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Abstract

The promise of regenerative therapies is currently hindered by the availability of

large-scale, homogeneous populations of desired cell types. The in vitro differentiation

efficiency of human pluripotent stem cell (PSC)-derived cell types could be enhanced

with robust biomimetic stem cell culture systems that recapitulate the dynamic

interplay between a cell and its extracellular matrix (ECM). We have therefore

leveraged novel biomedical engineering technologies for improving the local and

sustained delivery of bioactive molecules.

As cells precisely regulate matrix metalloproteinase (MMP) expression and activity,

they spatially and temporally control ECM remodelling and degradation when

transitioning from a pluripotent phenotype. Here, in vitro MMP expression profiles

were studied in human and murine PSCs cultured in feeder-free conditions. MMP2

is up-regulated and released directly to the ECM during spontaneous differentiation,

but is minimally produced in OCT4 expressing cells, making it an ideal candidate

for a differentiation-sensitive material.

A new biomaterial is reported for in vitro stem cell culture that is sensitive to

differentiation through a dynamic nano-vesicle biomolecule delivery system, ex-

ploiting natural enzymatic mechanisms, with 3D tissue design. Thermo-responsive

polymersomes, composed of poly(ethylene glycol), poly(acrylic acid) and poly(N-

isopropylacrylamide) block copolymer, ranging in diameter from 120-220 nm, can

be cross-linked with various peptide linkers and reliably encapsulate large bioactive

molecules. Incorporating MMP2-degradable peptide cross-links within these particles

affords site-directed controlled release of cell-instructive morphogens. This enzyme-

activated reciprocal response system is shown by ultra-centrifugal and ELISA-based

platforms. As proof-of-concept, the platform function and specificity were validated

with encapsulated cell-surface receptor antibodies, triggered to release by cell-secreted

MMP2 during spontaneous differentiation in murine and human PSCs. In both 2D

and 3D, local delivery of soluble cues is initiated to highly heterogeneous PSC-derived

populations, having the potential to enhance differentiation efficiencies for a wide

variety of regenerative strategies.
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Nomenclature

AA Acrylic acid
aECM Artificial extracellular matrix
AF488-BSA Alexa fluor 488 nm dye conjugated to bovine serum

albumin
AF488-PEG Alexa fluor 488 nm dye conjugated to 4-arm poly-

(ethylene glycol)
AFM Atomic force microscopy
AIBN 2,2-azobisisobutyronitrile
ALS Amyotrophic lateral sclerosis
APTES (3-Aminopropyl)triethoxysilane
ATCC American Type Culture Collection
bFGF basic fibroblast growth factor-2
BM Bone marrow
BMP Bone morphogenic protein
BSA Bovine serum albumin
CATB Cathepsin B active protein
CATBAB Cathespin B assay buffer
cDNA Complimentary deoxyribonucleic acid
CHCA α-Cyano-4-hydroxycinnamic acid
Cldn6 Claudin6
CLP Cross-linked polymersome
Cryo-TEM Cryogenic-transmission electron microscopy
CSIRO Commonwealth Scientific and Industrial Research

Organisation
CTA Chain transfer agent
CuAAC Copper (I)-catalysed azide-alkyne cycloaddition
CuSO2 5H2O Copper (II) sulfate pentahydrate
DAPI 4’,6-Diamidino-2-phenylindole fluorescent stain
DCM Dichloromethane
DIEA N,N-Diisopropylethylamine
DLS dynamic light scattering
DMEM Dulbecco’s modified eagle medium
DMF Dimethyl formaldehyde
DMSO Dimethyl sulfoxide
DP Degree of polymerisation
DPBS Dulbecco’s phosphate-buffered saline
DTT Dithiothreitol
EB Embryoid body
EC Embryonal carcinoma
ECM Extracellular matrix
EDC-HCl 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride
ELISA Enzyme-linked immunosorbent assay
EMT Epithelial-to-mesenchymal transition
EMMPRIN Extracellular matrix metalloproteinase inducer
ESC Embryonic stem cell
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E8 Essential 8
FGF Fibroblast growth factor
FACS Fluorescence-assisted cell sorting
FBS Fetal bovine serum
FILM Facility for Imaging by Light Microscopy
FITC Fluorescein isothiocyanate
FITC-BSA Fluorescence isothiocyanate-bovine serum albumin
FITC-PEG Fluorescence isothiocyanate-4-arm poly(ethylene glycol)
GPC Gel permeation chromatography
hα3IntAb Rabbit anti-human α3-integrin IgG antibody
hβ1IntAb Mouse anti-human β1-integrin IgG antibody
HBTU N,N,N’,N’-tetramethyl-O-(1-benzotriazol-1-yl)uronium

hexafluorophosphate
hESC Human embryonic stem cell
hiPSC Human induced pluripotent stem cell
hPSC Human pluripotent stem cell
HRP Horseradish peroxidase
hTRA-1-85Ab Mouse anti-human TRA-1-85 IgG1 antibody
iPSC Induced pluripotent stem cell
kcat Turnover rate
KM Michaelis Menton constant
KSR Knockout serum replacement
lAFM Liquid-cell atomic force microscopy
LCST Lower critical solution temperature
LIF Leukaemia inhibitory factor
MALDI Matrix-assister laser desorption ionisation
MALDI-ToF-MS Matrix-assisted laser desorption ionisation time of flight

mass spectrometry
mβ1IntAb Rat anti-mouse β1-integrin monoclonal IgG2a antibody
mD3 ESC Murine D3 embryonic stem cell
mEF Mouse embryonic fibroblasts
Me-PEO Mono-methylated poly(ethylene oxide)
MI Myocardial infarction
MMP Matrix metalloproteinase
mRNA Messenger ribonucleic acid
MT-MMP Membrane-type matrix metalloproteinase
MW Molecular weight
NEAA Non-essential amino acids
NIPAAM N-isopropylacrylamide
pAA Poly(acrylic acid)
PBS Phosphate buffered saline
PDI Poly dispersity index
PDLLA Poly(D,L-lactide)
PEG Poly(ethylene glycol)
PEGB10 8-Arm poly(ethylene glycol)-biotin
PEG-MAL 4-Arm poly(ethylene glycol) maleimide
PMMA Poly(methyl methacrylate)
pNIPAAM Poly(N-isopropylacrylamide)
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PEG-pAA-pNIPAAM Poly(ethylene glycol)-b-poly(acrylic acid)-b-
poly(N-isopropylacrylamide)

PEG-pAA-pPAM-pNIPAAM Poly(ethylene glycol)-r-poly(acrylic acid)-r-
poly(propargylamide)-b-poly(N-isopropylacrylamide)

ppCATB Trypsin-cleavable peptide
ppGGG Non-cleavable peptide
ppMMP2 MMP2-cleavable peptide
ppMMP-CL MMP-cleavable peptide
ppMMP-SCRM MMP-scrambled peptide
ppTRYP Trypsin-cleavable peptide
ppUV UV-cleavable peptide
Pre-study Preliminary study
PS Primitive streak
PSC Pluripotent stem cell
PTFE Polytetrafluoroethylene
PVA Poly(vinyl alcohol)
qRT-PCR Quantitative real time polymerase chain reaction
RAFT Reversible addition fragmentation transfer
RGD Arginine-glycine-aspartic-acid
RNA Ribonucleic acid
RodB-BSA Rhodamine-B-bovine serum albumin
RPE Retinal pigment epithelium
SCNT Somatic-cell nuclear transfer
SEC Size exclusion chromatography
SEM Scanning electron microscopy
Shh Sonic hedgehog
SPPS Solid phase peptide synthesis
SSEA Stage-specific embryonic antigen
Sulfo-NHS N-hydroxysulfosuccinimide
TCP Tissue culture plastic
TEM Transmission electron microscopy
TFA Trifluoroacetic acid
TGFβ Transforming growth factor β
TIMP Tissue inhibitor of matrix metalloproteinase
TIS triisopropyl silane
TR-DEX Texas red-dextran
TRYP Trypsin active protein from bovine pancreas
UCST Upper critical solution temperature
UV Ultra violet
VEGF Vascular endothelial growth factor
ZAB Zymography assay buffer
2D Two-dimensional
3D Three-dimensional
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Chapter 1

Introduction

Come forth into the light of things,
let nature be your teacher

William Wordsworth

Pluripotent stem cells (PSCs) in the blastocyst are subjected to a multitude of stimuli.

During development, these cues are typically tightly regulated, originating from

soluble, diffusive factors, from immobilised cues bound to the extracellular matrix

(ECM), and from the mechanical and inner structure of the network itself.1,2 Yet, it

is likewise the cellular feedback response to these cues that permits an appropriate

outcome. For example, gastrulation is known to be governed by multifactorial

biomolecular signals, which instructs cells in their spatiotemporal migration and

formation of the three germ layers–ectoderm, endoderm and mesoderm–which later

develop to give rise to all tissues and organs in the body.3,4 In a rigid, unresponsive

microenvironment that lacks structural support and biochemical cues required for

stem cell maintenance, like classical culture systems, this dynamic give-and-take

game is not played. Hence, in order to harness the immense potential of these cells

in the clinic, it is crucial to be able to control their differentiation in bio-inspired

reciprocal response three-dimensional (3D) systems.1
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Exhilarating progress has been made in developing advanced tissue engineered

scaffolds. The most impressive systems take hints from nature, immobilising various

factors to mimic the native ECM, by promoting cell adhesion, migration and/or

angiogenesis, for instance.1,5 Regrettably, these multifaceted architectures, involve

physical or chemical factor-matrix tethering which can alter or completely destroy

the biological activity of the morphogen.

The concept of using self-assembling micro- and nano-vesicles as vehicles for controlled

transport of soluble stimuli has been explored to great length for in vivo drug

delivery.6 However, these biomolecule transfer approaches are based on diffusion

and the slow, steady degradation of polymers of which they are composed, and

fall short of providing a dynamic feedback system required for cutting-edge tissue

engineering. Synthetic mono and bilayer vesicles, termed polymersomes, have a

significant advantage in this domain as they are biocompatible, biodegradable, low-

cost particles that can be scaled for high throughput delivery. ‘Smart’ polymersomes

can be engineered to react to various stimuli including temperature and proteolytic

enzymes (such as matrix metalloproteinases [MMPs] which are secreted during early

mammalian development), and can encapsulate biologically-relevant components.

Current developments in the Stevens Group have shown that polymersomes can be

cross-linked with degradable linkers, and then removed from a tightly packed state to

be held together only by the cross-linking moieties (R. Chapman 2013, unpublished

work). This characteristic gives way for site-directed, burst- or diffusion-controlled

release that is easily tailored with respect to the cross-linker.

In this work, it is proposed ‘to come into the light of things’, combining the concepts

of nano-vesicle biomolecule delivery and complex tissue design with innate biological

mechanisms to control the differentiation of human and murine PSCs. By creating

MMP-cleavable morphogen delivery vesicles, tailored to early development, an in-

novative cell-instructive/cell-responsive platform is developed to culture PSCs in

physiological conditions that is translatable to the hospital bed. As proof-of-concept,

function and specification will be assessed by active biomolecular release from en-
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dogenous MMP-sensitive cross-linked polymersomes in human and murine in vitro

spontaneous differentiation culture.

This review aims to illustrate the developmental milestones of PCSs in science from

discovery to the most recent accomplishments in the field. Various applications

in regenerative medicine led to highly promising contributions of stem cells in

conjunction with tissue engineering. Here, the focus is on PSC biomaterials and the

most propitious avenues therefrom.
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1.1 Pluripotent Stem Cells

Now a sizzling topic in cell biology and bioengineering, as well as in the media as a

whole, the characteristic of cell pluripotency was first described by Dreisch in 1891.7

He observed the developmental growth of two viable sea urchins originating from

two separate cells, derived from an early sea urchin blastocyst.7,8 However, not until

nearly 80 years later was the first pluripotent cell isolated and investigated in culture.

Termed embryonal carcinoma (EC) cells, these pluripotent cells were derived from

either spontaneously forming or testicularly implanted early embryo teratocarcinomas

(i.e. populations of malignant PSCs)9.10 The first embryonic stem cell (ESC) was

derived in mice in 1981, by transferring a mouse blastocyst into in vitro culture

conditions that inhibit differentiation.11,12 James Thomson’s isolation of the first

ESCs from human blastocysts 13 has thrown the doors wide open to understanding

early human development, tissue formation and differentiation. The new and exciting

cell source provided infinite possibilities for diagnostics, investigation of disease

mechanisms and disease modelling, as well as regenerative medicine, where cell

therapy might be applied to previously untreatable conditions.8

PSCs are defined by their dual capacity i) to self-renew indefinitely, forming identical

daughter cells to the parent cells and thereby increasing the pool of stem cells, and

ii) to differentiate into more specialised cell types, forming cells belonging to all three

germ layers, as required to develop, maintain and repair the body.14 Haematopoietic

stem cells, the most well studied and commonly applied stem cell type to clinical and

surgical interventions are labelled multipotent, as they undergo self-renewal in the

bone marrow yet have a limited capability to differentiate. Where some cells types

can self-renew and not fully differentiate, other cells have low self-renewal potential

and high differentiation capacity. Zygotes fall into this category of totipotent cells, as

they can specialise to form all cells in the embryo as well as in the extra-embryonic
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tissue, but they cannot extensively self-renew after fertilization. Unipotent cells are

those capable of differentiating into a single cell-type. For instance, hepatocytes

which make up most of the liver, are unipotent. True human pluripotent tissue is

derived from the inner cell mass of the blastocyst and epiblast of the embryo and

at an even earlier stage in mice, from the morula, as they can give rise to all germ

lineages. As a result of the rapid onset of gastrulation, these cells do not exhibit

extended self-renewal division in vivo and this immortal state can be considered an

artefact of cell culture.15,16

1.1.1 Characterising Pluripotent Stem Cells

Although there are several methods to assess PSCs, the assays vary in both time and

cost, as well as in their reliability to measure pluripotency. Commonly, PSCs are

characterised by their morphology, surface marker expression, genomic expression

profiling, in vitro differentiation and teratoma formation. More stringent tests, such

as chimerism and tetraploid complementation, are also performed depending on the

species of origin.15

Morphology

Generally, PSCs can be recognised by their substantial nuclei, large nucleoli and small

volume of cytoplasm.8 Mouse PSCs are pseudo-spherical and refractive in feeder

culture. Distinguished by their densely formed multicellular colonies, individual cells

are not visible under low magnification.15 Like mouse cell types, human pluripotent

stem cells (hPSCs) cultured on inactivated mouse embryonic fibroblasts form flat

tightly packed colonies with well-defined borders. Individual cells assemble into

compact, cobblestone-like patterns, similar in morphology to pluripotent cells of the

mouse epiblast.17 Although these characteristics are distinct compared to most other

cell types, this method of identification does not prove their self-renewal nor their
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differentiation propensities. Examples of hPSCs grown on feeder layers can be found

in Figure 3.7 of section 3.2.3.

Cell Surface Phenotype

The expression of cell surface markers in PSCs was initially employed for EC cells.

Although various markers exist for pluripotent stem cells, the identification was

narrowed to a glycolipid adhesion molecule, stage-specific embryonic antigen 1

(SSEA1),15 and a member of the tight junction family, Claudin6 (Cldn6),18 an

adhesion molecule in mouse PSCs. In hPSCs, glycolipid antigens SSEA3 and SSEA4,

keratin sulphate antigens TRA-1-60, TRA1-81, GCTM2 and GCT343, protein

antigens CD9, and Thy1 (or CD90), as well as tissue-nonspecific alkaline phosphatase

and class 1 HLA, identified by the International Stem Cell Initiative, have been

widely accepted as specific markers for pluripotency.19 However, recently this list

has been refined to a single antigen that is recognised by the TRA-1-60 antibody.15

In Vitro Differentiation

In feeder-free cultures with unconditioned media, leukaemia inhibitory factor (LIF)

is the best characterised effector of self-renewal, functioning by inhibition of dif-

ferentiation, in mouse pluripotent cultures,20 while human pluripotent cell types

require fibroblast growth factor (FGF) to remain in an undifferentiated state. 21 In

the absence of these factors, and in non-adherent conditions, PSCs spontaneously

differentiate, forming 3D cell aggregates known as embryoid bodies (EBs). Formation

of the three germ layers is evaluated by expression of cell-specific markers and their

immunological phenotype.15 Further insight into gene expression of differentiation

markers during early stages of commitment can be found in subsection 1.2.1 and

chapter 3.
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Genome-Wide Expression Profiling

Expression profiling with cDNA microarray technology and RNA sequencing has

enabled identification of differentially expressed genes in PSCs as compared to

committed cell types.15 Among others, OCT3/4 (POU5F1) and NANOG are examples

of highly expressed pluripotent genes in both mouse and human species.19,22–25

Although the aforementioned genes are expressed on a global level, these techniques

can be employed to elucidate sub-populations of PSCs, and link to other specialised

cell types.15

Teratoma Formation

The most stringent test to determine pluripotency in human cells is the injection of

stem cells into immune-compromised mice, with the goal of forming teratomas.15

Not to be confused with teratocarinomas, mentioned earlier, teratomas are benign

cell masses, consisting of tissues from all three germ layers: mesoderm, ectoderm,

and endoderm cell types.9

Chimerism

For non-human cell types, PSCs can be assessed based on their diploid complement-

ation. In this assay, cells are injected into a blastocyst of the matching species and

evaluated based on contribution to all lineages of the embryo, followed by subsequent

generation of live offspring.15

Tetraploid Complementation

As tetraploid cells do not play a significant role in embryonic development, tetraploid

complementation is the most stringent test for stem cell species other than human.

The birth of progeny originating from a tetraploid cell, previously injected with
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PSCs, can only occur if the injected stem cells have fully contributed to all embryonic

lineages.15

1.1.2 Embryonic Stem Cells in Research

Although the discovery of ESCs was met with world-wide excitement thanks to

massive implications in medical research, still a few major hurdles need to be

surpassed before PSCs could successfully be introduced for therapeutic and clinical

applications. Aside from the inherent ethical issues that have led several countries,

like Norwary, Germany, Italy, Ireland, and the United States, to hold tight restrictions

on the use of human embryos in research,26 human ESCs (hESCs) are derived from

generic donor embryos; thus, there is an enhanced likelihood of producing a negative

and inflammatory immune response when introduced into the body of a patient.

Meaning, patients would either require toxic immunosuppressants for the better part

of their lives or reject a cellular transplant. An additional issue arose from hESC

culture conditions. Since they were originally maintained on mitotically inactivated

mouse feeders, the cells could incorporate foreign bodies, likewise increasing the

probability of immune rejection.8

To harness the vast potential of ESCs, there was great need for robust, patient-specific

PSCs. Sir John Gurdon and coworkers made great strides toward this goal already in

1962, when they successfully reprogrammed a nucleus from a tadpole intestinal cell

into a totipotent zygote by nuclear transfer into an enucleated frog egg, giving rise

to a whole frog.27,28 This work won Sir Gurdon the Nobel Prize for Physiology or

Medicine in 2012, and was the basis for the birth of the first cloned mammal, ‘Dolly’

the sheep.29 Somatic-cell nuclear transfer (SCNT) was and continues to be a highly

promising technique to create patient-customisable cells, containing the patient’s own

entire genome. In 2011, we came closer to realising human nuclear transfer embryonic

stem cells than ever before, in a study that created triploid cells by implanting

somatic cells into an intact nuclear oocyte.30 Now, in a recent publication by the
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Oregon-based Mitalipov group, the authors claim to have isolated diploid karyotyped

hESCs from a blastocyst derived by SCNT. They state that they have retained meiotic

activity and enhanced enucleation by incorporation of caffeine and hemagglutinating

virus of Japan inactivated envelope based fusion.31 This development was met with

much controversy largely due to the initial blockbuster investigation led by Hwang

eight years previous that was quickly revealed to contain falsified data.32 This, in

combination with suspicious publication issues, has made researchers sceptical on

the reliability of Mitalipov’s newly released study.33 However, in a recent report by

Chung et al., these results were replicated, where cells exhibited normal karyotypes

and expressed pluripotency markers using adult and elderly cell-donors;34 and thus,

SNCT could be the newest answer to patient specific medicine.

1.1.3 Emergence of Induced Pluripotent Stem Cells

The idea of directly reprogramming a cell to a less specialised state was accomplished

by Davis et al., where they succeeded in converting mouse fibroblasts into myoblasts by

overexpressing MyoD.35 From this work came the concept of transcription factors as

key regulators of cell identity. This same idea was implemented by Nobel Prize winner,

Shinya Yamanaka, when he derived induced pluripotent stem cells (iPSCs) from adult

mouse fibroblasts through ectopic co-expression of just four genes.36 Chosen for their

role in ESC pluripotency, Yamanaka and his colleagues performed an elegant screen

of 24 gene candidates and found that overexpressing the combination of OCT4, SOX2,

KLF4, and c-MYC genes led to a state closely resembling pluripotency in ESCs. 36

This outstanding discovery was followed only one year later by the reprogramming

of human fibroblasts into iPSCs.37–39 Fully reprogrammed cells self-renew due to the

reactivation of the telomerase gene; they express pluripotency genes OCT4, SOX2,

and NANOG; cell surface markers THY1 and SSEA1 are down- and up-regulated,

respectively.40

The first methods of iPSC generation featured techniques of viral integration into
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the target cell genome with retroviruses or lentiviruses. Even though these viruses

do not contain viral envelops and are unable to propagate once inserted, the risk of

viral component introduction into a patient in a therapeutic setting is still too high.8

Therefore, other methods of generation have been developed and are described in

Table 1.1, modified from Robinton and Daley (2012).8

The main goal of all of these techniques is to create a PSC that is identical to ESCs

in function, self-renewal capabilities, differentiation efficiencies, morphology, and in

epigenetic and genetic coding. Although, fully reprogrammed cells do often show

the same self-renewal tendencies as ESCs, discrepancies have been found in their

propensity to differentiate towards certain lineages (sometimes depending on the cell

of origin), as well as in the epigenetic status.15,41 Thus, although non-integrating,

excisable and DNA free methods are optimal for clinical applications, reprogramming

efficiencies for any of these techniques are astonishingly low (0.001 - 2%. It appears

that the field of iPSC generation is moving with such vigour that many researchers

are losing the applicability of their designed process. More work into the optimisation

of these techniques, with respect to ESC comparison, and a goal in bringing the bench

closer to the bedside would transport these methods closer to industrial applications

of cell therapy.15
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Table 1.1: Induced pluripotent stem cell methods of generation. Table adapted from
Robinton and Daley (2012)8

Vector 
type 

 Cell types Factors Advantages Disadvantages 

Integrating 

Retroviral 

Fibroblasts, 
neural stem 
cells, stomach 
cells, liver 
cells, 
keratinocytes, 
amniotic 
cells, blood 
cells, adipose 
cells 

OSKM, 
OSK, 
OSK + 
VPA, or 
OS + VPA 

Reasonably efficient 
Genomic integration, 
incomplete proviral silencing 
and slow kinetics 

Lentiviral 
Fibroblasts, 
keratinocytes 

OSKM or 
miR302/3
67 cluster 
+ VPA 

Reasonably efficient and 
transduced dividing and non-
dividing cells 

Genomic integration and 
incomplete proviral silencing 

Inducible 
lentiviral 

Fibroblasts, β 
cells, 
keratinocytes, 
blood cells 
and 
melanocytes 

OSKM or 
OSKMN 

Reasonably efficient and allows 
controlled expression of factors 

Genomic integration and 
requirement for transactivator 
expression 

Excisable 

Transposon Fibroblasts OSKM 
Reasonably efficient and no 
genomic integration 

Labour-intensive screening of 
excised lines 

IoxP-
flanked 
lentiviral 

Fibroblasts OSK 
Reasonably efficient and no 
genomic integration 

Labour-intensive screening of 
excised lines and IoxP sites 
retained in the genome 

Non-
integrating 

Adenoviral 
Fibroblasts, 
liver cells 

OSKM No genomic integration Low efficiency 

Plasmid Fibroblasts OSNL 
Only occasional genomic 
integration 

Low efficiency and occasional 
vector genomic integration 

DNA free 

Sendai virus Fibroblasts OSKM No genomic integration 
Sequence-sensitive RNA 
replicase and difficulty in 
purging cells or replicating virus 

Protein Fibroblasts OS 

No genomic integration, direct 
delivery of transcription factors 
and no DNA-related 
complications 

Low efficiency, short half-life, 
requirement for large quantities 
of pure proteins and multiple 
applications of protein 

Modified 
mRNA 

Fibroblasts 
PSK or 
OSKML + 
VPA 

No genomic integration, bypasses 
innate antiviral response, faster 
reprogramming kinetics, 
controllable and high efficiency 

Requirement for multiple round 
of transfection 

microRNA 

Adipose 
stromal cells, 
dermal 
fibroblasts 

miR-200c, 
miR-302s 
or miR-
369s 

Reasonably efficient, faster 
reprogramming kinetics than 
commonly used lentiviral or 
retroviral vectors, no exogenous 
transcription factors and no risk 
of integration  

Lower efficiency than other 
commonly used methods 

Note: Reprogramming factors are described as single letter abbreviations such that K, represents KLF4; L, LIN28; M, c-MYC; N, NANOG; O, OCT4; S, 
SOX2; and VPA, valproic acid.  Low efficiency refers to ~0.001; reasonably efficient is in the range of ~ 0.1 to 2%; and high efficiency refers to a range of 
~1-4.5%. 
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1.1.4 Direct Reprogramming

Stemming from iPSC discovery, a new technique called lineage reprogramming has

surfaced. It uses lineage-specific factors to directly reprogram adult somatic cells

to another mature cell type, skipping the pluripotent intermediate.42 Employing a

multi-factor screening approach like that of Takahashi and Yamanaka to generate

iPSCs from mouse fibroblasts,36 numerous groups were able to obtain directly

reprogrammed neurons,43 cardiomyocytes,44 hepatocytes, chondrocytes, and several

other cell types.42,45 Veirbuchen et al. used a combination of 19 genes to identify

three factors to induce excitatory neurons from mouse fibroblasts (Ascl1, Brn2,

and Mytl1 or Zic1).43 Similarly, Ieda and co-workers induced and isolated beating

cardiomyocytes with a three-factor combination (Gata4, Mef2c, and Tbx5), originally

starting with a 14-factor cocktail.44 Since then, cells reprogrammed with these same

factors have been shown to improve cardiac function when injected into injured

mouse myocardium.44,46 However, it appeared that the same protocols could not be

transferred from mouse to humans. Two years later, Islas et al. were the first to

report direct conversion of human foreskin fibroblasts into cardiac progenitor cells

with MESP1 and ETS2.47

Compared to lightening-paced iPSC research, direct reprogramming technology is

still several years behind, and thus whether lineage reprogramming is possible without

viral integration is a major remaining unanswered question.42,45,46 Aside from inherent

risk of teratoma formation associated with iPSCs, both techniques currently have

other challenges like incomplete reprogramming, inefficient and inappropriate tissue

differentiation, or insertional mutagenesis caused by the reprogramming factors.45

Although lineage reprogramming is likely to be an exciting prospect for regenerative

therapies, at this point in development there are too many unknowns to attempt

direct reprogramming in advanced biomaterials for this PhD project; therefore, PSCs

will be the main focus of this work.
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1.2 Stem Cells in Research and Regenerative Medi-

cine

On the whole, the main goal of regenerative medicine has been to repair and

restore both the architecture and function of damaged tissue. This objective has

been addressed from both in vitro and in vivo standpoints.48 Combining stem cell

engineering with regenerative medicine has led to more specific goals in clinical trials,

namely, delivery and localisation of viable stem cells to a target tissue and avoidance

of various potential complications (e.g. procedural problems, toxicity related to the

host or donor, failure to maintain cellular growth).49

1.2.1 Challenges to Control Stem Cell Fate

Since the introduction of ESCs and iPSCs in regenerative medicine, understanding

and controlling the mechanisms of differentiation to yield a desired cell type has

been a critical hurdle that must be overcome before approaching clinical trials. The

addition of growth factors (which are known to contribute to commitment to a target

cell type in vivo) to media has become a popular method to direct differentiation

and therefore control stem cell fate in vitro.

In the body, differentiation begins at the gastrulation stage and is the defining

event in the organisation of the body-axis. In this process, epithelial cells from the

epiblast are committed into three germ layers: ectoderm, mesoderm and endoderm–

which will later give rise to all tissues and organs (Figure 1.1 a, reproduced from

Murry et al (2008)4). Prior to gastrulation, the pluripotent cells from the inner

cell mass transform into a particular cup-like shape. Thereafter, cells from the

resulting epiblast are separated from the surrounding primitive endoderm by a
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basal lamina. Upon initiation of gastrulation, the germ layers are established as

the primitive streak (PS) takes shape on the posterior side of the embryo,50–52 as

depicted in Figure 1.1 b (reproduced from Ungrin et al. (2008)53), and accompanied

by ubiquitous expression of T-Brachyury and Mixl1.54 Wnt3 and Nodal (from the

transforming growth factor beta family) are responsible for the formation of the PS

as well as the antero-posterior polarity of the epiblast, as indicated by up-regulation

of Foxα2 and Goosecoid genes in the anterior region, along with HoxB1 and Evx1

in the posterior.4 Inhibitors of Wnt and Nodal are expressed in the extraembryonic

tissue, termed anterior visceral endoderm (labeled as visceral endoderm in Figure 4),

restricting the PS to the posterior side.55 Also directed by Wnt signaling, epiblast

cells undergo epithelial-to-mesenchymal (EMT) transition as they ingress through

the primitive steak, and become committed toward the mesoderm and definitive

endoderm lineages. Conversely, the cells that do not ingress leave the epiblast and

commit to ectoderm.50–52,56
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Figure 1.1: Schematics of gastrulation in mammals. The three germ layers are
formed: ectoderm, mesoderm and endoderm (a). Wnt and Nodal signaling initiate
the formation of the primitive streak which directs the formation of the three germ
layers from embryonic day 6.25 to 7. Pluripotent cells from the epiblast ingress to form
mesoderm and definitive endoderm while those which do not ingress, differentiate
to form the ectoderm on the anterior side of the embryo. In late gastrulation, the
notochord and node are formed which undergo further polarization and patterning,
reproduced from Murry et al. (2008) with permission from Elsevier (see Appendix
A).4 (b). Reprinted from Ungrin et al. (2008), human embyroid bodies (EBs) formed
by hanging drop method of heterogenous populations of hESCs, exhibit two distinct
domains, visible in brightfield light microscopy (c). The inner region stains for the
pluripotency marker Oct4 (d, e shown in red), while the outer extremities show
presence of endodermal marker Foxα2 (c, green) with laminin lining the interfaces
(e, green). Scale bars represent 100 µm.53

Gastrulation is a dynamic process; in the mouse, it is initiated at day 6.25 of

embryonic development as the PS takes shape on the posterior pole of the embryo.55

Furthermore, cells assume different fates depending on when they exit the PS (i.e.

undergo EMT). Those first to leave the PS lead to extraembryonic, cardiac, and

cranial mesoderm, as well as definitive endoderm. Cells that leave nearing the end

of gastrulation give rise to lateral plate and then paraxial mesoderm.55 Excellent

reviews that depict the intricacies of lineage specification are available from Tam

and Loebel (2007), Murry and Keller (2008), and Rossant and Tam (2009).4,57,58
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Biomolecular signaling plays a central role in most biological processes. These signals

are typically presented in a tightly-regulated spatial and temporal fashion. A case

in point is morphogen gradients that polarize or pattern the developing embryo.

Through asymmetric signaling of morphogens, an initially homogeneous cell mass (as

in early development) organises into a precisely arranged architecture of differentiated

cells, defining body axis orientation as well as organogenesis.59

Following this concept, the first step of most directed differentiation in vitro is the

conversion of ESCs or iPSCs to the pertinent germ layer, leading to the final desired

cell type.60 Only a few growth factors are needed to specify a lineage: endoderm can

be induced by high concentration of activin A (member of the transforming growth

factor β superfamily) in both mouse and humans;61,62 low concentrations of activin A

yields mesoderm in humans (although some groups reported that bone morphogenic

protein (BMP) 4 in addition to activin A results in higher efficiencies);63,64 induction

of the ectoderm layer in mice and humans can be achieved with a protein antagonist

of endogenous BMP and WNT signalling.65,66 Once specified to a germ lineage,

different combinations of protein growth factors, signalling molecules and small

molecules are used to provoke commitment towards specific pathways.60

From the viewpoint of tissue engineering, the propensity to recapitulate processes

involved in early human development allow us to use the innate mechanical, spatial,

and temporal instructive cues for designing appropriate hESC and human induced

pluripotent stem cell (hiPSC) differentiation protocols, and biomaterial substitutes

for tissue repair and regeneration. We are currently limited by a lack of understand

of these complex mechanisms that give rise to all tissues in the body. Traditional two-

dimensional (2D) culture systems do not provide the multi-dimensional information

and support to adequately mimic these processes. To this end, 3D cell aggregates–

EBs–have been studied for hPSC differentiation culture, as they permit specification

into all three germ layers.67 While mouse PSC populations are inherently more

homogeneous than humans, owing to their ‘naive’ and ‘primed’ states, respectively,68

both species can be cultured as EBs to mimic the spatiotemporal formation of
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embryonic development (Figure 1.1 c, d, e).53

1.2.2 Promising Avenues for Stem Cell-Based Regenerative

Medicine

Extensive work using PSCs as pre-clinical drug screens and to model neurological,

haematological, metabolic, cardiovascular, and immunodeficiency disease types have

led to a deeper understanding of the disease mechanisms and responses to various

pharmaceuticals. Using ESCs and iPSCs for drug discovery can reveal secret effects

and dangers that could previously only be exposed by testing in a live person.

Research from the Rubin lab amplified the need for PSCs in drug discovery in a

study that focused on amyotrophic lateral sclerosis (ALS), commonly known as Lou

Gerhig’s disease, where motor neurons progressively die, disrupting communication

between muscles and the brain. 69 A screen to identify molecules that extended the

life of normal (derived from ESCs) and ALS-patient-iPSC-derived motor neurons

revealed one lead that prevailed over the standard motor neuron culture systems.

Kenpaullone (GSK-3 inhibitor) was shown to increase cell survival better than two

leads that were promising in mouse pre-clinical trials, yet failed in phase III human

trails.69

Although very useful tools ex vivo, some of the most exciting PSC developments

have originated from cell therapies. Two pioneering in vivo investigations from the

Jaenisch group showed that iPSC-based therapies could be in our near future. In

2007, Hanna et al. derived iPSCs from a humanised mouse model of sickle-cell

anaemia, and were able to rescue the mice by transplanting the genetically repaired,

autologous haematopoietic progenitors. High cell retention and survival in the blood

gave rise to corrected disease phenotypes.70 A year later, Wernig and coworkers

targeted Parkinson’s disease in a rat model. Functionally integrating iPSC derived

dopaminergic neurons into the rat improved the disease symptoms and posed as
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a proof-of-principle concept of treating neurological diseases in a patient-specific

manner.71

Investigations into the property of stem cell self-renewal has also identified striking

similarities between these cells and cancer cells, and has punctuated a paradigm shift

in traditional cancer models. The scientific community has begun to question the

existence of ‘cancer stem cells’–rare cells with indefinite self-renewal potential driving

tumourigenesis.72,73 As conventional therapies struggle to efficiently kill cancer cells,

it is possible that tumour growth and metastasis are in some cases driven by a small

population of cancer stem cells that are less sensitive to these therapies. Now, much

effort is being dedicated to identifying and targeting these cells for more rigorous

cancer therapies.74–76

Bone marrow transplant for treatment of blood cancers is a regulatory-approved

stem cell-based therapy that has been around for many years already. Following

this breakthrough, myriad stem cell remedies are currently being investigated in

all phases of clinical trials, for diseases ranging from non-life threating back pain

and infertility to HIV, heart failure, cerebral palsy, and Huntington’s disease. Most

recently, a fascinating study on hESC-derived retinal pigment epithelium (RPE)

transplanted into patients with the leading cause of blindness in the developing world,

Stargardt’s macular dystrophy, showed modest ameliorations but gave one man 20/40

vision, improved from 20/400 before the trial.77,78 This massive success propelled a

revolutionary leap forward in the iPSC world. The first hiPSC-derived patient trials,

administered by the RIKEN institute in Japan, were initiated in September 2014 on

a 70-year-old woman experiencing age-related macular degeneration. RPE cell sheets

were implanted into the retina and eliminated the need for near constant anti-vascular

endothelial growth factor (VEGF) ocular injections to prevent disease recurrence for

over six months. While regulatory changes in the Japanese drug approval system

has led to a temporary halt in planned surgeries for future patients, this remains a

momentous advancement for the field of stem cell regenerative medicines.
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The ability to consistently identify and remove remaining pluripotent cells after

differentiation is a major asset for human transplantation.8 Although the aforemen-

tioned studies have employed fluorescence-assisted cell sorting (FACS) to remove

pluripotent cell populations, more stringent assays are required to ensure the quality

of the transplanting cell group. Polanco et al. recently released a cell safety assay

which identifies fully or partially reprogrammed iPSC lines and their propensities to

revert to a pluripotent phenotype once differentiated.79 Methods to reveal ‘dangerous’

stem cells will no doubt play a vastly important role in propelling stem cell therapies

into the clinic.

Some of the most cutting-edge work has been with stem cell-based interventions in

tissue engineering. Recapitulating natural stem cell microenvironments can lead to

more robust therapies. To date, many tissue engineering strategies have made it to

and/or through clinical trials for repair or support of skin, bone, cartilage, cardiac

muscle and countless other life-saving therapies; although as stem cell research is

still in its infancy compared to many standard treatments, this impressive cell source

has not yet been extensively utilised (see Place et al. (2009) for a more in-depth

review).80 Furthermore, coupling advanced biomaterial technologies with highly

amenable hiPSC sources may throw open numerous doors for host-specific medicine.

1.2.3 Limitation of Controlling Stem Cell Fate

As recombinant growth factors can be high cost and require exceptionally tedious

protocol optimisation,60,81 small molecules are an attractive alternative. These

chemical compounds are less expensive in large-scale production, usually very stable,

non-immunogenic, have low batch variability, and may be more applicable for

therapeutic methods than growth factors. Takahashi et al. showed a neat example of

this option by effectively inducing cardiomyocytes from ESCs using ascorbic acid.82

Unfortunately, developing reliable methods to selectively guide differentiation has

proven exceedingly challenging.60 As the most proficient step of differentiation,
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germ layer induction is only about 80% efficient, and can be largely attributed to

heterogeneity of starting ESC and iPSC populations. 61,64 Furthermore, adult stem

cells thrive in unique 3D microenvironments, termed niches, in vivo (introduced

on page 41). However, classical in vitro culture conditions lack the structural and

soluble stimuli provided by the niche; as efficiencies post germ layer induction are

very low, often less than 30%, the stem cell niche proves to be a crucial parameter

in cell fate determination.60 Moreover, the standard stem cell culture substrates,

like Matrigel, gelatin, and a number of other extracellular matrix proteins, could

potentially affect the stem cells in ways we currently do not understand. Furthermore,

3D culture of PSCs has proven exceedingly difficult, and only in the last three years

has it been possible to maintain cells in a pluripotent state on synthetic matrices,

thanks to integration of peptide-based and cell-driven matrix degradation, providing

cell migration possibilities and exposing crucial adhesion ligands.83–85

Currently, there is no consensus on how best to induce PSCs, nor are there common,

robust protocols to reliably differentiate to specific cell types. This is a major

issue for implementation of iPSC-replacement therapies. Until studies can cease to

concentrate on new and novel avenues for generation and specialisation and instead

focus on optimisation, progress towards the clinic will continue to be hampered.79

Furthermore, cell apoptosis post-engraftment, inflammatory responses, and inefficient

directed differentiation and proliferation are all major drawbacks to current cell

therapies. However, the integration of biomaterials into stem cell therapies has shown

enormous potential for patient-specific treatment. The following section discusses

various advances in stem-cell based tissue engineering.
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1.3 Tissue Engineering with Stem Cells

In vivo, somatic (adult) stem cells are hosted by specialised and complex instructive

microenvironments called niches. Although the key function of the niche is the

maintenance of a pool of slowly proliferating stem cells, it also provides support (by

niche cells), soluble cues, and other extrinsic stimuli from ECM interactions.2,59

Illustrated in Figure 1.2, adapted from Lutolf & Blau (2009), the ECM is made up of

a fibrillar network functionalised with sugars and proteins, which render the matrix

sufficiently porous to allow diffusion of nutrients, metabolites and waste products for

homeostasis. Through the diffusion of autocrine and paracrine factors, stem cells

receive important soluble signals. It is byway of this stem and niche cell crosstalk

that the niche tightly controls both self-renewal and differentiation (responsible for

tissue maintenance and regeneration) of the stem cells in defined locations within a

tissue.59,80
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Figure 1.2: Tissue development, regeneration and homeostasis are all directed by
interactions between the stem cell and its microenvironment (a). Physical (cell-cell
interactions) and soluble stimuli and immobilised cues regulate the cell behaviour
and control cell fate determination (b). Figure modified from Lutolf & Blau (2009)
with permission from John Wiley and Sons (Appendix A).2

Cell-secreted macromolecular components enable both cell-responsive and cell-

instructive functions of the ECM, making the niche a highly dynamic environment.

For instance, although the ECM instructs cell behaviour, cells can also remodel their

own environment as needed. In the case of trauma, cell migration is directed by

cytokines, and it is the enzymes secreted by these migrating cells which remodel the

ECM by selective cleavage of peptide bonds.86 The ECM itself is a vast reservoir

of latent growth factors and sequestered cytokines. Upon proteolysis, the cryptic

information contained within the ECM is released, and propagates a reciprocal
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response on the microenvironment of the cells.87

Internalising and interpreting extracellular signals is not only dependent on the

receptor proteins the cells have translated and to which receptor the signaling molecule

binds, but is reliant on the individual cell’s developmental history, intracellular

transduction pathways and gene expression. Thus, an identical morphogen can be

presented to two types of the same target cells and provoke completely different

responses.88 This concept becomes vital during mammalian development as cells

begin to commit to certain lineages. On a basic level, cues diffuse from a central

signaling point and produce a morphogen concentration gradient.

In vivo, the body-axis formation and polarization of the neural tube are highly

dependent on the formation of these gradients for function. In the later case, two

different signally factors are presented to the neural tube, transforming growth

factor-β (TGFβ) factors BMP4 and BMP7 in the floor plate (dorsal), and BMP

antagonist–sonic hedgehog (Shh), in the ventrally located notochord, as shown in

Figure 1.3.3 According to their proximity to the source, cells follow different fates:

those exposed to high concentrations of the soluble stimuli conform to a certain

developmental pathway, whereas those further away take on a different trajectory.89,90

Therefore, a single cell type specialises into discrete regions of interneurons, neurons,

and motor neurons, which define the function of the neural tube.89 During embryonic

development, cells in the inner cell mass are also guided down specific pathways

dictated by influences from their history, the spatial orientation, and eccentricities of

their close neighbours. Latent signals have been shown to regulate fate decisions in

early development as they provide a relatively direct pathway for gene expression

control.86
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Figure 1.3: Opposing gradients originating from BMP4 and 7 expression in the floor
plate and Shh in the notochord pattern the neural tube, inducing specific transcription
factors in successive discrete domains. Different sets of cells are exposed to different
concentrations of TGFβ proteins and Shh at different times with those closer to the
signaling centers being exposed sooner and at higher concentrations. This process
translates the competence to generate particular types of neurons and glial cells to
the finite subpopulations of progenitors in a spatio-temporal manner.3,89,90 Figure
modified from Aviles, Wilson and Stoeckli (2013).91

Furthermore, the niche defines cell shape, as the surrounding ECM imposes con-

straints on the cells during development and throughout adulthood.92,93 This mor-

phological factor was also proven to act as a potent regulator of cell signalling and

fate determination.94

Globally, the niche acts as a regulatory entity. Once stem cells lose contact with

their network, the lack of structural support and biochemical stimuli often costs in

stem cell function, as demonstrated by rapid specialisation of somatic cells when

removed from their in vivo microenvironments and cultured on simple tissue culture

plastic (TCP).2

As mentioned previously, traditional in vitro differentiation protocols rely on a

blanket delivery of soluble cues and do not take into account the nature of the cell in

terms of cellular history, gene expression patterns nor regional and temporal specifics

in relation to its local physical environment. As a result, cells undergo divergent
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pathways of commitment and differentiation efficiencies can be very low. In the

recent past, complex polymer biomolecule delivery systems have begun to emerge

for stem cell fate control, often playing off of native biological processes, such as

adhesion and proteolysis.88

Artificial extracellular matrices (aECMs) are currently used as in vitro model systems

which mimic tissue homeostasis and regeneration. The main goals in engineering

aECMs are the recapitulation of natural ECM instructive and responsive operations.

