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ABSTRACT
A complete spatiotemporal profile of the mechanisms involved in the synthesis,
processing, and transport of RNA will improve aurderstanding of cell function and
behaviour under various biological cues, which could potentially advance the field of
biomaterials and tissue engineering towards designing maoretidnal biomaterial
scaffoldsMolecular beacongMBs) have been extensilyeused in biomedical research
and have the ability to provide spatiotemporal pattern of specific mMRNA expression in
live cells that can be visualized in raghe at the single cell level.
The aim of this researclas to develop a detection system that be used to monitor
gene expression in living cells associated with 3D scaffolds.
The first stage of the research was dedicated to the design of molecular beacons
targeting therapeutic genaed interest in cardiovascular tissue engineeriRé\M-
labelled DNA molecular beacons targeting human eNOS# #n-10 mRNAs were
designedthat were able to detectheir nucleic acidstargetswith high specificity and
sensitivity as well as accegbeir intracellularmRNA targetsin living cells emitting
fluorescenceignak thatwerestablefor 2-3 h.
The next stage was tevelop a molecular beacon detection platform for monitoring
changes in transcription gene expression levels in living cells embedded into a 3D
collagen scaffolding systerkor the first time the wsof TAT-peptide conjugateMB to
monitor mRNA in a 3Din vitro systemwasreported.lt was shown that TATpeptide
linked molecular beacons can monitor GAPDH mRNA expression in 3D type | collagen
scaffoldof 1 mm thicknessindthatdelivery can be compledewith fast kinetics (~1h).
Also, spatial distribution of cells in 3D can be visualiZeg optically sectioning the
scaffolds. Although MB technology can be used to detect mMRNA abundance in cells in
3D, it may be necessary to perform quantification with o#imer complemeatary
technique such as RAFCR unless next generation beas@an be stand alone.
In the final stage of the researspatiotemporal efficacgf a duatgene therapynodel
for cardiovascular tissue engineering based @D acollagen scaffoldvas assessed. It
was found thatL-10 and eNOS MBwere able taletectchanges in mMRNA expression
and demonstrate that the modelsuppored both sustained and delayed releade

functional geneswvhich was confirmed by RPCR results.

XV



Chapter 1: Monitoring transcriptiahgene expression 3D in vitro models

CHAPTER 1: MONITORING TRANSCRIPTION AL GENE EXPRESSIONIN
3D IN VITRO MODELS



Chapter 1: Monitoring transcriptiahgene expression 3D in vitro models

1.1 Introduction

Tissue engineering (TE) aims to provide scaffolds to support, regenerate or replace lost
function in tissues or organs by manipulation of biological daeg. Monitoring of

gene expression is fundamental to tissogineering as it can give insight irgfficacy

of thescaffold, the interaction of cells with the supporting scaffold environment, as well
as the efficiency of gene therapgproachefs-10].

Spatiotemporal monitoring ofege expression hagacilitated the understanding of the
changes that oac in human diseases, from the regulatory mechanisms inydivéiae
phenotyjc relationship associated withene expressiorBoth the messenger RNA
(mRNA) and thefunctional protein productsan be measured. Measurements at the
MRNA levels are dominant agenerally the techniques are magensitive simpler, and
have a higher throughpthan proteinbased one§l1, 12] Further,RNAs have many
importart functions in living cells fronphysically conveying and interpreting genetic
information, providing structural support for molecular machines, catalyzimgmical
reactions, taegulation of gene expressi¢t3]. Thesefunctions are controlled through
the expression levels and thgatiotemporal distribution of the specific RNA in the cell
Furthermore, ®RNA expression levels are highly dynamic andlicate cellular
responses to environmental stimuli which affect both the cell morphology and
phenotype and, for most genes, alterations in mMRNA levels likewise coincide with
protein levelg[11, 14, 15] Several techniques exist boeasure genexpression at the
molecularlevel and have been applied to 3B vitro matrices. EBchniques such as
reverse transgtion polymerase chain reaction (HPICR), DNA microarray,
fluorescentin situ hybridization (FISH)and northern bloare used in the biomaterials
andtissue engineerinfields to quantify gene expressions of celis the mRNA level in

the 3D environmentsThe aim of this review is to examine the conventianathods
used tomonitor gene transcription leveis 3D in vitro models, galuate the strengths
and limitations ofthesemethods and share insighinto live cell imaging of gene
transcriptionin the 3 matrix using molecular beacan&fter summarizing the 30n

vitro model systemggechniques for quantification of mRNA will be discussed, followed
by key parameters that effect gene transcription levels. Finally, critical insights into the
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application of molecular beacons for spatiotemporal gene expression in @iyo
models will be assessed.

