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Abstract

Interaction between the cells plays a vital role in tissue formation and
transmembrane signalling. The family of Cadherin proteins is among the
important classes of adhesion molecules engaged in cell-cell interactions. Whose
members mediate homophilic Ca** dependent cell-cell adhesion, and they are
dynamic and spatiotemporally tightly regulated in a wide variety of tissues.
Dynamic control of cadherin mediated interactions is a key to understand and
modulate various cellular events for biomedical applications. This thesis
presents a new strategy to spatiotemporally control cadherin mediated cell-cell
interactions at biomimetic interfaces. For this purpose photoactivatable
peptidomimetics of E-cadherin and N-cadherin were developed by introducing a
light responsive non-natural amino acid, His[Ru(bpy)2PPh3] at the His residue of
the HAV cadherin binding motif. These peptides were immobilized on
poly(acrylamide) hydrogels and cadherin-mediated cell adhesion and derived
cellular responses as a function of the activity of the peptide were studied. Flat
and micropatterned hydrogels were used to reconstruct polarized cellular
microenvironments, as they occur in epithelial or musculoskeletal tissues.
Cellular morphology on the novel cadherin mimetic hydrogels was explored.
Light-regulated myogenic differentiation of C2C12 cells by temporal control of N-
cadherin peptide presentation was demonstrated using the photoactivatable N-
cadherin mimetic peptide.
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Zusammenfassung

Die Interaktion zwischen den Zellen spielt eine entscheidende Rolle bei der
Gewebebildung und der Transmembransignalisierung. Die Familie der Cadherin-Proteine
gehort zu den wichtigen Klassen von Adhdsionsmolekiilen, die an Zell-Zell-Interaktionen
beteiligt sind. Deren Mitglieder vermitteln die homophile Ca** abhdngige Zell-Zell-Adhasion,
und sie sind in einer Vielzahl von Geweben dynamisch und raumlich-zeitlich streng reguliert.
Die dynamische Kontrolle der durch Cadherin vermittelten Interaktionen ist ein Schlissel zum
Verstandnis und zur Modulation verschiedener zelluldrer Ereignisse fiir biomedizinische
Anwendungen. In dieser Dissertation wird eine neue Strategie zur raum-zeitlichen Kontrolle
von Cadherin-vermittelten Zell-Zell-Interaktionen an biomimetischen Grenzflachen vorgestellt.
Zu diesem Zweck wurden photoaktivierbare Peptidomimetika von E-Cadherin und N-Cadherin
entwickelt, indem eine lichtempfindliche nicht-natiirliche Aminosé&ure, His[Ru(bpy)2PPh3] am
His-Rest des HAV-Cadherin-Bindungsmotivs eingefiihrt wurde. Diese Peptide wurden auf
Poly(acrylamid)-Hydrogelen und durch Cadherin vermittelte Zelladhdsion immobilisiert, und es
wurden abgeleitete zelluldre Antworten als Funktion der Aktivitat des Peptids untersucht. Zur
Rekonstruktion polarisierter zelluldrer Mikroumgebungen, wie sie in epithelialen oder
muskuloskelettalen Geweben vorkommen, wurden flache und mikroparenchymierte
Hydrogele verwendet. Die zelluldre Morphologie der neuartigen Cadherin-mimetischen
Hydrogele wurde untersucht. Die lichtgesteuerte myogene Differenzierung von C2C12-Zellen
durch zeitliche Kontrolle der N-Cadherin-Peptid-Prasentation wurde mit dem
photoaktivierbaren N-Cadherin-Mimetikum-Peptid nachgewiesen.
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Motivation

Cell-cell interactions play a pivotal role in maintaining tissue integrity and organization.
The spatiotemporal regulation of these interactions is crucial during embryogenesis and
wound healing, and dysregulation is involved in cancer progression. The development of tools
to interfere and eventually control cell-cell interactions dynamically and with spatiotemporal

resolution is important to progress in our understanding of biological processes.

During the last two decades, useful approaches to regulate interactions between cells
and the extracellular matrix based on biomimetic materials have been proposed. Light
responsive peptidomimetics of matrix adhesive proteins presented on biomaterial surfaces
have been developed as synthetic biointerface with dynamic biofunctionality. Cell responses
to changes in the composition or mechanical properties of the extracellular matrix have been
studied using these artificial microenvironments. This thesis takes advantage of this progress

and presents a similar platform to regulate cell-cell adhesive interactions.

Cadherins are major membrane adhesive proteins that mediate the connection
between adjacent cells and form adherent junctions. Biomaterial surfaces decorated with
cadherin proteins can promote cellular processes activated by cell-cell interactions such as cell
adhesion, proliferation, and differentiation. Cadherin-cadherin interactions have been
extensively studied and the molecular design of the interacting interface is known. This has
facilitated the development of cadherin peptidomimetics as small molecules that can bind to
cadherins and be used to reconstruct cell-cell like interfaces. In this thesis, advanced cadherin
peptidomimetics with light-regulated bioactivity will be presented and applied to design cell-

cell like interfaces with dynamic properties.

Cell-matrix and cell-cell interactions in the epithelial cellular environment are spatially
segregated with apical-basal polarity. Micropatterned hydrogels have been proposed as
synthetic microenvironments to mimic a polarized receptor distribution. In this thesis, dynamic
polarized microenvironments that allow independent activation of cell-cell and cell-ECM
interactions are presented using photoactivatable cadherin mimetic peptides. The
functionality of this biomimetic platform is demonstrated by triggering the adhesion of

epithelial cells and myogenic differentiation of fibroblasts upon light exposure.

This thesis details the synthesis and characterization of photoactivatable cadherin

mimetic peptides containing a non-natural amino acid with a photoremovable protecting
1



group. Photoactivatable peptidomimetics of N-cadherin and E-cadherin are presented. The
light-regulated bioactivity of the compounds was tested in cell adhesion experiments on flat
poly(acrylamide) hydrogels modified with the peptidomimetics. Special effort was devoted to
optimizing the ligand concentration and mechanical properties of the hydrogel for cell
attachment. The adhesion of epithelial cells was tested on E-cadherin modified hydrogels.
Micropatterned hydrogels with spatial separation of cadherin and matrix adhesive peptides
were developed. The ability to control N-cadherin mediated cellular processes on-demand
using photoactivatable N-cadherin peptidomimetic was demonstrated in N-cadherin mediated

myogenic differentiation assay.
The thesis is organized as follows:

Chapter 1 describes the state-of-the-art of literature about cell adhesion, cell-cell interaction,
cadherin receptor family, synthetic models of cell-cell biointerface, Dynamic biointerface, and

polarized microenvironments.

Chapter 2 explains the selection and synthesis of photoactivatable E & N- cadherin
peptidomimetics and shows the physiochemical and photochemical characterization of

developed photoactivatable peptides

Chapter 3 presents the development, physiochemical characterization, biofunctionalization,
and photolysis of 2D and 2.5D polyacrylamide hydrogels copolymerised with acrylic acid and

methylsulfone acrylate.

Chapter 4 entails the interactions between E-cadherin mimetic peptides and epithelial cells on

2D polyacrylamide hydrogels.

Chapter 5 describes cellular assays to demonstrate the light-triggered bioactivity of N-cadherin

peptidomimetic, and applies it to regulate N-cadherin mediated myogenic differentiation.

Chapter 6 summarizes the most important conclusions of the work.



Chapter 1

Background and Literature review

1.1 Cell adhesion

The interactions of cells with their natural microenvironment guide cellular behavior'.
In particular, the adhesion of cells to the extracellular matrix (ECM) and to the neighboring
cells are crucial for many cellular processes. Cells attach to the matrix and to cells via adhesion
receptors (cell adhesion molecules) that form complexes with complementary partners at the
ECM or at the membrane of neighboring cells. Through them, cells sense and communicate
information from and to their environment. Cell adhesion is dynamically controlled in space
and time during cell differentiation*3, migration, or proliferation processes. For instance,
during cell motility cells need to release attachment points to the matrix and establish new
ones as they move forward. Understanding how cell adhesion works at the molecular level
would provide new information on cellular biology and opportunities to regulate cellular

processes*.

Cell-Cell adhesions

N\ -
Extracellular matrix

Cell-ECM adhesions

Fig. 1.1 Schematic representation of Cellular microenvironment and interaction between cell-cell

and cell- extracellular matrix.



Cell adhesion molecules (CAMs) are proteins present on the cell membrane, which
mediate the cell adhesion by either interacting with neighboring cells or to the extracellular
matrix®>. The intracellular part of most CAMs is associated with components of the
cytoskeleton®. The five major classes of CAMs are: Integrins, cadherins, Immunoglobulin (1g)
superfamily, lectins, and mucins (Fig. 1.2). The Integrins are involved in cell-matrix interaction,
while the others are involved in cell-cell interaction’. Cell-cell attachment including cadherins
and selectins relies upon Ca** ions, while adhesions including integrin and Ig-superfamily CAMs

don't.

Intracellular

Integrin(a381) Mucin-like CAMs &adhz;‘in = lg-superfamily CAMs
W ) -ca rin

Carbohydrate f’
ol o
//- Vs CCe
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\ " —
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Lectin domain

- o lg domains
Fibronectin
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_selecti
(P-selectin) Type Il

fibronectin

Extracellular p®® 7 | | PP ; : 000~ repeats
e0scsssees® oo o W ®ece
POTVROVDE »¢
Intracellular

Heterophilic interactions Homophilic interactions

Fig. 1.2 Families of cell-adhesion molecules (CAMs); Cadherin and the immunoglobulin (Ig)
superfamily of CAMs mediate homophilic cell-cell adhesion. Integrin and selectins form

heterophilic adhesion, Copyright sabbiotech company.

1.2 Cell-ECM Interactions

The extracellular matrix is a complex meshwork of structural and functional proteins
and carbohydrates. Which plays a significant role in tissue and organ morphogenesis and
structure and function maintenance of cells and tissues. ECM's composition and morphology

contribute to the particular characteristics and specific function of individual tissues and

4



organs. During growth, development, and wound repair, the ECM is also significant: it
functions as a reservoir for soluble signaling molecules and mediates migration, proliferation

and differentiation of cells8.

The family of trans membrane glycoproteins called integrins mediates interactions of
cells with the ECM. Integrins are heterodimers consisting of an a and a 3 subunit®. Integrins in
vertebrates can be constructed from 18 different a and 8 different  subunits™. The various
combinations of a and 8 B subunits generates 24 distinct integrins. Each integrin has specific
binding partners, it is involved in distinct signaling pathways, and presents distinct distribution
in individual tissues". Integrins recognize adhesive sites at ECM proteins such as collagen,
laminin and fibronectin or vitronectin®™. Cell-matrix adhesion sites form a physical connection
between the extracellular scaffold and the intracellular cytoskeleton, having a relevant
structural and communication role in tissue formation and homeostasis. Furthermore,
signaling between the cells and ECM is bidirectional and maintained through adhesion

complexes®.
1.3 Cell-cell interactions

The capacity of cells to communicate with each other is key feature of multicellular
organisms’. Cells share information with neighboring cells to coordinate their behavior and a
controlled functioning of the whole organism. Many cells in tissues are in physical contact with
other cells. Cell-cell communication tools involve intracellular receptors, cell surface receptors
and physical contact to the partner cell in the form of cell-cell junctions. These cell junctions
can be classified attending to their function in different classes: tight junctions, adherens

junctions, desmosomal junctions and gap junctions’.

Tight junctions seal neighboring cells together by connecting the plasma membrane of
adjacent cells in a sheet. This prevents the leakage of molecules between the cells and through
the sheet'. Tight junctions have ribbon-like bands connecting adjacent epithelial cells. Each
strand in these systems is composed of transmembrane proteins (claudins and occludin) that

prevent leakage of fluid across the cell layer’.

Adherens junctions join the actin cytoskeleton of neighboring cells. Adherens junctions
are normally situated close to the apical surface just underneath the tight junctions. The
adherens junctions play out different functions including inception and adjustment of cell-cell
adhesion, guideline of the actin cytoskeleton, intracellular signaling and transcriptional

5



signaling. The center of the adherens junctions involves transmembrane glycoproteins of the
cadherin superfamily, e.g. E-cadherin, and the catenin family including p120-catenin, 3-catenin,

and a-catenin®7'4,

Desmosomal junctions connect the cytoskeleton of adjacent cells by joining the
intermediate filaments. Desmosomal junctions are formed by desmogleins and desmocollins,

members from the cadherin superfamily, proteins called desmosomal cadherins™”.

Gap junctions link the cytoplasm of nearby cells. They allow small water-soluble ions
and molecules to diffuse uninhibitedly between neighboring cells. However, anticipating the
section of proteins and nucleic acids through plasma membrane. Gap junctions are composed
of transmembrane glycoproteins called connexons. The gap junction is dynamic in nature; it

can open or close in light of an assortment of components, including Ca** and H* particles'’.

Tight junction
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Fig. 1.3 Schematic diagram showing cell junctions in epithelial tissue. They are held together by
specialized membrane proteins that form specialized junctions between adjacent cells, copy right

creative proteomics.
1.4 The cadherin receptor family

Cadherins are transmembrane receptor proteins with a major role in cell-cell adhesion’.
The cadherin superfamily comprises more than 40 members and can be organized in two major

subfamilies: classical and non-classical cadherins (Table 1.1). Cadherins are highly conserved



over species and are comprised of three domains; i.e., an extracellular domain, transmembrane

domain, and intercellular domain’.

Table 1.1 Cadherins and their distribution in different tissues'.

Cadherin Tissue distribution

E-Cadherin epithelia, skin, liver, pancreas, kidney, sensory neurons
N-cadherin nervous system, lens, cardiac and skeletal muscle
P-cadherin skin, breast (myoepithelial cells), prostate (basal cells)
VE-cadherin vascular endothelium

(Cadherin-5)

R-cadherin eye (retina), brain, skeletal muscle

(Cadherin-4)

K-cadherin brain, cerebellum, kidney, lung, pancreas

(cadherin-6)

Cadherin-8 brain
Cadherin-9 brain
Cadherin-10 brain
OB-cadherin osteoblasts, skeletal muscle, fibroblasts

(cadherin-11)

M-cadherin developing skeletal muscle, satellite cells, cerebellum
(cadherin-15)

PB-cadherin pituitary, brain

Li-cadherin liver, intestine

HPT-cadherin gastrointestinal tract

1.4.1 Classical cadherins

Classical cadherins (E-, N-, P- cadherins) are type 1 integral membrane glycoprotein of
720-750 amino acids that facilitate the cell-cell adhesion by their capacity to self-associate
(between identical molecule types)’. The homotypic association of cadherins is significant for
the arrangement of cells during embryogenesis, tissue organization and for the function of
tissue'®". Nearly, all cadherin molecules comprise a N-terminal extracellular domain, a trans
membrane region and a C-terminal cytoplasmic tail. The architecture of the extracellular

domain of classical cadherins is the same. It has five extracellular domains (ECD1-ECD5; 1-5
7



numbering from the outer most domain) and the repeated sequences are vital for Ca** binding
and cell-cell adhesion™. Binding of Ca* molecules between the extracellular domains turns it
into stiff hooks that link cells together. Sequences corresponding to cell-cell adhesion and self-
association are located at the ECD1. Different classes of cadherins have almost 50-60 percent

of identical sequence’.

The intracellular domain is highly preserved within the cadherin family and associates
with several proteins in the cytoplasm, collectively called catenins’. The term “classical
cadherin” refers to the ability form catenin complexes. The cadherin-catenin association is
pivotal for the interaction between cadherins on the neighboring cells, Furthermore, to
balance out the cadherin-cadherin interaction™ Fig. 1.3. The catenins have three major binding
partners; a-catenin, B-catenin or y-catenin and plakoglobin/p120. -catenin or y-catenin binds
to the cytoplasmic tail of cadherin and a-catenin attaches to 3-catenin or y-catenin™. a-catenin
has the ability to interact with actin cytoskeleton, subsequently it connects the cadherin/ -

catenin complex to the actin cytoskeleton, which is essential for cadherin activity°.
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Fig. 1.4 Schematic representation of homophilic cadherin interaction between adjacent cells,

Reproduced with permission from SpingerLink?°.



1.4.1.1 E-cadherin

E-cadherin (epithelial cadherin) is also referred to as cadherin-1, encoded by the CDH1
gene holds most epithelial layers together. Different layers of polarized epithelial cells, for
example those that line the small intestine or kidney, and skin is rich in E-cadherin’. E-cadherin
is important for tissue morphogenesis and maintaining mature tissues®. It is involved in many
in vivo and in vitro development and differentiation processes of ESCs, MSCs, iPSCs and whole
embryos?2. E-cadherin mediated cell-cell interaction directly influence hepatocytes to maintain
their differentiated phenotypes by developing a 3D spheroid arrangement or a multi-layer cell
aggregates®?4, During the early phases of embryogenesis, E-cadherin facilitates cell-cell
adhesion is mostly rearranged to regulate cell migration, cell sorting, and tissue function,
indicating close cooperation with E-cadherin in the maintenance, proliferation and
differentiation of stem cells>">>2¢. Cell-cell contact mediated by E-cadherin regulates early
keratinocyte cell differentiation®”. Keratinocytes that lack E-cadherin display in vitro
downregulated differentiation markers?®. The down regulation of E-cadherin in cancer cells
lead to the loss of cadherin mediated cell adhesion and a transition from benign epithelial to
mesenchymal state®. Misregulation of the dynamics of E-cadherin may contribute to the

promotion of metastasis®.
1.4.1.2 N-cadherin

N-cadherin or neural cadherin is also referred to as cadherin-2, encoded by the CADH2
gene in humans®*. N-cadherin (neuronal cadherin) is another type of classical cadherin and
predominantly expressed on central nervous system, endothelial, and invasive cancer cells. The
amino acid sequences on the extracellular domain and cytoplasmic tail of E- and N-cadherins

shares about 64% and 70% similarity respectively and 84% in the [B-catenin binding domain3°.

Cells undergo an epithelial-mesenchymal transformation (EMT) during embryogenesis
that initiates N-cadherin up regulation and E-cadherin down regulation in the mesoderm3'. In
the early stage of embryonic development, N-cadherin expression was identified in mesoderm
and notochord, which is subsequently also apparent in neural tissue3?, certain epithelial tissues,
heart myocardium33 and limb cartilage3#3>. N-cadherin levels were found to increase during
differentiation of osteoblasts and decrease during adipogenic differentiation, indicating their

participation in appropriate differentiation mechanisms3°.



Neural crest cells associated with neural tube express N-cadherin; nonetheless, the
expression of N-cadherin is downregulated after EMT process and which results in the
migration of cells and they transform into different types of tissues and cell populations, such
as peripheral nervous system, cartilage, bone and melanocytes?4. These shows that N-cadherin

mediated interactions are crucial for tissue development, morphogenesis and maturation’.
1.4.2 Cis and Trans interactions in cadherins

Classical cadherins forms cell-cell adhesion through the extracellular domain by the
formation of linear zipper-like ribbon structure°. The structure is formed by a combination of
adhesion dimers and strand dimers3®. Adhesion dimers connect the neighboring cell surfaces
(trans dimer), while strand dimers organize the cadherin molecules from the same cell surface
in a parallel direction (cis dimer)?®. The adhesive interface in this structure includes a highly
conserved Trp at position 2 as well as an evolutionarily conserved His 79- Ala 80- Val 81, (HAV)
tripeptide in the N-terminus of ECD1 (Fig 1.6). The side chains of the HAV motif account for the
14% adhesion interface3®. The conserved Trp and His-Ala-Val plays a key role in cis and trans

dimerization39-42,

A large HAV tripeptide containing dimer interface is involved in cis adhesion and trans
interaction involves the mutual exchange of Trp 2 and their inclusion into hydrophobic pockets
on EC1 of the juxtaposing protein3. The Trp 2 from ECD1 of a cadherin monomer interacts with
the acceptor pocket from the ECD1 of a neighboring cell. During the cis or strand dimer
formation Ala 80 provide a hydrophobic pocket for the side chain of Trp 2 on the second
cadherin monomer3®. The His and Val make adhesion contacts with the ECD2 of the same cell

and these record for under 5% of the adhesion interface3%43,
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Fig. 1.5 Schematic representation of cis and trans interaction between the extra cellular domain

of two cadherin proteins from neighboring cells , Reproduced with permission from Royal

Society#4.
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Fig. 1.6 Crystal structure of the E-cadherin strand swapped trans dimer (ribbon view). Conserved

HAV sequence (magenta sticks) and Trp 2 in the hydrophobic pocket of Ala 80 are labeled (yellow
sticks), PDB CODE 3QaL4.
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1.5 Synthetic models of the cell-cell biointerface

The study of cadherin interactions and associated cell responses at the cell-cell interface
is experimentally complicated. Different minimal models of the cell membrane have been
developed and used to reconstruct artificial cell-cell interfaces as models to study cell-cell
communication. In this case cell-cell adhesive receptors are immobilized on synthetic surfaces
to which cells are cultured. The properties of the artificial biointerface (the concentration of
the adhesive protein, or the coexistence of others) can be easily defined. These platforms have
been widely used to generate cell-cell (and also cell-matrix) adhesive complexes and look at
cell responses. This section describes the most relevant platforms used to study cell-cell

interactions.

Supported phospholipid bilayers (SLBs) functionalized with cell membrane receptors
are useful models to investigate cell-cell interactions. SLBs can easily form on hydrophilic solid
supports. These systems allow lateral mobility of the CAMs incorporated in the bilayer, in a
manner that imitates the membrane of a cell*~%7. Since E-cadherin has low mobility in natural
cellular membrane*®, in recent study, SLBs functionalized with E-cadherin protein using His-tag
technology have been used to understand cell-cell adhesion in epithelial layers related to SLB
fluidity*® (Fig. 1.7A ). When MKN-28 epithelial cells cultured on mobile E-cadherin SPBs (Fig.
1.7B), enrichment of E-cadherin was less, suggesting that no junctions were produced.
However, when the E-cadherin was functionalized on low mobility SLBs, effective cell-cell
junctions were formed (Fig. 1.7C). Cells on immobile SLBs failed to form cell-cell junctions. The
authors proposed that E-cadherin's intracellular domain has a critical function in the formation
of junctions on low mobility SPBs, the interaction between E-cadherin protein functionalized
on the SLB and E-cadherin on the cell surface form the cadherin-cadherin intermediate bond,
which leads to the activation of actin fiber nucleation process resulting in stable cell-cell

junctions?® (Fig. 1.7B-C).