This is achieved by creating a matrix that mimics the cellular microenvironments

by i) exhibiting similar diffusive and viscoelastic properties, ii) by incorporating

biocompatible cross-linking chemistries which also include the possibility of cell

embedding and macromolecule tethering, iii) and by responding to the needs of the

cells. Incorporating all these qualities into one aECM would attempt to meet the

multi-functional requirements of the cells.1

With these goals in mind, multiple engineering designs have been published using ar-

tificial niches to manipulate stem cell fate. While some technologies, like micron-scale

2D protein patterning, single stem cell microwell arrays, niche protein microarrays,

and niche signal gradients feature high-throughput capabilities and can often give

single-cell resolution, they lack the three-dimensionality and biochemical complexity

that is required to recapitulate the natural ECM.

One promising avenue towards rebuilding complex hierarchical tissues in vitro is 3D

cell patterning by ink-jet printing. Phillippi and colleagues succeeded in inducing

differentiation of mesenchymal progenitor cells to defined subpopulations of osteogenic

or myogenic cells by ‘bioprinting’ solid-phase BMP2 in 2D patterns on the same

fibrin hydrogel.95 Electrospun scaffolds have been explored as 3D cell scaffolds for

articular cartilage and bone repair, recapitulating the natural zonal morphology

with polymer microfibers has led to region-specific control of seeded chondrocyte

numbers.96 Protein-tethered scaffolds are an equally hot topic in tissue engineering,

with interest from various high-profile tissue engineer groups, including the Stevens
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Group. Chow and colleagues were able to achieve gradients of tethered morphogens

in electrospun scaffolds to mimic natural biomolecular gradients in vivo.97 While

these techniques are applicable to highly structured, rigid native tissues, they do not

translate well to softer matrix requirements or cell types which are easily influenced

by shear stress related manipulation, such as PSCs.

High water content hydrogels have been a major medium of interest for 3D scaffold

design, capable of imbibing water with similar compositions to soft tissues of living

organisms, 90-99%. Common biological hydrogels for tissue engineering, like agarose,

chitosan, hyaluronic acid, alginate, fibrin, Matrigel and collagen (with the latter

four being frequently chosen for cardiac regeneration), are biocompatible and easily

degradable.98 However, rates of degradation of these matrices do not necessarily

conform to in vivo timing. They are also mechanical weak, highly variable and

difficult to control in terms of physicochemical properties. For this reason, synthetic

hydrogels are superior, as their properties, including degradability, can be finely tuned

to support tissues in vivo. Poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA),

poly(lactic-coglycolic acid), self-assembling peptides and polyacrylates are examples

of some synthetic gels used for cardiac and other types of tissue engineering.99 The

most impressive hydrogel systems designed are highly biomimetic, featuring enzyme-

sensitive, cell-adhesive, or anti-inflammatory peptide segments which can indirectly

promote proliferation, differentiation, migration, as well as angiogenesis.99,100 Peptide

sequences such as arginine-glycine-aspartic acid (RGD) have been shown to improve

cell adhesion when functionalised to PEG gels, over the pure hydrogel counterpart.101

Ehrbar et al. were some of the first to deliver cues from both soluble and tethered

molecules within a gel; integrated cell-responsiveness through bound transglutaminase,

factor XIIIa, and MMP-cleavable residues gained site-specific coupling of adhesion

ligands and selective degradability by cell-secreted proteolytic enzymes functionalised

to multi-arm PEG molecules.5
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1.3.1 Matrix Degradation by Matrix Metalloproteinase

The ability of cells to break-down their ECM is of utmost importance in cases of injury

where rapid tissue repair is required, and during proliferation, to continuously renew

the pool of matrix molecules as the body adapts to stresses. Matrix metalloproteinases

(MMPs) are extracellular proteolytic enzymes secreted by cells, which cut particular

amino acid sequences of matrix molecules and enable cell migration.86 As members of

the metzinc superfamily of metalloproteinases, their catalytic cores are constituted of

a central zinc atom with a methionine residue following.102 To date, 24 human genes

have been identified to encode for MMP enzymes, with 25 having been identified

in a wide variety of vertebrates, and 23 in mice.103 Balanced by their inhibitors

(tissue inhibitors of metalloproteinases, TIMPs), MMPs are not only believed to

play an important role in embryonic development and growth,104 but they have

been widely studied for their involvement in various physiological and pathological

processes, such as angiogenesis, cell migration, adhesion, dispersion, proliferation,

apoptosis, anoikis, biomolecule activity, wound healing, inflammation, coagulation, in

cancer, cardiovascular, pulmonary, and rheumatic diseases. Numerous reviews depict

these processes in detail.104–112 Here, we briefly look at their structure particularities,

activation mechanisms, specificities for certain substrates or amino acid residues,

their function in regulating ECM-embedded biomolecules, and their interactions with

TIMPs.

MMP Protein Structure

Mammalian MMPs have a common structure, consisting of pre-, pro-, catalytic,

and hemopexin-like domains. The pre-peptide domain is a short signal amino acid

sequence at the N-terminal that is discarded upon synthesis in the endoplasmic

reticulum. The majority of MMPs are secreted into the ECM; however, there are six

that are retained as cell surface enzymes, displaying a transmembrane domain.113

The pro-domain is made up of a cysteine residue that interacts with zinc and calcium
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ions in the active site, functioning to inhibit binding and cleavage of a substrate,

and rendering the enzyme inactive in a latent form (pro-enzyme, or pro-MMP). The

catalytic-domain dictates cleavage specificity and features the zinc-binding region

with the ion located at the bottom of the active cleft.102 Specificity is achieved by

binding of sub-site pockets found next to the scissile bond and outside of the active

cleft as well.114 The four-bladed propeller structure of the hemopexin-like C terminus

fills numerous tasks: mediating protein-protein interactions, recognition, as well as

protease localisation and degradation, among others.105,115

In keeping with the project concept (see chapter 2), cell-secreted MMPs are of

primary interest as steric-constrained membrane-bound enzymes are likely to have

little interaction with peptide cross-linked biomolecule encapsulating polymersomes.

MMP Activation Dynamics

MMP activation is not only transcriptionally controlled, but at the base, there are

three mechanisms that manage MMP activity. Local activation occurs through

cleavage of the inactive enzyme precursors to expose the active site and is performed

extracellularly, often by other matrix degrading enzymes. MMPs can also be activated

by cell surface receptor confinement, localising the enzymes to areas of need and

producing a conformational change. TIMPs and protease inhibitors block activation

and are often secreted during matrix degradation to protect areas of the ECM that

are not involved. In some cases, activation also depends on the presence of certain

TIMPs.86,109

MMP2, or Gelatinase A, is a unique example of complex cascade activation, as it

relies on the presence of numerous MMPs, both secreted and membrane-bound, and

contribution by inhibitors. Figure 1.4 depicts this multi-step process.115
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Figure 1.4: MMP2 activation process. A membrane-type MMP (MT-MMP) is first
chaperoned to the surface by its pro-MMP counterpart, where it can be conformation-
ally activated through contact with the cell membrane or extracellular effectors. It
selectively binds to the N-terminal of TIMP2, which leaves the C-terminal available
for binding pro-MMP2 at the cell-surface (top panel). Activation of the mature
MMP2 occurs through double cleavage, first by an active MT-MMP removing part
of the pro-peptide, and second by another MMP2. The arrival of another MMP2
docking protein releases the active enzyme from the surface (bottom panel). This
figure is reproduced from Sternlicht & Werb (2001) with permission from Annual
Review of Cell and Developmental Biology.115

Facilitated by its precursor, membrane-type matrix metalloproteinase (MT-MMP) is

inhibited by TIMP2. With multi-funcitonal capabilities, the C-terminal of TIMP2

can then also bind the hemopexin domain of pro-MMP2, immobilising it temporarily

at the cell-surface. A second, uninhibited MT-MMP cleaves a portion of the pro-
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peptide of the inactive MMP2, which only partially activates the enzyme. For

maturity, a separate activated MMP2 removes the remaining encumbering peptide

and it is released from the TIMP2 inhibitor when another MMP2 protein docks in

replacement.115,116

While not heavily investigated in vitro due to obvious complications with cellular

responses, enzyme activity is also largely temperature dependent. A rise in temper-

ature elicits more molecular motion and subsequently more interactions between

the enzyme and a substrate. However, an upper limit exists where the stability of

the protein is compromised, destroying their tertiary structure and rendering them

ineffective for binding. Conversely, at temperatures too low for meeting the activation

energy required, the reaction likewise does not result in binding.117 However, it has

been demonstrated that MMP activation is successful at both 30oC and 37oC for

collagenases MMP1 and MMP8, gelatinases MMP2 and MMP9, stromelysin MMP3,

and matrilysin MMP7.111

MMP Substrate Specificity

Given the range of matrix molecules present in various tissues, determining MMP

specificity has largely been explored through in vitro experimentation. Due to

similarities in the catalytic domains, multiple MMPs may process the same substrate.

Collagen type IV and laminin in particular have been extensively studied, and can

be cleaved by MMP1, MMP2, MMP3, MMP7, MMP9, MMP10, MMP12, and MT1-

MMP (MMP14).109,111 Table 1.2, adapted from Snoek-van Beurden & Von den Hoff

(2005),118 casts an overview of MMP binding affinities for various substrates.
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Table 1.2: Cell-secreted and membrane-bound members of the MMP family (table
adapted from Snoek-van Beurden et al. (2005))118

While overlap is evident, it should be stressed that MMPs do not necessarily interact

with the same peptide sequences or the same sites. For example, collagenases

MMP1, MMP8 and MMP13 are members of the same subgroup, yet their individual
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specificities are unique, as they degrade amino acid residues of a particular sequence

at a small number of cleavage sites. This selective degradation ensures structural

integrity of the matrix, while allowing for adequate cell migration. Least specific

MMPs are tethered to the cell membrane, and thus their actions are retained to

locally available matrix molecules.86,87 Nagase & Fields reported relative enzyme

efficiencies (kcat/KM) towards hundreds of truncated peptide sequences, in terms of

turnover rate (kcat, the reciprocal of the time required for one enzyme to process one

substrate molecule) and the Michaelis-Menten constant (KM, minimum substrate

concentration needed to achieve effective catalysis). On the basis of these values,

artificial ECMs have been designed, incorporating MMP-cleavable sequences for cell

migration.119,120 The topic of employing MMPs for tissue engineering strategies is

discussed in subsection 1.3.3.

In vivo, the function of MMPs is primarily dependent on different gene expression

patterns. In fact, their roles are dictated by both spatial and temporal cues com-

municated by the cells and ECM.116 As MMPs and TIMPs are abundant in many

processes in the body, their functions could be easily employed for tissue engineering

strategies. Knowing which MMPs are present in each biological process will allow

for a more in-depth comprehension of their function and importance in the body

and will unlock doors to a multitude of applications (see subsection 1.3.2 for further

discussion of this topic).

Modulation of Cryptic Morphogens

Proteolytic events created by MMPs liberate morphogens whose activity was oth-

erwise hidden due to ECM interaction, thusly termed ‘cryptic’. VEGF, involved

in angiogensis, and TGFβ, which is an important cytokine for homeostatis, are

two proteins that are stored inside the confines of the matrix and only become

available once cleaved by proteolysis.86,87 Not limited to entire proteins, MMPs also

cleave off certain protein fragments of the basement membrane, which can only
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then be activated. These matrikines interact with specific receptors and have been

shown to influence immune responses, organ development, angiogenesis, and tumor

progression.121,122

MMP2 and MMP9 have been of particular interest as both expose cryptic neoep-

itopes within collagen IV which result in enhanced angiogensis.123 Conversely, these

fragments provide instructional information to the MMPs as well. In the Stevens

Group, the release of a cryptic protein fragment from the laminin α1-chain was

reported to influence embryonic stem cell early development, shifting expression of

EMT related transcription factors Snai1 and E-cadherin, and provoking changes in

MMP2 and MMP9.124

The selective release of these fragments produces a localised gradient of stimuli.

Implemented intelligently, this mechanism could be employed for tissue engineer-

ing purposes, where a matrix designed with appropriate cues could closely mimic

biological processes. These ideas are further explored in subsection 1.3.3.

Tissue Inhibitors of MMPs

Although there are four known endogenously expressed tissue inhibitors of matrix

metalloproteinases, TIMP1 and TIMP2 are currently the most thoroughly stud-

ied. The TIMP mechanism of action occurs through the catalytic domain of both

active and inactive MMPs, where they competitively bind, preventing access to sub-

strates.112 Between TIMP1 to 4, binding affinities vary for different types of MMPs.

Although both TIMP1 and TIMP2 have been found in most human tissues, TIMP1

preferentially binds MMP1, MMP3, MMP7 and MMP9 through the hemopexin-like

domain as compared to MMP2.125 TIMP2, on the other hand, has highest affinity

for MMP2.126 Furthermore, TIMP1-/- and TIMP2-/- mice are severely development-

ally impaired with the former resulting in accelerated hepatocyte cell-cycling and

endometrial gland formation,127,128 learning difficulties and memory loss,129 and the

latter responsible for numerous motor defects. 130 TIMP3-/- mouse embryonic fibro-
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blasts (mEFs) exhibited increased pro-MMP2 activation, where exogenous TIMP3

addition to the matrix failed to recover this enhancement. Therefore, until now,

its mechanistic involvement is unclear. TIMP4, while reported to unpreferentially

inhibit multiple MMPs, deficiencies show no phenotypical changes in mEFs.131

1.3.2 Role of MMPs in Early Differentiation

As previously mentioned, the gastrulation stage of early mammalian development

is a crucial point at which cells of the inner cell mass begin to differentiate from

pluripotency upon ingression through the primitive steak. The remaining cells

commit to the ectoderm germ layer and those that migrate contribute to mesoderm

and definitive endoderm lineages. For this to occur, epithelial cells must disturb the

thin, highly cross-linked sheets of ECM which constitute the basement membrane

and migrate through this barrier to take on a mesenchymal phenotype (Figure 1.5).

The EMT is not only essential to germ layer specification, but it is also the primary

process of tissue morphogenesis, cancer and metastasis. While it has proven difficult

to elucidate the cellular mechanisms of how these barriers are degraded due to the

complicated and insoluble basement membranes, and understanding the cell-ECM

crosstalk in in vivo environments, there is substantial evidence that suggests that

MMPs play a central role.109
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Figure 1.5: EMT transition. Epithelial cells, forming a highly ordered layer on top of
a densely structured basement membrane, penetrate the matrix and migrate through,
adopting a mesenchymal phenotype. Basement membrane degradation is achieved
by activation of both membrane bound (MT-MMPs) and secreted MMPs. Schematic
modified from Horejs et al. (2016).109

Since total MMP-knockouts are impossible in mammalian models due to abnormalities

during embryogenesis that do not result in life after birth, the role of MMPs during

development must be explored incrementally, linking expression of certain MMPs

during known processes.109 To that effect, MMP expression levels have been shown to

significantly increase in numerous EMT related processes, such as during gastrulation

in several animal models in vivo,132–134 cancer cell migration in tissue culture,135

and in vivo fibrogenesis.136 Specifically, the involvement of MMP1, MMP2, MMP9,

MT1-MMP and MMP3 during EMT has been widely accepted.135,137–140

Focusing on early development, all single MMP-knockout mice survive embryogenesis.

However, MT1-MMP deficient lines do not develop normally and die a few weeks

after birth.105 In combination with MMP2-knockout, double mutants perish at an

earlier stage still.141
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Furthermore, MMP2 has been implicated in neural crest development, both in

vivo and in vitro. In this case, MMP2 function was identified as transmigrational,

disrupting the EMT and basal membrane in an MMP2 knockdown of the dorsal neural

tube, as opposed to being an effector of mesenchymal matrix remodelling.134 MMP2

has immense impact in angiogenesis and in heart valve and tube development. In

unpublished in vitro observations by Chow and colleagues, inhibition of MMP activity

can disturb localisation of important signalling proteins for heart organogenesis,

specifically β-catenin.107

In mice, in vitro MMP9 expression is highly up-regulated in trophoblasts, which

must migrate into the maternal tissue to commence placenta formation.142 In fact,

both migration and degradation are severely hampered by MMP inhibition in these

cells in culture. The in vivo role of MMP9 during early development was investigated

in ETS2-(a transcriptional MMP regulator)-knockout mice. The mice die in utero,

and do not survive birth due to impaired development of the placenta.143

With the knowledge of MMP expression patterns during key stages of development,

tissue regeneration, or disease, novel biomimetic in vitro culture systems can be

designed to harness the MMP power and selectivity of degradation.

1.3.3 MMPs for Tissue Engineering

Exploiting enzymes for cellular delivery of soluble factors has a number of benefits.

Firstly, they can be highly selective in the reactions they catalyse. Secondly, their

optimal working conditions are akin to a physiological environment (37oC, pH 5 -

8, and aqueous media). Thirdly, they are avid contributors to biological processes

required during development, in healthy tissues and in disease pathology. And finally,

the incorporation of MMPs into biomaterials stimulates a reciprocal communication

between the biological environment and the enzyme-sensitive material, recapitulating

native nano-scale processes in the body.144
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A wide selection of membrane-bound and secreted MMPs have been reported in

myocardium, both in development and during myocardial infarction and heart

failure including MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP13 and

MT1-MMP.110 As current surgical techniques target the symptoms of cardiovascular

disease and myocardial infarction (MI), tissue engineering and regenerative therapies

utilising MMP expression have the potential to be much more effective as they strive

to tackle the underlying disease pathology. Thus, the majority of MMP mechanisms

used in biomaterial therapies have targeted cardiac regeneration, as implantable or

injectable hydrogel interventions.

Taking cues from in vivo systems, when including MMP-sensitive peptides into

a PEG gel, Kraehenbuehl and co-workers demonstrated cardiac progenitor cell

differentiation could be more easily driven from embryonal carcinoma cells, when aided

by rate-controlled network degradation.145 In a collaboration between biomaterial

pioneers, the Langer and Hubbell Groups, Kraehenbuel et al. developed an injectable

endothelial and smooth muscle cell seeded MMP-degradable PEG gel infused with

angiogenic and pro-survival factor, thymosin β-4, which decreased infarct size,

increased vessel density, and improved function in an ischemic heart model in

rats.120 With the use of TIMPs, Purcell et al. were able to attenuate MMP-driven

matrix remodelling in an infarcted porcine heart. Their injectable bio-responsive

hydrogel sequesters TIMP3 through MMP-sensitive peptide bonds and depends

on the naturally high expression of MMPs during MI for release and subsequent

inhibition.146

Several studies have begun to harness the natural MMP mechanisms to not only

provide cell migration capabilities, but induce latent growth factor-driven control.

One study comparing VEGF conjugated to a hydrogel versus simple mixing revealed

that the tethered version yielded smaller scars and better heart muscle responsiveness

when examined 35 days post-injection.147 This same concept was applied to growth

factor release of BMP2 in several reports of both encapsulated and free growth

factors.148–150 In an MMP-cleavable hyaluronic acid based hydrogel with tethered
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BMP2, critical-sized calvarial defects were significantly repaired with presentation of

cryptic BMP2 as compared to the degradable gel alone.148 Work from the Zandstra

Group demonstrated maintenance of PSCs in a state of self-renewal by tethering

LIF to MMP degradable peptides within a maleic anhydride copolymer thin film.151

A recent study out of the University of Rochester demonstrated the first enzyme

rate-controlled biomaterial drug release system, using several MMP-sensitive linkers,

tunable release was possible of the pro-angiogenic peptide mimic of VEGF, Qk.152

To tether growth factors to a stationary scaffold, these groups have generally followed

two approaches, i) non covalent binding through physisorption, and ii) covalent

attachment to an artificial ECM, or a combination of these, embedding within a

hydrogel that has been covalently cross-linked (via photo-cross-linking, which has

been shown to affect the structure and subsequent function of proteins,153 or via thiol-

dependent chemistries, which excludes all cysteine containing soluble factors)149–151.

This attachment process is highly risky, as linking strategies all rely on retained

biological activity. While in some cases, the activity appears to be unaffected

(studies discussed above), it is not possible to ensure this is the true of all tethered

biomolecules, as some may preferentially bind through their active sites. Furthermore,

once cleaved, the latent morphogen may possess degraded fragments from the designed

ECM, which could also negatively affect activity as well as receptor recognition and

binding. Thus, a more dynamic biomolecule delivery system is paramount to the

development of robust in vitro culture systems that do not interfere with biomolecular

activity. Soluble stimuli encapsulation by nano-particles, which demands no chemical

or physical alterations whatsoever, is an intriguing prospect to address this issue.



1.4. Nanoparticle-Based Biomolecule Delivery 59

1.4 Nanoparticle-Based Biomolecule Delivery

Polymeric vesicles, or ‘polymersomes’, have gathered increasing interest in nano-

medicine as drug-delivery vehicles, biosensors, and tools for in vivo imaging. Similar to

their namesakes, liposomes, they harbour amphiphilic blocks of different hydrophobic

and hydrophilic monomer chains, which can self assemble into bilayer nano- and

micro-sized particles in aqueous solvents.154

Lipids are the more natural unimer and tend to be biocompatible, which has led

to their development as liposomal drug carriers. They range in size from 50-1000

nm, housing a phospholipid bilayer, and have gained much interest as non-viral

gene delivery systems thanks to their carrying capacity (1000 to 10 000 times more

particles than their viral counterparts) of bioactive molecules. They are reputed

for the ease and safety of large scale production, as well as versatility regarding

functionalisation for targeting purposes.155 Recent advances have been made by

introducing liposomes into tissue engineered scaffolds, a system already employed

for sustained delivery of drugs, to extend safe release, and to protect and localise

the cargo to a specific area.6,155 While the use of liposomes as nanocarriers is the

dominant method used, with revenues estimated at $500 million USD annually, they

hold significant limitations including a lack of control over biomolecule release, and

important drawbacks for pharmacokinetics.156

Polymersomes have been recognised as sophisticated and versatile carriers thanks to

highly tunable properties, chemical stability, and encapsulation potential for a wide

variety of molecules and pharmaceuticals. These synthetic layered vesicles are likewise

composed of polymeric amphiphilic blocks, and were first reported by Discher et al.

in 1999.157 The inner, hydrophobic, part of the bilayer membrane acts to separate and

protect the aqueous core from external disturbances, while the fluidic core can be en-

gaged to house a number of molecule types for therapeutic, sensing, imaging, and elec-
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tronic applications.6,158 Furthermore, polymersomes possess a major advantage over

their natural counterpart: inherently small, phospholipids are limited to molecular

weights below 1 kDa, whereas polymersomes are super amphiphiles and range in size

up to 100 kDa, allowing them to encapsulate larger volumes of molecules and molecules

of greater size. Recent studies have explored biodegradable, cross-linked and stimuli-

sensitive block copolymers such as pH-sensitive poly(L-lysine)-poly(L-glutamic acid),

or temperature-responsive poly(ethylene glycol)-poly(N-isopropylacrylamide) (PEG-

pNIPAAM),159 ultra violet light-sensitive poly(acrylic acid)-b-poly(methacrylate) or

cathepsin B enzyme-triggered responsive of methoxy-poly(ethylene gylcol)-peptide-

poly(D,L-lactide) (mPEG-pep-PDLLA)160, and many are summarised in a review

by Lee and Feijen (2012).6 The following sections explore how these characteristics

may be engaged for a novel system employing the first polymersomes for tissue

engineering strategies.

1.4.1 Polymersome Tunable Characteristics

Polymersome properties are firstly dependent on the composition of their amphiphilic

building blocks. Features such as biocompatibility, permeability, and stimuli-triggered

assembly or release can be designed into the backbone of the system.154 To date, nu-

merous polymersomes have been formed with a wide selection of amphiphilic polymer

chains; however, tissue engineering strategies dictate the need for both biocom-

patible and biodegradable functionality. Synthetic (e.g. PEG, poly[caprolactone],

poly[vinylpyrrolidone]), semi-synthetic (e.g. poly-lysine), or even natural (e.g. dex-

tran) polymers have been proposed for this purpose. PEG is the most widely used

polymer for biomaterials. As an FDA-approved compound, numerous advantages of

using PEG-based polymersomes include protein repellence via steric hindrance, high

hydrophilicity, low enzymatic degradability, and the ability to incorporate additional

functional groups within the structure.1

The relative molecular weights (MW) of the hydrophilic and hydrophobic chains
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synthesised determine particle morphology and conformation of the membrane. As a

general rule, polymersome formation is preferential when the hydrophilic block MW

is approximately 35% of the mass of the total unimer dissolved in water, with a 10%

window above and below this mark. As the hydrophilic chain MW approaches 45%, or

is less than 25% of the total mass, micelle microstructures have been reported.156,161

This phenomenon has also been described in terms of block cross-sectional area,

where bilayer particles are expected to form as the areas of both polar and non-polar

constituents are approximately equal, and the formation of micelles or inverse micelles

can be seen when these groups are unequal.162 Tuning the molecular architecture

affects the assembly behaviour, the transport kinetics, and resulting mechanical

properties.161

The membrane’s structural characteristics differ with identical monomer units used

if synthesised as diblocks, triblocks, multiblocks or random blocks of polymers chains

containing one repeating monomer unit per block. For instance, diblocks have been

shown to produce rigid ‘I’-shaped morphologies, rendering them less permeable as

compared to triblocks which can take on a ‘U’-shaped conformation, as illustrated in

Figure 1.6 from Lee and Feijen (2012) 6.163 However, assembly is largely dependent

on the solvent as well as on the architecture of the polymer. Thus, cryogenic

transmission electron microscopy, which uses liquid nitrogen to instantaneously freeze

particles in their native environment, where they can be imaged,164 is the only

definite confirmation of particle morphology.

Figure 1.6: Polymersome membrane conformations of diblock and triblock co-
polymers, with ‘A’, ‘B’ and ‘C’ indicating polymeric chains of a single repeating
monomer unit. Reprinted from Lee and Feijen (2012) with permission from the
Journal of Controlled Release.6
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The mechanical stability and fluidity of the particle is correlated to the thickness

of the membrane formed upon self-assembly. By probing the membrane viscosity

and lateral diffusivity, it is apparent that fluidity increases as the polymer chains

decrease in length and become less entangled. In this view, the total molecular

weight of the vesicle is a major design factor, with polymersomes of 8 - 100 kDa

forming membranes which range in thickness from 2 - 30 nm, and liposomes only

capable of producing membranes of 3 - 5 nm.165–167 Thus, a clear advantage exists in

the tunability of the structure and intrinsic properties of the polymersomes over the

natural substitute. These relationships are described graphically in Figure 1.7.156

Figure 1.7: Graphical interpretation of relative vesicular physical properties as
compared to the total molecular weight (MW [Da]). The membrane permeability,
particle lateral mobility, and electrochemical stability are functions of the MW of
the amphiphile, as opposed to elasticity which is independent of the thickness of the
membrane. Figure adapted from Discher et al. (2006).156

1.4.2 Stimuli-Responsive Polymersomes

The recent innovation of ‘smart’ polymersomes has been an exciting development for

the field of stimuli-controlled delivery systems. Either responding to internal (e.g.

temperature, pH, redox potential, glucose level) or external (e.g. light, magnetic field,

ultrasound) influences, polymersomes can be programmed to precipitate or dissolve,

swell or collapse, undergo a hydrophilic or hydrophobic transition, cleave bonds,

degrade, or release cargo reversibly and non-reversibly.168–170 However, for biomedical
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applications, the design of biomolecule carriers has primarily been focused on altering

the balance of hydrophobicity to hydrophilicity and punctuating a disintegration of

the polymeric structure followed by release of encapsulated cargo upon pH changes

that are inconsistent with physiological conditions, or elevated temperatures compared

to healthy human tissue.6,169 Generally, there are three major aims with regards

to the design of stimuli-responsive polymersomes: i) to prompt random aggregate

formation by the polymer as a result of block copolymer solubility changes, ii) to

destruct the particle structure and release internalised molecules, or iii) to disrupt

the vesicular membrane and render it sufficiently porous to release encapsulated

cargo.168

Thermo-responsive polymersomes are composed of two or more polymer chains

with one being temperature responsive; that is, when dissolved in a solvent they

preferentially experience a volume phase transition, also termed ‘cloud point’, as

polymers become insoluble and the solution appears cloudy at a specific temperature

and composition.158 Thermo-responsive polymersomes exhibit either an upper critical

solution temperature (UCST) or lower critical solution temperature (LCST) where a

coil-to-globule change occurs as the temperature decreases or increases, respectively

(Figure 1.8).
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Figure 1.8: Thermo-sensitive polymers experience a volume phase transition, where
the solution changes from one to two phases. Such polymers (red) either exhibit
an LCST or a UCST at a particular solvent-polymer composition, by increasing
or decreasing the temperature, respectively. This transition can still occur at
compositions differing to the critical points; however, the cloud point transition
(blue) will be at an inherently higher, or lower temperature to the LCST and UCST,
respectively, according to the properties of the polymeric solution. Figure modified
from Phillips & Gibson (2015).171

The phase-mixing process can be explained thermodynamically by the Gibbs Free

Energy equation, ∆G = ∆H - T∆S (where ∆G is the change in Gibbs Free Energy,

∆H is the change in enthalpy, T is the temperature, and ∆S is the change in entropy).

For the LCST, mixing between the polymer and the solvent occurs spontaneously

below the transition point in an aqueous environment. As the temperature increases

above the LCST, water molecules are free to be as disordered as possible because

the polymer is aggregating. Here, entropy drives the system to be energetically

favourable.158,168 In contrast, the UCST is enthalpically driven and depends on

dissolution and the balance between intra- and intermolecular interactions such as

Van-der-Waals forces and hydrophobic effects.172 It should be noted that the critical

phase transition is not only temperature dependent but relies on several conditions,

such as polymer composition, length of the side chains, choice of solvent employed

for dissolution, salt concentration, etc., and thus this parameter can be modulated

to some extent.

Most common thermo-sensitive polymers used for biomedical applications employ an

LCST for aggregate formation which generally hovers around the body temperature.
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Some examples include poly(N,N-diethylacrylamide) (LCST : 25 - 32oC),173 poly(N-

vinylcaprolactam) (25 - 35oC),174 poly(N-cyclopropylacrylamide) (45 - 53oC),175,176

and pNIPAAM with the latter having an LCST of approximately 32oC and transitions

within 2 - 3 degrees. Since emergence in 1967 for its phase transition behaviour, 177

pNIPAAM has become the most widely studied thermo-reponsive polymer thanks to

its biocompatibility and has been applied to various in vitro and in vivo work.177,178

pNIPAAM has been combined with several hydrophilic block copolymers to mod-

ulate the LCST and form polymersomes with various properties for drug delivery

applications.168,179–181 Temperature sensitivity was used for polymersome formation

in the majority of studied systems; however, some also applied this transition to

release of encapsulated cargo as well. Using a PEG-pNIPAAM block copolymers,

Qin et al. reported vesicular assembly with a wide range of PEG chain MW percent,

7.6 - 21% (w/w), when dissolved in water at 37oC. By creating a copolymer, they

were not only able to broaden the LCST transition up to 10 degrees, it was also

possible to encapsulate an active antibiotic, Doxorubicin, and trigger efficient release

by cooling.159 Additionally, there are constantly new thermo-sensitive polymers being

developed; Roy et al. have explored these alternative approaches in an elegant

review.176

Enzyme-responsive biomaterials have had growing interest on a global scale thanks to

highly selective catalysation potential, mild working conditions that mirror physiology,

and function in aqueous media. So far, development has focused on switchable bond-

forming or bond-degrading structures for assembly and disassembly, respectively.182

While common enzymes to catalyse these reactions in hydrogels (as described in

subsection 1.3.3) and micelles have ranged from proteases, nucleases, kinases, or

phosphotases, highly dynamic polymersome enzyme-sensitive particles have only

just begun to grace the stage of stimuli responsive materials.168,183 The few studies

that take advantage of these biologically favourable conditions required for enzyme

reaction have incorporated enzyme-specific peptide sequences into their polymeric

backbone. The first of which was reported by Lee et al. (2011) using a cathepsin
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B (CATB)-cleavable Gly-Phe-Leu-Gly-Phe (GFLGF) peptide sequence straddled

by two biocompatible and biodegradable polymer chains, methoxyPEG providing

hydrophilicity and PDLLA as the lipophilic end. Upon dissolution in water with

acridine orange dye, polymersomes self-assembled to form particles of 120 nm which

could be selectively degraded by active CATB protein and release fluorescent cargo

over seven days.160 This example has been the only polymersome enzyme-responsive

material pitched for cancer intervention, and the three other studies were published

in the last year and have targeted bacteria as a biosensor and delivery of antimicro-

bial agents for prevention of antibiotic resistance.184,185 Using simple self-assembly

methods according to naturally amphiphilic chains, Wang and co-workers synthes-

ised poly(caprolactone)-poly(phenylalanine-stat-lysine-stat-[lysine-folic acid]) for its

antibacterial and targeting folic acid structure. With this method, they were able to

demonstrate elevated antibiotic activities upon cleavage of the central peptide chain

in both Gram-negative and Gram-positive bacteria.186

As previously mentioned, cells in an ECM require specific spatiotemporal exposure

to morphogens in order to undergo efficient differentiation processes. With the

prospect of combining these innovative polymersome biomolecular delivery systems

with classical stem cell in vitro culture for locally controlled differentiation, certain

fluctuations in temperature and pH are unavoidable due to manual manipulation

of the cells; and thus, simple stimuli-responsive self-assembly is likely to provoke

premature disassembly. Furthermore, all supramolecular delivery systems, be they

synthetic or natural, confront a challenge when introduced into live-cell environments

as they can be easily destabilised.187 It is clear that polymersomes offer substantial

advantages in regards to particle stability and cargo retention as compared to

liposomes and other self-assembled particles. However, as biomolecular delivery

systems for in vitro culture and tissue engineering, on the whole they remain

unreliable for cargo release and targeted delivery of soluble cues. The development of

vesicle cross-linking strategies has gone great lengths to eliminate these limitations.
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1.4.3 Cross-Linked Polymersomes

Stimuli-responsive nanoparticles have become increasingly versatile over the past few

years, with advances in trigger multiplexing, combinations of pH-temperature,180

temperature-redox,188,189 pH-enzyme,190 temperature-pH-guest molecules as well as

numerous others have been published.169 Until now, only a scarce few of these feature

synthetic polymersome systems, with no multi-sensitivities reported for enzymes. In

order to accommodate for multiple stimuli responses, covalent cross-links have been

introduced to engage better particle stability and programmed control in a variety

of complex environments.

By multiplexing the polymersome system with specific cross-linking moieties, ves-

icle membranes can not only be reinforced with a covalently cross-linked shell,

but their degradation can be selective for distinct conditions. Xu et al. used

PEG-poly(acrylic acid)-pNIPAAM (PEG-pAA-pNIPAAM) block copolymers to

demonstrated a simplistic dual-responsive reversible cross-linked polymersome (CLP)

functionality. Sharp temperature-initiated polymersome self-assemblies were tunable

between 31 and 33oC in water by manipulating the thermo-responsive polymer

pNIPAAM block lengths. A bioreducible cross-linker, cystamine, could be coupled

by classical carboiimide cross-linking chemistries to yield a CLP that is sensitive to

environments of the cytoplasm or cell nuclei. Encapsulating fluorescent molecules

ranging from 4 to 40 kDa, it was possible to achieve controlled release in the presence

of dithiothreitol (DTT). 188 As an extension of this study, the Zhong group showed

that with the same tri-block copolymers, LCSTs could be manipulated by up to 5oC

by optimising the salt and ionic force of the solvent for dissolution. Regardless of

thermo-responsive polymer block length, LCSTs of 38 and 39oC were possible. Thus,

at physiological conditions (37oC), a triggered burst-release of encapsulated proteins

(cytochrome C) and resultant apoptotic effect was reported, stemming from the biolo-

gical environment.189 The same group demonstrated that cross-linking functionality

could be retained when swapping the thermo-responsive nature of pNIPAAM for



1.4. Nanoparticle-Based Biomolecule Delivery 68

pH-driven vesicle formation, developing pH-redox dual responsive polymersomes with

PEG-pAA-poly(2-(diethylamino)ethylmethacrylate) water soluble polymer which

self-assembles at pH 7.8 or above.191

Several groups have reported enhanced cargo retention and particle stability thanks to

photo-cross-linking capabilities. Chen et al. developed a UV light-cross-linkable poly-

mersome based on pNIPAAM thermo-responsive aggregation, poly(2-cinnamoylethyl-

methacrylate)-pNIPAAM. However, in this model, high powered irradiation at λem

254 mn for a minimum of four hours was required for efficient reaction completion,

and could illicit alteration of bioactive encapsulated components.192

Thus, cross-linking thermo-sensitive polymersomes has substantial benefits for active

biomolecule delivery in stem cell in vitro culture systems, such as i) simplistic

and tunable self-assembly, ii) effective cross-linking in mild, aqueous, physiological

conditions, iii) hydrophilic and lipophilic bioactive cargo can be encapsulated without

compromising the integrity of the biomolecule (e.g. by chemical or physical tethering,

or by organic solvents and harsh UV irradiation upon cross-linking), iv) enhanced

control over cargo release kinetics by multiple stimuli, in diffusive or burst expulsion.

Regrettably, there is a significant problem with the existing cross-linking chemistry for

biologically relevant applications. Vesicle formation by high intensity UV radiation

has a real potential to damage the bioactivity of molecules in the polymersome lumen.

Furthermore, coupling with a diamine through the carboxylic acid of the acrylic acid

prevents encapsulation of anything containing an amine or a carboxylic acid, which

encompasses many proteins and important biomolecules for differentiation, thereby

excluding an enormous group of potential soluble stimuli.193,194 By incorporating

alkynes into the polymer, orthogonal cross-linking chemistry can be employed, as

has been demonstrated recently in our lab (R. Chapman (2013), unpublished work

is detailed in Appendix D).

While there have been no cross-linked enzyme-sensitive polymersomes developed to

date, it would be possible to transform the current enzyme degradation conforma-
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tions from the peptide-backbone targeted particle disruption. This truly unexplored

concept would be highly powerful when using biocompatible thermoresponsive poly-

mers, like pNIPAAM, where a vesicle only forms into the assembled state when

dropped below or heated higher than their threshold critical temperatures (approx-

imately 33oC for pNIPAAm),158 and otherwise remains unimolecularly dissolved.

The addition of certain monomer units, like pAA blocks in a pNIPAAM homo-

polymer, allows cross-linking of the vesicles at temperatures above the LCST; such

that when the structures are cooled, they remain swollen CLPs. Until now, this

structure has been exploited only to prepare pH degradable capsules. Like those

developed by Xu and colleagues,188 where polymersomes were cross-linked with

dithiol functional groups, and cleaved under acidic conditions produced inside a

cell. However, because of the versatility of the system, one could envisage cross-

linking with any number of molecules, including enzymatically cleavable peptides

to strengthen the shell, and allowing the destruction of the vesicle under a number

of conditions. Unlike typical CLPs, the cross-linker is, at this point, the only com-

ponent responsible for maintaining the vesicular structure, allowing for burst-release

of contents if the cross-linker is cleaved (R. Chapman [2013], unpublished). This

novel biomolecule encapsulating system could be employed for in vitro cell culture

as a cell-responsive/cell-instructive system by incorporating specific MMP-sensitive

peptide linkers as the first polymersome-based strategy in tissue engineering.



Chapter 2

Project Concept

Plans are of little importance, but
planning is essential.

Winston Churchill

Coupling advanced biomolecule delivery techniques with tissue engineering, it is

hypothesised that local control of active biomolecule release during stem cell differ-

entiation can be provided through the use of polymeric nanomaterials sensitive to

cell-secreted MMP enzymes. To achieve this goal, it is proposed to develop, charac-

terise and validate novel MMP-degradable peptide cross-linked thermo-responsive

polymersomes to encapsulate soluble stimuli which can be triggered to be released

as a bio-inspired cell-instructive and cell-responsive platform.

It has been shown that certain MMPs, such as MMP1, MMP2 and MMP9, are

expressed and secreted during early mammalian differentiation and act to remodel

their ECM (Figure 2.1 a & b).124,132–134,137 However, their specific expression patterns

are dependent on a number of important factors, such as species, cell state, matrix

support, and paracrine and autocrine signaling. Taking advantage of these gene

expression profiles would allow us to design a cell-responsive method of differentiation

culture.

70
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Current biomolecule delivery systems employ biomaterials to mimic the natural

microenvironment and MMP-mediated release of cryptic morphogens, encapsulated

within a hydrogel ECM.147–149 This has proven to be a very promising technique;

however, the attachment methods involve invasive covalent linking,146,150,151 and

once detached from the matrix, fragments from the linkage degradation can remain

bound to the biomolecule, which may alter the bioactivity and functionality of

the stimuli. As a differentiation platform, it is complicated by the possibility of

accidental morphogen inactivation and limited in application, as not all molecules

can be embedded. Through encapsulation into synthetic dual stimuli-responsive,

cross-linked polymersomes, originally developed by Xu et al. (2009) and modified in

the Stevens Group for orthogonal peptide cross-linking to encapsulate proteins (R.

Chapman [2013]), it would be possible to avoid cross-linking chemistries that are

detrimental to function and choice of cargo, enabling better particle stability and

contents retention.

An innovative degradable system composed of a PEG-pAA-pNIPAAM is thermo-

responsive and forms vesicles near body temperature due to the presence of pNIPAAM;188

yet, it is biocompatible, highly tunable, and non-protein absorbent due to the contri-

bution of PEG.80 This PEG-pNIPAAM polymer has been employed in various tissue

engineering applications;158 here, it encloses a short pAA chain modified with pro-

pargyl amine to yield alkyne groups. By click chemistry cross-linking azide functional

MMP-cleavable peptides, biologically active components can be encapsulated within

vesicles without chemical interaction (Appendix D). Furthermore as previously men-

tioned, these dual responsive polymersomes which are self-assembled and cross-linked

at temperatures above the LCST can be disassembled in two ways, i) above the

thermoresponsive point, degradation of the cross-linker initiates release of cargo by

diffusion, and ii) upon cooling below the thermoresponsive point, a burst-release

mechanism dominates if the cross-linker is cleaved (Figure 2.1 c). According to Cheng

et al. (2011), the triggered-burst expulsion system may be possible at physiological

conditions, as LCSTs of 38 - 39oC were reported with PEG-pAA-pNIPAAM polymers
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of various lengths in phosphate buffered saline (PBS).189

To validate this microsystem, murine and human pluripotent stem cells are differen-

tiated in 2D and 3D, and exposed to CLPs sensitive to a specific MMP (determined

by enzyme expression patterns during early differentiation). As antibodies show

similarities to growth factors required for differentiation, such as size, complexity

and modulation of cell-receptor-mediated signaling, CLP function and MMP se-

lectivity are assessed based on release of encapsulated surface receptor antibodies as

proof-of-concept (Figure 2.1 d).
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Figure 2.1: Schematic representation of PhD project concept, illustrating the key
players: secretion of MMPs from differentiating stem cells, a polymeric enzyme-
sensitive vehicle, and MMP trigger for stimuli release to facilitate local interactions
of cell-directed morphogen gradients (a). MMP1, MMP2 and MMP9 enzymes are
expressed as stem cells depart from a pluripotent state (b). Using dual responsive
polymersomes, which can self-assemble and be cross-linked with MMP-sensitive
peptides above the LCST, interaction with secreted enzymes punctuates a selective
nano-vesicular degradation (c), and release of encapsulated morphogens when pro-
teolytically processed by their specific MMP enzyme (d), signaling differentiation (d,
bottom). The resulting platform is a cell-instructive and cell-responsive system that
can mediate specialisation toward a variety of mature lineages. Here, we propose
to ensnare active antibodies for cell surface labeling as a proof-of-concept study (d,
top). Note: these illustrations are not to scale.
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2.1 Specific Aims

To achieve this goal, the project is divided into six specific aims:

i) Investigate expression and activity of MMPs in early stages of murine and

human in vitro differentiation.

ii) Synthesise cross-linked polymersomes and incorporate trigger-cleavable pep-

tides. Characterise their thermo-responsive assembly, encapsulation efficiency, cyto-

toxicity, and ability to be tethered within 2D and 3D microenvironments.

iii) Use light and trypsin-cleavable CLPs as a model system to establish trigger-

dependent vesicle degradation and biomolecule release kinetics.

iv) Integrate selective enzyme-degradable peptide cross-links into the poly-

mersomes, such as CATB and MMP2, and determine degradation capacity and

encapsulated-factor release by recombinantly expressed protein triggers.

v) Establish platform function in murine EBs to test degradation of MMP-

sensitive CLPs by endogenous MMP2 and cargo release of active antibody by

integrin receptor labelling.

iv) Demonstrate MMP2 specificity and versatility of platform in hiPSCs as a

clinically relevant cell type during early in vitro differentiation.

