulate in the tumour tissue. In addition, the lymphatic system in
growing tumours is not well developed and this aids the retention of nanocarriers in

the tumour tissue for longer times.
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Lymphatic vessels - inefective drainage

Figure 2.6. Schematic representation of the EPR effect showing the hyperpermeable
vasculature surrounding cancer cells that presents gaps in the endothelium, favouring the
crossing of the macromolecules from the circulation to the tumour tissues (extravasation). In
addition, the lymphatic system in growing tumours is not well developed which aids the

retention of nanocarriers in the tumour tissue for longer times.

The size, shape and surface characteristics of nanocarriers are key elements
for the EPR effect to be successful.”” The in vivo behaviour of nanoparticles greatly
depends on their colloidal dimensions.”” The preferred size range for drug delivery
using nanoscale particles have been reported to be between 10 to 100 nm.*' If the
particles are too small (less 10 nm) they are rapidly removed by extravasation and
renal clearance. Particles with a size ranging from circa 100 to 200 nm and larger are
mostly sequestered by the spleen due to mechanical filtration and are eventually
removed by the cells of phagocyte system. Non-spherical shapes can extend their
circulation times in vivo.”' Particle geometry has been shown to influence particles
internalisation, but rules for exploiting particle shape are still not completely
established. The nanocarrier surface characteristics are also important as they
determine the fate of the particles in vivo, due to the possibility of immune system

activation. Nanocarriers can also be designed to contain ligands for specific targets
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on their surface. Many examples of the EPR effect providing selectivity for tumour
delivery of self-assembled materials were reported, but often this is not the only
targeting strategy.”' Sensitivity to other conditions (pH, enzymes, specific ligands) is
used in combination with the EPR effect aiding the accumulation of nanosystems in
cancer tissues.’” In drug delivery applications, polymer-drug conjugates are mainly
exploiting the EPR effect as the size of polymers can be precisely controlled and
tuned on demand to fulfil specific requirements. However, significant challenges
remain, because certain small tumours do not exhibit the EPR effect (present in
tumours of more than 100 mm’ in volume)’, but also because the vascularisation is
not homogeneous and the permeability of the vessels can vary within a single
tumour.' Therefore, the EPR effect has limited efficiency when the aim is to target

and treat small and unvascularized metastasis.

Loss of lipid asymmetry

Another target exploited in selectively killing tumour cells is based on the
loss of phospholipid asymmetry of membranes in cancer cells (figure 2.7). While
normal mammalian cells have an asymmetric distribution of phospholipids in both
leaflets of the membrane resulting in an overall neutral charge, cancer cells tend to
lose this asymmetry and present an overall negative charge at the membrane
surface.”” This is due to a translocation of the negatively charged phosphatidylserine
to the outer side of the membrane.” In addition, aberrant glycoproteins (mucins)
containing high levels of sialic acid are present on the membrane surface due to

changes in glycosylation.”*

Normal cell Cancer cell
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Figure 2.7. Schematic representation of normal vs. cancer cell membrane pointing out the

overall negative charge at the outer leaflet of the cancer cell phosholipid bilayer.
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For this reason peptides containing cationic domains were explored to
selectively target cancer cells for self-delivery or cell lysis. Several cationic
antimicrobial peptides have been shown to have anticancer activity and selectivity
toward cancer cells because of the similar electronegative character of bacterial cell
membranes for which they were originally designed.’®’” These examples are based
on the bioactive helical conformation that the peptides, normally unstructured in
solution, adopt when in contact with cancer cell surfaces. A recent example of the
use of an antimicrobial cationic 18-amino acid residue peptide (SVS-1) that disrupts
cancer cell membranes exploiting their aberrant phospoholipid distribution was
presented by Schneider and co-workers.®” The SVS-1 peptide was observed to fold
on the surface of cancer cells and adopting an amphiphilic B-hairpin structure
capable of membrane disruption, while it remained unfolded in aqueous solution.
This membrane-induced folding, driven by the electrostatic interaction between the
positively charged peptide and the negatively charged membrane surface of cancer
cells, is essential for its anticancer activity and constituted the first example of an
anticancer B-hairpin peptide with this mechanism.

Stupp and co-workers developed this concept further and explored how
supramolecular materials based on PAs having hydrophobic domains and cationic
charge interact with cells, unlike their soluble, unassembled counterparts.”® They
found that supramolecular materials with nearly identical chemical composition can
instruct cell death or survival depending on the [B-sheet forming propensity.
Fragments that show more propensity to form B-sheets tend to form more cohesive
fibres, where the structures reinforced by hydrogen bonding support cell viability.
On the other hand, nanostructures based on weaker interactions were able to promote
disruption of lipid membranes, causing cell death. This was concluded after they
systematically studied the effect of the hydrophobic collapse, charge and hydrogen
bonding on the self-assembling morphology and cell viability. Hydrophobicity and
cationic charge were found to be essential for cytotoxicity, as reducing the
hydrophobic tail or the overall cationic charge resulted in lower toxicity of the

peptide amphiphiles examined.
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Importance of hydrophobicity for cytotoxicity

An example highlighting the importance of the hydrophobicity in inducing
cytotoxicity was presented by Xu’s group, where a simple self-assembly motif (Nap-
FF that stands for naphthalene and two phenylalanine residues) able to form
nanofibres in water, showed selective anticancer activity towards HelLa and

¥ n this study it was

glioblastoma cells, and little toxicity towards normal cells.
shown how supramolecular assemblies (fibres) were toxic to cancer cells compared
to their monomeric, non-toxic counterparts and that hydrophobicity played a key role
in this cytotoxicity. A mechanism of action of the small-molecule based assemblies
is the disruption of microtubules dynamics. The reason why it selectively occurs in
cancer cells is linked to the accelerated metabolism of cancer cells, described as the
Warburg effect (see next section, 2.3.2) combined with the faster accumulation of

fibrillar aggregates in cancer cells, most likely due to the EPR effect.

2.3.2 Targeting of cancer cell metabolism, pH and enzymes

Warburg effect

Another characteristic of tumour cells is an increased metabolic rate
(increased glycolysis) resulting in the production of high levels of lactic acid
described as the Warburg effect.”’ The aerobic glycolysis involves several enzymes
that can be potential targets for future anti-cancer therapeutics. As a consequence the
pH of the tumour microenvironment is lower (6.5-7) than that of the healthy cells
(physiological pH — 7.4).”” A few examples in literature show how this increased

. . .. 46b,78
metabolic rate provides selectivity for cancer cells.*®™’

Therapeutic targeting of
cancer cell metabolism is still in development as many aspects are still poorly
understood, but holds a great promise for the development of new classes of anti-

61,78-79
cancer agents. 78T

pH of the extracellular environment
pH is one of the most common stimuli used to trigger drug release and to
regulate self-assembly. The pH of the extracellular environment of cancer cells is

slightly acidic, hence it is used to trigger conformational changes and/or selectively
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induce degradation of nanomaterials in the proximity of cancer cells. pH responsive
self-assembled nanocarriers have been extensively studied.'”'7*® The pH
responsiveness often results in the degradation of the carrier followed by drug
release. Recently, Bhattacharya and co-workers presented an example of pH targeted
anticancer drug delivery based on a simple peptide self-assembly system.”’ A KFG
tripeptide sequence of interest, because it is present on the tyrosine kinase nerve
growth factor receptor, was reported to undergo concentration dependent self-
assembly. Different architectures were observed: vesicles (at lower concentration)
and nanotubes (at higher concentration) that correspond to a switch from random coil
to B-sheet like structures at the molecular level, respectively. Furthermore, the
potential of the reported vesicles to perform as pH sensitive doxorubicin delivery
systems, selective for cancer cells was assessed. The studied vesicles were stable at
physiological pH (7.4), but were shown to rupture in slightly acidic conditions (pH =
6), making them suitable for selective cancer targeting and pH triggered drug release.
Indeed, doxorubicin loaded vesicles imparted higher toxicity than free doxorubicin,
being more efficient in delivering the cargo inside cancer cells.

Targeting multiple stimuli is common in designing cancer targeting
nanomaterials. An example is a pH responsive peptide based micellar system

containing RGD (for the targeting over-expressed integrins).’®

This peptide
amphiphile (V{KKGRGDS) self-assembles into micelles at physiological pH,
however due to lysine protonation at pH=5 values, and consequent repulsion
between peptide chains the micelles dissolve. This micelle disruption is followed by
a rapid release of loaded doxorubicin selectively in cancer cells, due to the RGD

tumour targeting motif.

Enzyme overexpression

Enzymes present much more specific and localised stimuli compared to pH.
Their localised action, that allows spatio-temporal control over material changes,
ability to induce signal amplification and their disregulation in cancer states makes
them valuable targets in cancer nanotechnology. Examples of enzymes involved in
cancer states are mainly related to a family of matrix metalloproteinases (MMPs)

involved in the degradation of the extracellular matrix which is essential for cancer
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cell migration and metastasis. In addition, other enzymes such as phosphatases,
kinases, etc. are found to be over-expressed in cancer. MMPs are considered to be
principal mediators of alteration in cancer progression.®’ This can be exploited in site
specific drug delivery, where the excess of enzymes can be used as a trigger for the
release of drugs. The drug (prodrugs or physically entrapped drugs) in this case
would be released in a controlled manner only if and where the enzyme of interest is
present/over-expressed. Enzyme over-expression can be targeted extracellularly
either when the proenzyme forms are secreted and subsequently activated (e.g.
MMPs involved in ECM degradation or phosphatases involved in regulation of
signal transduction) or by targeting membrane bound enzymes (e.g. transmembrane
MMPs- TM-MMPs or surface bound phosphatases) as shown in figure 2.8.
Intracellular proteases, esterases or kinases have also been found in high

concentration in cancer associated states (figure 2.8).

Membrane bound Extracellular enzymes
enzymes

Intracellular enzymes

Figure 2.8. Schematic representation of different ways to target enzymes: extracellularly

(surface bound enzymes or secreted enzymes) and intracellularly.

Bioengineered cells as vectors for targeted delivery
A number of additional approaches are being explored to enhance the

delivery of therapeutics in a tumour selective manner. An example worth mentioning
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are the bioengineered cells used as targeted delivery carriers of a prodrug and its
activating enzyme, reported by Troyer et al® Monocyte-like cells known to
infiltrate tumour sites were engineered to express an enzyme (in its inactive form)
necessary to activate a prodrug that was subsequently incorporated in the cell
cytoplasm. Once the engineered cells reached the tumour site, the enzyme activation
was performed using an external agent (in this case doxycycline) administrated two
days later.*** Compared with control experiments, this specific approach resulted in
considerable tumour volume reduction. Other examples of cell vectors are being
studied and their selective targeting of tumour cells assessed as a potential more

homogeneous way to target cancer cells.

2.3.3 Further perspectives and considerations - ECM as a possible target

Copying nature to produce scaffolds to support cells — e.g. extracellular
matrix mimics has been addressed widely for applications in regenerative medicine
and tissue engineering (figure 2.9). The extracellular matrix (ECM) is made of
multiple molecular constituents such as proteins, proteoglycans, growth factors, etc.
These components form a physical network that is essential for supporting cell
communities. Mimicking the ECM is useful for tissue regeneration and damage
repair applications, but it could be also used to selectively develop synthetic mimics
of the extracellular matrix, that could block cell growth and migration. Using
nature’s machinery to instruct non-endogenous material formation such as synthetic
ECM, would be an interesting topic to investigate. This could be realised exploiting
natural metabolic pathways of specific cells (cancer, bacteria and other pathogen
microbes) to create artificial environments that could selectively target cancer cells

and/or bacteria cells for therapy purposes.
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Figure 2.9. Schematic representation of exploiting extracellular enzyme overexpression to

create synthetic mimics of ECMs.

While not directly relevant to cancer, targeting bacteria, and especially the
drug-resistant strains, is important and challenging as is cancer targeting. An
outstanding example of how bacteria can be selectively killed was recently presented
by Alexander and co-workers.”> Even if not closely related to our topic, a new
approach where polymers are created in sifu around bacteria cells, exploiting specific
bacteria cell metabolic pathways (i.e. copper homeostasis — bacterial redox cascades)
is worth being mentioned, as the concept may translate to cancer application. In this
example, an inherent bacterial redox system is used to induce a copper mediated
radical polymerisation of synthetic monomers at the cell surface, shown in figure
2.10.% As this process is specific to bacteria, it is designed to selectively inactivate
them only where and when the polymerisation occurs. In addition, the authors
observed a bacterial templating effect, as different bacteria were able to synthesize
different polymers around them. Removal of copper and the toxicity associated with
its presence in high concentrations are some of the issues that slow the transition of
polymeric systems to the clinics. But in this case, an inherent copper source is used
to mediate the in vivo polymerisation, having a tremendous advantage to produce

polymers that can selectively inhibit microbial growth.
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Figure 2.10. Schematic (taken form reference 83) of bacteria induced synthesis of
polymeric/synthetic mimics of ECM exploiting the bacterial metabolism (copper reduction)

to initiate the polymerisation process.*

If this approach could be selectively applied to cancer cells, it would open up
new possibilities for cancer therapy. However, a better knowledge into the field of
cancer specific metabolic routes/mechanism is required. In particular, processes
typical for cancer cells, that when exploited as targets would not harm healthy cells
and tissues, would need to be identified. Some studies are being conducted in this
fashion, but for now only to block cancer cells migration and limit cellular mass
exchange. An early example of peptide based hydrogels for cell entrapment was
shown by Stupp and Hartgerink, where the reported peptide amphiphiles undergo

41b
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metal ion mediated self-assembly forming 3D hydrogel networks around cells.
this case the application would be in regenerative medicine as peptide based supports
favour cell growth, due to cell entrapment. Here, self-assembly can be triggered
upon contact with living tissues or cell suspensions in culture media without the
ability to distinguish between diseased and healthy cells. However, not all peptide
sequences designed were appropriate for cell entrapment as they were found to be
toxic, and their further investigation for cancer therapy was proposed.

Potential inhibition of cancer cell growth and prevention of cancer cell
migration was recently presented by Xu and co-workers.® The formation of
hydrogels around cancer cells blocks the migration of secreted enzymes
(phosphatases) that remain entrapped in the gel network formed. This suggests that
nutrients and other important factors are unable to access tumour cells and are
decisive of their fate (apoptosis). Being an example of enzyme triggered
supramolecular material for anti-cancer application it will be discussed in more

detail in section (2.6.2.1).
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In summary, the examples of targeting cancer using peptide based
nanomaterials mentioned so far, highlight the use of different approaches and
targeting strategies. The designed materials were able to act directly on cancer cells
by membrane disruption, by direct interference with the metabolism or by increased
intracellular uptake of loaded drugs specifically released at the point of interest, due
to stimuli triggered release. Also indirect disruption of the tumour microenvironment
can be achieved by acting upon enzymes, whose activity is directly involved with the
extracellular matrix degradation. However, an indirect way of blocking cancer cells
would be interesting to consider, which would consist of designing artificial
extracellular matrixes specifically around cancer cells.

In conclusion to this section, the use of a variety of targeting mechanisms
shows how nanotechnology is making huge progress in the field of cancer therapy.
Promising and innovative ways to treat cancer are being assessed, with some
reaching clinical trials. Examples range from artificially creating barriers to cancer
cell migration, to selectively delivering cytotoxic peptides or anti-cancer drugs using

a wide range of materials and architectures.

2.4 Enzymes as triggers and targets for cancer therapy

Exploiting enzymes in drug delivery was initially based on developing their
direct inhibitors through design of synthetic molecules able to directly bind or inhibit
the desired enzyme. Some examples include kinase inhibitors (Dasatinib and
Imatinib), which are in clinical use for treatment of certain kinds of cancer.** An
alternative approach is to design prodrugs and make them enzyme responsive. First
examples of enzyme responsive systems were based on the prodrug approach, where
a drug was covalently conjugated to a polymeric support through an enzyme
cleavable linker. The function of the polymer was to temporarily protect the drug and
increase its circulation times, while enzyme responsiveness is exploited to release the
drug in the presence of the desired, over-expressed enzyme. The field of enzyme
responsive materials was further developed and a variety of new approaches are

being explored for biomedical applications, including introduction of enzyme
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sensitive crosslinks in polymeric particles and triggering self-assembly using
enzymes.

The main advantages of using enzymes as triggers to induce changes in
chemical and physical properties of materials are signal amplification, activating
cascades of reactions in live cells, involvement in numerous biochemical processes
within the body, high selectivity and specificity for their substrates.”>*® Other
advantages of using enzymes as triggers are their inherent biocompatibility and
localised responses. There is no need to introduce them as external stimuli, as they
can be already found in the biological environment of interest. In addition, their
over-expression in disease states makes them valuable targets for biomedical
applications.

Different enzymes have been reported to be over-expressed in cancer states
and have been exploited in the development of enzyme responsive materials
(ERMs). Different types of enzyme catalysed reactions have been reported so far to
develop ERMs: bond formation (condensation), bond cleavage (hydrolysis) or
REDOX chemistry. A complete list of enzymes used for development of ERMs can
be found in a review recently published.’® The most common enzymes used for
development of ERMs are: proteases, kinases, phosphatases and endonucleases.”
However, as research on ERMs as well as on drug delivery increases, the number of
targeted enzymes used to trigger drug delivery broadens and many other enzymes are
being explored. Proteases and endonucleases are mainly employed to cleave peptides
and oligonucleotides, respectively. On the other hand, kinases and phosphatases are
involved in phosphorylation and dephosphorylation of their respective substrates
(mainly peptide based), making them of interest for the development of reversible
systems, due to their complementary action. A list of cancer related enzymes used
for the development of enzymes responsive materials is shown in table 2.2. The
enzyme names associated with the asterisk in the table are the ones used for the
development of self-assembly based enzyme responsive materials. The most studied

enzymes for anti-cancer therapy applications are phosphatasese/kinases and MMPs.

In this work, firstly the prodrug approach will be briefly discussed as an

example of using enzymes for drug delivery applications, before ERMs were
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developed. Next, ERMs will be introduced and enzyme responsive microgels shortly
considered. Subsequently, enzyme responsive supramolecular materials will be
discussed. Emphasis will be put on the development of supramolecular peptide based

ERMs for applications in cancer therapy.
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Table 2.2. Enzymes used for cancer related ERMs.

Enzyme Substrate/ Catalysed reaction ERM strategy Enzyme
Example malfunction/
Relevance
B-D- B-D-glucuronic Hydrolysis of Prodrug approach®’ High extracellular
glucuronidase acid complex concentrations®”
carbohydrates
Caspases RGD| containing Peptide bond Design of caspase Down-regulated”’
synthetic peptides®™  hydrolysis after activators®’
aspartic acid
Cathepsins GF|LG Peptide bond Prodrug approach’! Over-expressed
GF|LGK hydrolysis with Degradable peptide and present
broad specificity crosslinker in polymeric extracellularly
nanoparticles®
Dipeptidyl N-terminal Peptide bond Enzyme triggered self- Implicated in
peptidase IV* AXX-P” hydrolysis of assembly for prodrug cancer”*
(AXXP|S(Ac)) proline containing  design and biosensor
peptides (growth technology”
factors,
chemokines, etc.)
Esterases* Nap-FF ester Hydrolysis of esters  Intracellular High intracellular
derivative”’ into an acid and an  hydrogelation in cancer expression levels
alcohol cells to induce cell death  in HeLa cells”
Furin Hydrolysis after Peptide bond Degradable peptide Implicated in
RX(K/R)R] hydrolysis for crosslinker in polymeric cancer
activation of a nanocapsules’ for
number of intracellular delivery of
proproteins” proteins
Hyaluronidase*  Hyaluronic acid Hydrolysis of Release of the cytotoxic Accelerated
(HA) hyaluronic acid peptide amphiphiles by degradation of
degradation of HA in tumour
supramolecular environments®’
membranes for cancer
therapy **
Kinases* Nap-FFGEY”® Phosphorylation of  Disassembly of Aberrant
KRRASVAGK™ hydroxyl groups in  supramolecular activation in
LRRASLG”' peptide sequences — nanostructures and gel-sol  cancer cells;

involved in signal
transduction
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MMPs*

Methionine
sulfoxide
reductases*®

Phosphatases*

Plasmin

Prostate-specific
antigen (PSA)*

Thrombin*

Tyrosinase*

Urokinase
plasminogen
activator®

PVG|LIG
GPLG|LAG
GPLG|IAGQ

Poly(methionine)

Nap-FFGEYp®®
Fmoc-Yp'”
Nap-FFYp***
KRRASpVAGK™
LRRASpLG”'

VRN
AFK|

HSAKFY |SG'®
SSF|YSGGGC'®
HSSKLQL'"’

VPR|GS'"?
LTPR | gelator
CGFPR|GC

Ac-YYYY-OMe!'"?

SGR|SANA
SGR|SAN

Peptide bond
hydrolysis of ECM
proteins (e.g.
collagen)

Reduction of
methionine
sulfoxide to
methionine

Dephosphorylation
of orthophosphoric
monoesters in
peptides-involved
in signal
transduction

Peptide bond
hydrolysis after
arginine or lysine

Peptide bond
hydrolysis
preferentially after
large hydrophobic
amino acids; broad
specificity'®

Peptide bond
hydrolysis between
R and G

Oxidation of
phenols to quinones

Degradation of
extracellular matrix

Targeted drug delivery
systems for cancer
therapy”’
Accumulation- tumour
diagnostic tool’'
Prodrug approach'®

Intracellular release of
drugs due to morphology
transition'

Hydrogel formation in
vitro and in vivo for visual
enzyme assay, enzyme
immobilisation, inhibition
of cancer cell growth and
migration

Biodegradable PEG-
peptide hydrogels'®
development of cell
responsive materials

for

104

Hydrogelation based
enzyme visual assay'"
Gold nanoparticles
detection assay'*
Prodrug approach'”’

Fibre formation for
fabrication of 3D
nanostructures' '’
Hydrogelation based
enzyme visual assay'''
Gold nanoparticles based
visual protease assay''"?

Disassembly of
supramolecular
nanostructures and gel-sol
transition for controlled
drug release

Targeted drug delivery by
hydrogel degradation'"*
Quantum dot-based assay
for detection of protease
activity'"

Over-expressed in
various cancers,
extracellularly
secreted or
membrane bound

Upregulated in
oxidative stress
environments -
cancer

Over-expressed in
cancer cells,
intracellularly and
extracellularly

High
concentration in
cancer cells

Clinical marker
for prostatic
malignancy'”

Promotes
malignancy in
cancer

113
Over-expressed

Implicated in
cancer invasion

. 116
and metastasis

36



2.4.1 MMPs

A specific class of enzymes are matrix metalloproteinases (MMPs). The first
member of the metalloproteinase family was discovered in 1962, in the tail of the

metamorphosing tadpole by Gross and Lapiere.'”

MMPs are a family of zinc
endopeptidases involved in the degradation of extracellular matrix (ECM). Based on
their ability to degrade the ECM (collagen, gelatine, etc.) and on the similarities they
have in terms of primary structures MMPs can be classified as: collagenases,
gelatinases, stromelysins, membrane-type MMPs and others that do not belong to the
mentioned subgroups.''® In detail, collagenases (MMP-1, MMP-8, MMP-13, MMP-
18) degrade triple-helical regions of collagen (type I, II and III). Gelatinases (MMP-
2 and MMP-9) degrade heat-denatured collagens (gelatines), but cleave also type IV
and V collagens. Stromelysins (MMP-3, MMP-10, MMP-11) degrade various non-
collagenous ECM components such as aggrecan, fibronectin, etc.''® MMPs are
mainly extracellular enzymes, secreted by cells as proenzymes. However, membrane
bound members of this family were also reported (membrane-type MMPs). All
MMPs are multidomain enzymes containing a propeptide, a catalytic and a
hemopexin domain (the utility of this domain is not yet clear). In addition,
gelatinases (MMP-2 and MMP-9) have also three fibronectin type Il-like repeats
responsible for the enzyme binding to gelatine and other substrates. All MMPs
except MMP-23 have a cysteine switch sequence motif (PRCG[V/N]PD) important
to maintain the proenzyme inactive as it ligates the catalytic zinc atom of the active
site. Another sequence that is conserved among MMPs is the zinc binding motif
(HEXGHXXGXXH) characterised by the presence of three histidines that bind
72 118

The substrate specificities of these enzymes are complex and the peptide
substrate specificities do not necessarily match with the specificities found for
(fibrous) proteins. For example a specific site on triple-helical collagen (Gly775-
Ile776) is efficiently cleaved giving an example of the cleavage site being G|I. The
cleavage of smaller peptides is much less specific, but for the design purposes amino
acids found in naturally occurring substrates are used such as glycine for P1 position,

while hydrophobic amino acids such as isoleucine or leucine are found in P1’
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1% In addition, there is no clear distinction between the specificities of

position.
various members of MMP family as their catalytic domains are superimposable, with
the most prominent difference being the size of the S1° specificity pocket. Therefore,
the P1’ position on the peptide is critical for the substrate recognition. However,
other subsites highly influence the substrate specificity. It was early shown that the
length of the peptide substrate determines the catalytic efficiency of MMPs, as they

118

have extended substrate binding sites.” ~ Little or no activity was reported for

residues shorter that 6 amino acids (P3-P3’° according to Schechter and Berger’s

1'").""® This was recently confirmed by a study showing how the specificity of

mode
MMP-9 depends on the length of the peptide sequence but also on the large group
substitutions on the N-terminus.'*’

In summary, MMPs were found to be over-expressed in various disease
states, including cancer, which makes them valuable targets for development of
ERMs for biomedical applications from sensing, to drug delivery and tissue
engineering. A list of examples of MMPs used for ERMs development and the
substrates used are shown in table 2.3. In addition, possible applications for the

designed systems are presented in this table, with emphasis on supramolecular

materials that undergo specific responses upon enzyme treatment.
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Table 2.3. Example of substrates and MMPs used for the development of supramolecular

ERMs.
MMP Entry  Substrate Material type Application
type
Polymer peptide conjugates
MMP- 1 GPLG|LAG’"** Nor-GPLGLAGGWGERDGS  Probe aggregation in
2/9 tumour tissue —
diagnostic tool
2 GPQG|IFGQ"' (NIPAm)-SGPQGIFGQMG-  Micelles for drug
p
p(OEGMA) delivery
3 GPLG|IAGQ'” HSA-GPLGIAGQ-doxorubicin ~ Prodrug approach for
cancer therapy
MMP-2 4 PVG|LIG” PVGLIG-b-PTMC Targeted drug delivery
systems for cancer
therapy
5 GPVG|LIGK'* PEO-PEG-PEO (Pluronic®)- Thermogel degradation
GPVGLIGK for cancer drug delivery
MMP-9 6 GPKG|LKGA'® PEG,RRSP-GPKGLKGA- Hydrogelation based
PABA enzyme visual assay
Aliphatic peptide amphiphiles
MMP-2 7 GTAG|LIGQ'* Palmitoyl- GTAGLIGQERGDS  ECM mimics for tissue
regeneration
MMP-7 8 GGGHGPLGLARK'"  Palmitoyl- GGGHGPLGLARK  Micelle to fibre transition
for enzyme visual assay
p-sheet forming peptides
MMP-2 9 PVG|LIG'™ Pure peptide based platform Biofunctional scaffolds
(RADA);- PVG|LIG-(RADA); for tissue engineering
MMP-13 10 PPTG|FKVK'* IKVKIKVKVPPTGXKVKIKV  Potential to mimic
extracellular matrixes for
PPTGILKVK Where X=F/L/I/A facilitating repair of
PPTG|IKVK damaged tissues
PPTG|AKVK
Aromatic peptide amphiphiles
MMP-9 11 CG|LDD" Purely peptidic - FFFFCGLDD  Hydrogel formation
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2.5 Prodrug approach

Prodrugs are defined as compounds that qualitatively maintain the
pharmacologic effects, but have different physic-chemical properties from the parent
drug.'® The term pro-drug was first introduced by Albert in 1958'%, to indicate
compounds that undergo biotransformation before exhibiting their pharmacological

effects.'°

Problems such as lack of solubility, poor bioavailability or lack of
chemical stability could be overcome by using the prodrug approach, which consists

of the introduction of chemical modifications on the parent drug.'*°

a)

Key:
B0 polymer

VWVUW  peptide linker

- @ am

@ enzyme

Figure 2.11. Schematic representation of the prodrug: a) attached to the polymer through an

enzyme cleavable linker and b) attached directly to the polymeric support.

There are examples of prodrugs, where the drug is covalently attached to a
polymer either directly or through an enzyme cleavable linker as shown in figure
2.11, which requires the modification of the drug. In the latter case, the drug is
released after cleavage of a linker by an enzyme. An example of a drug directly
attached to the polymer is doxorubicin covalently attached to N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer that was evaluated in phase II clinical trials for
some types of cancer and has shown less overall toxicity and lower side effects than
the equivalent dose of free doxorubicin.”' Prodrug systems will not be considered in
detail here, because they go beyond the scope of this project. Some examples of
enzyme activation of prodrugs will be mentioned in this section. An example is

given by systems, where cancer drugs are covalently attached to polymers using
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enzyme cleavable linkers, obtaining selective drug release at tumour sites, that have
high levels of proteases. A dextran — peptide — methotrexate conjugate was designed,
where dextran is used as a polymer carrier, because it is biocompatible and
biodegradable, while methrotrexate constitutes an anticancer drug.">* They are linked
together with enzyme cleavable peptide sequences sensitive to MMPs. Exploiting the
increased levels of MMPs in the vicinity of the tumour, the peptide sequence can be
cleaved and the drug released. In this case, the release of the active compound is
regulated by enzyme kinetics and one molecule is released for each peptide bond
cleaved. Another example of the prodrug approach where doxorubicin is linked to
human serum albumin (HSA), through a peptide linker sensitive to MMP-2 and
MMP-9 was reported.'” The enzyme activity is exploited to release the anticancer
agent (doxorubicin) from its macromolecular carrier. After enzyme cleavage, the
liberated doxorubicin-tetrapeptide was found to be less active than free doxorubicin,
as it showed decreased cytotoxic activity due to its covalent bond with the peptide
(chemical modification in the 3-amino position of doxorubicin are known to be
problematic and often lead to loss of cytotoxicity).