SLBs functionalized with the N-cadherin have also been used to guide progenitor cells
from skeletal tissue during mesenchymal condensation, chondrogenesis and bone
formation®. It was found that with higher cell densities during seeding, cells were lead to a
pre-mesenchymal condensation state*. Lately, it has been reported that SLBs functionalized
with extracellular domain of N-cadherin protein promote neural adhesion, neurite extension,
and maturation®°. E-18 cortical neurons cultured on N-cadherin SLBs promote cell adhesion
with homogeneous cell distribution and network formation, while the cultured cortical

12



neurons show an extensively developed finely meshed neural network architecture after 7

days of culture>° (Fig. 1.7 D-E).
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Fig. 1.7 (A) SLBs functionalized with extracellular domain of E-cadherin carrying a fluorophore,

using Ni**-NTA-His12 chelation. (B) E-cadherin mediated cadherin-cadherin interaction on SLBs. (C)
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Fluorescent time-lapse images of MKN-28 epithelial cells on mobile (fluid) and low mobility
(partially fluid) E-cadherin functionalized SPBs. Left: bright field mode. Color bars show fold
enhancement in surface density of E-cadherin (scale bars: 5um), Reproduced with permission,4®
Copyright (2015), National Academy of Sciences. (D) Schematic representation of the interaction
between N-cadherin from cell surface and N-cadherin on SLBS. (E) Cell adhesion and neurite
formation of neuronal cells cultured on N-cadherin functionalized SLBs, Reproduced with

permission from Royal Society >°.

2D solid surfaces modified with E-cadherin have also been used to model the cell-cell
biointerface>'. For example, polystyrene surfaces (PS) modified with E-cadherin induced
spreading of embryonic stem cells and enhanced proliferation and paracrine function of MSCs>
(Fig.1.8A). Glass coverslips coated with N-cadherin has used to investigate the response of cells
to cadherin activation relying on distinct signaling pathways®. Myogenic cells adhered on this
N-cadherin substrate with extensive spreading and they exhibited a fried egg morphology
characterized by large lamellipodium. It was found that homophilic liganding of N-cadherin
can specifically induce the co-organization of cadherin-catenin complexes and actin

cytoskeleton in cadherin adhesions>3 (Fig. 1.8B).

A)

B)

Fig. 1.8 (A) Phase-contrast images of hUCB-MSCs cultured on PS surfaces modified with E-cadherin
for 4, 24 and 48 h, Reproduced with permission from Royal Society>* (B) Cell spreading on N-

cadherin modified substrate induces the formation of cadherin adhesions after 2 h, red (6-catenin)
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and green (F-actin), scale bar 10 uym Reproduced with permission from THE COMPANY OF

BIOLOGISTS LTD.%3.

Self-assembled monolayers (SAMs) of peptide alkanethiols (ATs) have also used as
excellent platforms to explore cell-cell interactions>¢. In one study, the Gold (Au)
nanopatterns of various sizes (100-800 nm) has functionalized with E-cadherin protein to show
the threshold size required for cell adhesion and formation of adherence junction. The Au
surfaces have been modified with hydrophobic ATs and then the E-cadherin protein was
deposited by sequential addition of neutravidin, biotinylated protein A and E-cadherin
respectively. Epithelial cells cultured on homogeneous surfaces adhered and spread with large
lamellipodia showing strong interaction with the surface. Cell adhesion on 100 nm patterns was
weak, whereas cells cultured on larger pattern sizes show good adhesion, spreading, and
defined cortical actin (Fig. 1.9A). This work shows the importance of ligand patch size in
cadherin mediated cell-cell contacts®>. In another study, SNAP-tag immobilization technique
has used to functionalize Au surfaces with E-cadherin protein. The Au surfaces was modified
with ATs carrying a benzylguanine (BG) head group. The SNAP-tag (fused to the C terminal of
E-cadherin) is an enzyme that covalently binds to the benzyl group of benzylguanine (BG) by
releasing guanine (Fig. 1.9B). This covalent immobilization method allows proper orientation
and density control of ligand on surface. E-cadherin functionalized SAMs efficiently promotes

cell spreading and generates single cadherin and cell adhesion forces> (Fig. 1.9C).
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Fig. 1.9 (A) Fluorescent microscopy images of L-cells, murine fibroblasts which lack endogenous
cadherins on E-cadherin functiondlized different patch sizes; actin (red) and E-cadherin GFP
(green), scale bar 10 um, Reproduced with permission>, Copyright 2012, American Chemical
Society. (B) Schematic representation of covalent binding of E-cadherin using SNAP-tag. (C)
fluorescence image of EcadEGFP/L-cells on E-cadherin functionalized surfaces, Reproduced with

permission >4, Copyright 2014, The authors.

Hydrogels have also been used as 2D interfaces to study cell-cell interactions. The
capacity of hydrogels to retain high amounts of water and their soft nature makes them
interesting platforms to mimic the cellular interface. Cell adhesion through cadherin proteins
responds to mechanical changes in the microenvironment and activate cell signaling pathways
as (RhoA, ROCK, YAP/TAZ) and also organize cytoskeleton5758. The response of cell-cell
contacts to mechanical parameters of the microenvironment can be studied using
biointerfaces, typically hydrogels, with different mechanical properties. p(AAm) is one of the
mostly used hydrogel for reconstructing biointerfaces®. p(AAm) hydrogels have been
functionalized with E/N-cadherin proteins or cadherin peptidomimetics to investigate cadherin
mediated cell-cell interactions. N-cadherin expressing myogenic C2 cells cultured on N-cadherin
protein coated p(AAm) hydrogels with young's modulus of 95 kPa showed a typical fried egg
morphology characterized by a large circular lamellipodium similar to the results observed on
glass substrates (Fig. 1.10A). While cells on soft substrates (E = 11 kPa) exhibited less spreading
and no lamellipodium extension. Cells on rigid substrates recruited N-cadherin-catenin
complexes at the cell substrate interface and the actin cytoskeleton was formed a circular
network of filaments surrounding the nucleus. In contrast, recruitment of N-cadherin-catenin
complexes and stress fibers were not detected in soft substrates®® (Fig. 1.10B). In a recent
study, E-cadherin protein were covalently linked to a p(AAm) hydrogel surface with a protein
surface linker sulfo-SANPAH and explored the rigidity sensing by E-cadherin during cell
adhesion. E-cadherin dependent adhesion of MDCK cells on soft p(AAm) hydrogels (E=1& 9
kPa) did not promote cell adhesion and spreading (Fig. 1.10C-D). Cells cultured on 30 kPa
substrates showed weak attachment with small lamellipodium protrusions, and had very few
F-actin bundles. Whereas cells adhered to a 60 kPa p(AAm) hydrogels appeared to have larger
spread area and extended lamellipodia-like protrusions>®° (Fig. 1.10E). These studies showed
that the mechanical properties of the hydrogel (i.e. its Young’s modulus) lead to changes in cell

morphology, actin organization and membrane dynamics.
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Fig. 1.10 (A-B) Fluorescent microscopy images of C2 cells on p(AAm) hydrogels coated with N-
cadherin with different rigidities E = 95 kPa and E = 10 kPa respectively, B-catenin (red), F-actin
(green) scale bars: 10 um, cadherin adhesions is marked with arrows. Reproduced with
permission®°, Copyright, 2010 Biophysical Society. (C-D) MDCK cells cultured on p(AAm) hydrogels
coated with E-cadherin with different rigidities E = ~1 kPa and E = 9 kPa respectively, stained with
phalloidin. (E) Confocal images of MDCK cells on E-cadherin functionalized substrates of different
rigidities E = 95 kPa and E = 10 kPa. The dotted box in each image is combined and enlarged, F-
actin(green), E-cadherin: dsRed (red), scale bar, 10 um. Reproduced with permission8, Copyright

2017, NATIONAL ACADEMY OF SCIENCES.
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To more closely mimic native cellular environments, cellular response in 3D
biointerfaces has been developed recently. Cell-cell interactions in 3D culture have also been
explored using hydrogels. In this case, cells were embedded in the hydrogel matrix modified
with N-cadherin ligands and studied the importance of N-cadherin in regulating
chrondrogenesis and cartilage matrix deposition using encapsulated mesenchymal stem cells
(hMSCs)®'. When MSCs were encapsulated in methacrylated hyaluronic acid (HA) hydrogels
functionalized with N-cadherin mimetic peptides, promoted early chondrogenesis of MSCs and
cartilage-specific matrix production®' (Fig. 1.11). Later the same system has been used to show

the role of N-cadherin specific interaction in osteogenesis from hMSCs®2.
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Fig. 1.11 Fluorescence images of hMSCs encapsulated on methacrylated hyaluronic acid hydrogel
modified with N-cadherin ligands; CD44, CD168, N-cadherin (green) and nuclei (blue), Reproduced

with permission ®', Copyright (2013), National Academy of Sciences.

18



1.6 Dynamic biointerfaces

Cell-cell interactions in tissues are highly dynamic, and their changes are spatially and
temporally regulated during embryogenesis or regenerative processes®>%4. Dysregulation of
such interactions occurs in pathological cases, like tumor progression and metastasis®>©.The
ability to control cell-cell interactions dynamically and spatiotemporally is a key to understand
and regulate cell-cell interactions mediated biological process. In order to study cell-cell
interactions at model biointerfaces, tools to regulate the presence and concentration of
adhesive ligands at the material surface with spatial and temporal control would be of great

help.

Light-based strategies to regulate the interactions of cells at interfaces are particularly
attractive from an experimental point of view. Light is fully orthogonal to most cellular
components and can be controlled precisely in location and time. Two main strategies have
been used for the photochemical regulation of cell adhesive ligands on materials surface. (i)
The use of reversible light-sensitive molecules, such as spiropyran or diazobenzene. These
molecules are attached to the adhesive ligand and undergo conformational changes upon
irradiation with UV or visible light that change the orientation and exposure of the ligand at the
surface reversibly®’. (ii) The use of photolabile protecting groups (PPG) linked to the adhesive
ligand of interest at the respective binding position to the CAM. The PPG deactivates the
biological function temporally. The biological activity can be restored upon illumination with
light, which cleaves the PPG from the molecule and activates the binding of complementary
receptor. The photoactivation in this case is irreversible. This strategy has rendered the highest
selectivity and contrast in the control of cellular processes, and will be elaborated in this

section and applied further in this thesis.

The first example of a photoregulated biointerface for the control of cell adhesion was
reported in 2008%%9. In this case the widely use peptidomimetic cyclo[RGDfK] was used as cell-
adhesive peptide to target integrins. The cyclo[RGDfK] was modified with DMNPB photolabile
protecting group at the side chain COOH group of the Asp. This modification inhibited binding
of integrins. Substrates functionalized with cyclo[RGD(DMNPB)fK] peptide did not support cell
adhesion. However, after the removal of DMNPB group from the peptide by activating the
hydrogel with 350 nm light, the bioactivity was restored. cyclofRGD(DMNPB)fK] peptide
modified surface was used to control migration of human umbilical vein endothelial cells
(HUVECs) using photopatterning approach and was compared with a wound healing
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assay’°(Fig. 1.12A). More recently, a different photoactivatable RGD variant attached with a
two-photon photolabile protecting group, PMNB allowed control of adhesion, migration and
angiogenic morphogenesis of endothelial cells encapsulated in a hydrogel”.
cyclo[RGD(PMNB)fC] peptide modified PEG hydrogel was used to demonstrate the adhesion
and angiogenic morphogenesis of endothelial cells in a spatially and temporally controlled
manner”'(Fig. 1.12B). A similar approach was applied to the cell adhesive peptide
YAVTGRGDSPAS. Modification of the amide bond between the Gly and Arg residues with an o-
nitrobenzyl group inactivated the biological activity of peptide. This peptide was used to

phototrigger the attachment of HelLa cells®972,

Photo-activatable variants of laminin mimetic peptides have also been demonstrated
to promote integrin-mediated adhesion of neuronal cells and were used to direct axonal
growth on synthetic biomaterials’3. In this case the laminin mimetic peptide IKVAV was
modified with a HANBP on the Lys residue’4. Longer peptidomimetics, CASIKVAVSADR were
also derivatized with DMNPB and HANBP PPGs at the amine terminal group of Lys and resulted
in spatiotemporal regulation of neuronal cell attachment and differentiation using light? (Fig.

1.12C&D).
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Fig. 1.12 Light controlled cellular attachment and spatiotemporal activation of biological process
on biomaterial substrates;(A) Photo-activatable cell migration assay; Migration of HUVECs on a
cyclo[RGDfK] patterned SAMs, Reproduced with permission’®, Copyright 2013, John Wiley and
Sons (B) PEG Gels functionalized with cyclo[RGD(PMNB)fC]/VEGF and containing HUVEC formed
interconnected microvascular network within the exposed regions in 3d, Reproduced with
permission’!, Copyright 2018, John Wiley and Sons (C) Morphology of neural progenitor cells
cultured on non-irradiated and pre-irradiated hydrogels functionalized with light responsive
IKVAV peptides, Reproduced with permission’3, Copyright 2018, John Wiley and Sons (D) Site-
selective guidance of neurites extension on photoactivated hydrogel surface. Reproduced with

permission’4, Copyright 2018, American Chemical Society .

It is important to note that in these approaches for photocontrol, photoresponsive
peptidomimetics and not whole proteins were used for binding to the cellular receptors.
Peptidomimetics are short peptides, easier to synthesize and manipulate than the native
proteins, and which retain part of the biological function of a the natural protein’>. They are

commonly used as protein substitutes in biomaterial science because of their higher stability,
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synthetic feasibility, defined structure and lower synthetic effort. On the PPG side, a variety of
groups are available, including o-nitro aryl groups, aryl carbonylmethyl, coumarin derivatives
or metal coordination complexes’®. These PPGs can be activated over a broad spectrum of
wavelengths (220-890 nm). The most commonly used PPGs are nitrobenzyl compounds, and

their dimethoxy derivatives (nitroveratryl)’®, since precursors are commercially available.

1.7 2.5D Biointerfaces to mimic natural polarized microenvironments

Cells in their natural microenvironment establish cell-cell and cell-matrix adhesion
complexes. These complexes are typically formed in spatially different interfaces, but are
mechanically connected intracellularly through the cellular cytoskeleton. Hydrogels presenting
mixed matrix and cell adhesive molecules have been used to study cooperative effects and
derived responses of cells to changes in cell-cell and cell-matrix adhesions>7:¢%¢". However, such
systems fail to represent the spatial and mechanical differentiation of cell-matrix and cell-cell
interfaces in natural tissues. This is particularly relevant for polarized tissues like epithelium,
endothelium, nerve or muscle tissue, where the spatial localization of receptors and
differential mechanics at cell-matrix and cell-cell interfaces are crucial signals for cellular
differentiation, tissue formation and functional performance’”=7°. This scenario cannot be

represented in homogeneously coated substrates with adhesive proteins.

Initial attempts to mimic the polarized distribution of adhesive receptors in 2D epithelial
cultures have made use of micropatterned substrates on glass with stripes of matrix and cell-
cell adhesive ligands#528°8" (Fig. 1.13A&B). A more advanced experimental approach used
hydrogels with micropatterned squares of matrix proteins to confine cell doublets that formed
a basal cell-matrix interface with the substrate and a cell-cell interface in the lateral plane®. The
results indicated that spatial distribution of cell-cell and cell-ECM interactions control the force
balance in multicellular epithelial interactions, highlighting the need for alternative
experimental cell culture approaches to study such processes®2. Two recently reported
experimental designs have progressed in mimicking a 2.5D organization of cell-cell and cell-
ECM contacts. Viasnoff et al. used a 9-steps microfabrication process to obtain arrays of 30 x
30 x 30 um wells with a PDMS bottom coated with ECM proteins, and acrylate walls
homogeneously coated with Ecadh-Fc®. Hepatocyte doubles cultured within the wells formed

alumen depending on the spatial localization of ECM-adhesion and cell-cell-adhesions. Nelson
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et al. presented a simple 2.5D microenvironment for a biomimetic cell-cell junction comprised
of 3D silicon vertical walls (barriers) modified with E-cadherin protein attached to a surface
coated with matrix protein (fibronectin)®4. Epithelial cells formed stable cadherin-cadherin
junction with the functionalized wall and formed apical-basal polarity guided by the spatial
distribution of E-cadherin. These two examples represent a step forward to incorporate
mechanical factors in polarized synthetic microenvironments®5(Fig. 1.13C&D). However, the
mechanical properties of the interfaces offered to the cell have little to do with the mechanical
properties of the natural interfaces. Moreover, these systems do not allow differential or

variable mechanical cues in the basolateral and lateral planes.

In del Campo’s Lab, a 2.5D biomaterial microenvironment that allows presentation of different
and independent biochemical and mechanical signals to cells on the basal and lateral directions
has been recently developed and is presented in Chapter 3. This platform allows independent
modulation of the properties of cell-matrix and cell-cell-like interfaces in a polarized
environment. The system is based on polyacrylamide hydrogels and can be adapted within a
wide range of stiffness (1-750 kPa), adhesive ligands and geometries. This system will be used

in this thesis (Chapter 5).
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Fig. 1.13 Biointerfaces functionalized with extra cellular domain of E-cadherin protein and
fibronectin  (A) Integrin-cadherin cross talk on dual-component surfaces present spatially
separated regions of E-cadherin and fibronectin proteins® (B) Cell adhesion on a dual E-

cadherin/ECM  copatterned 2D substrates; Ecad-dsRed expressing MDCK cells on
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Fibronectin:EcadFc 34& EcadGFP-expressing MDCK cells on collagenIV:EcadFc surfaces® (C) Hybrid
junctions between cells and the E-cadherin coated side wall, confocal image of single cell
junctioning to the E-cadherin functionalized PDMS wall®* (D) Schematic representation of E-
cadherin coated vertical silicone sidewall and uncoated bottom surface; Localization of E-cadherin
in MDCK cells between the sidewall and cell junction and expression of mitotic spindle angle

relative to the sidewall®?.
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Chapter 2

Synthesis of photo-activatable cadherin mimetic peptides

In this chapter, photoactivatable variants of cadherin mimetic peptides based on the
HAV sequence are presented. For this purpose, the photolabile protecting group
[Ru(bpy).PPhs]** is used to form a complex with the imidazole side chain of the histidine
residue. The presence of the photolabile protecting group temporally prevents the recognition
of the peptide by cadherin proteins. The activity of the peptide can be restored upon irradiation
with light of appropriate wavelength and intensity. The synthesis and characterization of

physicochemical properties of the photoactivatable peptides are described.

2.1 Introduction

2.1.1 Peptidomimetics of classical cadherin proteins

Protein mimetic peptides (peptidomimetics) are short peptides that imitate part of the
function of a natural peptide or protein and retain the ability to interact with the biological
target and produce the same (or part) of its biological effect’>. They are often used as matrix
protein substitutes in biomaterial science because of their higher stability, synthetic feasibility,

defined structure, solubility and lower synthetic effort.

Cadherin peptidomimetics mimic the cadherin-cadherin binding domain®8. The most
explored cadherin peptidomimetics contain the evolutionary conserved sequence His-Ala-Val
(HAV)®. Selectivity for the different cadherin types is provided extending this sequence with
flanking amino acids, which vary between the different cadherins types®. The interactions of

the flanking amino acids at the binding site contribute to the binding energy®.

26



2.1.1.1 E-cadherin peptidomimetic sequences

E-cadherin peptidomimetics have been explored as antagonists to block E-cadherin
biological functions. For example, addition of E-cadherin peptidomimetics in solution increased
paracellular porosity?®?', modulated blood brain barrier permeability®» and inhibited E-
cadherin mediated cell-cell adhesion of MDCK and Caco-2 cells®®. Sequences from the “groove’
region consisting of a conserved HAV peptide sequences (Ac-LFSHAVSSNG-NH2 and Ac-
SHAVSS-NH2) and “bulge’ region containing an ADT sequences (Ac-QGADTPPVGV-NH2 and Ac-
ADTPPV-NH2) of ECD1 have been reported to mimic E-cadherin activity®' (Fig. 2.1). The SHAVSS
sequence with flanking Ser has also been proven to bind to E-cadherin specifically. Exchanging
the hydrophilic Ser with a hydrophobic residue diminished the capacity of the peptide to
modulate cadherin-cadherin interaction®°. Another important site for E-cadherin- E-cadherin
interactions is situated in the bulge region of the ECD1 of E-cadherin, which has an ADTPPV
sequence?'. This sequence appears to recognize the SHAVSS sequence situated in another E-
cadherin molecule?'. Both synthetic linear and cyclic versions of these peptide sequences have

been studied in detail9°-%.

The synthetic linear decapeptides Ac-LFSHAVSSNG-NH2 (HAV-10), Ac-QGADTPPVGV-
NH2 (ADT10) and the hexapeptides Ac-SHAVSS-NH2 (HAV-6) and Ac-ADTPPV-NH2 have been
shown to inhibit cadherin mediated cell-cell interactions, lead to the opening of paracellular
junctions9"%. They have been used to enhance paracellular penetration of peptides and
proteins9"%, Compared to decapeptides, the short hexapeptides have demonstrated a
stronger inhibitory effect in the intercellular junctions. The hexapeptides are smaller and might
penetrate the tight junctions more easily to bind E-cadherin and disturb cadherin homophilic
interactions®®. Cyclic peptides, Ac-CHAVC-NH2 (cHAVc3) and Ac-CADTPPV-NH2 (ADTC5) have
shown to modify the blood brain barrier to improve the delivery of diagnostic and therapeutic
agents to the brain®2. This has been shown using an in situ brain perfusion model?3. Recently, it
has been reported that Au surface immobilized with synthetic linear LYSHAVSSNG-(PEG5),-CCC

peptide regulates the adhesion and clustering of epithelial cells'.