For these studies, human cell lines were provided by collaborators; these include

hESCs by Professor Edward Stanley at Monash University, Australia, which were

transfected with an OCT4-mCherry reporter system, and are red fluorescent in the

pluripotent state,195 and iPSC lines generated by both integrative and non-integrative

methods (donated from Prof Andrew Laslett at CSIRO, Melbourne, Australia, and

Prof. Ernst Wolvetang at Queensland University, Australia, respectively).196,197

This CLP platform promises to be dynamic, and has the potential to outperform

current stem cell differentiation tactics, while posing as a real solution for tissue
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regeneration on the whole.



Chapter 3

Matrix Metalloproteinase Expression

and Activity

The science of today is the
technology of tomorrow.

Edward Teller

Much research interest has been dedicated to investigating the function of ECM

proteins due to their role in stem cell fate decisions, matrix degradation, cell mi-

gration, adhesion, dispersion, and angiogenesis. Specifically, their roles in EMT

related processes, such as mammalian gastrulation and cancer progression,132,135

have levied them as useful tools for tissue engineering and regenerative medicine

applications.120,146,150 Although, published reports give a glimpse of certain MMP

expression patterns in select areas in the chosen system, protein levels vary inside

and outside the cell membrane and need to be explored in different states of chemical

modification (e.g. during glycosylation). A better overall view is highly important to

fully understand MMP and TIMP activity. In order to harness the MMP enzymatic

function within a biomaterial, a robust knowledge of MMP expression in the ECM

and within the mESCs, hESCs and hiPSCs in our in vitro model is paramount

76
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to developing a dynamic cell-responsive and cell-instructive platform, capable of

recapitulating steps of early human tissue development. Furthermore, while certain

membrane-bound MMPs contribute to the activation of other MMPs, the proposed

platform relies on free MMPs released into the ECM to relinquish soluble stimuli,

and therefore, the expression of secreted MMPs is the main focus here.
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3.1 Materials & Methods

3.1.1 Cell Culture

Murine D3 ESC Culture with Serum-Based Medium

Murine D3 ESC (mD3 ESC, CRL-1934) cultures were obtained from American Type

Culture Collection (ATCC, Manassa, USA) and were maintained in a pluripotent

state with 10 ng/mL leukemia inhibitor factor (LIF, Sigma). mESC-D3s were

weaned from humidified atmosphere at 37oC, 5% CO2, on 0.1% (v/v) gelatin type-B

(Sigma), in Dulbecco’s modified Eagle medium (DMEM, Life Technologies), 0.1 mM

β-mercaptoethanol (Life Technologies), 1% (v/v) MEM non-essential amino acids

100X (NEAA, Life Technologies), 1% (v/v) L-glutamin (Invitrogen) supplemented

with 10% (v/v) fetal bovine serum (FBS, Life Technologies). Cells were harvested

with 0.05% 1X trypsin-EDTA (Life Technologies) and passaged at 70-80% confluency

(2-3 days).

Human Pluripotent Stem Cell Feeder Culture in Serum-Free KnockOut

Serum Replacement (KSR) Medium

Five hPSC lines were cultured in serum-free media on mouse embryonic fibroblasts

(mEFs) from the Commonwealth Scientific and Industrial Research Organisation

(CSIRO, Melbourne, AU) StemCore. Two iPSC clones 2 and 3 (NHF-iPS-1-2 and

NHF-iPS-1-3)197 derived from human fibroblasts using non-integrative episomal

generation were donated by Prof. Ernst Wolvetang (Queensland University, AU),

and two dental lines (human gingival fibroblasts [hGF-iPS-D4C4], and human period-

ontal ligament fibroblasts [hPDL-iPS-D1C6]) derived with the Yamanaka four-factor

(OCT4, SOX2, KLF4, C-MYC) retro-viral system were donated by Prof. Andrew
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Laslett (CSIRO, Melbourne, AU)196. The dental cell lines were obtained from healthy

female human premolars (donor 1 [D1]: age 15; donor 4 [D4]: age 32) removed and

collected with informed consent (Human Research Ethics Committee of the Univer-

sity of Adelaide; Approval Number H-112-2008, see section B.2). An H913 human

embryonic reporter cell line was generated and donated by Prof. Ed Stanley (Monash

University, AU) with a T2a fusion of mCherry at the C-terminus of the OCT4 coding

sequence (unpublished).

Human iPSCs were maintained at 37oC, 5% CO2 in KSR medium, which is composed

of 20% Knockout serum replacement (Life Technologies)/DMEM/F12 (Life Techno-

logies), 2 mM L-glutamine, 1% MEM Non-essential amino acids (Life Technologies),

0.1mM β-mercaptoethanol (Life Technologies) and 10 ng/mL of basic fibroblast

growth factor-2 (bFGF) (Millipore). Cells were seeded (30 000- 50 000 cells/cm2)

onto irradiated mEFs (36 000 cells/cm2, StemCore) which had been previously in-

cubated for 4-48 hours at 37oC and 5% CO2. Cells were harvested with Worthington

Collagenase I (Scimar) prepared to 300 units/ml and passaged every 5-7 days, to

form small clumps of cells when replating.

Human ESCs (H9-OCT4-mCherry) were maintained in the same KSR medium,

but supported on mEFs (StemCore) at a slightly higher density (40 000 cells/cm2).

Cells were dissociated with TypLETM Express (Life Technologies) for single cell bulk

culture. Likewise, cells were incubated at 37 oC in 5% CO2.

hPSC Feeder-Free Culture in E8 Serum-Free Medium

HiPSCs (NHF-iPS-1-2, NHF-iPS-1-3, hPDL-iPS-D1C6, hGF-iPS-D4C4) were cul-

tured in Complete E8 mediumTM (Life Technologies) on 1:1000 Geltrex® lactate

dehydrogenase-elevating virus-free - Qualified Reduced Growth Factor Basement

Membrane Matrix (Life Technologies) in DMEM/F12 (Life Technologies). The major

components of Geltrex matrix include laminin, collagen IV, entactin, and heparin

sulphate proteoglycan. Cells were passaged with 0.5 mM EDTA at 70-90% confluency
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(every 2-4 days). During culture, they were incubated at 37 oC and 5% CO2.

Human ESCs (H9-OCT4-mCherry) were cultured in the same conditions as the

hiPSCs, but were passaged again using TypLETM Express (Life Technologies) for

single cell bulk culture.

MMP Pre-Study Preparation

Murine D3 ESC cultures were weaned from 10% and to 5% (v/v) FBS (Life Technolo-

gies) for a period of two days, followed by ESGRO Complete Medium (Clonal grade,

Milllipore). Cells were harvested with ESGRO Complete Accutase (Millipore) and

passaged at approximately 70-80% confluency (2-3 days) onto 0.1% gelatin (Sigma)

in Dulbecco’s phosphate buffered saline 1X (DPBS, Life Technologies).

Murine D3 ESCs were maintained in serum-free ESGRO medium for at least two

passages prior to seeding. Tissue culture plastic plates were pre-incubated with

0.1% gelatin and cells were seeded in to following fashion: RNA extraction, two 100

mm dishes per time point (14x 100 mm plates) were seeded with 200 000 cells/dish;

Activity tests, one 100 mm dish per time point (7x100 mm plates) were seeded with

200 000 cells/dish; In-cell Western, one 12-well plate per time point (7x12-well plates)

seeded with 20 000 cells/well; AlamarBlue®, two wells of 24-well plate per time point

(1x24-well plate), seeded with 6 000 cells/well. Upon seeding, cells were deprived

of LIF and allowed to spontaneously differentiate. Medium was initially changed

every two days, for the first 4 days, followed by every day for the remainder of the

study due to the increased nutrient requirement. Seven time points were recorded on

days 0, 1, 2, 3, 5, 7, and 9. Day zero was plated under the same conditions and left

to adhere for 24 hours, in the presence of LIF, before performing biological assays.

The cells were studied using AlamarBlue®, quantitative real time polymer chain

reaction (qRT-PCR), Bradford Protein Assay, Western Blot, and In-Cell Western.

The techniques are described in the Bio Assays section.
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Murine D3 Embryoid Body MMP Study

Murine D3 EB formation was initiated by liquid suspension culture in differen-

tiation media deprived of LIF (DMEM [Life Technologies] with 1% [v/v] MEM

Non-essential Amino acids [Life Technologies], 1% [v/v] Glutamax [Invitrogen], 0.1

mM β-mercaptoethanol [Life Technologies], 10% [v/v] FBS, ES cell qualified [Thermo

Fisher Scientific]). Cells were dissociated using 0.05% trypsin-EDTA (Life Techno-

logies) and seeded at a density of 106 cells on 100-mm non-adherent Petri dishes.

The plates were orbitally shaken at 50 rpm for a period of seven days. Medium was

refreshed every two days. On four days of culture (0, 1, 3, and 7), 8 mL of medium

was collected for MMP2 activity and zymography assays, and cells were lysed with

RLT buffer (Qiagen) and stored at -80oC for qRT-PCR.

Human PSC MMP Study

Human iPSC lines NHF-iPS-1-3, and hPDL-iPS-D1C6, and hESC reporter line

H9-OCT4-mCherry were spontaneously differentiated in monolayer using serum-

containing media, consisting of DMEM (Life Technologies) with 1% (v/v) Non-

essential Amino acids (Life Technologies), 1% (v/v) Glutamax [Invitrogen], 10%

(v/v) FBS, ES cell qualified (Thermo Fisher Scientific). Cells were weaned onto

Accutase (StemCell Technologies) dissociating reagent for three passages prior to

seeding. Once cells reached 70-80% confluency, E8 pluripotency medium was refreshed

with 10 µM ROCK Inhibitor (Y-27632, Chemdea) two hours prior to seeding to

promote survival and attachment. Cells were harvested with Accutase, and seeded

at 150 000 cells/well onto 0.05% (v/v) Geltrex coated 6-well tissue culture plates.

Time points were selected on days 0, 1, 3, 5, 7, and 9. At each time point, media

from three wells were pooled for MMP2 activity analysis (9 mL), and three wells of

a 6-well plate were separately lysed with RLT buffer (Qiagen) and stored at -80 oC

for gene analysis by qRT-PCR. Experiments were completed with three biological

replicates per cell line (N = 3 [biological], n = 3 [experimental], nt = 3 [technical]).
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3.1.2 Molecular Biology Assays

AlamarBlue® Metabolic Activity Assay

AlamarBlue® (Invitrogen) assay was performed according to manufacturer’s instruc-

tions to quantify long-term metabolic activity of mD3 ESCs during spontaneous

differentiation over nine days. Cells were overlaid with fresh medium and 10%

AlamarBlue® solution, and incubated for three hours. The supernatant was then

collected and analysed by measuring the fluorescence emission at 585 nm (λex 570

nm).

qRT-PCR

At the indicated time points, RNA from was isolated using an RNeasy Mini Kit

(Qiagen) according to the manufacturer’s instructions. QuantiTect® Reverse Tran-

scription Kit (Qiagen) and SYBR Green technologies (QuantiTect ® SYBR Green

PCR Kit, Qiagen) were used to perform reverse transcription and qRT-PCR, respect-

ively. For preliminary murine ESC experiments, thermocycling and SYBR Green

detection were performed on a Corbett Rotorgene 6000 (Qiagen) with extension at

72oC, and denaturing at 95oC. For mEB and hPSC experiments, thermocycling and

SYBR Green detection were performed on a QuantStudioTM 6 Flex Real-Time PCR

System (Applied Biosystems) with the same extension and denaturing temperatures.

Annealing temperatures varied depending on the primers.

Primers compatible with mouse and human, MMP2 (forward [For] 5’-ATGGCAAGT

ATGGCTTCTG-3’ & reverse [Rev] 5’-GTAGGAGGTGCCCTGGAAG-3’), TIMP1

(For 5’-CACAGACAGCCTTCTGCAAC-3’ & Rev 5’-TGGTATAAGGTGGTCTCGT

TGA-3’), and TIMP2 (For 5’-TGGACGTTGGAGGAAAGAAG-3’ & Rev 5’-GGGCA

CAATGAAGTCACAGA-3’) were annealed at 52oC.

Primers for mouse, gapdh (Qiagen), mmp1a (For 5́-GGGGAGAGGTGTTTTTCTT
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CA-3’ & Rev 5’-TGGAAGATTTGGCCAGAGAA-3’) and mmp1b (For 5’-ATGCAAC

ACTGGATCCATGT-3’ & Rev 5’-CGATCAAAGGTTCTGGCAGG-3’) were an-

nealed at 60oC. snai1 (snai1 ) (For 5’-CATCCTTGGGGCGTGTAAGT-3’ & Rev 5’-

ATGGCATGGGGGTCTGAAAG-3’) and mmp9 (For 5’-TGTACCGCTATGGTTAC

AC-3’ & Rev 5’-CCGCGACACCAAACTGGAT-3’) were annealed at 55oC. All other

primers oct4 (For 5’-CGGACCAGGCTCAGAGGTAT-3’ & Rev 5’-GCTTTCATGTC

CTGGGACTCCTC-3’), nanog (For 5’-TGGTTGGTGTCTTGCTCTTTCT-3’ &

Rev 5’-AGAACTAGGCAAACTGTGGGG-3’), sox17 (Qiagen), gata6 (Qiagen), sox1

(Qiagen), fgf5 (Qiagen), foxα2 (Qiagen), t-brachyury (Qiagen) were all annealed at

58oC.

For human cDNA samples, MMP1 (For 5’-CCAGCGACTCTAGAAACACAAG-3’&

Rev 5’-TTTCAATCCTGTAGGTCAGATGTGT-3’), MMP9 (For 5’-CGCAGACATC

GTCATCCAGT-3’ & Rev 5’-GGATTGGCCTTGGAAGATGA-3’), MEOX1 (For 5’-

GAGATTGCGGTAAACCTGGA-3’ & Rev 5’-CTTCACACGCTTCCACTTCA-3’),

OCT4 (For 5’-GGCTCGAGAAGGATGTGGT-3’ & Rev 5’-GTTGTGCATAGTCGC-

TGCTT-3’), PAX6 (For 5’-GTGTCCAACGGATGTGTGAG-3’ & Rev 5’-CTAGCC-

AGGTTGCGAAGAAC-3’), NESTIN (For 5’-GGCGCACCTCAAGATGTCC-3’ &

Rev 5’-CTTGGGGTCCTGAAAGCTG-3’), T-BRACHYURY (For 5’-TCACAAAG-

AGATGATGGA GGAA-3’ & Rev 5’-ATGAGGATTTGCAGGTGGAC-3’) and

FOXα2 (Qiagen) were annealed at 58oC. SOX17 (Qaigen) was annealed at 57oC, and

GAPDH (For 5’-TGGTATCGTGGAAGGACTCATGA-3’ & Rev 5’-ATGCCAGTGA-

GCTTCCCGTT CAG-3’) and NANOG (For 5’-GATTTGTGGGCCTGAAGAAA-3’

& Rev 5’-CAGATCCATGGAGGAAGGAA-3’) were annealed at 62oC,

Transcript expression was calculated using the ∆∆Ct Pfaffl method relative to mD3

ESCs prior to seeding,198 with GAPDH as the internal control. Data are presented

as ∆∆Ct or the “log2(fold change from pluripotency)", such that the control sample

is set to zero, and down-regulation is presented on a negative scale.
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Bradford Protein Concentration Assay

For the Bradford protein assay (Sigma), samples were assayed alongside bovine

serum albumin (BSA) standards, and normalised to the medium. Absorbance was

measured at 595 nm. Two technical replicates were used per sample.

In-Cell WesternTM

For immunocytochemistry, cells were fixed with 3.7% (v/v) paraformaldehyde, washed

with PBS, permeabilised in 0.25% (v/v) Triton X-100, washed again, and blocked

in 3% (w/v) bovine serum albumin (BSA) in PBS-T (0.1% [v/v] Tween-20). Cells

were incubated with primary (rabbit) antibodies (anti-MMP1 (1:200, Abbiotec),

anti-MMP2 (1:100, Abcam), anti-TIMP1 (1:200, Abbiotec), anti-TIMP2 (1:200,

Abbiotec)) in 3% (w/v) BSA in PBS-T overnight at 4 oC. Cells were washed and

incubated with the fluorochrome-conjugated secondary IRDye 800CW Goat Anti-

Rabbit IgG antibody (1:2000, LiCor) and with Draq5 DNA stain (1:2000, New

England Biolabs). Fluorescence at 700nm (DNA), and 800nm (proteins of interest)

were analysed with Odyssey LiCor Software (LiCor) and scanning intensity 4 for

both channels. Samples were stored in PBS at 4oC for scanning on later days. The

data were normalised to DNA signal.

Western Blot

The cells were lysed with RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%

[v/v] Triton X-100), supplemented with protease inhibitor cocktail (Sigma). Proteins

were resolved by SDS-PAGE, transferred onto nitrocellulose membranes and blocked

with 3% (w/v) BSA in TBST (20 mM Tris-HCl, pH 7.6, 136 mM NaCl, and 0.1%

Tween-20). Cells were incubated with primary antibodies (anti-MMP1 (Abbiotec)

and anti-MMP2 (Abcam)), both at 1:500 overnight at 4oC. IRDye 800CW Goat

Anti-Rabbit IgG (1:3000, LiCor) was used as secondary antibody and analysed with
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Odyssey LiCor Software (LiCor). Active protein loading controls were used: MMP2

Active Human Protein (66 kDa, SRP3118, Sigma), MMP1 Active Human Protein

(52 kDa, ab124850, Abcam).

Zymography

To assess MMP2 activity in conditioned media, for murine studies, 8 mL of conditioned

medium was collected at different time points, filtered at 0.2 µm, and concentrated

to 500 µL by using Amicon ultracentrifugal units with 10 kDa molecular weight

cut-off (Fisher Scientific). For human cell studies, 9 mL of medium was pooled from

three samples, filtered and concentrated to 200 µL by 10 kDa limit ultracentrifuge

tubes (Fisher Scientific) for each time point. Samples were stored at -80oC, until all

experimental samples were gathered. First thawed on ice, 10 µL of medium sample

was mixed with 10 µL of Zymography Sample Buffer (Bio-Rad) and loaded onto 10%

Gelatin Zymogram Gel (Bio-Rad). Zymograms were run in 1X Tris/Glycine/SDS

Running Buffer (Bio-Rad) for 60 minutes at 120 V, washed for 2 hours in 2.5% (v/v)

TritonX, before overnight incubation in Zymography Assay Buffer (ZAB, 0.8% [w/v]

NaCl, 0.15% [w/v] CaCl2, 0.6% [w/v] TRIS, 0.05% [w/v] sodium azide, pH 8) at 37oC,

protected from light. Gels were then stained for 2 hours at room temperature (0.5%

[w/v] Coomassie, 5% [v/v] methanol, 10% [v/v] acetic acid), and then destained (5%

[v/v] methanol, 10% [v/v] acetic acid) prior to imaging. Full-length active MMP2

human protein (SRP3118, Sigma) was employed as a control. Images captured using

a Li-Cor scanner at 700 and 800 nm wavelengths and processed (de-speckling) with

Odyssey LiCor Software (LiCor). Densitometric analysis was performed using ImageJ

software.

MMP2 Fluorogenic Peptide Substrate

For quantification of active MMP2 produced by the cells, medium from various time

points was collected and treated, as described in Zymography. Medium samples
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(10 µL) were mixed with MMP2 fluorogenic peptide substrate (5 µL – MCA-Pro-Leu-

Ala-Nva-Dpa-Ala-Arg-NH2, 1 mg/mL, MERCK Millipore), and assay buffer (10 µL –

100 mM Tris, pH 8, 5 mM CaCl2, 0.005% (w/v) Brij35, 0.001% (w/v) sodium azide, 1

µM ZnCl2) and incubated at 37oC overnight in a 384-well plate, protected from light.

Fluorescence was measured at 393 nm emission wavelength (λex 325 nm) against

blank samples containing unconditioned medium. Data were normalised to total

protein concentration, determined by Nanodrop (Thermo Scientific), at absorbance

280 nm. The assay was validated with active MMP2 protein by varying loading

concentrations.

Statistical Analysis

Unless specified otherwise, all data are presented as mean ± standard deviation.

Relative mRNA expression was determined using the ∆∆Ct method with ESCs at

day 0 as the reference sample and GAPDH as the house-keeping gene. Fluorogenic

peptide assays and qRT-PCR were statistically analysed with assistance from Dr

Tomasz Leja in R computing platform199, and visualised using ggplot2 R library200.

Paired Student’s t-test and Bonferroni correction were applied for all samples, with

p < 0.05 considered significant, and both p < 0.01 and p < 0.001 considered highly

significant.



3.2. Results & Discussion 87

3.2 Results & Discussion

The proposed active biomolecular delivery platform is designed to collapse and release

internal cargo when in the presence of active MMP2 enzyme. In a differentiation

system, the platform function will rely on the dynamic expression and activation

of MMPs as they transition from pluripotency (where low levels of expression are

expected),109 through the EMT (where remodelling of the ECM is a critical step in

development),133,134 to commitment. Thus, an investigation into extracellular MMP

patterns was performed in three separate studies.

The first, a preliminary MMP study (subsection 3.2.1), was aimed at gaining a better

understanding of enzyme candidates for selective biomolecule carrier degradation

and general matrix remodeling in the course of ESC differentiation, using a starting

population of cells that is highly homogeneous and has a rapid onset of EMT. Murine

ESCs were spontaneously differentiated in monolayer culture and expression of MMPs

was correlated with pluripotency and differentiation by assessing various germ layer

markers by qRT-PCR. MMPs known to be expressed in early differentiation of

murine embryonic stem cells (mESCs)124,132 were most relevant for a highly versatile

differentiation platform, enabling the possibility for applications in a variety of

lineages.

Once MMP2 was identified as the best candidate, the second study focused on an in

depth analysis of its mRNA expression and activity, through murine EB formation

(subsection 3.2.2). As the 3D spatiotemporal development in EBs have been shown

to be akin to the tissue organisation of the embryo, these pluripotent cell aggregates

were an ideal model for unbiased spontaneous differentiation, as one of the closest

methods of recapitulating the early stages of differentiation in vivo.53

Due to differences in temporal progression of development between mammalian
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species, the final MMP study, in subsection 3.2.3, explored the time-dependent

expression and MMP2 activity of spontaneously differentiating human ESCs and

iPSCs of various generation origins. Optimal conditions for MMP2 enzymatic activity

and potential nano-vesicle break-down were established.

3.2.1 Preliminary Murine D3 Monolayer MMP Study

To date, the pluripotent stem cells most used in culture are mouse and human

embryonic stem cells. Although they share key characteristics, such as indefinite

self-renewal capabilities and complete specialisation into all cells of the organism,

they require completely different culture environments to maintain pluripotency

because of their distinct developmental origin and species. Ying et al., from the

Smith group (Cambridge University, UK) were the first to seriously propose the

concept of self-renewal being a coordinated balance between the maintenance of

a pluripotent state and the inhibition of differentiation pathways.201 LIF can be

added to feeder-free cultures (in the presence of serum) to prevent differentiation202

by activation of the JAK/STAT3 transcription factor pathway to regulate genes

required for ’stemness’ in the nucleus.203–205

Murine D3 ESCs were deprived of LIF in cultured for a period of nine days, and thus

allowed to differentiate spontaneously without induction towards any particular germ

layer. With certain overlapping specificities, MMP1 and MMP2 were selected for

assay, having been implicated as key effectors of collagen IV and laminin degradation

which are the main extracellular matrices present during EMT. As TIMP1 and

TIMP2 are involved in inhibition of these two MMPs as well as activation (TIMP2

only), both were chosen for investigation. Lineage specification trends were assessed

by studying mRNA levels of germ layer markers, pluripotency markers, enzymes and

inhibitors (qRT-PCR). Protein expression level (In-Cell WesternTM), proliferation

trends (AlamarBlue® metabolic assay), and antibody specificity (Western Blot) were

also studied.
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Monolayer mD3 ESC Differentiation from the Pluripotent State by mRNA

expression

Expression of pluripotent transcription factors and germ layer markers by qRT-

PCR is a common and reliable method to identify states of stem cell specialisation.

It allows for detection and quantification by amplifying a target DNA molecule

and normalising to a house-keeping gene, which is stably expressed regardless of

differentiated or non-differentiated state. Here, gapdh was chosen as the house-

keeping gene for all qRT-PCR assays performed. For detection, SYBR Green ( λem

= 522 nm) was employed as a double stranded DNA binding dye. Once bound, the

dye fluoresces, and the DNA concentration can be quantified in real time, after each

cycle.

The investigation of two genes from each germ layer as well as two from the pluripotent

state was expected to demonstrate differentiation patterns. These are: nanog and

oct4, pluripotency; sox17 and gata6, endoderm; sox1 and fgf5, ectoderm; and foxα2

and t-brachyury, mesendoderm and mesoderm, respectively.57,206,207

Murine D3 ESCs were seeded into 100 mm TCP dishes coated with 0.1% gelatin in

DPBS at a density of approximately 3 000 cells/cm2 (250 000 cells/100 mm TCP

dish). Timepoints from day 0 (D0, pluripotency) to day 9 (D9) were selected based

on mesoderm/PS formation in the mouse embryo at day 6.5 of development,4 and

compared the reported, more rapid, up-regulation of various genes involved in EMT

(e.g. Goosecoid primitive streak marker on day 3 as compared to pluripotency) and

expressed in the germ layers in vitro.208 The mRNA of two dishes was separately

extracted and reversely transcribed to cDNA, for each time point. As each dish was

a separate culture, the data is treated as independent groups within a population

and compared within the same biological replicate; thus, paired Student’s t-tests

were performed to determine significance, and Bonferroni correction was applied to

account for multiple comparisons. Figure 3.1 shows the relative mRNA expression

levels of the aforementioned genetic markers, plotted on a logarithmic scale.
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Figure 3.1: mRNA expression levels of pluripotency factors nanog and oct4 ; mesoderm
and mesendoderm markers t-brachyury and foxα2, respectively; endoderm markers
sox17 and gata6 ; and ectoderm markers sox1 and fgf5 in mD3 ESCs over nine days
(D) of spontaneous differentiation culture. Data was normalised to gapdh and plotted
relative to seeding D0 as the log2(fold change from pluripotency). Paired Student
t-tests with Bonferroni corrections were performed over all samples as compared to
D0 (n = 2, nt = 3, ⋆ denotes p-values < 0.05, ⋆⋆ p < 0.01). Error bars indicate the
standard error.

Pluripotency genes were initially expressed over the first few days of the differentiation

study, with a slight up-regulation of oct4 until day 3, before both levels drop by

day 7 (nanog day 7, p = 0.041). When only examining these genes, it would appear

that pluripotency is maintained for the first five days of LIF deprivation. This is

not unexpected, as LIF is reputed for its ability to inhibit differentiation, multiple

factors present in serum also help to maintain the cells in an unspecialised state.

Therefore, as no direct lineage induction factors are introduced, there is a lag in the

loss of pluripotency during the first five days. One must be cautious in assuming

that this correlates to a lag in specialisation as well. It is also interesting that nanog

displays an increasing trend again on day 9, suggesting that expression of this gene

is cyclic during the first phases of differentiation. Since commitment is a complex

marriage of multiple cellular and ECM interactions with a variety of stimuli, it is
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paramount to analyse expression of multiple germ layer markers to obtain a more

accurate picture of the differentiation process.

The t-brachyury expression profile was fairly constant over the two days, down-

regulated from day 3 - 5, and culminating in a large increase in expression on day 9.

Mesendoderm marker foxα2 was expressed in negligible amounts during pluripotency

and over the first day of differentiation; however, a significant up-regulation on the

third day (foxα2 day 3, p = 0.023) firmly suggested the presence of this emerging

germ layer (p = 0.023) and the onset of gastrulation, as t-brachyury appropriately

follows suit a few days after.

Sox17 was expressed in varying amounts over the first nine days of culture, with

a generally upward regulated trend. Although the highest pluripotency levels of

the starting culture were a definite priority during these experiments, the inherent

heterogeneity of the initial culture has led to a wide range of expression of sox17

in the two replicates, and resulted in large standard deviations. Regarding gata6, a

gradual down-regulation over the duration of the study suggests a decrease in cells

differentiated to the endoderm germ layer until day 7, followed by up-regulation on

the final day. Longer spontaneous differentiation studies on mD3 ESCs published in

literature showed up-regulation of endoderm markers by day 14 and as late as day

28.209 Hence, a longer study would have given us greater insight into the on-goings

of endoderm expression; however, as this remains a preliminary work, focus will be

attributed to the MMPs analysed over this time-frame.

Ectoderm marker fgf5 was expressed in exceedingly low levels on day 0, values

were taken as the limit of detection of the instrument (Ct = 35). Yet both fgf5

and sox1 were highly up-regulated during the first five days of culture (fgf5 day 3

compared to day 0, p = 0.023), which agrees with reported rates.209 As ectoderm

has been identified as the “default" lineage since it can be obtained without extrinsic

signaling,210 this result could also be related to trends in early development in vivo.

Much organisation and lineage specification occurs during gastrulation; and as cells
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do not need to ingress through the primitive streak to develop,3 it is possible that

they are more readily generated.

For optimal pluripotency maintenance, a reciprocal signaling process is required.

Components of the murine ESC medium are designed to promote pluripotency, in

particular, various soluble factors like BMPs and molecules inhibiting the MEK/ERK

pathway available from fetal bovine serum provide this instruction.211 As juxtaposi-

tion, pluripotency is also maintained by the inhibition of differentiation, provided

by LIF.201 LIF deprivation has been shown to result in spontaneous differentiation;

however, factors contained in the mESC medium continue to advocate for pluripo-

tency maintenance. It is likely for this reason that we have seen up-regulation of

not only pluripotency factors over the first five days of culture but mesendoderm,

definitive endoderm, and ectoderm markers as well. Thus, we can infer that a loss of

pluripotency occurs over nine days of spontaneous differentiation, with a presence of

three germ layer markers.

Mmp2 is expressed at near constant levels from day 0 - 7, until undergoing a signi-

ficant up-regulation on the final day of the study (p < 0.001). Corresponding with

up-regulations in t-brachyury, foxα2, sox17, gata6, sox1, and fgf5 on day 9 of differen-

tiation, the highly significant increase of mmp2 expression is indicative of EMT,134,141

and this enzyme clearly plays an integral role during mESC differentiation.124 Timp2,

which is essential to MMP2 activation responds in likeness,115 with an increase in

gene expression level on day 9. Although expressed in exceedingly low levels at

pluripotency, mmp1a and mmp1b are initially slightly up-regulated and then further

down-regulated by the third day (mmp1b day 5 p = 0.035) before a gaining a positive

correlation and high up-regulation by the ninth day. Timp1, a preferential inhibitor

of mmp1,125 is simultaneous up-regulated over the first five days, until mmp1 is once

again no longer expressed. Again on day 9, timp1 expression coincides with the

up-regulation of mmp1, suppressing excessive reogranisation during EMT. It seems

that as the ESCs begin to occupy a higher surface area and become more specialised,

there is an increased need for gelatinase A to accommodate for cell migration.
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Proliferation and Total Protein Concentrations Inside / Outside the Cell

Membrane

Once expressed, proteins are selectively translated based on the requirement of the

cells. Therefore, the changes in protein concentrations and proliferation during

spontaneous differentiation give insight into the intra and inter-cellular machinery.

Proliferation of mD3 ESCs was determined using an AlamarBlue® metabolic activity

assay which includes a fluorometric and colourimetric reduction-oxidation indicator,

fluorescing and changing from blue to red in a high growth, reduced environment.

Cells were seeded at a density of 3 000 cells/cm2 (6 000 cells/well) in a 24-well plate,

previously coated with 0.1% gelatin in DPBS. Initially, 10 ng/mL LIF per 1 mL of

ESGRO Complete Medium, was added to each well, and the cells were incubated

overnight at 37oC, 5% CO2. After 18 hours, the medium not containing LIF was

replaced in all wells except those chosen to represent day 0. In these wells, medium

was replaced with a solution of 1:9 AlamarBlue® in fresh medium, and returned to

37oC, 5% CO2 for a period of three hours. A blank sample was taken with every time

point as the same AlamarBlue® containing medium solution added to a well without

cells and incubated simultaneously. Results were analysed with a fluorescent plate

reader at an excitation wavelength of 585 nm. Two replicates were taken for each

time point and results were analysed with paired Student’s t-tests and Bonferroni

correction as the groups are considered independent of one another. The mD3 ESC

proliferation trend is shown in Figure 3.2 a.

A measure of the total protein concentration inside the cell (Figure 3.2 b) as well as

in the supernatant medium (Figure 3.2 c) was performed using a Bradford Assay.

Medium was collected from one 100-mm dish, seeded on day 0 with 3 000 cells/cm2,

filtered, concentrated and stored at -20oC. Cells were lysed with RIPA buffer, shaken

and centrifuged to release the protein within. Absorbance (λ = 595 nm) was measured

as compared to BSA standards.

An In-Cell WesternTM assay was used to quantify intracellular protein expression of
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entire cells, Figure 3.2 d & e. mD3 ESCs were seeded at a density of 3 000 cells/cm2

into 12-well TCP plates, coated with 0.1% gelatin. Two replicates were taken per

sample per time point. Controls were incubated with the secondary antibody only.
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Figure 3.2: Proliferation trends of mD3 ESCs measured metabolically by
AlamarBlue® viability assay (a), total protein concentration from lysates (b) and
supernatant (c) over a nine-day uncontrolled differentiation study. In a, fluorescence
was measured after three hours of incubation at 37oC, 5% CO2, and at λem 585
nm. Figures b & c are plotted relative to protein concentration in ESGRO medium
and with respect to day 0. Semi-quantitative representation of In-Cell WesternTM

(d) indicates infrared intensities of stained enzymes MMP1 and MMP2, and tissue
inhibitors of MMPs, TIMP1 and TIMP2. In-Cell Western samples were normalised
to the corresponding intensities of DNA. Representative In-Cell WesternTM scans
(e) at 700 (bottom) and 800 nm (top) are shown for day 0, 5, and 9 for MMP1 (f),
MMP2 (g), TIMP1 (h), TIMP2 (i), with secondary control (e). DRAQ5-DNA stain
is in red and primary antibodies in green. Error bars denote the standard deviation
and scale bars are 2 mm. Student t-tests were performed with Bonferroni correction
(⋆⋆ denotes p < 0.01, n = 2.)
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As previously mentioned in subsection 3.1.1, under proliferating conditions, mD3 ESC

doubling time is approximately 11-12 hours (2-3 day passage frequency). However,

viability is relatively constant over the first three to four days after seeding and

removal of LIF, followed by an increase in cell viability over the last few days of the

study (Figure 3.2a). This suggest an allocation of energy into complex differentiation

processes, as opposed to proliferation during the initially deprivation of LIF. By day

5, the cells were proliferating, as the viability of the cultures had more than doubled

as compared to pluripotent conditions at day 0 (p = 0.004). By the final day of

culture, the cells had become densely packed into large pseudo-3D colonies (> 100%

confluence). Increases in MMP2 expression and up-regulation of germ layer markers

on day 9 indicate that the decrease in metabolic activity is due to an allocation of

energy into differentiation processes.

Although the overall protein concentration produced in the media is constant over the

nine-day differentiation period (Figure 3.2 c), there are large fluctuations observed

in the cell lysates (Figure 3.2 b). A jump on days 5 and 7 reflects the similar trend

in metabolic activity measured by AlamarBlue®. The concentration increases as

cells begin to specialise into various cell types, and are required to fill numerous and

sometimes complex functions. Thus, the data indicate an increased protein presence,

following initially differentiation between days 1-3, and a subsequent decline on the

final day of the study as the cells begin more complex differentiation involved in

EMT.

Using anti-MMP1, anti-MMP2, anti-TIMP1, and anti-TIMP2 rabbit primary anti-

bodies with anti-rabbit (λem = 800 nm) infrared-conjugated secondary antibodies and

Draq5 (λem = 665 nm) DNA stain, it was possible to identify and semi-quantify the

relevant enzymes within a population of cells. Figure 3.2 e-i are representative images

of Draq5 DNA stain and the aforementioned primary antibodies for the enzymes and

their inhibitors. It was previously demonstrated that the primary antibodies bind

both pro- and active MMPs (Western Blot shown in C of the Appendix).
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As all wells were seeded with the same initial cell density, the DNA stain indicates that

the cells were relatively equally distributed over all the wells. By eye, it appears that

there was very little MMP1 enzyme present in the ESCs at pluripotency, with slightly

higher amounts of TIMP1 and TIMP2. Figure 3.2 d shows the semi-quantitative

results of the In-Cell WesternTM, with the antibody intensities normalised to DNA.

The concentration of MMP1 inside the cell was very low for the entire nine days,

and disappeared as the cells became more specialised. As both MMP1 and MMP2

rabbit antibodies were shown to be specific (MMP1 = 54 kDA, MMP2 = 66 kDa,

pro-MMP2 = 72 kDa) it suggests that MMP1 was in fact not present inside the

cell. As an inhibitor of MMP1, TIMP1 was also produced in very low amounts.

Intriguingly, pro-MMP2 is initially present in relatively large amounts inside the cell

at pluripotency and gradually decreases over nine days, opposite to mRNA data

trends. In contrast, TIMP2, a potent inhibitor of MMP2 as well as a crucial activator

is expressed highly until day 9, where it drops.

Combining these findings with mRNA levels of all germ layer and pluripotency

markers previously discuss, it is clear that there is an overall down-regulation of

pluripotent genes nanog and oct4, while the ESCs differentiate into all three germ

layers. As the mRNA levels of mmp2, timp1 and timp2 are up-regulated, the

concentrations of MMP2, TIMP1 and TIMP2 proteins inside the cells decrease. As

discussed in the section 1.3.1, MMP2 is reliant on TIMP2 for activation and cleavage

of the pro-peptide at the cell surface before it can be released into the extracellular

environment. Thus, it would appear that TIMP2 is fabricated and remains inside

the cells until it is required for MMP2 activation, hence the decrease on day 9. This

would suggest that MMP2 is being exported directly outside the cells as soon as

it is manufactured; at which point, MMP2 acts to modify the ECM as required by

the cells during EMT. The progression from this study is an investigation of active

MMPs in the media, using fluorogenic peptides that can be cleaved by active MMPs.

This study gives us a better understanding of the MMP regulation in murine D3 ESCs,

and demonstrates that MMPs of different subfamilies (collagenases and gelatinase)
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can respond inversely in early stages of lineage commitment. Furthermore, it also

suggests that MMPs could be effectively employed for selective proteolytic degradation

of growth factor polymersome vehicles once cells begin to differentiate.
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3.2.2 Murine D3 Embryoid Body Formation: MMP2 Expres-

sion and Activity

Building on findings from the MMP pre-study, we endeavored to move closer to

conditions observed in vivo. Thus, the second phase of this investigation employed

cell aggregates, to mimic signaling found in early development of the mouse embryo.

As cells are in close contact, building and remodeling their own extracellular environ-

ments, their signaling systems and functional requirements differ from those bound

to a surface.

The 3D EB structure could also provide a better initial model for use in hydrogels,

as a transition from monolayer culture to suspended 3D culture is likely to be a

drastic alteration. Stem cells in a pluripotent state, as well as upon punctuation of

differentiation, heavily rely on the support from their neighbouring cells; hence, a

3D environment must also provide this support.

A third and important factor in this decision was the enhanced activity levels that

could potentially be achieved using this culture method. Where a single EB can

initially consist of about 50 cells, it can grow to multiple times this size in a week’s

time,212 and is likely to yield a higher quantity of protein. This is compared to

monolayer systems, as that which was used in the MMP pre-study, which have several

disadvantages, i) they can only expand in two dimensions–limiting the potential size

of the cell population and their access to nutrients and ii) they are forced to interact

with TCP, providing a stiff non-native surface, which could influence gene expression

levels and differentiation, as well as a number of other downstream processes.213,214

Furthermore, we use rotary orbital suspension culture methods, which have been

reported to yield greater populations of homogeneous EBs as compared to hanging

drop or static culture.215 Maximising the level of MMP2 activity is exceedingly

significant, as the concentration of active MMP2 required for an MMP2-specific
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peptide to degrade, and break open a polymer nano-vesicle is currently unclear.

Murine D3 EB Morphologies

Murine D3 EBs were seeded at 106 cells/100-mm dish into non-treated Petri dishes

and left to differentiate in 10 mL of medium by liquid suspension culture, in the

absence of LIF. The cells were imaged by optical microscopy on multiple days of

spontaneous differentiation, and are shown below in Figure 3.3.

Figure 3.3: Representative images of murine D3 EBs differentiated spontaneously
over seven days. EBs were sustained in suspension culture at a speed of 50 rpm,
changing media every two days. Images captured with 4X (top row) and 10X (bottom
row) magnification in brightfield under an optical microscope. Scale bars 200 µm
(top) and 100 µm (bottom).

EBs ranged in size from approximately 80 to 600 µm in diameter over the 7 day

differentiation. While on the first day of differentiation, the cells formed small

aggregates with a thin membrane on the exterior, it is apparent that they were

rapidly expanding and reorganising, as the exterior membrane became smoother and

more defined as time progressed. While the exact location of differentiating cells is

not relevant to this PhD thesis, the overall EB differentiation to various lineages and

expression of MMPs and their inhibitors is of high interest. The following section

explores these areas.
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Murine D3 EB Gene Expression Profiles

To date, there is little literature elucidating lineage specific MMP production in vitro

at such an early stage of commitment. Thus, in keeping with the scope of the project,

spontaneous differentiation was again employed as opposed to directed specification

of a certain lineage or cell type. As the proposed system has the potential to be

used for specialisation to a multitude of cell types, mRNA gene expression levels

of MMP enzymes were explored in conjunction with pluripotent and germ layer

genes over the seven day differentiation of murine EBs (as previously described in

subsection 3.2.2). For EBs, specialisation has been reported slightly earlier than in

monolayer cells due to the added cell-cell interactions in a 3D matrix which better

represents events in vivo.124 Figure 3.4 features gene expression trends of oct4 and

nanog (pluripotent markers), t-brachyury and snail (mesoderm markers), foxα2 and

sox17 (endodoerm markers), and sox1 and nestin (ectoderm markers), as well as

mmp1, mmp2, mmp9, and tissue inhibitors timp1 and timp2 assessed by quantitative

PCR.57,206,207,216 As MMP9 (gelatinase B) can be similar in specificity to MMP2, it

is important to understand the expression trends of this enzyme as well, in order to

ensure the designed biomolecule release system is only triggered by one MMP.
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Figure 3.4: mRNA expression by qRT-PCR of pluripotent markers (oct4, nanog),
and germ layer markers: mesoderm (t-brachyury, snail), ectoderm (nestin, sox1 ),
and endoderm and mesendoderm markers (sox17, foxα2 ) in murine D3 ESC EBs
over seven days of spontaneous differentiation, presented as log2(fold change from
pluripotency) as normalised to gapdh house keeping gene. Error bars indicate the
standard error, grey points show biological replicates, the trend line represents the
mean (N = 3, n = 3, nt = 3). Significance was calculated based on paired Student’s
t-tests with Bonferroni correction (⋆ denotes p < 0.05, ⋆⋆ denotes p < 0.01).

In contrast to expression patterns observed in monolayer culture, loss of pluripotency

was initiated early on, showing decreasing trends by both oct4 and nanog, with

the former responding with a significant change at day 3 of differentiation (p =

0.028). A significant decrease in nanog has been reported to occur by day 14 of

differentiation.217

Mesoderm markers, t-brachyury and snai1 fluctuated over the first week, both being

up-regulated on day 7. As reported in literature, T-brachyury begins to increase

in expression on day 4-5 of mEB formation,208 which agrees with our findings from

both monolayer and EB studies. By the seventh day of EB formation (p = 0.030), it

was significantly expressed, as compared to pluripotency, while on day 3 there was

no change. Snai1, likewise followed correlations described in literature, with down-

regulation until the middle of the first week, followed by an increase in expression
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nearing the end of the study.124 Snai1 is also routinely involved in the onset of EMT,

which occurs during gastrulation.218

On day 7 of differentiation, definitive endoderm was formed in significant amounts,

as demonstrated in both foxα2 (p = 0.023) and sox17 (p = 0.035). These results

again concurred with literature for endoderm specification in early mouse embryonic

development.219

Contrary to the rapid developing ectodermal lineage expression observed in the

monolayer system, an emergence of ectoderm was observed through the appearance

of nestin, the trend revealing a small up-regulation at the middle and end of the

study. Whereas sox1, also a neural stem cell marker, had a significant decrease by

day 3 (p = 0.014), and lingered until the final day of differentiation.