Recently, an interesting example of the supramolecular prodrug approach
was reported by Zhang and co-workers.* A multifunctional amphiphilic peptidic
prodrug based on an aliphatic PA conjugated to the anticancer drug, doxorubicin was
described. The PA containing GRGDS and an octaarginine (Rg) as a hydrophilic
head and an alkyl chain conjugated to doxorubicin as a hydrophobic tail self-
assembled into spherical multifunctional nanoparticles. The RGD sequence was
incorporated for tumour targeting, while the octaarginine had a function of
increasing the solubility of doxorubicin and to confer membrane-penetrating
properties. The self-assembled structures presented a hydrophobic core containing
doxorubicin and a hydrophilic shell decorated with peptides (having cell targeting
and membrane penetrating activities) and were designed to undergo intracellular
protease mediated degradation and release of doxorubicin. Cathepsin B, a protease
with broad specificity was used as a model enzyme to assess doxorubicin release.
However, in vitro and in vivo doxorubicin release was mediated by a variety of
intracellular proteases™, showing little specificity for the cancer-associated enzyme

of interest. An increased selectivity of doxorubicin conjugated to the peptide

41



amphiphile was proven for HeLa cells compared to a normal cell line, but again the
doxorubicin cytotoxicity was lowered by the covalent conjugation to the peptidic
carrier.

A limitation of the prodrug approach is the need to chemically modify the
drug, that is often inactivated by covalent modifications. Subsequently, different
approaches have been explored that are based on polymeric particles, capable of
physically entrapping drug molecules, which would allow higher loading capacity,

increased circulation times and possibly target the desired site in the body.

2.6 Enzyme responsive materials (ERMs)

Expression levels of enzymes dictate the difference between health and
disease in many cases, including cancer. This observation suggests incorporating
enzyme sensitivity in materials could be of use in management of disease states,
where the goal is to achieve dynamic and targeted changes in material properties.
ERMs are a class of smart materials that undergo morphological changes in the
presence of the target enzyme. A variety of inorganic (metals, silicates) and organic
(naturally occurring and artificial polymers and peptides) materials have been used.
Recent advances in this field were extensively reviewed by Zelzer et al., showing
how this area of research has increased in the last decade.”® Enzyme responsive
materials were classified into 5 classes schematically represented in figure 2.12
being: i) polymer hydrogels, ii) supramolecular materials, (iii) self-immolative
materials, iv) surfaces and v) particles. Each of these classes includes many
examples, with the enzymatically controlled supramolecular materials being the most

COI’Ill’l’lOl’l.50

42



'7\\ S < ¥ —.Av

Y —

L/ ¥ -
8 é."&_ o
Polymer hiydrogels {4'%, - )
Se T

e

Enzyme responsive -

materials
Self-immolative Supramolecular
materials materials

Particles Surfaces

Figure 2.12. Different classes of enzyme responsive materials (taken from reference 48).”

2.6.1 Polymeric particles — microgels / chemically crosslinked hydrogels

Microgels are crosslinked polymer particles with colloidal dimensions (10-
1000 nm). They can undergo morphological transitions, when they sense a change in

133
Enzymes have

the environment such as pH, temperature, ionic strength, light.
been reported to trigger polymer particle dissolution, but have not yet been used on
microgels to trigger swelling. Chemically crosslinked microgels are of interest,
because of their unique property of reversible swelling-deswelling upon application
of the mentioned stimuli. They can behave as reservoirs that can protect drug
molecules from the surrounding environment, without requiring covalent
modification of the drug. Physically entrapped drug molecules can then be released,
as required if the stimulus is present.

The earliest report of microgel synthesis was by Staudinger and Husemann in
1935 that polymerized divinylbenzene into a branched network."** The term
microgel was introduced later, in 1949 by Baker, to describe crosslinked

polybutadiene latex particles.'> Originally, the word “micro” was referred to the size

of gel particles, while “gel” was related to the ability of these particles to swell in the
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suitable solvent. Today, this term is still widely used in polymer science to indicate
colloidal dispersions of gel particles. In literature, in addition to the term “microgel”,
various terms can be found to define chemically crosslinked polymer particles:
hydrogels (related to water as swelling solvent)'*’, nanogels (referred to the size of
particles in nm), latex particles, submicron gel beads, etc."” In addition, “microgels”
are often used to indicate polymeric particles having micron-range size, creating
confusion, because they are not in the colloidal range. According to the [UPAC
definition (IUPAC Recommendations 2007), a microgel stands for a “particle of gel
of any shape with an equivalent diameter of approximately 0.1 to 100 pm” to
distinguish it from the nanogel, which is defined as “particle of gel of any shape with
an equivalent diameter of approximately 1 to 100 nm”."*® Throughout this review we
will refer to microgels as crosslinked polymer particles having colloidal dimensions
(10-1000 nm).

A variety of colloidal microgels have been designed and synthesised so far,
and mainly the stimuli used to control their behaviour are pH (e.g. acrylic acid
based)"**'**1*1%% and temperature (e.g. poly(N-isopropylacrylamide) based)'*'*.
The presence of the ionisable groups in the structure of polymers makes them pH
responsive. Microgels can be classified as cationic, neutral or anionic depending on
the monomers used to prepare them. The majority of the research conducted on pH
responsive microgels is based on anionic, carboxylic acid functionalised ones. The
first example of pH responsive microgels with high concentration of primary amines,
was reported by Saunders and co-workers.'* Amine rich, enzyme responsive
microgels of colloidal size have not yet been reported and would constitute
interesting platforms for development of vehicles for anticancer agents. Their size
and enzyme responsiveness would be advantageous for targeted cancer therapy.

However, being based on new polymers (not FDA approved) they are rarely

biocompatible, which would constitute an issue in their biomedical applications.

Polymeric particles containing enzyme cleavable crosslinks
One approach to develop enzyme responsive microgels is the introduction of
enzyme cleavable peptide linkers as crosslinks within the polymer particles (figure

2.13), where drug molecules could be physically entrapped. Enzymes degrade these
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linkers upon cleavage, which could result in the dissolution of the structure and
release of payload at the desired site. As an example, a protease responsive macrogel
(600 um when swelled) where the crosslinker used is a tetrapeptide sensitive to
chymotrypsin was reported.'* The hydrogels were prepared by introducing peptide
sequences containing cysteine on methacrylamide monomers giving rise to
polymerizable peptides. The hydrogels were made by photopolymerisation of pre-
polymer solution containing the peptide crosslinker. Upon the introduction of
chymotrypsin the structure was dissolved due to the dissolution of peptide
crosslinks.

A similar system using PEG-based monomers was reported by Lutolf ef al.,
where a peptide crosslinker sensitive to MMPs was used and its network degradation

assessed by treatment with MMPs.'*

The system was developed as a cell-sensitive
system by introducing a peptide crosslinker made of RGD based sequences flanking
the MMP cleavable sequence. Modified RGD based sequences were introduced as
pendant functions to confer adhesiveness to a non-adhesive PEG network, while
MMP sensitive sequences were introduced to obtain enzyme responsiveness. After
cleavage of the crosslinks by MMPs initial hydrogel swelling was observed,
followed by microgel degradation due to the digestion of the crosslinks.'*®

The same concept based on a different polymeric system (using
thermoresponsive and pH responsive building blocks) was reported by Kim et al.'*’
N-isopropylacrylamide-co-acrylic acid (NIPAAm-co-AAc) based hydrogels
containing peptide crosslinks sensible to MMPs were developed. Hydrogels were
obtained by radical addition polymerisation using NIPAAm and AAc monomers and
peptides modified with reactive acrylate groups. The peptide crosslinker with
bifunctional acryl groups was synthesised first, by modifying the amine groups of
lysine and glutamine present on the peptide sequence with acryloyl chloride. In this
way the acrylic group was added to the peptide sequence that was ready to be
polymerised with the other monomers. Hydrogels with different amounts of
crosslinker were synthesised and the degradation with MMPs assessed, which
depended on the enzyme concentration and crosslink density of the hydrogel.'*”* In
addition, hydrogels containing a cell-adhesive signal (RGD) and MMP degradable

domains were further developed by the same group.'*’
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Figure 2.13. Schematic representation of enzyme induced microgel dissolution.

In summary, all these examples describe enzyme responsive systems where
the final physical structure of the polymer changes upon enzyme cleavage. The

peptide sequences are degraded and the dissolution of the gel takes place.

Microgels with pendant peptide sequences

A different approach in developing enzyme responsive microgels can be
followed where the peptide sequences are not introduced as crosslinks but as pendant
sequences as shown in figure 2.14. After enzymatic cleavage, these structures would
not dissolve and release products generated during the degradation of polymers in
the body in case of drug delivery. Pioneering work in this area by Thornton et al.
shows micrometer sized (250 um) polymeric beads functionalized with a
zwitterionic peptide sequence, which acted as enzyme substrates.'*® These PEGA
beads presented enzyme triggered swelling caused by an increase in internal particle
charge (an overall positive charge), due to the enzyme hydrolysis of the peptide
sequence present on the particles. They demonstrated that this selective enzyme

148a

triggered particle swelling can be used to release payload molecules, dextran ™ and

protein payloads (avidin and albumin).'**

In the latter case, a specific design to
control the release was exploited, consisting in the charge matching of peptide

linkers to the charge of the protein payload.'*® Avidin (anionic) and albumin
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(cationic) were chosen as protein payloads, because of their opposite charges at
physiological pH. PEG-based hydrogel particles with overall cationic charge were
used for controlled release of the cationic albumin, while the particles with an overall
negative charge were used for controlled release of the anionic avidin. In case of
oppositely charged, polymeric particles and protein payload (e.g. cationic particles
and anionic avidin, and vice versa) the release was poor due to electrostatic attraction
between the payload and the peptide, suggesting their poor performance as drug
delivery systems. This system has been improved by McDonald er al®, by
incorporating branched peptides to increase bead swelling, in smaller (20 um) sized
beads. In these examples, physically (rather than chemically) entrapped payloads are
released due to enzyme cleavage of peptide cleavable linkers with rationally
positioned charged groups.® A limitation of these systems is their large size, which

results in slow response times and limited potential for application in drug delivery.

\’\T polymeric particle

c enzyme

=x®1 enzyme cleavable pendant
sequences

Figure 2.14. Schematic representation of enzyme induced microgel swelling.

2.6.2 Supramolecular peptide based ERMs for cancer applications
Three main classes of peptide based supramolecular materials are studied in

the context of ERMSs: (i) aromatic peptide amphiphiles, (ii) aliphatic peptide
amphiphiles (PAs) and (iii) polymer-peptide conjugates. Enzymes are used to trigger
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different responses of these materials including enzyme induced: (i) formation, (ii)
degradation or (iii) reconfiguration of nanostructures, as shown in figure 2.15. The
development of dynamic and reversible systems able to control the assembly and
disassembly is still a challenge in the field of ERMs, even if some dual responsive
systems were developed.

Even though anti-cancer applications of peptide based ERMs are in their
infancy, examples based on supramolecular peptide and polymer-peptide
amphiphiles able to degrade selectively in tumour sites have been shown to be
effective in delivering drugs in vitro and in vivo. Enzyme triggered reconfiguration
of materials is a new direction in supramolecular peptide material development for
cancer applications. So far, no purely peptidic supramolecular system has reached
clinical trials for cancer applications. They were explored in terms of
biocompatibility and possible therapeutic applications such as inhibition of tumour

growth and prevention of cancer cell migration.
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Figure 2.15. Schematic representation of enzyme induced responses of supramolecular
peptide based ERMs.
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2.6.2.1 Enzyme induced formation of nanostructures

Enzymatic catalysis presents an attractive way to control molecular self-

assembly.'*’

The advantages include specificity, selectivity and localized action of
enzymes, that result in a better spatio-temporal control of self-assembly. Using
enzymes is possible to control/induce the assembly, by introducing structural
modifications on demand. Most examples in this section are based on bond cleavage
strategies and involve the removal of the hydrophilic phosphate group from a
precursor that results in a more hydrophobic and less soluble compound, that self-
assembles into a hydrogel. In systems where pairs of enzymes were used,
phosphatases triggers gelation, while a second enzyme (kinase, tyrosinanse) induces
gel-sol transitions.

The most common supramolecular ERMs are based on the enzymatic
triggered formation of nanostructures via self-assembly (Fig 2.15a). Different
enzymes have been used to induce formation of hydrogelators. Of biological
relevance are phosphatases'®’ involved in the dephosphorylation of phosphorylated

12
" have

tyrosine containing peptides. In addition, matrix metalloproteinases (MMPs)
been exploited in cleaving peptide bonds, by selective removal of solubilizing
peptide or polymer domains. Other relevant examples of enzyme induced
hydrogelation are subtilisin cleavage of esters and thermolysin amide bond formation

via condensation (the direct reversal of hydrolysis)."'

2.6.2.1.1 Peptide ERMs for cancer applications

The most studied enzymatically controlled supramolecular self-assembly
systems are those based on aromatic peptide amphiphiles, that consist of short
peptide sequences (typically up to five amino acids) modified with aromatic groups
(fluorenyl, naphtyl or pyrenyl), that tend to self-assemble giving rise to B-sheet-like

fibrillar structures.'>

Multiple fibrils can further assemble to form fibres, that can
further interact and entangle to form hydrogel networks.
Since the first example of enzyme triggered hydrogelation reported by Xu

and co-workers, based on the dephosphorylation of an Fmoc protected amino acid
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derivative (Fmoc-Yp), many other aromatic peptide amphiphiles based hydrogelators
were designed, exploiting the same enzymatic reaction.’’ Examples include Nap-
FFGEYp”®, Nap-FFYp>’, Ac-YYYpY-OMe'"” and Fmoc-FYp’*. MMP-9 triggered
hydrogelation based on a purely peptidic substrate, FFFFCG|LDD is an interesting
example, as it is the first example of use of MMP-9 to trigger hydrogelation.'*” In
addition, aliphatic peptide amphiphiles and peptide-polymer conjugates were
enzymatically triggered to form nanostructures and/or hydrogels. A list of examples
of enzyme triggered formation of nanostructures with possible biomedical

applications is shown in table 2.4.
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Table 2.4. Examples of enzyme triggered formation of nanostructures with possible

biomedical applications.

Precursor Enzyme Gelator Transition Application Current Ref.
studies
Aromatic peptide amphiphiles
Nap-FFGEYp*® Phosphatase =~ Nap-FFGEY Hydrogelation = Hydrogel In vivo 98
formation
Fmoc-FYp** Phosphatase ~ Fmoc-FY Micelle to fibre = Fundamental / 36
transition
PABA-FsPhe-Phe- PABA- Hydrogelation =~ Visual assay Invitro 105,
GPKG |LKGA/ MMP, FsPhe-Phe- for diagnosis 111
HSAKFY|SG / PSA,'”
LTPR| Thrombin'"
Fmoc-Yp'” Phosphatase ~ Fmoc-Y Hydrogelation =~ Detection of / 102
inhibitors of
enzymes
Nap-FF-ester*’ Esterases Nap-FF Hydrogelation =~ Cancer cell Invitro 47
death
induction
FFFFCG|LDD'”  MMP-9 FFFFCG Hydrogelation  Fundamental — / 127
Nap-FFYp* Phosphatase ~ Nap-FFY Fibre network  Inhibition of In vivo 3c
formation/ cancer cell
hydrogelation migration
Ac-YYYpY-OMe'"?  Phosphatase/ Ac-YYYY-  Hydrogel Controlled Invitro 113
Tyrosinanse =~ OMe dissolution release (model
drug)
Aliphatic peptide amphiphiles
KRRASVAGK]|C;;] Phosphatase/ Sol-to-gel / Doxorubicin Invitro 54
kinase pair Gel-to-sol release™
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Cancer Diagnosis

Hydrogel formation due to dephosphorylation of Fmoc-Yp was used to
develop a visual assay for detecting inhibitors of enzymes. In the presence of the
inhibitors of the acid phosphatase no hydrogelation would be observed, due to the
inhibition of the enzyme, while in the absence of inhibitors hydrogelation would
occur. Even if this presents an easy and rapid protocol, it has accuracy limitations (in
determining the ICs of the enzyme). Another limitation would be that hydrogelation
(self-assembly) should not be disturbed by the presence of inhibitors themselves, but
should be based only on their ability to inhibit the enzyme.'’* Later, this concept was
extended to detection of enzyme activity via gelation for different proteases

' and MMP-9'"). In both cases the enzyme detection system was

(thrombin"'
designed to contain a gelator, a recognition sequence for the target enzyme and a
solubility factor. p-aminobenzamide-FsPhe-Phe gelator was linked to a PEG
solubility factor through the enzyme cleavable sequence (LTPR| for thrombin or
GPKG|LKGA for MMP-9). After the cleavage of the sensor by a target enzyme,
another enzyme is used (aminopeptidase that cleaves off the N-terminus of a peptide)
to remove the residual amino acids from the gelator scaffold. Gelation was observed
only when the targeted enzyme efficiently cleaved the sensor, giving the possibility
to develop a general method easily extendable to other proteases. The MMP-9
triggered hydrogelation assay constitutes an example of diagnostic application in
vitro with a detection limit of 50 nM, which is within the levels of circulating MMP-

105 1f a lower

9 in cancer patients (7160 nM for non-small cell lung cancer).
detection limit is required this could be achieved by using a gelator with lower
critical gelation concentration or by designing a different recognition sequence with
higher specificity toward the enzyme of interest.

Mutter’s group introduced a class of “switch peptides”, where the
conformational transition is induced by enzyme triggered acyl migration.'”
Conformational transition and self-assembly of various peptides was achieved by
using N-protecting groups that were sensitive to different enzymes (trypsin, esterase,
pyroglutamate aminopeptidase and cancer relevant dipeptidyl peptidase IV*?). The

N-terminal enzyme triggered deprotection induced acyl migration, that resulted in

self-assembly with possible application in prodrug design and biosensor technology.

53



Cancer treatment by intra/extracellular hydrogelation

Overexpression of enzymes in the intracellular environment enables the
development of systems able to form hydrogels inside cells. Intracellular
hydrogelation inside mammalian cells and bacteria was reported by Xu and co-
workers.”’ In this example, intracellular esterases triggered the hydrogelation of a
Nap-FF ester derivative inside HeLa cells, which resulted in a change in viscosity of
the cytoplasm and caused cell death. The hydrogel formation was selective for HeLa
cells, as the expression levels of esterases were higher than those found in normal
cells.

In addition, extracellular enzymes can be targeted to trigger extracellular
hydrogelation. Systems were developed where a phopshatase/kinase pair is used to
control the assembly and disassembly of simple molecules. Nap-FFGEYp was
designed to form hydrogels, due to removal of the phosphate group present on the
precursor by a phosphatase. The reverse action of gel-to-sol transition was achieved
by using a kinase in the presence of ATP to control the phosphorylation, i.e. the
attachment of the phosphate group on the tyrosine residue of the designed peptide.
This phosphorylation resulted in the increase of the solubility and dissolution of the
previously formed hydrogel. The hydrogel could then be restored by using a
phosphatase. This is the first example of using a pair of enzymes to control
hydrogelation.” In addition, this system was shown to be able to form hydrogels in
vivo when injected into mice.

Enzymatically controlled nanostructure formation and degradation using
pairs of enzymes was also reported for aliphatic peptide amphiphiles. Stupp and co-
workers designed an aliphatic PA KRRASVAGK][C,;], where phosphorylation/
dephosphorylation switch is used to control fibre disassembly and assembly,
respectively.”® The protein kinase A (PKA) is used to selectively disassemble the
nanofibres, which can be restored by treatment with alkaline phosphatase. PKA
induced disaggregation of nanostructures could be exploited in cancer therapy. To
test the feasibility of the designed system to function as an enzyme sensitive drug
encapsulation tool, doxorubicin was encapsulated within the peptide amphiphile
nanostructures and its release monitored in presence and absence of PKA. Enzyme

triggered doxorubicin release was confirmed to be faster and more efficient. Cell
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cytotoxicity studies showed selectivity of the doxorubicin loaded nanostructures
towards cancer cells, known to overexpress PKA, over non-cancer cell lines
suggesting specifically targeted release in the presence of cancer cells.

Another example using two enzymes to control the assembly and
disassembly was given by the Ac-YYYpY-OMe peptide amphiphile designed as a
substrate for phosphatase and tyrosinase, an oxidative enzyme over-expressed in

. 113
malignant melanoma.

Phosphatase action was used to induce hydrogelation by the
removal of the phosphate group, while tyrosinase was explored for the gel-to-sol
transition because in the presence of oxygen was able to transform tyrosine to
quinone disrupting m- 7 interactions between phenol rings. Controlled release of a
model drug molecule (Congo red) was demonstrated upon addition of tyrosinase
indicating the potential use of these hydrogels in drug delivery applications.

The first example of the use of MMP-9 to form a peptide based
supramolecular hydrogel was reported by Xu and co-workers.'”” A peptidic system,
FFFFCG|LDD was designed, where the hydrophilic blocking group is removed
from the hydrogelator unit upon treatment with MMP-9. Even if not yet shown,
triggering hydrogelation exploiting MMP-9 over-expression opens up new
possibilities for creating biomaterials able to block metastasis or could be exploited
for developing enzyme assays for sensing MMPs.

A way for potential inhibition of cancer cell growth and prevention of cancer
cell migration by extracellular hydrogel formation was presented by Xu and co-
workers.”® In this study, a naphthalene-capped D-tripeptide (Nap-FFY), which is
resistant to proteolysis in cellular environment due to the presence of D-amino acids,
was found to form fibres selectively on HeLa cells, due to enzyme-instructed self-
assembly of soluble monomers. Fibre network formation was induced by over-
expressed surface and secretory phosphatases. In vitro studies on multidrug resistant
uterine sarcoma cells (MES-SA/Dx5) confirm the inhibition of their growth, due to
selective formation of networks of fibres able to block nutrients exchange and
therefore induce apoptosis, when compared to epithelial cells that remain viable

when treated with the peptide.
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2.6.2.1.2 Polymer-peptide ERMs for cancer applications

Cancer Diagnosis

Peptide-polymer conjugates able to undergo enzyme triggered self-assembly
have also been studied. A poly(ethylene glycol)-functionalised amphiphilic
oligopeptide able to undergo enzymatically triggered self-assembly was reported by
7110

Koga et a
hydrophilic PEG segment through a thrombin cleavable linker (VPRGS). The overall

In this study, a B-sheet forming peptide (L4KgL4) was conjugated to a

conformation of the conjugate was o-helical, due to the fact that the hydrophilic
PEG-tail increases its solubility in water. Upon enzyme action, the PEG unit was
removed, which allowed the peptidic part to assemble into P-sheets and form
nanofibres. An anticancer application was not yet shown for this system, however, as
thrombin was reported to promote malignancy in cancer, a metastatic diagnostic tool

could be developed in future.

Cancer Treatment
Acid phosphatase responsive PEO-peptide conjugates, that self-assemble into
aggregates with peptide core and PEO shell due to phosphate group removal, were

1> The peptide segment was based on five repeats of

reported by Kiihnle and Borner.
alternating threonine and valine diads ((TV)s), that has high propensity of forming -
sheet type assemblies. By introducing three phospho-threonines in the (TV)s peptide
structure the B-sheet formation is suppressed as the phosphate groups prevent the
self-assembly of the bioconjugate. The addition of the phosphatase serves as a switch
for the activation of the self-assembly process and suggests a peptide guided
organization of the bioconjugate. This strategy, that utilises enzymes to specifically
manipulate peptide segments in peptide-polymer conjugates, allows the regulation of
the bioconjugate characteristics and could be further developed for drug delivery
applications.

Enzyme triggered self-assembly of non-peptidic materials is rare, but
nevertheless some examples were reported in literature. Enzymatically triggered self-

assembly of block copolymers into spherical colloidal nanostructures, under

physiological conditions was presented by Amir ef al."® Vinyl monomers containing

56



enzymatic substrates (phosphate moieties) were polymerised with PEG
macroinitiator to yield water soluble double-hydrophilic block copolymers. Upon
enzymatic cleavage by phosphatase the solubilising phosphate groups were removed,
giving rise to an amphiphilic block copolymer that undergoes self-assembly.
Spherical nanostructures with PEG based hydrophilic shell and hydroxystyrene
hydrophobic core were obtained, that could be useful in future as carriers for

hydrophobic drugs.

2.6.2.2 Enzyme induced degradation of supramolecular structures

Enzyme induced degradation of supramolecular structures (Fig. 2.15 b) is
based either on enzymatically induced changes in solubility (e.g. introducing
phosphate groups by kinase) or on direct degradation of the substrates by proteolysis
(e.g. fragmentation into smaller, non-assembling molecules by MMPs). The enzyme
induced increase in the solubility of building blocks results in disassembly of the
structure. The main application associated with enzyme triggered degradation of

supramolecular nanostructures is tissue engineering and drug delivery.

2.6.2.2.1 Degradation of peptide ERMs for cancer applications

Cancer diagnosis
A triple helical optical probe based on collagen type V mimic for the
detection of MMP-2 and MMP-9 activity in vivo was developed, based on a peptide

conjugated to a near-infrared fluorescent dye.'”

The natural collagen sequence
(residues 437—447 of type V collagen) was adapted to contain a pair of lysine
residues flanking the hydrolysis site, easily modified at the side chains with
fluorescent dyes and repeating Gly-Pro-4-hydroxy-L-proline sequences at N- and C-
termini, that drive the self-assembly of three single-stranded peptides into triple-
helical conformation. When self-assembled into triple helical structures, these probes
show no signal due to self-quenching of dyes when in close proximity, however, in

the presence of MMP-2/9, the substrate (GPPG|VVGEK) is hydrolysed, which
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results in the release of dyes and an amplified fluorescence signal is detected. This
was confirmed in vivo, where an enzyme induced fluorescence signal was detected in
mice bearing a human fibrosarcoma tumour cells, while the signal was quenched in
the presence of MMP inhibitors.

Another study shows how enzymatic activation influences the distribution of
peptides and peptide fragments in cancer cells. An MMP-2 cleavable peptide
(IPVS|LRSK) containing a FITC molecule of the N-terminus was modified with
coumarin-343 at the C-terminus. Its distribution was studied in vivo in the presence
and absence of MMP-2. While no accumulation was observed for normal cells, when
administered to cancer cell lines cleavage of the probe occurs. As a consequence, the
FITC containing fragment remains distributed extracellularly, while the coumarin-
343 containing fragment is internalised by the cells. This example shows how
enzyme activity can influence the distribution of peptide fragments in solid tumour
by regulating their cellular uptake."”” It should be noted that, unlike the other
examples (based on supramolecular structures) discussed in this section, this
example is not based on a degradation of a supramolecular structure, but on different
distribution of peptide fragments in presence of cancer cells (cancer related

enzymes).

Cancer treatment

A system sensitive to urokinase plasminogen activator (uPA) was developed,
where two B-sheet forming peptides based on the KLD-12 self-assembly motif are
flanking the SGR|SANA substrate peptide.''* The KLDLKL-SGR|SANA-
DLKLDLKL peptides, where the FITC tag was covalently attached to the N-
terminus of the building blocks, were formulated into self-assembly matrices. uPA
triggered degradation of the matrix was monitored by the release of the fluorescent
reporter attached. These systems were further modified with a membrane penetrating
arginine rich sequence, to enhance cell delivery and loaded with mitochondrial
disruption peptide, KLAKLAKKLAKLAK that was released in the presence of uPA,
giving high cytotoxicity to cells.

Recently, MMP induced hydrolysis of supramolecular peptide filaments for

drug delivery application in cancer therapy was reported by Cui and co-workers.'*®
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In this work, B-sheet rich supramolecular filaments were obtained by pH induced
self-assembly of peptide sequences linking a hydrophobic oligoproline segment to an
amyloid-derived peptide sequence (GNNQQNY). A short alkyl chain (Cg) was
included in the structure to enhance the assembly potential. Subsequently, the
obtained filamentous structure was stabilised using a crosslinking strategy to
covalently lock the structure, where the crosslinks were displayed at the surface of
the nanofibres. This consisted of the introduction of MMP-2 sensitive peptide
crosslinks (GPQG|IAGQ and IPVS|LRSG) to confer fibre stability at physiological
pH and introduce enzyme sensitivity in the material. Upon treatment with MMP-2,
the supramolecular fibrillar filaments undergo dissociation into individual building
units. This new platform could be extended to other types of enzymes and offers
potential uses in drug (protein) delivery.

An example for the on-demand release of chemotherapeutics in the presence
of MMPs was developed and then tested in vitro. Physically crosslinked nanosized
hydrogels obtained by mixing a negatively charged natural polypeptide, gelatine
(type B from bovine skin, commercially available) with cationic surfactants such as
the commercially available CTAB or peptide amphiphiles containing multiple
arginines attached to alkyl chains, were reported.”” Prior to mixing, gelatine was
modified with succinic anhydride to obtain negative charges. When the surfactant
micelles were then mixed with gelatine, stabile core-shell like nanogels formed that
are sensitive to MMP-9 (able to degrade gelatine) and show high encapsulation
stability. This was confirmed also in the in vifro environment. Such systems were
used for doxorubicin encapsulation and MMP-9 triggered release in a SCC-7 cell
line, which is known to have MMPs over-expressed. In the presence of MMP-9, the
doxorubicin was successfully released and showed toxicity to the cells treated, while
in the presence of MMP-9 inhibitors this toxicity was not observed.

MMP-9 responsive collagen mimetic lipopeptides able to self-assemble into
vesicles were reported, to which a PEG moiety was introduced through a disulfide
bridge sensitive to reductive environment.'® The PEG was added to increase the
circulation times, but also to protect the vesicles from enzymatic degradation. It was
hypothesised, that in the extracellular environment where glutathione is found, these

nanovesicles will undergo reduction, which would result in the PEG removal and
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would make the resulting structures MMP-9 responsive (GPQG|IAGQ). The
vesicles were encapsulated with an anticancer drug, gemcitabine and effective
enzyme triggered drug release was observed in three dimensional spheroid cell
cultures. The in vivo performance of the vesicles, following intravenous
administration in mice models with human pancreatic cancer, showed the capacity of
the designed system to reduce tumour growth more efficiently compared to the
control nanovesicles (without the MMP-9 enzyme substrate).