Along with theses sequences, the linear peptide H-SWELYYPLRANL-NH2 has also been
identified as E-cadherin antagonist®’. This peptide derives from the N-terminal sequence of
cadherin protein and harbors a Trp residue (W) in the second position?®. The biological function

of this peptide remains to be investigated in detail.
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Fig. 2.1 Crystal structure of E-cadherin dimer protein: Relevant amino acids in the groove (SHAVSS)

and bulge binding (ADTPP) region are highlighted®® (PDB code: 1FF5).
2.1.1.2 N-cadherin peptidomimetic sequences

A few types of N-cadherin peptidomimetics were reported from the binding site of
ECD1'°°. Three types of N-cadherin mimetic peptides based on the HAV sequence have been
reported to have an antagonist function when used in solution: synthetic linear peptides,
synthetic cyclic peptides and non-peptidyl peptidomimetics'°. Flanking Asp and Ile amino acids
in the sequence HAVDI determine N-cadherin specificity. The Aspandlle
contribute to the adhesion interface, with lle elucidate 7.45% of the interface area*3. The first
peptides shown to be able to bind to extracellular domain of N-cadherin were
linear peptides comprising the HAV motif®9.  The Ac-LRAHAVDING-NH2 decapeptide  and
INPISGQ present in the EC1 of human N-cadherin are able to block neurite out growth'’,
myoblast fusion'®, and Schwann cell migration on astrocytes'. It was subsequently shown
that synthetic cyclic peptides with the HAV motif act as N-cadherin antagonists®. The cyclic
peptide, N-Ac-CHAVDIC-NH2 is able to disrupt a broad range of functions mediated by N-
cadherin in solution*3. However, a dimeric version of HAVDI motif (N-Ac-:CHAVDINGHAVDIC-
NH2) promotes neurite outgrowth from cultured cerebellar neurons™*. Non-peptidyl
peptidomimetics of N-cadherin have likewise been distinguished'>.
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Recently, another class of N-cadherin antagonist has been identified and this linear
peptide with a Trp residue at the second position from the N-terminal of the sequence
(analogous to N-cadherin). Peptide, H-SWTLYTPSGQSK-NH2 inhibits the in vitro formation of
endothelial cell tubes showing antiangiogenic characteristics®®. The biological function of this

peptidomimetics remains to be studied in depth.

The agonist activity of N-cadherin mimetic peptides when attached to biomaterials has
been recently explored. It has been shown that incorporation of HAVDIGGGC peptide onto a
methacrylate hyaluronic acid (MeHA) backbone mimics cadherin-cadherin binding and support
early chondrogenesis of MSCs and cartilage-specific matrix production with culture®'. Later
HAVDI peptides were functionalized on hyaluronic acid (HA) hydrogels to impersonate the pro-
osteogenic specialty in the endosteal space to advance the osteogenesis of hMSCs®
HAVDIGGGC peptide on the surface provides a binding pocket for W2 from the ECD1 of the N-
cadherin protein on cell surface and which promotes cadherin mediated cell-cell adhesion. The
previous studies on HADI peptides concludes that it is a potential candidate to mimic N-
cadherin protein and promotes biological functions like neurite out growth™4,

chondrogenesis® and osteogenesis of hMSCs®2.

2.1.2  Ru(ll) polypyridyl complexes as photoremovable protecting groups of

amines

Photoremovable protecting groups (PPGs) are a class of protecting groups typically used
to temporally inhibit chemical or biological functionality of molecules. These groups are stably
attached to the active site of the molecule, and can be removed by light exposure. PPGs are
frequently used in biology and pharmacology studies to regulate the activity of bioefectors and
drugs within the cell milieu. PPGs have to fulfill several conditions to be used for biological
applications: (i) The PPG should present strong absorption at wavelengths >300 nm, where
biological molecules show lower absorbance. (ii) The photolytic reaction should be clean and
happen at high photolytic yield. (iii) PPGs must have good hydrolytic and enzymatic stability
preceding and during photolysis. (iv) The photolysis byproducts must be biocompatible and
inert at the irradiation wavelength. (v) PPGs should be inert towards biological system. (v) They

should be affordable and feasible from a chemical synthesis point of view?®.

Ruthenium (11) complexes with polypyridyl-based ligands, [Ru(ppy).L.]**, are interesting

photoremovable groups to protect primary and secondary amines and nitriles, as well as

29



aromatic heterocycles™® ( Fig. 2.2). A broad range of bioactive molecules have been made
photoactivatable with this chemistry, including neurotransmitters, enzyme inhibitors and
peptides'’. For example, y-aminobutyric acid (GABA)®%9, nicotine'°, the anti-tuberculosis
compound isoniazid (INH), and metyrapone, a potent CYP11B1 inhibitor'" have been protected
with reported with bis-bipiridyl (bpy) ruthenium (II) complexes. The cytotoxic agent, 5-
Cyanouracil (5-CNU) shown to inhibit pyrimidine catabolism in vivo, has also been derivatized
with  terpyridine (tpy) Ruthenium (1) complexes [Ru(tpy)s]™. A  Ru(ltris(2-
pyridylmethyl)amine complex functionalized with a nitrile group (Cbz-Leu-NHCH,CN)
containing two molecules of cathepsin K inhibitors was also developed™®. The tripeptide Arg-
Gly-His (RGH), containing [Ru(bpy).]** complex at the His was used for controlling Ni(ll)-
dependent nuclease activity in vitro'. N-acetyl-methionine and biotin molecules were also
protected with [Ru(tpy)(bpy)] complex™’. Lately, [Ru(tpy)(biq)] (biq = 2,20-biquinoline)
protected cytotoxic nicotinamide phosphoribosyl transferase (NAMPT) inhibitor was used for

a photoactivated enzyme inhibition in hypoxic cancer cells'”.

In the octahedral [Ru(bpy).L.]** complexes, the biomolecule to be released occupies at
least one of the coordination sites. The photorelease of biomolecule is optimized by modifying
the characteristics of remaining five ligands. Two coordination positions are occupied by a
planar dentate ligand, e.g. substituted 2,2-bipyridine or 1,10-phenanthroline which promotes
metal to ligand charge transfer (MLCT). The [Ru(bpy).]** is often selected because of its easily
available starting material [Ru(bpy).Cl.]. The physical and chemical properties of the

phototrigger can be adjusted using the ligand at the fifth coordination site™4.
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Fig. 2.2 Chemical structures of Ru(ll)-based PPGs and Ru(ll) complex linked biomolecules'.

Ru (1) complexes in aqueous condition are thermally stable. Ligand dissociation in Ru
(I1) complexes are obtained by the thermal population of 3dd sates from a triplet metal to
ligand charge transfer (3MLCT) state upon light irradiation'’(Fig. 2.3). The mechanism of
photolysis reaction involves excitation of the complex's MLCT band leading to heterolytic
cleavage of one of the ligands with a quantum efficiency of around 0.21, which is high
compared to other photolytic reactions involved in PPG chemistry. Basicity of the ligand plays
a key role in the quantum efficiency of photo cleavage. A lower basicity of the ligand shifts the
MLCT band to higher energies, which promotes an easier occupation of the dissociative d-d
sate. Phosphine ligands are usually non-photo cleavable and therefore, during the
photocleavage of [Ru(bpy).PPhsL;]** complexes where L=amine, the amine ligand is
released™ .
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Fig. 2.3 Simplified energy diagram of photochemical pathways in Ru(ll) complex linked

biomolecules. Photoproducts are released from the nonbonding d-d state™.

Metal coordination complexes have several advantages to be used as photoremovable
protecting groups. Metal complexes regularly shows absorption in the visible range due to a
strong charge transfer as well as the bond energy of metal-ligand is much less than an organic
o- bond. Therefore, metal complexes based photoprotection enables the photo-release of
biomolecules easy with light irradiation at higher wavelengths'®’. By controlling auxiliary
ligands, photochemistry can be adjusted to achieve the release biomolecules over a wide
spectral range from visible to near infrared wavelengths. Metal complexes are therefore useful
chemical agents in biological studies. In this chapter, the [Ru(bpy).PPhs]** group will be used

to protect the imidazole heteroaromatic ring of histidine.

2.2 Results and Discussion

2.2.1 Molecular design of photo-activatable N- and E-cadherin peptides

The literature search (section 2.1.1.2) lead to the peptide HAVDIGGGC as potentially
suitable N-cadherin mimetic peptide. This sequence has been shown to have an agonist
function for N-cadherins at cell membranes when attached to a biomaterial57¢""". The
HAVDIGGGC peptide contains the HAV tripeptide flanked by an Asp and an lle residue at the N
terminal, which account for the specificity to N-cadherin protein. The Cys residue at the C-
terminus is introduced for covalent immobilization to thiol-binding surfaces. The three Gly
residues are a flexible spacer between the active domain and the anchoring site that provide

mobility and effective presentation of the peptide at the materials surface for cell binding. A
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negative control peptide was also designed by shuffling the active HAVDI sequence between
Gly residues, resulting in the AGVGDHIGC scrambled sequence. The two selected peptides are
summarized in Table 2.1.

The selection of the E-cadherin mimetic peptide for this study was less straightforward.
Four different sequences were found in the literature to act as antagonists for E-cadherin when
added to the culture medium (Section 2.1.1.1), but no results were found where the
peptidomimetics were immobilized to biomaterials and used to interact with E-cadherin at the
cell membrane. The sequence SHAVSSC containing the HAV tripeptide was selected due to its
analogy to the N-cadherin mimetic peptide and the possibility to use a similar strategy for
protection with a photoremovable group. In this sequence the HAV is flanked by three Ser
residues which make this sequence specific for E-cadherin®9%. A Cys is also introduced as
anchoring site for reaction with biomaterials. A variant with the tripeptide spacer GGG was also
used. Two other E-cadherin peptidomimetics (Table 2.1) were also used for cell studies

(Chapter 4), but no photoactivatable peptides were synthesized.

Table 2.1 Sequences of E & N-cadherin mimetic peptides used in this thesis.

Peptide Sequence

Mimetic peptide *Ac-HAVDIGGGCY!
N-cadherin

Scrambled peptide | Ac:AGVGDHIGC®!

Mimetic peptides *Ac-SHAVSS(C®
Ac-SHAVSSGGGC
Ac-SHAVSSGGGK
E-cadherin Ac-ADTPPVGGGK9®
Ac-SWELYYPLRANLGGGKY?

Scrambled peptides | Ac-HSVSASC®®
Ac-SGASGVGHSC
Ac-SGASGVGHSK

* Peptides have been selected for the synthesis of photoactivatable peptides.

In order to make photoactivatable variants of the cadherin peptidomimetics, a suitable
position for the incorporation of a photolabile protecting group has to be selected. The

selection of photo-activatable site depends on different parameters: (i) the particular

33



interactions at the binding complex between the extracellular domain 1 of cadherin and the
peptide, (ii) the chemical reactivity of the side groups of the peptide sequence and therefore
accessibility for introduction of a photolabile group; and (iii) the position of the amino acid in
the sequence which can play a determinant role for the synthetic pathway. In the HAVDI
sequence the Ala, Val and lle amino acids do not allow any modifications since their side groups
are aliphatic chains. Only the -COOH side group of the Asp and the imidazole group of the His
residues can be reacted with a photocleavable protecting group. Since His is part of the generic
HAV binding domain, common for all cadherins, and Asp only contributes to specificity for the
N-cadherin peptidomimetic, the imidazole ring of the His residue was selected as protection
site. Moreover, the His unit is the last one to be coupled during SPPS of the peptide, and this
reduces the risk of hydrolysis of the photolabile protecting group during SPPS deprotection
and coupling cycles.

The options to attach a PPG to Histidine are limited because of the low reactivity of the
heterocyclic aromatic amine. Recently, bis-bipyridyl ruthenium complexes [Ru(bpy).]** were
explored as photolabile protecting groups for His"3. Histidine was introduced as one ligand of
the [Ru(bpy).PPhs]** and was cleaved at 455 nm with an uncaging quantum yield of ®unc =
0.06"3. The Ac-His[Ru(bpy).PPhs]**)-OH complex was obtained in 4 steps with good yields. With
these premises, the [Ru(bpy).PPh;]** complex was selected as suitable photolabile protecting

group for the His unit in HAV in the cadherin-mimetic peptides for this work.
2.2.2 Synthesis of photoactivatable Histidine

The Ac-His([Ru(bpy).PPh;]**)-OH complex was synthesized in four steps following a
reported protocol (Scheme 2.1)". Boc-His([Ru(bpy).PPh;]**)-OH was synthesized from a Cis-
bis(2,2’-bipyridine)dichloro ruthenium(Il) complex, [Ru(bpy).Cl.]. In a one pot reaction, firstly
[Ru(bpy).Cl,] was reacted with triphenylphosphine (PPhs) and then the intermediate was
treated with Boc-His-OH. The Boc protected alpha amine in His (Boc-His-OH) was used as a
reactant to facilitate selective substitution at the imidazole side chain. The substitution of the
Cl ligands in the complex occurs based on the field strength of the particular ligand, which
follows the order CI < bpy (2,2"-bipyridine) < PPh3 according to the spectrochemical series. The
Cl'ligand is substituted by PPh3 and Histidine ligands with higher field strength. In a second
step, the Boc protecting group was removed from the complex in 50% TFA: DCM mixture,
followed by acetylation of the amine group and precipitation with KPFs. The residue was

purified by reverse phase chromatography to afford the Ac-His([Ru(bpy).PPh;]**)-OH building
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block. The pure product was obtained as orange powder with 95% purity after HPLC

purification. The final complex was obtained in 0.200 g scale and with 81% yield.

The chemical identification of the products and intermediate complexes was done by
ESI-MS and 'H-NMR. The formation of the intermediate complex (1) was confirmed by the signal
corresponding to [M-H]* at 711.00 Da. The 'H NMR of (2) showed a pair of doublets at 1.05 &
1.27 ppm corresponding to the tert-Butyl protons, which confirmed the insertion of Boc-His-OH
into the complex. The deprotection of complex (2) resulted in the disappearance of the tert-
Butyl singlet. The acetylation of (3) was confirmed by the appearance of a doublet at 1.58 ppm
corresponding to three protons of acetyl CH; group. Each step of the synthesis was monitored
by a shift in the analytical HPLC chromatogram (see experimental section). The ESI-MS of 4
showed [M-H]* peak at 872.00 Da. The unusual splitting of tert-butyl and acetyl protos were
observed due to the formation different isomers of Ru Octahedral complex with chiral amino
acid. Detailed analysis of chirality at octahedral centre is not explored in this these. The final

complex 4 was soluble in PBS (pH 7.4) at a concentration of 1 mg/mL.

— NHBoe—+2
CO,H
Boc-His-OH
4M NaOH
80°C,16 h
95%
[Ru(bpy),Cl,]
1 2
— NH-Ac— +2
— NH, — +2
o o CO,H
CO,H )j\ )j\
TFA/DCM (1:1) [0}
35 min e
92% AcOH,3 h,r.t.
81%
H-His([Ru(bpy),PPh,]**)-OH Ac-His([Ru(bpy),PPh;]**)-OH
3 4

Scheme 2.1 Synthesis of Ac-His([Ru(bpy).PPhs]**)-OH (4)
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2.2.3 Synthesis of N-cadherin peptidomimetics

The N-cadherin mimetic peptide, HAVDIGGGC was synthesized by following standard
protocol for Fmoc based solid-phase peptide synthesis (SPPS). The amino acids were
sequentially coupled to aresin in arepeated manner during SPPS. The acid sensitive trityl-linker
(CT) resin loaded with Cys(Trt)-OH was used for the synthesis. The HAVDIGGGC sequence was
developed from C- to N- direction by successive steps of coupling of the Fmoc-protected amino
acid with HBTU and HOBt as coupling agents, followed by Fmoc-deprotection under basic
conditions (20% piperidine in DMF) (Scheme 2.2). To avoid interference of the side groups of
Asp, Cys and His amino acids with the Fmoc-based synthesis of the peptide, the carboxylic, thiol
and imidazole side groups had to be protected. Acid-labile protecting groups were selected
since these are stable towards the basic conditions needed for Fmoc-deprotection. Tert-butyl
protecting group was used for COOH and the Trityl group was used to protect the SH and
imidazole groups. Each coupling step was monitored by analytical HPLC and ESI-MS analysis.
At the optimized conditions (amino acid (2 eq.), HBTU (2 eq.), HOBt (2 eq.), and DIEA (5.6 eq.)
in DMF for 2 h atr.t.), coupling steps proceeded with >95% conversion. The peptide was cleaved
from the resin with side chain protecting groups using acidic conditions (acetic acid, 2,2,2-
triflouroethanol and DCM (3:1:6 v/v/v)) and the deprotection of the side chain protecting
groups was performed using TFA, TIS, and H20 (95:2.5:2.5 v/v/v). The final peptide was
obtained as white power after the lyophilization of collected pure fractions from preparative
RP-HPLC and characterized by ESI-MS. The HAVDIGGGC peptide was obtained in 60% yield with
>98% purity at 10 mg scale starting from 100 mg resin with a loading capacity of 0.039 mmol/100
mg. The scrambled peptide AGVGDHIGC was synthesized following a similar strategy. The final
scrambled peptide AGVGDHIGC was obtained as white power after the lyophilization of
collected fractions from preparative RP-HPLC and characterized by ESI-MS. The scrambled
peptide AGVGDHIGC was obtained in 58% yield with >98% purity at 10 mg scale starting from
100 mg resin with a loading capacity of 0.039 mmol/100 mg. The peptides were soluble in PBS

(pH 7.4) at a 1 mg/mL concentration.
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The photoactivatable Histidine (4) was incorporated into the HAVDIGGGC sequence

during SPPS to render the photoactivatable peptide Ac-H[Ru(bpy),PPh3;]AVDIGGGC (Scheme

2.3). The synthesis protocol was the same as used for the native HAVDIGGGC sequence (section

2.2.3). The Ac-His([Ru(bpy).PPhs]**)-OH amino acid was introduced at the last step of the SPPS.

The Ru-complex remained stable at Fmoc-based SPPS coupling conditions. Mass analysis

showed no changes in the complex during acidic resin cleavage and side chain deprotection

conditions. The peptide was purified by RP-HPLC and characterized by mass spectroscopy. The

peak corresponding to the peptide appeared at a retention time of 16 min using (5:95)
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ACN:H20 eluent. The ESI-MS of the final photoactivatable N-cadherin showed [M-H]* peak at
1543.40 Da (Fig. 2.8).

Ac-H[Ru(bpy),PPh3]AVDIGGGC was obtained at 20 mg scale with high purity (> 95%) and
good an overall yield of 59%. The peptide was obtained as an orange colored solid. The
photoactivatable N-cadherin peptide was soluble in water and PBS (7.4) at a 1 mg/mL

concentration.

(i) 3 x Fmoc-Gly-OH coupling
HO-Cys(Trt)—-. Fmoc-Gly-Gly-Gly-Cys(Trt)-@
HBTU, HOBt, DIPEA, DMF

(i) Fmoc deprotection: 20%piperidine:DMF

(ii) coupling
Fmoc-Ala-Val-Asp(tBu)-lle-Gly-Gly-Gly-Cys(Trt)-@
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Scheme 2.3 Synthesis of Ac-H[Ru(bpy).PPhs;]AVDIGGGC
The photoactivatable E-cadherin mimetic peptide Ac-SH[Ru(bpy).PPh3]JAVSSC was

also synthesized following the same protocol as described above. The RP-HPLC peak
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corresponding to the peptide appeared at a retention time of 14 min using (5:95) H,O:ACN
solvent. The ESI-MS of the final photoactivatable E-cadherin showed [M]** at 701.8 Da (Fig.
2.9). The final photoactivatable E-cadherin peptidomimetic, Ac-SH[Ru(bpy).PPh3]JAVSSC
was obtained in high purity (> 96%), at 10 mg scale and reasonably good yields (48-52%). The
peptide was obtained as an orange colored solid. The photoactivatable E-cadherin peptide

was soluble in PBS and water at 2 mg/mL concentration.

2.2.5 Photochemical properties of N & E-cadherin peptidomimetics

The photolytic reaction of [Ru(bpy).PPhs]** complex from the Ac-
H[Ru(bpy).PPhs;]JAVDIGGGC peptide was followed by UV-Vis spectrophotometry. The UV
spectra of a 0.5 mM Ac-H[Ru(bpy),PPh;]AVDIGGGC solution in PBS at pH 7.4 before irradiation
is shown in Fig.2.4. Two absorption maxima at 290 nm and 424 nm are appreciable. The
absorption at 290 nm corresponds to the  —nt* transitions of the bipyridines'®. The maximum
absorption at 424 nm corresponds to the MLCT band, which is characteristic of Ru polypyridine
complexes™. The UV spectra were measured after irradiating the solution at increasing
exposure times at 420 nm (2.7 mW/cm?)). Visible changes in the UV spectrum occurred upon
exposure. The absorption maximum at 424 nm was red shifted to 434 nm and showed a gradual
increase in intensity with increasing irradiation time. The absorption maximum at 290 nm
remained unchanged at irradiation times below 1 min, and showed a decay at longer exposure
times (Fig. 2.4 A).

The photolytic reaction is expected to yield [Ru(bpy).PPhsH,O]* as a byproduct
(Scheme 2.4). The red-shift of Amax from ~424 to ~434 nm at pH 7.4 has been associated with
the appearance of the hydroxo complex [Ru(bpy).PPhsH,O]** in previous literature reports™®.
The uv-vis spectrum of the photoproduct was showed the characteristics of the spectrum of
[Ru(bpy),PPh3H,0] complex which can be synthesized by refluxing the intermediate
complex, [Ru(bpy),PPh;]**in water™®.

The chemical yield of the photolytic reaction was calculated from HPLC quantification
of the irradiated solutions. In the HPLC elugram, the intensity of the Ac-
H[Ru(bpy).PPh3]AVDIGGGC peak at retention time 16 min is diminished and also a new peak
has appeared at retention time of 14 min with increasing intensity (Fig. 2.10). This peak
corresponded to free HAVDIGGGC according to mass analysis. A second peak at longer
retention times (18 min) was also visible and corresponded to byproduct [Ru(bpy).PPhsH,O]**.

After 5 min exposure at 420 nm, the HPLC analysis of the irradiated solution showed that 60%
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of Ac-H[Ru(bpy).PPh3]AVDIGGGC was photolyzed and 65% of HAVDIGGGC was formed (Fig.
2.4B). After 20 min exposure the conversion ratio was 98%, confirming a high chemical yield of
the photolytic reaction.