Expression of MMPs during early differentiation has been explored in relation to the

EMT, with mmp1a, mmp1b, mmp2, and mmp9 all produced in negligible amounts by

mouse ESCs when they are maintained in a pluripotent state. Althoughmmp1 has

been shown to be upregulated at 48 hours of blastocyst outgrowth in the developing

mouse embryo,132 our results show that both mmp1a and b were initially down-

regulated in in vitro EB formation. By day 7 of differentiation, mmp1b trends were

gradually increasing, but not to a significant level. Mmp2 was expressed in significant

levels already at 24 hours of LIF deprivation, and continued to grow until day 7

(day 1 p = 0.041, day 3 p = 0.012). This fast and intense mmp2 up-regulation is

thought to be a result of EMT embarkation, and was previously reported by our

group;124 and the role of MMP2 has also been shown in in vivo development.134

As the cells switch from an epithelial state to mesenchymal, they are required to

migrate, reorganising their cell-cell junctions and contacts with the basal membrane.

This same function is carried out by MMP9, however, in our study, mmp9 was

up-regulated more gradually than mmp2, hitting a peak on the final day of the

differentiation. Horejs et al. likewise described this trend in murine EB formation

with a minor increase in gene expression on day 5.124 Down-regulation of timp1 and
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timp2 throughout differentiation further corroborated the occurrence of EMT during

the first few days of the study (timp1 : day 2 p = 0.009, day 3 p = 0.002, day 5 p =

0.010). As the cells required more freedom to travel, tissue inhibitors of MMPs were

expressed in smaller and smaller amounts, enabling their counterparts to control the

structural integrity of the new environment.

The quantitative PCR results suggest that mouse EBs were successfully differentiating

to all three germ layers after an initial decrease in pluripotency. As a result of EMT,

mmp2 was significantly expressed both on days 1 and 3 of spontaneous differentiation,

where as mmp1 and mmp9, and inhibitors timp1 and timp2, were down-regulated

during this period. Taking advantage of the high mmp2 gene expression and the

reduced levels of other contributing genes on these days may allow us to design and

build a selective proteolytic proof-of-concept biomolecule-delivery culture system.

Given the complexity of MMP2 regulation and activation, actual active MMP2 levels

have been assessed in the conditioned media during cell differentiation, as it is a far

more influential factor on the function of the proposed in vitro culture platform.

Murine D3 EB MMP2 Activity

For the design of a proof-of-concept MMP-sensitive biomolecule-delivery culture

system, the MMP expression, production, secretion and, above all, activity are highly

relevant parameters. The platform function is dependent on the shifts in availability

of free MMPs in the media over the course of pluripotent stem cell differentiation.

In the seven day differentiation study of murine EBs in liquid rotary suspension

culture, MMP2 activity was investigated on day 0 (pluripotency), 1, 3, and 7 post-

EB formation. A volume of 8 mL of media was collected from each 100-mm dish,

filtered through a 0.2 µm syringe filter and concentrated to 500 µL with Amicon

ultracentrifugation units (10 kDa cut-off), as the level of MMP2 is too dilute in

unconcentrated media for detection by this method. Activity was measured with an

MMP2 fluorogenic peptide assay, where fluorescence is initiated upon cleavage of
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the peptide substrate after overnight incubation at 37oC, and recorded at 393 nm

emission wavelength. This assay was validated using active human MMP2 protein.

The results of this study are plotted in Figure 3.5 a and b. Activity was also assessed

by Zymography, running native proteins on a gelatin containing acrylamide gel.

Similarly, overnight incubation at 37oC allowed the active gelatinases to degrade the

gel, which was distinguished with Coomassie Brilliant Blue staining. Figure 3.5 c

depicts the activity results, as determined by Zymography.

Figure 3.5: MMP2 activity in conditioned media from a seven-day (pluripotency or
day 0 : P, day 1 : D1, day 3 : D3, day 7 : D7) pan-differentiation of mouse EBs is
represented in separate biological experiments (red, green, and blue [N]; experimental
replicates [n] are plotted in grey); a), and combined as the log2(fold change from
pluripotency) (b). Samples were normalised to serum-containing media and total
protein content of the sample, as measured by Nanodrop. The breadth of the coloured
markers at each time point indicate the standard deviation. Paired Student’s t-tests
with Bonferroni corrections were applied (N = 3, n = 3, nt = 3). Significant is shown
as compared to pluripotency with ⋆p < 0.05, ⋆⋆p < 0.01, ⋆ ⋆ ⋆p < 0.001. Zymograms
were imaged on a Li-Cor scanner at 700 and 800 nm infrared wavelengths, with white
bands corresponding to active MMP2 (c). Recombinant active MMP2 protein (1
µg/mL, Sigma) was used as a control. Densitometric semi-quantitative analysis of
zymograms was measured with ImageJ Software (d). Black line denotes standard
mean and error bars show standard deviation (N = 2).

Conditioned murine D3 embryonic stem cell culture media showed greatest MMP2

activity by cleavage of a fluorogenic peptide and zymography on day 3 of EB formation
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during spontaneous differentiation to all three germ layers. While high variability

exists between replicates (red, green, blue), the relative change from pluripotency

was significant on days 1 and 3, while activity waned by day 7 of EB culture. In

likeness, the zymograms demonstrate superior MMP2 activity on day 3, with lower

levels at day 1 and 7. However, all were more elevated than the medium control.

The decrease in MMP2 activity on day 7 could possibly be due to a lack of TIMP2

for activation, as TIMP2 expression is down-regulated during the first seven days.

Hanging drop experiments were also conducted in an attempt to narrow the variation

in gene expression and MMP2 activity. Randomly-sized EBs inherently produce larger

variation in cell fate commitment, and subsequently, overall protein manufacturing,

as demonstrated by the Zandstra group.212 While gene expression patterns mimicked

the findings for liquid suspension culture, activity levels measured by fluorogenic

peptide and zymography were below the detectable limit (data not shown). In

order to achieve similar levels of activity, mass numbers of EBs were required. For

example, at the seed density of 106 cells/100-mm dish for liquid suspension culture,

32 x 100-mm dishes of hanging drop EBs seeded at 500 cells per aggregate, with

approximately 65 EBs per dish. Including 3 experimental replicates and 4 time

points points to a total 100-mm dish requirement of approximately 385, per biological

experimental replicate. This enormous quantity was completely unfeasible due to

time constraints of culture (lack of CO2 gas during manipulation), and physical space

for incubation.

MMP2 activity and expression results continue to suggest that it is the ideal target

for the proposed trigger-responsive burst-release in vitro differentiation platform.

Thus, proof-of-concept assays were performed on day 3 of murine EB formation (see

subsection 6.2.1), as significantly elevated levels of MMP2 activity were measured at

that time point – observed in both methods of activity analysis, as well as in gene

expression profiles.
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3.2.3 Human Pluripotent Stem Cell Differentiation: MMP2

Expression and Activity

Human PSCs are the most clinically relevant of mammalian-based lines, and hence, an

extensive MMP study investigating three hPSC lines of varying origin was performed.

The stem cells described in the section below were cultured in the CSIRO Stem Cell

Laboratory, on the Clayton campus of Melbourne, Australia.

Growth and Expansion of Human Pluripotent Stem Cell Cultures

Five different hPSC lines (ESC and iPSC) were cultured and expanded over a two

month period to obtain approximately ten vials, three to five million cells per vial,

in both feeder and serum-free conditions, per line. Table 3.1 describes the origins of

each line, the type of line, pluripotency assays, and any special characteristics.
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Table 3.1: hPSC line origins and characteristics.195–197

All cells were thawed from mEF stock vials previously frozen by StemCore, a division

of the Australian Stem Cell Centre. Feeder cultures were fed with 20% (v/v)

KSR, supplemented basal DMEM medium with 1% (v/v) non-essential amino acids,

hereafter known as “KSR" medium. For maintenance of highly pluripotent human

stem cell culture, the cells required bFGF, and were fed daily to ensure minimal

differentiation. They fared best when passaged at 70-80% confluency (approximately

day 3-4 of single cell culture with TrypLE Express dissociating agent, or day 5-7 for

small cluster culture with collagenase dissociating agent). The cultures were initially

passaged two to three times into T25 flasks to optimise the number of pluripotent cells

and remove differentiated colonies before expansion. The pluripotent cultures were

expanded into a T75 flask and then into four or five T75 flasks before being frozen.

ROCK inhibitor (y-27632) was added to the medium a minimum of two hours before
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freezing to prevent apoptosis; and cultures previously dissociated with collagenase

during maintenance were dissociated with Accutase prior to freezing, to allow better

distribution of freezing medium within colonies and prevent crystallisation (freezing

medium: 10% (v/v) dimethyl sulfoxide (DMSO), 40% (v/v) KSR, and 50% (v/v)

KSR medium). Approximately three to four vials of cells could be frozen from each

T75 culture. A T25 flask with each cell line was maintained until all stocks had been

thaw-checked.

Once the feeder cultures had been optimised for pluripotent colonies, a portion of the

cells were weaned onto a serum-free system, by platting into T25 flasks prepared with

0.05% (v/v) Geltrex and Complete Essential 8 (E8) serum-free media. All cultures

were dissociated with 0.5 mM EDTA to maintain colonies as small clusters upon

replating, save for the ESC line (H9-OCT4-mCherry) which had been previously

adapted to single cell passaging with TrypLE Express. Cells became confluent much

faster on the serum-free system, needing passaging every three to four days. Once

expanded into four T75 flasks, cultures were dissociated again with EDTA prior to

freezing; ROCK inhibitor was added to the ESC line only, as it proved to require

more delicate handling than the iPSC lines. Three to four vials were frozen from

each T75 flask (freezing medium: 10% (v/v) DMSO, 90% (v/v) E8 medium). The

hPSC expansion procedure is detailed in Figure 3.6.
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Figure 3.6: Schematic chart of hPSC culture and expansion of five lines: H9-OCT4–
mCherry, NHF-iPS-1-2, NHF-iPS-1-3, hPDL-iPS-D1C6, hGF-iPS-D4C4. Cell lines
were initially cultured on mEF feeder layers in KSR media, and then weaned onto
Geltrex in Complete E8 medium (serum-free) before expansion and freezing.
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Morphological Variations of hPSC Cultures in Feeder vs. Serum-Free/Feeder-

free Conditions

Supported by mEFs, hPSCs thawed from bulk culture stocks thrived when handled

rapidly yet with minimal manipulation before plating (often 70-90% survival). Here,

the H9-OCT4-mCherry culture, maintained with single cell dissociation techniques,

gave rise to faster recovery from thaw as compared to all hiPSC lines, which were

cluster dissociated. Although it is known that ESCs are inclined to maintain

pluripotency when cultured in colonies or aggregates, single cell dissociation enables

higher distribution of cells over the plate. When dissociated with collagenase, ESC-

like colonies tended to lift off from the walls of the TCP, leaving behind a web

of mEFs. Before replating, the cells were vigorously pipetted to break up these

large colonies into small clusters for plating. When colonies were unsuccessfully

fragmented, newly attached cells were likely to differentiate spontaneously.

Culture of the hGF-iPS-D4C4 line showed to be very challenging and required much

support from mEFs, maintaining pluripotency only with high cell density passaging

at 60-70% confluency. The gingival cell line was optimised and ready for expansion

after four passages, and over 1.5 months of culture, twice as long as the other hiPSC

lines.

Once plated, the hPSC clusters attached to the mEF coated plates in 3-10 cell

monolayer spiral rosettes. As they grew, they were inclined to form large, densely

packed colonies with well-defined borders (Figure 18). Once the colonies thickened,

by the second or third day post-seeding, it was no longer possible to accurately

distinguish between individual cells by optical microscope. Differentiated cells or

regions could be identified as dark brown spots at centres of colonies, or as 3D

bulb-like EB structures developing out of the centres of monolayer colonies, or as

jagged edges of colonies, cells with spindle-like morphology.
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Figure 3.7: Human fibroblast derived iPSC line NHF-iPS-1-3 on day 6 of culture,
maintained on mEFs in KSR medium. ESC-like colonies can be identified by their
large cell nuclei, tightly packed, thick monolayer morphology with well-defined
boarders (a). hPSC cultures in serum-free/feeder-free conditions at various days of
growth, showing no sign of differentiation. NHF-iPS-1-3 initially attach to the Geltrex
coated plate and form small clusters by day 1 of pluripotent culture (b). hPDL-
iPS-D1C6 colonies began to merge on day 3 of culture (c). NHF-iPS-1-2 monolayer
ESC-like colonies grew much faster than hPDL-iPS-D1C6 cultures, forming a sheet
of cells by day 3 of culture (d). Seeding densities were 30 000 cells/cm2 on day 0.
Images captured with 4X magnification in brightfield under an optical microscope.
Scale bars 500 µm.

As discussed in regards to the Murine D3 EB studies, EBs are of particular interest

for their similarities to in vivo embryonic signaling. Several methods of EB formation

were attempted on the H9-OCT4-mCherry ESC line. First, echoing techniques used

in the previous section and studies performed with an H9 ESC line in our lab,124 cell

densities of 105, 5 x 105, 106, 107 and 3 x 107 were seeded into 100-mm non-adherent

tissue culture dishes for rotary liquid suspension culture with differentiation media,

varying FBS concentration (5, 10, and 20% [v/v] FBS, 1% [v/v] non-essential amino

acids, 1% [v/v] Glutamax, 0.1 mM β-mercaptoethanol). The same seeding densities

were also combined with 5, 10 and 20% FBS with E8 media, and mTeSR1, all

with and without ROCK inhibitor incubation (2 hours before surface dissociation,

and again for 24 hours during differentiation to promote survival).220 Four different

FBS batches were trialled, including two separate ES-cell qualified batches (Hyclone

and Thermo Fisher Scientific). Dissociation reagents tested were TryPLE Express,

EDTA, trypsin-EDTA, Collagenase I, and Accutase. In all cases, 100-mm dishes were
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agitated at 50 rpm on an orbital shaker for 5 days. None of these culture conditions

yielded cells aggregates, as described in literature.221,222 As the human cells lines

showed to be more fragile than the mouse, other methods of EB formation were also

attempted.

For hanging drop methods, an 8-chamber multichannel pipette was used to seed

cells in 20 and 50 µL droplets on the inside of lids from non-adherent dishes, then

inverted and stationary cultured in a well of DPBS. EBs could not be formed by

hanging drop when seeded at densities of 50, 100, 500, 1000, or 5000 cells/EB in

10% FBS differentation media and E8 media (E8 media without FBS also). An

additional condition was tested using PVA to promote aggregate. Once dissociated,

cell suspensions were exposed to PVA and then droplet-seeded using a protocol

designed by our cell collaborators.223 It was hypothesised that the manipulation

required for this method was too intense for this cell line, and thus 10 µM ROCK

inhibitor was introduced for 2 hours prior to dissociation and then again for a 24

hour period in droplet form to prevent dissociation-induced apoptosis.220 Again, no

combinations of these parameters gave way to EBs with defined borders. As the

most expensive method, spin EB formation was explored as a last attempt.

Final testing employing spin EBs was moderately more successful. EBs seeded in

densities from 500, 1000, and 2500 cells/EB from hESC line H9-OCT4-mCherry,

and hiPSC lines NHF-iPS-1-3, and hPDL-iPS-D1C6 formed small defined aggregates

using 10 µL ROCK inhibitor with 400 µm x 400 µm AggreWell 6-well plates (4 700

microwells/well).53 Images of the NHF-iPS-1-3 hiPSC line EB formation by EB spin

are exhibited in Figure 3.8a.
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Figure 3.8: Representative images of EBs formed by gentle centrifugation into Ag-
greWell plates (NHF-iPS-1-3 shown here). Over the first three days of aggregation in
E8 medium, EBs formed homogeneous clusters with well-defined external membranes,
and could be maintained in rotary suspension-differentiation culture (as seen in 2.5K
cells/EB on day 2, and in 1K and 2.5K on day 3) (a). On day 4 of culture in hPDL-
iPS-D1C6 (b), and NHF-iPS-1-3 (c), EBs from both cell lines begin to lose their
outer membrane, and their structures disintegrate. Images were captured on day 5
of culture in the aforementioned hiPSC lines (hPDL-iPS-D1C6 [d], and NHF-iPS-1-3
[e]). Three hPSC lines were cultured in monolayer in 10% FBS differentiation media
over a nine-day period: H9-OCT4-mCherry, hPDL-iPS-D1C6, and NHF-iPS-1-3.
Days 0 (pluripotency), 2, 5, and 7 show the transitions of cell morphology during
this period (f). All images were captured by optical microscopy (Scale bars indicate
200 µm).



3.2. Results & Discussion 115

EBs formation was possible when seeded at each of the three cell densities trialled,

with the largest cell numbered aggregates ready for transfer to differentiation me-

dia and orbital shaking by the first day of aggregation (as determined by eye–an

approximate ratio of defined aggregates to loose structures). Cells seeded at 500

and 1000 cells/EB were plated in differentiation media at days 3 and 2, respectively.

Upon further differentiation, EBs began to lose their structural integrity, as seen

with hPDL-iPS-D1C6 in Figure 3.8 b and with NHF-iPS-1-3 in c, after only 4 days.

By the fifth day of culture, long stringy masses were visible by optical microscope,

and very faintly by eye (Figure 3.8 d and e). Over the following days, these structures

grew much larger, causing the EBs in the media to completely fall apart. Mycotic

agarose assays revealed these to be a slow growing form of fungus, that was later

found to be contained in all cells stocks of every cell line. Cultures were initially

treated with Gentamicin/Amphotericin Solution (Thermo Fisher Scientific) in high

concentrations, washed quickly with 25 µg/mL during passage, and incubated at a

concentration of 2.5 µg/mL for a total of three passages. Using these anti-mycotic

agents, it was not possible to completely irradicate the fungus from culture; further

attempts to form EBs again resulted in aggregate destruction (three different hPSC

lines were tested). As the contamination was present only in the media (it was never

seen attached to pluripotent colonies on feeder layers or in serum-free conditions,

nor did it appear to affect cell growth and/or viability), the following MMP2 study

was conducted in monolayer culture.

Figure 3.8 f illustrates the morphological changes over seven days of spontaneous

differentation in monolayer culture. Across all three hPSC lines (H9-OCT4-mCherry,

hPDL-iPS-D1C6 and NHF-iPS-1-3 each chosen for their diverse method of generation

and ease of culture), pluripotent colonies share bright, shiny cells which are approx-

imately 5 µm in size and have large nuclei (D0). By the second day of differentiation

(D2), they had grown in size and become elongated. The fifth day of differentiation

revealed small rosettes or 3D structures forming on top of the monolayer (D5), which

progressed until the day 7 (D7).
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Human Pluripotent Stem Cell MMP, Pluripotent and Germ Layer Gene

Expression

One human ESC reporter line (H9-OCT4-mCherry) and two human iPSC lines (NHF-

iPS-1-3 [episomal generation] and hPDL-iPS-D1C6 [OSKM retroviral generation])

were seeded onto 0.05% (v/v) Geltrex coated 6-well TCP dishes at 150 000 cells/well.

Pluripotent samples were plated at the same passage and were cultured for 24 hours

in E8 medium. Differentiating samples for days 1, 3, 5, 7, and 9 were exposed to

10% FBS differentiating medium, with refreshment every 48 hours.

Gene expression trends, analysed by qRT-PCR, were plotted for this nine-day study.

The results for the ESC reporter line are given in Figure 3.9 below.
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Figure 3.9: H9-OCT4-mCherry ESC mRNA levels were analysed by qRT-PCR, from
pluripotency (P) over nine days of differentiation (D1-9) in monolayer culture. Data
are shown as log2(fold change from pluripotency) (a), and as negative change in Ct for
certain genes (b). Error bars indicate the standard error, grey points are biological
replicates, the trend line represents the mean (N = 3, n = 3, nt = 3). Significance
was calculated based on paired Student’s t-tests with Bonferroni correction (⋆p <0.05,
⋆⋆p <0.01, ⋆ ⋆ ⋆p <0.001).

As ESCs were exposed to FBS, they responded in a gradual loss of pluripotency, as

depicted by pluripotent markers OCT4 and NANOG, with significant reductions by

day 3 (p = 0.029). This trend continued for the duration of the study (NANOG : day

5 p = 0.015; OCT4 : day 5 p = 0.003). Production of the ectoderm germ layer was

punctuated at day 1, as both PAX6 and NESTIN were up-regulated in near identical

unison (NESTIN : day 1 p = 0.010, day 3 p = 0.014, day 5 p = 0.021; PAX6 : day 3

p = 0.013, day 5 p = 0.001). Interestingly, definitive endoderm markers FOXα2 and

SOX17 exhibited conflicting expression trends, with significant down-regulation of
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the former (FOXα2 : day 3 p = 0.021, day 5 p = 0.033) and a slow yet consistent

up-regulation of the latter. Upon culmination of the study, both endoderm markers

showed increasing trends and together advocate for the presence of this germ layer. A

similar response was observed in mesodermal gene levels: paraxial mesoderm marker

MEOX1 was up-regulated for all days measured, whereas T-BRACHYURY was

down-regulated until an increase at the end of the study (T-BRACHYRURY : day 3

p = 0.021). As T-BRACHYURY may not have been expressed in all mesodermal

cells, it is likely that paraxial mesoderm was produced, potentially in response to

the increased levels of neuroectoderm.

Tissue inhibitors 1 (TIMP1 ) and 2 (TIMP2 ) were both up-regulated (TIMP2 :

day 3 p = 0.017, day 5 p = 0.013). MMP1 expression peaked on the first day

of differentiation, with a downward, yet still up-regulated trend on the days that

followed (MMP1 : day 1 p = 0.002, day 5 p = 0.003). In comparison, both gelatinases

MMP2 and MMP9 were constantly increasingly up-regulated (MMP2: day 5 p =

0.007), with MMP9 beginning its upward trajectory on the fifth day of differentiation.

When comparing mRNA expression levels between genes, it is pertinent to consider

not only the fold change, but the raw values as well. Figure 3.9b illustrate -∆Ct

normalised to GAPDH house-keeping gene. This dimension allows for a direct

comparison between gene expression. For example, the log 2(fold change) of MMP1

leads us to believe that it has a much higher expression than our enzyme of interest –

MMP2, immediately after induction of differentiation. However, when reevaluated on

the same scale (-∆Ct), the true levels are revealed, with the overall MMP2 expression

out competing MMP1 entirely.

It should be noted that a certain mRNA sample on day 9 proved to vary greatly in

multiple gene expression trends, which explains large error bars drawn for several

genes on this day of culture. The decision was made to include these data points as

only two biological replicates were viable for this time point; therefore, excluding

this data point may give an unrealistic representation of the trends.
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Messenger RNA expression trends for episomally generated iPSC line, NHF-iPS-1-3,

were analysed by qRT-PCR, and plotted for the nine-day pan-differentiation study.

See Figure 3.10 for pluripotent and germ layer markers as well as relevant MMP

expression patterns.

Figure 3.10: NHF-iPS-1-3 iPSC mRNA levels were analysed by qRT-PCR, from
pluripotency (P) over nine days of differentiation (D1-9) in monolayer culture. Data
are shown as log2(fold change from pluripotency) (a), and as negative change in Ct for
certain genes (b). Error bars indicate the standard error, grey points are biological
replicates, the trend line represents the mean (N = 3, n = 3, nt = 3). Significance
was calculated based on paired Student’s t-tests with Bonferroni correction (⋆p <
0.05, ⋆⋆p < 0.01).

NHF-iPS-1-3 cells exhibited an overall loss of pluripotency, which was significant

at day 9 of differentiation (OCT4 : day 9 p = 0.012, NANOG : day 9 p = 0.044).

Up-regulation of ectoderm was highly significant beginning from the first point of

differentiation and continuing until the final day, as demonstrated by both PAX6
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and NESTIN neuroectoderm markers (NESTIN : day 1 p = 0.005, day 5 p = 0.004,

day 7 p = 0.024, day 9 p = 0.018; PAX6 : day 3 = 0.034, day 5 p = 0.016, day 7 p

= 0.013, day 9 p = 0.008). Unlike the hESCs, both endoderm markers were initially

up-regulated, with a significant increase in SOX17 on days 3 and 9 (SOX17 : day

3pP = 0.045, day 9 p = 0.041). While the trends did not display the same scale

of change, they both revealed almost identical raising and declining patterns. A

second contrasting result with respect to the H9 reporter cell line was observed in

the expression of mesoderm markers. Here, both MEOX1 and T-BRACHYURY

were up-regulated. Significantly high levels were reached with MEOX1 at day 7 (p

= 0.015). On the whole, NHF-iPS-1-3 cells successfully differentiated into all three

germ layers by the ninth day of spontaneous differentiation in monolayer culture.

Similar trends were produced by both H9-OCT4-mCherry and NHF-iPS-1-3 cell

lines, as TIMP1 and TIMP2 mRNA levels gradually escalated across the board

(TIMP1 : day 9 p = 0.039; TIMP2 : day 5 p = 0.035, day 7 p = 0.026, day 9 p =

0.037). MMP1, MMP2 and MMP9 expression trends mimicked what was previously

observed (MMP1 : day 1 p = 0.010, day 9 = 0.045; MMP2 : day 5 p = 0.040, day 7

p = 0.012, day 9 p = 0.002; MMP9 : day 7 p = 0.002, day 9 p = 0.027), both in

relation to pluripotency and the raw values (Figure 3.10b).

Quantitative RT-PCR was also used to analyse mRNA expression levels in the

retro-virally generated hiPSC line, hPDL-iPS-D1C6. Gene expression results from

the nine-day spontaneous differentiation study are plotted in Figure 3.11.
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Figure 3.11: hPDL-iPS-D1C6 iPSC mRNA levels were analysed by qRT-PCR, from
pluripotency (P) over nine days of differentiation (D1-9) in monolayer culture. Data
are shown as log2(fold change from pluripotency) (a), and as negative change in Ct for
certain genes (b). Error bars indicate the standard error, grey points are biological
replicates, the trend line represents the mean (N = 3, n = 3, nt = 3). Significance
was calculated based on paired Student’s t-tests with Bonferroni correction (⋆p <
0.05, ⋆⋆p < 0.01, ⋆ ⋆ ⋆p < 0.001).

Both iPSC line demonstrated identical expression patterns for pluripotency markers

OCT4 and NANOG. Gene regulation of NANOG plummeted with high significance

early on, while OCT4 retained expression levels until day 3 before being down-

regulated significantly as well (NANOG: day 3 p = 0.049, day 5 p = 0.040, day 7 p

= 0.0009, day 9 p = 0.010, OCT4 : day 9 p = 0.005). Neuroectoderm was expressed

in greatly significant levels on the first day of differentiation by both PAX6 and

NESTIN and both remained up-regulated for the duration of the study (PAX6 : day 1

p = 0.009, day 3 p = 0.044; NESTIN : day 1 p = 0.006). Definitive endoderm marker



3.2. Results & Discussion 122

patterns were conflicting, as was observed in the H9 reporter line. FOXα2 expression

was consistently down-regulated, while SOX17 was up-regulated. Significance is

reported for day 9 (p = 0.005). T-BRACHYURY and MEOX1 profiles both showed

increasing correlations over the nine-day study, with a drop in expression on day 7 in

the former (T-BRACHYURY : day 3 p = 0.043). Following the loss of pluripotency,

specialisation into each of the three germ layers was achieved during the spontaneous

differentiation of retro-virally generated hiPSC line, hPDL-iPS-D1C6.

Additionally, certain trends were more comparable between iPSC lines than they

were with the hESC line, notably T-BRACHYURY, and NANOG. Differences in

gene expression between lines in undifferentiated and differentiated states have been

widely reported frequently.224–226 However, the origin of these divergent characteristics

remains currently unclear and have been attributed to variation in gender, sample

quality, genetic background of the donors, changes during passage, or the induction

of pluripotency as opposed to the “natural” embryonic form of the hESC line.15

As exhibited by the preceding two hPSC lines, hPDL-iPS-D1C6 increasingly expressed

TIMP1 and TIMP2 over the period of differentiation analysed. Significant increases

were recorded for TIMP1 on the ninth-day, while TIMP2 came up as early as day 3

(TIMP1 : day 9 p = 0.009; TIMP2 : day 3 p = 0.005, day 5 p = 0.025, day 7 p =

0.017, day 9 p = 0.022).

MMP1 and MMP2 followed the same trends as with the other two cell lines, reaching

a maximum at day 1, and then was continuously up-regulated but at a lower level for

the duration of the experiment (day 3 p = 0.027, day 5 p = 0.040). Gene expression

for MMP2 steadily rose and levels were very significant by day 7 (day 5 p = 0.039,

day 7 p = 0.002, day 9 p = 0.007). MMP9 was initially down-regulated, hitting a

local minimum at day 3 before being quickly up-regulated (day 3 p = 0.011, day 7 p

= 0.008). Similar decreasing or down-regulation was observed on day 3 of MMP9

gene expression in all three human cell lines. This could be explained as a supply

and demand relationship, where other MMPs are expressed in adequate levels to not
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require the added presence of gelatinase B on day 3.

As previously mentioned, Figure 3.11 b enabled more accurate scrutiny of the true

levels of MMP gene expression on comparable scales. MMP2 was expressed in

higher amounts than both MMP1 and MMP9 on all days of the differentiation study,

regardless of cell line. However, since both gelatinase enzymes MMP2 and MMP9

are within range of one another, selection of a specific MMP2-cleavable peptide

for cross-linking the polymersomes will be of high importance for platform design.

Furthermore, in all hPSC lines, significantly high expression of MMP2 was reached

on day 5 of differentiation. Concurrently with elevated expression of ectoderm and

mesoderm markers, these correlations were attributed to EMT entrance, where MMP

proteolytic activity is required for remodeling of the extracellular matrix.

As MMP proteolytic efficiency can be shared between some substrates, 111 knowing

the expression trends and activities of these enzymes in relation to one another allows

us to design a more robust and selective system for MMP2 and for other enzymes

in the future. Based on these results, MMP2 proves to be an excellent candidate

for the enzymatic in vitro culture platform designed for this PhD thesis. A final

MMP2 activity analysis revealed meaningful experimental parameters for designing

proof-of-concept assays.

Human Pluripotent Stem Cell MMP2 Activity

MMP2 activity levels were measured in conditioned media for three cells lines over

nine days of spontaneous differentiation in monolayer culture. The cell lines explored

were H9-OCT4-mCherry hESC reporter line, NHF-iPS-1-3 hiPSC line and hPDL-

iPS-D1C6 hiPSC line. To optimise detection, media from 3 wells of a 6-well plate

were pooled to reach a total volume of 9 mL for each time point. Samples were then

filtered and concentrated to 200 µL using Amicon ultracentrifugation units (10 kDa

cut-off) and stored at -80oC for future analysis. MMP2 activity levels, as measured

by fluorogenic peptide and gelatin zymography, are reported in Figure 3.12 a and b,
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respectively.

Figure 3.12: MMP2 activity in conditioned media from a nine-day (pluripotency : P,
day 1 : D1, day 3 : D3, day 5 : D5, day 7 : D7, day 9 : D9) pan-differentiation of
human PSCs is represented in combined biological experiments (grey points) as the
fold change from pluripotency (a). Samples were normalised to serum containing
media and total protein content of the sample, as measured by Nanodrop. The
trend represents the mean values at each time point, with error bars indicating the
standard error and the breadth of the markers at each time point demonstrating the
standard deviation of the values. Paired Student’s t-tests with Bonferroni corrections
were applied (N = 3, n = 1, nt = 3; ⋆p < 0.05, ⋆⋆p < 0.01). The corresponding
concentration curve is plotted for recombinant active MMP2 by fluorogenic peptide
assay (b). Zymograms were imaged on a Li-Cor scanner at 700 and 800 nm infrared
wavelengths (c). Active MMP2 (1 µg/mL, Sigma) was used as a positive control.

Quantitative analysis of MMP2 activity by fluorogenic peptide was possible at

concentrations as low as 1 ng/mL (Figure 3.12 b). MMP2 showed enormous peaks

on the first day of differentiation, approaching a 10 fold change from pluripotency

in all cell lines. This level was maintained at a similar level throughout the study.

Furthermore, significantly high activity levels were recorded for each of the cell lines

over the first five days of culture (H9-OCT4-mCherry: day 1 p = 0.002, day 3 p =

0.024, day 5 p = 0.015, NHF-iPS-1-3: day 3 p = 0.018, day 5 p = 0.015, day 7 p =

0.021, hPDL-iPS-D1C6: day 3 ⋆P = 0.012). Reports on the MMP2 activity of an H9

cell line agreed with our findings when cultured as EBs over a 14-day spontaneous

differentiation study. Horejs et al. recorded initial peaks on day 1 of differentiation

as a 20 fold change from pluripotency, with a gradual tapering off over the two-week

period, ending in approximately half of the first maximum.124
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By zymography, it appears that the limit of detection is too low for identification of

active MMP2 (66 kDa) from monolayer hPSC cultures (measured at approximately

0.5 µg/mL); however, both pro-MMP2 (72 kDa) and MMP9 (82 kDa) are discernible.

No bands were observed for pro- or active MMP2 in the pluripotent lane for any of

the lines. For differentiated time points, both H9-OCT-mCherry and NHF-iPS-1-3

cell lines mirrored correlations observed quantitatively. Faint bands could also been

seen on days 1 and 3 of differentiation in hPDL-iPS-D1C6, while days 5-9 were less

obvious.

The jump in activity on the first day of differentiation makes MMP2 an ideal

candidate for the proof-of-concept study, as activity levels are very low in pluripotent

cells, but significantly increase once cells start differentiating. The disparity between

pluripotency and initial differentiation was later employed to illustrate the selectivity

of the proteolytic stem cell fate controlling platform. Although the absolute level

of active MMP2 required to provoke degradation of an MMP2-cleavable peptide,

and disassemble a polymersome biomolecule vehicle were not evaluated at this stage,

further investigation into the intricacies of the polymersome burst-release system are

detailed in chapter 5.

Additionally, a significant increase in MMP2 activity could be shown in multiple cell

lines in the course of differentiation, as well as with differing culture conditions (2D

vs. 3D).124 Thus, employing MMPs as a tool to specifically target differentiating

stem cells holds promise to be useful for a range of applications in tissue engineering,

i.e. in wound healing, mediation of organ fibrosis and prevention of metastasis for

cancer progression.
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3.3 Conclusions

A tri-phase investigative MMP2 assay was conducted to elucidate gene expression

profiles and activity trends in both 2D (monolayer) and 3D (EB) murine ESC

culture methods, and in three separate human PSC lines in monolayer spontaneous

differentiation systems.

Preliminary studies in monolayer revealed mouse D3 ESCs to express, secrete and

immediately activate MMP2 into their extracellular environment over the first

seven days of pan-differentiation, with a high tendency for ectoderm differentiation.

Murine EBs exhibited an expedited loss of pluripotency, as compared to monolayer

culture, and expressed MMP2 in gradually elevated levels, reaching significantly

high thresholds already on the first day of aggregate formation. MMP2 activity

mirrored this trend, with increases measured on the first day of differentiation using a

fluorogenic peptide substrate. Direct MMP2 manufacturing and induction of MMP2

expression in early differentiation has been associated with the EMT and early

differentiation, where proteases are expressed to remodel the extracellular matrices

and enable cell migration.

Five human PSC lines were cultured and expanded. Three were chosen for exam-

ination of MMP2 expression and activity (H9-OCT4-mCherry hESC reporter line,

NHF-iPS-1-3 episomally generated hiPSC line, and hPDL-iPS-D1C6 periodontal

ligament hiPSC line generated with the OSKM retro-viral system). While initial

culture limitations restricted the studies to monolayer culture, both MMP2 expression

and activity patterns were reproducible across all three cell lines, and trends were

comparable to studies reported in literature for an H9 hESC line differentiated by

EB liquid suspension culture.124 Significant activity levels were reported on the first

day of differentiation, and expression profiles were shown to stretch higher ranges

than with MMP1.
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For future proof-of-concept experiments, the polymersome burst-release mechanism

will be investigated using MMP2 secreted from live murine EBs. The polymersome

hybrid platform will be implemented for active biomolecule release and successive cell-

interaction analysis on day 3 of murine EB formation, coinciding with peak activity

production. In human studies, the system’s MMP2 specificity will be investigated.

Taking advantage of the MMP2 activity profile dynamics, active surface membrane

antibodies will be released from polymersomes upon proteolytic interaction during

differentiation, but should not be released when cells are in a pluripotent state.



Chapter 4

Polymersome Development and

Characterisation

Your theory is crazy, but it’s not
crazy enough to be true.

Niels Bohr

Current widely used in vitro differentiation culture techniques rely on the presentation

of growth factors as a uniform dosage at time points which coincide with specific

signaling pathways. These methods put us at a real disadvantage when directing

differentiation of a heterogeneous population of PSCs. While in mESCs, it is possible

to achieved a naive state, hPSCs are primed and thus are inherently heterogeneous.68

New methods of biomolecule delivery based on biomaterials, which have used synthetic

MMP-degradable ECMs to deliver scaffold-embedded or bound active molecules, have

been successful for regenerative therapies and for maintenance of pluripotency.148,151

However, biomolecule attachment procedures possess some real disadvantages, using

harsh preparation conditions and potentially capping biological activity.

Here, the authors use thermo-responsive cross-linked polymersomes for biocompatib-

ility, stability, biomolecule retention and controlled release of cargo. These synthetic

128
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polymer-based carriers are superior to the commercially used natural counterparts,

liposomes, as they are highly tunable i) through the possibility of cross-linking with

a vast array of cleavable-peptides, ii) by encapsulating a much wider variety of

molecules, such as virtually any large hydrophilic protein in their aqueous core, as

well as hydrophobic components into their bilayer membrane, iii) by manipulating

their amphiphilic chain lengths and conformations which translates to membrane

thickness and loading efficiencies, and iv) through the monomers from which they

are composed. For thermo-responsive polymersomes, this latter conditions dictates

the critical temperatures at which polymersomes self-assemble, and thus, it also

determines the mechanism of disassembly.

For PEG-pAA-pNIPAAM polymersomes, originally developed by Xu et al.,188 which

have been alkyne coupled for azide-peptide copper-based click chemistry cross-linking,

the thermo-responsive nature plays an important role. As depicted in Figure 4.1,

unimers can be self-assembled above the cloud point (reported as 33oC in water

and 38 - 39oC in PBS)188,189 to encapsulate a bioactive molecule and covalently

cross-linked. When the CLPs’ cross-links are degraded above the thermo-responsive

point, release of the sequestered molecule occurs by diffusion through the membrane,

either by a change in porosity due to the presence of remaining peptide fragments

or degradation of the backbone. Below the cloud point, CLPs relax as they are no

longer constrained by amphiphilic forces. Biomolecule release can therefore occur by

burst release of the encapsulated molecules once the peptide bonds are degraded.
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Figure 4.1: Schematic of temperature-dependent enzymatic degradation of thermo-
responsive CLPs. PEG-pAA-pNIPAAM thermo-responsive polymersomes self-
assemble above the cloud point, to encase valuable hydrophilic cargo such as growth
factors, and can be cross-linked with enzyme-sensitive amino acid sequences. Above
the cloud point (T > CP), CLPs remain intact, and selective degradation of the
peptide bonds results in diffusion-controlled release of encapsulated molecules. Below
the cloud point (T < CP), CLPs are not self-assembled but are held together by the
covalent cross-links only. Thus, upon degradation by MMP2 in the designed system,
a burst-release of encapsulated biomolecules will occur. Note: these illustrations are
not to scale.

As a highly versatile system, the following peptides were designed for simplistic

click chemistry cross-linking reactions, incorporating azido-lysines at both C- and N-

termini: Non-cleavable K(N3)GGGK(N3) (ppGGG), UV(254 nm)-cleavable K(N3)GF-

(NO2)GK(N3) (ppUV), trypsin-cleavable K(N 3)GRGRGK(N3) (ppTRYP), MMP2-
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cleavable K(N3)GPQGIWGQK(N3) (ppMMP2), and cathepsin B-cleavble K(N3)GGF-

KFLGGK(N3) (ppCATB) peptides. Their structures are illustrated in Figure 4.2.

All peptides mentioned here were synthesised by solid-phase peptide synthesis by

collaborator Dr R. Chapman, and characterised by matrix-assisted laser desorp-

tion ionisation (MALDI) time of flight (ToF) mass spectrometry (MS). Please see

Appendix D for spectra.

Figure 4.2: Chemical structures of peptides synthesised for polymersome crosslinking:
Non-cleavable K(N3)GGGK(N3) (ppGGG, 496.3 g/mol), UV(254 nm)-cleavable
K(N3)GF(NO2)GK(N3) (ppUV, 631.3 g/mol), trypsin-cleavable K(N3)GRGRGK(N3)
(ppTRYP, 808.5 g/mol), MMP2-cleavable K(N3)GPQGIWGQK(N3) (ppMMP2,
1149.6 g/mol), and cathepsin B-cleavble K(N3)GGFKFLGGK(N3) (ppCATB, 1088.6
g/mol) peptides. Isotopic weights are listed.



4.1. Materials &Methods 132

4.1 Materials &Methods

4.1.1 Materials and Sample Preparation

Materials

The following products were purchased from Sigma Aldrich: Acrylic acid (AA,

99%, containing MEHQ inhibitor 200 ppm), 2,2’-azobisisobutyronitrile (AIBN, 98%),

N-isopropylacrylamide (NIPAAM, 97%), 1,4-dioxane (ACS reagent, 99%), dichloro-

methane (DCM, anhydrous, 99.8%,), N,N-dimethylformamide (DMF, ACS reagent,

99.8%), N,N,N’,N’-tetramethyl-O-(1-benzotriazol-1-yl)uronium hexafluorophosphate

(HBTU, 98%), dimethyl sulfoxide (DMSO, 99.9%), copper (II) sulfate pentahydrate

(CuSO25H2O, 98%), (3-aminopropyl)triethoxysilane (APTES, anhydrous, 99%), MES

hemisodium salt (MES), triisopropyl silane (TIS, 99%), trifluoroacetic anhydride

(TFA, 99%), and Sephadex G-100. 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-

ide hydrochloride (EDC·HCl, 99%) was purchased from Fluorochem and used as

received. DMF80%/piperidine20% Premix and N-ethyldiisopropylamine (DIEA)

were purchased from ATGC Bioproducts. N-hydroxysulfosuccinimide (Sulfo-NHS)

and Dextran, Texas-Red® (TR-Dex, 10, 40, 70 kDa) were purchased from Thermo

Fisher Scientific and 4-arm poly(ethylene glycol) maleimide (PEG-MAL, 20 kDa)

was acquired from JenKem Technology.

Acrylic Acid RAFT Polymerisation with PEG-RAFT

The PEG-RAFT (reversible addition-fragmentation transfer) chain transfer agent

(CTA) was synthesised according to literature. 188 Acrylic acid (0.932 mmol), previ-

ously deinhibited by alumina column, was mixed with CTA, AIBN (0.1:1 mol CTA),

and dimethyl sulfoxide (DMSO) (660 equivalent). The reaction was degassed by
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nitrogen gas environment for 15 minutes and cooling to 0oC. The polymerisation

was carried out in an oil bath at 65oC, under N2 at 1 atm. Samples of the crude

product were taken periodically throughout the reaction and precipitated in cold

hexanes to determine conversion, by 1H-NMR, and chain extension was confirmed

by gel permeation chromatography (GPC).

Polymersome Self-Assembly and Cross-linking by Azide-Alkyne Huisgen

Cycloaddition

Final PEG-RAFT-pAA chain extensions with NIPAAM, as described in literature,188

and alkyne coupling of acrylic acid groups with propargylamine in the presence of

EDC-HCl and 4-dimethylaminopyridine were completed by collaborator Dr Robert

Chapman to yield poly(ethylene glycol)113-poly(acrylic acid)8-poly(propargylamide)8-

poly(NIPAAM)350 (PEG-pAA-pPAM-pNIPAAM) (polymer development described

in Appendix D). The polymer was dissolved in DPBS (Life Technologies) at 10-

15oC by sonication and then mixed with an encapsulating factor (e.g. DPBS,

fluorescein isothiocyanate-bovine serum albumin [FITC-BSA], rhodamine-B-bovine

serum albumin [RodB-BSA],fluorescein isothiocyanate-4-arm-poly(ethylene gylcol)

[FITC-PEG, 2 and 5 kDa], TR-Dex [10, 40, 70 kDa]) to yield a final concentration of

6 mg/mL polymer. Polymersomes self-assembled as the solution was heated to 45oC

and mixed continuously for five minutes, 600 rpm. For click cross-linking, reagents

were added in the following order: peptide (5 : 1 mol polymer), CuSO25H2O (0.5

mg/mL), sodium ascorbate (0.25 mg/mL), and mixed overnight at 45oC. This process

is illustrated in Figure 4.3.

Peptides used for cross-linking reactions were: non-cleavable K(N3)GGGK(N3) (pp-

GGG), UV(254 nm)-cleavable K(N3)GF(NO2)GK(N3) (ppUV), trypsin-cleavable

K(N3)GRGRGK(N3) (ppTRYP), MMP2-cleavable K(N3)GPQGIWGQK(N3) (ppMMP2),

and cathepsin B-cleavble K(N 3)GGFKFLGGK(N3) (ppCATB) peptides, and were

synthesised by solid phase peptide synthesis (SPPS) as described in section 4.1.1
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by collaborator Dr Robert Chapman. Cross-linked polymersomes were purified

by column (8 mL, Sephadex G-100 swollen in 1X PBS); < 500 µL fractions were

collected, analysed by dynamic light scattering (DLS) and diluted to 1 mg/mL.