The concept of supramolecular membranes for cancer therapy was introduced
by Stupp and co-workers, where (KLAKLAK), based cytotoxic aliphatic PA (Cjs-
VVVAAAGG(KLAKLAK),) self-assemble into membranes when in contact with
hyaluronic acid.*® Initially, the co-assembly is due to charge complexation, which is
followed by a diffusion barrier creation and perpendicular growth of fibres. The
membrane composition influences its (membrane) morphology and thus its
degradation in response to the enzyme, and in particular the rate of release of the
cytotoxic peptide. The in vitro behaviour of MDA-MB-231 and SKBR-3 breast
cancer cells was investigated when in contact with the membranes. These
membranes can act either as reservoirs of cytotoxic peptides, when the hyaluronidase
induced fragmentation releases cytotoxic (KLAK) fragments, or as constructs with
highly surface-localised toxicity to be used for eliminating the residual cancer cells
after surgery. In the first case, the cancer cell lines having higher hyaluronidase
activity compared to the epithelial ones, become more susceptible to the cytotoxic
metabolic products. In the case of cell seeded on the membranes, MB-MDA-231
breast cancer cells were observed to adhere to the membranes, but were found dead
after a few hours indicating the potential use as materials with high surface toxicity

in cancer therapy.

2.6.2.2.2 Degradation of polymer - peptide ERMs for cancer applications

Cancer diagnosis
Recently, radiolabeled self-assembled glycol chitosan nanoparticles for
multimodal imaging were reported.'®’ A combination of near-infrared fluorescence

optical probe and PET (Positron emission tomography) imaging was used for whole
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body (mice) imaging based detection of metabolic and/or molecular aberrations such
as protease over-expression. Self-assembled chitosan nanoparticles were prepared,
that were modified post-assembly via copper-free click chemistry with ®*Cu, and
MMP-9 sensitive peptide sequences (GPLG|VRGKGG) containing near-IR
fluorescent dyes. Their potential to act as probes for tumour detection was tested in
tumour bearing mice. The in vivo multimodal imaging confirmed the accumulation
of the probe in tumour tissues and the increased MMP-9 activity, showing that the

developed probe is useful for an accurate diagnosis of cancer states.'®!

Cancer treatment

The idea that disassembly of a supramolecular structure could result in
release of anticancer drugs in the desired site was explored for peptide-polymer
conjugates, too. A peptide-polymer conjugate responsive to gelatinases was reported
by de Graff et al. where a peptide, substrate of MMP-2 and MMP-9
(SGPQG|IFGQMG), was decorated at the N- and C- termini with two growing
polymer chains. The peptide was positioned between a hydrophilic and a
thermosensitive polymer blocks forming peptide-hybrid ABC block copolymers.'*!
These amphiphilic block copolymers self-assembled into MMP sensitive micelles,
that could be loaded with drug molecules and potentially used as drug delivery
systems in cancer states, due to collagenase induced removal of the hydrophilic
corona of the micelles.

Lecommandoux and co-workers reported enzyme sensitive PVG|LIG-PTMC
(poly(trimethylene carbonate)) amphiphilic hybrids composed of an MMP-2
sensitive, hydrophilic peptide and a hydrophobic, biodegradable polymer suitable to
target the tumour microenvironment.” Different lengths of the polymeric blocks
having increasing hydrophobicities directed the self-assembly into various
submicrometer-sized spherical morphologies being vesicles, micelles and core-shell
nanoparticles. All the nanostructures undergo MMP-2 triggered disassembly, with
the vesicles being more resistant, probably due to the fact that the interior surface of

the vesicles is not easily accessible to the enzyme.
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2.6.2.3 Enzyme triggered reconfigurations

As described so far, enzymes can be used to induce the formation or
degradation of nanostructures. The development of dynamic systems, where the
disassembly and assembly of nanostructures can be controlled by enzymes, is
attractive from the point of view of mimicking the dynamic remodelling observed in
the natural ECM and physiological processes using synthetic materials. The
approach for developing enzyme responsive dynamic self-assembly systems, is
based on morphology transitions from one type of supramolecular assembly to
another (Fig. 2.15 ¢). Many examples of enzyme triggered structural transitions

reported in literature are based on polymeric micelles.'®

2.6.2.3.1 Reconfiguration of peptide ERMs for cancer applications

Examples of micelle to fibre transitions were reported for both aromatic and
aliphatic peptide amphiphiles, both characterised by macroscopically observable
morphology changes from solutions to hydrogels. First, a micelle to fibre transition
of Fmoc-FYp dipeptide in response to alkaline phosphatase was reported by
Sadownik er al.’® This aromatic peptide amphiphile undergoes a transition from a
free flowing micellar solution to a gel-forming nanofibre network, due to the enzyme
mediated phosphate group removal. A similar transition was reported by Koda et al.
for an aliphatic peptide amphiphile responsive to a protease.'”* Palmitoyl-
GGGHGPLGLARK composed of an MMP-7 responsive peptide sequence attached
to an alkyl chain self-assembled into micelles. Upon enzyme cleavage, palmitoyl-
GGGHG fibre forming unit formed hydrogels. This hydrogelating system could find

applications as a visual assay for detection of MMP-7.
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2.6.2.3.2 Reconfiguration of polymer - peptide ERMs for cancer applications

Cancer Diagnosis

Peptide-polymer, block copolymer amphiphiles containing substrates for four
different cancer associated enzymes: protein kinase A, protein phosphatase-1, and
matrix metalloproteinases 2 and 9 were reported.”’ Reversible switching of
morphology using a phosphorylation/dephosphorylation cycle was shown together
with the study of peptide sequence directed changes of morphology induced by
proteolysis. The designed peptide-polymer conjugates, containing a hydrophobic
block (phenyl groups) and a hydrophilic block (peptides), self-assembled into
micelles displaying peptide side chains (enzyme substrates) in the hydrophilic shell.
These materials could reversibly change the structure form micelles to larger
aggregates, using the kinase/phosphatase pair as 3 cycles of phosphorylation/
dephosphorylation were successfully performed. They were also shown to undergo
an irreversible transformation from micelles to amorphous networks in response to
MMPs. In this case the position of the cleavage site in the amphiphile was critical for
the morphology change. When the cleavage site for MMPs was positioned in the
proximity of the backbone, a more pronounced morphological change was
observed.”’ The MMP-2 and MMP-9 (GPLG|LAG) ability to trigger the transition
from micelles to micrometer scale aggregates was later exploited by the same group
for enzyme-directed accumulation of nanoparticles selectively in tumour tissues in
vivo.”> Enzyme responsive particles able to generate a FRET (Forster resonance
energy transfer) signal in tumour tissue were obtained, by introducing donor or
acceptor dyes in the previously described MMP responsive polymer-peptide
conjugates. In response to the cancer-associated enzyme, these systems produced a
fluorescence signal in the tumour site.”® Although not yet shown, these systems
could be exploited for prolonged drug release in tumours. This concept was further
extended to attachment of near-infrared dyes (Alexa Fluor 647 dyes) on polymer-
peptide conjugates exploiting the advantage of long wavelengths for deep in tissue

. . 163
imaging.
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Cancer Treatment
An interesting example, where the morphology transition is based on enzyme

' In this example,

catalysed reduction was presented by Deming and co-workers.
enzyme responsive co-polypeptide vesicles were designed based on
poly(methionine)-b-poly(leucine-phenylalanine) hydrophobic precursor, that was
oxidized in mild conditions to methionine sulfoxide containing peptide amphiphiles,
able to assemble into vesicles. The possibility to interchange methionine residues
between hydrophobic (reduced) and hydrophilic (oxidized) using mild oxidation
conditions and the incorporation of enzyme responsiveness was exploited.
Intracellular reductases, i.e. methionine sulfoxide reductases (MSR) known to
catalyse the reduction of metionine sulfoxide to methionine, were chosen as a target
enzyme. Enzyme triggered change in self-assembled morphology from vesicles to
sheet-like assemblies was observed upon MSR addition, able to regenerate
hydrophobic methionine segments. The release of a model drug molecule (Texas
Red labelled dextran) was studied in the presence of the enzyme confirming that
MSR induced disruption of vesicles resulted in cargo release. As MSR enzymes are
found up-regulated in oxidative stress environments, such as cancer and injury states,
targeting of these enzymes provides a new opportunity to intracellularly release
drugs in oxidatively stressed tissues. This example differs from conventional ERMs
typically developed to be responsive to enzymes that catalyse coupling or cleavage

reactions.

2.7 Conclusions and future perspectives

In summary, various ways of cancer targeting by taking advantage of enzyme
over-expression have been explored. Targeting dis-regulated levels of enzymes
seems to be a valid approach as enzymes show a number of unique advantages
compared to other stimuli. Exploiting their spatio-temporal control enables triggering
of structural changes in the desired tissue or organ. The emphasis is on self-
assembling peptides and peptide-polymer conjugates as nanomaterials for
biomedical applications such as diagnosis and drug delivery. Recently, effort has

been put on developing supramolecular, enzyme responsive, peptide nanomaterials
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for cancer diagnosis and treatment, able to efficiently target the tumour tissue, while
reducing the side effects in other tissues and organs.

Substantial effort has been put on the elucidation of peptide self-assembly
mechanisms that can lead to the design of more sophisticated systems. However, it is
important to move towards real life applications of the enzyme responsive materials,
that are able to undergo dynamic changes in material properties only when needed.
Many materials described in this text are based on synthetic polymers combined with
peptides and some require toxic methodologies for their preparation. Removal of the
by-products, catalysts and often solvents used during the preparation step can be
difficult to achieve.

Many known enzymes and enzymatic reactions remain unexplored in the
development of ERMs and may require investigation to lead to the discovery of new
dynamic systems for drug delivery applications. By learning from biology new
aspects could be added to the existing materials exploiting more complex
mechanisms.

Selectively targeting cancer cells leading to in vivo applications still remains
a challenge for supramolecular ERMs based on peptides. Recently, animal models
have been tested with the objective to identify possible candidates for further studies
and maybe in a not so far future, FDA approval. New therapies with no side effects
are still an imperative, but the attempts made by nanotechnology will possibly lead

to the development of an efficient and successful cancer therapy.
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3 MMP-9 triggered micelle-to-fibre transitions for slow release of

o o }
doxorubicin
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3.1 Introduction

Peptide self-assembly is increasingly investigated for a plethora of
applications in biomedicine including drug release, tissue engineering, diagnostic

25a-¢,26.29a.0:438 Thage nanostructures are of interest

studies and regenerative medicine.
as they may contain bioactive peptide ligands, as well as structural components
which enable access to a variety of nanoscale morphologies dictated by the amino
acid sequence but also by the route of assembly””. Enzymatic catalysis presents an

attractive way to control molecular self-assembly.”*">*!%*

In this approach, non-
assembling precursors that are “blocked” with enzyme cleavable groups are
converted to self-assembling building blocks (including hydrogelators), enabling
self-assembly on-demand under physiological conditions. The most frequently
studied biocatalytic self-assembly systems are those based on aromatic peptide
amphiphiles. These consist of short peptide sequences modified with aromatic

152

groups such as phenyl, naphthyl, fluorenyl and others. ™ Different enzymes such as

hosphatases'>***36165  and roteases (includin matrix metalloproteinases

phosp p g p

(MMPs))"?*'?7 have been used to trigger molecular self-assembly in vitro and in
. 3b,52

vivo~ " ”.

Expression levels of enzymes dictate the difference between health and
disease in many cases, including cancer. MMPs are a family of zinc dependent
endopeptidases that are involved in the digestion and remodelling of the extracellular
matrix.'°° Some members of this family, such as MMP-9 have been reported to be
over-expressed in breast, cervical, colon and other types of cancer.'®” This makes
them valuable triggers for responsive biomaterials and targeted self-assembly.
Typically, MMP responsive peptide-based systems act via hydrolysis and
dissociation of structures i.e. using enzymatic cleavage to trigger dissociation of

hydrogels (containing MMP sensitive crosslinks)'**'%

, supramolecular peptide
filaments'”® and polymer-peptide hybrids”. The first example of the use of MMP-9
to form (rather than degrade) a peptide based, supramolecular hydrogel was
presented by the Xu group.'”’ A morphology change induced by MMP-7 was
previously shown for an aliphatic, palmitylated peptide amphiphile system.'® A very

recent study shows the development of a selective assay for MMP-9 vig gelation.'*
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3.2 Objectives

Based on this knowledge, the development of a peptide based enzyme
responsive system, that is able to undergo a morphological change from micellar
aggregates to fibres in response to cleavage by MMP-9 (Fig. 3.1 A) was set out, and
its design for localised formation of a depot for slow release of hydrophobic drugs
(e.g. doxorubicin) at the cancer site was assessed.

There are three requirements for such a system: (i) a biocompatible fibre
forming self-assembly unit (Phenylacetyl-FFAG/GFFLG) that also provides the
hydrophobic binding region for drug candidates, (ii) the MMP-9 cleavable sequence
and (iii) a hydrophilic unit (LDD) that modifies the amphiphilic balance of the
precursor to favour micelle formation (Fig. 3.1 B). Thus, upon MMP-9 cleavage, the
peptide micelles reconfigure into fibres, due to a change in hydrophobic/philic
balance of the sequence. In turn, this aspect may be used for hydrophobic drug
entrapment into fibres, presenting a unique advantage for the development of drug

delivery systems for prolonged release times after initial exposure.
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Figure 3.1. A) Schematic representation of micelle to fibre transition induced by MMP-9
cleavage showing an enzyme induced disassembly of micelles and the re-assembly into
fibres, after the removal of the hydrophilic group. The fibre formation due to the new
hydrophobicity/philicity balance is in turn advantageous for prolonged drug release. B)

119 e
3> positions on

Structure of the biocatalytic gelation system components where the P4-P
the designed peptides are shown and also the expected (G|L) and observed (L|D, F|L and
F|F) MMP-9 cleavage sites, in accordance with previous studies that also showed a shift in

specificity of this enzyme when short i.e. heptapeptide substrates are used.'>*'?’
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3.3 Design of MMP-9 substrates

In order to design the enzyme cleavage site, the MEROPS'”’ database was
used, which provides cleavage patterns for peptidases based on a collection of
experimental data from literature. This can be used for the design of substrates that
simultaneously meet the three criteria mentioned. MMP-9’s specificity preference
for P4 — P3' (Fig. 3.2) subsites (based on 367 cleavages reported in literature) is
based on the GPX,G|LX,G sequence with G|L (P1-P1°) being the cleavable bond,
X (P2) being preferentially alanine or leucine, and X, (P2’) glycine as a first

. 170
choice.”

MMP-9 requires longer substrates, of for example 7 residues (i.e. P4-P3’),
in order to be able to recognise and efficiently cleave the G|L bond'”', with
GPLG|LAG being an example.'”* The length of the substrate and large substitutions
(i.e. pyrene, naphthalene, etc.) at the N-terminus can lead to a shift in specificity of
MMP-9."% To fulfil the requirement of the gelator (fibre forming) unit in the P3 and
P4 positions phenylalanine-phenylalanine ** was used (proline and glycine preferred,
but phenylalanine known to be tolerated in P3 and P4). In P2 we chose alanine
(1a)/leucine (1b), while in P2’ and P3’ (referred to as amino acids flanking the

scissile bond towards the C-terminus) aspartic acid-aspartic acid, was used, as it is

known to be tolerated in both positions, and will provide a negatively charged

P4P3P2P1

surface of the micellar aggregates.

A

U U —— v vu U
3 525151'S2’ 3 525151'S2’

MMP-9 MMP-9

Figure 3.2. Schematic representation of the Schechter and Berger model for MMP-9 and the
designed substrate where P4-P3’ positions are shown to interact with S4-S3” subsites in the

active site of the enzyme.
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3.4 Results and discussion

3.4.1 Peptide synthesis and characterisation

First the PhAc-FFAGLDD (1a), GFFLGLDD (2a) and their expected
products of enzyme cleavage PhAc-FFAG (1b) and GFFLG (2b) were synthesized
and characterized by HPLC and LCMS. Self-assembly was assessed by atomic force
microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), dynamic light

scattering (DLS), rheology and fluorescence.

Solid phase peptide synthesis (SPPS) and characterisation

The four peptides (1a, 1b, 2a and 2b) produced by SPPS were analysed by
HPLC and LCMS to confirm the identity and purity of the obtained products. When
needed, the preparative HPLC was used to purify the compounds.

1a peptide sequence (Fig. 3.3 A) was analyzed by HPLC using two different
gradients (Fig. 3.3 B and C): HPLC (20-80% Solvent B (0.1% TFA in acetonitrile),
retention time = 22.2 min) and HPLC (30-50% Solvent B, retention time = 32.3
min). LCMS results are as follows: LC (5-100% Solvent D (5 mM ammonium
acetate in acetonitrile), retention time = 10.7 min), MS (mass calculated: [M-H]=

900.4, mass observed: [M-H]= 900.3) shown in figure 3.3 D.
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Figure 3.3. A) Chemical structure of PhAc-FFAGLDD (1a); B) HPLC chromatogram for 1a
(20-80% solvent B gradient, detection wavelength = 214 nm); C) HPLC chromatogram for
1la (30-50% solvent B gradient, detection wavelength = 254 nm); D) Fragment of MS

spectra showing the negative ion of 1a detected.

1b peptide sequence (Fig. 3.4 A) was analyzed by HPLC using two different
gradients (Fig. 3.4 B and C): HPLC (20-80% Solvent B, retention time = 22.2 min)
and HPLC (30-50% Solvent B, retention time = 27.7 min). LCMS results are as
follows: LC (5-100% Solvent D, retention time = 11.2 min) and MS (mass
calculated: [M+H]" = 559.3, mass observed: [M+H]" = 559.2), shown in figure 3.4
D.
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Figure 3.4. A) Chemical structure of PhAc-FFAG (1b); B) HPLC chromatogram for 1b (20-
80% solvent B gradient, detection wavelength = 214 nm); C) HPLC chromatogram for 1b
(30-50% solvent B gradient, detection wavelength = 254 nm); D) Fragment of MS spectra

showing the positive ion of 1b detected.

The reason why two different gradients were used for HPLC analysis in case
of 1a and 1b is that both, the long sequence (1a) and the expected cleavage product
(1b) have the same retention time (22.2 min) when analyzed using 20-80%
acetonitrile gradient. Therefore, to separate the two peaks and provide optimal
conditions for enzyme studies the new 30-50% acetonitrile gradient was used

showing retention times of 32.3 min for 1a and 27.7 min for 1b.

2a peptide sequence (Fig. 3.5 A) was analyzed by HPLC (20-80% Solvent B)
and shows a retention time of 16.8 min (Fig. 3.5 B). LCMS results are as follows:
LC (5-100% Solvent D, retention time =10.1 min) and MS (mass calculated: [M-H]
= 881.4, mass observed: [M-H] = 881.3), shown in figure 3.5 C.
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Figure 3.5. A) Chemical structure of GFFLGLDD (2a); B) HPLC chromatogram for 2a (20-

80% solvent B gradient, detection wavelength = 214 nm); C) Fragment of MS spectra

showing the negative ion of 2a detected.

2b peptide sequence (Fig. 3.6 A) was analyzed by HPLC (20-80% Solvent B)

and shows a retention time of 15.6 min (Fig. 3.6 B). LCMS results are as follows:

LC (5-100% Solvent D, retention time =

10.1 min) and MS (mass calculated:

[M+H] "= 540.3, mass observed: [M+H]" = 540.3), shown in figure 3.6 C.

Chemical Formula: CygH37N504
Exact Mass: 539,27
Molecular Weight: 539,62
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Figure 3.6. A) Chemical structure of GFFLG (2b); B) HPLC chromatogram for 2b (20-80%
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solvent B gradient, detection wavelength = 214 nm); C) Fragment of MS spectra showing

the positive ion of 2b detected.

Characterisation of self-assembling behaviour of peptide amphiphiles

The micelle forming peptides (la and 2a) were directly dissolved in
deionized water, the pH adjusted to 7.4 and their self-assembly behaviour
investigated after a cycle of alternating sonication and vortexing. For the expected
enzyme cleavage peptide fragment i.e. 1b/2b the peptide was dissolved in DI water
and the pH was increased (NaOH 0.5 M) to solubilise 1b/2b, followed by a slow
decrease of pH achieved by addition of HCI 0.5 M, to a final pH of 6.5 — 7 to trigger
gelation. This slightly acidic pH corresponds to that of the tumour
microenvironment.” Gelation was observed for the expected MMP-9 cleavage
products 1b and 2b. 1b forms a transparent gel (Fig. 3.7 A) while an opaque gel is
observed for 2b (Fig. 3.8 A).
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Figure 3.7. A) Atomic force microscopy (AFM) showing the micellar aggregates (solution)
for 1a and fibres (hydrogels — 20 mM) for 1b. B) Rheology data for 1b gel showing the plot
of G’ (elastic modulus) and G’ (viscous modulus) against frequency. C) FTIR absorption
spectrum in the amide I region (in D,O at pH 7): 1a (solution) and 1b (gel). D) Critical
aggregation concentration (CAC) of 1.3 mM (1a) and 2.9 mM (1b).
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The AFM characterisation of the peptides revealed spherical aggregates for
la (44 £ 6 nm) and 2a (42 + 4 nm) while fibres were found for 1b and 2b having
micron scale length and 20-50 nm range width which corresponds to the size of
peptide based fibres reported in literature.’* Alternative supramolecular organisation
was further supported by infrared (IR) spectroscopy data (Fig. 3.7 C and 3.8 C)
suggesting the presence of ordered structures for the examined peptides due to

aggregation via intramolecular hydrogen bonding.'”

Peptides 1a and 2a show a red
shift and a broad peak at 1643 cm™ compared to 1650-1655 cm™ absorption values
typical for free peptides in solution. The 1570-1580 cm™ absorption band is
attributed to the aspartic acid side chain carboxylate group present in 1la and 2a.
Extended structures are observed for 1b characterised by a pronounced narrowing of
the peak typical for short peptide B-sheets at 1630 cm™ and for 2b showing a more
complex pattern indicating extended nanostructures, while the 1595 cm’
characteristic of the C-terminus carboxylate group has a low intensity.'’* Rheology
measurements of the 1b hydrogel show the elastic modulus (G”) of 360 Pa, an order
of magnitude higher than its viscous component (G”= 32 Pa) which is characteristic
of entangled networks (Fig. 3.7 B). The same behaviour is observed for the hydrogel

2b having the elastic modulus of G’=10.9x10° Pa and the viscous modulus of G”=

662 Pa (Fig. 3.8 B), being a stiffer gel compared to 1b.
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Figure 3.8. A) Atomic force microscopy (AFM) showing the micellar aggregates (solution)
for 2a and fibres (hydrogels — 20 mM) for 2b. B) Rheology data for 2b gel showing the plot
of G’ (elastic modulus) and G’ (viscous modulus) against frequency. C) FTIR absorption
spectrum in the amide I region (in D,O at pH 7): 2a (solution) and 2b (gel). D) Critical
aggregation concentration (CAC) of 1.4 mM (2a) and 2.5 mM (2b).

Furthermore, DLS experiments (autocorrelation functions in figure 3.9; size
distributions in figure 3.10; sizes (Ry) in nm in table 3.1) were performed for peptide
solution samples 1a, 1b, 2a and 2b at various concentrations ranging from 0.625
mM to 5 mM to find the best concentration range for data analysis. From the
autocorrelation functions in figure 3.9, observing the different decay rates, can be
seen that peptide solutions 1a and 1b show stable size in the concentration range of
0.625-2.5 mM while the size of the aggregates further increases at concentrations of
> 5 mM. Peptide 2a shows stable sizes over the range of concentrations examined
while peptide 2b shows big aggregates (slower decay rate) with variable size at
concentrations higher than 0.625 mM. Therefore, diffusion coefficients for all
peptide solutions are presented for samples at 0.625 mM and the corresponding Ry

values were calculated. Although the Ry approximation is referred to spherical
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particles and not applicable to fibres, these data are shown for comparison, in order

to see the difference between micellar aggregates and fibres (Table 3.1).
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Figure 3.9. Autocorrelation functions of peptide solutions at different concentrations: A) 1a,

B) 1b, C) 2a and D) 2b showing the behaviour of each peptide at varying concentrations.

Table 3.1. Ry values for peptide solutions of 1a, 1b, 2a and 2b at various concentrations.

Peptide la 1b 2a 2b

Concentration Ry sd Ry sd Ry sd Ry(nm) sd
(mM) (nm) (nm) (nm)

5 328 26 639 48 239 4 38.4x10°  4.1x10°
2.5 205 18 392 52 234 13 38.6x10°  32.8x10°
1.25 167 5 307 28 233 12 13.2x10°  2.8x10°
0.625 165 3 358 17 241 24 968 41

The diffusion coefficients (D) of samples 1a (micellar aggregates) and 1b
(fibres) at 0.625 mM are 1.5x10™"> m’s™ and 6.8x10™"° m’s™ corresponding to Ry
values of 165 nm and 358 nm, respectively (Fig. 3.10 A and C). The diffusion
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coefficients (D) of samples 2a (micellar aggregates) and 2b (fibres) at 0.625 mM are
1.13x107"% and 2.5x10™"° m’s™ corresponding to Ry values of 241 nm and 968 nm,
respectively (Fig. 3.10 B and C). Both peptides (1a and 2a) show faster decay rates,
thus smaller size for micellar aggregates compared to fibres (1b and 2b). The higher
values of Ry compared to AFM (dry samples) indicate that in the solution state the

aggregates are bigger than the collapsed, dried ones.
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Figure 3.10. A) Autocorrelation functions of peptides 1a and 1b and B) 2a and 2b at the

concentration of 0.625 mM indicating a difference in decay rates for micellar aggregates and
fibres.

In order to further investigate the self-assembly behaviour of peptide
amphiphiles the critical aggregation concentration (CAC) in water was determined
by using the fluorescence intensity of the 8-anilino-1-naphthalenesulphonic acid
(ANS probe) as a function of the peptide concentration (Fig. 3.7 D and 3.8 D).
Varying concentrations (5 mM, 2.5 mM, 1.25 mM, 0.625 mM, 0.312 mM, 0.156
mM and 0.078 mM) of each peptide were used after a series of dilutions was made
from a 10 mM peptide stock solution. 1 pL of the ANS stock solution (0.01 M in
methanol) was added to 1 mL aqueous solution of peptides to reach the final probe
concentration of 1x 10° M and the fluorescence emission measured immediately
after mixing. The ANS fluorescence was monitored at room temperature using an

excitation wavelength of 360 nm and fluorescence emission recorded over a range of
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370 nm to 700 nm. The CAC calculation method was adapted from literature.'”
CAC was calculated by plotting the intensity of ANS at the emission maximum
against the log of peptide concentration. The two trendline equations from each
graph were set as equal and from there the value of x at the turning point,
corresponding to the log concentration, was calculated. By solving 10* the CAC in
mM was obtained.

The determined CAC values were 1.3 mM for PhAc-FFAGLDD, 2.9 mM for
PhAc-FFAG, 1.4 mM for GFFLGLDD and 2.5 mM for GFFLG. The fluorescence
emission spectra for the four peptides containing ANS are presented in the figure
3.11. In order to determine CAC the emission maximum (450 nm for 1a and 1b, and
470 nm for 2a and 2b) was plotted over varying peptide concentrations. The two
distinct peaks in the fluorescent emission spectra indicate the distribution of the
probe in two different environments: hydrophobic core of micelles (450-470 nm) and
hydrophilic solvent- water (525-550 nm). It can be noted that the CAC values for the
peptides show different values, and in particular longer peptides (1a and 1a) show
lower CAC values than their shorter counterparts (2a and 2b). As these molecules
have different peptide lengths as well as different compositions and aggregation
modes it is not straightforward to directly compare them in terms of CAC as
different non-covalent interactions are involved (hydrophobic, H-bonding,
electrostatic and Van der Waals). The cumulative effect of these interactions

influences the aggregation.
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Figure 3.11. A) Fluorescence intensities of the ANS probe for different concentrations of

each peptide: 1a, 1b, 2a and 2b (A = 360 nm).

Furthermore, the critical micelle concentration (CMC) for 1a and 2a was
determined by using pyrene as fluorescent probe. Varying concentrations (5 mM, 2.5
mM, 1.25 mM, 0.625 mM, 0.312 mM, 0.156 mM and 0.078 mM) of each peptide
were used. A diluted pyrene solution was added to each of the seven different
concentrations of peptide solutions to reach the final probe concentration of 6.25 x
10° M. These samples were then excited at 338 nm and fluorescence emission was
monitored over a range of 360 nm to 410 nm. The ratio of the fluorescence intensity
of the first (Aem=372 nm) and the third peak (A.n=384 nm) was plotted as a function
of the peptide concentration (Fig. 3.12). The value calculated to be 1.25 mM for both

peptides is in the same range of the CAC values for 1a and 2a.
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Figure 3.12. A) and C) Fluorescence intensities of pyrene for different concentrations of 1a
and 2a (Aex = 295 nm) respectively. B) and D) The ratio of the first (A.»,=372 nm) and the
third peak (Anv=384 nm) in the emission spectra of pyrene plotted against peptide

concentration for peptide surfactants 1a and 2a respectively.

3.4.2 Enzymatic hydrolysis to trigger micelle to fibre transition

After the designed peptides 1a, 1b, 2a and 2b showed to be successful in
controlling the morphology of the supramolecular aggregates based on the peptide
length i.e. hydrophobicity, the enzyme triggered micelle to fibre transition for 1a and
2a peptide amphiphiles was explored (Fig. 3.13). 1a and 2a were treated with 50
ng/mL MMP-9 for 96 h. The enzyme concentration was chosen based on examples
found in literature.'”” In addition, the selected concentration is in range of the MMP-
9 concentration secreted by cancer cells.'”
The conversion and product identification was assessed by HPLC and

LCMS while the morphological change was monitored by AFM, where fibre
formation was observed (Fig. 3.18 B and 3.19 B).
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Figure 3.13. Schematic representation of enzyme triggered micelle to fibre transition.