The photolysis analysis of the Ac-SH[Ru(bpy).PPh;]AVSSC peptide showed similar

features (Fig. 2.11&12).
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Scheme 2.4 Photochemical reaction expected for Ac-H[Ru(bpy).PPhs;]AVDIGGGC
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Fig. 2.4 (A) UV-Vis spectra of Ac-H[Ru(bpy).PPh;]AVDIGGGC solution (0.5 mM in PBS pH 7.4) after
irradiation at 420 nm during increasing exposure times. (bfr irr: Before irradiation) (B) The

conversion degree for the photolysis of Ac-H[Ru(bpy).PPh;]AVDIGGGC

At this point it is interesting to compare the photolysis of the Ac-
H[Ru(bpy).PPh;]AVDIGGGC peptides with the photolysis of reported photoactivatable

peptides where the nitrobenzyl and nitroindolinyl ester derivatives were used as PPGs to
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protect Asp and Lys residues. The Ru-complex absorbs in the visible spectrum and can be
photocleaved with VIS light, which is expected to have lower risk of cell photodamage when
irradiation in a biological system'. On the other hand, the sensitivity to VIS light requires the
reactions and characterization steps to be performed in light protected conditions. The
photochemical yield obtained for Ru -complex protected peptide in solution was around 98%

in 20 min of exposure time.

2.3 Conclusion

Two photo-activatable derivatives of N- and E-cadherin peptidomimetics containing the
HAV domain were successfully synthesized. This was achieved by introducing a
photoremovable protecting group at the imidazole ring of the His side chain, which is critical

for trans EC1-EC1 interaction. The [Ru(bpy) (PPh.)]** was used as a photoremovable protecting

group and His was introduced as one of the ligands. Which was synthesized in high purity and
good yield. The photoactivatable His was introduced into Ac-H[Ru(bpy).PPh;]AVDIGGGC and
Ac-SH[Ru(bpy).(PPh3)]AVSSC peptidomimetic by Fmoc based SPPS. The photoactivatable
peptides exhibited good water solubility as well as very good photolytic properties in solution

for their application in biological studies.

2.4 Experimental section

2.4.1 Materials and methods

Solvents and Reagents: Chemicals and solvents were purchased from Acros Organics,
Alfa Aesar by Thermo Fisher Scientific and Merk/ MilliporeSigma. Amino acids, coupling
reagents and loaded resins for SPPS were purchased from Carbolution Chemicals GmbH,
Novabiochem and Iris Biotech GmbH. All the chemicals and solvents were used as purchased,

unless otherwise specified.

Characterization methods: The reactions and couplings were monitored by an analytical
HPLC, column (250 mm x 4.6 mm, C18) filled with Reprosil RP18 (5 um grain size, 250 x 20 mm)
from JASCO and the purified with a semi-preparative HPLC PU-4086 series (column 100 mm
C18) provided with a diode array UV-Vis detection system and fraction collector. Agilent
Technologies InfinityLab Liquid Chromatography/Mass Selective Detector (LC/MSD) was used
to measure mass spectra. UV/VIS Spectra were record on a varian Cary 4000 UV/VIS

spectrometer (Varian Inc. Palo Alto, USA). Samples were prepared in quartz cuvettes, which
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were washed with isopropanol and Milli-Q water and then dried with N2 stream before
measurement. 'H-NMR spectra were recorded on a Bruker Avance 300 (300 MHz) and the
measurements were performed at room temperature using TMS (6= 0 ppm) as reference. The

chemical shifts were expressed in parts per million.

2.4.2 Synthesis and characterization of Ru-His Complexes

H-His([Ru(bpy).PPh;]*?) was prepared according to literature starting from cis-Bis(2,2’-

bipyridine)dichlororuthenium(ll)hydrate"3.

a. Boc-His([Ru(bpy).PPh;]**)-OH (2)

cis-Bis(2,2’-bipyridine)dichlororuthenium(ll)hydrate (760 mg, 1.55 mmol, 1 eq.) was dissolved in
a 100 mL Schlenk flask with deoxygenated MeOH (15 mL) and water (15 mL). The solution was
stirred 10 min under Ar at 80 °C. Triphenylphosphine (406 mg, 1.55 mmol, 1 eq.) was added, and
the resulting mixture was stirred 14 h at 80 °C, then allowed to reach r.t. A solution of Boc-His-
OH (1.975 g, 7.74 mmol, 5 eq.) in 1.9 mL of NaOH 4 M was added, and the reaction stirred again
14 h at 80 °C. The crude reaction mixture was partly concentrated under reduced pressure, and
the product was precipitated with KPFs. Finally, orange solid was filtered, washed with water
and freeze dried to give the desired product as orange solid (1.58 g, 95.15%).

'H-NMR (300 MHz, D,0): §/ppm = 1.05 (d, 3H, CH3), 1.27 (d, 6H, 2 x CH3), 2.52-2.84 (m, 2H, CH2),
3.95-4.03 (m, 1H, CH), 6.1 (s, Ar-H), 6.3 (s, Ar-H), 6.83-7.11 (m, 15H, Ar-H), 7.18-7.23 (m, 3H, Ar-H),
7.28-7.41(m, 3H, Ar-H), 7.63-7.70 (m, 1H, Ar-H), 7.78-8.04 (m, 6H, Ar-H), 8.29-8.35 (m, 2H, Ar-H),
8.62 (s, Ar-H), 8.97-8.98 (d, 1H, Ar-H); ESI-MS/LC/MSD: m/z calc. for Boc-His([Ru(bpy).PPh;]*?)-
OH (M-H)* 930.25, found 930.00

b. H-His([Ru(bpy).PPhs]**)-OH (3)

Boc-His([Ru(bpy).PPhs3]**)-OH (900 mg, 0.84 mmol) was dissolved in a 2 neck round bottom
flask with 12 mL CH,Cl, and cooled to o °C. Trifluoroacetic acid (12 mL) was added slowly in to
the above mixture and continued stirring at o °C for 35 min and 35 min at r.t. The solvent was
concentrated under reduced pressure, and the residue was purified by preparative HPLC. The
fractions containing final product were freeze dried, and the product was isolated as light
orange powder (814.3 mg, 92%)

'H-NMR (300 MHz, D,0): §/ppm =2.77-2.92 (m, 2H, CH2), 3.64-3.72 (m, 1H, CH), 6.1(s, Ar-H), 6.40-
6.47 (d, 1H, Ar-H), 6.76 (s, 1H, Ar-H), 6.93-7.21 (m, 15H, Ar-H), 7.27-7.40 (m, 6H, Ar-H), 7.68-7.73

(t, 1H, Ar-H), 7.78-8.07 (m, 6H, Ar-H), 8.27-8.30 (d, 1H, Ar-H), 8.36-8.39 (d, 1H, Ar-H), 8.62 (s, Ar-
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H), 8.72-8.78 (d, 1H, Ar-H), 9.03-9.06 (d, 1H, Ar-H); ESI-MS/LC/MSD: m/z calc. for H-
His([Ru(bpy).PPh;]**)-OH (M-H)* 830.25, found 830.20.

c. Ac-His([Ru(bpy).PPh;]**)-OH (4)

H-His([Ru(bpy).PPh;]**)-OH (200 mg, 0.24 mmol) was suspended in Acetic acid (5 mL) in a 50
mL round bottom flask. Acetic anhydride (68.25 uL, 0.722 mmol) was added drop wise at 0 °C
and stirred atr.t. for 2 h. The crude reaction mixture was concentrated under reduced pressure
and the residue was purified by reverse phase chromatography. The fractions containing final
product were freeze dried, and the product was isolated as an orange powder (256.78 mg,
81.5%).

'H-NMR (300 MHz, D,0): §/ppm =1.62 (d, 3H, CH3), 2.51-2.62 (m, 2H, CH2), 2.74-2.85 (m, 1H, CH),
4.11-4.19 (m, 1H, CH), 5.98-6.01 (d, 1H, Ar-H), 6.48-6.52 (d, 1H, Ar-H), 6.66-6.78 (m, 13H, Ar-H),
6.95-7.08 (m, 4H, Ar-H), 7.05-7.08 (t, 1H, Ar-H), 7.17-7.23 (q, 1H, Ar-H), 7.29 (s, 2H, Ar-H), 7.57-7.62
(t, 1H, Ar-H), 7.75-7.85 (m, 3H, Ar-H), 7.92-7.95 (d, 2H, Ar-H), 8.20-8.40 (dd, 2H, Ar-H), 8.56-8.58
(d, 1H, Ar-H), 8.81-8.86 (t, 1H, Ar-H); ESI-MS/LC/MSD: m/z calc. for Ac-His([Ru(bpy).PPh;]**)-OH
(M-H)* 872.21, found 872.00.

2.4.3 Synthesis of peptides
The E-cadherin mimetic peptides were purchased from GeneCust, France and used without

further purification.

General protocols (GP)
GP1 - Coupling of protected amino acids to the resin with HBTU

All the mimetic peptides were synthesized by following standard Fmoc based SPPS
using a preloaded 2-Chlorotrityl chloride (CTC) resin (0,039 mmol /100 mg), 100-200 mesh, 1%
DVB on a 10 mL syringe provided with a PE-frit (CEL- 053 and CEL-1016), (Roland Vetter
LaborbedarfOHG, Ammerbuch, Germany). The resin was swollen in DMF for 15 min before
starting the coupling steps. Next amino acids were sequentially added to the resin by following
the coupling protocol. A pre activated solution of the protected amino acid (2 eq.), HBTU (2
eq.), HOBt (2 eq.), DIEA (5.6 eq.) in DMF (1 mL) was added to the resin-bound free amine and
agitated for 2 h at r.t. on an automated shaker. The coupling mixture was drained and the resin
was washed with DMF (5 x). After each coupling, the Fmoc was removed by treating the resin
with 20% piperidine in DMF (v/v) for 5 min and the same step was repeated for another 10 min.

After draining the solution, the resin was washed with DMF (5 x).
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GP2 - Cleavage of peptide from 2-Chlorotrityl chloride (CTC) resin (100-200 mesh), 1% DVB
The protected linear peptide bound to the resin was treated with acetic acid, 2,2,2-

triflouroethanol and DCM (3:1:6 v/v/v) for 30 min and the solution was collected. The procedure

was repeated for three times. The solutions were collected and pooled together. The solvents

were removed using rotary evaporation to get the crude peptide.

GP3 - Deprotection of side chain protecting group (Boc and tert-butyl ester groups)

The crude peptide was treated with TFA/DCM (3 mL: 3 mL, 1:1; v/v) and stirred for 30
min to remove the side chain protecting groups Trt and tert-butyl ester (0.1 g). The solvents
were removed under reduced pressure to obtain the deprotected Cys, His, & Ser (Trt removal)

or Asp (t-butyl ester removal) residues.

GP4 - HPLC purification of Peptides

The concentrated residue was dissolved in acetonitrile/water 1:1 (2 mL) and purified by
semi preparative RP-HPLC using (ACN + 0.1% TFA) and (H20 + 0.1% TFA) as eluents, gradient: 5%
to 95% Acetonitrile for 40 min. The fractions containing >95% pure peptides were collected and
pooled together. Acetonitrile was removed under reduced pressure and lyophilized to get pure

peptide and stored at -20 °C. The peptides were characterized by ESI-MS and analytical HPLC.

2.4.4 Photolysis of the peptide in solution

The photolysis studies of photoactivatable peptide in solution were carried out by
irradiating 0.5 mM peptide in PBS (pH 7.4) with a LUMOS 43 (Atlas Photonics Inc.) at 420 nm
(I= 2.7 mW/cm?) for 20 min. The percentage of conversion in solution was quantified by

Analytical HPLC chromatogram and ESI-MS.
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Fig. 2.10 Analytical HPLC chromatograms of Ac-H[Ru(bpy).PPh;]AVDIGGGC (0.5 mM) solution
before and after irradiation at 420 nm for 5 min. The HPLC chromatogram is shown for 210 and 254

nm detection channels and HPLC chromatogram of HAVDIGGGC is shown as well.
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comparison.
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Chapter 3

Biomimetic cell-cell biointerfaces with poly(acrylamide)

hydrogels functionalized with cadherin ligands

In this chapter, copolymers of AAm, AA and phenyl oxadiazole methylsulfone acrylate
will be used to synthesize hydrogels to which matrix-adhesive proteins and cadherin
peptidomimetics bearing amine or thiol groups can be orthogonally coupled. 2D hydrogels with
variable ligand type, ligand density and mechanical properties will be described. Model
biointerfaces to study cell-matrix and cell-cell interactions are developed and characterized.
Micropatterned hydrogels that allow reconstructing spatially differentiated cell-matrix and
cell-cell interfaces in a cell culture will also be used. This model was developed by Dr. Aleeza
Farrukh in the group and will be used in this thesis for testing the activity of the cadherin

peptidomimetics in the next chapters.

3.1 Introduction

Poly(acrylamide), p(AAm), is a synthetic polymer that is inexpensive, simple to
synthesize, transparent and cytocompatable. p(AAm) hydrogels can be prepared by radical
polymerization of acrylamide monomer with a cross-linking agent bis-acrylamide and initiated
by ammonium persulfate (APS) and tetramethylenediamine (TEMED)™°. APS acts as a source

of radicals and TEMED catalyzes the radical vinyl addition polymerization.
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p(AAm) hydrogels are often used as cell culture materials for studying the response of
cells to biochemical and mechanical properties of their microenvironment™2. These gels can be
prepared with mechanical properties similar to those of the physiological environment (0.1-100
kPa)™3 by simply varying the amount of bis-acrylamide crosslinker. Polyacrylamide hydrogels

for cell culture are usually fabricated as thin films>°.

p(AAm) hydrogels are antifouling, i.e. they do not absorb proteins™4. In order to allow
interaction with cells, the hydrogels have to be functionalized with specific cell adhesive
molecules (fibronectin, collagen or their peptidomimetics) to allow interaction with the
membrane receptors at the cell membrane (typically integrins or cadherins)'?4. However, the
amide group in p(AAm) is a rather inert functionality. Different strategies to functionalize
p(AAm) hydrogels have been reported over the last years. One common method is by using
the photoreactive heterobifunctional linker sulfosuccinimidyl-6-(4’-azido-2’-nitrophenyl-
amino)hexanoate (sulfo-SANPAH) to couple a ligand covalently™. Photoactivation generates
highly reactive intermediates from the aryl-azide unit of the bifunctional linker that react with
the backbone of the p(AAm) hydrogel network through non-specific chemical reactions'™® (Fig.
3.1A). The NHS activated carboxyl group on the other end of sulfo-SANPAH can form amide
bonds with the free amines on cell adhesive molecules. Other methods for functionalization of
p(AAm) hydrogels involve using gamma, UV radiation™. The major disadvantages of these
methods are low reproducibility, multiple steps, long coupling times, and the involvement of

toxic chemicals.

An alternative solution for the functionalization of p(AAm) hydrogels is the
copolymerization of the acrylamide monomer with other comonomers containing reactive side
groups. Acrylic acid (AA), N-(3-aminopropyl)-methacrylamide or N-hydroxethyl acrylamide

57



have been copolymerized with AAm for this purpose™®. Recently, our group reported
heteroaromatic methylsulfone acrylates (MS) as useful comonomers for the chemo-selective
binding of thiol containing biomolecules to p(AAm) hydrogels. The radical polymerization
reaction is not affected by MS monomers. MS monomers react with thiols by nucleophilic
substitution reaction and form stable bioconjugates through covalent bonds™+™9 (Fig. 3.1B).
Moreover, copolymerization of MS and AA comonomers in the same hydrogel allowed

orthogonal immobilization of two types of ligands bearing thiol or amine groups on the same

gel™.
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The possibility to independently adjust the biochemical and mechanical properties of
p(AAm) hydrogels makes them interesting models for the study of cell response to
microenvironmental parameters. In fact, these gels have been widely implemented by cell
biology groups as simplified models of the extracellular matrix to study cell response to
changes in the composition and mechanical properties occurring in regenerative and
pathological processes™'. More recently, p(AAm) hydrogels functionalized with cadherins have
been used to mimic the cell-cell biointerface®®. In natural tissues, these two interfaces are
segregated. In epithelial tissues, for example, cells build cell-cell interfaces with their neighbors
laterally, and cell-matrix interfaces at the basal plane. This spatial segregation (called
polarization in cell biology language) is difficult to mimic in a 2D hydrogel. In the group of Prof.
Dr. del Campo, a 2.5D hydrogel model has been designed to mimic this situation. This system

will be further explored in this thesis and tested with the cadherin ligands.

2D p(AAm) Hydrogel

a) Prepared in one step and contain
P / two different co-monomers.
b) Sequential and orthogonal coupling
of ligands.
P(AAM-AA-Ms) c) Non-polarized  distribution  of
adhesive receptors.
. : . d) Mechanical properties cannot be
Cadherin mimetic % ECM mimetic adjusted independently.
peptide peptide e) Uncontrolled spreading and
migration in X-Y plane

2.5D p(AAm) Hydrogel

a) Prepared in two steps and contain two
different co-monomers.
b) Sequential and orthogonal coupling of
ligands.
P(AAmM-MS) ¢) Polarized distribution of adhesive
receptors
d) Mechanical properties of p(AAmM-AA) and
p(AAM-MS) can be adjusted
independently.
P(AAmM-AA) e) Spreading and migration can be sterically
controlled.
f) Dimension of micro patterns (width and
height ) can be adjusted flexibly.

Fig. 3.2 Schematic representation of 2D and 2.5D p(AAm) hydrogels
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3.2 Results and Discussion

3.2.1 Preparation of p(AAm-AA) and p(AAm-MS) hydrogel films with different mechanical
properties

Thin films of p(AAm) hydrogel copolymerized with acrylic acid (AA) or -phenyl
oxadiazole methylsulfonyl acrylate (MS) monomers were prepared by radical
copolymerization following a reported protocol™%"'(Fig. 3.3A&B). Hydrogel films with Young’s
Moduli of 2, 10, 40, and 100 kPa were obtained by varying the amount of N,N-methylene-bis-
acrylamide crosslinker and acrylamide monomers. The thin films were supported by a coverslip,
were transparent, and showed no topographic defects on the free surface. 2% (w/w) of MS or
10% (w/w) of AA were incorporated into the monomer mixtures. It is worth to mention that the
MS comonomer cannot be introduced at higher concentrations because of its limited solubility
in water. The MS monomer was dissolved in DMF and then added to the monomer mixtures.
AAis fully soluble in water and can be introduced at any concentration. Introduction of the co-
monomers to the AAm polymer network did not affect the polymerization reaction™#'9. The
radical polymerization is highly sensitive to oxygen. Therefore, for the preparation of the

hydrogel films all the solutions were degassed and kept under inert atmosphere.

3.2.2 Preparation of bifunctional p(AAm-MS-AA) hydrogel films

Bifunctional hydrogels were prepared by copolymerizing AAm with MS and AA
monomers following a reported protocol™9"3'(Fig. 3.3C). The copolymerization of both ligands
allows incorporation of both thiol and amine- containing ligands in the hydrogel. Reported
work had demonstrated that the copolymerization didn’t affect the physical properties of
hydrogels significantly™+™°. A concentration of 10 mol% of AA and 2 mol% MS comonomers was
used. The bis-acrylamide crosslinker was added at different concentrations to obtain hydrogels
with different mechanical properties. The hydrogels formed were transparent and without any
topography defects. Details on the composition of the films are given in the experimental

section.
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different comonomers (A) Copolymerization of p(AAm-AA) (B) Copolymerization of p(AAm-MS)
(C) Copolymerization of p(AAmM-MS-AA)

3.2.3 Characterization of physical properties of p(AAm-AA) hydrogel films

The thickness, swelling degree and Young’s modulus of the obtained p(AAm-AA)
hydrogel films were tested. Established methodologies in the group were used for this
purpose™.

The thickness of p(AAm-AA) hydrogels was measured by confocal fluorescence
microscopy after activation of the carboxylic groups with EDC/NHS chemistry and covalent
coupling of the fluorescent dye pararosaniline. A z-stack across the hydrogel film allowed
visualization of the gel thickness. Experiments were performed with films in both the dry and

swollen states. The thickness of hydrogels in the dry state varied between 20 and 30 pm, and
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increased with increasing monomer content. In the swollen state, the thickness of the films
increased to 85-93 um (Table 3.1). It is important to note that the gel preparation protocols
were optimized to get films with comparable swollen thickness®™'. This is an important
parameter for the subsequent cell experiments. It has been reported that a film thickness >70
um is necessary for cells not to detect the mechanical properties of the underlying glass
substrate®>.

The homogeneity of the fluorescence across the film shows that the functionalization
of hydrogel is homogeneous throughout the gel, meaning that the ligands are distributed
evenly throughout the whole hydrogel from top to bottom. This implies that the
functionalization of AA monomer with EDC/NHS chemistry was homogeneous and the coupled

ligand distributed evenly throughout the gel film (Fig. 3.4).

Fig. 3.4 Representative z-stacks of fluorescence intensity of a 20 kPa p(AAm)-AA hydrogel after

reaction with pararosaniline. A) Dry gel B) Swollen gel.

The swelling ratio of the polymers, i.e. the capacity to hold water, was determined by
gravimetry>°. The hydrogel samples were prepared in an Eppendorf tube and the swelling ratio
was determined by comparing the weight of the samples after soaking in water for 24 hours
(Ws) and after drying for 24 h at 40 °C in a vacuum oven (Wg). The swelling ratio (SR) was
calculated as (Ws-Wa)/Wd. Table 3.1 shows that swelling ratios between 5.8 and 14.4 were
obtained. The swelling ratio increased with the ratio of AAm monomer to bis-AAm crosslinker.
The higher the crosslinking degree (e.g. the higher the bis-AAm crosslinker concentration), the

lower the amount of water that the network can uptake.
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The Young’s modulus of the hydrogels was calculated by rheology using a plate-plate
rheometer. The hydrogel sample was surrounded with low viscosity mineral oil to avoid drying
of the hydrogel during the measurement. The Young’s modulus (E) was calculated from the
experimentally determined shear modulus (G") from: E=2G‘ x (1+v), where v is the Poisson
ratio. The mechanical properties of a swollen hydrogel is similar to rubber-like materials, having
Poisson ratio as v = 0.5%34, In this thesis hydrogels were always used in swollen form for
biological experiments. Hence the passion ratio was taken as 0.5. The obtained values for the
Young’s modulus of the p(AAm-AA) hydrogels were 3, 13, 21, 40 and 101 kPa, very close to the
previously reported values for gels with similar compositions™'. The Young’s modulus of
hydrogels increased with increasing crosslinker concentration.

The obtained results for the p(AAm-AA) hydrogels were in agreement with previously
reported data®'. p(AAm-MS) hydrogels were also obtained following an established method in

the group and used without further characterization™.