Figure 4.3: Schematic of polymersome preparation. Polymer was first dissolved in
DPBS and combined with a molecule for encapsulation prior to heating to 45oC
to initiate self-assembly into polymersomes. Once mixed and equilibrated at this
temperature for 5 minutes, the azide-terminated peptide was mixed into the solution.
Copper sulfate and sodium ascorbate were added, and the solution was incubated
for 2-24 hours at 45oC to create CLPs. Once cooled, the CLPs remain intact. Note:
these illustrations are not to scale.

Lower Critical Solution Temperature Studies

The cloud point of purified polymer PEG-pAA-pPAM-pNIPAAM (1 mg/mL) was

measured at absorbance wavelength 320 nm (EnVision Multilabel Reader, Perkin

Elmer) over a 20 degree temperature range (25oC - 45oC), recording in triplicate

every 0.5oC and equilibrating for five minutes between measurements.

For polymer analysed in varying buffer systems, a Zetasizer Nano ZS (Malvern) was

used for DLS measurements; specifications are included in subsection 4.1.2 Chemical

Methods of Analysis. Samples were equilibrated for five minutes before recording

three measurements. The averages of these measurements were taken, and error bars

denote the standard deviation.
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Polymersome Loading Efficiency

TR-Dex 10, 40 and 70 kDa neutral dyes were loaded at 5 mg/mL into UV-cleavable

CLPs (6 mg/mL polymer) and reacted overnight at 45oC. Half of the crude was

retained and diluted to 1 mg/mL (500 µL), while the other half was purified in an 8

mL column of Sephadex G-100, and fractions containing particles, as determined by

DLS, were diluted to 500 µL as pure CLPs (1 mg/mL). Of both the crude and pure

samples, 250 µL was irradiated by UV light at 254 nm for 60 minutes. Fluorescence

signals were measured at 615 nm emission wavelength (λex 595 nm) with an EnVision

Multilabel Reader (Perkin Elmer). Percent loading was determined as the ratio of

signal emitted by the pure CLPs to the crude. Experiments were run in triplicate

and standard deviation is indicated by error bars.

Polymersome Cytotoxicity

As detailed in subsection 3.1.1, H9-OCT4-mCherry hESCs were cultured in feeder-

free, serum-free conditions in monolayer. Please refer to this section for complete

culture specifics.

Polymersome cytotoxicity was determined by AlamarBlue® metabolic assay, varying

the ratio of pre-sterilised (45 minutes under UV radiation) non-cleavable CLPs to cell

number (1:1, 100:1, 10 000:1, 1000 000:1). H9-OCT4-mCherry hESCs were seeded at

75 000 cells/well into 12-well TCP plates coated in 0.5% Geltrex, incubated with

polymersomes in serum-free pluripotency maintenance medium in the aforementioned

concentrations. After incubation for 24 and 72 hours at 37oC and 5% CO2, media

was refreshed wtih 10% (v/v) AlamarBlue® reagent, and fluorescence emission was

measured at 585 nm (λex 570 nm). Samples were normalised to wells containing no

cells.
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Peptide Synthesis

Two peptides were synthesized using a standard solid phase Fmoc synthesis: CG-

GIQQWGPGKC (ppMMP-CL, 1232.5 g/mol), CGGPQGIWGQKC (ppMMP-SCRM,

1232.5 g/mol).

The peptides were synthesized manually on a 2 mmol scale using standard Fmoc

SPPS techniques, as previously described.97 For each coupling, the Fmoc protecting

group was removed with 20% (v/v) piperidine in DMF followed by washing with

DCM and DMF. Amino acids were activated by adding 4 molar equivalent of each

Fmoc protected amino acid to 3.95 molar equivalent of HBTU and dissolved in DMF.

Six molar equivalent of DIEA was added to the amino acid solution and the coupling

solution was added to the Rink amide resin. The coupling reaction was allowed

to proceed for two to three hours before the resin was washed in DCM and DMF.

Ninhydrin tests were performed after each Fmoc deprotection and coupling step to

monitor the presence of free amines.

Once the synthesis was completed, the peptides were cleaved in 95% (v/v) TFA,

2.5% (v/v) TIS, and 2.5% (v/v) H2O for four hours. TFA was removed using

rotary evaporation, and the peptide residues were precipitated and washed with cold

diethyl ether by centrifugation. The peptide precipitates were then allowed to dry

under vacuum to remove residual ether. The peptides were purified using reverse

phase preparative high performance liquid chromatography (HPLC; Shimadzu) in an

acetonitrile/water gradient under acidic conditions on a Phenomenex C18 Gemini NX

column (5 mm pore size, 110 Å particle size, 150 21.2 mm). Following purification,

the peptides were lyophilized on a freeze dryer (Labconco) for storage at -20oC prior

to use.

The purified peptide masses were verified by matrix assisted laser desorption spec-

troscopy (MALDI; Waters) by technician Dr Lisa Haigh.
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Figure 4.4: MALDI-ToF mass spectrometry of degradation hydrogel peptides. Both
peptides MMP-cleavable peptide (ppMMP-CL) (a) and scrambled MMP-cleavable
peptide (ppMMP-SCRM) (b) are identified with peaks at 1255.4 g/mol (1232.5
g/mol [+Na], orange arrows).

Polymersome Gel Embedding and Retention

Purified CLPs (0.5, 0.1 and 0.002 mg/mL polymer) were embedded into 10% (w/v)

PEG-MAL hydrogels in DPBS. Gels were cross-linked instantaneously by Michael-

type addition at room temperature with ppMMP-CL and ppMMP-SCRM cysteine

terminated peptides, reacted to modify 50% and 100% of functional groups (1 : 1

[1eq] or 2 : 1 [2eq] molar ratio of peptide to PEG-MAL, respectively).

CLPs (0.1 and 0.002 mg/mL) encapsulating FITC-BSA (20 and 0.4 µg/mL, respect-

ively) embedded hydrogels imaged by confocal microscopy were synthesised with

ppMMP-CL at 2 : 1 molar equivalent to PEG-MAL, and swollen at 37oC overnight

prior to imaging.

CLP (0.5 mg/mL) retention within the peptide cross-linked 50 µL 10% PEG-MAL

hydrogel was assessed from the cumulative release of encapsulated Rhodamine-B-BSA

(0.1 mg/mL) in 1 mL of DPBS over 24 hours. At each time point (washes and 3, 6,

18, 24 hrs), 50 µL of supernatant was removed for analysis. Fluorescence intensity

was measured in triplicate at λem 600 (λex 450), and normalised to the remaining

volume of supernatant at the time point sampled, and to PBS signal.



4.1. Materials &Methods 138

Polymersome Loaded Electrospun PVA Fibers

Sephadex G-100 purified CLPs (0.1 mg/mL) were electrospun into 10 mL PVA (12%

[w/v], 85-124 kDa, Sigma) of fibrous scaffolds through an 18-gauge blunt-tip needle

at 1.2 ml/hr and collected on a plate positioned 15 cm from the tip of the needle.

A voltage of 10kV, at 0.1 mA, was applied to the needle while the collector was

grounded.

Polymersome Surface Tethering with APTES

Silicon wafers and glass cover slips were cleaned by soaking in ethanol and acetone

each for 10 minutes and dried under N2 stream prior to oxidisation by O2 plasma for

two minutes at 0.8 bar. First, a layer of APTES was formed on the oxidised surface

by liquid phase conjugation in a 2.5 % (v/v) ethanoic solution of APTES for two

hours, and then washed in pure ethanol, and stored under vacuum. Purified CLPs

(1 mg/mL) were then coupled to APTES coated surfaces by EDC-HCl (0.2 M) and

sulfo-NHS (0.04 M) in 0.1 M MES buffer (0.1 M MES, 0.5 M NaCl, pH 6.0) for a

minimum of two hours, before washing in water and PBS.

Cell Adhesion to APTES Coated Surfaces

APTES coated glass coverslips were immersed in ethanol and irradiated by UV

light for 45 minutes for sterilisation. Plates were washed thoroughly in water and

DPBS prior to cell seeding. APTES-cell adhesion was analysed over 24 hours in

pluripotency conditions, where murine D3 ESCs were seeded at a concentration of 20

000 cells/well of a 6-well plate, 37oC and 5% CO2. Plates were then gently washed

once with warm DMEM (Life Technologies) and once with PBS. mESCs were fixed

with 3.7% (v/v) paraformaldehyde for 20 minutes at room temperature, carefully

washed and stained with 1:10 000 4’,6-diamidino-2-phenylindole (DAPI) nuclear stain

(Life Technologies). Images were captured by fluorescence microscopy and analysed
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with ImageJ by implementing a colour threshold and measuring the percent area

covered by cells.

Cytotoxicity of APTES Coated Surfaces

Murine D3 ESCs were maintained in a pluripotent state using 10 ng/mL LIF in feeder-

free conditions. During EB formation, cells were deprived of LIF in serum-containing

media. Please see subsection 3.1.1 for a full description.

Post coating, APTES cytotoxicity was evaluated based on the viability of mD3

EBs over five days of differentiation. EBs (100 EBs/well) were seeded onto pre-UV

sterilised (45 minutes under UV radiation) APTES coated glass coverslips (33 mm

diameter) in a 6-well non-adherent bacterial grade plate and left to incubated at

37oC, 5% CO2 on an orbital shaker at 50 rpm. On days 0, 1, 3, and 5, EBs were

collected, trypsinised and percent viability was determined by the Trypan Blue

Hemocytometry method, and compared to non-adherent TCP as control.

4.1.2 Chemical Methods of Analysis

NMR

1H-NMR spectra was recorded on a Bruker AV 400 (400 MHz) spectrometer. The

TMS peak at 0.00 ppm or residual solvent peak was used as an internal reference.

Signals are recorded in terms of chemical shift (in ppm), and relative integral.

Gel Permeation Chromatography

Triple detection size exclusion chromatography (SEC) was performed by a gel

permeation chromatographer (Waters, refractive index detector [RI]) and used to

measure the molecular weights and dispersities of the polymers. DMF was taken as

the eluent with a flowrate of 0.7 mL/min at 35oC. Samples were prepared by filtration



4.1. Materials &Methods 140

of a solution of 2 - 4 mg/ml polymer through a 0.45 µm polytetrafluoroethylene

(PTFE) filter. Water was used as a flow rate marker and calibration was performed

using 10 polystyrene standards of MW 1000 - 1000 000 g/mol. LiBr was added to

the eluent to reduce the effect of hydrogen bonding in the system.

Dynamic Light Scattering

Dynamic light scattering was performed on a Zetasizer Nano ZS (Malvern, Worcest-

shire, United Kingdom) with a 633 nm helium-neon laser using back-scattering

detection. The instrument was used to measure the average hydrodynamic size of

particles in solution, based-on the Stokes-Einstein equation. For data analysis, the

Zetasizer software (Dispersion Technology Software v 5.00, Malvern) was chosen,

measuring particles in motion at a fixed 173o angle in 3.5 mL plastic cuvettes, res-

ulting in a hydrodynamic diameter and the size distribution (dispersity index, D).

Measurements were performed in triplicate, setting the attenuator to 8, and results

were reported as an average of the three with standard deviation.

Cryo-TEM

Cryogenic-transmission electron microscopy (Cryo-TEM) was performed with as-

sistance from Drs Margaret Holme and Ulrike Kauscher. Samples were prepared in

ddH2O, at a concentration of 3 mg/mL polymer. Samples were brought to their

test temperatures (25 or 37oC) and equilibrated for five minutes on a heating block.

Samples were then blotted once on each side of a carbon film, 200 mesh Cu grid, for

1 second before plunge-freezing. Data were collected using a JEOL 2100 electron

microscope, equipped with EDS detector and operated at 120 kV, in the Harvey

Flower Electron Microscopy Suite, Imperial College London, UK.
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Liquid Phase Atomic Force Microscopy (lAFM)

Polymersomes at 1 mg/ml were bound to APTES coated surfaces as described

above, and were imaged in DPBS using a PNP-DB-20 cantilever (spring constant of

≈ 0.05 N/m) in tapping mode with an Agilent 5500 (Agilent Technologies). Scans of

10 x 10 µm and 2 x 2 µm were performed at a scan rate of 300 kHz. Images were

processed with Gwyddion Software. This technique was performed with assistance

from Dr Amy Gelmi.

Confocal Microscopy

Human ESC OCT4-reporter embedded hydrogels were imaged with Leica SP5 Inver-

ted Confocal Microscope - Resonnant scanner, equipped with Diode 405 nm, Argon

488 nm, HeNe 543 and 633 nm, and Krypton 594 nm lasers (Leica Microsystems).

All confocal microscopy was complete in the Facility for Imaging by Light Microscopy

(FILM), Imperial College London, UK.

Matrix-Assisted Laser Desorption Ionisation Time of Flight Mass Spec-

trometry

Mass spectra of the peptides were acquired by Matrix-Assisted Laser Desorption

Ionisation Time of Flight Mass Spectrometry (MALDI-ToF MS) with the assistance

of technician Dr Lisa Haigh, using a Waters Micromass MALDI-TOF Micro Mx

mass spectrometer, equipped with a nitrogen laser delivering 2 ns laser pulses at

337 nm with positive ion ToF detection performed using an accelerating voltage

of 25 kV. Mass calibration was performed with mono-methylated poly(ethylene

oxide) (Me-PEO) standards (Mn = 2000 and 4000 Da). Samples were prepared by

mixing 5 ul of 1 mg/ml sample in acetonitrile / water / TFA (50:49:1) with 5 ul

α-Cyano-4-hydroxycinnamic acid (CHCA) matrix in acetonitrile.
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4.2 Results & Discussion

The first step of the four-stage polymersome fabrication process was completed

by the author of this work: syntheses of reversible addition-fragmentation transfer

(RAFT) controlled free-radical polymerisation of AA with PEG-RAFT macro CTA

to form a PEG-pAA block co-polymer. Collaborator Dr Robert Chapman, a post-

doctoral fellow in the Stevens Group, completing the second and third phases of

synthesis for the amphiphilic temperature-responsive polymer PEG-pAA-pPAM-

pNIPAAM (RAFT chain extension of PEG-RAFT-pAA with NIPAAM to form

PEG-pAA-pNIPAAM, and alkyne coupling to yield the final product, as discussed

in Appendix D), and provided azido-lysine terminated polymersome cross-linking

peptides (ppUV, ppTRYP, ppGGG, ppMMP2, and ppCATB). Polymersome self-

assembly and cross-linking to form CLPs as well as all other material characterisation,

including cytotoxicity assays and CLP-substrate tethering was conducted by the

author.

4.2.1 Polymer Synthesis

A tri-block copolymer of PEG-pAA-pNIPAAM was synthesised following the work

of Zhong et al.,188 in order to prepare thermo-responsive polymersomes. For ortho-

gonal peptide cross-linking capabilities to encapsulate proteins, some AA units were

modified to enable copper-catalysed azide-alkyne cycloaddition.

A commercial macro CTA (dodecyltrithiocarbonate-cyano PEG, average molecular

weight 5400 g/mol) was purchased, which included the desired PEG chain, reducing
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steps required for synthesis. Acrylic acid was polymerised first, through a dormant

state provided by the RAFT CTA, in order to provide cross-linkable units between

the hydrophilic PEG and the hydrophobic pNIPAAM blocks (see Figure 4.5 a). A

degree of polymerisation (DP) of < 40 was desired so as not to effect the assembly

of the tri-block. Due to the high viscosity of the RAFT agent and the low target DP,

a high concentration of solvent was required, resulting in extended reaction times.

The kinetics were followed by 1H-NMR, measured against that of the CH 3 protons

from the RAFT agent. Conversion (X) of 85% was observed after 20 hours (as

measured by comparing the relative disappearance of protons associated with the

vinyl groups by 1H-NMR), indicating the insertion of 33 AA units. This result was

further confirmed by gel permeation chromatography (Figure 4.5 b). The synthesis of

the final polymer used for polymersome synthesis was carried out by Dr R. Chapman

and the details of these steps are described in Figure 4.5 c.
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Figure 4.5: Scheme of PEG-RAFT polymerisation with acrylic acid in DMSO at
65oC (a). GPC trace of macro-CTA and PEG-pAA-RAFT block copolymer in DMF
with log(molecular weight) plotted against retention volume. The PEG-pAA-RAFT
polymer (blue) is slightly lower shifted than the polymer without the pAA block
(orange), indicating larger molecules (b). Conditions of syntheses conducted by
Dr Robert Chapman, chain extensions of AA and NIPAAM monomers (M) with
PEG-RAFT macro CTA and AIBN initiator (I) are listed with theoretical number
average molecular weight (Mn) (c). Conversion (X), degree of polymerisation (DP)
were measured by 1H-NMR. GPC (*) measured values of Mn and dispersity (D*)
are also indicated.

The SEC trace shows low dispersity of the polymers, indicating good control by the

CTA. The shift in molecular weight from the macro-CTA can be clearly seen despite

only a small increase in polymer size.

The tri-block co-polymer synthesised, PEG113-pAA16-pNIPAAM350, was designed

with a truncated linker block than originally hypothesised, as a DP > 20 AA units

did not result in self-assembly of thermo-responsive particles.
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4.2.2 Polymersome Self-Assembly and Cross-linking by

Copper(I)-Catalysed Azide-Alkyne Cycloaddition

(CuAAC)

Final batches of PEG-pAA-pNIPAAM block co-polymers were prepared according

to literature by collaborator Dr Robert Chapman,188,189 and assembled into vesicles

by heating above the cloud point. To avoid unwanted interactions with encapsulated

proteins, some of the acrylic acid sites were reacted with propargylamine, which was

coupled to the polymer via a condensation reaction (Figure D.1 in D). The final

alkyne modification, gave rise to eight propargyl amide units and seven acrylic acid

units, PEG113-pAA8-pPAM8-pNIPAAM350. In parallel, azido lysine was prepared

according to literature,227,228 and used to build UV-, trypsin-, MMP2-, CATB, and

non-cleavable peptides containing an azide group at each end (see Figure D.1 of D

for MALDI-ToF-MS analysis, performed by Dr Lisa Haigh).

Tri-block co-polymers composed of the same groups as those synthesised in the

Stevens Group, yet varying slightly in chain length, PEG113-pAA9-pNIPAAM106

and PEG113-pAA22-pNIPAAM194, were reported to have LCSTs of 38oC and 39oC,

respectively, when dissolved in PBS.189 Thus, polymersomes were formed by dissolving

the tetra-block co-polymer, PEG-pAA-pPAM-pNIPAAM, in DPBS and heating the

polymer solution to 45oC, above the assumed lower critical solution temperature

(LCST). Following, cross-linking with an azide bearing trigger-sensitive linker used

copper-based click chemistry (Figure 4.1). Upon cooling below the cloud point,

peptide cross-linkers hold the structure together, as can be seen by transmission

electron microscopy (TEM, Figure 4.7 a & b), cryo-TEM (Figure 4.7 c), and by DLS

with all five peptide linkers (Figure 4.8 a, b & c).
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Figure 4.6: Scheme of tetra-block copolymer PEG-pAA-pAM-pNIPAAM dissolved
in DPBS and heated to 45oC to initiate self-assembly of bilayer particles before
copper-catalysed click reaction with azide-terminated peptide (red). Hydrophilic
chain segments are shown in yellow and thermo-responsive chain segments are blue.
Alkyne linkers are purple.

Vesicle structures created by a self-assembly process rely largely on the cross-sectional

area of the amphiphilic chains, with comparable polar areas (Ap) and non-polar areas

(Anp) resulting in the formation of a bilayer, and unequal areas (Ap > Anp > Ap)

giving way to micelles or inverse micelles.229 In the tetra-block copolymer synthesised,

the pNIPAAM chain carries nearly eight times the molecular weight of the polar

PEG chain, thus, it was unclear whether a difference of this magnitude would lead

to bilayer or single layer particles. Furthermore, as the CLPs were cooled below the

cloud point, they were expected to relax and grow in size as the chains are no longer

charged with amphiphilic forces that would encourage highly defined structures.

These questions were answered by cryo-TEM imaging of CLPs at 25oC and 37oC,

and are presented in Figure 4.7 c, below. Fluorescence emission from biomolecular

dye, FITC-BSA, is also recognised by confocal microscopy when encapsulated into

non-cleavable CLPs (Figure 4.7 d).
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Figure 4.7: Cross-linked ppGGG polymersomes (PEG113-pAA8-pPAM8-
pNIPAAM350) at 25oC (a, scale bars 200 nm) and 40oC (b, scale bars: left
500 nm, right 100 nm) were imaged by TEM with assistance from Dr Robert
Chapman. Cryo-TEM images of ppMMP2 CLPs at 37oC (left, scale bar 100 nm)
show shrunken vesicles, ranging in diameter from 40 - 200 nm, while at 25oC (right,
500 nm) they are swollen with sizes ranging from 200 - 500 nm. A clear bilayer
of 28 nm is visible, as indicated by orange arrows (c). Sephadex G-100 purified
cross-linked ppGGG polymersomes encapsulating FITC-BSA (200 ug/ml) at 25 oC
were imaged by confocal microscopy at 2 µg/ml (left) and 100 µg/ml (right). Scale
bars 5 µm (d).

CLPs are stable at room temperature, forming flexible cages which range in size from

200 - 500 nm, as seen by TEM and cryo-TEM. While these images employed different

lengths of peptide bonds for cross-linking (ppGGG 495 g/mol vs. ppMMP2 1149

g/mol), the size discrepancy between techniques is likely due to different methods of

sample preparation. Thus, sizes reported from cryo-TEM are recognised with higher

value as no drying process was required. The CLPs are at the limit of detection of

the confocal microscope; however, a clear difference in fluorescence is apparent when

increasing the concentration to 100 ug/mL.

Furthermore, it was confirmed that the tetra-block co-polymer PEG113-pAA8-pPAM8-

pNIPAAM350 form bilayer vesicles as opposed to micelles. A bilayer thickness of 28

nm is detectable in ppMMP2 CLPs at 25oC in a DPBS (3 mg/mL), as measured by

cryo-TEM.

As the particles were cross-linked using chemistry orthogonal to proteins, FITC-
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BSA could be captured and purified from the polymersomes without affecting the

vesicle structure, as shown by confocal microscopy. To determine to what extent

this encapsulation was possible, biologically inert dextran-Texas Red (TR-Dex)

dyes, ranging in size from 10 to 70 kDa, were successfully encapsulated into CLPs

(Figure 4.8 d). Loading efficiency was determined based on the relative fluorescence

emission, measured at λex 595 nm and λem 615 nm, in UV-cleavable CLPs before

and after purification by Sephadex G-100 column.

Human ESCs (H9-OCT4-mCherry report line) were selected for exploration of CLP

cytotoxicity as they were found to be the most sensitive cell line to minor changes in

culture conditions, for instance, passaging frequency, cell crowding and shear stress.

These cells were seeded onto 0.05% Geltrex coated 12-well TCP plates at 75 000

cells/well and incubated in increasing ratios of CLPs to cells, where 1 mg/mL CLPs

were determined to be 2.3 x 1010 particles by Nanoparticle Tracking Analysis (NTA)

(0 : 1, 1 : 1, 10 : 1, 1 000 : 1, 10 000 : 1). The metabolic analysis by AlamarBlue®

is plotted in Figure 4.8 e.
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Figure 4.8: As measured by DLS, PEG-pAA-pPAM-pNIPAAM dissolved in 1X PBS
shifts in hydrodynamic size distribution when increasing the temperature to 45oC (a),
and remains in the same range when cooled to room temperature after cross-linking
with ppGGG, ppTRYP, ppUV, ppCATB, and ppMMP2 peptides (b). As CLPs relax
at a lower temperature, the particle z-average increases and the dispersity index (D)
remains small (c); error reported as standard deviation. Images of PEG-pAA-pPAM-
pNIPAAM polymer PBS solutions at 25oC (left) and 45oC (right) (d). CLP loading
efficiency was determined based on the relative fluoresce emission of TR-Dex 10, 40
and 70 kDa captured within ppUV CLPs before and after column purification by
sephadex G-100 (λex 595 nm, λem 615 nm, - Trigger). Samples were also exposed
to UV radiation at 254 nm for 60 minutes to account for possible signal quenching
(+ Trigger). Measurement were made in triplicate and normalised to PBS signal
(e). Metabolic activity was analysed by AlamarBlue®, with increasing ratios of
ppGGG CLPs to H9-OCT4-mCherry hESCs cultured in monolayer, pluripotency
maintenance conditions for three days (f). Error bars denote standard deviations.

A clear shift in PEG-pAA-pPAM-pNIPAAM hydrodynamic size is discernible by both

number and intensity percent DLS measurements when heating the polymer-PBS

solution above the cloud point. This clouding effect can clearly be seen by eye as

well, in Figure 4.8 d. While a peak does exist even at 25cC, no assembled vesicles

(micelles or polymersomes) were found by cryo-TEM (images not shown).

As previously observed by imaging techniques, the cross-linked polymer retains its
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vesicular integrity when cooled to 25oC, regardless of peptide cross-linker. Unsurpris-

ingly, the ppMMP2 CLP exhibits a larger size distribution than the other cross-linked

particles, as it is the largest peptide sequence (1 149 g/mol) (Figure 4.8 b). The

relaxation of amphiphilic forces is apparent when comparing z-averages, with a

minimum of 40 nm increase by all CLPs over the non-covalently bound polymersomes

(Figure 4.8 c). This event agrees with observations made by cryo-TEM, and suggests

that the PEG-pAA-pPAM-pNIPAAM CLPs are an ideal system for burst-release

delivery of soluble stimuli, as hypothesised.

CLP loading efficiency was found to be as high as 30% retention for the largest

molecules analysed (70 kDa, Figure 4.8 d). Such high encapsulation levels are possible

thanks to the dual sensitivities of the polymesomes system. Since the CLPs are

thermo-responsive and cross-linked under CuAAC conditions, high concentrations of

cargo can be loaded. However, as the molecular weight of the encapsulating content

is reduced, the encapsulation efficiency likewise drops. This trend suggests that the

CLPs are potentially leaky when entrapping smaller molecules. At an encapsulation

concentration of 5 mg/mL TR-Dex, signal quenching was negligible, as CLPs with

and without UV exposure were not significantly different. What is more, CLPs had

no effect on the metabolic activity of hESCs when incubated for up to three days

in 10 000X CLPs to cells. While these CLPs can be cross-linked with almost any

azide-terminated peptide, potential cytotoxic highly positively charged peptides are

of little concern as a neutralising effect has been reported when bonded to synthetic

polymer nanoparticles.230,231 These findings further advocate for the tetra block

co-polymer as an optimal biomolecular cell delivery system.

Additionally, it should be noted that cryo-TEM reveals a change in CLP size already

at 37oC when in PBS, which is below the expected cloud point. This suggests that

the particles in fact assemble at a lower temperature than originally hypothesised,

based on reports of the thermo-responsive tri-block PEG-pAA-pNIPAAMfrom Cheng

et al..189 An investigation into the polymer-solvent cloud point dynamics is featured

in the following section.
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4.2.3 Lower Critical Solution Temperature Determination by

DLS

Cheng et al. reported PEG-pAA-pNIPAAM polymers of varying lengths to have

cloud points between 30 - 34oC when dissolved in distilled water (dH2O) or MES

buffer (20 mM, pH 5.5), with a significant increase to 38 and 39oC when in PBS (20

mM, 150 mM NaCl, pH 7.4).189 Based on these findings, the tetra-block co-polymer

designed for this PhD project was expected to carry similar characteristics, with

an LCST above the human body temperature. To test this, the onset of transition

between unimer and vesicle of two different polymer batches dissolved in PBS were

investigated. A temperature trend from 25 - 45oC measured absorbance at 320 nm

every 0.5oC with five minute incubations between measurements. Both polymers,

tetra-block co-polymer PEG113-pAA8-pPAM8-pNIPAAM350, and a fully alkynated

form, PEG113-pPAM17-pNIPAAM320 displayed cloud points at 32oC (Figure 4.9 a).

This result appears to refute literature findings; however, the LCST is a transition

point that relies on the pH and salt concentrations of the solvent in which the polymer

is dissolved. Therefore, we endeavoured to exactly replicate conditions reported. The

precursor polymer, PEG113-pAA16-pNIPAAM350, was dissolved in MES buffer (20

mM, pH 5.5) and in PBS (20 mM, 150 mM NaCl, pH 7.4) and the hydrodynamic

size was measured at 32oC by DLS (Figure 4.9 b). Again, vesicles were assembled at

32oC under both buffer systems. To obtain a more complete picture of the cloud

point sensitivity, the precursor polymer was explored across a pH range of 5.6 to 9.0,

a temperature range of 25 to 37oC, and in both dH2O (Figure 4.9 c) and in PBS

(Figure 4.9 d).
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Figure 4.9: Cloud point of both DPBS-dissolved polymer batches used in this
thesis (PEG113-pAA8-pPAM8-pNIPAAM350, and PEG113-pPAM17pNIPAAM320) was
determined to be 32oC by absorbance at 320 nm (a). Both polymers analysed in (a)
were those used for polymersome self-assembly, and thus alkyne-coupled, while those
represented in (b-d) were the precursor, published in Cheng et al..189 The precursor
polymer, dissolved in MES or PBS buffers also show vesicle formation by at 32oC, as
measured by DLS (b). Varying the pH of the solvent from 5.6 to 9.0 yielded cloud
points of ∼32oC in water (c) and in PBS (d).

From these studies, it was concluded that the cloud point at 1 mg/mL polymer

for both PEG-pAA-pNIPAAM is approximately 32oC, regardless of ionic strength,

osmolarity or chain length. Therefore, at body temperature, kinetics of cellular

delivery of soluble cues would diffusion controlled. For the next steps of this PhD

project, two strategies are of interest:

a) Investigating the system dynamics below the cloud point. The requirement for mat-

rix degradation and remodeling is unlikely to be of high importance in hypothermic

conditions, and thus, it is not surprising that MMP2 expression and activity during

early development in vitro have not been reported below 32oC. However, below this

temperature, the function of a the burst-release CLP biomolecule delivery system

is preferred; the PEG-pAA-pPAM-pNIPAAM polymer shows highly reproducible

self-assembly behaviour, and remains chemically versatile for functionalisation. While
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enzyme activity is temperature dependent, as described by the Arrhenius equation,232

all enzyme triggers proposed, trypsin, cathepsin B, and MMP2, have been reported

to be active to some extent at 30oC.111,232 Therefore, although these conditions are

inappropriate for an in vitro differentiation platform, the characteristics of CLP

degradation and encapsulated molecule release could be explored below the onset of

vesicle self-assembly as a model burst-release system.

b) Employing the biomolecule delivery system at physiological conditions. With the

current knowledge of the CLP-degradation system, use of a diffusion controlled system

raises two unanswered questions. How does the tightly packed vesicle conformation

influence the ability of specific enzymes to cleave their peptide cross-linkers? And

secondly, can the CLPs be sufficiently degraded and rendered porous for biomolecule

diffusion within a reasonable time frame? As MMP2 expression and activity has

been probed extensively in murine and human early differentiation in vitro, these

questions could be answered by interaction with live pluripotent stem cells, and

provide a novel stimuli responsive biomolecule delivery system for differentiation and

tissue engineering applications.

Time permitting, it would be intriguing to design a polymersome which could be

self-assembled above body temperature, to provide a more easily regulated mech-

anism of cell-directed biomolecule release. In order to maintain bilayer formation,

only small alterations could be made. Two possible methods would be to substi-

tute the final pNIPAAM chain with a randomly co-polymerised pAA-pNIPAAM,

or to switch the pNIPAAM block with a different polymer all together. In the

former case, an increase in LCST may result from disruption of the hydrophobic

interactions within the pNIPAAM chain due to randomly organised negatively

charged, deprotonted AA groups when under physiological conditions. In the latter

case, replacement of pNIPAAM with poly(N-cyclopropylacrylamide) (pNCPAAM)

or poly(N-isopropylmethacrylaminde) (pNIPMAAM) is very likely to increase the

LCST, having been reported in literature as 45 - 53oC as opposed to 32oC for

pNIPAAM.175,176,233,234 While PEG and pNIPAAM have been widely studied as
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tools for drug delivery and regenerative medicine thanks to their biocompatible

natures, pNCPAAM and pNIPMAAM have not yet been investigated in this facet.

While either polymerisation might return the desired characteristics, the outcome is

too uncertain within the time constraints of the proposed PhD project, and thus,

modulating the LCST is reserved for a future project.

4.2.4 Polymersome 3D Scaffolds

As PSCs differentiate through various states of specialisation, their expression patterns

vary depending on autocrine and paracrine signaling through cell-cell interactions

and the cross-talk from their microenvironments.59 Hence, in order to fill the role

of a cytokine signaling, functioning CLPs must be in close proximity to the cells as

they transition down a differentiation pathway, constantly at the ready for enzymatic

degradation and presentation of morphogenic cues. A 3D system is optimal to

accomplish this task, as particles and cells can be embedded within the same gel,

making local delivery of stimuli and control of cell fate possible.

Two 3D scaffolds were designed to harness the CLPs: a PEG hydrogel, cross-linked

with MMP degradable peptide linkers for eventual hybridisation with pluripotent

stem cells (Figure 4.10 a), and electrospun poly(vinyl alcohol) (PVA) mats as

biocompatible structures for tissue engineering applications (Figure 4.11 a).

Non-cleavable CLPs were loaded into 10% (w/v) PEG hydrogels, synthesised by

michael-type addition of 4-arm PEG-maleimide with cysteine-terminated MMP-

degradable peptide CGGIQQWGPGKC (ppMMP-CL) or scrambled CGGPQGI-

WGQKC (ppMMP-SCRM) (see Figure 4.10 c for structures and Figure 4.4 for

analysis by MALDI). CLPs were embedded in gels cross-linked with either 1 (50%

cross-linking) or 2 molar equivalent amounts (100% cross-linking) to PEG. CLP

retention was measured by fluorescence of encapsulating rhodamine B-BSA in non-

cleavable CLPs over 24 hours at physiological conditions.
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Figure 4.10: Schematic illustrates the concept and polymersome gel embedding (a).
Embedded K(N3)GGGK(N3) non-cleavable polymersomes (0.25 mg/ml) containing
FITC-BSA were distinguished from the 10% wt. PEG scaffold using confocal
microscopy. Images were captured with 488 laser excitation (FITC) and in the
brightfield visible spectrum (BF) (scale bars 5 µm, b). Non-fluorescent polymersomes
(cross-linked with K(N3)GGGK(N3)) encapsulate RhodamineB-BSA. Cumulative
release of polymersomes from PEG-gels over 24 hours does not approach the maximum
leakage potential from gels with 1 or 2 equivalent peptides to 4-arm-PEG maleimide
(c).

CLPs embedded in ppMMP-CL and ppMMP-SCRM cross-link hydrogels could be

retained with 30-60% success in 24 hours with both lightly and heavily cross-linked

scaffolds. As cells would be in very close proximity to these biomolecule carriers,

retention may be adequate at only 30%. However, it is also possible to tether the
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CLPs covalenty to the gel for maximal tenacity using an asymmetric thiol-azide linker.

This remains a preliminary proof-of-concept system nevertheless, and simplicity in

such a complex platform is paramount at early stages of design. Thus, the possibility

of a hybrid CLP-hydrogel-cell platform will be explored in future studies.

The second 3D system explored the possibility of capturing CLPs within electro-

spun PVA fibers, a widely used scaffold in regenerative medicine for cartilage and

bone repair. Figure 4.11 illustrates how an electrospun scaffold could be used for

biomolecule delivery.

Figure 4.11: Schematic depicting polymersome encapsulation in PVA electrospun
fibers (a). Polymersomes encapsulating PBS (top row, b, 0.6 mg/ml polymer) and
RodB-BSA (bottom row, b, 0.1 mg/ml polymer) were electrospun into 12% (w/v)
PVA fibers and imaged by SEM (b). CLPs encapsulating FITC-BSA (top row, c,
0.2 mg/mL) and RodB-BSA (bottom row, d, 0.2 mg/mL) were imaged by confocal
microscopy after two weeks of incubation at 37oC in DPBS (c). All scale bars 10 µm.
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CLP electrospinning does not affect the scaffold structure, as seen by SEM. Upon

incubation of 5 sections of 8 mm punched electrospun mats for 24 hours at 37oC,

fluoresence emission was not detectable from ppGGG CLPs encapsulating 0.2 mg/mL

FITC-BSA. Furthermore, fluoresence was retained even over 14 days of incubation,

as measured by confocal microscopy. Further investigation into CLP cleavage possib-

ilities will be explored in the following chapter.

4.2.5 Polymersome 2D Functionalisation

As previously discussed, anchoring of CLPs to a scaffold results in a more dynamic

platform for active biomolecule-cell interactions. While 3D cell culture is of great

interest, it rests as a highly complex microenvironment as cell specialisation is

influenced by substrate stiffness, possibilities to migrate, adhesion ligands, and

nutrient diffusion, among others.

A more simplified presentation of soluble cues is possible in two dimensions (2D). By

tethering the CLPs to the surface of a silicon wafer or glass cover slip, biomolecules

can be safely immobilised while remaining exposed for proteolytic degradation.

With these goals in mind, silicon wafers and glass cover slips were coated in a

layer of APTES, to advertise free amine groups convenient for EDC/NHS coupling.

With only half of the tri-block co-polymer alkyne functionalised, seven acrylic acid

groups remained on each unimer for tethering possibilities (PEG113-pAA8-pPAM8-

pNIPAAM350).

To confirm CLP surface tethering to APTES coated wafer and glass surfaces, a

powerful magnification tool capable of nano-scale resolution imaging was essential.

Scanning electron microscopy (SEM) was an obvious choice, enabling the extraction

of high definition images with topographical, morphological and compositional

information. However, the CLP system proved to be incompatible the dehydration

and sample preparation necessary for SEM, leading to artifacts in all samples. Thus,

liquid-cell atomic force microscopy (lAFM) was selected as a more gentle imaging
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technique, providing 3D surface profiles without any further sample treatment. It

has the added advantage of extracting information such as surface topography, height

profiles, as well as indentation distance. Please see Figure 4.12 for the surface imaging

of APTES bound CLPs on a silicon wafer surface, performed with assistance from

Dr Amy Gelmi.
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Figure 4.12: Schematic depicting EDC/NHS polymersome tethering (a). Silicon
wafers were treated by ethanol/APTES submersion method and water contact
angle was measured in triplicate. Student t-test and Bonferroni post-hoc tests
were performed on all samples, with ⋆⋆p < 0.01 and ⋆ ⋆ ⋆p < 0.001, (b). Contact
angle images visually demonstrate this transformation (c). CLP surface-tethering
analysed by atomic force microscopy (AFM) with assistance from Dr. Amy Gelmi.
Topographical maps and their 3D reconstructions of silicon wafer (left), APTES
coated silicon wafer (middle), and non-cleavable CLP-APTES bound silicon wafer
(right) (d). Representative height profiles of tethered CLPs and coatings (e). Large
surface bound CLPs, analysed topographically and by dimension profiles, spread as
wide as large as 450 nm in length and 65 nm in height (f). Representative force -
distance curves plotted for all three conditions indicate material stiffness (g).
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As the surface is activated in APTES coating, amines functional groups present

themselves for attachment. EDC / NHS coupling links the available CLPs to the

surface via AA moieties. As there is a multitude of amino groups present (sharp

peaks in APTES Figure 4.12 a), CLPs can form manifold bonds, spreading across the

surface. It is likely for this reason that a decrease in height of the surface structures

is observed when measuring bound vesicles as compared to the APTES coated wafer.

Particles range in size from 40 nm to 450 nm in the x-y plane, and from 6 to 65 nm

in the z plane, as shown in Figure 4.12 C. In the latter instance, if we assume the

‘worst case’ of the largest particle shown here to have a cube like structure of 450

x 450 x 65 nm, we can determine a value which would be equivalent to a sphere of

300 nm in diameter. For the smallest particles, the equivalent non-bonded CLP size

is 50 nm in diameter. Thus, resulting in a range for 50-450 nm, which agrees with

cryo-TEM analysis and size distribution curves of hydrodynamic diameter by DLS.

Representative force - distance curves reveal a slight attraction to the APTES coated

surface on approach of the tip which was to be expected from the activated amino

functionalised surface. It was likewise anticipated that the silicon wafer did not show

attraction as the tip material (silicon nitride) is very similar in molecular composition,

and ‘infinitely’ hard, resulting in total deflection. However, indentation at 50 pN

into the CLPs is 60 nm, compared to no indentation for both APTES and silicon

wafer, implying that the polymeric structure imaged in Figure 4.12 c is far softer

than the other two surfaces.

From these findings, it was concluded that the CLPs were successfully tethered to

APTES coated surfaces by EDC/NHS coupling. Furthermore, compared to other

particle presentation platforms tested, such as gel embedding and electrospinning,

the simplified 2D method has a large advantage over 3D scaffolds. It relies only

on the enzymatic availability and activity for cleavage and biomolecule release, as

opposed to scaffold diffusion both on the part of the enzyme and of the morphogen.

For incubation with live-cells in a proof-of-concept assay, murine and human ESC
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aggregates were to be suspended in differentiation media on top of biomolecule

loaded CLP sheets. Thus, the material was investigated for adhesive and cytotoxic

properties in the presence of live murine D3 ESCs. See Figure 4.13 for details.

Figure 4.13: Murine ESCs seeded in embryoid body (EB) aggregates onto APTES
coated glass slides (33 mm diameter) and non-adhesive tissue culture plastic (TCP).
EBs were dissociated with trypsin for 7 minutes prior to live/dead count, determined
by Trypan Blue hemocytometry method (N = 3, n = 3, no significant difference)
(a). mD3s were left to adhere to APTES coated glass cover slips (APTES, 33
mm diameter), non-treated glass cover slips (GLASS), TCP and non-treated TCP
(nonTCP) over 24 hours of incubation at 37oC . Cells were fixed and stained with
DAPI before imaging by fluorescent microscopy. Adhesion was quantified using a
uniform colour threshold and measured as percent surface coverage (⋆⋆p < 0.01) (b).
Representative images were shown with scale bars of 100 µm (c).

Murine EBs showed no significant difference in viability over five days of differentiation

as compared to non-adherent bacterial grade 6-well culture plates. Percent viability

falls slightly in both circumstances as cells in the center of the aggregates no longer

have access to fresh nutrients. While not as repellent as non-adherent TCP, APTES

coated surfaces are significantly less adherent than TCP, and are therefore considered

as the most ideal biomolecule delivery platform investigated.

As the particles form numerous covalent attachments to the surface, it is unclear

whether this will effect CLP degradation in the presence of the trigger. The next

chapter explores biomolecule release and detection from UV-, trypsin-, cathepsin B-,

and MMP2-cleavable CLPs in chemically defined conditions.
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4.3 Conclusions

An amphiphilic biomolecule carrier was designed, synthesised and characterised for

applications in an in vitro differentiation culture system.

A tri-block co-polymer PEG-pAA-pNIPAAM was synthesised according to liter-

ature,188,189 and alkyne coupled for orthogonal cross-linking chemistries to active

biomolecule encapsulating factors. While the reported polymer suggested it would

be an ideal delivery system for in vitro differentiation cultures, providing a burst-

release mechanism of soluble stimuli at body temperature, it was concluded that the

self-assembly occurred sooner than expected (32oC instead of the reported 39oC).

For possible application in tissue engineering and multi-dimensional in vitro culture,

CLPs were easily embedded into 3D hydrogel matrices and PVA electrospun fibers.

Both methods proved to retain CLPs without the requirement for functionalisation.

In 2D, CLPs could be bound to flat surfaces through covalent attachment onto

APTES. This technique provides a real application for proof-of-concept studies

employing mammalian EBs for controlled differentiation, with minimal adhesion, cell

viability was unperturbed over five days of incubation.

Several strategies were proposed to further understand the mechanisms of biomolecule

release according to the measured cloud point. Chapter 5 investigates the poly-

mer biomolecular release dynamics as a model system, when applied below the

temperature that initiates self-assembly, and as a diffusion limited platform above.

Additionally, the project hypothesis focused on the design of a cell-mediated recip-

rocal response biomolecule delivery platform. Thus, we explore the live-cell secreted

enzyme-triggered release and stimuli feedback from human and murine differentiating

pluripotent stem cells as a proof-of-concept assay, in Chapter 6.



Chapter 5

Biomolecule Detection and Cellular

Interaction

We are continually faced with a
series of great opportunities,
brilliantly disguised as insoluble
problems.