Peptide 1a (Fig. 3.14 A) showed complete conversion after 96 h to PheAc-
FFAGL (1c¢) and DD fragments indicating the shift of the MMP-9 specificity for this
heptapeptide to GL|D instead of the expected G|L. This is in accordance with
reported observations that cleavage sites of heptapeptides catalysed by MMP-9 differ
from those of longer peptide sequences or proteins.'”’ According to MEROPS
leucine and aspartic acid are tolerated in P1 and P1’ positions respectively, but they
do not seem to be preferentially recognised and reported as a cleavage site for MMP-
9. The DD fragment is not shown in the HPLC chromatograms as it washed out from
the column quickly, most likely with the solvent peak, due to its high hydrophilicity

but also lacks a good chromophore.
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Figure 3.14. A) HPLC chromatogram showing complete conversion of la (PhAc-
FFAGLDD) to 1¢ (PhAc-FFAGL) after 96 h MMP-9 treatment. B) HPLC chromatogram
showing that the digestion of 2a leads to a formation of different fragments being: 2¢
(GFFLGL), 2d (GFF) and 2e (FLGLDD). A more detailed HPLC monitoring showing all
time points examined is below in the following text (Figures 3.17 and 3.18). The wavelength

for all the chromatograms was 254 nm.
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More in detail, PhAc-FFAGLDD was converted to PhAc-FFAGL after 96 h
(Fig. 3.15): HPLC (30-50% Solvent B, retention time of product = 21.6 min).
MALDI (mass calculated: [M+H]'= 671.39, mass observed: [M+Na]'= 694.38).
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Figure 3.15. HPLC chromatograms showing the MMP-9 induced digestion of 1a monitored
over 96 h. Product formation at different time points is showed: time 0 (no enzyme), 24 h,
48 h, 72 h and 96 h. The chromatograms show slow conversion to PhAc-FFLGL (1¢) being
the only product (the DD fragment is too hydrophilic to be detected with the gradient and
column used). At the end is added the MALDI spectra recorded after enzyme treatment,

showing the sodium adduct of 1¢ detected.
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Peptide 2a shows conversion to different products, the main one being
GFFLGL (2c¢), corresponding to the fragment that is one residue longer than the
expected product, as observed with 1a, indicating a shift in MMP-9 specificity (Fig.
3.14 B). Other products formed, but in lower quantities are: the GFF (2d) + LGLDD
(not detected at 254 nm due to lack of chromophore) fragments and GF + FLGLDD
(2e). As the conversion was not complete after 96 h, the hydrolysis of this peptide
was studied for 120 h showing further breakage of the substrate but possibly also of
the products i.e. GFFLGL is digested to GF + FLGL (2f). This shows some residual
cleavage by MMP-9 at the F|L and F|F bonds. A similar behaviour was previously
reported where F|C bond was cleaved.'*’

More in detail, GFFLGLDD is converted to 3 main products after 96 h (Fig. 3.16

and 3.17):

a) GFFLGL (2¢): HPLC (20-80% Solvent B, retention time = 18.9 min).
LCMS: LC (5-100% Solvent D, retention time = 10.3 min), MS (mass
calculated: [M-H]= 651.36, mass observed: [M-H] = 651.3)

b) GFF (2d): HPLC (20-80% Solvent B, retention time = 14.1 min). LCMS: LC
(5-100% Solvent D, retention time = 8.6 min), MS (mass calculated: [M-H] =
368.17, mass observed: [M-H] = 368.1)

c) FLGLDD (2e): HPLC (20-80% Solvent B, retention time = 13.7 min).
LCMS: LC (5-100% Solvent D, retention time = 8.5 min), MS (mass
calculated: [M+H]"= 679.32, mass observed: [M+H]" = 679.3)

After 120 h further fragmentation of the substrate is observed, but also the digestion
of the GFFLGL product (2¢) into GF and

d) FLGL (2f): HPLC (20-80% Solvent B, retention time = 17.2 min). LCMS:
LC (5-100% Solvent D, retention time = 9.3 min), MS (mass calculated: [M-
H] =447.27, mass observed: [M-H] =447.1)
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Figure 3.16. HPLC chromatograms showing the MMP-9 induced digestion of 2a monitored
over 120 h. Product formation at different time points is showed: time 0 (no enzyme), 24 h,

48 h, 72 h, 96 h and 120 h.
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Figure 3.17. Fragments of MS spectra showing the detected: A) the negative ion of 2¢; B)
the negative ion of 2d; C) the positive ion of 2e; and D) the negative ion of 2f.

As formation of fibres was observed by AFM and TEM for both 1¢ and 2¢
(vide infra), it is clear that the pentapeptidic and hexapeptidic residues, respectively
are able to self-assemble into fibres due to the removal of the DD unit (Fig. 3.18
B+C and 3.19 B+C). According to MEROPS, phenyalanine is well tolerated in both
P1 and P1’ positions, while leucine is preferred in P1’, in agreement with the

observed additional cleavage between F|L and F | F residues.

3.4.3 Enzyme triggered doxorubicin release/entrapment studies

Following this it was investigated whether the micelles were capable of
performing as mobile vehicles for drug encapsulation to immobilised fibre networks
for release of hydrophobic drugs. For this purpose, the release of an anticancer drug,
doxorubicin, was studied. Doxorubicin was solubilized in DMSO by sonication and
a 1 mM stock solution was made and subsequently diluted into the suspension of
peptide micelles (final concentration of doxorubicin: 5 uM). The samples were then
sonicated to allow doxorubicin diffusion into the hydrophobic core of the micelles.

After doxorubicin was loaded into the micelles, its release by passive diffusion was
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monitored over time by fluorescence microscopy. Fluorescence intensity of
doxorubicin at 596 nm which corresponds to the maximum intensity (Ax=480 nm)
was monitored over 96 h when incorporated into the la/2a peptide systems. A
control experiment with free doxorubicin (doxorubicin in water, no peptide present)
shows a decrease in fluorescence intensity over time, probably due to aggregation.
Due to poor solubility in water doxorubicin on its own is not reproducible but when
incorporated into peptides, becomes more stable. The interaction of doxorubicin with
the hydrophobic environment of 1e¢/2¢ results in higher values of fluorescence
intensity compared to free doxorubicin in water (doxorubicin emission in solvents of
different polarity is shown in Fig. 3.30 (vide infra). For 1a and 2a doxorubicin
fluorescence intensity drops slightly over 48 h suggesting that the doxorubicin is
incorporated into micelles over that time period, followed by significant decrease
after 72 h suggesting its release. When treated with MMP-9, there is a release of
doxorubicin from micelles (significant drop in fluorescent intensity upon exposure to
water) followed by entrapment into fibres (resulting in an increase in fluorescent
intensity) (Fig. 3.18 A and 3.19 A). A similar discontinuous behaviour with a
formation of a temporary environment was reported for a phosphatase responsive
system.'”” Even if the release profile after 48 h is similar for the MMP-9 treated and
untreated 1a/2a the advantage of the presence of the enzyme is that a localised effect

is obtained as the fibres are significantly less mobile that the micelles.
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Figure 3.18. A) Fluorescence intensities of doxorubicin monitored over time for doxorubicin
only, doxorubicin loaded into precursor peptide (1a) micelles and MMP-9 treated precursor
peptide (1a) micelles loaded with doxorubicin. B) AFM images of MMP-9 induced fibre
formation (PhAc-FFAGL) (1¢) after 96 h C) TEM images of doxorubicin loaded samples
treated with MMP-9 for 72 h showing that fibre formation was not disrupted by the presence
of the drug. All experiments were carried out in PBS at pH 7.4

88



After fibre formation, the increase of fluorescence intensity suggests that the
doxorubicin is entrapped in the fibres, which is further confirmed by the release
studies performed on gels (Fig. 3.21) where a sustained release over time is observed
(264 h). Furthermore, TEM images were obtained on enzyme treated doxorubicin
loaded peptides that confirm fibre formation and show that the presence of

doxorubicin did not disrupt fibre formation (Fig. 3.18 C and 3.19 C).
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Figure 3.19. A) Fluorescence intensities of doxorubicin monitored over time for doxorubicin
only, doxorubicin loaded into precursor peptide (2a) micelles and MMP-9 treated precursor
peptide (2a) micelles loaded with doxorubicin. B) AFM images of MMP-9 induced fibre
formation (GFFAGL) (2¢) after 96 h C) TEM images of doxorubicin loaded samples treated
with MMP-9 for 72 h showing that fibre formation was not disrupted by the presence of the

drug. All experiments were carried out in PBS at pH 7.4

The changed hydrophobicity/philicity balance results in entrapment of the
hydrophobic drug instead of release. In addition, the release studies conducted on
gels show a constant release of doxorubicin over long time periods (264 h)
confirming the possibility of the system to temporarily retain the payload followed
by its prolonged release times after initial exposure (Fig. 3.21). For this purpose gels
(1b and 2b) were prepared by dissolving the peptide in water containing
doxorubicin. After gelation, 1 mL of PBS was added on top of the gels to study the
release of doxorubicin from the fibres (gel) into the added PBS by passive diffusion.
100 pL aliquots were taken at different time points: time zero (immediately upon
addition), 30 min, 1h, 2h, 3h, 4h and subsequently every 24 h. After all 10 aliquots
(100 pL each) of PBS containing doxorubicin have been taken, a new 1 mL of PBS
wad added on top of the gels and aliquots taken every 24 h (Fig 3.20). Each aliquot
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was then diluted in 900 pL of DI water prior the fluorescence measurement was

taken.

100 pL aliquots

1 mL PBS fluorescence after 10 another 1 mL - 100 pL -

added measurement aliquots (100 " 0
at different ulL each) are 2;223 s aliquots t:ken
time points taken every 24
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after 8 aliquots (100 - after 10

uL each) have been aliquots (100
taken out form 1b L each) are
the gelation was 1% taken

extended to the PBS
present on top of the
gel.

Figure 3.20. Schematic representation of the release experiment performed on 1b and 2b

gels.

The results indicate that doxorubicin is entrapped in the fibres and slowly
released over time from the gels. However, a rapid increase of fluorescence intensity
is observed for 1b gel system after 48 h due to the fact that the gelation was extended
to the added PBS. What was measured for 72 h and 96 h time points was

doxorubicin containing gel diluted in DI water, which explains the high fluorescence

intensities.
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Figure 3.21. Doxorubicin release after addition of 1 mL of PBS monitored over 96 h,
followed by the addition (after 96 h) of another 1 mL of PBS on top of the gel and monitored
for 264 h in total.

The results obtained from the release experiments confirm that fibre

formation (gelation) results in the formation of local depots of doxorubicin from
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where doxorubicin can be released constantly over longer time periods (e.g. 264 h).
However, this is only an indicative study because when fibre formation is triggered
by enzymes, gelation is not expected as the peptide concentrations used are below
the critical gelation concentration. Nevertheless, with this experiment is confirmed

the expected behaviour of doxorubicin prolonged release from peptide gels.

3.4.4 Further investigations of doxorubicin physical entrapment

Confocal microscopy studies were conducted in wet (PBS) environment with
the purpose to observe morphological changes of peptide carriers during the MMP-9
treatment. This was done to develop a method for doxorubicin loaded fibre
visualisation around cancer cells (See Chapter 4). A systemic study was performed
monitoring the effect of peptide concentration of 2.5 mM, 1.25 mM, 0.625 mM and
0.312 mM on structural changes of peptide assemblies loaded with doxorubicin
during confocal imaging. In addition, fluorescence spectroscopy was used to monitor

the effect of peptide concentration on doxorubicin entrapment for these four different

concentrations.

Figure 3.22. Confocal images (scale bars: 50 pm): showing doxorubicin loaded into micellar
aggregates (1a/2a - starting material at the concentration of 2.5 mM) followed by 24 h, 48 h
and 72 h images of the 1a and 2a treated by MMP-9.
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Both peptides 1a and 2a (over the mentioned range of concentrations) were
treated with MMP-9 for 72 h and the results are shown for 2.5 mM (Fig. 3.22), 1.25
mM (Fig. 3.23), 0.625 mM (Fig. 3.24) and 0.312 mM (Fig. 3.25). Samples were
prepared as described in section 3.4.3. Briefly, peptide solutions of various
concentrations were prepared. Micelles are expected to form when the peptide
concentration is above the CMC. Doxorubicin (1 mM stock solution in DMSO) was
then diluted in the suspension of peptide micelles to a final concentration of 5 pM.
Subsequently the samples were sonicated to allow the diffusion of doxorubicin into
the hydrophobic core of the micelles. After sonication, 100 pL aliquots of each
peptide concentration (micelles loaded with doxorubicin) mentioned above (for 1a
and 2a) were transferred to a glass bottom 96-well plate. MMP-9 (final
concentration: 50 ng/mL) was added to peptide solutions of various concentrations
and the 96-well plate was incubated at 37°C. Every 24 h confocal images were taken

by imaging single wells of the well plate.

Figure 3.23. Confocal microscopy images of 1a and 2a at the concentration of 1.25 mM
treated with MMP-9 captured at A) and E) time zero (no enzyme); B) and F) 24 h; C) and G)
48 h; D) and H) 72 h. Scale bars: 50 pm.
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Figure 3.24. Confocal microscopy images of 1a and 2a at the concentration of 0.625 mM
treated with MMP-9 captured at A) and E) time zero (no enzyme); B) and F) 24 h; C) and G)
48 h; D) and H) 72 h. Scale bars: 50 pm.

Figure 3.25. Confocal microscopy images of 1a and 2a at the concentration of 0.312 mM
treated with MMP-9 captured at A) and E) time zero (no enzyme); B) and F) 24 h, C) and G)
48 h; D) and H) 72 h. Scale bars: 50 pm.

This technique did not prove to be successful for monitoring micelle to fibre
morphology transition because the size of the fibres is in the nanometer range

therefore is difficult to observe single fibres due to resolution limits. Loading the
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peptides with doxorubicin allows the visualisation of bigger aggregates and it
confirms that structures form and that the doxorubicin is retained inside them. Even
though is not possible to observe a clear morphological change over 72 h using
confocal microscopy, it is still possible to observe doxorubicin fluorescence signal,
meaning that the drug is retained within the structures formed. Compared to the
control experiments with doxorubicin in water, without peptide carriers and in the
presence of MMP-9 where no doxorubicin signal (fluorescence intensity) is observed
during the time period of 72 h (Fig. 3.26), confocal images show that the loaded
peptides have the ability to retain the payload. It should be noted that during
confocal imaging different regions of the sample were imaged. Therefore, the
observed features may have different fluorescence intensities. In addition, release of
doxorubicin is expected from both micelles and fibres suggesting lower fluorescence
intensity after 48 h. In particular, this is observed for 1a, suggesting that 2a is able to
retain the payload for longer time periods. Therefore, 2a might be a more promising

candidate for the future experiments in vivo.

Dox_24 h Dox_48 h Dox_72 h

Dox + MMP-9_0 h Dox + MMP-9_24 h Dox + MMP-9_48 h Dox + MMP-9_72 h

Figure 3.26. Confocal microscopy images of doxorubicin and doxorubicin in the presence of

MMP-9 at different time points: time zero, 24 h, 48 h and 72 h. Scale bars: 50 um.

When confocal imaging was performed on dry samples (Fig. 3.27) fibrillar
networks were observed for both peptides (1a and 2a) after enzyme treatment. For

this purpose, samples were left to dry out and confocal imaging was performed on
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two representative samples, with the best two images presented here.

Figure 3.27. Confocal images of dried samples 1a and 2a treated with MMP-9 for 96 h and
24 h respectively. Scale bars: 50 pm.

Fluorescence spectroscopy was used in addition to confocal imaging to study
the behaviour of doxorubicin in the presence of peptides. Fluorescence intensities for
peptides at different concentrations were recorded for untreated and MMP-9 treated
doxorubicin loaded micellar aggregates (Fig. 3.28 and 3.29). In addition, the study of
doxorubicin in solvents with different polarities is shown to confirm that doxorubicin
is loaded into peptides. A decrease in solvent polarity resulted in an increase in
fluorescence intensity (Fig. 3.30). This result is in agreement with the fluorescence
results obtained for doxorubicin loaded into peptides. When doxorubicin is loaded
into the micelles thus in more hydrophobic environment compared to water (free

doxorubicin) the fluorescence intensity increases.

Plots showing the comparison in behaviour of MMP-9 treated micellar
aggregates of 1a and the untreated ones, for each concentration point are presented

(Fig. 3.28).

95



A) %97 —=— 1_doxo only B) 97 —=— 1_doxo only

—e—1a_2.5mM —e—1a_1.25mM
5001 o —a—1a_2.5 mM_MMP-9 500+ —4—1a_1.25 mM_MMP-9
=) . 5
& 400 & 400
E e E RV
g 300{ * > © 3001 & —-\
8 \ 5 S
T 200 S 200 e
> [ I A 2 gy
£ 1004 . £ 100 . \
g \I 777777‘ E \. ‘7 .
0 I . o4 — . .
0 12 24 36 48 60 72 84 96 108 0 12 24 36 48 60 72 84 96 108
Time (h) Time (h)
C) 600+ —=— 1_doxo only D) 6007 —=— 1_doxo only
5004 e 1a_0.625mM 500 —e—1a_0.312mM
- —2—1a3_0.625mM_MMP-9 _ —a—1a_0.312 mM_MMP-9
> >
& 400 & 400
E E
© 3004 fu— © 3004
wn ° wn A‘
© 4 o—————— 0 = i $——»
22007 2 T 22007 1, ~_
[72] [72] ~I
S 100 \- S 100 \- '\
E \I ‘:i‘ E \I ‘:7
04 T ™ 04 T ——
0 12 24 36 48 60 72 84 96 108 0 12 24 36 48 60 72 84 96 108
Time (h) Time (h)

Figure 3.28. Fluorescent intensities of 1a loaded with doxorubicin and MMP-9 treated 1a
loaded with doxorubicin compared to doxorubicin in water, for different concentrations of

1a A) 2.5 mM, B) 1.25 mM, C) 0.625 mM and D) 0.312 mM.

Before enzyme treatment, fluorescent intensities of doxorubicin show a
concentration dependent behaviour in the presence of 1a. This can be seen for the
point zero of each peptide concentration in figure 3.28 (fluorescent intensities of
doxorubicin recorded are: 480 au in presence of 1a at the concentration of 2.5 mM,
380 au for 1.25 mM, 230 au for 0.625 mM and 200 au for 0.312 mM of 1a).
Increasing concentration of peptide corresponds to an increased fluorescence
intensity of doxorubicin. However, there is no linear correlation between peptide
concentration and doxorubicin intensity. After addition of MMP-9 a discontinuous
behaviour was recorded for 1a at the concentration of 2.5 mM (above the CMC), as
discussed in section 3.4.2 (for figures 3.18 and 3.19). This discontinuous behaviour
was not observed for 1.25 mM, 0.625 mM and 0.312 mM of 1a after MMP-9
treatment. According to expectations 1.25 mM sample was expected to show similar
behaviour to 1a at 2.5 mM, being this concentration the critical concentration for
micelle formation. The 0.625 mM and 0.312 mM concentrations were used as a

control as the micelle to fibre transition was not expected to occur. However, the
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CMC is a bulk property of materials and some localized points of aggregation are
still expected to be found in solution, as confirmed by confocal microscopy.
Therefore, the confocal images show aggregation points even below the expected
aggregation concentration (Figures 3.24 and 3.25). From the fluorescence results
shown in figure 3.28 it can be concluded that the best concentration to further study
the micelle to fibre transition is at 2.5 mM.

Also, plots showing the comparison in behaviour of MMP-9 treated micellar
aggregates of 2a and the untreated ones, for each concentration point are presented
(Fig 3.29). A similar behaviour described above for doxorubicin in the presence of
la is also observed for 2a. Doxorubicin intensity is higher when the peptide
concentration is higher (the recorder intensities for time zero are: 730 au for 2.5 mM,
770 au for 1.25 mM, 245 au for 0.625 mM and 220 au for 0.312 mM). The
discontinuous behaviour upon addition of MMP-9 was observed only for 2.5 mM
peptide (2a) concentration confirming that this is the optimal peptide concentration
for further studies. Also in this case, points of localised aggregation can be visualised

with confocal microscopy for concentrations below the CMC (Figures 3.24 and
3.25).
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Figure 3.29. Fluorescent intensities of 2a loaded with doxorubicin and MMP-9 treated 2a
loaded with doxorubicin compared to doxorubicin in water, for different concentrations of

2a: A) 2.5 mM, B) 1.25 mM, C) 0.625 mM and D) 0.312 mM.

97



Water
DMS O
Methanol
Ethanol

Water
——DMSO
Methanol
— Ethanol

1,0 1

[
o
«

4« >onm

0,8

=]

=3
L

>

0,6

o
o

Intensity (au)

o
i
L

Intensity (au)

0,2 1 0,24

0,0 T T T 1 T T T T T T T 1
500 550 600 650 700 10 20 30 40 50 60 70 80 90

W avelength (nm) Dielectric constant

Figure 3.30. A) Fluorescent emission spectroscopy (normalized) of doxorubicin in solvents
with different polarities (i.e. dielectric constant): ethanol, methanol, DMSO and water. B)
Maximum doxorubicin emission intensity (596 nm) plotted against the dielectric constant of

the examined solvents.

These results serve as a starting point towards method development for fibre
visualisation around cancer cells where the MMP-9 is secreted by the cells and
localized fibre formation expected. However, the examined peptides do not present
any chromophores/fluorophores covalently incorporated in the structure, but only
physically entrapped doxorubicin which makes it challenging to observe the
morphology changes. A more specific tag, Thioflavin T that selectively binds to -
sheet regions and shows fluorescence signal only in the presence of fibres would
need to be considered as part of future experiments. Attempts of fibre visualisation
around cancer cells will be described in the next Chapter (Chapter 4).

A possible way to enhance resolution in future studies could be based on
Stochastic Optical Reconstruction Microscopy (STORM). In a recent publication by
Meijer and co-workers, this technique has been shown to be efficient in the
visualisation of one-dimensional (1D) aggregates based on self-assembly.'”™
However, in their example the fluorophores were covalently attached to the self-
assembling monomer allowing better control over the visualisation process. Future
work on our systems will consider STORM on physically entrapped doxorubicin in
peptide nanofibres as a possible visualisation method that could guarantee a better

resolution compared to the methods used so far (See Chapter 4).
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3.5 Conclusions

In conclusion, new MMP-9 responsive peptide amphiphiles are shown here
that self-assemble into spherical aggregates. Enzyme triggered micelle to fibre
transition suggests that they are substrates of MMP-9 and are capable of
encapsulation and controlled release of doxorubicin. These observations suggest
their use as mobile carriers for the anticancer drug that in turn is expected to be
selectively delivered to tumour tissues, where the peptides would assemble to form a
localised fibre based depot by exploiting local MMP-9 overexpression and increased
activity. Furthermore, the assembled fibres provide a new scaffold for prolonged
drug delivery due to the partial entrapment of the drug and the intrinsic

biodegradable nature of peptide carriers themselves.

These are very challenging systems to develop in terms of MMP-9 specificity
where the substrate has to contain the right structural information to behave as a
smart system able to undergo a morphological transition. Being based on simple and
short peptide sequences MMP-9 is challenged to cleave efficiently the substrate at
the expected cleavage site G|L being well known for longer substrates and/or
proteins. However, the ability to reorganize from a micellar to a fibrillar
supramolecular structure and its application is drug delivery is a new concept not
addressed before. Mainly, drug vehicles based on supramolecular assemblies are
prodrug based or designed to disassemble and degrade in the presence of the enzyme
in order to release the loaded drug. Creating localised depots of anticancer drugs
around cancer cells can be beneficial for the development of anticancer therapy. In
order to prove the feasibility of the system to treat cancer states and its ability to
function in vitro and in vivo further examination and mechanism clarification is
needed. Thus, we set out to apply what we learned here to cells and finally to animal
models. When used in vivo these systems may also respond to other MMPs and

specifically to MMP-2 due to some overlapping in specificity profiles.
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3.6 Materials and methods

3.6.1 Materials

All reagents were purchased from Sigma Aldrich and used without further
purification unless differently stated. Peptide grade N,N-Dimethylformamide (DMF)
was obtained by Rathburn chemicals. The preloaded Wang resins were purchased
from Merck (Novabiochem). Monomeric MMP-9 proenzyme from human
neutrophils (as a solution in 50mM TRIS, containing 200mM sodium chloride, SmM
calcium chloride, 1 uM zinc chloride, 0.05% Brij-35 and 0.05% sodium azide) and
MMP-9 catalytic domain (as a solution in 50mM TRIS, containing SmM calcium
chloride, 300mM sodium chloride, 20uM zinc chloride, 0.5% Brij-35 and 30%

glycerol, at pH 7.5) were acquired from Enzo Life Sciences.

3.6.2 High-performance liquid chromatography (HPLC)

HPLC analyses of peptides were performed using Dionex P680 HPLC system
equipped with a Macherey-Nagel C18 column of 250 mm length, 4.6 mm internal
diameter and 5 pum particle size equipped with UV-Vis detector. The gradient:
(Solvent A: 0.1% TFA in water; Solvent B: 0.1% TFA in acetonitrile) 20-80% B was
utilised, with each run lasting a total of 46 minutes using a flow rate of 1 mL min™
and detection wavelengths set at 214 nm and 254 nm using the UV-Vis detector. For
separation of peptides 1a and 1b a 30-50% B gradient was utilised with each run
lasting a total of 70 minutes using a flow rate of 1 mL min"' and detection

wavelengths set at 214 nm and 254 nm using the UV-Vis detector.

3.6.3 Liquid chromatography-mass spectrometry (LC-MS)

LC-MS obtained at the University of Strathclyde Mass Spectrometry facility was
used to confirm peptide molecular weights. All analyses were carried out on a
reverse-phase 15 cm Kinetex C18, 150 x 4.6 mm, 5 micron column. The LC-MS
instrument was an Agilent 1200 Series HPLC, coupled to an Agilent 6130 Dual

source MS detector. The gradient: (Solvent C: 5 mM ammonium acetate in water;
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Solvent D: 5 mM ammonium acetate in acetonitrile) 0-3 min 5% D, 3-17 min 5-
100% D, 17-27 min 100% D, 27-33 min 100-5% D, and 33-36 min 5% D was used
in all analyses; the flow rate was set at 1 mL min™' and detection wavelengths at 214
nm. Mass detection was set to analyse in Scan mode with electrospray ionisation
(MM-ES+APCI). For all peptides examined both positive and negative ions were
detected but only one (positive or negative ion) is shown for peptide characterisation

to avoid redundancy.

3.6.4 Atomic force microscopy (AFM)

AFM was performed using a Veeco diINNOVA Scanning Probe Microscope
(VEECO/BRUKER). The samples were placed on a trimmed and freshly cleaved
mica sheet (G250-2 Mica sheets 1" x 1" x 0.006"; Agar Scientific Ltd, Essex, UK)
attached to an AFM support stub and left to air-dry overnight in a dust-free
environment, prior to imaging. All the images were obtained in tapping mode. The
resolution of the scans is 512 x 512 pixels. Typical scanning parameters are the
following: tapping frequency 308 kHz, integral and proportional gains 0.3 and 0.5,
respectively, set point 0.5-0.8 V and scanning speed 1.0 Hz. The images were
analysed using NanoScope Analysis software Version 1.40.

Sample preparation

Micellar suspensions were prepared by dissolving the peptide amphiphiles in PBS
and adjusting the pH at 7.4 followed by sonication (10 min). If too concentrated a
1:10 dilutions were performed in PBS before placing 10uL mica covered AFM
supports.

Gels were prepared as described in section 3.6.12, at 20 mM peptide concentration

and diluted 1:10 (if needed, 1:100) before imaging.

3.6.5 Transmission electron microscopy (TEM)

TEM imaging was performed at the University of Glasgow Electron Microscopy
facility, using a LEO 912 energy filtering transmission electron microscope
operating at 120kV fitted with 14 bit/2 K Proscan CCD camera. Carbon-coated
copper grids (200 mesh) were glow discharged in air for 30 s. The support film was
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touched onto the gel surface for 3 s and blotted down using filter paper. Negative
stain (20 ml, 1% aqueous methylamine vanadate obtained from Nanovan;
Nanoprobes) was applied and the mixture blotted again using filter paper to remove

excess. The dried specimens were then imaged.

3.6.6 Fluorescence studies

Fluorescence emission spectra for determination of critical aggregation concentration
were measured on a Jasco FP-6500 spectrofluorometer. The CAC experimental setup
is described more in detail in section 3.6.13. The ANS probe was excited at 360 nm
and the data collected in the range between 370 and 700 nm. The excitation and
emission bandwidths were both set to 5 nm. Fluorescence emission spectra for
determination of critical micelle concentration were measured on an X Fluor Safire 2
fluorescence plate reader (version: V 4.62n) at the Beatson Cancer Research Institute
(Glasgow). The CMC experimental setup is described more in detail in section
3.6.13. The pyrene probe was excited at 338 nm and the emission data were
collected in the range between 360 to 410 nm. The emission wavelength step size
was set to 2 nm and the excitation and emission bandwidths to 5 nm each.
Fluorescence emission spectra for determination of doxorubicin release from
micellar aggregates and after enzyme treatment was measured on an X Fluor Safire 2
fluorescence plate reader (version: V 4.62n) at the Beatson Cancer Research Institute
(Glasgow). Doxorubicin was excited at 480 nm and the emission intensity at 596 nm
was monitored over time. The doxorubicin release form 1b and 2b gels was
monitored using Jasco FP-6500 spectrofluorometer using the same parameters

mentioned above.

3.6.7 Confocal Microscopy

Samples were imaged in a liquid state using a Nikon Al (Tokyo, Japan) or an
Olympus FV1000 (Leica, Milton Keynes, UK) at the Beatson Cancer Research
Institute (Glasgow). Identical exposure times and processing were used in all
experiments. For doxorubicin visualization images were acquired using a 488 nm

laser, 8 % laser power over a field of view of 200 by 200 pum.
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3.6.8 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measurements were performed at the Department of Physics, University of
Strathclyde. Spectra were recorded on a Bruker Vertex 70 spectrometer, averaging
25 scans per sample at a resolution of 1 cm™'. Samples were sandwiched between
two 2 mm CaF, windows separated with a 50 um polytetrafluoroethylene (PTFE)

spacer.

3.6.9 Dynamic Light Scattering (DLS)

DLS was performed at the Department of Chemical Engineering, University of
Strathclyde. DLS measurements were carried out by using a ALV (ALV, GMBH,
Germany) spectrophotometers using vertically polarized He-Ne laser light (25 mW
with wavelength of 632.8 nm) with an avalanche photodiode detector. The DLS
measurements were carried out at angle of 90° at 25 °C. Intensity autocorrelation
functions were recorded and analysed by means of the cumulant method in order to
determine the intensity weighted diffusion coefficients D and the average
hydrodynamic radius Ry by using the Stokes-Einstein equation, Ry = kBT/6m nD,
where kB is the Boltzmann constant, T is the absolute temperature and n is the
solvent viscosity at the given temperature.