Table 3.1 Physical properties of p(AAm-AA) hydrogels

Volume of monomers solution (uL) 7.5 6 12 18 18
2% of acrylamide
Bis-acrylamidefacrylamide ratio 0.8% 3.3% 1.6 % 1.1% 5.5%
Young’s modulus obtained 3.0 13.1 21.2 39.8 101.3
E (kPa) (2+1.0) (10+3.1) (20=1.2) | (40F0.2) | (100%1.3)
Swelling ratio 14.4 1.5 | 13.5 £ 1.2 | 11.33+ 1.6 9.4+ 1.1 5.8+1.2
Thickness Dry 20 22.5 25 27.5 30
m
(um) Wet 92 91 90 91 89

3.2.4 Functionalization of p(AAm-AA) and p(AAm-MS) hydrogels with cadherin
peptidomimetics

The p(AAmM-AA) or p(AAm-MS) hydrogels were functionalized with photoactivatable E-
cadherin or N-cadherin mimetic peptides containing N-terminal Lys or Cys residues (Chapter 2,
Table2.1) following a previously reported procedure™. The immobilization of the peptides to
the hydrogels occurred by reaction of the -NH, amine of the N-terminus with -COOH groups of
the AA monomer after activation of the carboxylic groups as NHS esters or by reaction of -SH
side group of Cys with the MS moieties. (Fig. 3.5). In order to test the coupling conditions for

effective binding of the peptides to the hydrogel network, and to quantify the peptide density
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after functionalization, | took advantage of the strong UV-Vis absorbance of the Ru-modified
peptides and characterized the hydrogels by UV spectroscopy after the coupling reaction. For
initial studies the chromophore, Pararosaniline hydrochloride was also used to avoid
consumption of the amine bearing peptide. The coupling and quantification methodologies

were adapted from previous studies™°.

i) EDC/NHS
MES buffer, r, 1§ min
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Fig. 3.5 Bio-functionalization reactions on the hydrogels. (A) Conjugation of p(AAm-AA) with
amine containing molecules. (B) Reaction of p(AAm-MS) with thiol containing molecules. (C)

Sequential coupling of amine and thiol containing molecules to p(AAm-AA-MS) hydrogel™®.

Fig. 3.6A&B show exemplary UV spectra of p(AAm-AA) hydrogels after reaction with
pararosaniline, and of p(AAm-MS) hydrogels after reaction with the Cys terminated peptide
H[Ru(bpy).PPh;]JAVDIGGGC and washing with water to remove unreacted compounds. Fig.

3.6C shows the UV spectra of p(AAmM-AA) hydrogels having different stiffness functionalized
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with pararosaniline of particular initial concentration and which resulted in similar absorbance.
The spectra show absorption maxima at Amax 560 Nnm and 425 nm respectively, consistent with
the expected absorbance maxima of the pararosaniline and Ru complex. This result confirms
the presence of the ligands in the network. Increasing incubation concentrations of the
chromophore from 0.1 mg/mL to 1 mg/mL resulted in increasing absorbance values. Note that

1 mg/mL is the solubility limit for some of the peptidomimetics in this thesis.
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Fig. 3.6 UV-Vis spectra of hydrogels after incubation with reactive molecules at different
concentrations. A) 100kPa p(AAm-AA) hydrogels functionalized with pararosaniline base. B) 10kPa
p(AAM-MS) hydrogels functionalized with H[Ru(bpy).PPhs;]AVDIGGGC. C) p(AAm-AA) hydrogels of

different stiffness functionalized with pararosaniline base.

The concentration of peptide in the hydrogel was calculated from the absorbance
values by applying the Beer-Lambert law, C= A/lg, where C is the concentration of the

chromophore, Ais the absorbance value at Amay, | is the path length and ¢ is the molar extinction
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coefficient at Amax. The reported values for extinction coefficients at respective Amax of
Pararosaniline and [Ru(bpy).PPh;]** complex are 3.0x10% and 6400 M~'cm™" respectively">'35. In
this experiment the path length corresponds to the thickness of the swollen hydrogel film,
which was 90 um as determined by fluorescence confocal microscopy (section 3.2.3). Table 3.1
shows that the calculated ligand density in each hydrogel increased with increasing
concentration of incubating solution. The binding efficiency of chromophores to two different
monomers were then calculated by; Binding Efficiency (%) = C in gel / C in solution x 100.
Coupling of the peptide to the MS monomer showed > 80% binding efficiency for
concentrations above 0.1 mg/mL. At the maximum tested concentration of 1 mg/mL, a binding
efficiency of 98% was observed to the p(AAm-MS) hydrogel network. Binding efficiency of
pararosaniline to p(AAm-AA) hydrogels was lower. A maximum of 78% was obtained by
coupling 1 mg/mL solution to AA monomer. The obtained values for binding efficiency were in
agreement with previously reported data with other peptides™#™9. The final concentration of
pararosaniline on p(AAm-AA) substrates of different hydrogels were adjusted to the
concentration on 100 kPa hydrogel by adjusting the concentration of incubating solution. This
was important for stiffness-based cell experiments. These experiments provide information on

the expected ligand density on the hydrogels, available for recognition by cells.

Table: 3.1 Binding efficiency of the peptide, H[Ru(bpy).PPh;]AVDIGGGC and pararosaniline on
p(AAm-MS)and p(AAm-AA) hydrogels respectively.

Concentrationof | Concentration of Binding Concentrationof | Concentration of Binding
peptide in peptide in efficiency in pararoanilinein | pararoanilinein efficiency in
solution p(AAm-MS) p(AAmM-MS) solution p(AAm-AA) P(AAmM-AA)
mg/ml | (mM) (mM) (%) mg/ml | (mM) (mM) (%)
0.1 0.06 0.05 82 0.1 0.30 0.21 68
0.25 0.16 0.14 87 0.25 0.77 0.54 71
0.5 0.32 0.29 92 0.5 1.50 1.10 73
1 0.64 0.63 98 1 3.09 2.41 78

3.2.5 Functionalization of p(AAm-AA) and p(AAm-MS) gels with cadherin proteins

After providing that the p(AAm-AA) and p(AAm-MS) hydrogels could be effectively
functionalized with amine and thiol-bearing species, the gels were modified with commercially
available recombinant E- and N-cadherin protein fragments and used as positive controls for

the mimetic peptides in the cell experiments. The coupling of the proteins to the hydrogels
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was performed by direct covalent coupling of the protein, or by using molecular recognition
motifs.

In the direct covalent coupling, the activated carboxylic or MS groups on the hydrogels
were coupled to the amines at the side chains of Lys residues or to the thiol groups at the side
chain of Cys residues in the protein chain. Lys residues are very abundant in protein sequences.
Both E- and N-cadherin proteins contain 8 Cys residues in their primary structure®'7. The
covalent coupling of proteins has several advantages over non-covalent alternatives: the
protein is stably attached to the gel, and the protein density can be regulated by the incubation
concentration, as demonstrated with the peptides in the previous section. This methodology
has, however, also some disadvantages. Lys and Cys residues are spread along the sequence
of the protein and binding can occur at any (or many) of the residues. This can affect the
functionality of the protein. In addition, the protein is immobilized in a non-oriented fashion,
and the binding site for the cells may not be exposed.

The coupling protocol for N-cadherin protein to p(AAm-MS) hydrogel through Cys was
previously developed in the group, and was used for this thesis without further modification
(manuscript in preparation). For the modification of p(AAm-MS) and p(AAm-AA) hydrogel
surfaces with E-cadherin protein different strategies were developed. Firstly, E-cadherin
protein was directly coupled to p(AAmM-MS) and p(AAm-AA) hydrogels through Cys and Lys
respectively. And quantification of E-cadherin density on the immobilized surface was
performed by staining with anti-E cadherin antibody and measuring fluorescent intensity by
confocal microscopy. To ensure maximal binding of E-cadherin, excess amounts of E-cadherin
protein were used for functionalization. At the same incubation concentration of E-cadherin,
p(AAmM-MS) gels showed higher fluorescence intensity than p(AAm-AA) hydrogels. This result
indicates that coupling E-cadherin through Cys/MS chemistry was more efficient than coupling
through Lys/AA chemistry, despite there being a lower concentration of MS groups (2.2 %
mol/mol) in p(AAm-MS) than AA groups (10 % mol/mol) in p(AAM-AA). Taking into account that
the number of Lys amino acids in the E-cadherin protein is higher than the Cys residues, this
result indicates that either the SH/MS reaction is more efficient or the Cys residues are less
shielded for reaction than the Lys in the protein structure (Fig. 3.7).

As an alternative coupling method, molecular recognition motifs were immobilized on
the hydrogel and used to bind to affinity tags at the N or C terminus of cadherin domains. In
particular, commercially available Fc tagged cadherins were used. The Fc domain has a strong

affinity towards Protein A/G (Kq ~ 10 nM), which was immobilized on the gel. Protein A/G has
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six Fc binding domains, four from Protein A and two from protein G. Compared to covalent
binding, Fc-Protein A/G coupling is advantageous as it binds the protein to the surface in an
oriented fashion'®. The disadvantages of the method are the high production cost and the
sensitivity to pH of the Protein A/G. It is important to point out that Fc-Protein A/G interaction
has been used to immobilize E-cadherin protein to p(AAm-SulfoSANPAH) gels®”. For the studies
in this thesis, p(AAm-AA) hydrogels were used to immobilize Protein A/G via Lys residues, since
the protein does not contain Cys residues in its sequence. The fluorescent intensity was
measured by confocal microscopy. A higher amount of E-cadherin was observed on Protein A/G
functionalized p(AAm-AA) hydrogel surfaces compared with the direct, Lys-mediated, covalent

coupling of E-cadherin (Fig. 3.7).
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Z depth
Fig. 3.7 Relative fluorescence intensity of anti-E cadherin on the p(AAm) hydrogels modified with

E- cadherin by different coupling methods.

An alternative strategy to bind Fc-tagged proteins to surfaces is by using affinity peptides
for the Fc domain®8. These affinity peptides are used in antibody purification chromatography.
Compared to Protein A/G, short affinity peptides are of smaller size and their immobilization
on the gel is expected to be easier and more quantitative. Among the reported Fc affinity
ligands, the 13mer DCAWHLGELVWCT-NH2 cyclic peptide (K¢ = 16 nm) was selected for its
reported high binding affinity®. This peptide is much smaller than compared to Protein A/G
and its binding to Fc domain is only two-fold weaker. Forimmobilization to the gel, the peptide
was extended with a flexible GGG spacer and an N-terminal Lys residue for binding to AAin the
hydrogel. The peptide (DCAWHLGELVWCTGGGK-NH2) was immobilized on p(AAm-AA)
hydrogels through the amine of the side chain Lys residue with previously NHS activated -COOH

groups of the AA monomer in the hydrogel. This peptide was soluble in PBS (pH 7.4) at a 1
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mg/mL concentration. Modification of the peptide with a terminal Cys was not convenient
since the peptide contains two Cys for cyclisation. So, the coupling was not tested on p(AAM-
MS) hydrogels. E-cadherin binding to 13mer peptide was tested directly by cell experiments
(Chapter 4, section 4.2.3).

3.2.6. Photolysis of H[Ru(bpy).PPh;]AVDIGGGC on p(AAm-MS) hydrogels

The photolysis of the photoactivatable N-cadherin peptide H[Ru(bpy),PPhs]AVDIGGGC
in the gel-immobilized state was analyzed by UV spectroscopy, and compared to the photolysis
behavior in solution described in Chapter 2. Photolysis studies were performed to identify the
minimum irradiation dose required to activate the peptides on the hydrogel, which is an
important information for later experiments with living cells. p(AAm-MS) hydrogels
functionalized with H[Ru(bpy).PPh;]AVDIGGGC as described in section 3.2.4 were irradiated at
420 nm for increasing times and washed with PBS to remove the photolysis by-product. A
decrease in the absorbance at Amax = 423 nm, which corresponds to the intact Ru complex, was
observed with increasing irradiation doses (Fig. 3.8). This result indicates that the chromophore

is cleaved from the hydrogel by the light exposure and removed by the washing step.

The decay of the absorbance in the hydrogel can be used to estimate the yield of the
photolysis reaction. The concentration of peptide in hydrogel was calculated from absorbance
values obtained from the UV spectra by applying the Beer-Lambert law, C= A/lg, as described
above (section 3.2.4) and the photolysis yield was determined (section 3.4.11.). UV absorbance
showed a clear decay just after 2 minutes of irradiation. A 52% yield was obtained for
H[Ru(bpy).PPhs]AVDIGGGC after 10 minutes of irradiation. The rate of photolysis on hydrogel
was slower than in solution. 10 minutes exposure time was selected for the cell studies, since

longer irradiation times were not compatible with cells (see chapter 5, section 5.3).
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Fig. 3.8 UV-Vis spectra of p(AAm-MS) hydrogels modified with H[Ru(bpy).PPh;]AVDIGGGC peptide

and exposed to 420 nm light at increasing exposure times.

3.2.7 Fabrication of 2.5D hydrogel microenvironments

In del Campo’s Lab at INM, micropatterned poly(acrylamide) hydrogels with channels
that have different biofunctionalization on the bottom and on the walls were developed
(manuscript in preparation). These micropatterns represent the polarized environment of
epithelial cells, which are exposed to matrix proteins at the basal plane and cell adhesive
proteins on the lateral plane. The micropatterned hydrogels consist of two hydrogel layers
(Fig.3.2). The bottom layeris a p(AAmM-AA) thin film, which is topped with a soft-molded p(AAm-
MS) layer using a PDMS stamp with microwalls or micropillars of defined dimensions (Fig.
3.8A). These constructs provide a micropatterned hydrogel with microchannels or microwells
that can be derivatized with different cell adhesive ligands at the bottom or at the walls due to
the orthogonality of the thiol/MS and amine/COOH-NHS reaction. Previous work by Dr. Aleeza
Farrukh in the group has demonstrated the polarized functionalization and the response of
C2C12 myofibroblasts to this environment. These results (unpublished) served as basis for the
work in this thesis. All working protocols for the construction and derivatization of the 2.5D

platform were up taken.

To fabricate the polarized microenvironments, a PDMS stamp was used to soft mold
the patterned second hydrogel layer on top of the p(AAm-AA) film. Since the polymerization
of the two layers is independent, the mechanical properties (as well as the comonomer type)

of each layer can be adjusted independently. For this work, hydrogels with Young’s modulus
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of 10kPa were used in both layers. This stiffness is similar to the stiffness of muscle tissue and
has already been reported to support myogenic differentiation'4°. The geometry and
dimensions of the PDMS stamp were selected based on previous studies. In particular, a stamp
rendering hydrogel microchannels with 5 um width, 5-8 ym height and 15 pm length was used.

The microchannels were separated by walls of 50 pm width.

The copolymerization of AAin the bottom layer gel and MS in the top layer allowed site-
specific positioning of amine or thiol containing ligands at the bottom or at the walls of the
channels. In order to prove the selective biofunctionalization, the 2.5D hydrogels were
incubated with Rhodamine-labeled polylysine (Rh-PL-NH2) and FITC-labeled PEG-SH. Confocal
imaging revealed red fluorescence exclusively at the bottom layer, and green fluorescence
exclusively at the top layer (Fig. 3.8D&E). This result confirms the localization of the
comonomers in only one of the layers, and the orthogonality of the coupling reactions. Z-stack
imaging across the bilayer allowed visualization of the thickness of the individual layers. The
thickness of the swollen bottom layer was in the range of 50-65 um, whereas the height of the
walls of the channels in the top layer was 5-8 ym depending upon the composition of the Bis-

acrylamide concentration in the precursor mixture.
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Fig. 3.9 (A) Schematic representation of fabrication of bilayer hydrogels (B) Phase contrast image
of a 2.5D hydrogel with 5 pm wide channels separated by 50 um wide walls. (C) Confocal
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fluorescence image of the same 2.5D gel after reaction with Rh-PL-NH2 and FITC-labeled PEG-SH.
(E) Confocal Z-stack from gel in (D) shows each fluorescent labeled Rh-PL-NH2 and FITC-PEG-SH
reacted selectively with one of the layers, demonstrating the orthogonality of the coupling
reaction. In (F) the section of the hydrogel reveals the thickness of the independent layers. (This

experiment was performed in collaboration with Dr. Aleeza Farrukh).

The 2.5D hydrogels were used to investigate the effect of photoactivatable N-cadherin
peptide in the myogenic differentiation of C2C12 mouse myoblast cell line in chapter 5. For that,
the bottom layer, p(AAm-co-AA) was functionalized with ECM mimetic cyclo(RGDfK) peptide
containing a Lys residue, and the p(AAm-co-MS) side walls were functionalized with N-cadherin
mimetic peptides; HAVDIGGGC, H[Ru(bpy).PPhs]AVDIGGGC, AGYGDHIGC or N-cadherin protein
(CD2) through a Cys residue. The coupling was performed by using the same strategy used for
2D hydrogels (section 3.2.4 &3.2.5).

3.3 Conclusion

Copolymers of p(AAm) hydrogels that allowed amine and thiol bioconjugation were
synthesized and characterized. Amine and thiol containing ligands were incorporated into
hydrogel networks under physiological conditions. N-cadherin protein was successfully
coupled to p(AAm) hydrogel through MS monomer. For the coupling of E-cadherin protein
direct coupling to AA or MS were studied, but the obtained ligand density was much lower.
Coupling of E-cadherin mediated by Protein A/G and Fc-binding peptides lead to improved
ligand densities on hydrogel network. Photolysis studies of H[Ru(bpy).PPh;]AVDIGGGC
peptide on the hydrogels showed a lightregulated release of the protecting group,
[Ru(bpy).PPh3H,0]. A bilayer micropatterned 2.5D hydrogel model based on polyacrylamide
was fabricated for spatial segregation of cell-matrix and cell-cell interactions using integrin and

cadherin specific peptidomimetics.
3.4 Experimental section

3.4.1 Materials and methods

Solvents and reagents: Acrylamide (AAm), N,N"-Methylenebis(acrylamide), Acrylic acid
(AA), N,N,N’,N-Tetramethylethylenediamine (TEMED), Ammonium persulfate (APS), N-(3-
Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride) (EDC), N-Hydroxysuccinimide
(NHS), Pararosaniline hydrochloride and 2-(N-Morpholino)ethanesulfonic acid (MES) were

purchased from Sigma-Aldrich Chemie GmbH and solvents were purchased from Sigma-Aldrich
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Chemie GmbH and were used without further purification. The Methylsulfone acrylates (MS)

was synthesized by following the reported protocol without modification™.

3.4.2 Preparation of APTMS functionalized coverslips

3-Acrylpropyl-trimethoxysilane (APTMS) functionalized coverslips were prepared by
following the reported protocol™419:39'4', 13 mm round coverslips were washed with EtOH and
immersed in 0.5% APTMS solution in water: ethanol (5:95%, v/ v) for 4 h. The coverslips were

washed with EtOH and water, then dried at 80 °Ciin a vacuum oven for 1 h.
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Fig. 3.10 Modification of coverslips with APTMS (A) APTMS hydrolysis followed by condensation
reaction in solution phase (B) APTMS hydrolysis followed by condensation on hydrated SiO,

surface
3.4.3 Preparation of Sigmacote-coated glass

Sigmacote-coated ( it’s a silanising agent that creates hydrophobic surface), glass slides
were prepared by adapting a reported protocol?4'2939'4", 35x75 mm glass slides were washed
with EtOH and dried with Nitrogen. Glass slides were immersed in commercial Sigmacote®
solution and shaken for 30 min at r.t. The glass slides were washed with EtOH and water, then

dried using vacuum.
3.4.4 Preparation of p(AAm-AA) hydrogel films

p(AAm-AA) hydrogels were prepared by following a reported protocol™42913941,
Briefly, acrylamide (7.5 - 18 wt %) was dissolved in PBS (pH 7.4) (1 mL). Acrylic acid (AA) (10%
w/w to AAm), and N,N'-Methylenebis(acrylamide) (0.06 - 0.2% w/w) were added to the above
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solution and 0.1 M NaOH ag. solution was used to adjust the pH to 8. Then oxygen was removed
by degassing the monomer solution, and the initiator APS (10% w/w solution in water, 1/100 of
total volume) and TEMED catalyst (1/1000 of total volume) were added. 10 pL of the monomer
solution was pipetted on a glass slide coated with sigmacote and covered with an APTMS
functionalized coverslip. The hydrogel formed in between the sigmacote-coated glass slide and
covalently anchored to the APTMS functionalized coverslip. After 5 min, the hydrogel bound
to the APTMS functionalized coverslip was removed from the Sigmacote glass slide in water

and kept in PBS (pH 7.4) at 4 °C until further use.

3.4.5 Preparation of p(AAm-MS) hydrogels

p(AAmM-MS) hydrogels were prepared following a reported protocol?4129:139'41, Briefly,
Acrylamide (7.5 - 12% w/w) was dissolved in PBS (1 mL, pH 7.4). N,N"-Methylenebis(acrylamide)
(0.06 — 0.2% w/w) was added to the above solution and oxygen was removed by degassing the
monomer solution. Into this premixed solution Methylsulfone acrylate (MS) comonomer (2%
w/w) dissolved in dimethylformamide (DMF) (125 pL), the radical initiator APS (10% w/w
solution in water, 1/100 of total volume), and TEMED catalyst (1/1000 of total volume) were
added. 10 pL of the monomer solution was pipetted on a glass slide coated with sigmacote and
covered with an APTMS functionalized coverslip. The hydrogel formed in between the
sigmacote-coated glass slide and covalently anchored to the APTMS functionalized coverslip.
After 5 min, the hydrogel bound to the APTMS functionalized coverslip was removed from the

Sigmacote glass slide in water and kept in PBS (pH 7.4) at 4 °C until further use.

3.4.6 Preparation of p(AAm-AA-MS) hydrogels

p(AAm-AA-MS) hydrogels were prepared by adapting a reported protocol
24129139141, Briefly, acrylamide (7.5 - 18% w/w) was dissolved in PBS (pH 7.4) (1 mL). Acrylic acid
(AA) (10% w/w to AAm), and N,N"-Methylenebis(acrylamide) (0.06 - 0.2% w/w) were added to
the above solution and 0.1 M NaOH aq. solution was used to adjust the pH to 8. Then oxygen
was removed by degassing the monomer solution, into this premixed solution Methylsulfone
acrylate (MS) comonomer (2% w/w) dissolved in DMF (125 pL), the radical initiator APS (10%
solution in water, 1/100 of total volume), and TEMED catalyst (1/1000 of total volume) were
added. 10 pL of the monomer solution was pipetted on a glass slide coated with sigmacote and
covered with an APTMS functionalized coverslip. The hydrogel formed in between the

sigmacote-coated glass slide and covalently anchored to the APTMS functionalized coverslip.
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After 5 min, the hydrogel bound to the APTMS functionalized coverslip was removed from the

Sigmacote glass slide in water and kept in PBS (pH 7.4) at 4 °C until further use.