John W. Gardner

In conjunction with cell studies, much conceptualisation and work has been ded-

icated to the fabrication of MMP-cleavable cross-linked polymersomes, capable of

retaining relevant biomolecules for release as soluble stimuli in vitro. Initially, the

CLPs were designed to incorporate a UV light (254 nm)-cleavable peptide (ppUV,

K(N3)GF(NO2)GK(N3)), as it offered mechanistically simple and readily available

trigger sources, as an inexpensive alternative to engaging a non-specific MMP-

cleavable peptide. Numerous photolytic peptide sequences have been reported in

literature;235,236 however, the structure drawn in Figure 4.2, ppUV, was selected for

its truncated size, ease of synthesis, and non-toxic products when degraded.237 In

fact, several photodynamic therapies have been FDA approved as cancer treatments,

such as PhotoFrin® for esophogeal and lung cancers, or Metvixia® which is targeted

163
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for actinic keratoses of the face and scalp.238

Moreover, while degradation of CLPs with low power lasers would allow for myriad

non-destructive in vitro phototherapy applications, UVC (200-280 nm wavelength) is

more flexible as a model system for CLP biomolecule release, as triggered-cleavage can

be directed in doses of less than 0.1 seconds, and possible unprovoked degradation

is much less likely to occur than if a cross-linking peptide could be altered by

visible light. In this case, the trigger is easily reproducible and does not depend on

temperature of the solution and subsequent activity of an enzyme for cleavage. Thus,

as an initial model system to test the functionality of CLP degradation above and

below the cloud point, degradation by UV light is highly desirable.

Secondly, a trypsin-cleavable peptide (ppTRYP, K(N3)GRGRGK(N3)) was developed

as a probe into the possibilities of creating enzyme-mediated burst-controlled release

CLPs. As a serine protease, its tryptic specificity is merely limited to hydrolysis of

the C-terminus of arginine and lysine residues;239 thus, degradation at multiple amino

acid sites is possible even in a short peptide sequence, without the requirement of

heat or concentrated solutions. The trypsin-cleavable peptide sequence was designed,

interchanging lysine and arginine residues to maximise proteolytic activity. The

chemical structure of this peptide is illustrated in Figure 4.2 as ‘ppTRYP’.

Additionally, a cathepsin B-cleavable peptide (ppCATB, K(N3)GGFKFLGGK(N3))

was selected for trial as this endosomal and lysosomal protein has been extensively

studied due to its up-regulation at the sites of numerous diseases, most investigated

in connection with cancer metastisis. In comparison to trypsin, it shows restricted

activity at temperatures below physiological conditions,232 much like MMP2; and

cathepsin B specific cleavable-peptide sequences have been widely investigated and

several have been identified for efficacious cleavage.240

An MMP2 amino acid sequence (ppMMP2, K(N3)GPQG↓IWGQK(N3) – cleavage

at the downward arrow) was chosen in relation to early MMP2 gene expression

during development and up-regulation during EMT.134,141 While numerous MMP-
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sensitive peptides have been reported and used for various applications,241,242, such

as VPMS↓MRGG which is both MMP1 and MMP2 cleavable,243 this particular

sequence was selected for its elevated MMP2 enzyme efficiency (kcat/KM = 555 s-1M-1

at 37oC) in comparison to other MMPs expressed in early development; MMP1 :

434 s-1M-1, MMP3 : 56 s-1M-1, MMP9 : 214 s-1M-1.111 Furthermore, ppMMP2 was

reported to have a low KM value (1100 µM) in relation to other reported MMP2-

sensitive peptides, translating to a lower concentration of MMP2 enzyme required

for degradation.111

Finally, a non-cleavable amino acid sequence (ppGGG, K(N3)GGGK(N3)) was

designed with a simple glycine repeating sequence to act as a control for degradation

studies.

As previously stated, the CLP biomolecule release mechanisms are of interest both

above and below the cloud point. However, as enzyme activity relies on a certain

amount of activation energy to occur, studies were conducted at temperatures known

to be compatible for the respective enzymes, i.e. > 30 oC for MMP2,111 > 20oC for

cathepsin B,117,232, and > 20oC for trypsin.
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5.1 Materials & Methods

5.1.1 Experimental Procedures

Polymersome Self-Assembly and Cross-linking

Polymersomes were assembled and cross-linked as previously described in section 4.1.1.

After purification by Sephadex G-100 column, fractions were diluted to 1 mg/mL

polymer and used as is for future detection release studies. Where further purification

was required, it is detailed under the specific section.

Polymersome Degradation Analysis by DLS

Cleavable polymersomes (1 µg/mL) cross-linked with peptides ppUV, ppTRYP,

ppMMP2, and ppCATB were purified by column (Sephadex G-100) before exposure

to their release triggers (UV irradiation [254 nm], 1 µg/mL active trypsin from bovine

pancreas, Type I (23 kDa, Sigma), 1 µg/mL active human MMP2 (63 kDa, Sigma)

(activity verified by gelatin zymography) in ZAB, 1 µg/mL active natural human

Cathepsin B protein (CATB, 30 kDa, Abcam) in CATBAB, respectively). Enzyme-

cleavable capsules (ppTRYP, ppMMP2, ppCATB) were degraded over 17 hours at

25, 30 and 37oC, with hydrodynamic size distribution measurements taken by DLS

(Zetasizer Nano ZS, Malvern) every 15 minutes. Light-responsive polymersomes were

irradiated for 0, 5, 10 and 30 minutes, maintaining constant temperatures at 25, 30

or 37oC, and measured in triplicate at these times points by DLS.
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APTES-Tethered CLP Cargo Surface Release & Fluorescent Dye Detec-

tion

Polymersomes cross-linked with ppUV, encapsulating 2 kDa FITC-PEG (0.4 mg/mL)

bound overnight to APTES coated glass cover slips (15 mm diameter) and silicon

wafers (5 x 5 mm) at 1 mg/mL polymer binding concentration, were immersed in 1

mL DPBS and exposed to UV light (λem 254 nm) at varying timed dosages: 5, 10, 20

and 30 minutes. At each of these points, 100 µL was removed to record fluorescence

signal at 520 nm (λex 490) in triplicate against a DPBS control, and the solution was

replaced into the reaction apparatus for progressive UV exposure. Polymersomes

cross-linked with ppGGG encapsulating 2 kDA FITC-PEG in the same surface bound

conditions were employed as controls, both exposed and not exposed to UV light.

Surface bound CLPs with ppUV, encapsulating 2 kDA FITC-PEG were also used as

a negative control when not exposed to UV radiation.

Flow Cytometric Analysis of Cargo-Dye Release from Polymersome-Bound

Silica Beads

Purified trypsin-cleavable CLPs (1 mg/mL) encapsulating either BSA conjugated

Alexa Fluor 488 nm (AlexaFluor488-BSA, 0.4 mg/mL), FITC-PEG 5 kDa (0.4

mg/mL), or 4-arm-poly(ethylene glycol) conjugated Alexa Fluor 488 nm 5 kDa

(AlexaFluor488-PEG , 0.4 mg/mL) were electro-statically bound to aminated SiO2

particles (1.16 µm ± 0.05, Microparticles GmbH) using the following procedure.

The silica beads, 100 µL, were resuspended in their storage buffer by vortexing,

washed twice in DPBS (centrifuging at 1200 rcf, 30 seconds to separate), and mixed

with 200 µL CLPs at 1 mg/mL. The suspension was agitated for 30 minutes at

room temperature to promote the interaction, and washed three times in DPBS. As

negative controls, ppGGG CLPs encapsulating the same dyes were also synthesized

in parallel.

AlexaFluor488-BSA dye was synthesised using BSA (Sigma) and Alexa Fluor® 488
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NHS Succinimidyl Ester (AlexaFluor488-NHS, Thermo Fisher Scientific) according

to the manufacturer’s protocol. A 100 µL solution of AlexaFluor488-NHS (1 mg/mL

in DMSO) was mixed continuously for one hour with 1 mL of 10 mg/mL BSA

in 0.1 M sodium bicarbonate, protected from light. The product was purified in

an Amicon ultracentrifugation unit (10 kDa cut-off) at 4000 rcf for 20 minutes at

18oC, and washed once in DPBS. The conjugated dye was diluted to a 10 mg/mL

stock solution. AlexaFluor488-PEG 5 kDa was synthesised in the same manner as

AlexaFluor488-BSA, using a 3 kDa molecular weight cut-off Amicon filter unit for

purification.

In preparation for detection of biomolecule release by flow cytometry, 50 µL of CLP

bound silica beads in DPBS were treated with 1 µg/mL active trypsin and the

relative fluorescence intensity of the particles was monitored over 60 minutes at room

temperature, removing 5 µL of this solution at each time point and diluting it in 400

µL DPBS for stabilisation. All samples were compared to an initial measurement

taken prior to the addition of the enzyme.

Cargo Segregation by Dialysis & Fluorescence Release Detection

Post purification, UV-cleavable CLPs (500 µL at 1 mg/mL) were irradiated for 30

minutes with 254 nm UV light and loaded into dialysis tubing (25 kDa molecular

weight cut-off, VWR). Cargo loadings FITC-PEG 2 kDa, FITC-PEG 5 kDa and

TR-Dex 10 kDa (0.4 mg/mL) were dialysed over 24 hours in 20 mL of DPBS,

removing 300 µL per time point to be measured in triplicate. Non-cleavable CLPs

both exposed and not exposed to UV light, as well as ppUV CLPs not exposed to the

trigger were run in parallel as negative controls. All samples were normalised to the

total volume at the point of sampling and a maximum release condition, achieved by

piercing the dialysis tubes and an additional 60 minute UV exposure.
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Enzyme-Linked ImmunuSorbent Assay

Enzyme-linked immunusorbent assays ELISAs employed 8-arm poly(ethylene glycol)-

biotin (PEGB10, 10 kDa) cargo molecule, previously synthesised by collaborators Dr

Yiyang Lin and Dr Robert Chapman in the Stevens Group. For ELISA preparation,

CLPs purified by column (1 mg/mL) were further purified with streptavidin coated

magnetic beads (Microparticles Streptavidin coated 1 µm particle size [Sigma]). The

magnetic beads (100 µL per sample) were washed twice in DPBS and half (50 µL

beads to 500 µL 1 mg/mL polymersomes) were incubated for 30 minutes at room

temperature, and a second batch (additional 50 µL beads to the same 500 µL 1

mg/mL polymersome batch) was incubated at 4oC overnight.

Streptavidin Coated Plates (Clear, 8-Well Strip, Thermo Scientific Pierce) were

blocked with 5% (v/v) FBS for 1 hour at room temperature before incubation

with CLPs in their respective assay buffers for 1 hour. CLPs were bound at room

temperature for plate attachment. Plates were washed by immersion in 0.05% (v/v)

Tween20 in 1X PBS, before exposure to horseradish peroxidase- (HRP-) conjugated

streptavidin (1.25 µg/mL, Thermo Fisher Scientific) in blocking buffer for 40 minutes.

After thorough washing, TMB Substrate Solution (Thermo Fisher Scientific) was

applied to develop a colourimetric response. Further development was quenched by

acidification with 0.2 M H2SO4 upon appearance of a blue hue, visible in all wells

except PBS control. Absorbance was recorded at 450 nm.

Prior to incubation on strepatvidin coated plates, triggered release was performed

under the following conditions and then loaded into the ELISA plate at 100µL per

sample. UV-cleavable CLPs (0.01 mg/mL) encapsulating PEGB10 (50 nM) with 0.1%

(w/v) BSA in DPBS were exposed to progressive dosages of timed UV irradiation (0,

5, 10, 30 and 60 minutes) alongside a non-cleavable CLP equivalent. Trypsin-cleavable

CLPs (0.02 mg/mL) encapsulating PEGB10 (50 nM) with 0.1% (w/v) BSA in DPBS

and exposed to 1 µg/mL active trypsin enzyme for 0, 30, 60 and 240 minutes at room

temperature. Cathespin B-cleavable CLPs (0.01 mg/mL) encapsulating PEGB10
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(50 nM) with 0.1% (w/v) BSA in cathepsin B assay buffer (CATBAB, 1.33 mM

EDTA [UltraPure, Thermo Fisher Scientific], 2 mM dithiothreitol [Thermo Fisher

Scientific], 100 mM potassium phosphate monobasic [Sigma] pH 6.0) was exposed to

1 µg/mL CATB active enzyme for 60 minutes and 240 minutes. CATB assays were

partially triggered to release during ELISA plate incubation, and thus a buffer-only

negative control was used. Each sample was prepared in duplicate with PEGB10

standards, pipetted in limiting dilution.

Ultra Centrifuge (UC) Cargo Separation

Purified CLPs (1 µg/mL) were mixed with their release triggers (ppUV: 60 minute

UV irradiation [254 nm], ppTRYP: 1 µg/mL active trypsin in DPBS, ppMMP2:

1 µg/mL active MMP2 (activity verified by gelatin zymography) in high glucose

Dulbecco’s modified eagle medium (DMEM) with no phenol red (Life Technologies),

ppCATB: 1 ug/mL active CATB in CATBAB) and incubated overnight at 25, 30

and 37oC. CLPs were diluted to 60 µg/mL ultracentrifuged for two hours at 10oC,

120 000 rcf using a SW40Ti rotor swinging bucket and Optima XE-90 Ultracentrifuge

(Beckman Coulter). All polymersomes were loaded with TR-Dex 70 kDa (25 µg/mL,

final diluted concentration prior to UC). For analysis, the pellet was resuspended in

500 µL of supernatant solution with fluorescent measurements recorded at 615 nm

emission wavelength (λex 595 nm) and normalised to the signal of the supernatant.

As control, cleavable CLPs were purified and incubated in the same approach without

their associated trigger for dye release.

5.1.2 Methods of Analysis

Flow Cytometry

A BD Fortessa Analyser (BD Biosiences), equipped with 488/10 and 530/30 filters

to detect side scatter and fluorescent channels for both AlexaFluor488 and FITC,
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respectively, was set to measure 10 000 events per sample. Data were analysed with

FlowJo Software (FlowJo LLC, Data Analysis Software). A fluorescent population

was established by gating the singlet population, with FITC fluorescence as a function

of forward scatter area. Loss of fluorescent signal was identified using lasers at 488

nm and emission at 530 nm with a 30 nm window.

Dynamic Light Scattering

DLS analysis was performed on a Zetasizer Nano ZS (Malvern, Worcestshire, United

Kingdom), as previously described in section 4.1.2. Samples were equilibrated at the

chosen temperatures for 10 minutes prior to the initial measurement. Measurements

for CLP degradation were performed in a series of 10 scans at 15 minute intervals

over 17 hours, with automatic attenuator selection to accommodate for count rate

fluctuations.

MALDI-ToF-MS

Mass spectra of the peptides were acquired by MALDI-ToF MS with the assistance

of technician Dr. Lisa Haigh, using a Waters Micromass MALDI-TOF Micro Mx

mass spectrometer, as previously mentioned (section 4.1.2). ppMMP2 (0.1 mg/mL)

was degraded in ZAB at 1 µg/mL active MMP2 enzyme (Sigma) at 37oC overnight.

Fluorescent Imaging

Fluorescent images were captured with an Olympus U-TV1X-2 camera on a 1X71

microscopy at 60X magnification. UV excitation was provided by a Prior Lumen 200

unit.
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5.2 Results & Discussion

In this section, we investigated the cleavage and break-down potential of CLPs under

chemically defined conditions. UV- and trypsin-degradable CLPs were first evaluated

to select and design appropriate detection systems for biomolecule release.160 Trialled

detection methods include fluorescent dye intensity measurements resulting from

cargo discharge of triggered CLPs which were surface-bound, gel-embedded, electro-

spun, or separated by dialysis or ultra centrifugation. Further techniques relied on

loss of fluorescence from CLP-bound silica microparticles by flow cytometry, and

colourimetric responses from detection by ELISA. Here, the detection methodologies

are evaluated based on their limitations regarding CLP degradation and cargo release.

5.2.1 Temperature Dependence of CLP Triggered Degrada-

tion

The first test in characterising the biomolecule release platform was a CLP triggered

degradation study. In accordance with discoveries reported in the previous chapter,

degradation was evaluated both below a polymer-solvent cloud point (∼32oC in PBS

pH 5.6 - 9.0, water pH 3.8 - 9.0 and MES buffer pH 5.5) for a cargo burst-release

effect, and above this transition for diffusion-controlled release.

All four degradable peptides were exposed to their associated cleavage triggers and

the change in hydrodynamic size distribution of particles was determined by DLS

and plotted in comparison to a non-exposed condition (Figure 5.1). UV-cleavable

CLPs were degraded by irradiation with UV light at a wavelength of 254 nm, in
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increasing time dosages (Figure 5.1 a). Similarly, proteolytic degradation occurred

under constant exposure to trypsin, cathepsin B or MMP2 (Figure 5.1 b, c, d,

respectively) at 1 µg/mL in their associated buffers (TRYP : DPBS, CATB : CATAB,

MMP2 : DPBS).
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Figure 5.1: Triggered degradation of cleavable CLPs was analysed by DLS, at 25, 30
and 37oC, varying temperature above and below the cloud point (32oC in DPBS).
The hydrodynamic size of ppUV CLPs was measured after 5, 10 and 30 minutes
of UV radiation in DPBS at λem 254 nm, and compared to the non-triggered size
distribution (0 mins, a). Enzyme-cleavable CLPs were likewise exposed to 1µg/mL
dosages of their respective triggers (trypsin [b], cathepsin B [c], MMP2 [d]) in DPBS,
CATBAB and DPBS, respectively. Size analysis was carried out by DLS, with a ‘no
enzyme’ treatment as control (0 mins, b, c, d).

Clear shifts in hydrodynamic size after five minutes of trigger exposure in ppUV,

ppTRYP, and ppCATB CLPs at temperatures below the cloud point (25 and 30oC) in-
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dicate vesicular disintegration and advocate for a functioning burst-release. Moreover,

it is obvious that when not constrained by amphiphilic forces, the peptide cleavage

are sites well exposed to allow both light and enzyme penetration.

At the lowest temperature tested, changes in hydrodynamic size is most apparent, with

z-averages reduced by more than 100 nm in each case (ppUV, ppTRYP, ppCATB).

Although, no deterioration of UV-cleavable CLPs was detected at 37 oC, above the

cloud point, a small shift is apparent in enzyme triggered cleavage by both trypsin and

cathepsin B, visible after 12 - 13 minutes. These data can be interpreted as follows:

i) in a tightly packed conformation, enzymes have sufficient space to locate the

degradable sites, ii) regardless of the bilayer, there is enough destruction to provoke

a conformational change, and iii) if it is possible for biomolecules to diffuse past this

barrier, the covalent peptide links would only limit this progression for the first 10

- 15 minutes. In the case of UV, it is also possible that the same degradation had

taken place, but that the size distributions of ppUV CLPs and degraded ppUV CLPs

at 37oC overlap, as suggested by the down-shifted peak at 0 minutes as compared to

the 0 minute peak at other temperatures.

Additionally, it should be noted that no intact structures were found upon image

analysis by cryo-TEM, post degradation of any of the aforementioned CLPs. Thus,

the signal observed in the 1 - 40 nm range is unlikely to have arisen due to the

formation of a new structure (such as a micelle), and is considered an artifact of the

measurement.

It was not possible to observe the degradation of ppMMP2 CLPs in PBS, even in the

presence of 10 µg/mL MMP2 enzyme, as the enzyme requires certain components

present in the ZAB that support activation, such as calcium and zinc ions which

are also present in the MMP core. On the other hand, it was equally not possible

to perform the degradation in ZAB as polymersomes formed large aggregates when

heated above the cloud point (visible by eye, and measured by DLS and NTA; data

not shown). Thus, eight different zymogram buffer systems were trialled (1: 1X PBS
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pH 7.4; 2: 1X PBS, 2 mM CaCl2, pH 7.4; 3: 50 mM Tris-HCl, 5 mM CaCl 2, 0.05%

(v/v) Triton-x-100, pH 7.5; 4: 20 nM HEPES, 150 mM NaCl, 100 µM ZnCl2, 2 mM

CaCl2, pH 7.4; 5: 20 nM HEPES, 150 mM NaCl, 1 µM ZnCl2, 2 mM CaCl2, pH 7.4;

6: 20 nM HEPES, 150 mM NaCl, 2 mM CaCl 2, pH 7.4; 7: 50mM Tris-HCl, 5 mM

CaCl2, 0.02% (w/v) Brij 35, pH 8.0; 8: DMEM no phenol red) and only DMEM with

no phenol red could prevent aggregation. It was hypothesised that aggregation was a

result of charge intramolecular interactions caused by the enhanced hydrophobicity

of the polymersomes at T > cloud point. As DLS measurements rely on solvent

parameters to determine hydrodynamic size (the refractive index is a function of

the viscosity of the solvent), and thus over a temperature trend, degradation could

not be accurately measured in this way. In order to verify the possibility of particle

degradation, the MMP2-cleavable peptide (K(N3)GPQGIWGQK(N3)), was analysed

by MALDI-ToF-MS and compared to spectra after overnight incubation at 37oC in

ZAB at 1 µg/mL MMP2 enzyme (Figure 5.2).

Figure 5.2: MALDI-ToF-MS spectra of MMP2-cleavable peptide (K(N3)GPQG |
IWGQK(N3), 1149.6 g/mol, a) and after 24 hours incubation at 37oC in ZAB with
1 µg/mL active MMP2 enzyme (b). Blue arrow indicates protonated full-length
peptide; orange arrow shows protonated degradation product (655.3 g/mol [+H2O]);
CHCA matrix associated products are indicated with green arrows.

Both the loss of the full length peptide peak at 1150.3 g/mol and the appearance of

an expected cleavage product (K(N3)GPQG, 655.3 g/mol, protonated and with a

water adduct [+H2O, 18.02 g/mol]),111,244 suggests that the peptide was successfully

degraded under the test conditions.

As both the trypsin- and cathepsin B- sensitive CLPs were degraded below and
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above the point of particle self-assembly, and in the appropriate buffer system, the

MMP2-responsive peptide is cleavable by MMP2 as shown by MS, it allows for the

conclusion that a ppMMP2 CLP might also be degraded. However, as trypsin (23

kDa) and cathepsin B (30 kDa) enzymes largely differ in size compared to MMP2

(63 kDa), further investigation by biomolecule release detection needs to be done

to elucidate whether the smaller enzyme-mediated systems are representative of an

MMP2-sensitive CLP.

5.2.2 Cargo Release - Detection Limitations

As the most relevant system for the proof-of-concept studies, biomolecule release

was first investigated from surface bound ppUV CLPs, to be combined with murine

D3 EBs at a later stage. At room temperature, no fluorescent signal was detectable

from concentrated FITC-PEG (2 kDa) loaded light- and non-cleavable CLPs when

irradiated for 30 minutes (Figure 5.3 a). Three conceivable explanations for these

results are i) due to the strong surface tethering through binding to APTES, CLPs

are not able to fully degrade and release adequate levels of FITC-BSA to warrant

a signal, ii) there are too few anchored CLPs, and thus the release response is not

detectable, or iii) the encapsulated dye was not retained within the CLPs prior to

degradation.

Assuming that the CLPs were able to maintain biomolecules on the order of 2

kDa, an alternative approach was attempted using surface bound CLPs; however,

taking advantage of the slightly negatively charged unimers, thanks to the acrylic

acid functionality, attachment was enabled through electrostatic adsorption to silica

microparticles. Hence, the issues relating to the first caveat could be addressed. By

analysing a loss of fluorescence associated with degradation of dye encapsulating

CLPs bound to silica beads through flow cytometry, the second caveat was also no

longer an issue (Figure 5.3 b). Initial attachment of CLPs to the silica beads was

confirmed by fluorescence microscopy preceding triggered degradation (Figure 5.3
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c). In this case, trypsin-cleavable CLPs were tested as samples underwent a large

amount of manipulation and light exposure.

Initial assays compared ppTRYP and ppGGG CLPs encapsulating Alexa Fluor

488-BSA (AF488-BSA) over one hour of trigger exposure at 1 µg/mL at room

temperature. As no discernible difference could be agreed upon either in relation to

the ‘no trigger’ condition used for normalisation, nor to the non-cleavable CLP, it

was hypothesized that BSA from the encapsulating CLPs may be protruding through

the CLP membrane and binding to the surface of the silica bead. Thus, no change

in fluorescent signal was produced upon degradation. To eliminate the problems

associated with the stickiness of BSA, FITC-PEG (5 kDa) was encapsulated instead.

Run under identical conditions, the CLPs still did not exhibit a change in fluorescent

signal. As FITC contains acidic moieties, the unchanging fluorescent signal mightbe

attributed to electrostatic binding from the encapsulated molecule. Therefore, a

neutral dye of Alexa Fluor 488-PEG (5 kDa, AF488-PEG) was synthesised for

trypsin-mediated degradation of CLPs. As no fluorescence was visible by microscope,

and likewise by flow cytometry, it was concluded that the CLPs were not adequately

charged for electrostatic adsorption to silica beads.

As an alternative approach to adsorption on silica beads, light-cleavable CLPs

containing FITC-PEG at 2, kDa 5, and TR-Dex 10 kDa (Figure 5.3 d) were exposed

to UV radiation for 30 minutes and then loaded into 25 kDa dialysis tubes for

separation. Over 24 hours of dialysing at room temperature, both cargo loadings

of 2 and 5 kDa had completely leaked out of the CLPs, as demonstrated in both

non-cleavable and cleavable particles. However, CLPs loaded with 10 kDa TR-Dex

retained between 10 and 20% of loaded cargo after one day of separation, which

agrees with results of loading efficiency reported in the previous chapter. Therefore,

the lower loading limit for cargo retention was concluded to be 10 kDa. Furthermore,

while sample preparation during the assay likely led to accidental cleavage of the

non-exposed particles, UV-cleavable CLPs released 10% more cargo than their non-

cleavable control. This suggests that the CLPs can release their cargo upon induced



5.2. Results & Discussion 179

vesicular degradation.
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Figure 5.3: UV-cleavable APTES bound CLPs (15 mm glass cover slips [left], 5 x 5
mm silicon wafer [right]) encapsulated FITC-PEG 2 kDa. Particles were irradiated
for up to 30 minutes at room temperature (+hv), and readouts were normalised to
PBS signal. Error bars denote the standard deviation (a). Flow cytometric analysis
of biomolecule release as a function of fluorescence loss from dye encapsulating
electrostatically bound ppTRYP CLPs on silica beads. Samples were normalised
to the initial detectable signal prior to incubation with the trigger and compared
to the non-cleavable control (GGG). Measurements were recorded based on 10 000
events per sample (b). A representative image of trypsin cleavable AF488-BSA
encapsulating CLPs bound to the surface of 1.16 µm silica beads, scale bar 5 µm (c).
Fluorescence release detection after UV irradiation (+hv) separation by dialysis of
ppUV CLPs encapsulating FITC-PEG 2 and 5 kDa, and TR-Dex 10 kDa. Release
was carried out at room temperature over 24 hours, protected from light. Samples
were normalised to the maximum possible released condition. Error bars indicate
the standard deviation (d).
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Various other detection techniques were investigated for optimal biomolecule de-

tection. Trigger dependent degradation from peptide cross-linked PEG hydrogels,

and from electrospun poly(vinyl alcohol) fibers, detection through cargo separation

by poly(acrylamide) gel electrophoresis are only a few which were attempted but

biomolecular responses were too low for detection, leading to inconclusive results

(data not shown).

5.2.3 Cargo Release - Optimal Detection Methods

In order to elucidate the achievability of biomolecule release from CLPs by enzymatic

processing, an even more simplistic approach was taken, by eliminating surface

interactions and separation membranes which could limit degradation and release

through diffusive methods. Thus, CLPs featuring UV-, trypsin-, cathepsin B-, and

MMP2-cleavable peptide linkers were loaded with TR-Dex 70 kDa to ensure maximum

cargo retention. CLPs were exposed to their associated triggers at 25, 30 or 37oC and

incubated for 1 hour (UV light emission at 254 nm) for light-cleavable CLPs, and

overnight for enzyme-mediated release (1 µg/mL, buffers: trypsin-PBS, cathepsin

B-CATAB, MMP2-DMEM medium containing no phenol red). Samples were diluted

in PBS and ultracentrifuged for two hours at 120 000 rcf to pellet non-cleaved CLPs

(Figure 5.4 b).

In the case of trypsin degradation with FITC-BSA encapsulated cargo, biomolecule

release was detectable by eye (Figure 5.4 a) and release was highly significant (p

< 0.001) when degraded both above and below the cloud point. As expected from

dialysis results, release from UV-cleavable CLPs was likewise highly significant when

degraded at all three temperatures, as compared to the no-light control. With

reproducible release from light and enzyme-cleavable vesicles, it was confirmed that

the proposed platform can be employed for trigger-mediated degradation and release

of soluble stimuli under chemically defined conditions.

Incubation under cell culture conditions (DMEM, no phenol red) did not promote
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vesicle aggregate formation of ppMMP2 CLPs upon approaching the LCST. While

this buffer system could not be used to measure degradation by DLS, MMP2-cleavable

CLPs were degraded in cell culture conditions and encapsulated cargo was released

by proteolytic interaction with active MMP2 at 30oC (p < 0.01) and significantly

at 37oC (p < 0.001) compared to the non-degraded ppMMP2 CLPs, as measured

by relative pellet fluorescence post ultracentrifugal separation. It should be noted

that these experiments were not performed at 25oC as it was not possible to cleave

the peptide under these conditions (as measured by MS). These data indicate that

MMP2 can migrate to the CLP vesicular membrane to degrade the peptide cross-

links both as a loose cage (below the self-assembly transition temperature), and as a

tightly held structure (above the cloud point). Furthermore, as the particles degrade,

biomolecule cargo leaks out in significant levels in in vitro cell culture conditions, at

body temperature. Therefore, MMP2 cleavable CLPs are a suitable system for an

MMP2-mediated differentiation platform.

While the degradation studies performed by DLS analysis indicated that ppCATB

CLPs can be degraded at 25, 30 and 37oC, there is no significant difference between

the ‘no trigger’ control, and the test conditions. These data suggest one of three

possible scenarios, i) the particles do not break up enough to allow for the escape of

encapsulated molecules, ii) that the amount released, as compared to the control,

is not detectably different, or iii) the cargo is not retained by the ppCATB CLP,

regardless of trigger. In order to investigate this further, a more sensitive detection

system is required.
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Figure 5.4: High molecular weight dyes conjugated to BSA (FITC-BSA, 65 kDa, a)
and dextran (TR-Dex, 70 kDa, b) were loaded into degradable CLPs and exposed
to appropriate triggers, ppTryp: 1 µg/mL trypsin in PBS for 24 hours, ppUV: 60
minutes UV radiation (254 nm), ppMMP2: 1 µg/mL in DMEM no phenol red for
24 hours, ppCATB: 1 µg/mL in CATBAB for 24 hours. Incubation was carried out
above and below the recorded cloud point of 32oC, at 25, 30 and 37oC. Images of
pelleted ppTRYP CLPs, arrow indicates location of non-cleaved fluorescent particles
containing FITC-BSA (a). Fluorescence was measured at λem 615 nm (λex 595 nm),
and pellet signal from 500 µL was normalised to the signal of the supernatant (n =

3). Student’s t-tests with Bonferroni corrections were performed in relation to the
‘no trigger’ condition. Error bars show the standard deviation. ⋆⋆p < 0.01, ⋆ ⋆ ⋆p <
0.001 (b).

Ultra-centrifugal separation has enabled confirmation of system function in both

diffusion controlled and trigger-dependent systems. However, further insight into

the dosage dependent nature of the platform could allow for numerous applications

in tissue engineering. This is only possible with a highly sensitive system. For this

reason, an ELISA assay was employed that takes advantage of naturally high binding

affinities between biotin and streptavidin proteins and was optimised specifically for

biomolecular detection in our CLP platform.

CLPs were loaded with biotin-tagged 8-arm PEG molecules (PEGB, 10 kDa). Upon

triggered release, detection of attachment to streptavidin coated surfaces can be

detected with a colourimetric response to HRP-streptavidin. A schematic to depict
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this method of detection is illustrated in Figure 5.5 a.

Release of PEGB from UV-cleavable CLPs exposed to 0, 5, 30, and 60 minutes of UV

radiation was compared to non-cleavable particles and measured against a standard

curve of the captured cargo (Figure 5.5 b & c, respectively). While not significantly

different, the gradually increasing trend correlates with results reported for ppUV

CLP degradation at 25oC.

Trypsin-cleavable CLPs show a significant increase of biomolecule release by 30

minutes of enzymatic degradation (p < 0.05). While it was not possible to measure

shorter incubation times due to a minimum 30 minute incubation for attachment

to the streptavidin coated plate, again this trend agrees with the degradation time

observed by DLS at room temperature.

Cathepsin B-cleavable CLPs were incubated at 37oC so as to promote enzymatic

activity; however incubation on the streptavidin coated plate for the final 30 minutes

was conducted at room temperature. Under these circumstances, the enzyme was

able to degrade the vesicles and release the encapsulated biomolecules, as detectable

at 60 and 240 minutes of trigger exposure, when compared to a non-triggered control

(buffer). Thus, ppCATB CLPs can in fact detectably release their cargo upon

degradation. To enhance this process, it might be pertinent to investigate different

cathepsin B peptide linkers to achieve a biomolecule carrier that is more sensitive to

its trigger. For the scope of the project, further focus in this area was not dedicated.

While ELISA based detection methods are much more sensitive than fluorescence

based techniques, it was not possible to find optimal parameters for biomolecule

release detection from ppMMP2 CLPs. It is very difficult to entirely purify the

un-encapsulated PEG-biotin away from the capsules, so small amounts of CLP

cleavage or leakage is indistinguishable from the background signal. Thus, although

this technique may be sensitive enough, the release mechanisms are not clean or

specific enough for significant detection.
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Figure 5.5: Schematic representation of PEG-Biotin (PEGB) adapted ELISA. Upon
triggered degradation, PEGB is released and binds to streptavidin coated 96-well
plates. Sandwiched by HRP-streptavidin, a colourimetric response indicates at-
tachment, and therefore release from CLPs (a). PEGB8 containing polymersomes
(125 µg/ml) were degraded over 60 minutes at room temperature using 254 nm UV
radiation, for ppUV CLPs, and compared to ppGGG CLPs (b). Trypsin sensitive
CLPs were degraded in the presence of 1 µg/mL trypsin in PBS at room temper-
ature (d). Cathepsin B-cleavable CLPs were incubated at 37oC in 1 µg/mL active
enzyme in CATBAB before incubation of the streptavidin coated plate at room
temperature for 30 minutes. The non-triggered ppCATB CLPs were selected as
control (f). All assays were normalised using a limiting dilution standard curve of
the free biomolecule. The associated curves are plotted in matching colours (UV: c,
TRYP: e, CATB: g). Student’s t-tests were performed against the control groups
and corrected with Bonferroni treatment. Error bars indicate standard deviation.
Significance is presented as ⋆p < 0.05, n = 2.

It is therefore concluded that a light- and enzyme-sensitive biomolecule delivery
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system was developed that functions in a burst-release manner when employed

at temperatures below the self-assembly transition point, and behaves reliably as

a diffusion-controlled platform above the thermo-responsive point. Additionally,

MMP2-cleavable CLPs are best suited to cell culture conditions, showing significant

biomolecule release when incubated with an active MMP2 enzyme below and above

the cloud point. The ppMMP2 CLP demonstrates very promising performances in

chemically-defined release conditions, and is thus a great candidate for an in vitro

proof-of-concept, reciprocal response system that features live-enzyme secreted CLP

degradation and controlled biomolecule release for cargo-cell interactions.
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5.3 Conclusions

In this chapter, CLP functionality was explored in chemically-defined conditions,

revealing degradation and biomolecule release properties both above and below the

critical transition temperature of vesicle self-assembly.

Highly sensitive light- and trypsin-cleavable CLPs exhibited hypothesised burst-

release break down within five minutes of triggered degradation, as demonstrated by

DLS. Entrapped cargo was released in significant amounts and at comparable rates

to degradation when incubated at temperatures lower than the cloud point (32oC), as

reported in the previous chapter. Likewise, above the cloud point, provoked vesicle

deterioration was also possible by both CLPs. Highly significant cargo release was

demonstrated despite membrane dependent diffusion. These two trigger-controlled

CLPs acted as a model system and revealed the novel biomolecule release platform

designed to be dynamic, tunable to multiple dictators, and successful for release of

encapsulated factors both above and below the cloud point. It is thus clear that

the peptide cross-links are accessible to enzymes of approximately 20 kDa in size,

regardless of self-assembled or relaxed states.

Cathepsin B-responsive CLPs were degraded under induction at all three temperatures

investigated (25, 30, and 37oC) and detectable cargo release was achieved under

optimised enzyme activity conditions. However, further study into enzymatic peptide

sensitivity is required to achieve a highly controlled, trigger-dependent carrier.

As with the two model systems, MMP2-cleavable CLPs demonstrated degradation

and highly sensitive biomolecular release characteristics in both enzyme-mediated

and diffusion-regulated conditions (p < 0.01 at 30oC, and p < 0.001 at 37oC), in
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basal in vitro cell culture environments. It was hence concluded that MMP2 (66 kDa)

intercalates loosely structured and tightly held bilayer CLP membranes sufficiently

to degrade the peptide cross-links. Encapsulated cargo traverses these degraded

particle barriers in significantly high levels of detection. Furthermore, when no MMP2

enzyme is present, ppMMP2 CLPs retain their structural integrity and encased cargo

for at least 24 hours of incubation at all temperatures assayed. While it was not

possible to detect release from ppMMP2 CLPs with ELISA-based methods due to

limitations of the system, this is not an indication that the proposed platform would

not be porous enough to release their cargo. As cellular systems can be a much

more sensitive to cargo release, a live-cell proof-of-concept assay will be employed for

responsiveness to native cell-secreted enzymes for application of local differentiation

control.

As release from proposed scaffold-embedded and surface-anchored CLPs assays were

inconclusive due to undetectable levels of loaded cargo, the tethered system still

remains a viable option for presentation of CLPs to cells in a sustained manner.

Thus, surface-bound and untethered ppMMP2 CLPs are investigated in the following

chapter for degradation by cell-manufactured enzymes, retained cargo activity after

preparation, cell-stimuli interactions, and specificity during differentiation in human

and mouse pluripotent stem cells.



Chapter 6

MMP-Triggered Release of Specific

Antibodies During Stem Cell

Differentiation: Proof-of-Concept

You can’t always get what you want,
but if you try sometimes,
you find you get what you need.

The Rolling Stones

It was hypothesised that through the use of polymeric nanomaterials sensitive to

cell-secreted matrix metalloproteinase enzymes, local control of active biomolecule

release can be provided over the course of stem cell differentiation. Until now, it was

established that thermo-responsive bilayer polymersomes could be self-assembled

and cross-linked with light and enzyme-responsive peptides. It was possible to

functionalise these nanocapsules onto glass or silicon surfaces, and embed them

into three-dimensional scaffolds. Upon presentation of a trigger in chemically-

defined conditions, a temperature-mediated burst or diffusion-dependent release of

biomolecules ensued. To verify the hypothesis, the functionality and specificity of the

189
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platform are demonstrated in the context of differentiating PSCs. This is prepared

in a two-part proof-of-concept assay.

The platform function is investigated by comparing release of an active biomolecule

through degradation of MMP2-cleavable cross-linked polymersomes as compared

to non-cleavable CLPs, controlled by endogenous MMP2. By isolating the time

point of differentiation at which MMP2 is highly expressed and active in murine D3

embryoid bodies, it is possible to identify the conditions of the system; that is, the

capability of autonomously expressed MMP2 to navigate the CLP membrane and

cleave the peptide bonds, simple diffusive release of cargo components, and activity

maintenance of the encapsulated factor and its post-encapsulation ability to interact

with live cells.

The specificity of the platform is tested in relation to the differentiation-dependent

expression and activity of the endogenous MMP2 enzyme. During a time-course

analysis, the function of the system relies on the availability and concentration of

MMP2, as this enzyme is significantly activated upon spontaneous differentiation in

human PSCs, and not expressed in significant levels in the pluripotent state.

To explore these two scenarios, it was decided to assess the MMP2-mediated CLP

degradation and active biomolecule release through receptor binding capabilities

of encapsulated antibodies which recognise cell-membrane surface proteins. As

antibodies represent fairly large and complex functional proteins and are used to

modulate cell receptor-mediated signaling, they posses similarities to morphogens

needed for controlling stem cell differentiation; furthermore, their interactions can be

easily visualised through fluorescent labeling, and they are thus great biomolecules

for a proof-of-concept assay. For functional studies, an antibody was selected

based on receptor expression at day 3 of EB formation in murine embryonic stem

cells, coinciding with a peak in MMP2 activity and expression profiles described in

chapter 3. To test function and specificity of the platform in a more relevant cell type

for the clinic, three antibodies were identified for their sustained expression during
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pluripotency and early in vitro differentiation of human PSCs. According to findings

from chapter 3, MMP2 activity peaks on the first day of spontaneous differentiation

in monolayer culture of H9-OCT4-mCherry ESCs, NHF-iPS-1-3 episomally generated

induced pluripotent stem cells, and hPDL-iPS-D1C6 retro-virally generated iPSCs.

As MMP2 was essentially undetected in the pluripotent state, the specificity of

the platform is demonstrated in terms of the MMP2-mediated transient release of

the constantly expressed antibody CLP cargo, as a function of differentiation, and

monitored by the loss of pluripotency marker OCT4.
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6.1 Materials & Methods

6.1.1 Material Preparation

Polymersome Preparation

Polymersomes (6 mg/mL) encapsulating antibodies anti-(mouse)β1-integrin rat

monoclonal IgG2a (mβ1IntAb, 75 µmg/mL, KMI6, Abcam), anti-(human)β1-integrin

mouse IgG antibody (hβ1IntAb, 75 µg/mL, 12G10, Abcam), and anti-(human)TRA-

1-57 (CD147) mouse IgG1 antibody (hTRA-1-85Ab, 75 µg/mL, MAB3195, R&D

Systems) were self-assembled and cross-linked with ppMMP2 and ppGGG peptides

(5:1 mol polymer) as described in section 4.1.1 with minor protocol alterations to

accommodate for the active antibody. Polymersomes were cross-linked at 40oC

for two hours with continuous agitation (600 rpm). Once formed, antibodies were

cooled to 10oC and purified by Sephadex G-100. For solution-based presentation of

antibody-CLPs, final CLP fractions (1 mg/mL polymer) were sterilised under UV

radiation for 45 minutes.

APTES Surface Coating and Polymersome Coupling

Glass cover slips (33 mm diameter, VWR) were coated with an ethanoic solution of

APTES, as described in section 4.1.1. After antibody-CLPs (synthesis detailed in

previous section) (1 mg/mL polymer) were EDC/NHS coupled to APTES coated

surfaces, washed in H2O and DPBS, the cover lips were submerged in DPBS and

sterilised under UV irradiation for 45 minutes at room temperature.
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6.1.2 Murine Cell Culture and Proof-of-Concept Assays

Murine D3 Feeder-Free Pluripotency Maintenance Cell Culture

Murine D3 ESCs were purchased from ATCC (Manassa, USA) and maintained

in a pluripotent state using 10 ng/mL LIF in feeder-free conditions. Please see

subsection 3.1.1 for full description.

Murine D3 ESC EB Formation

Murine D3 EB formation was initiated by liquid suspension culture in differen-

tiation media deprived of LIF (DMEM [Life Technologies] with 1% [v/v] MEM

Non-essential Amino acids [Life Technologies], 1% [v/v] Glutamax [Invitrogen], 0.1

mM β-mercaptoethanol [Life Technologies], 10% [v/v] FBS, ES cell qualified [Thermo

Fisher Scientific]). Cells were dissociated using 0.05% trypsin-EDTA (Life Technolo-

gies) and seeded at a density of 106 cells on 100-mm non-adherent bacterial grade

Petri dishes. EBs were formed by orbital shaking at 50 rpm during incubation at

37oC and 5% CO2 for a period of three days.

Murine Antibody Concentration Assay

On the third day differentiation of murine EB formation, aggregates were incubated

with primary antibody mβ1IntAb in either fixed or live conditions.

For fixed conditions, EBs were collected, washed with warm DMEM and DPBS

by centrifugal separation, fixed in 3.7% (v/v) paraformaldehyde for 45 minutes,

permeabilised five minutes in 0.25% (v/v) Triton X-100, washed again, and blocked

in 5% (v/v) donkey serum in PBS-T for one hour. Cells were then incubated with

the mβ1IntAb (1:50, 1:100, 1:1000) overnight at 4oC, washed and stained with anti-

rat AlexaFluor 594 nm donkey IgG secondary antibody (1:1000, Life Technologies)
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and DAPI nuclear stain (1:1000, Thermo Fisher Scientific) for one hour at room

temperature in blocking buffer, protected from light.