Autocorrelation functions were recorded for peptide solutions of 1a, 1b, 2a and 2b at
various concentrations (5 mM, 2.5 mM, 1.25 mM, 0.625 mM). Diffusion coefficients
and the corresponding Ry values were calculated for peptide solutions at 0.625 mM.
Furthermore cumulative method was used to plot size distributions and determine Ry
for micellar aggregates and fibres. Although the Ry approximation is referred to
spherical particles and not applicable to fibres, for comparison of size and in order to
see the difference between the two systems the size distributions were plotted.
Sample preparation

Micellar suspensions (5 mM) were prepared by dissolving the peptide amphiphiles in
PBS and adjusting the pH at 7.4 followed by sonication (10 min). A series of
dilutions, in PBS, were made prior to DLS measurement.

Gels were prepared as described in section 3.6.12, at 20 mM peptide concentration

103



and subsequently diluted, in PBS, to form 5 mM, 2.5 mM, 1.25mM, 0.625 mM

peptide solutions.

3.6.10 Rheology

To assess the mechanical properties of the 1b and 2b hydrogels, dynamic frequency
sweep experiments were carried out on a strain-controlled rheometer (Bohlin C-
CVO) using a parallel-plate geometry (20 mm) with a 0.25 cm gap. The temperature
of the sample stage was maintained at 25°C using an integrated temperature
controller. To minimize solvent evaporation and to keep the sample hydrated a
solvent trap was used and the atmosphere within was kept saturated. To ensure the
measurements were made in the linear viscoelastic regime, an amplitude sweep was
performed and the results showed no variation in elastic modulus (G’) and viscous
modulus (G’’) up to a strain of 1%. The dynamic modulus of gels was measured as a
frequency function, where the frequency sweeps were carried out between 0.1 and 10

Hz.

3.6.11 Solid phase peptide synthesis (SPPS) procedure

All peptide sequences where prepared using the standard Fmoc SPPS on Wang resin
pre-loaded with the first amino acid. The chain growth was performed with a three-
fold excess of amino acid over the resin in DMF, using N,N,N’,N’-Tetramethyl-O-
(1H-benzotriazol-1-yl)  uronium hexafluorophosphate (HBTU) and N,N-
Diisopropylethylamine (DIPEA) as activating and coupling reagents in 1:2 ratio
respectively relative to the amino acid. Fmoc removal was carried out with 20%
piperidine in DMF. The cleavage of the peptides from the resin was achieved using a
cleavage cocktail: 95% TFA, 2.5 % triisopropylsilane (TIS), and 2.5 % water. The
crude peptide was precipitated and washed in cold diethyl ether and subsequently
dissolved in water to allow further purification by preparative HPLC. For the
dissolution of hydrophobic sequences minimal amount of acetonitrile was used to
ease the dissolution of any non-dissolved material (in water). The samples were then
characterised by reverse phase high-performance liquid chromatography (HPLC) and
liquid chromatography-mass spectrometry (LCMS) to determine the purity and M,
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of the product. The peptides were purified by Almac Sciences (Elvingston Science

Centre, Gladsmuir, East Lothian, Edinburgh, EH33 1EH, Scotland).

3.6.12 Gel preparation

Samples were prepared by suspending the peptide powder (PhAc-FFAG of GFFLG)
to a total peptide concentration of 10, 20 and 30 mM in DI water. NaOH solution
(0.5 M) was added drop wise to reach complete dissolution of the peptide (pH 9-10),
followed by vortexing and sonication until full dissolution. HCI (0.5 M) was then
drop wise added to neutralize solution’s basicity (pH 6.8.-7.4) followed by vortexing
and sonication to trigger gelation. Immediately after that, the solution was allowed to
gel on the bench. All characterizations were performed after 24 hours unless

otherwise mentioned.

3.6.13 Determination of Critical Aggregation Concentration (CAC) and
Critical Micelle Concentration (CMC)
Critical aggregation concentration measurement was carried out for PhAc-
FFAGLDD, PhAc-FFAG, GFFLGLDD and GFFLG wusing 8-Anilino-1-
naphthalenesulphonic acid (ANS) as a fluorescence probe.'” Varying concentrations
(5§ mM, 2.5 mM, 1.25 mM, 0.625 mM, 0.312 mM, 0.156 mM and 0.078 mM) of
each peptide were used. A 0.01 M ANS stock solution was made in methanol. 1 pL
of the ANS stock solution was added to 1 mL aqueous solution of peptides (to reach
the final probe concentration of 1x 10 M) and the fluorescence emission measured
immediately after mixing. The ANS fluorescence was monitored at room
temperature using an excitation wavelength of 360 nm. Fluorescence emission was
monitored over a range of 370 nm to 700 nm. The CAC calculation method was
adapted from literature.'”> CAC was calculated by plotting the absorption of ANS at
470 nm (at the emission maximum) against the log of peptide concentration. The two
trendline equations from each graph were set as equal and from there the value of x
at the turning point, corresponding to the log concentration, was calculated. By

solving 10* the CAC in mM is obtained.
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Critical micelle concentration measurement was carried out for PhAc-FFAGLDD
and GFFLGLDD using pyrene as a fluorescent probe following a previously
reported method.”® Varying concentrations (5 mM, 2.5 mM, 1.25 mM, 0.625 mM,
0.312 mM, 0.156 mM and 0.078 mM) of each peptide were used. A stock solution of
2.5 mM was made in methanol, which was then diluted 20 times. 5 pL of the diluted
solution of pyrene was added to each of the seven different concentrations of peptide
solutions (to reach the final probe concentration of 6.25 x 10 M). These samples
were then excited at 338 nm and fluorescence emission was monitored over a range
of 360 nm to 410 nm. CMC was obtained by plotting the ratio the first peak
(Amax=372 nm) and the third peak (Am.x=384 nm) against concentration.

3.6.14 MMP-9 activation

The proenzyme was activated by incubation with 2 mM p-aminophenyl mercuric
acetate (APMA). A 10 mM stock solution of APMA was made in 0.1M NaOH. This
stock was diluted 5x to give a final APMA concentration of 2 mM. 1:1 volume ratio
(MMP-9:APMA) were used for activation that was performed at 37°C for 2 h. When

the catalytic domain was used no activation was required.

3.6.15 Digestion of substrates by MMP-9

The digestion of the peptides was carried out at 37°C in PBS for 96 h at a volume of
1 mL for peptides only and in a well plate at a final volume of 100 pL for peptides
loaded with doxorubicin.

A 10 mM stock solution of each peptide was made by dissolving the peptide in PBS
buffer (pH=7.4). The peptide solution was diluted to a final concentration of 5 mM
and MMP-9 was added to give a final enzyme concentration of 50 ng/mL. The
reaction was then incubated at 37°C for the desired time (96 - 120 h). After enzyme
addition the morphology change was monitored by confocal microscopy over time.
The final products were analysed also by TEM and AFM.

For the drug release studies and confocal imaging doxorubicin (final concentration: 5
uM) was added to the peptide solution and sonicated for 15 min before the addition

of the enzyme.
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The products of enzyme cleavage were analysed by HPLC and MALDI/LCMS.

3.6.16 Release studies of doxorubicin from 1b and 2 b gels

1b and 2b gels were prepared as described above. Doxorubicin was diluted in the DI
water used to make the gel to give a final concentration of 5 uM. 1 mL of PBS was
added on top of the gel and 100 pL aliquots were taken, diluted into 900 pL of DI
water and doxorubicin fluorescence emission was monitored over time (time zero, 30
min, 1 h, 2 h, 4h, 24 h, 48 h, 72 h and 96 h). After 96 h another 1 mL of PBS was
added at the top of the gel and the emission of doxorubicin recorded in the same way

as before (120 h, 144 h, 168 h, 192 h, 216 h, 240 h and 264 h).

3.6.17 Physical entrapment of doxorubicin

Doxorubicin was solubilized in DMSO by sonication and a 1 mM stock solution was
made and subsequently diluted into the suspension of peptide micelles (final
concentration of doxorubicin: 5 pM). The samples were then sonicated to allow
doxorubicin diffusion into the hydrophobic core of the micelles. Confocal images
were taken for the loaded micelles (starting material) and for the micelles treated
with MMP-9. Confocal imaging was used to monitor the MMP-9 triggered

morphology change accompanied by doxorubicin release/entrapment.

3.6.18 Doxorubicin release from micelles (1a and 2a)/ entrapment into fibres
(1c and 2c¢) at different peptide concentrations

A systemic study was performed to assess how peptide (substrate) concentration

affects micelle to fibre transition and the process was monitored using fluorescence.

Four different concentrations of peptide were chosen: 2.5 mM, 1.25 mM, 0.625 mM,

0.312 mM. Doxorubicin fluorescence was recorded for each peptide concentration

for untreated and MMP-9 treated doxorubicin loaded micellar aggregates.
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3.6.19 The behaviour of doxorubicin monitored in different solvents
A 1 mM stock of doxorubicin in DMSO was diluted in solvents with different
polarities: ethanol, methanol, DMSO and water'* to a final concentration of 5 uM.

The doxorubicin fluorescent emission was recorded (Aex = 480 nm).
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4 Method development for fibre visualisation in the proximity of

cancer cells*

*The research described in this Chapter was carried out in collaboration with
the Beatson Cancer Research Institute. All cell work (seeding of cells and
their handling for all the visualisation processes and for the MMP-9 activity

assay) was performed by Max Nobis.
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4.1 Introduction

A next step towards the application of the micelle to fibre transition of peptide
amphiphiles introduced in the previous Chapter is their visualisation in vitro. In
order to prove the mechanism of cancer inhibition due to the mentioned transition
and fibre formation in the locality of cancer cells different microscopy techniques
(confocal and EM) were assessed. Visualisation of fibres formed by enzymatic
conversion of aromatic peptide amphiphiles inside and/or outside cells is a new
direction of research with only a few examples appearing in the literature in recent
years. These examples will be considered in detail in section 4.3 in order to describe
the state of the art in this area. Certain key figures from other publications focused
on the visualisation of supramolecular fibres will be presented to provide context for
the obtained results.

In contrast to supramolecular enzyme responsive small-molecule systems, the
visualisation methods are better developed for more conventional polymeric
structures i.e. polymer-peptide conjugates showing different modifications (near IR
fluorescent dyes, FRET systems and heavy metal complexes) introduced on

52,161,163,181

polymeric backbones (Chapter 2, Section 2.6.2). These systems are more
robust given the stability of polymeric structures (due to high Mw, compared to
supramolecular fibres composed of low molecular mass gelators studied here) and
possibility to easily incorporate fluorescent dyes without disrupting the self-

assembly.

4.2 Objectives

In the present study we set out to determine whether the visualisation of
enzyme triggered fibre formation around cancer cells was possible using three
techniques that have previously been described: confocal microscopy, TEM and
SEM. Our goal was to confirm fibre formation around cancer cells in the presence of
MMP-9 wusing aromatic peptide amphiphiles PhAc-FFAGLDD (1a) and
GFFLGLDD (2a) as substrates for the enzyme (Fig. 4.1). For this purpose we first

experimentally determined the MMP-9 concentration in different cancer cell lines:
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cervical cancer cell line (HeLa) and breast cancer cell lines (MDA-MB-231 and
MDA-MB-231-luc-D3H2LN). As cancer cells secrete MMPs in the extracellular
space, localised fibre formation in the presence of these enzymes is expected.

We are particularly interested in developing methods for efficient fibre
visualisation in the presence of cancer cells without covalently modifying the
peptides with fluorescent probes or heavy metals. The main reason behind this
approach is to avoid toxicity issues and/or disruption of the self-assembly of the
peptidic systems (described in detail in Chapter 3). Instead, a fluorescent model
drug, riboflavin was physically entrapped in the fibres for imaging purposes.
Exploiting the fact that after MMP-9 treatment of 1a and 2a doxorubicin re-enters a
hydrophobic environment by becoming entrapped in the fibres (described in Chapter
3), here we used riboflavin as physically entrapped fluorophore for confocal
imaging. The anticancer drug (doxorubicin) was not used in this stage, as it would
potentially even at low concentration be toxic to cells, hampering visualization of

intact cells in vitro.
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Figure 4.1. Schematic representation of enzyme triggered micelle to fibre transition
in proximity of cancer cells that results in the formation of local depots for slow and

localised release of doxorubicin.

4.3 Background to method development

The first examples of imaging of enzyme triggered gel/fibre formation in live
cells and around cancer cells, using aromatic peptide amphiphiles, were developed
by Xu and co-workers.” In a first study, focusing on intracellular imaging of

biocatalytic self-assembly, a peptide backbone (Phe-Phe-Lys) was modified with an
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aromatic moiety (naphthalene) at the N-terminus that favours aggregation through
aromatic interactions. The peptide also contained a phosphorylated tyrosine residue
at the C-terminus that provides charges to disrupt assembly and incorporates enzyme
(phosphatase) responsiveness as described in Chapter 2 (Section 2.6.2.1). In
addition, a fluorophore is introduced at the side chain of the lysine, to obtain a
precursor of the fluorescent hydrogelator. NBD (4-nitro-2,1,3-benzoxadiazole),
which is known to provide a more intense fluorescence signal in hydrophobic
environment compared to water, was used as a fluorophore. Both in vitro and in
cellulo studies were conducted. In the presence of phosphatase the hydrogels form
due to dephosphorylation and result in the enhancement of the fluorescent signal of
NBD. In cellulo studies show fibre formation inside live cells. In addition,
localisation of self-assembly was determined to be in the proximity of the
endoplasmic reticulum (ER). This example emphasized how the choice of the
fluorophore (NBD) was essential for successful imaging inside live cells due to its
effects on gelation ability. For example, substituting NBD with rhodamine fails to
provide the contrast necessary for imaging, because the rhodamine containing
peptide is not a gelator (i.e. forms disordered aggregates, but not fibres). The authors
explain the difference in contrast between the soluble precursors and the nanofibre
forming hydrogelators by localized high concentration points of the fluorophore in
the presence of fibres. The homogeneous distribution of the fluorophores, when in
solution, results in a low contrast because they fluoresce identically within each
pixel. In contrast, when the nanofibres form the fluorophores are localized inside
them. Therefore, the fibres contain more fluorophores within each pixel compared to
the rest of the solution and consequently fluoresce more brightly. Accordingly, when
NBD is embedded in the hydrogels (5.92 mM) the fluorescence intensity is high and
provides a good contrast for fluorescent imaging. However, fibre formation can
occur without the formation of bulk hydrogels. At the concentration used for this
experiment (500 puM), the confocal microscopy image (figure 4.2 A) shows
fluorescent micro-sized regions. According to authors, these present low mobility
and are composed of fibre networks, shown by TEM (figure 4.2 B). No bulk

hydrogel was observed as the concentration used (500 uM) for imaging was below
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the critical gelation concentration (2 mM), but high enough to observe fibre

formation.

3.3 pm X 6.6 pm

)

Figure 4.2 A) Confocal microscopy showing that the fluorescent spot indicated by an arrow
consists of a network of fibres confirmed by TEM image in B), taken from reference

165b.'%%° (Scale bars: for confocal image, 25 um; for TEM, 100 nm).

This concept was further developed by Xu and co-workers, where the spatial
distribution of small molecules in cellular environment was studied.'®” The
distribution was based on naphtyl-peptide derivatives (Nap-FFKYp) conjugated to
different fluorophores: NBD (4-nitro-2,1,3-benzoxadiazole), dansyl, DBD (4-(V,N-

dimethylsulfamoyl)-2,1,3-benzoxadiazole) and rhodamine shown in figure 4.3.

NH | NH
N, 0=S=0
~ /O
T
NO,
/N\
NBD Dansyl DBD Rhodamine

Figure 4.3. Chemical structures of NBD (4-nitro-2,1,3-benzoxadiazole), dansyl, DBD (4-
(N,N-dimethylsulfamoyl)-2,1,3-benzoxadiazole) and rhodamine with the -NH- (black)

indicating the point of covalent attachment to the peptide- lysine side chain).

Depending on the fluorophore used these molecules present different states
of assembly, even before treatment with phosphatase. Depending on their state of

assembly (no assembly- soluble molecules; thin nanofibres; thick fibres; disordered
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aggregates) each kind of fluorescent molecule/aggregate diffuses in cells with
different rates and can be found at different locations. The soluble NBD containing
molecules diffuse into the cytoplasm where in proximity of the RE they form fibres,
due to the activity of alkaline phosphatase. The dansyl containing peptide
derivatives, before enzyme treatment, show small amounts of thin nanofibres that
accumulate in the membranes of cells. This is due to the hydrophobicity of the
dansyl-lysine motif that exhibits higher solubility in the phospholipid membranes
compared to water. After dephosphorylation, nanofibres surrounded by non-fibrillar
aggregates are observed. In live cells this results in the self-assembly on cell
membranes, where the nanostructures formed show cytotoxicity. The DBD peptide
derivative self-assembles into fibres that, after enzyme cleavage, further assemble
giving rise to bundles of strongly inter-connected fibres. These fibrillar aggregates
were found to remain outside the cells as live HeLa cells are unable to uptake them,
where they show toxicity at the concentration between 200 and 500 uM. For the
rhodamine tagged peptide amphiphile in its phosphorylated and dephosphorylated
form, disordered aggregates are observed and none of the two is a hydrogelator. In
vitro these molecules show random distribution, being found inside and outside of
cells, showing both cells with high fluorescence and background fluorescence. The
rhodamine containing peptide amphiphiles that enter the cells are dephosphorylated
and form aggregates that are cytotoxic when used at high (200-500 pM)
concentrations. These observations show how the presence of fluorophores
conjugated to peptidic gelators has toxic effects and is undesirable for in vivo real
life applications. However, it constitutes a useful example of methodology for
imaging of the self-assembly of small molecules inside cells.

To overcome the problem of incorporation of high concentrations of toxic
dyes in the aromatic peptide amphiphile structures, which can easily disrupt the
desired fibre formation, an example of self-assembly of non-fluorescent small
molecules (Nap-FFKYp) was assessed inside live mammalian cells where low
concentrations of fluorophore containing molecules (Nap-FFK(dansyl)Yp) were co-
assembled.®® In this work, confocal imaging of the self-assembly into fibres was
based on the use of low concentrations of fluorescence labeled peptide precursors,

low enough not to result in cytotoxic effects and high enough to give a fluorescent
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signal. This was achieved by incubating HeLa cells with a mixture of low
concentration (200 nM) of fluorescent precursor with high concentration (500 uM)
of the non-fluorescent analogue. Once internalised by cells, these molecules would
co-assemble into fibres due to dephosphorylation by intracellular phosphatases.
Ultrastructural changes were observed between treated and untreated cells. High
accumulation of vesicles that show fluorescence signal in cytoplasmic region was
recorded for peptide treated cells. As both hydrogelators share the same self-
assembly motif, their co-assembly into fibrillar structures was confirmed and the
confocal imaging shows their distribution inside live cells. In addition, a useful
technique was used in this study, namely correlative light and electron microscopy
(CLEM), where on the same sample fluorescence imaging can be performed just
before preparing the sample for electron microscopy imaging.” In this way, the
correlation between the two microscopy techniques is more straightforward and
provides a better comparison of the results obtained. Still, the resolution of TEM is
not sufficient to distinguish the filamentous assemblies of the cytoskeleton (actin
filaments) and the exogenous peptide based self-assembled nanofibres. In figure 4.4
CLEM results taken form Xu’s publication are shown where fluorescence

microscopy and TEM were performed on the same cell.*

From the TEM images is
not possible to clearly see the fibres. However, as the authors associate hydrogelation
with high fluorescence intensity, TEM imaging was performed on the same region
that showed fluorescent signal (fluorescence microscopy). High magnification TEM
images of that region showed low electron dense pools (indicated by arrowheads in
figure 4.4 G and H). The authors conclude that these low electron-dense regions

contain hydrogelator even though there is no direct proof of the formed fibres.
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Figure 4.4. CLEM of HeLa cells treated with peptide (200 nM of fluorescent precursor +

500 uM of non-fluorescent analogue), taken from reference 3b.* This figure shows: A) — C)
differential interference contrast (DIC) and fluorescence microscopy images recorded just
before freeze-drying of the sample (the sample was marked for tracking the cell of interest
with CLEM). According to the authors, in C) the highest intensity of fluorescence signal in
the narrow part of the cell indicates a high concentration of hydrogelators in that region of
the cell. D) DIC of the same cell after freeze-drying; E) Low magnification TEM of the
same cell; F), G) and H) higher magnification TEM of regions of interest- arrowheads

indicate low electron-dense pools, that presumably contain hydrogelator.
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The concept of enzyme triggered fibre formation around cancer cells, i.e.
nanoscale network visualisation in extracellular space was reported for the first time
by Xu and co-workers (Chapter 2).>° The ability of a phosphatase responsive
aromatic peptide amphiphile (Nap-FFYp) that forms fibres when incubated with
HeLa cells (in presence of secretory and surface phosphatases) was assessed by
confocal microscopy and SEM. The visualisation of fibres in the presence of cells
was achieved using SEM. These SEM images revealed different cell surface
morphology for treated (porous structures) and untreated (smooth surface) HeLa
cells (vide infra, figure 4.6). In addition, a B-sheet specific stain, Congo red was used
to confirm the presence of fibres around single cells. The red fluorescence signal that
outlined the cell shape in the presence of the peptide was observed using confocal
microscopy. Lower signal was detected in the absence of the self-assembling
peptide. Again, because of resolution limitations of confocal microscopy, the
network morphology of the regions showing fluorescence signal around cancer cells
was not directly visualised.

The examples described so far are based on the use of a combination of
confocal or fluorescence with electron microscopy in order to confirm the
nanostructures formed. Often, a described behaviour (i.e. fibre formation) in absence
of cells is assumed to occur also in their presence without necessarily the need of its
direct visualisation. However, it would be interesting to observe directly the
mechanism of fibre formation in presence of cells.

Although not yet used in the context of biocatalytic self-assembly, super-
resolution techniques, such as stochastic optical reconstruction microscopy
(STORM) are emerging. An example of using STORM for imaging of
supramolecular polymers to obtain quantitative information about the structure and
the dynamics of the aggregates (single fibres) was reported by Meijer and co-
workers.'” In detail, the single-colour, 1-D self-assembled structures based on co-
assembly of dye labeled and unlabeled monomers were assessed. The degree of
labeling of the fibres was controlled by the ratio of dye-labeled and unlabeled
monomers. After mixing single-coloured fibres (labeled with two different cyanine
fluorescent dyes: Cy3 and CyS5, each having different excitation wavelenghts) the

mechanism of monomer exchange was monitored by observing the migration of Cy3
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labeled monomers to a Cy5 labeled fibre and vice versa. At the beginning of the
experiment the fibres are either green (Cy3) or red (Cy5), but after 24 h all the fibres
contain both the monomers. The mechanism of the monomer exchange was
elucidated with precision. However, in order to extract quantitative data from
STORM images, the development of a specific analytical methodology was required.
This study constitutes an example of the use of STORM technique providing a
resolution down to 50 nm, which could be applied for the study of other
supramolecular fibres. Figure 4.5 shows the STORM images of fluorescently labeled

supramolecular polymers indicating the possibility to visualise single fibres.

Cy3 channel Cy5 channel Merge

1h

24h

Figure 4.5. STORM imaging of Cy5- and Cy3-labeled polymers (5% labeling) at different

mixing time points taken from reference 178."

EM is a convenient method for visualisation of cell and/or single organelles
morphology. TEM and SEM visualisation conventionally require sample fixation for
better imaging results. For TEM, the first fixation step (pre-fixation) required uses
glutaraldehyde to fix the cells to glass slides. The second fixation step (post-fixation)

is performed with osmium tetroxide, followed by various washing steps with ethanol
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and embedding into resin for analysis of cell sections. SEM usually requires pre-
fixation that is followed by freeze-drying/critical point drying and applying of a
metal coating (e.g. gold). While the mentioned fixation steps are necessary for
cleaner (e.g. avoiding of crystals) images of cells, they can interfere with the
visualisation of exogenous fibres formed by self-assembly of aromatic peptide
amphiphiles. Xu and co-workers reported such a problem stating that repeated
washes with ethanol or acetone (used for sample dehydration in TEM) are
responsible for fibre destruction.™

SEM was shown to be a useful technique for imaging of cancer cells and in
particular for visualisation of fibres formed on the surface of cancer cells.” Some
examples of using SEM will be shown here in order to give an idea of the
appearance of cancer cells and later (see Results and Discussion) as a reference point
for our own studies. As already mentioned, the first demonstration of aromatic
peptide amphiphile based hydrogel formation around cancer cells using SEM was
presented by Xu and co-workers (Fig 4.6).° In the presence of the hydrogelator,
HeLa cells change morphology showing porous structures over the surface of cells
compared to the smooth surface of untreated cells (Fig. 4.6). Cell fixation processes
usually used for SEM and TEM sample preparation were avoided in order to be able
to preserve the nanofibres that formed on the cell surface. Instead, the cells grown on

glass slides were freeze-dried and analysed directly by SEM.
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Figure 4.6. SEM images of freeze-dried HeLa cells treated with D-1, for untreated control or

treated at 560 uM taken from Xu’s publication.”® (Scale bar=10 pm).

Another example of using SEM to study the effect of a peptide that adopts a
B-hairpin structure when in contact with cancer cells (an 18-residues anticancer
peptide - SVS-1) and its interaction with cell membranes was reported by Schneider
and co-workers.”” This peptide was shown to be capable of cancer cell membrane
disruption (Chapter 2, Section 2.3.1). Schneider and Pochan have extensively studied
the self-assembly of B-hairpin type peptides able to form hydrogels.'**' MAX1
sequence (a 20-amino-acid peptide comprised of two B-strands with alternating
valine and lysine residues) and its variants were reported to form fibrils and
hydrogels.'®* More recently, Schneider and co-workers presented a B-hairpin SVS-1
peptide for cancer applications (Chapter 2, Section 2.3.1).* In this example, focus
has been put on membrane integrity of cells in presence of SVS-1 rather than on its
fibril forming capability. To directly visualize cell membrane integrity as a function
of the added peptide SEM and TEM were performed. SEM images (Fig. 4.7) of
untreated A549 lung cancer cell line show intact cell membrane and regular cell
morphology compared to the SVS-1 peptide treated ones that present sponge-like
morphology and pore formation. At higher peptide concentration (80 uM) disruption
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of cell membranes is also observed for noncancerous cells (HUVEC) confirming that
the membrane disruption by SVS-1 is independent of the cell type at that
concentration. In this example cells were fixed with glutaraldehyde prior to SEM
imaging and after being treated with peptide. No fibrillar structures were observed
with SEM. In addition, TEM imaging was performed to check whether the peptide
fibrils that could form after interaction with the membrane are responsible for its
disruption. With TEM no fibrillar structures were observed either and the authors
concluded that a fibrillogenesis-based mechanism of membrane disruption was
unlikely. However, from the experimental section it can be seen that TEM samples
underwent complex processing (pre- and post-fixation) prior to imaging. This could
have destroyed the fibres formed and interfered with their visualisation as suggested

by Xu and co-workers.*

Figure 4.7. SEM images taken form reference 62 (Schneider and co-workers)® showing
membranes of untreated A549 (lung carcinoma) cancer cells (A) and noncancerous HUVEC
cells (B) appearing intact. A549 cells (C) incubated with a B-hairpin peptide (8 uM of SVS-
1) in serum-free media. HUVEC cells (D) incubated with the SVS-1 peptide (80 pM- large

excess). Cells display pore formation (arrow). (Scale bar: 10 um).
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Although not focusing on fibril forming peptides, Austin et al. demonstrate
the effects of the interaction of Neopetrosiamide A (a 28 amino acid residue tricyclic
peptide) known to inhibit tumour cell invasion with cancer cells.'™ This study is
relevant as it shows representative SEM images of MDA-MB-231 (Fig. 4.8) cells
along with the TEM images (Fig. 4.9) indicating typical cancer cell morphology for
these two EM techniques. MDA-MB-231 cells were imaged using SEM in the
presence and absence of the peptide (Fig. 4.9). It was found that the peptide
stimulates the formation of membrane-bound protrusions on the surface of treated

cells and the release of membrane-bound vesicles.
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Figure 4.8. SEM images of MDA-MB-231 cells taken from reference 185, showing the cell
surface with increasing number of membrane projections upon treatment with NeoA (right

panels). MDA-MB-231 cells treated with DMSO (left panels) are used as control. (Scale

bars: 2 pm).'®

SEM is clearly showing the cell surface with the increasing number of

membrane protrusions compared to the control sample, while TEM indicates high
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number of vesicles and further confirms protrusion formation in the presence of
NeoA. All the features observed with EM here are indeed integral parts of the cancer
cells, which in turn might make it difficult to visualize of any exogenous fibrillar

structures, if expected to be present/formed.
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Figure 4.9. TEM images taken form reference 185: A) of TEM of vesicles from the medium
of NeoA treated cells (scale bar: 0.5 pum); and B) of membrane protrusions at the cell

surface. Actin filaments are indicated by the arrow (end right panel). (Scale bars: left and

middle panels, 1 pm; right panel, 0.2 um).185

Another example of the morphology of MDA-MB-231 cells using SEM was
shown by Kniss and co-workers.'®® In this study it was demonstrated that myoferlin
is abundantly expressed in invasive breast tumour cells. Following myoferlin
depletion cancer cells undergo morphology change from elongated shape to a more
flat and circular morphology and reduction of cell invasiveness. SEM images show

lamellipodia and filopodia as filaments present in the proximity of cancer cells

(Fig.4.10).
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Figure 4.10. SEM images taken form reference 186 showing the A) elongated shape of
lentiviral control (LTV-ctrl) cells and B) the more flat and circular morphology of myoferlin

depleted (MYOF-KD) cells. Cytoplasmic protrusions, lamellipodia and filopodia are

186
observable.

The selected four examples of SEM images show the morphology expected
for cancer cells and the morphology alterations that these cancer cells can undergo in
the presence of different (bioactive) peptides- some of them with fibril forming
capability, others that are not known to assemble into fibrous structures. In addition,
these images show how the surface of cancer cells is not entirely smooth and can
contain protrusions and inherently present fibrillar structures. Complementing SEM,
TEM imaging was successful in imaging cells and confirming the presence of
organelles and membrane protrusions.

With SEM imaging both, Xu’® and Schneider®® show a similar porous
morphology of the cell surface when studying peptide nanostructure formation and
interaction with cells. Xu and co-workers confirm the fibre network formation on
cell surface, while Schenider and co-workers show membrane disruption. The SEM
sample preparation for these two examples differs in that in the former case cells
were freeze-dried immediately after treatment with peptide, while in the latter case
cell fixation with glutaraldehyde was performed. In both examples TEM imaging
was, however, not successful in visualising fibres after fixation processing.