3.4.7 Functionalization of p(AAm-AA) hydrogels with amine bearing molecules

The carboxylic groups of AA in the hydrogel were activated by using EDC/NHS
chemistry. For that, the hydrogel was covered with 100 uL solution of 0.2 M EDCand 0.1 M NHS
in 0.1 M MES buffer (containing 0.5 M Nacl) for 15 min. Afterwards the hydrogels were washed
with water and incubated overnight at 4 °C with 30 uL solution of the desired molecule in PBS
(pH 7.4) and washed 3 times with water and then incubated with 10 mg/mL BSA in PBS (pH 7.4)

for 30 min to block the unreacted activated carboxylic acids.

For E-cadherin peptides: After activation, the gels were washed and incubated with different
concentrations of peptide solution (0.1 mg/mL to 1 mg/mL) in PBS (pH 7.4) for overnight at 4 °C

and washed with water (3x).

For Pararosaniline: After activation, the gels were washed and incubated with different
concentrations of Pararosaniline solution (0.1 mg/mL to 1 mg/mL) in PBS (pH 7.4) for overnight

at 4 °C and washed with water (3x).

For E-cadherin-FC protein: After activation, the gels were washed and incubated with 300
pg/mL Protein A/G in PBS (pH 7.4) for overnight at 4 °C and washed with water (3x). Then
incubated with 150 pg/mL E-cadherin: Fc for 3 h atr.t.

For Fc-binding peptide: After activation the gels were washed and incubated with Fc-binding
peptide in PBS (pH 7.4) for overnight at 4 °C and washed with water (3x). Then the hydrogels

were incubated with E-cadherin-Fc for 3 h atr.t.

3.4.8 Functionalization of p(AAm-MS) hydrogels with thiol containing molecules
The coupling of thiol containing molecules to p(AAm-MS) hydrogels was done by
directly incubating the hydrogel with 30 uL of the peptide/protein solution in PBS (pH 7.4) for

3 h at rt. After coupling the hydrogels were washed with water (3x).

For N-cadherin peptides: The gels were washed and incubated with N-cadherin mimetic
peptide solution (0.05 mg/mL) in PBS (pH 7.4) for 3 h atr.t.

3.4.9 Characterization of hydrogels by rheology
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100 pl of hydrogel monomer mixture were polymerized between two Sigmacote
functionalized coverslips (13 mm). The obtained hydrogel film was immersed in PBS and
removed from the coverslips. The storage modulus (G") of swollen hydrogels was measured by
dynamic mechanical analysis (DMA) using a plate-plate geometry on a Discovery HR-3 (TA
instruments) rheometer at 25 °C, and at frequency of 0.1 rad/sec with 0.5 % applied strain at 0.5
N force. The hydrogel samples were prepared between two 13 mm Sigmacote-coated
coverslips and swollen in PBs for overnight. The hydrogel formed in between the coverslips
was removed and brought in contact with the upper rheometer plate. The Young’s modulus
(E) was calculated from the storage modulus (G") by using the E = 2G’(1+Vv). Where v is the

Poisson ratio.

3.4.10 Characterization of the thickness of dry and swollen gels

The thickness of the dry and swollen hydrogel samples after labeling with a 0.1 mg/mL
Pararosaniline was measured by confocal microscopy using a Zeiss-LSM 880 with Airyscan. A
Z-stack fluorescence measurement was first performed on the dry gel. 100 pL PBS solution with
Fe30, nanoparticles (~ 1 mg/mL, 250 nm size) was added on to the hydrogel and allowed to
preswell for 5 min, then the thickness was measured again to get the swollen thickness. The
nanoparticles remained at the surface of the hydrogel and facilitated identification of the top

layer of the hydrogel in swollen state.

3.4.11 Photolysis studies on hydrogel films

Hydrogels functionalized with H[Ru(bpy).PPhs]AVDIGGGC were irradiated at Amax
,420nm (0.34 mW/m?) using a Xe-lamp equipped with a monochromator (Polychrome V, TILL
Photonics GmbH, Gréfelting, Germany). The hydrogels were irradiated for different time
intervals and washed with PBS to remove photolysis by-products after each irradiation. UV-Vis
spectrum was measured after each irradiation. The photolysis yield on hydrogel was calculated
from the concentration of H[Ru(bpy).PPh;]JAVDIGGGC in hydrogel and which is calculated by

using the UV-absorbance by Beer-Lambert law: C=A/le.
Lo Ci- Cf
Photolysis Yield % = i~ 100

Ci = initial concentration; Cf = final concentration
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3.4.12 Preparation of PDMS stamp for soft molding p(AAm) hydrogels

The PDMS stamp for bifunctional micro patterned hydrogel was fabricated using a
double soft lithography process'*'4., An existing SU-8 photolithographic template containing
channels with width of 50 um, spacing of 5 um and height of 5 um was used for this purpose.
The SU-8 template was first treated with oxygen plasma (100 W, 0.1 mbar) for 2 min and
perfluorinated in a vacuum desiccator for 30 min using ~60 uyL of 1H,1H,2H,2H-
perfluorodecyltrichlorosilane, then baked in a vacuum oven for 1 h at 120 °C. The PDMS
precursor, Silgard 184A (Dow Corning, 10:1 prepolymer/crosslinker ratio) was mixed for 10 min
and degassed for another 30 min. The degassed mixture was poured onto the SU-8 template
and cured in a vacuum oven for 1 h at 120 °C. The produced PDMS mold with desired pattern
was used as a mold in the second step, soft replication. The PDMS mold was then
perfluorinated using the same condition as mentioned above for the SU-8 template. The PDMS
precursor was prepared as described above and poured onto the perfluorinated PDMS soft
mold and cured in a vacuum oven for 1 h at 120 °C and then demolded. Micropatterned PDMS
stamps with channels with width of 5 um, spacing of 50 um and heights of 5 um were obtained.
Stamps were cut into small squares (14 mm?) and perfluorinated using the same condition as

for PDMS template.

3.4.13 Preparation of bilayer hydrogels

p(AAm-AA) hydrogel films were prepared as described in section3.4.3. The
remaining PBS layer on the hydrogel was gently removed with a filter paper and the gels were
placed in a petri dish covered with aluminum foil and left for drying (30 min). Rapid drying of
the hydrogel inside a fume hood, under vacuum, or with nitrogen gun resulted in cracks on the
gel surface. The monomer solution for the top layer of the hydrogels was prepared as
described in section 2.3. A drop (2 pL) of the co-monomer solution was placed on the middle
of PDMS stamp and instantaneously covered by the dry p(AAm-AA) gel. A gentle pressure was
applied to squeeze out the excess of AAm-MS solution. After 8 min the PDMS stamp was gently

separated from the bilayer hydrogel and hydrogels were kept in PBS at 4 °C.
3.4.14 Functionalization of bilayer hydrogels

The bilayer hydrogels were orthogonally functionalized with peptides and proteins as

described.
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Firstly, the bottom layer, p(AAm-AA) gel was functionalized with cyclo[RGDfK] peptide.
The carboxylic groups of AA in the hydrogel were activated by using EDC/NHS chemistry. For
that, the hydrogel was covered with 100 pL solution of 0.2 M EDC and 0.1 M NHS in MES buffer
(0.1 M, containing 0.5 M Nadl) for 15 min. Afterwards the hydrogels were washed with water
and incubated overnight at 4 °C with 30 pL solution of the desired molecule in PBS (pH 7.4) and
washed 3 times with water and then incubated with 10 mg/mL BSA in PBS (pH 7.4) for 30 min

to block the unreacted activated carboxylic acids.

Secondly, the coupling of thiol containing molecules to p(AAm-MS) hydrogels was done
by incubating the hydrogel with 30 uL of the peptide solution in PBS (pH 7.4) for 3 h at room

temperature. After coupling the hydrogels were washed three times with water.

For N-cadherin peptides: the gels were washed and incubated with different concentrations
of thiolated peptides [HAVDIGGGC, AGVGDHIGC and H[Ru(bpy).PPh;]JAVDIGGGC], peptide
solution (0.05 mg/mL) in PBS (pH 7.4) for 3 h atr.t.

For cyclo(RGDfK) peptide: After activation, the gels were washed and incubated with 0.1

mg/mL of peptide solution in PBS (pH 7.4) for overnight at 4 °C and washed with water (3 x).
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Chapter 4

Evaluation of the activity of hydrogel-immobilized E-

cadherin mimetic peptide in epithelial cell cultures

In this chapter, E-cadherin mimetic peptides His-Ala-Val (HAV), Ala-Asp-Thr (ADT), and
Ser-Trp-Glu-Leu (SWEL) are immobilized on polyacrylamide surfaces and the adhesion and
spreading of epithelial cells are studied. The interaction of E-cadherin mimetic peptides
immobilized on polyacrylamide surfaces with E-cadherin protein on cell membrane is compared
to the interaction between surface immobilized E-cadherin protein and E-cadherin protein on
the cell membrane. A novel strategy is developed to immobilize E-cadherin protein on p(AAm)
surface using Fc-binding peptides. The effect of elastic modulus on cell attachment and
spreading is studied as function of E-cadherin derivatization on p(AAm) hydrogels of different
mechanical properties. E-cadherin interaction mediated plasma membrane protrusion and

organization of actin cytoskeleton was explored on novel E-cadherin mimetic hydrogels.

4.1 Introduction

Cell-cell interactions mediated by E-cadherin play a significant role in biological
processes during development, wound healing and in tissue homeostasis™®. E-cadherin
adhesion complexes regulate signaling by linking to the actin cytoskeleton and other proteins
(catenin, vinculin) at their cytoplasmic domains'?"&, Previous studies of cells on E-cadherin
surfaces shows that the establishment of cell-cell contacts reorganizes the actin cytoskeleton
and is closely regulated by actin nucleating protein and Rho GTPases activity. Cell-cell adhesion

is involved the lateral expansion of lamellipodia activity induced by Ract and ARP2/3 49:%5°,

In order to study cadherin mediated cell-cell interactions, surfaces decorated with
cadherin protein or fragments are used as models of the cell membrane. Such surfaces are used

as culture substrates to which cells can establish cadherin-mediated contacts®. The
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immobilization of cadherin on a synthetic interface allows the observation of cadherin-specific
processes, isolated from other possible interactions at the natural cell-cell interface®'. For
example, polystyrene surfaces coated with E-cadherin induced spreading of embryonic stem
cells and enhanced proliferation and paracrine function of MSCs>2. Self-assembled monolayers
(SAM) of thiols bearing benzylguanine (BG) groups at the end are covalently coupled to SNAP-
tag attached extracellular domain of E-cadherin protein shows the effect of receptor density
and specific contribution of individual extracellular domains. E-cadherin protein fragment
containing five extracellular domains (EC1-5) efficiently promoted cell adhesion and spreading.
Whereas, E-cadherin protein fragment consist of first and second outer-most extracellular
domains (EC1-2) was not effectively promoted cell adhesion4. These results indicate that in the
absence of integrin mediated cell adhesion all five extracellular domains in E-cadherin protein

are required to facilitate cell adhesion and spreading.

E-cadherin mediated cell adhesion has been demonstrated to be sensitive to
mechanical cues’®. E-cadherin responds dynamically to changes in tension at cellular
junctions®™'. The response of cells to external forces applied directly to cadherin using
functionalized beads has been extensively studied™>4. More recently, the response of E-
cadherin homophilic interactions to mechanics was investigated using polyacrylamide gels of
different stiffness functionalized with extracellular domain of E-cadherin through a protein-
substrate linker sulfo-SANPAH. Findings showed significant changes in morphology and
membrane dynamics of Madin-Darby Canine Kidney (MDCK) cells cultured on hydrogels with

varying Young’s modulus between 30 kPa and 60 kPa%.

Most of the experiments with E-cadherin coated surfaces have used the extracellular
domain of E-cadherin protein for surface functionalization. This is in contrast with the extensive
use of peptidomimetics preferred by the scientific community working with other adhesive
ligands®®74. In contrast to the full-length proteins, peptidomimetics have high stability, can be
easily synthesized and chemically modified. E-cadherin peptidomimetics have been used in
solution to interfere with cell-cell contacts and modulate intercellular junctions in cell cultures
in order to increase blood-brain barrier (BBB) permeability and enhance drug absorption92-94.
For this purpose, E-cadherin peptides containing the evolutionary conserved tripeptide His-Ala-
Val flanked by Ser residues from the groove region of EC1 domain, and the Ala-Asp-Thr
sequence from the bulge region of EC1 domain have been used (section 2.1.1.1). Recently
reported E-cadherin mimetic Ser-Trp-Glu-Leu peptide has been used to understand the

structural and signaling role of E-cadherin in mouse embryonic stem cells (mESCs)?”. No reports
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have been found where E-cadherin peptidomimetics were used to study cell-cell interactions
on model surfaces. In this chapter this possibility is explored. Model biointerfaces containing
immobilized E-cadherin peptides on a poly(acrylamide) hydrogel are developed and the
interaction of these surfaces with MDCK cells was tested. Lamellipodia activity, cell adhesion

and spreading were studied as function of E-cadherin peptide concentration and stiffness.

4.2 Results and Discussion

4.2.1 Response of MDCK epithelial cells to hydrogels modified with E-
cadherin peptidomimetics from the groove region (containing SHAVSS

sequence)

E-cadherin mimetic peptides were reacted with p(AAm-MS) and p(AAm-AA) hydrogels as
described in chapter 3 and used as a model bio-interface to study cell-cell interactions. Out of
the different E-cadherin peptidometic sequences identified in the literature search (section
1.6.1.1), this section reports on studies with peptides containing the sequence SHAVSS. For
coupling to the hydrogel, the functional sequence was extended with a Cys or Lys residue at
the C-terminal end to allow anchoring to the p(AAmM-MS) or p(AAm-AA) hydrogels respectively.
In addition, a GGG flexible spacer was introduced in between the functional sequence and
anchoring site to allow for more flexibility and facilitate orientation of the immobilized peptide
for binding. For these studies MDCK cells were used as a model epithelial cell system. MDCKs
have been shown to form adhesive structures with surfaces modified with E-cadherin and their
cell-cell adhesion dynamics has been extensively studied*®. Based on recently reported data on
rigidity sensing of epithelial cells®8, hydrogels with Young’s modulus of 100 kPa were used for

the experiments.

SHAVSSC (HAV6)

Reported results had shown that the SHAVSS peptide inhibits E-cadherin mediated cell-

cell adhesion in cultures of MDCK cells when applied to the cell culture medium at 1 mM
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concentration for 2 h%79. To determine whether this peptide can establish E-cadherin
mediated cell-cell interactions on a model biointerface, MDCK cells were seeded on p(AAm-
MS) hydrogels modified with SHAVSSC at different concentrations (0.001 - 2.0 mg/mL
incubation concentration). The hydrogel surface was blocked with 1% BSA before cell seeding
to avoid nonspecific attachment of cells. This step was necessary to reduce nonspecific
attachment of the cells to the hydrogel and lead to higher contrast in the experiments. Cell
culture on hydrogels functionalized with the integrin binding peptide cyclo(RGDfC) at 0.01
mg/mL incubation concentration were run in parallel as a positive control to observe MDCK
attachment and spreading levels.

Fig. 4.1 shows MDCK cells on HAV6 modified hydrogels after 24 h of culture. Isolated
clusters (3-5 cells) of MDCK cells were found on the HAV6 surfaces. Cells had a rounded
morphology on all substrates, independently of the ligand concentration, indicating that they
did not significantly interact with the peptide at the surface. Similar morphology was observed
on the unmodified p(AAmM-MS) surface blocked with BSA. In contrast, cells spread and formed
large colonies on cyclo(RGDfC) modified hydrogels, indicating that they recognized and bound
to the integrin-binding peptide. Note that, this type of cells have been reported to spread and
form colonies on p(AAm) hydrogels modified with E-cadherin protein fragment38. Altogether,
these results indicate that the SHAVSSC peptide is not sufficient to establish E-cadherin-E-

cadherin adhesions and the model biointerface.

Fig. 4.1 Bright field images of MDCK cells cultured on 100kPa pAAm-MS hydrogels functionalized
with (A) 0.001 mg/mL HAVS, (B) 0.01 mg/mL, (C) 0.1 mg/mL HAV6, (D) 1 mg/mL HAVS, (E) 2 mg/mL
HAVE, (F) 5 mg /mL HAVS, (G) 1% BSA, and (H) cyclo(RGDfC) 0.01 mg/mL for 24 h.
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One possible reason for the lack of spreading could be an insufficient concentration of
the E-cadherin peptidomimetic on the surface. In order to rule out this possibility, parallel trials
were performed on NEXTERION® Slide AL slides. These are commercial glass slides coated with
a reactive poly(ethyleneglycol) layer containing aldehyde groups at high concentration.
The HAV6 peptide with cysteine was coupled to the NEXTERION® Slide AL using a bifunctional
amine-maleimide (N-(2-Aminoethyl)maleimide) linker. The NEXTERION slides were incubated
with different concentration of HAV6 peptide (from 0.001 mg/mL to 2.0 mg/mL) and seeded
with MDCK cells. MDCK cells showed similar features as observed in the hydrogels (Fig. 4.13).
The cells formed clusters in solution and cell attachment was even less than on p(AAm)
hydrogels. Cells on control substrates modified with cyclo(RGDfC) showed attachment and
spreading. This observation indicates that the cells could not create a stable interaction
mediated by E-cadherin with this surface type either. Most likely the short HAV6 peptide does

not seem to be enough to support formation of E-cadherin mediated cell-hydrogel contacts.

SHAVSSGGGK (HAV10)

A longer peptide sequence was designed to increase the accessibility of the
immobilized ligand to the membrane receptor at the cell surface. Compared to the short HAV6
peptide sequence, the HAV10 (SHAVSSGGGK) sequence contains a flexible GGG sequence
between the active sequence (SHAVSS) and the anchoring site (Lys, K). The GGG spacer
provides mobility and separates the active sequence from the surface. This could facilitate the
access of the peptide to the membrane cadherin. And the coupling chemistry has been
changed from MS/Cys to AA/Lys. The HAV10 peptide was coupled to p(AAm-AA) hydrogels of
100 kPa stiffness. A blocking step with 1% BSA protein to avoid nonspecific attachment of cells
was also included.

The morphology of MDCK cells on HAV10 modified hydrogel surfaces after 24 h of
culture is shown in Fig. 4.2 MDCK cells showed a flattened morphology, they attached and
spread on the surface, and they formed colonies with 8-10 cells. These features indicate that
cells recognize the HAV10 peptide on the surface. The number of colonies (Fig. 4.2G) increased
with HAV10 concentration up to 0.05 mg/mL, but decreased at higher concentrations. Cells on
HAV10 surfaces incubated with peptide concentrations >0.05 mg/mL formed cell clusters
without spreading and they were removed from surfaces during washing, which is an
indication of lower interaction with the surface. Hydrogels not functionalized with the peptide

failed to support cell attachment, indicating that the attachment and spreading is a
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consequence of specific interaction with the surface peptide. These results indicate that the
introduction of the GGG spacer on the peptide sequence, and the consequent increased
mobility and reduced steric hindering from the surface, could be favorable for the interaction
of HAV peptides to the E-cadherin on the cell membrane. However, it should be noted that the
concentration of HAV6 and HAV10 peptides on the hydrogel surfaces could be different, since
different coupling chemistries were used. This fact hinders a conclusive statement about the
benefit of the flexible spacer for binding. The biphasic response of cell adhesion and spreading
on low-to high concentrations of HAV10 found in these experiments could be explained as
follows: a higher concentration of HAV10 ligand may cause accumulation of the membrane E
cadherin protein at the hydrogel surface. As aresult, the cell-cell contact between neighboring
cells in the colony is weakened and cells separate from each other. Intermediate
concentrations of HAV10 sequence allow binding to the hydrogel surface and stabilization of
small colonies in parallel. Fig: 4.2 (H) showed immunofluorescent image of a representative
colony of MDCK expressing Ecad:dsRed on the 0.05 mg/mL HAV10 functionalized surface. Cells
responded to this HAV10 functionalized substrate with formation of small colonies
characterized by an extended lamellipodium. This morphology is characteristic for specific cell
adhesion triggered by homophilic binding of E-cadherin®®. A detailed analysis of cell

morphology is given in section 4.2.5.
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Fig. 4.2 Representative fluorescence images of MDCK cells cultured on p(AAm-AA) hydrogels
functionalized with different concentration of HAV10 peptide for 24 h; (A) 0,01 mg/mL
cyclo(RGDfK), (B) 1% BSA (C) 0.01 mg/mL (D)o.05 mg/mL, (E) 0.1 mg/mL, and (F) 0.5 mg/mL. (G)
Quantification of the number of colonies of MDCK cells cultured on cyclo(RGDfK) and HAV10

functionalized surfaces for 24 h (H) Representative fluorescent immunofluorescence image of
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MDCK cells expressing Ecad:dsRed on 0.05 mg/mL HAV10 functionalized surface. F-actin (green),

E-cadherin (red), and nuclei (blue)

4.2.2 Response of MDCK epithelial cells to hydrogels modified with E-
cadherin mimetic peptides from the bulge region: ADTPPVGGGK (ADT) and
SWELYYPLRANLGGGK (SWEL)

Similar experiments were performed with E-cadherin peptidomimetics from the bulge
region of the EC1 domain, ADT and SWEL. Both ADT (1mM) and SWEL (0.01 mM) peptides have
been demonstrated to block E-cadherin protein binding activity in MDCK and mESCs cell
cultures respectively99%97. These peptides were modified with a GGG spacer and a K anchoring
site, since this had been proven eventually beneficial for cell attachment in the previous
studies. p(AAmM-AA) hydrogels of 100 kPa stiffness were used for these studies. A peptide
incubation concentration of 0.05 mg/mL was selected based on the experience from HAV10

peptide.