For live conditions, EBs were collected and replated into non-adherent baterial grade

6-well plates and incubated with mβ1IntAb (1:50, 1:100, 1:1000) in differentiation

media with 10% (v/v) FBS overnight at 37oC, 5% CO2, on an orbital shaker at 50 rpm.

EBs were once again collected, washed with warm DMEM and DPBS by centrifugal

separation, fixed in 3.7% (v/v) paraformaldehyde for 45 minutes, permeabilised five

minutes in 0.25% (v/v) Triton X-100, washed again, and blocked in 5% (v/v) donkey

serum in PBS-T for one hour. Cells were then stained with anti-rat AlexaFluor 594

nm donkey IgG secondary antibody (1:1000, Life Technologies) and DAPI nuclear

stain (1:1000, Thermo Fisher Scientific) for one hour at room temperature in blocking

buffer, protected from light.

Encapsulated Antibody Release Assay in Murine EBs

Murine D3 EB formation was initiated by liquid suspension culture in differentiation

media deprived of LIF. EBs seeded at a density of 106 cells on 100-mm non-adherent

Petri dishes were orbitally shaken at 50 rpm for a period of three days. Medium was

refreshed every two days. On the third day of differentiation, EBs were collected and

reseeded into non-adherent biological grade 6-well plates containing either i) ppMMP2

CLPs (0.1 mg/mL polymer) encapsulating mβ1IntAb (0.5 µg/mL final concentration)

pipetted into the differentiation media, or ii) ppMMP2 CLPs (0.1 mg/mL polymer)

encapsulating mβ1IntAb (KMI6, Abcam) (0.5 µg/mL final concentration) bound

to an APTES coated glass cover slip, or iii) ppGGG CLPS (0.1 mg/mL polymer)

encapsulating mβ1IntAb (KMI6, Abcam) (0.5 µg/mL final concentration) pipetted

into the differentiation media, iv) ppMMP2 CLPs (0.1 mg/mL polymer) encapsulating

PBS, pipetted into the differentiation media, or v) PBS in the same volumetric

quantities to the CLPs added to the differentiation media. All samples were incubated

at 37oC on an orbital shaker at 50 rpm, 5% CO2 for 24 hours. EBs were then collected,
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washed with warm DMEM and PBS by centrifugal separation, fixed in 3.7% (v/v)

paraformaldehyde for 45 minutes, permeabilised five minutes in 0.25% (v/v) Triton

X-100, washed again, and blocked in 5% (v/v) donkey serum in PBS-T. Cells were

incubated in anti-rat AlexaFluor 594 nm donkey IgG secondary antibody (1:1000,

Life Technologies) and DAPI nuclear stain (1:1000, Thermo Fisher Scientific) for one

hour at room temperature in blocking buffer, protected from light. See Figure 6.1

for experimental design.
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Figure 6.1: Encapsulated mouse β1-integrin antibody experimental design. Primary
antibody release from ppMMP2-CLPs in solution and covalently bound to a surface,
followed by fixation and binding of a fluorescent secondary antibody. No fluorescent
signal is expected from ppGGG-CLPs and PBS containing MMP2-CLPs. Note:
illustrations are not to scale.
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6.1.3 Human Cell Culture and Proof-of-Concept Assays

Human iPSC NHF-iPS-1-3 Feeder-Free / Xeno-Free Pluripotency Main-

tenance Culture

As detailed in subsection 3.1.1, hiPSCs from the NHF-iPS-1-3 cell line were obtained

from Prof. Ernst Wolvetang (Queensland University, AU) and cultured in feeder-free,

serum-free conditions in monolayer. Please refer to this section for complete culture

specifics.

Human iPSC Monolayer Differentiation

NHF-iPS-1-3 cells were differentiated in serum-containing differentiation medium

(DMEM [Life Technologies] with 1% [v/v] MEM Non-essential Amino acids [Life

Technologies], 1% [v/v] Glutamax [Invitrogen], 0.1 mM β-mercaptoethanol [Life

Technologies], 10% [v/v] FBS, ES cell qualified [Thermo Fisher Scientific]) over a

period of three days. Cells were weaned onto 1X Accutase (StemCell Technologies)

dissociating reagent for three passages prior to seeding. Once cells reached 70-80%

confluency, E8 pluripotency medium was refreshed with 10 µM ROCK Inhibitor

(Y-27632, Chemdea) two hours prior to seeding to promote survival and attachment.

Cells were harvested with Accutase, and seeded at 150 000 cells/well onto 0.05%

(v/v) Geltrex coated 6-well tissue culture plates.

Human Antibody Concentration Assay

On the seventh day of hiPSC monolayer differentiation, cells were incubated with

primary antibodies in either “fixed" or “live" conditions. The antibodies were tested in

the following concentrations: rabbit anti-human α3-integrin IgG antibody (hα3IntAb,

1:200, 1:500, 1:1000 [AB1920, MERCK Millipore]), hβ1IntAb (1:100, 1:200, 1:1000),

hTRA-1-85Ab (1:200, 1:500, 1:1000). Secondary antibodies used were goat anti-
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rabbit AlexaFluor635 (Life Technologies), donkey anti-mouse AlexaFluor488 (Life

Technologies), and goat anti-mouse IgG1 AlexaFluor555, respectively.

For “fixed" conditions, hiPSCs were washed with DPBS, fixed in 3.7% (v/v) para-

formaldehyde, permeabilised in 0.25% (v/v) Triton X-100, washed again, and blocked

in 5% (v/v) donkey or goat serum (corresponding with secondaries used) in PBS-T

for one hour. Cells were then incubated with the primary antibodies overnight at

4oC, washed, and stained with secondary antibodies (1:1000) and DAPI nuclear stain

(1:1000) for one hour at room temperature in blocking buffer, protected from light.

For “live" conditions, hiPSCs were incubated with the primary antibodies in differen-

tiation medium overnight at 37oC, 5% CO2. Cells were washed with DPBS, fixed in

3.7% (v/v) paraformaldehyde, permeabilised in 0.25% (v/v) Triton X-100, washed

again, and blocked in 5% (v/v) donkey or goat serum (matching with secondaries) in

PBS-T for one hour. Cells were then stained with secondary antibodies (1:1000) and

DAPI nuclear stain (1:1000) for one hour at room temperature in blocking buffer,

protected from light.

Human Antibody Time Course Assay

During hiPSC NHF-iPS-1-3 monolayer differentiation, time points were selected

on days 0 (pluripotency), 1, and 3 for incubation with active primary antibodies:

hα3IntAb (1:100), hβ1IntAb (1:1000), hTRA-1-85Ab (1:1000). After overnight

staining at 37oC, cells were washed with DPBS, fixed in 3.7% (v/v) paraformaldehyde,

permeabilised in 0.25% (v/v) Triton X-100, washed again, and blocked in 5% (v/v)

donkey or goat serum (matching with secondaries) in PBS-T for one hour. Cells

were then stained with rabbit anti-human OCT4 IgG antibody (1:100 [Santa Cruz],

combined with live-cells stained with hβ1IntAb primary antibody) or mouse anti-

human OCT4 IgG2b antibody (1:100 [Santa Cruz], combined with live cells stained

with anti-α3-integrin or hTRA-1-85Ab primary antibodies) overnight at 4oC in

blocking buffer. Cells were then washed and stained with secondary antibodies
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(1:1000, pairings listed below) and DAPI nuclear stain (1:1000) for one hour at room

temperature in blocking buffer, protected from light.

• 1o rabbit anti-α3-integrin human IgG : 2o goat anti-rabbit IgG AlexaFluor635

1o mouse anti-OCT4 human IgG2b : 2o goat anti-mouse IgG2b AlexaFluor488

• 1o mouse anti-β1-integrin human IgG : 2o donkey anti-mouse IgG AlexaFluor488

1o rabbit anti-OCT4 human IgG : 2o donkey anti-rabbit IgG AlexaFluor594

• 1o mouse anti-TRA-1-85 IgG1 : 2o goat anti-mouse IgG1 AlexaFluor555

1o mouse anti-OCT4 human IgG2b : 2o goat anti-mouse IgG2b AlexaFluor488

It should be noted that for the final pairing with hTRA-1-85Ab, secondary stainings

were carried out separately to avoid and potential cross interactions.

Encapsulated Antibody Release Assay in Human iPSCs

During hiPSC NHF-iPS-1-3 monolayer differentiation, time points were selected

on days 0 (pluripotency), 1, and 3 for incubation with CLP encapsulating active

primary antibodies. Cells were incubated overnight at 37oC and 5% CO2 with MMP2-

cleavable or non-cleavable CLPs (0.1 mg/mL polymer) encapsulating either hβ1IntAb

(0.5 µg/mL final concentration), or hTRA-1-85Ab (0.5 µg/mL final concentration)

pipetted into the differentiation media. Cells were then washed with DPBS, fixed in

3.7% (v/v) paraformaldehyde, permeabilised in 0.25% (v/v) Triton X-100, washed

again, and blocked in 5% (v/v) donkey or goat serum in PBS-T. Cells were incubated

in anti-OCT4 primary antibodies (pairings as described in the previous section)

overnight at 4oC. After washing, the cells were stained with secondary antibodies

(see above) and DAPI both at 1:1000 concentrations in blocking buffer for one hour

at room temperature in blocking buffer, protected from light.
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6.1.4 Microscopy-Based Imaging Techniques

Murine D3 ESCs were imaged with a Leica SP5 Inverted Confocal Microscope -

Resonnant scanner, equipped with Diode 405 nm, Argon 488 nm, HeNe 543 and

633 nm, and Krypton 594 nm lasers (Leica Microsystems) or with a Zeiss Inverted

Widefield Microscope in the Facility for Imaging by Light Microscopy, at Imperial

College London, UK. In certain instances, deconvolution was performed using Huy-

gens Software (Scientific Volume Imaging). Additionally, where specified, z-stacked

images were reconstructed in 3D Opacity view using Volocity 6.3 (PerkinElmer)

software. Human iPSCs (NHF-iPS-1-3) were imaged with the same aforementioned

confocal microscope by Leica Microsystems. All images were processed with ImageJ

(Fiji) software, for channel separation and inclusion of scale bars. All assays were

completed in triplicate (N = 3), with two experimental repeats (n = 2).
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6.2 Results & Discussion

As previously mentioned, proof-of-concept assays were conducted in two parts:

functionality and specificity. In both cases, assessment of success was dependent on

the uniform expression of cell-membrane surface receptors which could be recognised

by active antibodies, even after incubation with live cells over 24 hours at 37oC and

5% CO2.

Integrins are the main receptors providing communication between the cell and its

microenvironment, and therefore play a pivotal role in mammalian development

and stem cell differentiation. Integrins are a family of receptors, constituting of

18 α and 8 β subunits that are combined to form heterodimers. They are critical

effectors of a wide range of important tasks including cell-cell adhesion, responses to

growth factor receptors, differentiation, migration, survival and proliferation, 245,246

and have therefore been proposed as a strategy to modulate cell migration and

differentiation.214,247 In murine cells, many subtypes are expressed in specific tissues

or during certain phases of differentiation. However, β1 is reported to be ubiquitously

expressed, as it is a critical mediator for normal morphogensis and survival of the

inner cell mass. Deletion of β1 in homozygous mice has been shown to be lethal

for peri-implantation embryos.245,246,248 Thus, for CLP functional proof-of-concept

studies in murine D3 EBs, anti-β1-integrin was selected as an encapsulating factor.

In human cell types, the extracellular domain of α3-integrin can bind to numerous

ECM proteins. It is primarily involved in binding hESC substrates such as laminin,

collagen, fibronectin, entactin.249, and providing attachment to the basement mem-

brane, which is the ECM lining of the inner cell mass where the stem cells reside.
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Along with β1-integrin, α3 expression has been reported in ESCs, mesenchymal stem

cells, neural stem cells, with only β1 reported for hematopoietic stem cells.246 As

there are contradictions in reports as to sustained expression in hESCs due to their

highly plastic phenotype, cell line associated variation,250 and changes to culture

methodologies,246 antibodies specific to each receptor were chosen and tested for

expression in a time course assay from pluripotency to the third day of differentiation

and later demonstrated in specificity assays.

Extracellular matrix metalloproteinase inducer (EMMPRIN) is a protein that goes

by many names due to its independent discoveries from a variety of perspectives

(CD147, basigin, gp42, HT7, neurothelin, OX-47, M6, and 5A11).251 Most studied

in relation to tumour growth, it has been identified as an inducer of intense matrix

remodeling activity.110 In the context of the designed MMP-sensitive biomaterial,

EMMPRIN is highly relevant, contributing to migration and proliferation processes

through enhanced production of MMPs and vascular endothelial growth factor.252,253

It is believed to be similarly expressed in murine cells to α3 and β1 integrin subunits,

having been co-immunoprecipitated in cell lysates and at the cell surface,254 and

with very low survival of the majority of EMMPRIN-difficient mouse embryos.251 In

human cell types, EMMPRIN is carried by the OKa blood group, and TRA-1-85

monoclonal antibody recognises this cell surface antigen which is found in nearly all

human cell types.251,255 The collective data suggests that the TRA-1-85 antibody is

an ideal contender for a time course study and potential specificity proof-of-concept

assay.

6.2.1 Platform Function and Implementation: Encapsulated

Antibody Release and Receptor Interaction with Mur-

ine EBs

Functionality assays were designed to demonstrate cell-secreted MMP2-mediated

CLP degradation, active biomolecule release, and subsequent cellular interaction.
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Therefore, murine D3 ESCs were spontaneously differentiated by liquid suspension EB

formation. On the third day of culture when enodgenous MMP2 peaks in expression

and activity, rat anti-mouse β1-integrin IgG2a antibody (mβ1IntAb) encapsulating

MMP2-cleavable CLPs were incubated with live cells overnight. This was performed

as a CLP suspension in the media, as well as by surface-anchored CLPs covalently

bound to glass cover slips located at the bottom of a non-stick culture dish. CLP

degradation, biomolecule release, and cell interaction can be assessed based on

antibody-receptor binding and compared to non-cleavable CLPs with mβ1IntAb as

cargo, and empty ppMMP2 CLPs as controls.

Antibody Activity and Concentration in Live-Cell Conditions

Primary antibodies designed for antigen identification are often optimal when staining

cells for a prolonged period, at 4oC, reducing unspecific binding and avoiding potential

losses in activity. To simultaneously identify appropriate CLP loading conditions and

ensure antibody stability, mβ1IntAb was incubated with cells under optimal staining

conditions (on fixed murine D3 EBs overnight at 4oC), and in the prospective live-cell

CLP environment (live EBs overnight at 37oC and 5% CO2), testing concentrations

of 1:50, 1:100, 1:1000 of primary antibody to blocking buffer or differentiation media,

respectively. Optimisation for both fixed and live-cell mβ1IntAb stainings were

achieved at a concentration of 1:1000. Results are shown in Figure 6.2.
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Figure 6.2: Representative images of active mβ1IntAb (yellow) incubated with live
murine D3 EBs on the third day of spontaneous differentiation overnight, at 37oC,
5% CO2 in differentiation media, and fixed EBs, at 4oC overnight in 5% (v/v)
serum blocking buffer. Secondary staining (anti-rat AlexaFluor 594 nm donkey
IgG) and DAPI nuclear stain (cyan) were performed at 1:1000 for one hour at room
temperature, protected from light. Images were captured as a single plane by confocal
microscopy (n = 2). Scale bars represent 10 µm.

Confocal microscopy confirms that the primary antibody mβ1IntAb binds to receptors

on the cell-membrane, as expected from literature review. Concentrated fluorescent

points are clearly visible around the outside of the nuclei and apparent above the

nuclei in fixed cells; the image was focused on the outer membrane of the cell sheet

to capture the area of highest fluorescence. However, some fluorescence apparent

within the cells as well, as β1-integrins are constantly trafficked throughout the

cells in endosomes. Likewise, for live-cells stained with the primary antibody, β1 is

well-defined on the surface of the cell membrane, yet less pixelated than the fixed

staining. As the proof-of-concept functional study strives to establish whether a

cellular-encapsulated active biomolecule interaction is possible, this minor difference

does not warrant concern. What is more, the fixed- and live-cell stainings are

similarly potent, indicating activity maintenance during long periods of exposure to

increased temperatures. When compared to the ‘secondary-only’ negative control,
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the live-cell incubation conditions of mβ1IntAb represent an accepted depiction of

the β1-integrin expression in the murine EBs. It was thus approved as an appropriate

active biomolecule for functional testing in the proof-of-concept assay.

Live-Cell mEB Enzyme-Triggered Antibody Release from Tethered and

Free MMP2-Cleavable CLPs

The function of the MMP2-cleavable active biomolecule delivery platform was assessed

by comparing four treatments: two test conditions, ppMMP2 CLPs with mβ1IntAb

cargo, seeded i) into the solution (‘solution release’), and ii) surface-bound CLPs

covalent tethered through APTES coating (‘surface release’); and two negative

controls, iii) non-cleavable CLPs encapsulating mβ1IntAb and iv) ppMMP2 CLPs

encapsulating PBS only. Equal amounts of CLPs were used in each case, beginning

with equal concentrations for synthesis and count rates after purification by sephadex

G-100 column. Likewise, equal volumes and concentrations were used to tether CLPs

to the surface as was used in solution release cases. These experiments were completed

in duplicate, three fold (N = 3, n = 2). To identify CLP degradation, and active

antibody release and β1-integrin binding, secondary staining was completed once

cells had been exposed to CLP treatment overnight at 37oC, fixed, permeabilised, and

blocked, in that order. Figure 6.3 illustrates the platform function in differentiating

murine EBs as they secrete MMP2 into their surrounding microenvironments.
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Figure 6.3: Active anti-β1-integrin (yellow) was encapsulated into MMP2- (ppMMP2)
and non- (ppGGG) cleavable CLPS. The capsules were released into the cell media
(first column), or tethered to glass cover slips (second column) during overnight
incubation with suspension cultured MMP2-secreting murine EBs, on the third day
of spontaneous differentiation. CLPs with ppGGG encapsulating the antibody (third
column) and ppMMP2 encapsulating PBS (fourth column) were used as controls.
DAPI (cyan) demonstrates the location of the nuclei. Images were captured with
confocal microscopy and scale bars represent 10 µm.

Under going conditions of encapsulation, which are i) cross-linking by click chemistry

at 40oC, ii) purification by sephadex column, iii) sterilisation at 254 nm UV light for

45 minutes, and iv) live-cell overnight incubation at 37oC in serum-containing media,

the antibodies were still able to be released and bind to integrin at the cell surface.

Immunofluorescent imaging of mouse EBs shows that there is a difference in antibody

binding between solution-seeded ppMMP2 CLPs and CLPs which cannot be cleaved.

In agreement with both recombinantly expressed MMP2-triggered degradation of the

ppMMP2 peptide (Figure 5.2) and chemically defined release studies (Figure 5.4),

cell-secreted MMP2 enzyme selectively degrades the ppMMP2 CLPs, and ppGGG
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CLPs are not degraded, and thus, do not release the active antibody. What this

means on the pico-scale is CLPs were adequately porous at 37 oC post degradation

by endogenous MMP2, but remained intact when cross-linked with a non-cleavable

peptide sequence. Furthermore, this data indicate low interaction and receptor

binding due to biomolecule adhesion to the exterior of the nano-vesicle.

The CLPs appear to produce a weak autofluorescent signature, as indicated by the

ppMMP2 CLPs without antibody (right column); however, the response from the

ppGGG CLPs was much the same, indicating that even the minimal signal produced

in this negative control treatment is likely a result of the polymersomes themselves.

A distinct lack of fluorescent signal is perceived in biomolecule release from surface-

bound CLPs. Thus, the concentration of released antibody was insufficient to yield

a fluorescent signal, possibly due to i) CLPs did not attach in high enough numbers

to match the concentration achieved by CLPs seeded into the cell media, or ii) as

discussed in subsection 5.2.2, the CLP structure was constricted by the covalent bonds

to the APTES coated surface, hampering degradation by endogenous MMP2 where

fewer cleavage sites were available, and potentially interfering with the subsequent

antibody release. iii) A third possibility is that the activity of the antibody was

affected by the surface binding process. While it would be intriguing to pinpoint

the root of this discrepancy, it is clear that the platform functions as a reciprocal

response system and thus, time limitations dictate that these questions are to be

answered by future experimentation at a later date.

Figure 6.4 further illustrates the cell-biomolecule interactions upon MMP2-mediated

release of active β1-integrin antibody from MMP2-cleavable CLPs.

As recognised by testing appropriate concentrations of antibodies on both fixed and

live EBs, when releasing mβ1IntAb from solution seeded ppMMP2 CLPs, receptor

binding occurs primarily on the shell of the EBs, imaged by confocal microscopy

Figure 6.4 a & b and by widefield microscopy in Figure 6.4 c. As β1 is ubiquitously

expressed, perhaps without the cells being permeabilised prior to staining, the exterior
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EB membrane poses a barrier for the antibodies to cross. Nevertheless, the antibodies

penetrate, as apparent in section XI of Figure 6.4 a.

Figure 6.4: Anti-β1-integrin (yellow) binding on murine EB after antibody release
from solution-seeded MMP2-cleavable CLPs. DAPI shown in cyan. Represented in
confocal virtual z-stack reconstruction of pie-cut out from EBs (a, 3D Opacity by
Volocity Software, scale bars 20 µm), selected images from a whole EB z-stack (b,
deconvolved, scale bar 40 µm), and widefield imaging with stitched tiles (c, scale bar
1000 µm). Roman numerals indicate sequence order of reconstruction and z-stack.
Sections IX-XII show mβ1IntAb staining without DAPI (a).
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These results indicate that the level of autonomous MMP2 expression in murine

EBs on day 3 of spontaneous differentiation culture is sufficient to cleave the CLP

peptide bonds, and create a weak enough polymeric structure to allow biomolecules

to escape. However, the question of specificity still remains. Therefore, we explored

antibody release over time. As human ESCs and iPSCs have been shown to spike

in MMP2 activity on day 1 of differentiation as opposed to undetectable amounts

during pluripotency, a uniformly expressed antigen would only be bound when there

is a satisfactory amount of active MMP2 to cleave the CLPs.

6.2.2 Specific Endogenous MMP2-Triggered CLP Degrada-

tion and Biomolecule-Cell Interaction in Human PSCs

Results from chapter 3 indicate that MMP2 is is up-regulated in the course of stem

cell differentiation in all cell lines investigated in this work. This is in line with

previous data that MMP2 plays a significant role in matrix remodeling and cell

migration in early mammalian development.134,135,141 We finally sought to determine

whether CLP degradation was truly dependent on endogenous MMP2 activity levels,

and independent of species. Thus, human iPSC line NHF-iPS-1-3 was selected both

as an additional mammalian species, and because of its significant increase in MMP2

expression upon differentiation from pluripotency. By encapsulating antibodies which

recognise uniformly expressed cell surface receptors during pluripotency and over

the first three days of intensified MMP2 expression and activation, it is possible to

judge platform specificity for endogenous MMP2 in a differentiation culture system,

as measured by the loss of OCT4, a pluripotency marker.

All three cell surface receptors selected, α3-integrin, β1-integrin and EMMPRIN, have

been shown to be expressed regardless of state;246,251,254,255 however, there is little

empirical evidence of expression during pluripotency for α3 and EMMPRIN. Thus,

antibody concentration assays were performed after seven days of differentiation in

monolayer to ensure the presence of cells representing each germ layer, increasing
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the likelihood of surface receptor expression. Subsequent time course assays were

performed from day 0-3, to ensure a clear juxtaposition of MMP2 expression.

Antibody Activity and Concentration in Live-Cell Conditions

Human α3-integrin, β1-integrin and TRA-1-85 antibodies were used to stain NHF-

iPS-1-3 hiPSCs in varying concentrations. Similarly to antibody concentration assays

in murine D3s, two methods were carried out. In the ‘fixed’ condition, cells were

first fixed and then stained according to Life Technologies and Abcam protocols

for optimal antibody activity and specificity (i.e. overnight at 4oC after fixation,

permeabilisation, and blocking). In the ‘live’ condition, live-cells were incubated with

the antibody overnight in differentiation media containing serum, and then fixed,

permeabilised and blocked before staining with a secondary antibody.

Confocal imaging of α3-integrin antibody stainings at 1:200, 1:500 and 1:1000 are

presented in Figure 6.5; Figure 6.6 depicts β1-integrin antibody tested at concentra-

tions of 1:100, 1:200, and 1:1000. TRA-1-85 antibody is shown in Figure 6.7, and

assayed at concentrations of 1:200, 1:500, and 1:1000.

Human α3-integrin antibody exhibits good specificity for the antigen when incubated

under optimal, fixed conditions at all concentrations assayed. However, when

incubated with live-cells, the antibody binds irregularly in high concentrations,

and almost not at all when diluted 5 fold.

Anti-human β1-integrin shows good receptor binding identification on fixed cells at

all concentrations, with clear recognition of the cell membrane receptors on day 7

of differentiation. Upon incubation at 37oC, antibodies remain active with a lower

signal at the highest dilution (Figure 6.6 f). While the response is slightly more

stochastic in the ‘live’ case and small accumulations of signal are apparent, the

specificity studies rely on time-dependent antibody binding as an identification tool.

We do not seek to elucidate β1-integrin binding on hiPCS, thus it is not important

whether the signal output perfectly reflects the ideal binding case.
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TRA-1-85 antibody identifies EMMPRIN in both fixed and live conditions, without

activity being compromised at higher dilutions (Figure 6.7). The cell membranes

are well defined, and were observed to be uniformly fluorescent across all samples

measured. This antibody is therefore the ideal choice as CLP cargo for ppMMP2

CLP specificity studies in hiPSCs.

In all cases, secondary antibodies used are specific for their associated primary

antibody tested, indicated by the lack of fluorescence when cells were not previously

stained by the primary antibody, row ‘g’ in Figure 6.5, Figure 6.6, and Figure 6.7.

For an investigation into antigen expression over a time course of pluripotency to

the third day of differentiation in hiPSCs, α3-integrin antibody was incubated at a

concentration of 1:100 as the assayed live-cell 1:200 condition was insufficient to illicit

a well defined fluorescent response, and both β1-integrin and TRA-1-85 antibodies

were incubated at 1:1000. The lowest workable concentration was desired to minimise

the required antibody later used for polymersome encapsulation.



6.2. Results & Discussion 212

Figure 6.5: α3-Integrin Human Antibody Concentration Assay. Fixed NHF-iPS-1-
3 cells were treated with α3-integrin primary antibody overnight at 4oC, varying
concentration (a - 1:200, c - 1:500, e - 1:1000). The same hiPSC line was incubated
with α3-integrin antibody overnight in a live state (37oC), varying concentration (b -
1:200, d - 1:500, f - 1:1000). Images were taken at day 7 of spontaneous differentiation
with serum. The secondary antibody shows no unspecific binding. DAPI is shown in
blue, and α3-integrin is in magenta (n = 2). Scale bars 10 µm.



6.2. Results & Discussion 213

Figure 6.6: β1-Integrin Human Antibody Concentration Assay. Fixed NHF-iPS-1-
3 cells were treated with β1-integrin primary antibody overnight at 4oC, varying
concentration (a - 1:100, c - 1:200, e - 1:1000). The same hiPSC line was incubated
with β1-integrin antibody overnight in a live state (37oC), varying concentration (b -
1:100, d - 1:200, f - 1:1000). Images were taken at day 7 of spontaneous differentiation
with serum.The secondary antibody shows no unspecific binding. DAPI is shown in
blue, and β1-integrin is in yellow (n = 2). Scale bars 10 µm.
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Figure 6.7: TRA-1-85 human antibody concentration assay. Fixed NHF-iPS-1-
3 cells were treated with TRA-1-85 primary antibody overnight at 4oC, varying
concentration (a - 1:200, c - 1:500, e - 1:1000). The same hiPSC line was incubated
with TRA-1-85 antibody overnight in a live state (37oC), varying concentration
(b - 1:200, d - 1:500, f - 1:1000). These confocal images were taken at day 7 of
spontaneous differentiation with serum.The secondary antibody shows no unspecific
binding. DAPI is shown in blue, and TRA-1-85 is in red (n = 2). Scale bars 10 µm.
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Time-Course Antibody Binding in Live-Cell Conditions

Antigen expression was monitored over a three-day spontaneous differentiation time-

course assay, beginning at pluripotency. Human primary antibodies of interest

for CLP encapsulation, α3-integrin, β1-integrin and TRA-1-85, were incubated

with NHF-iPS-1-3 overnight at 37oC on days 0, 1 and 3 in monolayer culture in

serum-containing differentiation media. Once fixed, permeabilised and blocked, all

cultures were stained with OCT4 pluripotency marker to follow the progression

of differentiation. The antibody response was captured by confocal microscopy

(Figure 6.8).

Over the differentiation period, expression of OCT4 is gradually reduced, exhibited

by the abatement of green nuclei on day 1, and complete absence in most cells on

day 3 of culture. As expected, EMMPRIN is uniformly present in pluripotent cells

and and during early differentiation into all germ layers (Figure 6.8 c, red).

While the signal is relatively weak at a concentration of 1:1000, β1-integrin also

proves to be uniformly expressed over the time-course assay (Figure 6.8 b). It

would be possible to use a higher concentration for this assay, however as previ-

ously investigated, polymersome loading efficiencies are approximately 30% when

encapsulating molecules of 70 kDa. Thus, to minimise quantities of valuable cargo

required for the biomolecule release platform, β1-integrin antibody used at 1:1000

is still considered acceptable. Under these conditions, the membrane is still visible,

meeting the requirements for the proof-of-concept assay.

α3-integrin was not adequately detected during pluripotency or on days 1 and 3

of differentiation. As it was shown that anti-α3-integrin is active under optimal

staining conditions, these results indicate that the cell-membrane surface receptor

was not expressed in high enough levels for detection over this time frame. Therefore,

α3 could not be used as an encapsulating factor for the proof-of-concept specificity

assays.
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Figure 6.8: Human iPSC line, NHF-iPS-1-3, was labeled with α3-integrin (a,
magenta), β1-integrin (b, yellow), NCAM (c, grey), and TRA-1-85 antibodies (Abs)
(d, red) for 24 hours in live culture, at 37oC and 5% CO2 at days 0 (pluripotency), 1
and 3 of spontaneous differentiation. Cells were then fixed, stained with OCT4 Ab
and incubated with a fluorescent secondary Ab and DAPI nuclear stain (blue) and
imaged by confocal microscopy. Scale bars 10 µm.

From these results, it was decided that specificity proof-of-concept studies would
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be performed using for β1-integrin and TRA-1-85 antibodies as cargo for ppMMP2

CLP degradation by hiPSC expressed MMP2.

Platform Specificity: Human iPSC Receptor Binding as a Function of

Local Controlled-Release of Encapsulated Antibody by Endogenous MMP2

During Spontaneous Differentiation

A study of platform specificity to autonomous MMP2 expression by hiPSCs was con-

ducted as the final proof-of-concept for the MMP2-trigger responsive CLP platform.

Specificity of ppMMP2 CLP degradation was assessed against a negative control

(non-cleavable CLPs encapsulating the same antibody in equal amounts), and a

positive control (free antibody, not CLP encapsulated, as conducted for the previous

time course experiments). Appropriate antibody concentrations were back-calculated

with regards to loading efficiencies of the CLPs, and equal concentrations of CLPs

were seeded into the cell media (‘solution release’), as measured by count rate by

DLS. Differentiation was assessed based on the loss of pluripotency, demonstrated

by OCT4 expression in the cell nuclei.

Pluripotent cells were seeded at 150 000 cells/well into 0.05% (v/v) Geltrex coated

plates and either incubated in pluripotency media, or differentiation media for 0, 1

and 3 days, respectively. In the case of pluripotency and day 1, cells were left to

attach in their respective media for 24 hours before CLPs were seeded. The platform

was concluded to be specific if ppMMP2 CLPs release their cargo in accordance

with MMP2 activity trends measured for hPSCs, that is, very low or non-existent

during pluripotency, and significantly up-regulated on days 1 and 3 of differentiation.

Figure 6.9 and Figure 6.10 show the MMP2-responsive biomolecule delivery platform

specificity as imaged by confocal microscopy.

Both specificity assays encapsulating human β1-integrin and human TRA-1-85

antibodies in ppMMP2 CLPs responded identically and are thus discussed collectively.
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Figure 6.9: Human iPSC line, NHF-iPS-1-3, was incubated with CLPs during
pluripotency (a), and spontaneous differentiation at day 1 (b) and at day 3 (c).
MMP2-cleavable (ppMMP2) and non-cleavable (ppGGG) CLPs encapsulating human
β1 antibody (yellow) were incubated in differentiation media containing 10% (v/v)
FBS overnight at 37oC with live cells. As positive controls, free β1-integrin antibody
was released into the media and incubated under the same conditions as the CLPs
(top rows). Nuclei and OCT4 expression were identified with DAPI (blue) and human
OCT4-antibody (green), stained after incubation with CLPs or free β1 antibody,
and after fixation. Images were captured by confocal microscopy with experiments
carried out in duplicate, and three biological replicates (N = 3, n = 2). Scale bars
indicate 10 µm.
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Figure 6.10: Human iPSC line, NHF-iPS-1-3, was incubated with CLPs during
pluripotency (a), and spontaneous differentiation at day 1 (b) and at day 3 (c).
MMP2-cleavable (ppMMP2) and non-cleavable (ppGGG) CLPs encapsulating human
TRA-1-85 antibody (yellow) were incubated in differentiation media containing 10%
(v/v) FBS overnight at 37oC with live cells. As positive controls, free TRA-1-85
antibody was released into the media and incubated under the same conditions as
the CLPs (top rows). Nuclei and OCT4 expression were identified with DAPI (blue)
and human OCT4-antibody (green), stained after incubation with CLPs or free
TRA-1-85 antibody, and after fixation. Images were captured by confocal microscopy
with experiments carried out in duplicate, and three biological replicates (N = 3, n
= 2). Scale bars indicate 10 µm.
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As shown in chapter 3, during pluripotency, MMP2 expression and activity in human

PSCs is low. In accordance, both MMP2-and non-cleavable CLPs do not degrade and

thus, no antibody-receptor binding is observed for either antibody system (Figure 6.9

a & Figure 6.10 a). This is compared to the positive control, where it is clear that the

surface receptors are present and antibody binding is possible under these conditions.

Upon induction of differentiation at day 1 (Figure 6.9 b & Figure 6.10 b), it is clear

that antibody activity is maintained for both encapsulated factors as peptide bonds

of the MMP2-cleavable CLPs are degraded by highly active endogenous MMP2,

expressed by NHF-iPS-1-3 iPSCs. Encapsulated cargo is subsequently released in

high enough amounts to elicit a detectable signal, similar to the free-antibody controls.

In contrast, the non-cleavable CLPs do not degrade, and thus, neither β1-integrin

nor TRA-1-85 antibodies bind to their receptor antigens.

This response is replicated on the third day of differentiation for both encapsulated

antibodies (Figure 6.9 c & Figure 6.10 c). Under these conditions, hPSCs have

begun to specialise into cells representing a germ layer, as there is a significant loss

of OCT4 expression by day 3. Therefore, the CLP degradation and release response

is dependent on a differentiating system, and has the potential to work well for

localised delivery of morphogens in this manner.

In murine aggregates, receptor binding occurs primarily on the exterior EB wall,

with slight radial penetration and the CLPs cannot diffusive easily into the dense

cell matrix (Figure 6.4 of section 6.2.1). In human PSCs cultured in monolayer

differentiation, as the the name suggests, only one layer of cells exists, and so

antibodies can easily bind to receptors located at the cell junctions. Therefore, a

more uniform antibody staining can be detected.

While TRA-1-85 antibody falls well into the detected range of antibody loading

efficiency (40-60 kDa reported by manufacturers), human β1-integrin antibody is

decidedly larger (88-130 kDa reported by manufacturers). As both function as CLP

encapsulated cargo, it stands to indicate that CLPs might be able to encapsulate



6.2. Results & Discussion 221

larger molecules still. This possibility is hugely exciting and extends this enzyme-

mediated biomolecule delivery platform for application with an even wider variety of

soluble stimuli.

As the biomolecule release from endogenously degraded ppMMP2 CLPs correlates

with hPSC expressed MMP2 measured activity, we can conclude that the CLPs are

specific to MMP2 activity levels.

The cumulative data from both function and specificity assays allows us to conclude

that the hypothesised platform is highly sensitive to endogenous MMP2. It affords

local control of biomolecule delivery, and is exceptionally dynamic–functioning in

conjunction with two different species, as well as in two different in vitro differentiation

culture systems: pseudo-3D as EBs, and 2D as a monolayer of cells.
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6.3 Conclusions

Proof-of-concept assays were conducted to assess the function and specificity of the

MMP2-responsive biomolecule delivery platform for endogenously expressed MMP2

enzymes.

As a measure of function, MMP2-cleavable CLPs achieved active mouseβ1-integrin

antibody cargo encapsulation and release for live-cell staining of murine D3 EBs. This

suggests that there is sufficient endogenously expressed MMP2 to cleave particles, and

degradation was efficient enough to render the CLPs porous for active biomolecule

release. Carried out uniquely when cell-secreted MMP2 was expressed and active in

highest amounts, the platform was proven to be degradable with CLPs cross-linked

with an MMP2-cleavable peptide.

The platform was concluded to be specific to MMP2 activity, as expressed by NHF-

iPS-1-3 human iPSCs in a monolayer spontaneous differentiation in vitro culture

system. Both human β1-integrin and EMMPRIN binding antibodies showed selective

release from ppMMP2 CLPs which correlated exactly with endogenously expressed

MMP2.

This reciprocal response MMP2-sensitive biomolecule delivery platform has been

proven to function in two different species, mouse and human, and different dif-

ferentiation methods. CLPs can both maintain high molecular weight cargo in a

non-cleavable CLP and when not triggered to degrade, as well as show selective and

specific diffusive release of biomolecules while not influencing their crucial biological

activity for a paracrine-like effect.



Chapter 7

Conclusions

Over the course of this PhD project, six specific aims were set out to develop,

characterise and validate a cell-instructive and cell-responsive platform through dual

sensitive-CLPs, which were tailored to degrade and release encapsulated biomolecules

by proteolytic processing of endogenous MMP2.

The first aim, which sought to investigate MMP expression and activity profiles,

was met in a three part study and revealed MMP2 to be an ideal candidate for a

selective MMP-driven biomolecule release platform. Murine D3 ESCs, spontaneously

differentiated in monolayer and as EBs, expressed MMP2 in significantly high levels

by the first day of LIF deprivation and continued an upward trend for seven days;

differentiation was demonstrated by a loss of pluripotency and emergence of germ

layer markers. In comparison, MMP1 and MMP9 expression was not significantly

up-regulated during the first seven days. MMP2 activity in murine EBs significantly

increased in relation to pluripotency on the first and third day of aggregate formation,

with the highest point reached on the third day. In human PSCs, MMP2 expression

mimicked patterns observed in murine EBs, with no expression during pluripotency

and significant up-regulation by the fifth day of spontaneous differentiation in

monolayer culture. While MMP1 gene expression increased significantly on day

one, relative levels of neither MMP1 nor MMP9 reached those of MMP2. However,

significantly higher MMP2 activity was measured early on in all three human cell lines

223
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(H9-OCT4-mCherry hESCs, NHF-iPS-1-3 hiPSCs, and hPDL-iPS-D1C6 hiPSCs),

and was retained for the duration of the nine-day study. MMP2 expression and

activity profile dynamics in murine and human PSCs are associated with EMT

during early differentiation, coinciding with up-regulation of germ layer markers and

down-regulation of pluripotent genes.

The second aim was achieved with the initial synthesis of quad-block co-polymers

PEG-pAA-pPAM-pNIPAAM which form bilayer vesicles of approximately 120 nm

in diameter above an cloud point of 32oC. Self-assembled polymersomes could be

cross-linked with UV light-, trypsin-, CATB-, and MMP2-cleavable peptides and

then relaxed to 160 - 220 nm in size when cooled below the thermo-responsive

point. Polymersomes were non-toxic to hESCs, and could be efficiently loaded with

biomolecules ranging in size from 10 - 70 kDa, with high retention rates between

10 and 30%. It was possible to embed the CLPs into 3D gels and electrospun PVA

fibers, as well as covalently link them to glass and silicon wafers with amine-rich

APTES coatings as a 2D substrate, making it feasible for multi-sensitive CLPs to be

employed for various applications.

Degradation and release studies were first demonstrated using trypsin- or UV-sensitive

polymersomes to achieve the third aim. Polymeric vesicles were degraded both above

and below the cloud point with their appropriate triggers and encapsulated cargo

could be significantly released as compared to the non-triggered control and non-

cleavable CLPs. The fourth aim was successfully met with the degradation of CATB-

and MMP2-cleavable CLPs and release of cargo. As demonstrated by MALDI-ToF-

MS, the MMP2 peptide was degraded into the expected fragments with overnight

exposure to recombinant MMP2, and CLPs were sufficiently degraded to release

their cargo in significant amounts above and below the cloud point when compared

to the non-cleaved condition; while it was not possible to show the release kinetics

by ELISA due to polymersome incompatibilities with buffering systems to activate

MMP2, all other CLPs sufficiently released their contents to be visualised by this

highly sensitive detection technique.
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In the fifth and sixth aims, the CLP-cell hybrid platform was explored for functionality

and specificity assays. The platform function was validated using MMP2-cleavable

CLPs to encapsulate active mouse β1-integrin antibody. Coinciding with peak

MMP2 activity and expression levels, MMP2-sensitive CLPs incubated with murine

EBs were sufficiently degraded by endogenously expressed MMP2 enzymes secreted

into the media to release the active antibody, which could then bind to surface

receptors on the cells, with no labelling evident from antibody loaded non-cleavable

CLPs by confocal microscopy. The final aim was met using hiPSCs spontaneously

differentiating in monolayer culture. While non-cleavable CLPs could retain the

high molecular weight contents in the presence of MMP2, it was concluded that

the designed platform was specific to MMP2 activity; both human β1-integrin and

EMMPRIN binding antibodies were specifically released from MMP2-responsive

CLPs in accordance with autonomously expressed MMP2 profiles.

This trigger-responsive biomolecule delivery system has substantial advantages over

traditional in vitro stem cell differentiation methods. The reliance on a homogeneous

starting populations of highly pluripotent stem cells for clinical application is, at this

point, unrealistic, since human PSCs are inherently primed for differentiation. 68,256

In vivo investigations of early developmental dynamics have shown that it is not only

the history and epigenetic makeup of the cell that dictate commitment, but also the

spatiotemporal delivery of stimuli released in specific gradients that guides differ-

entiation. It is therefore important to accommodate these diverging characteristics

by tailoring differentiation capabilities at the cellular level. The polymersome-based

biomolecule delivery system is biomimetic by design, with MMP sensitivities that

allow for local tailor-made gradients as needed by the cell. This cell-responsive

functionality would be best integrated into a 3D cell seeded scaffold, where cues are

immobilised in a cryptic state, yet released on demand.

The most recent biomaterial-based biomolecular delivery systems allow for critical

cellular processes to take place, such as migration and adhesion, which enhance the

survival and longevity of the cells in culture in 3D matrices. While some groups
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have reported exciting advancements for regenerative therapies and pluripotency

maintenance,146,151 their biomolecular delivery platforms require physical or chemical

factor-matrix tethering which has the potential to damage or completely destroy the

biological activity of the transported morphogens. The polymersome-based delivery

vehicle developed here, which uses aqueous based CuAAC click chemistry, does not

rely on harsh conditions for preparation or encapsulation, nor does it interfere with

peptidic structures. Thus, a vast variety of soluble stimuli can be used as cargo for

stem cell differentiation.

Although liposomes are still the most commercially used nanoparticle for drug delivery,

the covalently cross-linked polymesomes have a clear benefit for protein encapsulation.

With thicker membranes (28 nm as compared to 3 - 5 nm for liposomes)165–167 for

better cargo retention, and larger aqueous cores (46 kDa strand length for PEG-

pAA-pPAM-pNIPAAM as compared to an average 1 kDa for liposomes)6 for higher

quantities of encapsulated molecules, these polymersomes also offer substantial

advantages in terms of tunability. The dual sensitive polymersomes designed can be

degraded by and are specific to cell-secreted MMP2, but have also been tailored to

release their contents in the presence of other enzymes (cathepsin B and trypsin) and

when exposed to UV light by simply changing the peptide used for cross-linking. They

are therefore uncomplicated, hugely versatile biomolecule vehicles, ideal for directed

stem cell fate commitment where specific factors are required in a time-dependent

manner.

The designed biomolecule delivery system has been demonstrated to be cell-responsive

through MMP2-sensitive CLPs which degrade in congruence with stem cell differenti-

ation, are biocompatible, highly dynamic with the possibility to incorporate various

peptide linkers for selective release, versatile by encapsulating a wide spectrum of

active biomolecules without any chemical interaction or harsh preparation condi-

tions, and cell-instructive by releasing complex functional proteins which are used to

regulate cell receptor-mediated signalling. This platform provides local control of

biomolecule release in two different species and two different differentiation culture
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methods, in 2D and 3D, making it a powerful tool for application as a directed

differentiation platform for cell fate regulation.