Further examples focused on biological investigations using EM such as

vesicle secretion and membrane protrusion formation and/or presence. They are
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based on the same sample preparation and processing (primary fixation with
glutaraldehyde, post-fixation with osmium tetroxide for TEM and gold coating
application for SEM) in both cases. These conventional sample preparation steps for
cell visualisation might be simplified and/or omitted if peptide nanostructure
formation in proximity of cells is the objective of the study, as shown by Xu’s
group.” It is worth mentioning that cryogenic electron microscopy methods may

prove useful in that they do not require staining and pre-treatment (fixation) steps.

4.4 Results and discussion

Aromatic peptide amphiphiles, 1a and 2a (described in detail in Chapter 3)
were assessed in the presence of cells with confocal microscopy, SEM and TEM in
order to determine structure/fibre formation around cancer cells.

In literature, the precise concentrations of MMPs associated with cancer are
rarely reported. MMP-9 is known to be over-expressed in various types of cancer,

. . . 16
including ovarian, breast and prostate tumours.'¢’®

However, a clear quantification
and direct comparison is difficult as different cell lines can show different patterns of
over-expression. For this purpose, we experimentally determined MMP-9
concentration in different cancer cell lines: cervical cancer cell line (HeLa) and
breast cancer cell lines (MDA-MB-231 and MDA-MB-231-luc-D3H2LN). Cells of
these three cell lines were stimulated with PMA (phorbol 12-myristate 13-acetate) to
induce enzyme secretion, as described previously.'”® The reason for this is that cells
would not produce MMPs at any rate, as they were grown on glass bottom/plastic
dishes rather than in a 3D environment containing ECM (extracellular matrix)

components that would elicit their expression (i.e. that is what is happening when

cells are grown on orgnaotypic culture- collagen plugs).

4.4.1 MMP-9 quantification in human cancer cells lines
The concentration of MMP-9 secreted by different human cancer cell lines
(human cervical adenocarcinoma cells- HeLa and human breast adenocarcinoma

cells- MDA-MB-231 and MDA-MB-231-luc-D3H2LN) was determined by an
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ELISA based assay (Fig. 4.11). The MMP-9 activity assay (SensoLyte” Plus 520)
was performed on the supernatant collected. The cells were either grown in medium
containing 10% serum or serum starved overnight and then stimulated with PMA
(phorbol 12-myristate 13-acetate). The reason for this is that MMP-9 overexpression
in vivo is regulated by cytokines and signal transduction pathways, including the
PMA activated pathways.'®® Cells were stimulated with PMA following a literature

d.'”* PMA stimulation was performed for 24 h. In addition, cells were grown

metho
on organotypic (collagen-like) matrices to assess if the MMP-9 secretion increases.
With this method the invasiveness of the cells can be also measured. HeLa (cells
grown on plastic: 18 = 3 ng/mL) and MDA-MB-231 (cells grown on plastic: 14 + 2
ng/mL) cancer cell lines show similar MMP-9 concentration independently of the
presence of an organotypic matrix (cells grown on collagen: 20 + 1 ng/mL). On the
other hand, the MDA-MB-231-luc-D3H2LN cell line shows higher concentration of
MMP-9 (32 + 7 ng/mL) compared to that in absence of organotypic matrices (19 +
4) confirming that this cell line has increased invasive nature. In serum, with no

PMA stimulation (cells grown on plastic) no MMP-9 activity was detected (table
4.1).
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Figure 4.11. MMP-9 activity was quantified before and after treating cells with PMA (100
nM) and when cells are seeded on an organotypic matrix for A) HeLa B) MDA-MB-231 and
C) MDA-MB-231-luc-D3H2LN by fluorimetric ELISA.

Table 4.1. MMP-9 concentrations detected in different human cancer cell lines.

Cell line

Condition HeLa: MDA-MB-231: MDA-MB-231-luc-D2H3LN:
MMP-9 (ng/mL) MMP-9 (ng/mL) MMP-9 (ng/mL)

Serum 2+6 17+ 11 -03+5

PMA induced 18+3 14+2 19+4

Organotypic 20+ 1 20+ 1 32 47
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4.4.2 Confocal microscopy

Having established MMP secretion, the next step was to visualise
nanostructures surrounding cancer cells. In order to visualise fibre formation around
cells, riboflavin was loaded into micelles and the micelle to fibre transition was
monitored over time using confocal microscopy. Riboflavin (vitamin B2) was used
as a model drug (as it is hydrophobic but less toxic to cells than doxorubicin) in
order to observe the effect of fibre formation without killing the cells. Doxorubicin
(as used in the previous Chapter) is an anticancer agent that shows high toxicity,'®’
while riboflavin is a vitamin used in food industry and naturally occurrs in aliments.
Initially, the micelle to fibre transition of 1a and 2a containing riboflavin in absence
of the cells was assessed. After 24 h of treatment fibrillar structures were observed
with confocal microscopy. For 2a treated with MMP-9 also a ramification can be
seen after 24 h (Figure 4.12 I and J). However, the fibrillar structures observed are
not single fibres but most likely they are made of boundless of fibres if we take into
account the large scale bars of confocal images compared to TEM and AFM (see
TEM and AFM images of peptide fibres in Chapter 3, figures 3.20 B+C and 3.21
B+C).

Figure 4.12. Confocal microscopy images of 1a and 2a loaded with riboflavin and monitored

over time: time zero, 5 min, 2h and 24 h (in two different regions of the same sample). Scale

bars: 50 pm.
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In addition, fluorescence spectroscopy results indicate that riboflavin was
retained in the fibres formed. When excited at 440 nm riboflavin shows emission
with a maximum at 530 nm in water. Once incorporated into the hydrophobic core of
the micelles, the emission intensity decreases and this is indeed confirmed by the
evaluation of riboflavin behaviour in solvent with different polarities (Fig. 4.13).
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Figure 4.13. A) Fluorescent emission spectroscopy (normalized) of riboflavin in solvents
with different polarities (i.e. dielectric constant): ethanol, methanol, DMSO and water. B)
Maximum riboflavin emission intensity (446 nm) when excited at 350 nm, plotted against

the dielectric constant of the examined solvents.

Furthermore, after treating the micelles with MMP-9 it is expected that
riboflavin should be retained in the fibres, as shown for doxorubicin in Chapter 3
(see figures 3.20 A and 3.21 A). Unlike doxorubicin, riboflavin shows a decrease in
fluorescence intensity with hydrophobicity (Fig. 4.13) therefore different results are
expected than those shown for doxorubicin (Chapter 3, Fig. 3.33). Riboflavin
entrapment in fibres would be expected to result in a decrease in fluorescence
intensity, in contrast to the observations for doxorubicin (increase in fluorescence
intensity observed- Chapter 3). To confirm this hypothesis, three sets of experiments
were run monitoring the change in riboflavin fluorescence over 72 h individually and
within the peptide system: riboflavin loaded micelles in presence and absence of the
enzyme. We observed that the riboflavin emission remains constant for riboflavin in
water over 72 h and is quenched in presence of micelles for both peptides 1a and 2a.
In addition, a decrease in emission is observed when the micelles are treated with
MMP-9, suggesting that the riboflavin transfers from the micellar to the newly

created, more hydrophobic environment of the fibres formed (Fig. 4.14).
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Figure 4.14. Fluorescence intensities of riboflavin monitored over time for riboflavin loaded
into precursor peptide micelles A) 1a and B) 2a treated with MMP-9 (red) and untreated

(black) compared to riboflavin on its own (blue).

In terms of fluorescence intensity, doxorubicin showed a different behaviour
compared to riboflavin. Doxorubicin showed higher fluorescence intensity in a more
hydrophobic environment (see doxorubicin emission intensities in solvents with
different polarities, Chapter 3, Fig. 3.33). In contrast, riboflavin does not show a
pronounced difference in emission in ethanol, methanol and DMSO. However, when
the fluorescence intensity of riboflavin is measured in water, it is higher in the
hydrophilic environment. Therefore the observed decrease in emission suggests that
riboflavin is retained, not released. Even if doxorubicin and riboflavin show some
structural similarity (figure 4.15), riboflavin is more hydrophilic, compared to
doxorubicin. The electron density and the conjugation of these two molecules are
different and therefore they are expected to have different emission properties and

their behaviour cannot be directly compared.
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Figure 4.15. Chemical structures of doxorubicin (A) and riboflavin (B).
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Based on these initial results, the same experimental setup was used in the
presence of MDA-MB-231-luc-D3H2LN cells. The cells were seeded in glass-
bottom dishes and treated for 72 h with the riboflavin loaded micelles. Confocal
microscopy imaging was performed on cells treated with riboflavin only (control)
and on cells treated with riboflavin loaded micelles of 1a and 2a. The images show
that riboflavin was internalised by cells in all three cases. This allows visualization
of the cells. Since riboflavin is loaded in 1a and 2a it is possible that either the free
riboflavin or peptide micelles are internalised by cells. In addition, release from
micelles either outside or inside cells should be taken into account.

In the presence of riboflavin loaded 1a micelles, higher signal intensity
(when compared to figure 4.16 A showing cells and riboflavin without peptides) can
be seen on the surface of cells suggesting that the 1a loaded peptides mainly stay
outside the cells. However, no clear fibrillar structures are observed suggesting that
the resolution is limiting a better visualisation (of nanosized fibrillar structures) and
that no bigger, micron-sized fibrillar aggregates are present (Fig. 4.16 B). In case of
cells treated with 2a loaded micelles, micron-sized fibrillar structures are observed
between cells (Fig. 4.16 C). This could be due to self-assembly structures formed
after enzyme treatment. However, due to resolution limitations of confocal
microscopy this cannot be confirmed. Nevertheless, the sample containing cells
treated with riboflavin loaded 2a micelles were further analysed using the confocal
setup- giving rise to individual layers being imaged separately, with each layer being

1 pum thick (Fig. 4.17).
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Figure 4.16. Confocal images of MDA-MB-231-luc-D3H2LN cells treated with A)
riboflavin only; B) and C) with riboflavin loaded peptides 1a and 2a respectively. Scale
bars: 50 pm.
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Figure 4.17. Confocal images- 3D rendered pictures of MDA-MB-231-luc-D3H2LN cells

treated with riboflavin loaded 2a (with number of scans being 14; z=14 pm; 1 pm steps).

Overall, confocal microscopy is useful for confirming riboflavin
(doxorubicin; See Chapter 3) entrapment in the fibres. However, no conclusive
information about morphological transition is obtained. The fibre-like structures
observed in the presence of cells are most likely made of bundles of fibres, or they
may represent a local gelation point. Also micron-size spots observed in the presence
of riboflavin loaded peptides could be composed of fibres and require a higher
resolution imaging technique. For comparison, Xu and co-workers found similar,
micron-sized regions (figure 4.1 A)*® for enzyme triggered supramolecular
assemblies (fibres) when examined with confocal microscopy. This is in agreement

with what we see using confocal microscopy. The fact that these fluorescent spots in
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Xu’s work are made of fibres was confirmed only by TEM.* In addition, in the
presence of cells, Xu and co-workers study the ability of certain fluorescently
labeled aromatic peptide amphiphiles to enter cells (their spatial distribution in
cellular environment) based on their assembly state (dictated by the presence of the

fluorophores that can disrupt/enhance fibre formation).'®

The peptide amphiphile
spatial distribution in cellular environment studied using confocal microscopy is
useful for visualisation purposes (i.e. demonstration of existence) of the self-
assembly molecules in the presence of cells but it does not show the precise
morphology of the assemblies (assessed by TEM, in absence of cells by Xu’s

team).'*

It is only by using CLEM that these two techniques (confocal and
transmission electron microscopy) can be directly compared as the same sample
region is imaged. However, TEM images (from CLEM, figure 4.3)™ in this example
show low electron-dense pools that according to the authors should contain the
hydrogelator but there is still no direct evidence of fibres in the presence of cells.
Resolution limitations of confocal microscopy make it difficult to be
conclusive in the visualisation of physically trapped riboflavin molecules inside
peptide nanostructures. Confirmation of fibre formation is needed and as such

STORM should be a valid alternative to the confocal microscopy, to observe single

fibres.

4.4.3 TEM and SEM on cells

Electron microscopy (TEM and SEM) was used to directly visualise the fibre
formation around cancer cells and to study the effect of peptide administration on the
overall integrity of the cells. These microscopy techniques, in addition to the
confocal microscopy are challenging because of the two to three orders of magnitude
size difference between cells (tens of pm) and fibres (tens of nm). In addition, as
discussed above, the cancer cell surface is covered by different features such as
membrane protrusions and/or secreted vesicles that make the clear visualisation of

exogenous peptide nanofibres challenging.
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Transmission electron microscopy

Prior to TEM imaging, HeLa cells were seeded on glass slides and incubated
with 2.5 mM of each peptide for 72 h (alongside with the untreated cells). In order to
image them, the cells were fixed with glutaraldehyde and underwent a complex
processing including post fixation with osmium tetroxide, washing steps with
different gradations of ethanol, followed by embedding in the resin that could have
destroyed the fibres as recently suggested by Xu and co-workers.® Representative

TEM images for the 2a treated cells are shown in figure 4.18.

Figure 4.18. TEM images of HelLa cells treated with 2a for 72 h: A) and B) exogenous
peptide nanostructures (micellar aggregates) and the points of their digestion (left panels) are
indicated with solid arrows; C) and D) internalised micellar aggregates (right panels) are

indicated with dashed arrows.
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TEM images of HeLa cells treated with 2a show spherical aggregates close to
the cell membrane being digested and broken, however no clear fibrillar structures
are observed. The average size (diameter) of the spherical aggregates found outside
the cell is 48 nm which corresponds to the size (42 nm) of the micellar aggregates
found by AFM (Chapter 3). In addition, some of the micellar aggregates (38 nm) can
be also seen inside the cell (Fig. 4.18 indicated by dashed arrows) suggesting some
internalisation of the peptide in accordance with confocal microscopy imaging. TEM
images of HeLa cells treated with 1a are shown in figure 4.19. No clear fibrillar or
micellar structures are visible in these images. It should be noted that the peptide
nanostructures could be easily mistaken for sections of lamellipodia and filopodia-
cytoskeleton actin projections on the edge of cells or invadopodia- actin rich
protrusions in the cell membrane (usually found at the bottom of the cells; their
presence requires a more precise characterisation). Invadopodia are an indication of
high proteolysis and cell signaling and are found in metastatic cancer cells."™ The

presence of filopodia is confirmed by the SEM images (Fig. 4.20).
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Figure 4.19. TEM images of HelLa cells treated with 1la for 72 h showing the cell
morphology including vesicles and sections of filopodia. No clear exogenous fibrillar or

micellar structures are visible in these images. Scale bars: 1pm.

B

Figure 4.20. SEM images of MDA-MB-213 indicating cell protrusions- filopodia.

In conclusion, TEM imaging did not provide a useful technique to confirm

fibre formation in presence of cancer cells. TEM is widely used to visualise
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nanostructures and serves as confirmation of their formation where issues with
resolution limits arise i.e. TEM is often used in addition to confocal microscopy.
However, in the presence of cells, where complex sample processing is required and
the endogenous cell components (organelles, vesicles, cytoskeleton, protrusions) are
visualised, it is not easy to demonstrate the presence of exogenous nanostructures
based on peptide self-assembly. Therefore, TEM is not suggested as a first choice
technique in this case, however, in combination with other techniques might provide
useful information. Cryogenic-TEM could be a technique of interest, as it does not
require staining and pre-treatment (fixation) steps allowing the analysis of the
samples in their native environment, in the frozen-hydrated state (directly after
freezing). In addition, the three-dimensional information about structures of interest
(by three-dimensional reconstitution or cryo-electron tomography) can be

obtained.'®

Scanning electron microscopy

MDA-MB-231 cells were seeded on glass slides and incubated with 2.5 mM
of each peptide for 72 h (alongside with the untreated cells) for SEM imaging. The
cells were fixed with glutaraldehyde on the glass slides and freeze-dried. A gold
coating was then applied using sputter coating and the samples imaged. No clear
exogenous fibrillar structures were observed for the peptide treated samples.
However, it is clear that the cell surface morphology is different compared to that of
the untreated cells. When MDA-MB-231 cells are treated with 1a or 2a peptides
show high secretion of vesicles. We speculate the increased secretion could be
related to the cells secreting more MMP-9. Studies to confirm this hypothesis will be
required to see whether the cells present higher MMP-9 activity/concentration.
Representative SEM images for the cells on their own and cells incubated with 1a
and 2a are shown in figure 4.21. This is shown for comparison of cell surface
morphology in presence and absence of peptide amphiphiles. In addition, more SEM
images for both 1a and 2a MDA-MB-231 treated cells and untreated ones are shown
in figures 4.23, 4.24, 4.25 and 4.26. A control sample with 2a in the presence of
MMP-9 but without cells was examined showing fibre formation (Fig. 4.22).
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Compared with the SEM images reported by Xu and co-workers showing
porous network formation on cell surface, we do not observe this type of
morphology. The difference in sample preparation consisted in pre-fixation step with
glutaraldehyde in our case. In future experiments, we will consider the direct freeze-

drying of cells after peptide treatment as an alternative way of sample preparation.

control

Figure 4.21. SEM images of MDA-MB-231 cells on their own and upon treatment with
peptides 1a and 2a showing increased secretion of vesicles in peptide treated samples when
compared to untreated cells. However, no clear evidence of networks of fibres can be found

on cells or in their proximity.
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Figure 4.22. SEM images of 2a (control sample) treated with MMP-9 for 72 h (in absence of
cells) showing networks of fibres. These kinds of structures were expected to be found also

in proximity of cancer cells.
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Networks of fibres as shown in figure 4.22 for the peptide amphiphile 2a
treated with MMP-9, are expected to be seen on surface or in proximity of cancer
cells. SEM images of peptide treated MDA-MB-231 cancer cells do not clearly show
the presence of such a network. If we look closely there are some features that may
be peptide nanostructures. For example, network like structures can be observed in
figure 4.24 B and C for cells treated with 2a. Porous, network like structures, similar
to those shown by Xu and co-workers (Fig. 4.3) can be seen in figure 4.23 D for
cells treated with 1a and in figure 4.24 A for cells treated with 2a. The main
difference with Xu’s work is that in our examples, these network like-structures are
not covering the whole cell surface but are found on a smaller scale i.e. present only
on vesicles or parts of cells. Cells show many features on their surface and in most
cases vesicles are found to rupture as can be seen in 4.23 A and 4.24 B. In addition,
small spherical features are often present on the surface of cells and also in cell
proximity as can be seen in figures 4.23 B and C, and 4.25 B. These features could
be the micelle forming peptide precursors. Their sizes are between 120-300 nm and
are larger than expected when compared to the sizes obtained by AFM, shown in
Chapter 3 (42-43 nm). When compared to the sizes obtained from DLS
measurements in Chapter 3 (Ry between 165 and 240 nm) the spherical aggregates
found with SEM are smaller. This is in agreement with the observation in Chapter 3,
that in the solution state (Ry values) the aggregates are larger than the dry ones (sizes
obtained from AFM and SEM). However, hydrodynamic radii cannot be directly
compared to the dry samples visualised by SEM.

In figure 4.25 C, fibrous structures can be seen on the cell surface and near
the cell. The most challenging part of analysing SEM results is the fact that is
difficult to distinguish between intrinsic cell components and a possible exogenous
peptide base nanostructure.

SEM images of untreated cells show similar morphology seen in the control
samples reported by Schneider®, Austin'® and Kniss'®® and their co-workers
described/presented in the introduction of this Chapter. However, vesicles (1-7 pm)
and larger spherical features (13-18 pm) are not visible on the cell surface of
untreated cells (control sample) which differentiates the peptide treated (Figs. 4.21,
4.23,4.24,4.25 and 4.26) from the untreated ones (Fig. 4.26).
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Endocytosis/exocytiosis trafficking involved in the delivery of proteolytic
enzymes- including matrix metalloproteinases (MMPs) has been associated with the
delivery of MMPs to invadopodia. These specialized protrusions are utilized by cells
for degradation of ECM. In addition, in cancer cell migration the recycling of focal
adhesion proteins (i.e., integrin receptor recycling) also occurs through
endocytosis/exocytosis processes.'"® Examples of specific peptides such as
Neopetrosiamide A (NeoA, a tricyclic peptide 28 amino acid residues long, with no
extended secondary structure reported) were found to induce the release of
membrane bound vesicles, with integrin subunits and various receptors/proteins
leading to inhibition of tumour cell adhesion. In addition, NeoA was found to trigger
the formation of membrane projections. The biological activity of NeoA seems to be
dependent on its disulfide bond pattern.'®> SEM and TEM images of MDA-MB-231

showing membrane projections are comparable to those presented in this thesis.'® I

n
our case we believe the vesicles could be secreting more MMP-9, however this

hypothesis still needs to be confirmed.
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Figure 4.23. SEM images of MDA-MB-231 cells after incubation with 1a for 72 h. A) An
example of cell showing many features on the surface and is representative of the rupture of
vesicles. B) and C) Examples of cells showing small spherical features on their surface and
in their proximity (size between 120-300 nm). D) Example of cell showing porous, network

like structures (maybe as result of the drying process).
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Figure 4.24. SEM images of MDA-MB-231 cells after incubation with 2a for 72 h. A) Cell
showing porous, network like structures maybe due to drying process. B) and C) Cells
representative of vesicle rupture, where small and large (13-18 pum) spherical features can be
found on the cell surface. Network like structures can be observed for both cells (at points of

rupture).
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Figure 4.25. Additional SEM images of MDA-MB-231 cells after incubation with 2a for 72

h. A) Left panel shows the enlargement of the cell surface pointing out the presence of small
spherical features while the right panel is the enlargement showing the rupture of large
features. B) Example of cells secreting vesicles and presenting small spherical features on
the surface. C) Left panel shows the enlargement of fibrous structures found on the cell
surface and in proximity of the cell (possibly indicating a dried ruptured feature) while the

right panel indicates vesicles and the presence of filopodia on the cell surface.
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Figure 4.26. A), B) and C) show three examples of SEM images of MDA-MB-231 cells-

control samples (not treated with peptide amphiphiles) indicating the presence of filopodia
and vesicles on the cell surface. It can be noted that in these examples some spherical

features can be observed but on a lower scale than that found on peptide treated cells.

Many different features were observed with SEM and an overall conclusion
about the feasibility of SEM to image fibres around cancer cells is difficult to
formulate. Some of the images point in the direction of expected fibrillar structures,
however, it is difficult to be objective in this type of studies. The results presented
here highlight the most common features observed over a wide number of cells
imaged. Moreover with the methodology used, there is not enough evidence to

support our hypothesis of fibre formation around cancer cells.
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4.5 Conclusions and future work

In this study we analysed 1a and 2a enzyme responsive peptide amphiphiles
that undergo micelle to fibre transition in the presence of MMP-9. We sought to
establish a method for fibre visualisation in presence of cancer cells that secrete
MMP-9. For this purpose we firstly quantified the MMP-9 secreted by human cancer
cell lines (HeLa, MDA-MB-231 and MDA-MB-231-luc-D3H2LN) and found that
the highest concentration of 32 ng/mL was secreted by the highly invasive MDA-
MB-231-luc-D3H2LN cell line. As a consequence our future in vivo studies will be
based on this cell line. In addition, this gave us an estimate of the average
concentration of MMP-9 secreted by the examined cell lines to be in the range of 14-
32 ng/mL and is in agreement with the enzyme concentrations used in Chapter 3 (50
ng/mL). In vivo, other MMP-s will be present, and especially the presence of MMP-
2 (over-expressed in cancer) which may recognise and cleave the la and 2a
sequences has to be taken into account.

While the results from fluorescence spectroscopy and confocal microscopy in
the absence of cells look promising in terms of riboflavin entrapment in the fibres
and fibrillar structure formation after enzyme treatment, the fibre visualisation in the
presence of cancer cells still remains a challenge. After successful quantification of
MMP-9 in different human cancer cells lines and attempts of fibre visualisation in
their proximity using confocal microscopy seemed promising, resolution limits
associated with this technique have to be overcome.

TEM and SEM imaging led to important insights about the feasibility of cell
visualisation using EM and most importantly about the need to optimise (simplify)
sample preparation conditions. Overall, microscopy techniques including confocal
and electron microscopy were not successful in developing a straightforward method
for fibre visualisation in proximity of cancer cells. Challenges include the resolution
threshold of the confocal microscopy and the size difference of cells and exogenous
peptide based fibrils for electron microscopy. In addition, cells analysed by electron
microscopy present many fibrillar features on their surface (lamellipodia, filopodia,
invadopodia) that makes a clear visualisation of peptide based fibres difficult.

Overall, the results obtained are promising, but not yet conclusive.
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A need of exploring the use of other techniques such as STORM for better
resolution, cryo-TEM and cryo-SEM to avoid artefacts in drying, and CLEM to be
able to use two different imaging techniques for the analysis of the same sample or
localised part of sample, is required. Even though Xu and co-workers showed
successful network formation, a more detailed study would be needed in order to
prove that the porous structure observed is not formed due to drying or membrane
degradation as shown by Schneider and co-workers. In addition, the smooth cell
surface observed by Xu’s team would need to be further examined as other examples
of cancer cells show different cell surfaces.

Future work will involve use of a -sheet specific stain such as Thioflavin T or
Congo red (specific for B-sheet visualisation) to selectively stain only the fibres
formed. D-peptides will be used as negative controls, as resistant to proteolysis by
MMP-9. In addition, a FRET peptide containing the previously described substrate

2a will be designed for confocal imaging.
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4.6 Materials and methods

4.6.1 Materials

All reagents were purchased from Sigma Aldrich and used without further
purification unless differently stated. The SensoLyte” Plus 520 MMP-9 assay kit and
EDANS-glutamic acid were purchased from Anaspec. Fmoc-D-Phe-OH, Fmoc-D-
Ala-OH and Fmoc-D-Leu-OH were purchased from Novabiochem (Merck).

4.6.2 SPPS

For the SPPS procedure See Chapter 3. D-peptides were synthesized following the
same procedure using commercially available D-amino acids: Fmoc-D-Phe-OH,
Fmoc-D-Ala-OH, Fmoc-D-Leu-OH (Appendix V). The SPPS of the 2a FRET
peptide included the commercially available EDANS-glutamic acid during a normal
conjugation step while Dabcyl was conjugated to the N-terminus of the growing
peptide chain (glycine) in the last step of SPPS prior to cleavage form the resin to
obtain Dabeyl-GFFLGLE(EDANS)D-OH (See Appendix VI).

4.6.3 Confocal Microscopy

Samples were imaged in a liquid state using a Nikon Al (Tokyo, Japan) or an
Olympus FV1000 (Leica, Milton Keynes, UK) at the Beatson Cancer Research
Institute (Glasgow). Identical exposure times and processing were used in all
experiments. For riboflavin visualization images were acquired using a 405 nm laser,

8 % laser power over a field of view of 200 by 200 um.

4.6.4 Fluorescence

Riboflavin was solubilized in 0.1 M NaOH by sonication to obtain a 1 mM stock
solution. This was further diluted to obtain a 0.05 mM stock 2 solution. Fluorescence
emission spectra of riboflavin (1.25 pM) were measured in the presence and absence
of peptides on a Jasco FP-6500 spectrofluorometer. Riboflavin was excited at 440

nm and the data collected in the range between 480 and 750 nm. The excitation and
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emission bandwidths were both set to 5 nm. Fluorescence emission spectra for
determination of riboflavin emission intensities in solvents with different polarities
were measured on an X Fluor Safire 2 fluorescence plate reader (version: V 4.62n) at
the Beatson Cancer Research Institute (Glasgow). Riboflavin was excited at 350 nm
and the emission data were collected in the range between 360 to 600 nm. The
emission wavelength step size was set to 2 nm and the excitation and emission

bandwidths to 5 nm each.

4.6.5 Transmission electron microscopy (TEM)

TEM imaging was performed at the University of Glasgow Electron Microscopy
facility. Cells were allowed to adhere on previously sterilized glass coverslips, serum
starved overnight and treated with 100 nM PMA to induce MMP-9 production.
Then, they were treated with 2.5 mM of peptide amphiphiles (1a and 2a) for 72 h to
allow the morphological transition to occur. Primary fixation (1.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer) was performed for 1 h at 4°C. After fixation the
cells were rinsed (3 x 5 min) with sodium cacodylate to remove any residual
glutaraldehyde. After this step, the samples where post-fixed with 1% osmium
tetroxide for 1h at room temperature followed by washes with distilled water (3 x 10
min). Following this, 0.5% aqueous uranyl acetate was added and allowed to stain
for 1 h in dark. The sample was then dehydrated with a graded series of ethanol
(30%, 50%, 70%, 90%, absolute ethanol and dried absolute ethanol) to 100% ethyl
alcohol, and treated with propylene oxide. Subsequently the sample was infiltrated
with Epon-Araldite resin overnight at room temperature and cured at 60°C for 24 h
in embedding moulds. Coverslips were removed from the blocks, which were then
re-embedded at 60°C overnight. The sectioning (60-70 nm sections) was performed
followed by a contrastaining step (2% methanolic uranyl acetate + Reynolds lead
citrate). Images were acquired using a LEO G12 energy filtering transmission

electron microscope operating at 120kV fitted with 14 bit/2 K Proscan CCD camera.
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4.6.6 Scanning electron microscopy (SEM)

SEM imaging was performed at the University of Glasgow Electron Microscopy
facility. Sample preparation was performed as described for TEM. After peptide
treatment, the cells were fixed on glass coverslips as described above (primary
fixation with glutaraldehyde in cacodylate buffer for 1 h). The cells were then freeze-
dried in liquid nitrogen. Samples were subsequently sputter coated with gold (8 nm
thick coating) under vacuum and imaged using a JEOL-JSM 6400 field emission

scanning electron microscope operated at an acceleration voltage of 10 kV.