The morphology of MDCK cells on ADT and SWEL modified hydrogels after 24 h of
culture is shown in Fig. 4.3 MDCK cells showed a flattened morphology, they attached and
spread on the surface and formed small colonies (8-10 cells), similar to the morphology
observed on HAV10 modified surfaces. These features indicate that cells recognize the ADT and
SWEL peptides on the surface. Interestingly, the number of colonies on HAV10, ADT and SWEL
are similar (Fig. 4.3C).
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Fig. 4.3 (A, B) Representative fluorescence images of MDCK cells cultured for 24 h on p(AAm-AA)
hydrogels functionalized with (A) ADT and (B) SWEL at 0.05 mg/mL incubation concentration. (C)
Quantification of the number of colonies of MDCK cells cultured on ADT and SWEL functionalized
surfaces. (D, E) Representative immunofluorescence image of MDCK expressing Ecad:dsRed on (D)

ADT and (E) SWEL functionalized surface. F-actin (green), E-cadherin (red), and nuclei (blue).

4.2.3 Response of MDCK epithelial cells to hydrogels modified with E-

cadherin protein

In order to compare the cell behavior induced by the peptidomimetics with the
behavior induced by native E-cadherin protein, similar experiments were performed on
hydrogels functionalized recombinant E-cadherin-Fc (Ecad-Fc) protein fragment. The protein
was coupled to the hydrogel by three different strategies: (i) oriented immobilization via
Protein A/G linker on the hydrogel through Lys residues, and direct covalent coupling of Ecad-

Fc via (i) Cys or (iii) Lys residues (section 3.4).
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MDCK cells were cultured on the substrates functionalized with Ecad-Fc and blocked
with BSA. Cells were mostly rounded and formed small clusters on all surfaces (Fig. 4.4). These
results were similar to those obtained from HAV6 peptide functionalized substrates and
indicate that cells are not able to recognize E-cadherin protein on the hydrogel surface. This
result was surprising, since previously reported data on Ecad-Fc protein functionalized on
p(AAm) gels surfaces modified with sulfoSANPAH induced spreading and attachment of MDCK
cellss®. The different immobilization strategies could lead to different protein densities at the
surface. In order to check this point, Ecad-Fc protein binding on the p(AAm) hydrogels was
quantified by staining with anti-Ecad antibody. The fluorescent intensity was measured by
confocal microscopy. The highest fluorescence intensity was observed on the hydrogel with
Protein A/G mediated binding of Ecad-Fc, followed by the Cys and Lys-mediated coupling
(chapter 3, Fig. 3.7). The values were not directly comparable to previously reported data on
sulfoSANPAH. The difference in cell attachment and spreading may be due to the difference
coupling strategy. The covalent coupling of Protein A/G through Lys residues might not be as
efficient as coupling through sulfoSANPAH. Also, here we have to consider that the
functionalization using photoreactive sulfoSANPAH bind to p(AAm) network through non-
specific chemical reactions. The free radicals generated during the reaction can also react to
Protein A/G in a nonspecifically and makes it difficult to control the exact surface density of

protein and can also lead to unspecific attachment of cells.

Based on this data, no conclusive reason can be provided for the contradiction between
our results and the previously studiess®. One can speculate in two directions: different protein
density on the surface, or loss of functionality of the hydrogel bound Ecad-Fc depending on the
immobilization method. Covalent binding of the protein to the surface leads to random
orientation of the protein. In the worst case, the binding site for membrane E-cadherin protein
might be pointing towards the hydrogel surface and would not be accessible for the cell. This
is applicable to the covalent strategies in this study, and also to the sulfo-SANPAH
immobilization method. Non-covalent Protein A/G-Fc interaction might lead to leakage of the
E-cadherin on the hydrogel surface, or not be stable enough to retain the bound membrane
cadherins from the cells once spreading occurs and forces are exerted on the cell-hydrogel

adhesion complexes.
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Fig. 4.4 Bright field images of MDCK cells cultured on p(AAm) hydrogels functionalized with (A)
0.01 mg/mL RGDfK (B) 1% BSA (C) 0.3 mg/mL Protein A/G - 0.15 mg/mL Ecad-Fc protein (D) 0.15
mg/mL Ecad-Fc coupling through Lys and (E) 0.15 mg/mL Ecad-Fc coupling through Cys for 5 h.

In an attempt to increase the concentration of E-cadherin at the surface while retaining
the oriented exposure, the high affinity Fc binding peptide cyclic(NH2-DCAWHLGELVWCT-OH)
modified with a GGGK sequence at the C-terminus was used for the immobilization of the Ecad-
Fc protein™8. In this case MCDK cells attached, spread and formed colonies on the Ecad-Fc
protein gels (Fig. 4.4). Cells remained attached to the surface after washing, as a clear sign that
of stronger interaction between cells and the Ecad-Fc protein modified hydrogel. In the control
experiments with hydrogels modified only with Fc binding peptide poor cell adhesion was
observed. These results indicate that Ecad-Fc protein immobilization via high affinity Fc-binding
peptides increased either the protein concentration or the accessibility of the Ecad-Fc protein
on the surface, and resulted in more stable cell attachment and spreading. This can be either
the surface density of Fc-binding peptide on p(AAm) network coupled via Lys is more than
proteinA/G or the affinity of Ecad-Fc protein to Fc-binding peptide is much better than to
proteinA/G.
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Fig. 4.5 MDCK cells cultured on p(AAm)-AA hydrogels functionalized with (A) 0.3 mg/mL Fc-
peptide- 0.15 mg/mL Ecad-Fc protein (B) Fc-binding peptide alone for 24 h, F-actin (Green).

4.2.4 Specificity of the response of MDCK epithelial cells to hydrogels
modified with HAV10 and Ecad-Fc

The specificity of the binding of cells to the HAV10 and Ecad-Fc modified hydrogels via
recognition of the binding ligands by E-cadherin receptors at the cell membrane was tested in
a series of experiments. First, p(AAmM-AA) hydrogels were functionalized with a scrambled
HAVCio sequence (SGASGVGHSK or ScrbHAV10), in which the functional sequence is
disordered. Hydrogels were modified at 0.05 mg/mL incubation concentration, as selected
based on the results obtained in section 4.2.5. Results were compared with those obtained on
HAV10 and Ecad-Fc protein immobilized via Fc binding peptide. The morphology and
attachment of MCDK cells on the surfaces was monitored before and after washing. Cells on
Scrb HAV10 modified hydrogels did not attach to the substrate, appear clustered and were
easily washed out from the surface with PBS (Fig. 4.6), while good cell attachment, spreading
and colony formation was observed on HAV10 and Ecad-Fc surfaces. This result demonstrates

that the interaction of cells with HAV10 modified surfaces is specific to the HAV10 sequence.

To further confirm that the interaction between MDCKs and the HAV10 peptide or the
E cadherin protein is E-cadherin specific, cell adhesion experiments were carried out with two
different types of fibroblast cells which do not express E-cadherin protein: L929 and MEFs.
These two fibroblast cell lines express N-cadherin protein on their cell membrane. These cells
were unable to attach or spread on HAV10, ScrbHAV10 and Ecad-Fc modified hydrogels (SI, Fig.
4.14 & Fig. 4.15). Cells remained floating on the medium, or they clustered together and were

removed during washing with PBS. These cells were able to attach to cyclo(RGDfK) surfaces as
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positive control. These results indicate that the attachment of MDCK cells to the E-cadherin

mimetic surfaces is specific through E-cadherin protein.

Taken together, all the presented results show that HAV10 peptide sequence acts as an
E-cadherin mimetic sequence and can be recognized by E-cadherin protein from the cell
membrane on p(AAmM-AA) hydrogels. Thus, hydrogels modified with this peptidomimetic can
potentially be used as platforms to reconstruct the cell-cell interface and study E-cadherin

mediated cellular processes.
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Fig. 4.6 Bright field images of MDCK cells cultured 100 kPa p(AAm) hydrogels functionalized with
0,05 mg/mL (A&B) cyclo(RGDfK), (C&D) ScrbHAV10, (E&F) HAV10, and (G&H) Ecad-Fc protein for

24 h, Scale bar:100 pm.

4.2.5 Response of MCDK cells to HAV10 modified gels with different rigidity

E-cadherin dependent adhesion of MDCK epithelial cells to hydrogels modified with
Ecad-Fc protein has been shown to be sensitive to the hydrogel stiffness>8. The rigidity sensing
by cadherin during cell adhesion was studied on mechanically tunable p(AAm) hydrogels
functionalized with Ecad-Fc protein and found that the changes in Young’s modulus produced
noticeable differences in cell morphology, actin organization, and membrane dynamics>8.This
section describes experiments to evaluate if HAV10 modified hydrogels can elicit similar rigidity

responses of MDCK cells.

The behavior of MDCK cells on p(AAm-AA) gels with Young’s modulus 2, 20, 40, and 100

kPa modified with HAV10 was studied. To make sure the effect was completely depending on
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rigidity, the concentration of HAV10 peptide on p(AAM-AA) gels kept same. For this purpose,
2,20, and 40 kPa hydrogels were incubated with different peptide concentrations than 100 kPa
p(AAmM-AA) gels (chapter 3, section 3.2.4). This biomaterial optimization step is crucial, since
both ligand density and rigidity are known to affect cellular attachment'>>'5%. Experiments on
(0.15 mg/mL) Ecad-Fc and (0.01 mg/mL) cyclo(RGDfK) modified hydrogels were also performed

for comparison.

The morphology of MDCK cells on HAV10 functionalized hydrogels with different
stiffness after 24 h of culture is shown in Fig. 4.7. Cells attached and spread to 100 kPa
hydrogels. On 40 kPa hydrogels cells showed weaker attachment and smaller spreading areas,
and they formed small colonies of rounded shapes. Softer substrates did not support
attachment of MDCK cells. These results show that mechanical factors regulate the formation
of E-cadherin contacts via HAV10 peptidomimetic. The attachment and spreading behavior
were similar to that observed on Ecad-Fc functionalized surfaces (Fig. 4.8). The number of cells
attached to E-cadherin substrates after washing increased with increasing substrate rigidity.
Ecad-Fc functionalized hydrogels with Young’s modulus 100 kPa showed good cell attachment
and spreading, and also supported the formation of small cell colonies. Cell spreading on Ecad-
Fc functionalized 40 kPa substrates was lower, though cells did not form clusters significantly.
Cells on softer substrates (2 or 20 kPa) showed low attachment, formed globular clusters and
were largely removed during washing. This behavior has been also reported by other authors®.
Taken together, these results indicate that there is a threshold stiffness facilitating E-cadherin
mediated cell adhesion between 20 and 40 kPa. In addition, the increased cell spreading seen
on 100 kPa compared to 40 kPa suggests that cells are able to activate cell spreading pathways

through E-cadherin mediated substrate stiffness sensing.
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Fig. 4.7 Bright field images of MDCK cells cultured on HAV10 substrates with different stiffness;
(A) 2 kPa (B) 20 kPa (C) 40 kPa (D) 100 kPa; Scale bar 100 pm.

Fig. 4.8 Bright field images of MDCK cells cultured on Ecad-Fc substrates with different stiffness;

(A) 2 kPa (B) 20 kPa (C) 40 kPa (D) 100 kPa; Scale bar 100 pm
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In contrast, MDCK cells adhered to 0.01 mg/mL cyclo(RGDfK) functionalized substrates
showed strong attachment, large spreading and colony formation on all hydrogels, regardless
their Young’s modulus (Fig.4.9). The RGD-integrin adhesion site does not seem to respond to
the rigidity of the underlying surface at the range of ligand density and stiffness tested. In
contrast, the stiffness of the E-cadherin mimicking substrates within the same experimental

window affected cell morphology and spreading.

Fig. 4.9 Bright field images of MDCK cells cultured on cyclo(RGDfK) substrates with different
stiffness; (A) 2 kPa (B) 20 kPa (C) 40 kPa (D) 100 kPa; scale bar 100 um.

4.2.6 E-cadherin and HAV10 functionalized gels induce plasma membrane

protrusion and organization of actin cytoskeleton in MDCK cells

In order to visualize the localization of the membrane receptors and the organization
of the cytoskeletal structures in cells attached to Ecad-Fc or HAV10 modified hydrogels, MDCK
cells stably expressing E-cadherin:DsRed were seeded on the substrates, cultured for 24 h,
fixed and fluorescently stained for F-actin, and paxillin (which is associated to integrin based
focal adhesions) and imaged by immunofluorescence microscopy.
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First, MDCK cells adhered to Ecad-Fc coated hydrogels were imaged (Fig. 4.10A). The
fluorescence microscopy images confirmed that cells flattened, spread, and formed small
colonies. Adhesion of cells to the E-cadherin mimetic surfaces were observed along with the
spreading of large lamellipodium and the reorganization of its actin cytoskeleton. For
comparison, cells grown on cyclo(RGDfK) exhibited a compact shape without any
lamellipodium extensions (Fig. 4.10E). The actin cytoskeleton of cells showed circular network

of filaments around the nucleus, along with radial cables directed towards the lamellipodium.

At the end of the radial F actin bundles, the E-cadherin staining revealed the formation
of broad lamellipodia, i.e. protrusion-like membrane structures at the edge of the cell. These
protrusions extended beyond the visible cortical F-actin ring. Actin formed small microspikes
(branched actin network) in the extended lamellipodia. This extension of cadherin interaction
is related to actin nucleation as previously observed and new actin arrangement could initiate
the formation of lamellipodium protrusions3. Previous reports have demonstrated that Arp2/3
nucleates the formation of actin microspikes found in lamellipodia, and contributes to the cell
spread and formation of lamellipodia®®'>'38. Paxillin staining was observed throughout the
cytoplasm but no focal adhesions were observed at the end of actin bundles. E-cadherin
appeared concentrated at the cell-cell interfaces within the cell colonies, and no cadherin
plaques were observed. The protrusions of lamellipodium can be considered as a preferential
site for new cell-cell contacts. These observations were comparable to the previously reported

results of cell adhesion on N-cadherin protein coated surfaces?3.

Similar results were obtained on hydrogels functionalized with HAV10 (Fig. 4.10B). This
indicates that HAV10 mediated attachment of MDCK cells is E-cadherin specific and does not
activate integrin-engagement. The colonies on HAV10 hydrogels were not as flat as on Ecad-Fc
modifications. Extended, large lamellipodia protrusions raffled around the entire cell periphery

is a characteristic of cells on E-cadherin hydrogelss®.

MDCKs on hydrogels functionalized with ADT and SWEL peptides also showed similar
features (Fig. 4.10C). Lamellipodia protrusion and formation of actin microspikes were
observed. However, in this case paxillin staining showed focal adhesions at the end of the
extended actin microspikes. It suggests that binding to ADT and SWEL peptides is not exclusive

for cadherins, and also integrins can bind and form focal adhesions with them.

Cells on cyclo(RGDfK) substrates showed different features (Fig. 4.10D). Cells flattened

and spread extensively, and they showed no/less broad lamellipodia like protrusions. Cells
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adhered on cyclo(RGDfK) substrates showed a circumferential ring of F-actin and clear
enrichment of paxillin at the end of the F-actin belt and particularly over the edges of the cell .
Integrin specific paxillin staining was predominant on these substrates. E-cadherin staining was

diffused and concentrated on junctions between cells.

In order to quantify the different features of the cells on the E-cadherin mimetic
peptides, the length of protrusions was measured (Fig. 4.11). Cells adhered to an Ecad-Fc
protein and on the E-cadherin peptidomimetics showed long lamellipodia around the entire
periphery of the colony. The length of protrusions on SWEL peptide were shorter. Cells

adhered to cyclo(RGDfK) showed less lamellipodium extensions.

Provided the difference between HAV10 and cyclo(RGDfK) functionalized hydrogels in
cell spreading and plasma membrane protrusions, single cell morphology was also studied to
eliminate interference with native cell-cell adhesions in larger cell colonies. Single cells adhered
to HAV10 (Fig. 4.12A) hydrogels had large lamellipodia protrusions extended beyond the
cortical F-actin ring. Actin forms small microspikes of branched actin network in the extended
lamellipodia. E-cadherin mainly concentrated at the edges of the cell to form cadherin specific
cell-cell adhesion between adjacent cells. And paxillin was diffused throughout the cytoplasm
and didn’t show focal adhesion clusters at the end of actin fiber. However, cells on ECM
mimetic cyclo(RGDfK) (Fig. 4.12B) hydrogels show clear enrichment of focal adhesion clusters
at the end of F-actin and around the cell periphery. E-cadherin was distributed in the whole

cytoplasm.
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Fig. 4.10 Immunofluorescence images of MCDK cells on hydrogels functionalized with (A)Ecad-Fc
protein (B) HAV10 (C) ADT10 (D) SWEL (E) cyclo(RGDfK) peptides for 24 h. F-actin (Green), E-
cadherin (Red), and paxillin (Magenta)
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Fig. 4.11 Quantification of protrusion length of MCDK cells on hydrogels functionalized with (A)
Ecad-Fc protein (B) HAV10 (C) ADT10 (D) SWEL (E) cyclo(RGDfK) peptides for 24 h.
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Fig. 4.12 Immunofluorescence images of single MCDK cell on hydrogels functionalized with (A)
HAV10 and (B) cyclo(RGDfK) peptides for 24 h, F-actin (Green), E-cadherin (Red), Paxillin

(Magenta)and nuclei (Blue). Data are presented ds mean * standard deviation.

The interaction between E-cadherin expressing cells and E-cadherin mimicking
homophilic substrate was characterized by two striking features: (1) the formation of
lamellipodium protrusions; and (2) actin filament the reorganization in cadherin adhesions. For

cadherin adhesions, E-cadherin molecules that initially recognize the functionalized E-cadherin
98



substrates at the edge of lamellipodium, form sites of nascent contacts. This requires a tight
co-ordination with actin cytoskeleton. It is interesting to observe that the cadherin mimetic
peptides form matrix adhesions similar to the matrix adhesions formed by cyclo(RGDfK)
mediated integrin interactions. The role of signaling proteins involved in the recruitment of

adhesion proteins is not studied in this thesis.
4.3 Conclusion

Different E-cadherin peptidomimetic sequences were screened to find the best
candidate to fabricate a p(AAm) based hydrogel system to mimic E-cadherin - E-cadherin
interaction. Length and concentration of the peptides are two key important factors affecting
the binding. Also, the rigidity of the substrates affected the cell attachment. A peptide from
the groove region, containing the conserved HAV sequence flanked by Ser amino acids with a
linker residue (HAV10) showed better cell attachment and spreading closer to Ecad-Fc protein
than the short HAV6 peptide. Nevertheless, peptides from the bulge region ADT10 and SWEL
also supported cell attachment but also showed paxillin staining in focal adhesion like
structures. Since these peptides are less studied and the specificity of these peptides has not
been studied in detail, we further proceeded with HAV10 peptides for the detailed analysis of
the binding between peptide and protein from the living cell. A new coupling strategy with a
Fc-binding peptide was developed to couple E-cadherin protein on p(AAm) hydrogels. p(AAm)
hydrogels functionalized with E-cadherin mimetic peptides were investigated in detail to
understand the effect of E-cadherin mimetic peptide mediated homophilic interaction in cell
adhesion and membrane dynamics. MDCK cells specifically interacted with E-cadherin mimetic
peptides and adhered to E-cadherin mimetic cell-like surfaces. Cadherin specific adhesion
shows specific rearrangement of the actin cytoskeleton and lamellipodia protrusions, which
are essential to promote cell-cell attachment and spreading. These results show that the E-
cadherin mimetic peptide, HAV10 functionalized hydrogels interacts with E-cadherin protein
from cell membrane, and impacts on cell morphology, membrane dynamics and actin

organization.
4.4 Experimental section

4.4.1 Functionalization of p(AAm) hydrogel

The 100 kPa p(AAm-MS) or p(AAmM-AA) hydrogels were prepared and functionalized by

following the protocol described in section 3.2.4. The functionalized hydrogels were
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transferred to a 24 well cell culture plate and sterilized with 70% ethanol for 5 min. Then the

samples were washed with PBS (pH 7.4) (3 x) and incubated with cells under laminar flow.
4.4.2 Adhesion of MDCK cells

MDCK cells stably expressing E-cadherin-DsRed (received from Dr. Johan de Rooij and
Dr. Martijn Gloerich, Center of Molecular Medicine, UMC Utrecht) was cultured in DMEM
medium (Gibco) containing 10% fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin
(Invitrogen) at 37 °C and 5% CO2. 5 x 104 MDCK cells were seeded in each well having sterilized
hydrogel samples and incubated at 37 °C and 5% CO2. The cell culture was incubated for 24 h.
The cells were fixed with 4% PFA solution for 10 minutes. All the experiments were performed
as triplets. Bright field images have been taken with the Zeiss axio observer epi-fluorescence

microscope.
4.4.3 Adhesion of fibroblast L929 cells

Fibroblast L929 cell line was cultured in RPMI medium (Gibco) containing with 10% fetal
bovine serum (Invitrogen) and 1% penicillin-streptomycin (Invitrogen) at 37 °C and 5% CO2. 5 x
104 L929 cells were seeded in each well having sterilized hydrogel samples and incubated at 37
°C and 5% CO2. The cell culture was incubated for 24 h. The cells were fixed with 4% PFA solution
for 10 minutes. All the experiments were performed as triplets. Bright field images have been

taken with Zeiss axio observer epi-fluorescence microscope.
4.4.4 Adhesion of fibroblast MEFs cells

Fibroblast MEFs cell line was cultured in DMEM medium (Gibco) containing with 10%
fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin (Invitrogen) at 37 °C and 5% CO2.
5 x 104 MEFs cells were seeded in each well having sterilized hydrogel samples and incubated
at 37 °C and 5% CO2. The cell culture was incubated for 24 h. The cells were fixed with 4% PFA
solution for 10 minutes. All the experiments were performed as triplets. Bright field images

have been taken with Zeiss axio observer epi-fluorescence microscope.
4.4.5 Immunostaining

Cells were fixed in 4% PFA solution for 10 minutes and then three times washed with
cold PBS pH 7.4. Fixed samples were treated with 0.1% (v/v) Triton-X in PBS for 10 min at room
temperature for permeabilization and washed with PBS (3 x). The samples were incubated with

1% BSA in PBS at room temperature for 30 min to block non-specific binding of antibody. Then
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the samples were incubated with respective primary antibodies of desired concentration in
PBS containing 1% BSA for 1 h at room temperature followed by washing with PBS (3 x).
Subsequently incubated with their respective secondary antibodies of desired concentration
in PBS containing 1% BSA for 1 h at room temperature and washed with PBS (3 x). Finally, the
samples were mounted on microscopy cover slips using mounting medium containing DAPI

(Dinova) to stain nucleus by following standard protocols.