Thanks to the simplistic and mild cross-linking conditions, these vesicles could be

applied to generate virtually any cell type in the body. In order to harness the

immense potential of human iPSCs in the clinic, the bio-inspired platform developed

here has enormous potential for highly efficient controlled stem cell differentiation

using the first ‘smart’ polymersome-based biomolecule delivery system for tissue

engineering.

7.1 Future Perspectives

The future direction of these studies spans in four directions. The first of which

focuses on the optimisation of the polymer for cargo release. While the current

system functions well under 24 hour exposure to the MMP trigger, redesigning

the polymer’s LCST to initiate a burst-release in physiological conditions would

allow for enhanced control over biomolecule release kinetics at the site of enzymatic

cleavage. In the context of a differentiation culture system, this level of regulation

over biomolecule exposure would be highly beneficial, granting selective and directed

dosage when needed.

The second avenue explores optimsation in relation to the peptide linker. As polymer-

peptide conjugates are inherently degradable, they may prove to be less stable for

long term culture.182 By varying the cross-linking densities of these polymeric carriers

it would be possible to tune the particle stability and would have an important effect

on encapsulated biomolecule loading and retention, as well as on triggered-release

kinetics. That is, the proteolytic threshold required for CLP disruption and cargo

release is dependent on how tightly the CLPs are cross-linked. Furthermore, by

developing CLPs that are exclusively responsive to other MMPs, such as MMP9

or MMP1, the release of multiple soluble stimuli could be locally controlled at the
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discretion of the differentiating cell and its immediate microenvironment. As a step

further, combining cross-linking peptides which respond to various other MMPs,

it would be possible to multiplex this system and punctuate release based on the

presence of multiple MMPs.

A third step is critical for advancement of the system as a differentiation platform,

as optimal differentiation conditions are required. The expression profile of specific

MMPs is tightly regulated, both temporally and spatially, in lineage commitment

towards different cell types. Until now, the platform has been demonstrated during

spontaneous differentiation in serum; however, more specification is needed for

efficient differentiation protocols. As a first step down this path, the propensity of

H9-OCT4-mCherry hESCs and NHF-iPS-1-3 hiPSCs to specialise to a specific lineage

was investigated though directed differentiation towards cardiac cells in xeno-free

media (Figure E.1 of Appendix E).

The fourth area of focus delivers this platform for a more extensive list of applications

and could more closely mimic the cell-ECM dynamics, where local cues are delivered

upon paracrine expression patterns and interactions with the ECM. By integrating

MMP-sensitive CLPs into a 3D hydrogel system, it might be possible to locally

control the release of crucial cell-modulated morphogen gradients using endogenously

expressed MMPs, which current differentiation culture systems severely lack.146 Lei

et al. have recently developed a 3D in vitro culture system for pluripotent stem

cells that could be easily coupled with the CLP biomolecular delivery platform

to stimulate differentiation locally within the gel.85 It does not rely on prior EB

formation, but cultures the gel in a temperature sensitive gelation system based

on the very same components which make up the CLPs–PEG and pNIPAAM.

Preliminary advances towards a hybrid CLP-hydrogel platform by the author of this

work incorporated matrix degradation and cell-adhesion capabilities through MMP-

cleavable and vitronectin based peptide cross-links into a 4-arm-PEG-maleimide 10%

hydrogel. LIVE/DEAD and histological assays, as well as pluripotency maintenance

of human PSCs within the gel can be viewed in Appendix E.
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With strategic optimisation and hybridisation, the enzyme-sensitive CLP platform

could fill a clear unmet need in the field of in vitro stem cell differentiation. Further-

more, this biomolecule delivery system is naturally dynamic and could be used for a

multitude of applications in cancer treatment,135 or heart failure,108,257 where MMPs

are expressed in significantly elevated levels for matrix remodelling; in drug delivery,

as the cross-linking peptide can be altered and the polymer shell can be easily

functionalised for further targeting tactics; or in biosensing for advanced diagnostics

with highly tunable polymeric vesicles. The smart enzyme-sensitive CLPs are an

enormously versatile system for the future of tissue engineering and regenerative

medicine.
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You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own writeup of research results and analysis, it has not been peer
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
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articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some societyowned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author
incorporated changes suggested during submission, peer review and editorauthor
communications.
Authors can share their accepted author manuscript:

         immediately
via their noncommercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional

uses or as part of an invitationonly research collaboration workgroup
directly by providing copies to their students or to research collaborators for

their personal use
for private scholarly sharing as part of an invitationonly work group on

commercial sites with which Elsevier has an agreement
         after the embargo period

via noncommercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

         link to the formal publication via its DOI
         bear a CCBYNCND license  this is easy to do
         if aggregated with other manuscripts, for example in a repository or other site, be

shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
valueadding publishing activities including peer review coordination, copyediting,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
fulltext. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the authorselected enduser
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
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18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party reuse of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CCBY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BYNCSA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/byncsa/4.0.
CC BY NC ND: The CC BYNCND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/byncnd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
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         Associating advertising with the full text of the Article
         Charging fees for document delivery or access
         Article aggregation
         Systematic distribution via email lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.8
Questions? customercare@copyright.com or +18552393415 (toll free in the US) or
+19786462777.
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17/11/12 8:50 AMWiCell and The WISC Bank - WA09 (H9) Lot 12

Page 1 of 1https://ordering.wicell.org/index.php?option=com_content&task=view&id=176&Itemid=0

Product Description WA09 (H9)
Cell Line Provider WiCell Research Institue (Madison, WI, USA)
Lot Number 12
Date Frozen 17 May 2006
Passage Number 28
Culture Method Protocol III-Thawing; Protocol IV-Splitting
Cryopreservation Method Protocol VI-Freezing

The following testing specifications have been met for the specified product lot:

Test Description Test Method Test Specification Result
Post-Thaw Viable Cell Recovery SOP-CH-305A Cells recover from thaw Pass
Identity by STR SOP-CH-302B Identical to parent MCB Pass
Mycoplasma SOP-SS-002A No contamination detected Pass
Karyotype by G-Banding SOP-CH-003B Normal Karyotype Pass

Approved by NSCB Quality Assurance 2 November 2007
If the current lot is not available at the time of shipment, a different lot from the same line will be shipped.
This lot was produced by WiCell. Cells distributed by the National Stem Cell Bank (NSCB) are intended for research purposes
only. They are not intended for use in humans. This cell line is not known to harbor any agents known to cause disease in
healthy adult humans. However, appropriate safety precautions should be taken when handling any cell line derived from
human sources. The recipient is responsible for the safe storage, use, and handling of the cells. The NSCB is not responsible
for the any damages or injuries resulting from the use of these cells.

Please visit the technical support portion of the website for assistance with your hES cells. The knowledgeable technical
support staff can assist with embryonic stem cell culture concerns, training and any other customer service concerns you
may encounter.

Search...

WiCell Home

WISC Bank

WISC Bank Protocols

How to Request Stem Cells

FAQs for Requesting Cells

Technical Support

My Account
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B.2 Retroviral generated iPSC lines



 

 

Professor Ben Canny Chair, 
Standing Committee on Ethics in Research Involving Humans (SCERH) Research 

 
21 January 2009 

 
RE: Additional Exemption Requested Regarding iPS Cells 

 
Dear Professor Canny, 

 
Thank you for your letter of 4 June 2008 detailing that our proposal to work with 
human iPS cells satisfies section 5.1.22 of the National Statement on Ethical 
Conduct in Human Research 2007 and is exempted from ethical review (your letter is 
attached as appendix 1). 

 
In a natural extension to our present work comparing human iPS cells with human 
embryonic stem cells (hESC), we now plan to generate new human iPS cells from 
existing human cells. The existing cells we plan to generate iPS cells from are either 
commercially available or already generated after informed consent and HREC 
approval from the University of Adelaide (supporting documentation is listed below). 

 
In this new aspect of our project we plan to generate iPS cells via standard genetic 
modification and then investigate their potential using routine medical research 
techniques.  We believe that this activity satisfies section 5.1.22 of the National 
Statement on Ethical Conduct in Human Research 2007 and should therefore be 
exempted from ethical review. We would appreciate your consideration of our 
position. 

 
Please note: 

- IBC approval for this work has been granted (see attachment 2); 
- Initially the two commercially available cells lines used to generate the iPS 

cells we are currently working with will be used (foreskin fibroblast cells and 
IMR90 cells – see information sheet appendix 3); 

- The additional cultured cells to be used were originally obtained from 
extracted teeth in collaboration with Profs. Stan Gronthos and Mark 
Barthold from the University of Adelaide (Human ethics approval for this 
work is attached as appendix 4, the human ethics application is attached 
as appendix 5 and the informed consent documents are attached as 
appendix 6). 

 
Yours sincerely, 

 
 

Andrew L. Laslett B.Sc. (Hons), PhD (Medicine) 
 

Senior Scientist Embryonic Stem Cells, Australian Stem Cell Centre 
Honorary Senior Lecturer, Dept. of Anatomy and Cell Biology, Monash University 
Ph: +61 (0)3 9271 1133 Fax: +61 (0)3 9271 1198 
Email: andrew.laslett@stemcellcentre.edu.au 
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Appendix 1 
 

 
 
 

Standing Committee on Ethics in Research Involving Humans (SCERH) 

Research Office 
 
 
 

Dr Andrew Laslett 
Australian Stem Cell Centre 
Monash University 
Clayton VIC 3800 

 

 
 

4 June 2008 

 
Dear Andrew, 

 
Thank you for the presentation you gave at the C3/2008 meeting held on 3 June 2008. The Standing 
Committee on Ethics in Research Involving Humans (SCERH) has considered your request. The 
proposal satisfies section 5.1.22 of the National Statement on Ethical Conduct in Human Research 
2007. Therefore, the Committee has granted an exemption from ethical review with the following 
conditions: 
1.  Only the following activities are exempt. 

i.  Growing the iPS cells in culture and observing them through a microscope. 
ii.  Staining the cells with markers known to be present on human embryonic stem cells. 
iii.  Examining the genes expressed by the iPS cells and comparing them in a global fashion 

with the genes expressed by human ES cells. 
iv.  Changing the culture condition for iPS cells to see whether they change into the same cell 

types that human ES cells do after identical changes in culture conditions. 
v.  Injecting the iPS cells into the testis of immunocompromised mice to see whether they 

form tumours containing many different cell types. 
2.  Activities outside those described in items (i) – (v) must be submitted to SCERH for consideration. 
3.  An Annual Report is submitted to SCERH. 

 

 
 

Thank you for your assistance. 
 
 
 
 

 
 

Professor Ben Canny 
Chair, SCERH 

 
CC: Dr Megan Munsie 

 
 
 
 
 
 
 
 
 
 
 

 
Postal – Monash University, Vic 3800, Australia 
Building 3E, Room 111, Clayton Campus, Wellington Road, Clayton 

3 Telephone +61 3 9905 5490 Facsimile +61 3 9905 1420 
Email scerh@adm.monash.edu.au  www.monash.edu/research/ethics/human/index/html 
ABN 12 377 614 012 CRICOS Provider #00008C 
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From: Warwick Murphy 
 

To: Andrew Laslett; 
 

CC: joe.sambrook@petermac.org; Hun Chy; 
 

Subject: NLRD application 

Date: Wednesday, January 07, 2009 1:58:41 PM 

Attachments: NLRD iPS DentalCellsJan2009.doc 

image001.gif 
 
 

Dear Dr Laslett 
 

 

The Chairperson of the ASCC Institutional Biosafety Committee (Prof Joe 

Sambrook) has granted provisional approval for you to commence work as 

described on NLRD 012/2009 (attached). Prof Sambrook is satisfied that the 

work described is appropriately classified as PC2-NLRD according to Schedule 3 

(part 2) of the Gene Technology Regulations 2007. 
 

 

The provisional approval is granted on the basis that the ASCC Institutional 

Biosafety Committee will formally approve the application at the next meeting 

scheduled for Wednesday 11th February 2009. I will advise you of the outcome 

at this time. 

 
Kind Regards, 

 
 

Warwick Murphy 

Secretary, ASCC IBC 
 
 

Australian Stem Cell Centre 

Ground Floor, Building 75 (STRIP) 

Monash University 

Wellington Road 

Clayton VIC 3800 

Ph: (613) 9271 1113 (direct) 

Fx: (613) 9271 1199 
 

 

Email: warwick.murphy@stemcellcentre.edu.au 

Web Site: www.stemcellcentre.edu.au 
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Appendix 3  

 

 
 

Human Induced Pluripotent Stem (iPS) Cells 
 

 
The Australian Stem Cell Centre recognises that human iPS cells are a very recent 
development in the stem cell field and as such are not routinely used by researchers 
at Monash University. The following information has been provided to assist the 
Monash SCERH in evaluation of the ethical considerations in the use of human iPS 
cells in research. 

 
WHAT ARE THEY? Induced pluripotent stem (iPS) cells are cell lines created in the 
laboratory by adding a select number of genes to normal body or somatic cells. iPS 

cell lines have only recently been created from mouse1 and human somatic cells2,3. 
What makes iPS cells different from routine culture of body cells is that the genetic 
modification that they have undergone has resulted in the iPS cells displaying more 
primitive characteristics similar to embryonic stem (ES) cells. One characteristic 
shared between embryonic stem cells and iPS cells is the ability to form all the 
different types of cells in the body. This ability is referred to as pluripotency. 

 
WHERE DO THE HUMAN iPS CELLS COME FROM? In November 2007, two 

research groups – one in Japan [Takahashi et al, 20073] and one in the USA [Yu et 

al, 20072] – were the first to report the generation of human iPS cells. The iPS cells 
that the Australian Stem Cell Centre (ASCC) has imported, and seeks to use in our 

experiments, were obtained from the laboratory of Professor James Thompson at the 

University of Wisconsin. As described in their paper [Yu et al, 20072], the iPS cell 
lines were made by inserting four genes into two different commercially available 
human cell lines. Both cell lines used in the experiments were obtained from the 
American Type Culture Collection a commercial provider of human cell lines to 
researchers internationally [http://www.atcc.org/]. The cell lines used were a newborn 
foreskin fibroblast cell line (Cat#CRL-2097(tm), ATCC) and a cell line derived from 
human fetal lung tissue (Cat# CCL-186(tm), ATCC) obtained from a clinically normal 
16 week fetus after therapeutic abortion. Both of these cell lines are used in 
hundreds of laboratories around the world. 

 
WHAT DOES THE ASCC WANT TO DO WITH THEM? Once we obtain the iPS cells 
from the University of Wisconsin we plan to comprehensively compare the iPS cell 
lines to existing human ES cell lines to gain a greater understanding of the relative 
utility, advantages and potential barriers to the clinical use of pluripotent stem cells 
derived from these two distinct procedures. 

 
We plan to do this in a number of different ways: 
(i) growing the iPS cells in culture and observing them through a microscope 
(ii) staining the cells with markers known to be present on human embryonic stem 
cells 
(iii) examining the genes expressed by the iPS cells and comparing them in a global 
fashion with the genes expressed by human ES cells 
(iv) changing the culture condition for iPS cells to see whether they change into the 
same cell types that human ES cells do after identical changes in culture conditions 
(v) injecting the iPS cells into the testis of immunocompromised mice to see whether 
they form tumours containing many different cell types. This experiment will require 
animal ethics approval but given this is a common procedure and we have existing 
animal ethics approval to perform this experiment with human ES cells, we do not 
anticipate that approval to use iPS cells in the same model will be a problem. 
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The ASCC believes that these initial experiments are important as they will inform us 
whether there are any differences between iPS cells and human ES cells. In the long 
term, if there are no problematic differences between iPS cells and human ES cells it 
may be that iPS cells will be a better candidate for patient-specific cellular therapy. 
The ASCC is recognised globally as a leader in the characterisation of pluripotent 
stem cells and is one of the few facilities that is able to address this important point. 

 
ARE THERE ANY POTENTIAL ETHICAL ISSUES INVOLVED IN THE USE OF 
HUMAN iPS CELLS? As is appropriate for the use of any human material in 
research, our colleagues at the University of Wisconsin consulted their Institutional 
Review Board. An exemption was granted under their guidelines as the iPS cells were 
not considered human subjects (personal communication, Jessica Antosiewicz- 
Bourget– Lab Manager, Thomson Laboratory, University of Wisconsin). 

 
Given that iPS cell appear to have very similar properties to human ES cells there 
are a series of experiments that we WILL NOT carry out with iPS cells including: WE 
WILL NOT inject iPS cells into a human blastocyst to create a human chimaera 
WE WILL NOT inject iPS cells into the blastocyst of any animal species in an attempt 
to make or study human-animal hybrids. 
WE WILL NOT produce gametes from iPS cells. 

 
ARE OTHER APPROVALS REQUIRED TO USE iPS CELLS? Given that these 
cells have been genetically modified we have sought and have been granted 
approval to use these cells in the experiments described above by our Institutional 
Biosafety Committee. 

 

 
 

REFERENCES 
 

1. Takahashi, K. and Yamanaka, S. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell 2006, Vol 126, 
pp663–676 

 
2. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J, 
Jonsdottir GA, Ruotti V, Stewart R, Slukvin II, Thomson JA. Induced pluripotent stem 
cell lines derived from human somatic cells. Science, 2007, vol 318, pp1917-20. 

 
3. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka 
S.. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. 
Cell. 2007, vol 131(5), pp861-72. 
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PROJECT NO:  H/ 
 

THE UNIVERSITY OF ADELAIDE HUMAN RESEARCH ETHICS COMMITTEE 
Applications will be considered in terms of the University's guidelines on the ethics of human research, based on the 
requirements of the National Statement on Ethical Conduct in Research Involving Humans, 1999 - refer application 
information material, including the list of headings applying to all applications.  Submit the completed application including 
Information Sheet and Consent Form (ELEVEN copies in total), to the Secretary, Human Research Ethics Committee, 
Office   of   the   Deputy   Vice-Chancellor   (Research),   Room   661b   Wills   Building,   The   University   of   Adelaide 
(Ph. (08) 8303 4014, Fax (08) 8303 3417, email  helen.malby@adelaide.edu.au) 

APPLICATION FOR ETHICAL APPROVAL OF PROJECT INVOLVING HUMAN SUBJECTS - 
COVER SHEET - SUMMARISING PROTOCOL & INCLUDING INVESTIGATORS' SIGNATURES 
Please attach this to the front of the application 

 

APPLICANT Name include title Professor/Dr/Ms/Mr and Position 

 
Professor PM Bartold 

Director 

Colgate Australian Clinical Dental Research Centre 
 
DEPARTMENT including campus/institution contact address 

 
Dentistry 

 

 
 

Phone No and email address 
8303 3435 

mark.bartold@adelaide.edu.au 
 

 
 

OTHERS INVOLVED 

 
Dr Stan Gronthos, Division of Haematology, IMVS 

Phone: +61-8-8222 3455, E-mail: stan.gronthos@imvs.sa.gov.au 

Ms. Angela Kortesidis, Division of Haematology, IMVS 

Phone: +61-8-8222 3735, E-mail: angela.kortesidis@imvs.sa.gov.au 

Mr Victor Marino 

Phone 8303 5677, Email: victor.marin@adelaide.edu.au 
 
PROJECT TITLE 

 
Isolation, identification and culture of cells from human dental pulp and periodontal ligament 

 

 
 

LOCATION OF RESEARCH 
 

Periodontal Connective Tissue Biology Laboratories 3
rd 

Floor Medical School South 

DATE PROJECT TO BEGIN 
 

November 1, 2003 

ESTIMATED DURATION OF PROJECT 

4 years 

SOURCE OF FUNDING 
National Health & Medical Research Council 

Australian Dental Research Fund 
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AIMS OF PROJECT please give concise description in lay terms 

 
To isolate, characterize by immunohistochemical means, and culture cells derived from human 

dental pulp and periodontal ligament. 
 

 
 
 
 
 

ETHICAL IMPLICATIONS OF PROJECT 

 
This study involves the use of extracted human teeth.  These teeth would normally be discarded, 

however we seek approval to retain extracted teeth for the purpose of immunostaining of the dental 

pulp and periodontal ligament as well as culturing cells from the dental pulp and periodontal 

ligament of these extracted teeth. 
 
 
 
 
 
 
 

PLAN/DESIGN OF PROJECT brief description in lay terms 

 
Teeth extracted for a variety of reasons for the management of common dental conditions will be 

used. 

 
Upon obtaining consent from the patient to use their teeth for research purposes the teeth will be 

prepared for immunohistochemical analysis of the dental pulp and periodontal ligament. 

 
In addition small portions of the pulp and periodontal ligament will be taken and the resident cells 

will be cultured using standard protocols developed in our laboratories.  These cells will be studied 

by immunohistochemistry and gene profiling to determine their characteristics. 

 
We will specifically be looking to identify precursors and progenitor cell populations using a battery 

of specific immunochemicals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DRUGS 

Will drugs be administered to subjects? NO 

• If so give name of drug(s) 

• Dosage: 

• Method of administration 
 
 
Is the administration for therapeutic purposes? NO 

10 
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Will the project be conducted under the 

Clinical Trials Notification (CTN) Scheme? NO 

Clinical Trials Exemption (CTX) Scheme? NO 
 
 
Is Commonwealth Department of Health permission required? NO 

If so, has  permission been obtained? NO 

 
SUBJECTS 

 
• Source: 

 
Patients attending a variety of private and University dental clinics in Adelaide will provide the 

source of extracted teeth.  It is anticipated to collect around 60 teeth for these purposes. 
 

 
 

• Age range: 

 
18-65 years and equal range of male and female. 

 
• Selection criteria: 

 
 
 
 

• 30 healthy teeth will be required in this study (obtained from the oral surgery department 

during  routine  removal  of  impacted  or  partially  erupted  third  molars  as  well  as  teeth 

requiring removal for orthodontic purposes). 

 
• 30 teeth affected by advanced periodontal diseases (deemed “hopeless” prognosis) will also 

be required for comparison. 

 
• It is preferable that the extracted diseased teeth have never had root planing. 

 
• All patients’ whose teeth are to be used in the study will be given a patient information sheet 

detailing the purpose of the study and what it involves. They will be required to sign a 

consent form. 
 
 
 
 
• Exclusion criteria 

 
Teeth which have received prior periodontal treatment 

 
 
 
 
 

SIGNATURE OF ALL INVESTIGATORS NAMED IN THE PROTOCOL 
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THE UNIVERSITY OF ADELAIDE HUMAN RESEARCH ETHICS COMMITTEE 

 
List of Headings Applying to all Applications for Ethical Clearance to The Human Research Ethics 

Committee 

All points to be addressed.  Refer to Guidelines on information sheet content and use 
 

1.        TITLE 
 

Isolation, identification and culture of cells from human dental pulp and periodontal ligament 
 

2.        INVESTIGATORS & QUALIFICATIONS 
 
 

 
Professor PM Bartold BDS, BScDent(Hons), PhD, DDSc, FRACDS(Perio) 

Dr S Gronthos  BSc, MSc., PhD 

Ms A. Kortesidis BSc(Hons) 

Mr Victor Marino BSc, Dip Ed 

3.        PURPOSE OF STUDY 
 

 
To  identify precursor and progenitor cell populations in human dental pulp and periodontal ligament 

using a battery of specific immunochemicals. 
 
 

 
4.        BACKGROUND 

 

 
Anatomy of the Periodontium  Teeth are located within the jawbone via their roots. Along tooth 

root surfaces there is a thin covering layer of mineralized cementum anchoring the collagenous fibres 

which extend laterally and attach into the adjacent alveolar bone. The periodontal ligament occupies 

the region between the cementum surface and alveolar bone surface of the tooth socket. The cells 

residing within the periodontal ligament are unique in that they are responsible for the simultaneous 

production  of  cementum,  periodontal  ligament  and  bone.  For  these  reasons,  the  cells  of  the 

periodontal ligament are believed to hold the key to understanding the cascade of events dictating 

regeneration of those portions of the periodontium lost due to local inflammatory disease. 

 
Periodontal Ligament and its Cells The periodontal ligament which is a highly fibrous and vascular 

tissue has one of the highest turnover rates in the body (1). There are many cells present in the 

periodontal ligament including cementoblasts, osteoblasts, fibroblasts, myofibroblasts, endothelial 

cells,  nerve  cells  and  epithelial  cells.  In  addition  to  these,  a  smaller  population  of  so-called 

“progenitor cells” has been identified by in vivo cell kinetic studies (2). Because of the lack of 

clearcut phenotypic markers, the lineage characteristics and cellular hierarchies of fibroblast 

populations within adult mammalian periodontal tissues are yet to be determined. Nonetheless, it is 

clear that the progenitor cell populations of periodontal ligament are enriched in locations adjacent to 

blood vessels and exhibit some of the classical cytological features of stem cells including small size, 

responsiveness to stimulating factors and slow cycle time (2). Thus it is our thesis that within this 

group there are cells with characteristics of mesenchymal stem cells (MSC) capable of sustained 

renewal and tissue regeneration. 
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Periodontal Stem Cells Since periodontal regeneration is a re-enactment of the development process 

including  morphogenesis,  cytodifferentiation,  extracellular  matrix  production  and  mineralization, 

such processes support our concept that some mesenchymal stem cells remain within the periodontal 

ligament and are responsible for tissue homeostasis serving as a source of renewal cells for 

cementoblasts, osteoblasts and fibroblasts throughout adult life. In the event of injury to the 

periodontium these mesenchymal stem cells could be activated towards terminal differentiation and 

tissue repair or regeneration.  Using cloning techniques we have isolated a large number of cells of 

differing phenotype from the periodontal ligament and regenerating periodontal tissue. Preliminary 

studies suggest that some of the clonal cell lines may have characteristics of stem cells warranting 

further investigation into their properties and their utilization in cell-based periodontal regenerative 

therapies (3). 

 
APPLICANT’S STUDIES TO DATE 

i) Tooth and Periodontal Development. With view to determining events associated with tissue 

regeneration, it has been important to consider morphogenesis of tooth root development. Through the 

study of inductive signals and responding cell systems, together with expression of extracellular 

matrix  macromolecules,  we  have  gained  considerable  insight  into  the  development  of  the 

periodontium (4). We have identified a number of important cellular and molecular events which 

indicate a role for growth factor mediated control of cell differentiation and matrix expression (5,6). 

In particular we have noted that restoration of cementogenesis is likely to be a consequence of 

stimulating precementocytes to differentiate into functional cementocytes to produce cellular 

cementum (7). This process may be mediated via various growth factors and their receptors located 

on precementoblasts and cementocytes actively forming cellular cementum (7). 

 
ii)  In vitro Effects of Growth Factors on Human Periodontal Cells.  We have screened a number of 

growth factors in vitro for their ability to influence periodontal cells in a manner consistent with tissue 

regeneration in situ. In a model system of wound healing, we have found that PDGF-BB, IGF-1 and 

TGF-˜  accelerate periodontal ligament fibroblast proliferation, migration and modulate proteoglycan 

(versican, decorin and biglycan) and hyaluronate synthesis in a manner consistent with early wound 

repair (6,8). Very recently we have made the novel discovery that growth hormone induces mRNA 

for bone morphogenetic proteins 2 & 4 in human fibroblasts. These findings indicate the need for in 

situ presence (either autocrine or paracrine) of growth factors for the regenerative processes of cell 

proliferation and matrix synthesis (9.10). 

 
iii)   Establishment and Characterization of Periodontal Cells:   We have isolated a unique set of 

human periodontal cells which closely represent the cell types present at a site during periodontal 

regeneration (3,11). In addition to maintaining these as cell strains from primary culture we have also 

generated immortalised clonal cell lines (12). This unique collection of cell lines has allowed us to 

identify the phenotypic characteristics of a heterogeneous population of periodontal cells. These 

include a high expression of alkaline phosphatase, osteopontin, osteocalcin and bone sialoprotein. It is 

our belief that within this group of cells are cells which display the hallmarks of stem cells and their 

characterization awaits further investigation. In addition, we were amongst the first to successfully 

isolate, culture and characterize cementoblasts (13). Taken together, these studies have significantly 

contributed to understanding the nature of the regenerative cell phenotype as well as established the 

potential for their culture and potential for subsequent reimplantation into periodontal defect sites. 

Moreover, these studies have led us to the conclusion that within these populations are cells with 

phenotypes consistent with adult mesenchymal stem cells. 

 
iv)  Isolation, Identification and Characterization of Mesenchymal Stem Cells. Dr Gronthos has 

extensive experience in the biology of mesenchymal stem cells isolated from a variety of tissues and 

has  recently  returned  to  Adelaide  after  spending  several  years  working  in  the  Craniofacial  and 

Skeletal  Diseases  Branch  at  the  National  Institute  of  Dental  and  Craniofacial  Research,  NIH, 

Bethesda, USA. During this time Dr Gronthos successfully isolated, identified and characterized 
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mesenchymal stem cells from human dental pulps (14-16). Functional analyses were also carried out 

on dental pulp stem cells, bone marrow stem cells and cementoblasts which indicated that a carrier 

with a hydroxyapatite/tricalcium phosphate surface is critical for initiation of dentin, cementum and 

bone formation in vivo. While these processes can be enhanced with the presence of growth factors, 

the initiation of mineralization requires and appropriate inductive scaffold (17). 
 
 
 
 
 

5.        SUBJECTS 
 
 

 
Healthy adult human patients attending dental clinics for routine dental care. 

 

6.        PRELIMINARY STUDY (if any) 
 

See above for applicants’ studies to date. 
 

7.        SELECTION AND EXCLUSION CRITERIAS (specific) 

 
• 30 healthy teeth will be required in this study (obtained during routine removal of impacted or 

partially erupted third molars as well as teeth requiring removal for orthodontic purposes). 

 
• 30 teeth affected by advanced periodontal diseases (deemed “hopeless” prognosis) will also be 

required for comparison. 

 
• It is preferable that the extracted diseased teeth have never had root planing. 

 
• All patients’ whose teeth are to be used in the study will be given a patient information sheet 

detailing the purpose of the study and what it involves. They will be required to sign a consent 

form. 

 
•       Exclusion criteria 

 
Teeth which have received prior periodontal treatment 

 

8. PLAN & DESIGN 

Methodology: 

 
Preparation of teeth 

 
• Teeth to be studied for immunohistochemistry will be fixed and placed in 10 % neutral 

buffered formalin prior to  decalcification. 

 
• Teeth will be placed in a decalcification solution (EDTA pH   % concentration) for a period of 

4-6 weeks or until an acceptable radiographic endpoint is achieved. 

 
• After decalcification, all teeth will be rehydrated and embedded in paraffin wax. Serial 4 um 

sections will be cut in a longitudinal plane and placed on coated glass slides in preparation for 

immunohistochemical staining and analysis. 
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• Tissues destined for cell culture will be derived from 15 healthy and 15 diseased teeth and 

placed in DMEM medium supplemented with 10% fetal calf serum, non essential amino acids 

and antibiotics.  The tissues will be cultured at 37 degrees Celsius until confluent monolayers 

of cells are obtained.   The cells will be subjected to the same immunohistochemical 

characterization as for the fixed tissues. 
 
 
 
 
Staining Technique(s): 

 
Immunohistochemical 

 
Antibodies  against  collagen  type  I,  collagen  type  III,  decorin,  biglycan,  osteopontin,  bone 

sialoprotein, osteonectin VCAM-1/CD106 (QE469), CD44 (H9H11) and MUC-18/CD146(CC9) will 

be used. 

 
The working dilutions to the specific antibodies will be determined prior to the procedure. 

In brief, 

1.   Diluted primary antibody will be applied to the sections (on slides) and incubated for 1 hour at 

room temperature and covered. 

2.  The slide will be rinsed with Phosphate Buffered Saline (PBS) prior to secondary antibody 

application. 

3.   Following incubation at room temperature for 30 minutes (under cover), the slides will be 

rinsed in PBS again. 

4.   Streptavidin / HRP will be applied to the slide and incubated under cover at room temperature 

for 30 minutes and rinsed with PBS before being incubated for a further 5 minutes in DAB 

solution. 

5.   The  slides  will  be  washed  3  times  in  distilled  water,  and  counter  stained  using  Gill’s 

Haematoxylin and Bluing Reagent. 

6.   Sections will then be photographed under microscopy for analyses. 

 
Gene Profiling of Stem Cells  Comparison of the gene expression profile of periodontal ligament 

stem cell lines with dental pulp stem cells, will allow us to identify important genes involved in cell 

proliferation and differentiation under different treatments. We will use the services of the Molecular 

Biosciences laboratories at the University of Adelaide to perform microarray analysis between these 

different stromal cell populations as previously published by Dr Gronthos. Briefly, 5 µg samples of 

total RNA from each cell population will be used to generate cDNA probes labelled with 
33

P-dCTP. 

The labelled cDNA probes can then be hybridized to replicate gene array filters. Digital images of 

each filter will be generated on a Molecular Dynamics PhosphorImager and then analysed using 

computer  software  packages  available  through  the  Molecular  Biosciences  Research  Facility. 

Detection parameters will be set to report greater than 2-fold changes (increase or decrease) of 

hybridization intensities for all pairwise comparisons. Confirmation of any differentially expressed 

genes will be assessed by semi-quantative RT-PCR and/or Western Blot. These studies will determine 

similarities and differences between periodontal ligament and dental pulp stem cells. Moreover, these 

studies may be used further to explore the gene expression patterns of periodontal cells during growth 

and differentiation and offer the potential to identify molecular pathways in the process of 

differentiation of stem cells into mature osteoblasts, cementoblasts and ligament fibroblasts. 
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9. DRUGS (including the approval status and detailed information, if applicable) 

 
 

 
No drugs to be used apart from local anaesthesia by the dentist for tooth removal. 

 

10. EFFICACY 
 

The use of local anaesthetic is a standard clinical protocol and has no bearing on the scientific aspects 

of this project. 

 

 
11. ETHICAL CONSIDERATIONS 

 

 
This study involves the use of extracted human teeth.  These teeth would normally be discarded, 

however we seek approval to retain extracted teeth for the purpose of immunostaining of the dental 

pulp and periodontal ligament as well as culturing cells from the dental pulp and periodontal ligament 

of these extracted teeth. 

 
12. SAFETY & ECOLOGICAL CONSIDERATIONS 

 
Radiation exposure is not part of this research protocol 

 

13. OTHER RELEVANT INFORMATION 
 
 

 
Nil 

 

14. ANALYSIS AND REPORTING OF RESULTS 
 

 
Analysis of results: 

 
Staining will be assessed on a semi-quantitative basis using subjective criteria according to staining 

intensity. The presence (localisation and distribution) of BSP will be assessed using a 5 point scale (0- 

4), by two independent observers in a random order, where 0 highlights little or no staining of BSP on 

root surfaces and 4 highlights a large amount.  Gene profiles will be analysed as described above. 
 
 
 
 
 

Upon completion of the study it is anticipated that the results would be submitted to an international 

journal to be considered for publication. 
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Information sheet for participants in the research project: 

Isolation, identification and culture of cells from human dental pulp and periodontal ligament 
 
 
 

Purpose of this study 

 Periodontitis is a disease characterised by inflammation and subsequent loss and / or damage to 

the supporting structures of the tooth. Cementum, a mineralised tissue lining the surface of the 

tooth  root  is  thought  to  have  an  important  role.  Healthy  cementum  is  thought  to  be  an 

important   requirement   for   successful   regeneration   of   damaged   supporting   structures. 

Cementum infected with bacterial products and endotoxins such as those seen in periodontitis 

affected teeth has been shown to be associated with limited regeneration. 

 Cells present in dental pulp and cementum may have the potential to repair tissues damaged as 

a result of disease 

 This research will examine the pulps and periodontal ligament of healthy and diseased teeth 

and their resident cells 

 
What is involved? 

 Permission is sought to obtain teeth, which are to be extracted due to advanced periodontitis as 

well as healthy teeth (for example, teeth extracted for orthodontic purposes or wisdom teeth 

that are impacted) for histochemical analysis and the culture of cells within the tissues. 

 This involves examining the teeth under a microscope to determine the presence / absence and  

/ or amount of a number of molecular components of these tissues. 

 Small portions of the pulp and periodontal ligament will be used to cultivate the resident cells 

 Unused teeth will be discarded and will not be used for any other purposes. 

 All records are de-identified and you will not be able to identified from these samples.  Only 

age, gender and medical conditions of relevance are recorded. 

 
What are the benefits to me? 

 Although there may not be any immediate benefit to you, information from this study may be 

helpful in determining new ways to repair damaged pulp and periodontal ligament using the 

cells which reside in these tissues. 

 Your participation in this is voluntary and should you decide to withdraw your consent this 

will in no way influence your dental treatment. 

 
Are there any risks? 

 The risk(s) of being part of this study is considered to be extremely low. In fact removal of a 

diseased tooth / teeth may prevent further breakdown, possible complications such as 

periodontal abscesses and often assists in healing and aids cleaning of the teeth. 

Please contact the following person if you have any questions during this study: 

Professor Mark Bartold8303 3435 

Colgate Dental Research Centre, Adelaide Dental Hospital 
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CONSENT FORM 
 

 
 

1. I,  …………………………………………………………….. (please print name) 

 
consent to take part in the research project entitled: 

 
Isolation, identification and culture of cells from human dental pulp and periodontal ligament 

 
2. I acknowledge that I have read the attached Information Sheet entitled: 

 
Isolation, identification and culture of cells from human dental pulp and periodontal ligament 

3. I have had the project, so far as it affects me, fully explained to my satisfaction by the 

research worker. My consent is given freely. 

 
4. Although I understand that the purpose of this research project is to improve the quality of 

medical care, it has also been explained that my involvement may not be of any benefit to me. 

 
5. I have been given the opportunity to have a member of my family or a friend present while the 

project was explained to me. 

 
6. I have been informed that, while information gained during the study may be published, I will 

not be identified and my personal results will not be divulged. 

 
7. I understand that I am free to withdraw from the project at any time and that this will not affect 

medical advice in the management of my health, now or in the future. 

 
8. I am aware that I should retain a copy of this Consent Form, when completed, and the 

attached Information Sheet. 

 
………………………………………………………………………………………………… 

(signature) (date) 
 
 
 
 

WITNESS 

I have described to …………………………………………………………  (name of subject) 

 
the nature of the procedures to be carried out. In my opinion she / he understood the 

explanation. 

Status in Project:  ……………………………………………………………………… 

Name:  ……………………………………………………………………………………. 

 
……………………………………………………………………………………………….. 

(signature) (date) 

Appendix B: Cell Licenses and Ethics Approvals 277



21 

Appendix 6  

 

 

THE UNIVERSITY OF ADELAIDE HUMAN 

RESEARCH ETHICS COMMITTEE 

 
Document for people who are subjects in a research project 

 
CONTACTS FOR INFORMATION ON PROJECT AND INDEPENDENT COMPLAINTS 

PROCEDURE 

 
The Human Research Ethics Committee is obliged to monitor approved research projects.  In 

conjunction with other forms of monitoring it is necessary to provide an independent and confidential 

reporting mechanism to assure quality assurance of the institutional ethics committee system.  This is 

done by providing research subjects with an additional avenue for raising concerns regarding the 

conduct of any research in which they are involved. 
 

 
The following study has been reviewed and approved by the University of Adelaide Human Research 
Ethics Committee: 

 

 
Project title: Isolation, identification and culture of cells from human dental pulp and periodontal 

ligament 

 
 
 
1. If you have questions or problems associated with the practical aspects of your participation in the 

project, or wish to raise a concern or complaint about the project, then you should consult the 

project co-ordinator: 
 
 

Name:  Professor PM Bartold 

telephone: 8303 3435 

 

2. If you wish to discuss with an independent person matters related to 

 making a complaint, or 

 raising concerns on the conduct of the project, or 

 the University policy on research involving human subjects, or 

 your rights as a participant 
 
 
contact the Human Research Ethics Committee’s Secretary on phone (08) 8303 6028 
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Western Blots

Figure C.1: MMP1 and MMP2 antibodies used for MMP Pre-Study In-Cell Westerns,
in subsection 3.2.1, were assessed for specificity. Anti-MMP1 (left gel) is highly
specific (54 kDa), and anti-MMP2 is also specific (66 kDa, and 72 kDa for pro-MMP2).
Although the MMP2 control sample concentration was too weak for this gel, the
band was apparent on a subsequent gel (data not shown).

Figure C.2: Cells maintain pluripotency when not embedded in gel on days 1 and
up to day 5 (OCT4, 38kDa). No MMP2 detected by Western Blot analysis.
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Polymersome Development

Figure D.1: Synthesis of click cross-linked polymeric cages. Poly(ethylene)-b-
poly(acrylic acid)-b-poly(N-isopropylacrylamid) triblock copolymers were condensed
with propargyl amine using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and 4-dimethylaminopyridine (DMAP), condensing eight of 16 acrylic acid groups
(top scheme). Separately, trypsin-cleavable peptides were grown with solid phase
peptide synthesis (SPPS). To obtain azide functionality straddling the peptide chains,
azido lysine was prepared from lysine residues (bottom scheme). Warming the poly-
mers above 45oC forms vesicles or cages, which can then be cross-linked by simple
click chemistry with the previously developed peptide (a). SEC trace of PEG-pAA
and chain exteneded with NIPAAM and alkyne coupled to form PEG-pAA-pPAM-
pNIPAAM, plotted on the logarithmic scale, molecular weight of the polymer versus
relative refractive index.
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Figure D.2: 1H-NMR spectra of RAFT chain transfer agent (2-
(dodecylthiocarbonothioylthio)-2-methylpropanoic acid). Protons and their
corresponding spectra are indicated as red, grey, blue, green, purple, and yellow
sections.
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D.1 Polymersome Peptide MALDI-ToF

Figure D.3: Polymersome peptide MALDI-ToF spectra. Protonaed peptide ppGGG
(a) is identified at 497.6 g/mol (blue arrow), while peak at 379.3 g/mol is due to
CHCA matrix. The protonated peptides are shown by the blue arrows at 632.8
g/mol (b), 810.0 g/mol (c), and 1090.2 g/mol (d), for ppUV, ppTRYP, and ppCATB,
respectively. Orange arrows indicate matrix contaminates that can be seen in spectra
a-d.
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Future Directions: Cardiac
Differentiation & Hydrogel
Development

Figure E.1: Both episomally generated human fibroblast iPSCs (NHF-iPS-1-3),
and H9-OCT4-mCherry ESCs can be differentiated to cardiomyocytes using the
Sandwich Matrix protocol.258 Cardiac TroponinT (cTnT) and connexin43 (Cx43)
cardiac markers were identified on both beating and non-beating foci. Scale bars 50
µm.
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Figure E.2: Chemical structures of MMP-cleavable (ppMMP-CL, 1232.5 g/mol)
peptide CGGIQQWGPGKC,242 and the scrambled version CGGPQGIWGQKC
(ppMMP-SCRM, 1232.5 g/mol), and adhesion peptides based on bone-sialoprotein
CNGEPRGDTYRAYC (ppBSP, 1603.6 g/mol)259 and vitronectin CPQVTRGDVFT-
MPKC (ppVN, 1680.8 g/mol)259.

Figure E.3: MALDI-ToF mass spectrometry of degradation and adhesion hydrogel
peptides. Both peptides ppMMP-CL (a) and ppMMP-SCRM (b) are identified with
peaks at 1255.4 g/mol (1232.5 g/mol [+Na], orange arrows). A peak at 1604.7
g/mol correctly identifies the protonated form of ppBSP (blue arrow), while purple
and green arrows suggest potential fatty-acid contaminants and the presence of an
additional glycine (57.1 g/mol), respectively (c). Adhesion peptide ppVN is pure
and the protonated form identified by the blue arrow at 1681.6 (d).
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Figure E.4: LIVE/DEAD viability assays; H9-OCT4-mCherry ESCs mimicked
substrate coverage and cell survival of standard Geltrex coating, suggesting cell
adhesion (a). Histological analysis of haematoxylin (purple) stained H9-OCT4-
mCherry cells embedded into an MMP-cleavable PEG-based gel (eosin, pink), where
cells tend to form tight, small to medium clusters due to the lack of adhesion ligands.
Cells seeded into the VN gel are inclined to follow the contours of the gel as single
cells. H9-OCT4-mCherry ESCs spread on the 50 VN : 50 MMP Cl hydrogel, using
the branches of the synthetic matrix to reach out to their closest neighbouring cells
(blue arrows). Scale bars 100 µm (top row) and 50 µm (bottom row) (b). H9-OCT4-
mCherry cells embedded within the 50 VN:50 MMP Cl gel maintain pluripotency 24
hours after gelation. Immunofluorescence shows the presence of OCT4. Scale bars
50 µm (c).
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