4.6.7 MMP-9 activity assay

The activity of the MMP-9 was assessed using the SensoLyte® Plus 520 MMP-9
assay kit (Anaspec). Briefly, a 96-well plate covered with MMP-9 antibodies was
used to capture the MMP-9 from the sample supernatant. Once the pro-MMP-9 was
captured by the antibodies the activation step with APMA (2h) was performed. After
activation the assay substrate (5-FAM/QXL™ 520 FRET) was added and the
fluorescence reading performed using an X Fluor Safire 2 fluorescence plate reader
(Aex/Aem 490 nm/520 nm). The company protocol was followed to obtain the MMP-9
activity. The MMP-9 in the supernatant of HeLa, MDA-MB-231 and MDA-MB-
231-luc-D3H2LN cells was quantified.
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S Post-polymerisation functionalization of amine rich microgels

5.1 Introduction

Microgels are crosslinked polymer particles that swell in a good solvent or
when certain external stimuli are applied (Chapter 2, Section 2.6.1).**'° These
particles are prepared by polymerizing monomers in the presence of crosslinking
agents resulting in the formation of stable, covalently crosslinked networks."*® The
presence of chemical crosslinks within the structure prevents the dissolution of
polymer chains. Because of their particular structure, chemically crosslinked
polymers (compared to physically crosslinked gels such as those described in

Y1 As a result

Chapter 3) don’t dissolve, but tend to swell in compatible solvents.
they form colloidal suspensions rather than solutions.'”> Depending on the monomer
composition microgels can swell in different solvents. If the solvent is water they are
called hydrogels. These three-dimensional polymer networks can contain large
amounts of water making them potentially useful in medicinal applications.

The introduction of carboxylic acids or primary amine containing monomers
within the microgel structure is advantageous because these functional groups
introduce pH responsiveness but also provide reactive sites that allow for further
functionalization.'” Different functionalities, including e.g. sugars or peptides for
biological recognition or to introduce enzyme-responsiveness (See Chapter 2) can be
conjugated to microgels to obtain targeting systems for drug delivery. To attach
peptides to polymers post-polymerization two main methods are used, either adding
them step-wise on the surface (using solid phase peptide synthesis'”*) or grafting to
pre-synthesized peptides in one-step.'”> An example of solid phase peptide synthesis
directly onto polymeric particles (in this case micron sized) was previously reported
on polyethyleneglycol acrylamide based particles.'*™ On smaller (nanoscale)
particles, step wise solid phase peptide synthesis is challenging because some basic
steps of SPPS such as washing and filtration are incompatible with small particles,

resulting in loss of material and difficulty of recovery during each step.
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Hydrogels that are functionalised with peptides may be of use in
development of enzyme-responsive materials (See Chapter 2). Microgels have not
been used in this context, but design principles for macroscopic gel structures or
beads may inform the synthesis of enzyme-responsive microgels. One approach to
develop enzyme responsive hydrogels is the introduction of enzyme cleavable
linkers as crosslinks within the polymer particles (Chapter 2, Section 2.6.1). In these
examples, the final physical structure of the polymer changes upon enzyme cleavage
of crosslinking peptides, eventually leading to dissolution. An alternative approach
in developing enzyme responsive microgels can be followed where the peptide
sequences are not introduced as crosslinks but as pendant sequences that carry
charged groups (in this case introduced by SPPS). In particular, by introducing
zwitterionic peptide sequences which carry oppositely charged amino acids at either
side of the cleavable linker on the particles and by cleaving this linker using
enzymatic catalysis, their charge density changes which can induce swelling
(Chapter 2, Section 2.6.1).'*%

A variety of pH responsive colloidal microgels have been demonstrated (See
Chapter 2, Section 2.6.1). The presence of ionisable groups within their structure
makes them pH responsive. The majority of the research conducted on pH
responsive microgels is based on anionic, carboxylic acid functionalised microgels.
The first example of pH responsive microgels with high concentration of primary

14 . .
* These amine rich

amines was recently presented by Saunders and co-workers.
microgels may be suitable candidates for the development of enzyme responsive
microgels. They could constitute a platform for development of vehicles for
anticancer agents. Their size and enzyme responsiveness would be advantageous for
targeted cancer therapy (See Chapter 2).

Therefore as part of introduction of this Chapter, a detailed description of the
work performed by Saunders and co-workers focused on the preparation of amine

rich microgel particles will be presented.
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5.1.1 Synthesis and characterisation of amine rich microgel particles

Microgels used in this Chapter were synthesized and characterised following
the optimized procedure developed by Saunders and co-workers.'** A two-step
synthetic method was used to prepare colloidal stable, pH sensitive microgels as can
be seen in figure 5.1. Poly (N-vinylformamide-co-(N-vinylformamido) ethyl ether) -
poly(NVF-NVEE) microgels were synthesised using non-aqueous dispersion (NAD)
polymerisation. Subsequently, the microgels were hydrolysed to give amine rich, pH
responsive microgel particles poly(vinylamine-co-bis (ethyl vinylamine) ether) -
poly(VAM-BEVAME). The mechanism of poly(NVF-NVEE) formation involves
dispersion polymerisation where both the monomers (NVF, NVEE) and the initiator
(AIBN- azobisisobutyronitrile) are soluble in the polymerization medium (ethanol in
this case) while the resulting polymer (poly(NVF-co-NVEE)) is not soluble. The
initiation step takes place in homogeneous medium where the primary particles form
during a nucleation step. This is due to the aggregation of growing polymer chains
that become insoluble in ethanol. As the NVEE monomer is more hydrophobic than
the NVF is, the proposed mechanism involves the primary particles with high NVEE

content forming and precipitating from ethanol.'**

This results in a greater
concentration of the crosslinker in the core of the particles. After nucleation,
colloidal stabilization of the particles occurs due to the adsorption of the PVP-co-
PVA (poly(1-vinylpyrrolidone-co-vynil acetate)) stabilizer. When the PVP-co-PVA
concentration is sufficient to guarantee particle stability the aggregation stops. The
particle growth then proceeds in individual particles as they absorb monomer from
the continuous phase, at a constant particle concentration. The resultant microgels

were relatively monodisperse and characterised by NMR, FTIR and optical

microscopy.
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Figure 5.1. Schematic representation of poly(NVF-NVEE) microgel synthesis by non-
aqueous dispersion (NAD) polymerisation followed by hydrolysis to poly(VAM-BEVAME)

microgel. By setting the pH to values higher than the pK, of the microgel, swelling due to

amine protonation is achieved. [Adapted from reference 144- Saunders and co-workers].'*

The crosslink density determines the behaviour of polymers, such as the extent
of their swelling and can be controlled during the synthesis.'**'"” A set of microgels
with varying crosslinking densities pVAM-xBEVAME (x being 4, 9 or 13 mol%)
were examined previously by Saunders group and the best performing formulation
was VAM-9BEVAME having better stability compared to 4 mol% and having better
swelling properties compared to 13 mol%. These VAM-9BEVAME microgels have

been show to be functionalizable with pyrene molecules.'**
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5.2 Objectives

In this Chapter, the objective is to develop enzyme responsive systems based
on amine functionalised microgels by post-polymerisation introduction of pendant
enzyme cleavable linkers. We set out to develop a method for microgel particles
modification in order to make them enzyme responsive- undergo
swelling/deswelling in response to disease related enzymes such as MMP-9 and
phosphatase.

Firstly, we sought to reproduce Saunders’s work with the focus on the
synthesis of the microgels, as described in the introduction. Briefly, NVEE
crosslinker needs to be synthesised and characterised. The obtained NVEE can then
be co-polymerised by NAD polymerisation with the commercially available NVF
monomer to obtain crosslinked particles, followed by hydrolysis to obtain primary
amine rich microgels.

Next, to introduce pendant enzyme cleavable linkers on microgel particles
the methodology of conjugation needs to be developed. Several strategies were
explored resulting in the development of the most promising one, performed in
DMF, following conventional solid phase peptide synthesis rules. Two different
substrates, sensitive to two different cancer related enzymes (phosphatase and MMP-
9) were chosen to be conjugated on the polymeric particles (Fig. 5.2). Throughout
this chapter the main characterisation techniques used to assess functionalization are

DLS and zeta potential to assess size and charge changes after each reaction step.
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Figure 5.2. Schematic representation of the poly(VAM-BEVAME) microgel and

functionalization conditions for two different systems: to obtain A) a phosphatase responsive

and B) an MMP-9 responsive microgel. After functionalization i.e. reaction between the

amine groups on the microgel and the carboxyl groups of A) Fmoc-Yp and B) PhAc-

FFAGLDD amide bond formation is expected.

5.3 Results and discussion

The first objective was to reproduce production of poly(VAM-BEVAME)

microgels developed by Saunders and co-workers.'* In order to prepare the

microgels, the acid stable crosslinker, NVEE was first synthesised by modifying the

NVF monomer with an ether linker (Bis (2-bromoethyl) ether) and characterised by

nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR)
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and elemental analysis and the results compared to the previously reported data.'**
The FTIR spectrum for NVEE is shown in figure 5.3 A. The bands due to the vinyl
groups (1632 cm™), the -NHC(=O)H stretch (1680 cm™) and that of the ether-type
band (CH,-O-CH,) at 1090 cm™ for NVEE are the same as those reported by
Saunders and co-workers.'* To confirm that the product did not have residual NVF
the absence of the bands typical for starting material was assessed. The NVEE
spectrum does not show: the amide II band (1510 cm™), the N-C-H bending mode at
1380 cm™ and the N-H band at 3260 cm™. The '"H-NMR spectrum of NVEE (figure
5.3 B) shows peak positions that match those reported by Saunders and co-
workers.'** Two environments have been observed for the hydrogen atoms attached
to the amide (e.is and eyans) and the vinyl hydrogen closer to the nitrogen atom (cgis
and Cuans). 'H NMR data show that the proportion of the integrated areas for ecis/€ans
and for ceis/Cirans is 2:1 for the NVEE crosslinker.'* The elemental analysis data
(figure 3 ¢) show the measured (and expected) %C, %H and %N values for NVEE to
be 46.8 % (56.6 %), 6.5 % (7.6 %) and 8.7 % (13.2 %), respectively. These data
show that NVEE is not compositionally pure as reported previously as the values are

lower than the expected ones.'**
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Figure 5.3. A) FTIR spectra of NVEE; B) NMR spectra of NVEE and C) elemental analysis

data for NVEE.
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Due to difficulties in obtaining pure material after several attempts, the
polymerisation was then completed at the University of Manchester, using pure
material obtained together with the Saunders group. NAD polymerisation of NVF
and NVEE in ethanol was performed to obtain poly(NVF-ONVEE) microgel
particles. The polymerisation was followed by hydrolysis in NaOH to obtain amine
rich poly(VAM-9BEVAME) particles. Microgel particles obtained after both steps,
polymerisation and hydrolysis, were monitored using optical microscopy. Optical
images (Fig. 5.4) show poly(NVF-NVEE) microgels in ethanol and water to be
monodispersed particles. After hydrolysis some aggregation is observed as can be
seen in figure 5.4 C and D. In figure 4 C, showing a larger scan area can be seen that
there are monodispersed colloidal stable particles in addition to aggregates. Optical
microscopy was used to confirm monodispersed particles as reported by Saunders
and co-workers.'**

In this study only the VAM-9BEVAME was synthesised and considered for
further functionalization. These microgels have the highest primary amine proportion
reported so far for colloidal stable microgels. In detail, after complete hydrolysis the
9 mol% crosslinking density microgels present 90 mol% of primary amines.
However this is an estimated value as it is still a challenging to determine
experimentally the exact amine content. Based on this approximation and on the
molecular weight of the VAM monomer the number of moles of primary amine was

determined as a starting point for further functionalization.
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Figure 5.4. Optical microscopy images for poly(NVF-NVEE) in ethanol (A) and water (B);
and for poly(VAM-BEVAME) in water (C and D).

5.3.1 Post-polymerisation modification

Post-polymerisation modification of poly(VAM-9BEVAME) microgels
required method development and optimisation. For this purpose functionalization in
two different solvents was performed: water and DMF (dimethylformamide) with
the latter giving better results. Therefore we will focus on the microgel
functionalization in DMF and those results will be presented in this Chapter of the
thesis. The issues encountered in water state will be only briefly described (data not

shown).

Post-polymerisation modification in water
Firstly, post-polymerisation modification of poly(VAM-BEVAME) was

studied in water using a variety of conditions and reagents (data not shown) based on
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a previously reported functionalization with pyrene.'** The reactions conditions were
chosen with relatively low reagent concentrations in order to only functionalize a
proportion of the amines present. Due to strong, irreversible aggregation in water
after addition of reagents, visible by eye which, was also confirmed by optical
microscopy (data not shown) these methods were abandoned. Problems with
colloidal stability were due to electrostatic interaction between positively charged
amines and negatively charged phosphate groups. Three ways to improve colloidal
stability were assessed: (i) lowering the pH to values below the pK, of FmocYp (pKa,
of the carboxyl group is 2.2 while that of the phosphate group of the side chain are 2
and 5.8) in order to protonate carboxyl and the phosphate groups, (ii) increasing the
ionic strength by addition of NaCl and (iii) using low concentrations of reagents
(FmocYp-OH, NHS, EDC). None of the mentioned conditions significantly
improved the colloidal stability and aggregation was observed for all of them.
Therefore it was decided that water was not the optimal solvent for poly(VAM-
BEVAME) functionalization and that FmocYp with protected phosphate group
should be used.

Post-polymerisation modification in DMF

Subsequently, reaction conditions were chosen based on a conventional SPPS
and performed in DMF followed by Fmoc removal and phosphate group
deprotection (Fig. 5.7). Because of problems with solvent exchange such as freeze-
drying and resuspension in a new solvent which resulted in irreversible aggregation
(data not shown), and because of the strong electrostatic interaction between the
microgel and the phosphorylated amino acid, DMF was chosen as solvent, because it
is miscible with water. With a few cycles of centrifugation and resuspension solvent
exchange can be performed without affecting the colloidal stability of microgel
particles. The Ry of microgel particles (0.1 wt%) after solvent exchange was
calculated to be 3.6 x10% nm. Also in DMF the electrostatic interactions are expected
to be minimised.

Firstly, a commercially available phosphotyrosine (FmocYp-N(CHs),), a

single amino acid containing the protected phosphate group was chosen for
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conjugation (in order to avoid cross-reactions and aggregation). This simple system
requires a single coupling of the amino acid followed by deprotection steps and

subsequent enzyme responsiveness assessment.

O )OLHO 5

Figure 5.5. Chemical structure of (FmocYp-N(CHs),).

In a later stage, an MMP-9 responsive sequence (PhAc-FFAGLDD — See
Chapter 3) was chosen for coupling to the microgel. This sequence was used to
explore the feasibility of one-step conjugation of a longer peptide to microgel
particles. It is hoped that this optimised approach of conjugation described here
could then be extendable to other peptide sequences (to obtain responsiveness to

other enzymes).

a) Phosphatase responsive microgels

A three-step reaction was chosen for microgel functionalization involving
conjugation and two orthogonal deprotections performed stepwise (figure 5.7). By
coupling FmocYp-N(CH3), on microgels, changes in microgel behaviour are
expected as can be seen in figure 5.6. In detail, after coupling a deswelling is
expected due to a change in the overall charge of the microgel as amine groups are
reacted with carboxyl groups of amino acids/peptides to form peptide bonds. This
post-polymerisation modification results in introduction of highly negatively charged
phosphate groups (after deprotection) on microgel particles. This is expected to
result in the shrinkage of the particles due to electrostatic attraction between free
amines and phosphate groups. After functionalization, microgel swelling can be
assessed by addition of phosphatase and monitoring of changes in particle size.
Enzymatic removal of the phosphate groups should trigger swelling due to an overall
positive charge restored on the particles. The swelling would increase the mesh size

and could result in the release of physically entrapped drugs. The prediction of
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microgel behaviour at different stages shown in figure 5.6 is based on the charge

repulsions/attractions in water.
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Figure 5.6. Schematic representation of the functionalization of microgel particles with
FmocYp-N(CHj3), followed by enzymatic removal of phosphate groups with graphic

representation of expected size change of microgels at different stages (1-6).

In order to make easier data interpretation and to allow a more
straightforward comparison of the DLS data with each stage of reaction, a number
was attributed to each step, being: stage 1- microgels only, stage 2- control sample
without coupling reagents (microgels and FmocYp-N(CH3),), stage 3- microgels and
FmocYp-N(CHj3); in presence of coupling reagents), stage 4- Fmoc removal, stage 5-
phosphate group deprotection (TFA treatment), and stage 6- addition of the enzyme
(phospahatase). For simplicity only numbers 1-6 are indicated in the figures. When
different conditions apply for measuring the samples at the same stage, the variations
a and b are indicated i.e. 2a and 2b for control sample before and after resuspension,
respectively; 3a and 3b for the coupled amino acid before and after resuspension,
respectively and Sa and 5b for different sample handling after TFA treatment. This
also helps to visualise how the results compare with the expectations. For discussion
2b, 3b and 5b stages will be taken into account as representative of stages 2, 3 and 5

respectively.
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The coupling was performed overnight using HBTU and DIPEA as coupling
reagents (stage 3). A control sample without coupling reagents was also examined
(stage 2). The changes in behaviour of microgels after coupling were assessed by
DLS and zeta potential. UV-vis was used to assess the complete removal of

unreacted reagents (i.e. FmocYp-N(CHj3),).
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Figure 5.7. Schematic representation of the complete functionalization reaction consisting in
three steps: (i) coupling in DMF, (ii) Fmoc removal using piperidine/DMF and (iii)
phosphate protecting group deprotection in TFA.
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Every reaction step was monitored by DLS and microgel particle size
changes were measured (Figs. 5.8 and 5.9). DLS measurements were performed on
the samples directly after 24 h treatment (stage 3a) and also after a centrifugation
and resuspension cycle with DMF (stage 3b). The size of the functionalised
microgels increased for the reaction (stage 3a) sample (Ry = 7.1x10* nm) and
slightly increased for the control (stage 2a) sample (Ryg = 3.8x10> nm). However,
after removal of the supernatant and the re-dispersion in DMF the microgel size of
the control (stage 2b) sample (Ry = 2.4x10> nm) shows lower values than that of the
starting material (stage 1) (Ry = 3.6x10” nm). In contrast, the sample with coupling
agents presents larger microgel particle size (Ry = 6.5x10° nm) compared to the
starting material and similar size to the Ry recorded before the wash. This indicated
that the coupling of the amino acid to the microgel was successful only in the

presence of coupling reagents.
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Figure 5.8. DLS measurements conducted in triplicate in each stage (indicated by a number):
A) microgels only (stage 1); B) control sample measured directly after 24 h (stage 2a) and
C) after resuspension in DMF (stage 2b); D) reaction sample measured directly after 24 h

(stage 3a) and E) after resuspension in DMF (stage 3b), F) supernatant of the reaction
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sample (stage 3c); G) after Fmoc removal (stage 4); after phosphate group deprotection
(stage 5): H) centrifuged and washed 3 times with water (stage 5a) or I) TFA evaporated and
resuspended in water (stage 5b). (M 1,2 and 3 in each graph indicate measurements 1,2 and

3).

As DLS measurements were performed in DMF the expected changes of
particle size described for water do not apply. After coupling, microgels showed
bigger size compared to starting material probably due to different surface properties
of the particles. An amino acid containing an Fmoc group and a phosphate group
were introduced and the size change to bigger values could be the confirmation of
the introduction of the amino acid on the microgel. Following the same concept, the
decrease in size after Fmoc removal could represent the smaller size of particles due
to the removal of a big hydrophobic group. To more easily visualise size changes
after each step a histogram summarizing the DLS data (from figure 5.8) is shown in
figure 5.9. Once the sample was treated with TFA for phosphate group deprotection
an increase of size is observed due to irreversible aggregation in highly acidic
conditions. These stages (5a and 5b) are not to be compared with the previous stages
(1-4) as the solvent is different. The results presented in figures 5.8 and 5.9 point in
the direction that the coupling of the amino acid to the microgel was successful.
However, these are not conclusive and would require more controlled conditions i.e.
absence of aggregation and possibility of resuspension in order to compare all the

changes observed.
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Figure 5.9. Histogram showing the average values of Ry; for all the stages (1-5b) of microgel

modification.

163



In figure 5.10 the comparison between the two conditions (before and after
re-dispersion) is shown for each sample: reaction sample (figure 5.10 B) and control
(figure 5.10 A), to better visualise the main changes i.e. coupling or physical
attachment respectively. In Fig 5.10 A can be observed that after the washes and
resuspension in DMF (stage 2a) a decrease of particle size with respect to starting
material occurs. This might be due to the physical interaction between the amino
acid and the microgel that possibly results in the shrinkage of the particles. It is

speculated that some amino acids could enter the core of microgel particles.
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Figure 5.10. Size distributions of functionalised microgel centrifuged and re-suspended in
DMF for A) control and B) sample: microgel (starting material- 1)- black, after 24 h

functionalization (2a/3a)- red, after re-suspension (2b/3b)- blue.

In addition to DLS data, also the observation of samples by eye indicates
changes in sample appearance in presence or absence of coupling reagents. After
addition of the reagents, both vials looked the same (i.e. vial 2). In figure 5.11 A the
difference in sample appearance after 24 h can be seen. Vial 1 (reaction vial)
containing microgel, HBTU, DIPEA and FmocYp-N(CH3), is where covalent
attachment (amide bond formation) was performed. Vial 2 (control) is where no
coupling agents were added and only physical interaction occurred. The appearance
of the microgel suspension in vial 2 suggests that the microgels are in the collapsed
state due to electrostatic interactions the amine groups of the microgels and the
carboxyl groups of the amino acid (FmocYp-N(CHs),), while the microgel in vial 1

1s more swollen.
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Figure 5.11. A) Photo of vial 1: microgel, FmocYp-N(CHj3),, HBTU and DIPEA in DMF
after 24 h (sample) and vial 2: microgel and FmocYp-N(CH3), in DMF after 24 h (control).
B) DLS size distributions of the reaction sample and control measured directly after 24 h. C)
and D) UV-vis measurements showing Fmoc absorbance intensity at 301 nm after coupling,

followed by 3 washes with DMF to remove the unreacted Fmoc-Yp- N(CHs)s,.

UV-vis measurements were performed at this stage to assess the presence in
solution of the unreacted FmocYp-N(CHj3), on the supernatant of both control and
reaction sample followed by 3 DMF washes (figure 5.11 C and D). Based on
previous experiments on microgel functionalization for optimisation of the process
(data not shown) 3 washes with DMF are sufficient to completely remove the
unreacted FmocYp-N(CHj3),. In figure 5.11 D this hypothesis is confirmed being
zero the absorbance intensity at A=301 nm (absorbance maximum of Fmoc). The
complete removal of unreacted FmocYp-N(CHs), is important for the next step
which consists of Fmoc removal from chemically coupled amino acid using
piperidine and DMF. In order to be able to observe an indicative increase in UV

intensity due to increase of free Fmoc in solution (due to its removal from the
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particles) all unreacted Fmoc from the previous step should be removed, as observed

(Fig. 5.11 D).

In addition, DLS measurements were performed on the supernatant of the
reaction sample collected after centrifugation (Fig. 5.12). The main peak shows a Ry
value of 12 nm and it corresponds to self-aggregation of FmocYp-N(CHs),, while a
peak at a Ry value of 7.0x10° nm are some of the particles that did not settle during
precipitation (when the particles are swollen is more difficult to spin them down).
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Figure 5.12. Size distributions of the supernatant of the reaction (red) compared to the

resuspended sample (black).

The next step consisted of the Fmoc removal (stage 4) using piperidine/DMF
(4 ml) for 30 min. After 2 washes (5 ml DMF each) DLS measurements were
performed on the resuspended microgel particles. The DLS data show the decrease
in particle size to Ry = 3.0x10> nm compared to the previous stage (Ryg = 6.5x10°
nm). The UV-vis data confirm the removal of Fmoc through the increase from zero
absorbance (figure 5.10 D) to 0.82 arbitrary units (figure 5.13 C) after treatment with
piperidine/DMF. From the data shown in figure 5.13 C we can also conclude that
after 2 washes with DMF most of the Fmoc present in solution was removed, as its’
absorbance values stay constant after 2 washes.

The removal of the phosphate protecting group from microgel-Yp-N(CHj3),
was performed in TFA for 24 h (stage 5). A strong aggregation was visible, by eye,
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after exposure of the microgels to TFA. The samples were treated in two different
ways before DLS:
a) centrifuged, washed 2 times with DI water (however very little sample was
present)- stage Sa.
b) TFA removed (evaporated), microgels resuspended in water and DLS

measurement repeated- stage Sh.

The particles were left to settle prior to DLS measurement. In both cases the
aggregation to bigger particles is observed: in the first case Ry=9.0x10> nm, while in
the second Ry=1.0x10° nm were measured. A repeat measurement was performed on
the latter example and Ry=7.0x10> nm, and after 10 min Rg=2.6x10° nm, were
measured. It can be concluded that the particles are highly unstable after TFA
treatment and tend to form irreversible aggregates unable to be resuspended in water.
This can be explained by the fact that the particles aggregate in highly acidic (pH=2)
environment (data not shown). A possible explanation can also be that in water after
phosphate group deprotection there is a strong electrostatic attraction that results in
microgel aggregation.

Enzyme responsiveness of these systems was studied by treating the
microgels for 4 h with phosphatase (stage 6). The expected swelling of the microgels
did not occur after 4 h. No re-dispersion was observed and the aggregates observed
at the starting point (before enzyme addition) remained in the sample. The
irreversible aggregation was confirmed even in the presence of phosphatase. These
experiments could be potentially repeated for longer times (e.g. 24 h) as the
aggregation might have made the enzyme action slower (substrate availability to

enzyme is reduced).
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Figure 5.13. A) Schematic representation of the Fmoc removal and phosphate group
deprotection; B) DLS measurements after Fmoc deprotection (4; green) and phosphate group
deprotection (Sb; purple) compared to microgel conjugated with FmocYp-N(CHj3), reaction
sample (blue); C) UV-vis after Fmoc deprotection showing Fmoc absorbance intensity at

301 nm of supernatant (blue), wash 1 (orange) and wash 2 (purple) with DMF.

Zeta potential results are summarized in table 5.1 and can be compared to the
expected behaviour of microgels shown in figure 5.6. All the measurements were
performed after 3 washes in water followed by resuspension in water. In this way,
pH values for zeta potential measurements were maintained in the range of 7.5-8.1.
The microgels (starting material) at pH=7 (below their pK, value) are showing {=+
47 £ 4 mV (stage 1). After coupling of FmocYp-N(CHj3), the zeta potential values
dropped to {=22 + 4 mV (stage 3) showing the decrease of the positive charge
correlated to the lower availability of free amines on the particles. Also the control
sample (with no coupling agents added) showed a drop in zeta potential values to
=27 £ 3 mV (stage 2) probably due to the electrostatic interaction. After Fmoc
removal (stage 4) and thus deprotection of amine groups of the amino acid the zeta

potential was expected to increase. However, the measured value was (=18 + 3 mV

168



most likely indicating the incomplete Fmoc removal. Also the DLS data showed an
unexpected decrease in particle size. After TFA treatment (stage 5) and deprotection
of the phosphate group the zeta potential drops to =5 + 6 mV indicating the
introduction of negatively charged groups on the surface of the particles. The pH for
this measurement was low (pH=2.3) as it was difficult to remove TFA after 3 washes

with water.

Table 5.1. Summary of zeta potential and DLS measurements.

Entry  Structure Zeta potential pH Ry (nm) Ry (nm)
(Stage) ¢ (mV) DMF Water
1 Microgel 47+ 4 8.0 3.6x10°+16 630" '
2b Control (no 2743 7.6 24x10°+17
HBTU, DIPEA)
3b Microgel- 22+4 77 6.5x107+ 62
Yp(N(CHs), )s-
Fmoc
4 Microgel- 1843 8.1  3.0x10> 4
Yp(N(CHs)2 )2
5b Microgel-Yp 5+6 2.3 7.0x10% + 240%
6 Microgel-Y**¥ / / / Massive

aggregation

*Value taken from reference 144 (Saunders and co-workers).'**

* Instable behaviour observed with massive aggregation, the presented result is not

representative of the sample variation in time.

% Microgel-Y results are not reported as after enzyme treatment the sample was not

resuspended as expected but remained in the aggregated state.

In order to compare the behaviour of microgels in terms of zeta potential and
Ry values plots are presented (Fig. 5.14) where each stage of functionalization
corresponds to a number (taken from table 5.1). However, as Ry values were
obtained from DLS measurements in DMF they are not directly comparable to the

expected behaviour in water due to different swelling properties of the microgels in
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these two solvents (seen from the Ry pyr = 3.6x10° nm and Ry waer = 6.3x10% nm for
the starting material- microgel only) and a more pronounced charge based behaviour

(attraction/repulsion of charged residues) in water.
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Figure 5.14. Plots of a) zeta potential and b) Ry values vs. condition indicated by number 1-
5 (taken form table 1). The variation of zeta potential and Ry can be visualised regarding the

stage of functionalization.

In addition, FTIR analysis was carried out but the results (data not shown)
are inconclusive. The focus was put on the analysis of the amide region of the
spectra as FTIR was expected to be useful for confirmation of amide bond formation
in case of FmocYp-N(CHj3), conjugation. In comparison with the published data'**
the FTIR spectra are complex and show different peaks (regions) than those expected
and they would require better interpretation and comparison with other techniques.
Therefore, FTIR analysis would require more work and these results are not included

in this thesis.

b) MMP-9 responsive microgels
To obtain MMP-9 responsive poly(VAM-BEVAME) microgels a peptide
sequence (PhAc-FFAGLDD) was conjugated to the microgels. The advantages of
using PhAc-FFAGLDD (1a) as peptide sequence are that is MMP-9 responsive
(proved in Chapter 3) and protected at the N-terminus with the acetyl group to avoid
cross-reactions during coupling. Three different concentrations of peptide (1a) were
used to determine whether the functionalization is concentration dependent. 12.5%

(0.015 mmol), 25% (0.03 mmol) and 50% (0.06 mmol) of peptide related to the total
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free amines present on the microgel particles, taken as 100% (0.12 mmol), were
used. 1a_1 (stages 2- DMF and 3- water), 1a 2 (stages 4- DMF and 5- water) and
la_3 (stages 6- DMF and 7- water) are indicating the 50%, 25% and 12.5% peptide
concentrations, respectively. The same procedure was followed as for the
phosphatase responsive microgels. A 24h coupling in DMF, with HBTU and DIPEA
was performed. In this case, a one step synthesis was performed consisting in the
coupling of the pre-made, N-protected peptide sequence. Similarly as described for
the phosphatase responsive system, shrinkage of the particles is expected after
conjugation due to the change in the overall charge. In this case, in addition to
peptide bond formation, each peptide sequence carries two additional negative
charges (from the aspartic acid side chains) (Fig. 5.16). Therefore the introduction of
increasing concentrations of peptide on the particles is expected to result in higher

extent of their shrinkage (Figs. 5.15 and 5.17).
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Figure 5.15. Schematic representation of the functionalization of microgel particles with
PhAc-FFAGLDD (1a) with graphic representation of expected size change of microgels
after coupling. Different numbers (2 to 7)- corresponding to different concentration of 1a

used for coupling are indicated for DMF (even numbers) and water (odd numbers).
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The chemistry of the proposed coupling reaction is shown in figure 5.16. The
peptide is activated with HBTU and DIPEA for 15 min before addition to the amine
rich microgel. The reaction is allowed to proceed for 24 h (based on previous

experiments). Subsequently DLS and zeta potential were performed.
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Figure 5.16. Schematic representation of the chemical reaction of microgel funcionalisation

with PhAc-FFAGLDD (1a).
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Figure 5.17. Histograms showing the average values of Ry for all the stages (1-7) of
microgel modification measured in DMF (graph on the left, stages presented by even

numbers) and water (graph on the right, stages presented by odd numbers).