Primary antibody (anti-mouse paxillin) was used in 1:100 concentration. Secondary
antibodies Alexa a mouse 647 (1:1000) and Alexa fluor 488 phalloidin (1:80) were used in the

respective concentrations.
4.4.6 Analysis and quantification

Imaging was performed using Zeiss axio observer epi-fluorescence microscope. All the
image analysis was done using ImageJ and graphs were plotted using Microsoft spread sheet
for three independent experiments. Adhesion of cells were quantified by calculating the
number of cells on the surfaces. Protrusion length: On each substrate, five areas from at least
four separate colonies were analyzed, resulting in a quantification of 100 protrusions per

substrate.

4.5 Supporting figures
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Fig. 4.13 Brightfield images of MDCK cells cultured on NEXTERION® slides functionalized with (A)
0,01 mg/mL RGDfC, (B) 1% BSA, (C) 1 mg/mL HAV6, (D) 0.1 mg/mL HAVE, (E) 0.01 mg/mL, and (F)

0.001 mg/mL HAV6 for 24 h.

Fig. 4.14 Bright field images of L929 cells cultured 100 kPa p(AAm) hydrogels functionalized with
(A&B) cyclo(RGDfK), (C&D) ScrbHAV10, (E&F) HAV10, and (G&H) E-cadherin for 24 h.

Before Washing

After Washing

Before Washing

After Washing

Fig. 4.15 Bright field images of MEFs cells cultured on 100kPa p(AAm) hydrogels functionalized
with (A&B) cyclo(RGDfK), (C&D) ScrbHAV10, (E&F) HAV10, and (G&H)E-cadherin for 24 h.
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Chapter s

Photoactivatable N-cadherin peptide can regulate the

behavior of C2C12 myoblasts on polarized biointerfaces

In this chapter, a micropatterned hydrogel with a basolateral distribution of matrix and
cell adhesion ligands was used to test the myogenic differentiation of C2C12 cells as function
of the presentation of N-cadherin peptidomimetic. 2.5D poly(Acrylamide) hydrogels were
immobilized with ECM mimetic cyclo(RGDfK) peptide and N-cadherin mimetic HAVDIGGGC,
AGVGDHIGC, and H[Ru(bpy)2(PPh3)]AVDIGGGC peptides on the basal and lateral directions
respectively. Photoactivatable N-cadherin mimetic peptide, H[Ru(bpy)2(PPh3)]AVDIGGGC

allowed the study of myogenesis as function of N-cadherin binding with temporal control.

5.1 Introduction

N-cadherin mediated cell-cell interactions are essential for morphogenetic processes,
transduction of long-range growth and differentiation signals®?, and also plays key role in
differentiation of various cell types, like muscle cells'?, chondrocytes'®, osteoclasts’',and
neural cells'™2 In skeletal myogenesis, cell- matrix and cell-cell adhesion are involved™®>'®4. The
developing skeletal muscle expresses N-, M-, R-, and 11-cadherins'®. Antibodies that disrupt N-
cadherin activity prevent the development of myotubes and inhibit myosin accumulations.
Also, the expression of N-cadherin stimulates expression of MyoD and sacromyosin in baby
hamster kidney cells™. N-cadherin coated beads have induced myogenesis in cultured
myoblast, indicating the relevance of the formation of N-cadherin adhesive complexes in
myogenesis'?. A recent study showed that hyaluronic acid (HA) co-modified with N-cadherin
mimetic peptides and ECM mimetic peptides enhanced MSC chondrogenesis and
osteogenesis®”®>17, Altogether these results suggest and to some extend demonstrate that
hydrogel platforms incorporating N-cadherin protein, or its peptidomimetics, can enhance
myogenesis.
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The myoblast cell line C2C12 can be used to study myogenesis. These cells proliferate in
vitro and, once confluence is reached and cell-cell contacts can be established, they upregulate
N-cadherin expression and undergo differentiation™®. This is accompanied by clear
morphological changes, i.e., elongation and formation of post-mitotic mononucleated
myocytes, which finally fuse into multinucleated myotubes and differentiate into muscle fibers.
Therefore, this system seems suitable to test the activity of the photoactivatable N-cadherin

peptide described in Chapter 2.

Previous experiments in the group performed by Dr. Aleeza Farrukh had demonstrated
that the 2.5D model hydrogels described in section 3.2.7 are appropriate platform to study N-
cadherin mediated myogenesis. C2C12 cells seeded on these hydrogels modified with ECM
cyclo(RGDfK) and N-cadherin ligands at the bottom and walls of the micropatterned channels
respectively, underwent myogenesis. In this chapter, a non-invasive N-cadherin
peptidomimetic containing a photoremovable protecting group was used to regulate N-
cadherin mediated myogenic differentiation in vitro on 2.5D hydrogels. The application of a
light at particular wavelength can remove the protecting group and the activity of N-cadherin

mimetic peptide can be restored in a controlled manner.

5.2 Results and Discussion

5.2.1 Behavior of C2C12 myoblasts on 2D hydrogels modified with N-cadherin

peptidomimetic (HAVDIGGGC)

The behavior of C2C12 fibroblasts on p(AAm-AA-MS) hydrogels modified with N-
cadherin peptidomimetic HAVDIGGGC (HAV) and/or with cyclo(RGDfC) matrix ligand was
studied. The scrambled peptide AGVGDHIGC (AGV)was used as a negative control. Hydrogels
were modified with individual peptides or with peptide mixtures as described in Chapter 2. The
peptide incubation concentrations had been optimized in previous studies in the group and
were 0.1 mg/mL for cyclo(RGDfK) (RGD) and 0.05 mg/mL for the N-cadherin peptides. Lower
concentrations of cyclo(RGDfK) peptide did not support cell adhesion to the bottom of the
channels and lower concentrations of HAVDIGGC were not sufficient to trigger cell responses.
Higher concentration of cyclo(RGDfK) peptide lead monolayer formation in the channels and
myogenic differentiation was observed. A higher concentration of N-cadherin peptide did not

lead to differences in the cell behavior (unpublished work). Hydrogels with Young’s modulus
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of 10 kPa were selected for the studies. This rigidity is close to that of muscle tissue and is

expected to support myogenic differentiation™9'°,

The behavior of C2c12 cells was first tested on 2D p(AAM-AA-MS) hydrogels. C2C12 cells
were seeded on the hydrogels and imaged after 24hrs. C2C12 cells spread and proliferated on
cyclo[RGDfK] modified hydrogels (Fig. 5.1A). In contrast, C2C12 cells were loosely attached to
the N-cadherin peptide and to the scrambled control, they showed a rounded morphology and
no significant spreading. Staining of the cells with N-cadherin, CD2 antibody (green) revealed
accumulation of N-cadherin on the basal side of C2C12 cells seeded on HAV modified hydrogels
(Fig. 5.1A), indicating interaction of N-cadherin at the cell membrane of the C2C12 with the
peptide. In contrast, C2C12 seeded on hydrogels modified with the scrambled N-cadherin
peptidomimetic or with the RGD peptide showed even distribution of N cadherin over the
whole cell (Fig. 5.1A). C2C12 myoblasts seeded on bifunctional hydrogels modified with a
mixture of RGD and HAVDIGGGC ligands attached to the substrate and showed spread
morphologies, as seen on hydrogels modified with RGD only. However, whereas C2C12 cells on
RGD proliferated during 4 days, reached confluency and established cell-cell contacts, cells on
mixtures of RGD with N-cadherin peptides failed to proliferate and establish cell-cell
interactions at day 4 (Fig. 5.1A). In summary, the presentation of N-cadherin mimetic ligand,
alone or together with RGD on a 2D hydrogel surface, did not facilitate the attachment and

inhibit cell-cell contact.

RGD+HAV RGD+AGV
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Fig. 5.1 (A) Immunofluorescence images of C2C12 myoblast on 2D P(AAm-AA-MS) hydrogels
modified with RGD, HAV, AGV or their mixtures after 1 and 4 days of culture. Actin (red), N-
cadherin (green) and nucleus(blue). (B) Quantification of cell spreading area on the different
hydrogels(n=90-420cells/sample).

5.2.2 Myogenic differentiation of C2C12 myoblast cells on 2.5D hydrogels

Experiments in this section were done in collaboration with Dr. Aleeza Farrukh. C2C12
myoblast cells were cultured on 2.5D hydrogel models consisting of micropatterned channels
in the hydrogel, which were functionalized at the bottom with cyclo[RGDfK] peptide and at the
walls with the N-cadherin peptide HAVDIGGGC, with the scrambled peptide AGVGDHIGC or
with the N-cadherin fragment CD2, immobilized by direct coupling via Cys. Channels were 5 pm
wide, 6 um height and separated by 50 um thick walls. The elongated geometry is expected
to favor the natural morphology of C2C12 cells during differentiation. The spatial differentiation
between matrix (bottom) and cell-cell (walls) adhesive ligands in the channels mimics the

natural arrangement of cell-cell and cell-matrix interfaces of the cells in natural tissue.

C2C12 myoblasts entered the 5 um wide channels modified with RGD at the bottom and
spread on day 1. When the walls of the channels were functionalized with N-cadherin mimetic
peptide, C2C12 adopted an elongated morphology and contacted the walls of the channels.
This morphology was also visible in channels modified with CD2, indicating that cells sense the
N-cadherin functionalization by establishing contact with the functionalized interface.
Elongated morphologies were also observed in C2C12 seeded in channels with the scrambled
peptide, suggesting that this peptide still retains some affinity for the N-cadherin receptor.
However, nucleus and actin staining revealed differences between cells on channels with HAV

or CD2 vs. AGV functionalization (Fig. 5.2A). Cells in CD2/RGD and HAV/RGD channels showed
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actin stress fibers aligned along the channel, whereas no aligned actin fibers were observed on
AGV/ RGD and -/RGD channels. Elongated cell and nuclear shapes are characteristic of muscle
cells, and this morphology was only observed when C2C12 were exposed to the 2.5D polarized

microenvironments with HAV or CD2 cell-cell ligands on the walls.

Besides morphological differences in the polarized environments, proliferation and
differentiation levels were also tested. Proliferation rate at day 1 was independent of the
presence of N-cadherin ligands on the channel wall (Fig. 5.2A). In contrast, a higher expression
of sarcomeric myosin (MF-20 staining) was observed in cells within CD2/RGD and HAV/RGD
channels vs. -[RGD and AGV/RGD ones, already at day 1. These differences become more
pronounced at longer culture time. At day 4, C2C12 on CD2/RGD and HAV/RGD channels showed
high proliferation levels and high sarcomeric myosin expression values. Fusion of myogenic
cells into polynucleated myocytes were also observed (Fig. 5.2A). Proliferation levels and
sarcomeric myosin expression on -/RGD and AGV/RGD channels were significantly lower, and
no fused cells were observed. Enhanced myogenesis on substrate morphologies supporting
cellular alignment had been demonstrated in previous reports'®9-"7". The data here show that
the combination of alignment and spatially resolved presentation of matrix and cell-cell
adhesive cues significantly accelerates myogenic proliferation and differentiation of C2C12

myoblasts.
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Fig. 5.2. Myogenic differentiation of C2C12 myoblast in 2.5D polarized microenvironments. (A)

Immunofluorescence images of cells after 24h and 4 days culture seeded on bifunctional channels

sarcomeric myosin

HAV or AGV on the walls. Actin (red),

)

modified with RGD at the base and CD2
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(green), and nuclei (Blue). (B) Quantification of cell density i.e. number of cells, and myogenic

positive cells on different substrates.

5.2.3 Regulation of myogenic differentiation of C2C12 myoblasts with light

using the photoactivatable N-cadherin peptidomimetic

Photoactivatable =~ N-cadherin  peptidomimetic,  H[Ru(bpy)2(PPh3)]AVDIGGGC
mentioned in section 2.2.4 was studied to verify the inhibitory action of the photo protected
peptide and activation of peptide using light. The experiments described in section 5.2.2 were
repeated on gels functionalized at the walls with the N-cadherin peptide,
H[Ru(bpy)2(PPh3)]AVDIGGGC. The ability of photoactivatable N-cadherin peptide
H[Ru(bpy)2(PPh3)]AVDIGGGC peptide to phototrig<ger N-cadherin dependent myogenic
differentiation of C2C12 was tested by performing the experiments on irradiated vs. non
irradiated hydrogels. (Irradiation conditions: 10 min at 423 nm, 0.34 mWcm?). This exposure
dose had been proven sufficient to photocleavage the [Ru(bpy)2(PPh3)]**complex (section
3.2.6).

Cells cultured on s5um wide channels functionalized at the walls with
H[Ru(bpy)2(PPh3)]AVDIGGGC and at the bottom with RGD entered into channels, spread and
proliferated (Fig 5.3(a)). The morphology of cells was similar to the morphology in the channels
that were only functionalized with RGD at the bottom (Figure 5.2). No significant elongation of
the cells was observed. In contrast, C2C12 cells on pre-irradiated H[Ru(bpy)2(PPh3)]AVDIGGGC
channels showed an elongated morphology, similar to the observations in channels with
HAVDIGGGC or CD2 modified walls. This result indicates a successful activation of the N-
cadherin peptide in the hydrogel. This was confirmed by quantifying the expression levels of
myogenic differentiation marker. Low expression values were obtained when the channel
walls were either not modified or modified with the H[Ru(bpy)2(PPh3)]AVDIGGGC peptide (no
irradiation). The myogenic differentiation marker was upregulated on the channels modified
with H[Ru(bpy)2(PPh3)]AVDIGGGC and exposed to light, up to similar levels to the channels
modified with HAVDIGGGC (Fig. 5.3B).

Proliferation levels were not affected by the functionalization of the channel wall at day

1, as observed in previous experiments (Fig. 5.2). However, proliferation ratio after 4 days
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culture between non irradiated and preirradiated substrates with
H[Ru(bpy)2(PPh3)]AVDIGGGC modification did show significant differences. Low proliferation
levels were observed in channels with walls modified with H[Ru(bpy)2(PPh3)]AVDIGGGC, with
similar values to channels with no wall modification. In contrast, preirradiated channels
showed much higher proliferation ratios, similar to the values observed on the positive control
(HAVDI/RGD channel). MF-20 expression levels were also significantly higher in cells cultured
on pre-irradiated substrates compared to those with the protected peptide. Formation of
multinucleated myocytes was also observed upon light activation of the wall functionality.
These results confirm the lack of bioactivity of the H[Ru(bpy)2(PPh3)]AVDIGGGC peptide, and
the possibility to restore it upon irradiation. Moreover, the observed results also indicate that
the Ru complex in H[Ru(bpy)2(PPh3)]AVDIGGGC remains stable under cell culture condition,

at least for 4 days.

In order to exclude that the light exposure step was responsible for the observed
changes, substrates functionalized with cyclo(RGDfK) at the bottom were irradiated at the
same conditions, and proliferation and differentiation of C2C12 cells was quantified. Fig.5.4
shows the results. Cells on these microchannels showed a very similar behavior to cells on non-
irradiated microchannels (Fig. 5.3). Number of cells attached on hydrogels functionalized with
H[Ru(bpy)2(PPh3)]AVDIGGGC peptide was same as non-functionalized substrates. Whereas
the preirradiated substrates had regained its bioactivity and shown to have number of cells
attached close to HAVDIGGGC peptide functionalized substrates. Moreover, the preirradiated
substrates promoted myogenic differentiation of C2C12 cells after 4days of cell culture, as
observed on HAVDIGGGC (Fig. 5.2). These results confirm that the photolysis reaction on N-
cadherin mimetic peptide immobilized on p(AAm-MS) hydrogel was successful and the

bioactivity of peptide could be restored after light exposure.

In summary, the attachment of [Ru(bpy)2(PPh3)] complex to the His residue of the N-
cadherin peptidomimetic HAVDIGGGC inhibits the N-cadherin specific responses of cells to the
presence of this peptide in a biointerface. This inhibitory effect can be maintained in cell culture
at least for 4 days. Light exposure is able to restore functionality at similar cell response levels

to the original peptide.
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Fig. 5.3 Myogenic differentiation of C2C12 myoblast in 2.5D polarized microenvironments: (A-F)
Immunofluorescence images of cells after 24h and 4 days culture on bifunctional channels
modified with RGD at the base and with H[Ru(bpy)2(PPh3)]AVDIGGGC at the walls. Samples that
were not irradiated and samples that were irradiated are shown. As control, experiments
performed on preirradiated hydrogels with RGD modification at the bottom and no modification
at the walls are also shown. Actin (red), sarcomeric myosin (green) and nucleus (blue). (G)
Quantification of cell density and ratio of myogenic positive cells on different hydrogels (n=200-

600 cell/sample).
5.3 Conclusion

In this chapter the possibility to photoregulate myogenic differentiation on hydrogels
presenting a H[Ru(bpy)2(PPh3)]AVDIGGGC biointerface was studied. A bifunctional hydrogel
with micropatterned channels modified with N-cadherin cell-cell adhesive ligand at the walls
and with an RGD matrix adhesive ligand at the bottom were shown to promote myogenic
differentiation of C2C12 cells in 4 days. This polarized exposure of cell-matrix and cell-cell
ligands allowed to study the effect the establishment of N-cadherin mediated cell-cell contacts
on the myogenic differentiation of C2C12 cells, and to test its regulation with light. The light-
triggered interaction of the hydrogel-bound photoactivatable H[Ru(bpy)2(PPh3)]AVDIGGGC
peptide with N-cadherins at the cell membrane was confirmed. The spatial differentiation of
cell-cell and cell-matrix adhesive ligands in the 2.5D gels was important for the interaction
between cadherin peptide on the gel and N-cadherin protein at the membrane. This study
shows that N-cadherin mediated cellular process can be regulated with light by using

photoactivatable H[Ru(bpy)2(PPh3)]AVDIGGGC.

112



5.4 Materials and methods
5.4.1 Preparation and functionalization of p(AAm-AA) and p(AAm-AA-MS) hydrogels
The hydrogels were prepared by following the protocol described in chapter 3.
5.4.2 Preparation and functionalization bilayer p(AAm-AA-MS) hydrogels
The hydrogels were prepared by following the protocol described in chapter 3.
5.4.3 Cell culture

C2C12 mouse myoblast cell line (ATCC, CRL-1772) were grown at 37° C and 5% CO2 in
DMEM-HG medium (CLS cell lines service Germany, 820300a) contain 20% fetal bovine serum
(Invitrogen) and 1% penicillin-streptavidin (Invitrogen). Hydrogel samples were sterilized by
placing in 30% ethanol for 10 minutes in a laminar flow, followed by washing twice with sterile
PBS. Cells were seeded on the sterilized peptide functionalized hydrogel films placed in 24-well
plates. 500 pL of medium was used per well and culture was kept between 24h -14 days. 260
cell/mm2 were used for 1-2 days of culture, and 200 cell/mmz2 for 4 days culture of culture to
avoid over confluency of cells. Medium was changed after every 48h during myogenic

differentiation studies.
5.4.4 Staining Protocol

Cells were fixed with 4% PFA solution after 1-4 days of culture, permeabilized with 0.1%
Triton for 5 minutes and incubated with primary antibodies for sarcomeric myosin MF-20
(1:500, antibodies online, ABIN457406) or with N-Cadherin (1:100, antibodies online,
ABIN969038) prepared in 1% BSA for 2h at r.t. Samples were washed three times with PBS and
incubated for 2h at r.t with secondary antibodies solution prepared in water. Anti-mouse AF-
488 (1:500) was used for MF-20 or N-cadherin, actin fibers and nuclei were stained with TRITC-
phalloidin (1:200) and DAPI (1:500) respectively. Samples were mounted using mounting
medium (Dinova) following standard protocols. Imaging was performed using Zeiss axio

observer epi-fluorescence microscope or Zeiss-LSM 880 with Airyscan.

5.4.5 Statistical Analysis

All experiments were performed as three independent experiments and data are
expressed in + SD. Cell number, spreading area, sarcomeric positive cells were counted from

fluorescence images taken after fixation and staining. The area of cells and nucleus were
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measured using Zen blue software. The numbers of sarcomeric positive cells were counted

manually.
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Chapter 6

Summary

In this PhD thesis, photoactivatable E and N-cadherin peptidomimetics have been
developed by attaching a bisbipyridyl ruthenium (II) complex as protecting group to a His
residue of the peptidomimetic sequence. The photo protecting group temporarily inhibits the
cadherin mediated bioactivity, which can be regained by exposure at visible wavelengths.
Hydrogel surfaces modified with these peptides were used to culture cells and reconstitute a
biomimetic cell-cell interface. E-cadherin peptide functionalized hydrogels allowed interaction
with the E-cadherin protein on cell membrane of epithelial cells, resulting in cell adhesion and
spreading on the hydrogels. On micropatterned hydrogels with spatially polarized
presentation of cadherin and matrix mimetic peptides, N-cadherin dependent myogenic

differentiation was regulated by light.
The major conclusions of this work are as follows:

1) The study of cell-cell adhesive interactions at molecular scale at the natural cell-cell
interface is complicated, and the use of simplified synthetic interfaces with cadherin
peptidomimetics can experimentally simplify such studies.

2) The control of cell-cell interaction spatiotemporally and noninvasively is challenging.
The developed cadherin mimetic HAVDIGGGC(N-cadherin) and SHAVSSC (E-cadherin)
peptides modified with photolabile [Ru(bpy)2(PPh3)] group at His residue provide a
useful approach to control cadherin mediated cell-cell interaction on biomaterials with
light.

3) Past fundamental studies on E-cadherin mediated cell-cell interactions were mainly
focused on E-cadherin proteins. This thesis demonstrates that the E-cadherin mimetic
peptide SHAVSSGGGC immobilized on polyacrylamide hydrogels activates E-cadherin
mediated cellular response on epithelial cells in a similar way to surface immobilized E-
cadherin fragments. Selective interaction with E-cadherin and E-cadherin mediated
cellular response was also observed on hydrogels modified with ADTPPVGGGC and

SWEL peptides.

4) Functionalized micropatterned hydrogels with matrix and cadherin adhesive peptides

in a polarized manner, as observed in specific natural cellular niches, can support
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5)

differentiation processes on artificial substrates which are dependent on cell-cell

contacts.

Photoactivatable N-cadherin peptide H[Ru(bpy)2(PPh3)]AVDIGGGC allows control of
N-cadherin regulated myogenesis with temporal resolution. This system and peptides

can be further explored to understand the cadherin regulated biological process.
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