From the histograms reported in figure 5.17 can be seen that the Ry recorded
in water show a concentration dependent size change from the starting material
(Ry=6.3x10" nm for microgels only- 1) to Ry=6.7x10> nm (3), Ry=7.3x10*> nm (5)
and Ry=7.8x10”> nm (7). This is in accordance with what is expected (Fig. 5.15) in
terms of introduction of negative charges on the microgel particles. By increasing the
concentration of 1a introduced on microgels a higher conjugation extent is expected
i.e. more amine group should be converted to amide bonds. In addition, a higher
quantity of negative charges would be introduced (each molecule of 1a conjugated
has two aspartic acid side chains). The higher the extent of coupling the lower the
size of particles is expected. On the contrary, in DMF no trend was observed
between Ry and concentration of 1a (Ry=8.6x10> nm (2), Rg=6.5x10” nm (4) and
Ry=7.0x10° nm (6)) used suggesting that the conjugation is not concentration
dependent and/or that the electrostatic repulsion is not the main driving force for

microgel swelling behaviour.

DLS measurements were performed to determine size changes at different
stages: after 10 min, after 24 h and after 3 washing/redispersion cycles in DMF for
each concentration of peptide. DLS measurements showed Ry values summarised in

table 5.2.
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Table 5.2. Ry (nm) values of microgels during different stages of coupling and after 3

washes in DMF.

Entry Step Microgel-1a_1  Microgel-1a_2 Microgel-1a_3

1 Time zero' 3.6x10° £ 16

2 10 min 1.3x10° £ 50 9.6x10% + 50 1.0x10° £ 20

3 24 h 1.4x10° £ 70 9.7x10% + 50 1.0x10° £ 40

4 After 3 washes 8.6x10°+£140  6.5x10°+70  7.0x10*+20
with DMF

¥ Microgel particles only, before addition of reagents

Subsequently, the particles were resuspended in water and the zeta potential
measurement was performed. For all three examples the zeta potential values
decreased compared to the starting material ((=47 = 4 mV). The zeta potential for
la 1 (3), 1a 2 (5) and la 3 (7) were (=35 £ 5 mV, (=36 + 3 and (=28 £+ 4 mV,
respectively. The Ry values for 1a 1, 1a 2 and 1a 3 when resuspended in water are
Ry=6.7x10° nm, Ry=7.3x10* and Ry=7.8x107 respectively. It can be noted that the
concentration dependent size change previously stated for DLS in water (Fig. 5.15)
for different concentrations of 1a was not confirmed by zeta potential. A decrease of
zeta potential with decrease of la concentration used for coupling was observed
while the opposite behaviour (decrease of =zeta potential with increasing

concentration of 1a) would be expected.
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Table 5.3. Zeta potential values and Ry in DMF and in water for all the concentrations of

peptide examined.

Entry Structure Condition Zeta Ry (nm) Ry (nm)
(microgel : 1a) potential DMF Water
¢ (mV) redispersed
1 Microgel / 47+4  3.6x10°+£ 16 630.0%*
2 Microgel-1a_1 1:05" / 8.6x10° £ 140 /
(DMF)
3 Microgel-1a_1 1:0.5 35+5 / 6.7x10% £ 130
(water)
4 Microgel-1a 2 1:025% / 6.5x10% + 70 /
(DMF)
5 Microgel-1a 2 1:0.25 36 £3 7.3x10% + 60
(water)
6 Microgel-1a_3 1:0.125% / 7.0x10% + 20 /
(DMF)
7 Microgel-la 3 1:0.125 28 + 4 / 7.8x10% + 50
(water)

¥ Microgel : 1a=1: 0.5 (50% peptide related to the total number of NH, groups on
microgel particles)

¥ Microgel : 1a=1:0.25 (25% peptide related to the total number of NH, groups on
microgel particles)

¥ Microgel : la = 1 : 0.125 (12.5% peptide related to the total number of NH,
groups on microgel particles)

The coupling of MMP-9 responsive sequence, PhAc-FFAGLDD, to the
microgel particles performed at three different concentrations of peptide resulted in
coupling confirmed by changes in size and in zeta potential. Even though it is not
possible to determine the dependence of peptide concentration on the efficiency of
coupling, no irreversible aggregation was observed compared to the phosphatase
responsive system (described in the previous section) as no highly acidic conditions
were employed. The advantage is presented by the ease of the procedure requiring
only one coupling step compared to the three steps used to introduce FmocYp on the
microgel. Therefore, this system seems to be more promising for future enzyme

responsiveness studies.
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In addition, FTIR does not seem useful in case of 1a conjugation to microgels
because 1a contains several peptide bonds within the structure and little difference in
the amine region is expected. The FTIR spectra are complex and they would require
better interpretation and comparison with other techniques. Therefore, these results

are not included in this thesis as inconclusive.

5.4 Conclusions

In conclusion, the microgel synthesis was carried out following the procedure
optimised by Saunders group at the University of Manchester (collaboration project
between the University of Manchester and University of Strathclyde). The NVEE
crosslinker, poly(NVF-NVEE) and poly(VAM-BEVAME) microgels were
synthesized. Only the basic characterisation on the particles was performed to
confirm the successful synthesis of the particles showing results comparable to the
ones published by Saunders and co-workers. However, the NVEE synthesis resulted
challenging as the conditions had to be further optimised due to the different
experimental setup used at Strathclyde. Microgel aggregation following the
hydrolysis was also an issue.

Following the synthetic step, the post-polymerisation functionalization of
microgels using two different residues was performed. In the first case the
phosphatase responsive, FmocYp-N(CH3), was coupled to the microgels. Even
though the attachment was successful, confirmed by size changes (DLS) and zeta
potential measurement the endpoint was hit after TFA treatment causing irreversible
aggregation. Enzyme responsiveness could not be further tested because of this
aggregation.

A further development of the system was achieved by coupling of MMP-9
responsive sequences on the microgel particles. The PhAc-FFAGLDD sequence
previously characterised (see Chapter 3) was used at three different concentrations.
All result in coupling that is concentration independent according the zeta potential
(water) and DLS measurements in DMF. This system has not been examined for
enzyme responsiveness even if it holds better promise than the phosphatase

responsive one. No irreversible aggregation was observed and the ease of the
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procedure requiring only one coupling step is advantageous. However, we decided
not to proceed with this system as to develop a drug delivery application would need
more time for optimisation and further analysis. The other system, we developed
(presented in Chapter 3) holds better promise to achieve applications in vivo as the

biocompatibility issues are absent and was therefore the focus of the thesis.
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5.5 Materials and methods

5.5.1 Materials

NVF, potassium tert-butoxide, dicyclohexano-18-crown-6, bis (2-bromoethyl) ether,
azobisisobutyronitrile (AIBN) and poly(1-vinylpyrrolidone-co-vynil acetate) (PVP-
co-PVA) were purchased by Sigma Aldrich and used as received. The PVP-co-PVA
had a weight-average molecular weight of 50 000 gmol” and a VA content of 43
mol%. FmocYp-N(CH3), was purchased by Novabiochem (Merck). Phosphatase
(alkaline bovine), (EC 3.1.3.1.) was purchased from Sigma Aldrich, and was diluted
with 4.5 mL of pH=9 phosphate buffer prior to use (1ul =1 unit).

5.5.2 'H nuclear magnetic resonance (NMR)

NMR spectra were recorded on Bruker AV300 spectrometer (‘H: 500 MHz) in the
deuterated solvent stated (chloroform). All chemical shifts () are quoted in ppm and
coupling constants (J) given in Hz. Residual signals from the solvents were used as

an internal reference.

5.5.3 Dynamic Light Scattering (DLS)

DLS measurements were carried out by using a ALV (ALV, GMBH, Germany)
spectrophotometers using vertically polarized He-Ne laser light (25 mW with
wavelength of 632.8 nm) with an avalanche photodiode detector. The DLS
measurements were carried out at angle of 90° at 25 °C. Intensity autocorrelation
functions were recorded and analysed by means of the cumulative method in order to
determine the intensity weighted diffusion coefficients D and the average
hydrodynamic radius Ry by using the Stokes-Einstein equation, Ry = kBT/6mnD,
where kB is the Boltzmann constant, T is the absolute temperature and n is the
solvent viscosity at the given temperature. All DLS measurements were conducted in

triplicate.

179



5.5.4 Zeta potential analysis

Zeta potential measurements were performed using Malvern Zetasizer Nano
instrument that uses Laser Doppler Velocimetry (LDV) technique combined with
Phase Analysis Light Scattering (PALS) to measure zeta potential. The zeta potential
distribution was measured using water as dispersant and the value of f (Ka) of 1.5
known as Smoluchowski approximation of the Henry’s function  f{Ka).
Smoluchowski approximation is valid for measurements in aqueous media and
moderate electrolyte concentration. For each sample 3 measurements were

performed at a temperature of 25°C using a clear disposable flow cell.

5.5.5 UV visible spectroscopy
UV-vis spectroscopy was used to monitor the unreacted reagents from the reaction
and to confirm Fmoc removal after cleavage with piperidine/DMF. The absorbance

spectra were recorded using UV Jasco V-660-spectrofotometer.

5.5.6 Optical microscopy
Optical microscopy was conducted with an Olympus BX41 microscope at the School

of Materials, University of Manchester.

5.5.7 Crosslinking monomer synthesis

2-(N-vinylformamido) ethyl ether (NVEE) was synthesized following a method
reported before.'**'*® 7.1 g of NVF and 0.99 g of dicyclohexyl -18-crown-6 were
dissolved in 100 ml of anhydrous THF and 11.97 g of potassium t-butoxide (last
added) were stirred vigorously at room temperature for 45 min (figure 11 a). After
cooling in ice bath for 20 min 9.28 g of Bis (2-bromoethyl) ether was added
dropwise. The reaction mixture was then stirred at room temperature for 72 h.
Potassium bromide was removed by filtration and the reaction mixture concentrated
under vacuum and diluted with 100 ml of DI water. NVEE was then extracted with

chloroform. The extracts were combined, washed with brine and dried over
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anhydrous sodium sulphate. The chloroform was removed completely using the
rotavapor. The compound was characterized by elemental analysis, 'H NMR and

FTIR.

Figure 5.18. Photos taken during the synthesis of NVEE: a) and b) experimental setup and
synthesis; c¢) filtration to remove KBr; d) extraction with chloroform; e) drying over
anhydrous sodium sulphate; and e) freeze dried NVEE, ready for further characterization
(FTIR).
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5.5.8 Microgel synthesis

Poly(NVF-co-NVEE) microgel particles were prepared by non-aqueous dispersion
(NAD) polymerization as described before.'** Ethanol (68 g), NVF monomer (6 g),
PVP-co-PVA (1.8 g), AIBN 0.2416 g and NVEE crosslinker (0.845 g ) were mixed
together in a 4-neck round bottom flask equipped with an overhead stirrer, nitrogen
supply and a reflux condenser (figure 12 a). Nitrogen was purged for 10 minutes
while the solution was stirred vigorously, and heated to 70°C while stirring (500
rpm) for 60 minutes to allow polymerisation. The obtained dispersion was then
purified by cycles of centrifugation/ re-dispersion in ethanol. Finally, the hydrolysis
(figure 12 b) was performed using 1 g of poly(NVF-co-NVEE) in 100 ml of 1 M
NaOH, under N, at 80°C for 16 h in order to hydrolise primary amides (NVF) and
secondary amides (NVEE) to primary amines (VAM) and secondary amines
(BEVAME), respectively. The final product poly(VAM-co-BEVAME) was washed

using cycles of centrifugation/re-dispersion in DI water.

Figure 5.19. Photos showing the experiment setup, taken during: (a) polymerisation and (b)

hydrolysis of microgels.
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SPPS of PhAc-FFAGLDD
See Chapter 3.

Functionalization with FmocYp-N(CHj3), via HBTU/DIPEA coupling

The functionalization of microgel particles with FmocYp-N(CH3), was performed in
DMF, using HBTU and DIPEA as coupling agents. FmocYp-N(CHj3), (0.06 mmol)
was dissolved in DMF and HBTU (0.06 mmol) and DIPEA (0.12 mmol) were added
mixed (vortexed and sonicated), and let to activate for 15 min. This was then added
to a suspension of microgels and left to react on a shaker for 24 h (overnight) at
room temperature. The ratio of reagents based on microgel (1 eq = 0.12 mmol) was:

a) microgel : amino acid : HBTU : DIPEA=1:0.5:0.49 : 1.

After FmocYp-N(CHs), coupling to microgels, Fmoc deprotection was performed
for 1 h (on shaker) in 5 mL piperidine:DMF (1:4). Phosphate group deprotection was
performed in 5 mL TFA:water (95:5) for 1 h, followed by the addition of 10% of
volume of water (500 pL) and left for further 18 h (on shaker) to allow complete
deprotection. After each step characterization was performed (before and after
washing and re-suspension in DMF for the first two steps and before and after

washing and re-suspension in water after TFA cleavage).

Functionalization with PhAc-FFAGLDD via HBTU/DIPEA coupling
The functionalization of microgel particles was performed at 3 different
concentrations of peptide 1a (0.06 mmol, 0.03 mmol and 0.015 mmol). An excess of
microgel was used (0.12 mmol- 0.1 wt%). The peptide was dissolved in DMF and
HBTU (0.06 mmol, 0.03 mmol and 0.015 mmol) and DIPEA (0.12 mmol, 0.06
mmol and 0.03 mmol) were added, mixed and let to activate for 15 min. This
mixture was then added to a suspension of microgels and left to react on a shaker for
24 h (overnight) at room temperature. After 24 h characterization was performed
(before and after washing and re-suspension in DMF).
The ratios of reagents based on microgel (1 eq = 0.12 mmol) were:

a) Microgel : peptide : HBTU : DIPEA=1:0.5:0.49:1

b) Microgel : peptide : HBTU : DIPEA=1:0.25:0.24: 0.5

c) Microgel : peptide : HBTU : DIPEA =1:0.125:0.124 : 0.25
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6 Conclusions and future work

6.1 Conclusions

Two different MMP-9 responsive peptide amphiphiles able to self-assemble
into spherical aggregates that undergo enzyme triggered micelle to fibre transition
and are capable of encapsulation and controlled release of doxorubicin are presented
in this thesis. These mobile carriers of anticancer drugs are designed to selectively
deliver the payload to tumour tissues where they assemble to form localised fibrous
depots by exploiting local MMP-9 overexpression. Furthermore, the assembled
fibres provide a scaffold for prolonged drug delivery due to the partial entrapment of
the drug and the intrinsic biodegradable nature of peptide carriers themselves.
Creating localised depots of anticancer drugs around cancer cells is beneficial for the
development of anticancer therapy.

Different techniques were used to characterize the peptides and to fully
understand the mechanism of the peptide amphiphiles as drug delivery systems.
HPLC and LCMS were used to assess the purity of products and to confirm their
formation. In a few examples, MALDI was used in addition to the previously
mentioned techniques for individuation of the products after enzyme cleavage. In
LCMS, extensive fragmentation of peptides occurred and as the samples were not
desalted positive ion adducts of fragments were often seen in addition to the
expected products making data interpretation difficult. This was later confirmed by
MALDI indicating the presence of di and tri-sodium adducts. Therefore, for future
work would be recommendable to desalt the samples before LCMS is performed.
Attention has to be paid during data interpretation as many product adducts are
possible to find as well as potential interference or contaminant ions (found in
electrospray ionisation and MALDI)."”

AFM and TEM, were both successful in assessing the micelle to fibre
morphology change. However, both techniques require sample drying which could

lead to artefacts, including fibrillar structures present in the starting materials as the
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effect of dying. Cryogenic-TEM would be a better choice in terms of morphology
transition visualisation. Fluorescence spectroscopy was a useful method for the
characterisation of the aggregation behaviour of peptide amphiphiles. In addition, it
provided the main technique in the analysis of the behaviour/suitability of the
peptide amphiphiles as drug delivery systems. Confocal microscopy in combination
with fluorescent spectroscopy is a powerful way to analyse peptide amphiphiles
loaded with doxorubicin/riboflavin. However, due to resolution limits it would need
to be used together with a technique at higher resolution (e.g. STORM) which would
also have the advantage of (potential) real-time visualization of enzymatic
transitions. An analysis technique based on the combination of confocal microscopy
and electron microscopy (i.e. CLEM) could be of interest for fibre visualisation in
proximity of cells as it would allow the visualisation of the same sample at different
scales. In addition, by analysing the same sample region better comparison of results
obtained with two different techniques could be achieved and a more straightforward
interpretation of results would be guaranteed.

DLS experiments were useful for size comparisons of micelle and fibre
forming peptides. However, Ry calculations obtained with DLS are based on the
Stokes-Einstein approximation for spheres. Therefore, diffusion coefficients were
presented in addition to Ry values to better compare the obtained results. In
literature, examples of Ry values reported for non-sherical structures can often be
found. A better way to distinguish between micellar and fibrillar structures would
have been the SLS (static light scattering) measurement which would analyse the
sample at different angles (compared to the DLS, measured at a fixed angle). In our
case, SLS was not crucial as many techniques used in this thesis provide sufficient
proof of the micelle to fibre transition. Nevertheless it could provide additional
evidence of fibre formation/presence.

Peptide amphiphiles were treated with MMP-9 at a concentration
corresponding to that secreted by human cancer cell lines. These conditions gave
response times of 48 to 96 h. Response times can be changed (to faster) by choosing
better enzyme substrates. This can be achieved by changing and/or lengthening the

peptide sequences which would accelerate the response times/digestion of peptide
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amphiphiles. As these systems were developed for biomedical applications, the
experiments were designed based on mimicking the in vivo environment.

Many challenges were encountered in proving these systems capable of
performing as drug delivery vehicles. In terms of MMP-9 specificity, the substrate
has to contain the right structural information to behave as a smart system able to
undergo a morphological transition. Regarding MMP-9 cleavage efficiency, the
cleavage of the substrate at the expected cleavage site G|L being well known for
longer substrates and/or proteins is often difficult to achieve using short peptide
amphiphiles. Difference in size of two-three orders of magnitude between cells and
fibres formed due to enzyme activity makes it challenging to image the desired effect
around/in the presence of cancer cells. In addition, harsh fixing conditions and
sample processing normally used for TEM and partly for SEM might result in fibre
damage and/or washing. Therefore sample preparation might request milder
conditions such as freeze-drying with no fixing in order to successfully image fibres.

In order to prove the feasibility of the system to treat cancer states and its
ability to function in vitro and in vivo further examination and mechanism
clarification is needed. However, the ability to reorganize from a micellar to fibrillar
supramolecular structures and its application is drug delivery is a new concept not
demonstrated before. When used in vivo these systems may also respond to other
MMPs and specifically to MMP-2 due to some overlapping in specificity profiles.
This could be potentially overcome by studying in detail the specificity of MMP-2
and MMP-9 (in terms of catalytic activity) on a library of substrates and by picking
the ones that undergo faster degradation by MMP-9 compared to MMP-2. However,
changing the peptide sequence to better, more specific substrates for MMP-9 might
result in the loss of the possibility of the peptide amphiphiles to undergo self-
assembly and therefore the desired micelle to fibre transition.

In Chapter 5, an alternative approach to enzyme responsive delivery systems
was presented based on the polymeric particles- microgels. A method for post-
polymerisation functionalization of a newly developed (by collaborators in Brian
Saunders’ group) amine rich microgel was presented. The functionalization was
achieved but handling of these particles was proven to be challenging due to

aggregation. Being polymers based on new design, there may be biocompatibility
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issues and potential long routes to FDA approval. Therefore, their development for

real life applications is far and not achievable in this thesis.

Overall, the work in this thesis has presented two different enzyme responsive
systems, one based on self-assembly of small peptidic molecules and the other on
swelling properties of more complex chemically crosslinked polymer particles. We
demonstrated that in response to a cancer associated enzyme a morphology transition
from micelles to fibres is achieved that can be exploited in the treatment of cancer

cells by releasing doxorubicin in the site of interest.

6.2 Future work

Following the main experimental section of this thesis, based on enzyme
responsive morphologic transition of two peptide amphiphiles and their possible
application as drug delivery systems (for cancer treatment) in addition to the
development of the methodology for visualisation of the fibres formed in proximity
of cancer cells some questions remain unanswered and a few aspects could be further
examined. It would be interesting to measure the specificity of MMP-9 for the
examined peptide amphiphiles. It was confirmed that they are MMP-9 substrates but
the rate of their cleavage has not been determined yet.

As MMP-2 and MMP-9 are closely related enzymes they have some
overlapping specificity profiles. Eventually our substrates are expected to be cleaved
by MMP-2 but also potentially by other members of the MMP family. It would be
interesting to assess this potential cross reactivity. We believe that in this case
generality would not necessarily be a disadvantage as MMP-2 is also overexpressed
by cancer cells.

Physical incorporation of hydrophobic heavy metal containing complexes,
following the same procedure developed for doxorubicin would be useful for
imaging purposes. /n situ TEM would be the technique of interest to assess the
micelle to fibre morphology transition in liquid/gel state. Furthermore, techniques
with higher resolution such as STORM need to be considered for better visualisation

of fibres in proximity of cancer cells and the real time reconfiguration from micelles
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to fibres in the presence of cells. In addition, CLEM would be beneficial as it
combines fluorescent with electron microscopy.

Regarding to the imaging methodology it would be interesting to assess the 2a
FRET peptide in the presence of MMP-9 using confocal microscopy. First, it should
be tested if the expected cleavage product is able to self-assemble into fibres as the
presence of fluorescent groups (dabcyl and EDANS) could disrupt the self-assembly.
The co-assembly method where low, uM-range concentrations of 2a FRET could be
used in addition to higher, mM-range concentrations of 2a would be interesting to
explore to guarantee better visualisation of the morphology transition.

Following Chapter 5, focused on enzyme responsive microgels it could be of
interest to assess whether the peptide (1a) functionalised microgels are able to
undergo swelling/deswelling in the presence of MMP-9. In general, testing enzyme
responsiveness for drug delivery would be of interest. Using the optimized
conditions employed for the functionalization of microgels with 1a, other peptide
sequences could be tested having different charge dispositions.

A way forward with these systems would need to consider working with more
biocompatible materials. In addition, testing their toxicity in vitro could be beneficial
as a starting point towards a possible biomedical application. Moreover, the
influence of amine rich microgels on membrane integrity of cancer cells could be
assessed, as cationic molecules are known to be toxic to cancer cells (negatively
charged on the outer leaflet of the membrane).

An alternative approach could be to make microgels by directly polymerizing
modified amino acids to obtain biocompatible polymers. This would be based on
introducing vinyl groups on amino acids of interest (e.g. phosphorylated tyrosine)
giving rise to polymerisable biocompatible monomers. Co-polymerisation of
negatively (phosphorylated tyrosine) and positively (lysine) charged amino acids
would be interesting to explore. After phosphatase addition and removal of the
phosphate group form the microgel an overall positive charge would result in
swelling. However, for this study to be performed a method development would be
needed first. In addition, the ability to swell (behave as microgels) and size of such

new systems should be studied in detail.
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The most straightforward direction to follow in the design of further
experiments is related to the in vivo application of the developed MMP-9 responsive
systems. Testing the ability of self-assembling peptides (1a and 2a) to perform as
anticancer drug carriers in mice is of interest. For this purpose peptide cytotoxicity
has to be assessed and in vivo results on animal models (mice) collected in order to
show the potential for further development of the proposed carriers. As peptide
nanostructures are relatively new materials in terms of cancer applications
elucidation of the mechanisms governing the tumour inhibition are essential.

While not discussed in this thesis, a start has been made with in vivo evaluation
of the doxorubicin loaded peptide systems for cancer management. Preliminary data
are included in Appendix I for completeness. The results are promising, showing a
substantial reduction in tumour growth and are the subject of further, ongoing

studies.
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APPENDIX 1

In vivo evaluation of doxorubicin loaded peptides for anticancer

applications’

Preliminary results that were carried out by collaborators at the Beatson
institute consist in cell cytotoxicity studies performed on micelle forming 1a and 2a
peptides and their proteolysis resistant (1a (D) and 2a (D)) versions. In addition, the
cytotoxicity was assessed for the expected cleavage products 1b and 2b.

Possible toxic effects of micellar aggregates (L- and D- 1a and 2a peptides)
assessed in there types of cells (HeLa, MDA-MB-231 and MDA-MB-231-luc-
D3H2LN) using MTT assay showed low, concentration dependent cytotoxicity (Fig.
I.1). HeLa cells seem to be more vulnerable to the presence of 1a and 2a peptides
when compared to the other two cell lines assessed. Cell viability is concentration
dependent. For peptide concentrations of 2.5 mM and lower cells show 100% or
higher viability. When the viability is higher than 100% some internalisation and

metabolism of the peptides seem to occur.
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Figure I.1. MMT assays of HeLa, MDA-MB-231 and MDA-MB-231-luc-D3H2LN cells

" Cell work (MTT assays) and in vivo studies performed by Max Nobis, Beatson

Cancer Research Institute.
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treated for 3 days with increasing concentrations of peptides 1a and 2a as well as their
counterparts 1a (D) and 2a (D) which are not cleavable by MMP-9 as well as the expected
cleavage products 1b and 2b.

Based on MMP-9 quantification in vitro (Chapter 4) and MTT assays
performed on three different cell lines, the invasive MDA-MB-231-L3H2LN cell
line was chosen to induce tumours in mice. After the tumour reached the target size,
mice were treated (subcutaneous injection) with doxorubicin loaded 2a peptide
micelles and the effect on tumour growth studied. Control experiments, to report the
effect of doxorubicin, vehicle (PBS) and 2a peptide micelles individually were
performed for each of the mentioned categories. The first results show stasis of
tumour growth only when doxorubicin loaded peptide (2a) micelles are used (Fig.
1.2). In addition, when proteolysis resistant peptide (2a (D)) micelles are used as

doxorubicin nanocarriers tumour growth can be seen.
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Figure 1.2. In vivo tumour progression of MDA-MB-231-luc-D3H2LN subcutaneous

tumours treated with L- (graph on the left) and D- (graph on the right) 2a peptide (36

mg/kg), doxorubicin (1 mg/kg) or in combination of the two showing stasis of tumour

growth in the combination treatment when 2a (L) is used. In contrast, tumour growth is

observed when 2a (D) is used as nanocarrier for doxorubicin.

200



APPENDIX 11

List of amino acid and their 3 and 1 letter code abbreviations

Entry Amino Acid 3 Letter Code 1 Letter Code
1 Alanine Ala A
2 Arginine Arg R
3 Asparagine Asn N
4 Aspartic acid Asp D
5 Cysteine Cys C
6 Glutamic acid Glu E
7 Glutamine Gln Q
8 Glycine Gly G
9 Histidine His H
10 Isoleucine Ile I
11 Leucine Leu L
12 Lysine Lys K
13 Methionine Met M
14 Phenylalanine Phe F
15 Proline Pro P
16 Serine Ser S
17 Threonine Thr T
18 Tryptophan Trp W
19 Tyrosine Tyr Y
20 Valine Val A%
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APPENDIX II1

Peptide characterisation
The complete LCMS spectra for 1a, 1b, 2a and 2b not shown in the main text
to avoid redundancy are presented in this appendix. Complete MS spectra are shown

here (only fragments of MS spectra were shown in the main text).
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Figure III.1. LCMS data showing the LC chromatogram and the MS trace of PhAc-
FFAGLDD (1a).
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Figure I11.2. LCMS data showing the LC chromatogram and the MS trace of PhAc-FFAG
(1b).
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Figure I11.3. LCMS data showing the LC chromatogram and the MS trace of GFFLGLDD
(2a).
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Figure I11.4. LCMS data showing the LC chromatogram and the MS trace of GFFLG (2b).
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APPENDIX IV

Enzyme hydrolysis product characterisation

Complete MS spectra showing the products of MMP-9 cleavage on 2a are presented

(only fragments shown in the main text).
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Figure IV.1. MS spectra of MMP-9 induced hydrolysis of GFFLGLDD (2a) into: A) 2¢; B)
2d; C) 2e and D) 2f.
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APPENDIX V
D-peptides characterisation
Proteolysis resistant, D- versions of 1a and 2a were synthesized for in vitro and in

vivo studies and used as controls (not expected to show the same behaviour in vivo as

their L- counterparts- See Appendix I).
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Figure V.1. HPLC chromatogram at 254 nm and MS spectra of PhAc-"F’FPAG°LDD (1a
(D)) showing retention time of 22.4 min and [M-H] = 900.3 (mass calculated: [M-H] =
900.4).
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Figure V.2. HPLC chromatogram at 214 nm and MS spectra of G°F’F°LG°LDD
(2a (D)) showing retention time of 17.3 min and [M-H] = 881.2 (mass calculated:
[M-H] = 881.4).
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APPENDIX VI

FRET peptide characterisation

Preliminary results include the synthesis of 2a FRET peptide (Dabcyl-
GFFLGLE(Edans)D-OH) and its characterisation (HPLC, MS). FRET peptide
consists in Dabcyl (acceptor) — EDANS (donor) FRET pair separated by MMP-9
cleavable linker (GFFLGLED) as shown in figure VI.3.
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Figure VI.1. HPLC chromatogram of 2a FRET (at 254 nm) showing a retention time of 24

min.
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Figure VI.2. Mass spectrum of 2a FRET showing [M+H]'=1396.5
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Figure VI.3. A) Chemical structure of the FRET peptide; B) UV-vis absorbance of dabcyl
acid (green), EDANS-glu-Fmoc (red) and the FRET peptide (black).
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