1.1.1The 3D in vitro model

Generally, the 3Din vitro model employs biomaterial scaffold, cells, and growth
stimulating factorg7]. Scaffolds aretypically constructed fromysthetic polymerge.g.
poly(glycolic acid)(PGA), poly(-lactic acid) (PLLA), polyé..-lactic caglycolic acid)
(PLGA) c o po | y me r saprolaptané) y(RCL) (dnd ethylene glytaised co
polymers[2] natural polymerge.g., collagen gelatin and fibrin), norganicmaterials
(e.g. hydroxyapatite, tricalcium phosphatand titanium) and composites (e.g.,
PCL/PLGA/ collagencomposite). The role of these scaffolding materials is to mimic,
even partiallythe extracellular matrix (ECML6, 17].

Cell may be associated with these scaffolds to form a 3D construct using two
approaches: A cebased approach in whiatells are seedeth vitro onto the scaffold
which serves as a delivery vehicle for biomolecyl8] or a tissudike approab in
which cells are seeded into the scaffold and allowed to makeothimatrix[7].
Collagenis extensivelyutilized in TE approache®ecause oits biocompatability)Jow
immunogenicity andability to initiate signaling pathways (via the cell surface
receptorsjntegrins, discoidin domain receptors and glycoprotein ®@f)the collagens,

collagen Type Is the the most widely used.

1.2 Quantification of mMRNA

MessengeRNA ranges from 1100 copies per céfjene[11l, 19] and quantificationis
routinely performedusing reverse transcriptiepolymease chain reaction (RPCR).
Microarrays quantify the expression profiles for thousands of genes simultaneously,
while fluorescentin situ hybridization (FISH) provides spatiotemporal localization
patterns of the mMRNA expression levabsthe single cél and northern blot probes
information about the size and integrity of quantified mRNA. The basic process and

duration of these techniqueseasummarized ifrigure 1
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1.2.1Reverse transcription polymerase chain reaction (RIPCR)

PCR is a molecular technique invented by Kary B. Mullis in the 1980s. This
breakthrough technique allows the exponential amplification of DNA. Further
development of the R technology incorporated fluorescent dyes (e.g. SYBR Green,
TagMan probes) and led to the rale PCR method in which the accumulated PCR
products are detected, as the name implies, intireal Ultimately, RNA was
enzymatically converted to complentary DNA (cDNA) for amplification using real
time PCR and this created the r&aie reverse transcription polymerase chain reaction
(RT-PCR method.

RT-PCR is routinely used to quantifgene expression of a cell population from
extraction of purified RNAobtained from cell lysateSypically, 0.21ug of purified
RNA is sufficient to produce cDNA required for the PCR, which is about 556 20

10" cells considering an average of 20 pg of RNA per mammalianREIPCR is a
highly sensitive specific and eproduciblemethod that can be used to detect and
compare RNA levels within dynamic range ofjreaterthan eight orders of magnitude
[20-25]. Furthermore, RIPCR s particularly useful in samplgzresentinglow RNA
concentrations, low transcript copy nuentor small changes in mRNA expression
levels [22, 23, 2632]. However, prification, cDNA synthesis, and other processing
techniques performed before PCR analysis can result in loss of RNA trasm§@8ipt
34]. Also, scaffold material may present someligmges during RNA isolation from 3D
constructs. Noteworthy, polysaccharidegdrose, alginate, hyaluronate, chitosamj
dextrar) and proteoglycans contaminate the lysate and reduce solubility of the isolate
which may result in lowguality RNA[35, 36] To address this, a high salt precipitation

o f the contaminants i s i ndiwhentugird orgasic per
(guanidine isothiocyanatghenotbased) extraction methods (e.g. TRIzol, TRI Reagent).
Also, a combined method in which extract®&NA is followed by spircolumn
purification step use for plant RNA material may gave +fgghlity RNA yields[35].
Others have shown that a cationic surfactaetyltrimethylammonium bromidbuffer

may improve purity and yieldsompared to organic extr@mns [36]. In addition,
constructswith high collagen content may require treatment withagenase before
RNA extraction[37].
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Typically, RT-PCR is performed oRNA extracted from 3D0constructs or from cells
harvested from constructs. When extracte@ally from 3D constructs, piteeament

with EDTAI based solution§38], pulverization[39, 40} or freezing in liquid nitrogen
[41-43] may be required to disrupt cells. Alternatively, the cells mayidst harvested
using trypsin44, 45] RNA isolation nay be performed usinglter-basedspincolumn

kits [41, 4562], organicextraction[9, 38, 39, 42, 63F6], or a combinatiorof both
method [64, 77, 78]

RT-PCR has been used to establish the rationale for the design bfothaterial
scaffold byevaluating the cellular resporsssssociated with the 3D construdthat is, to
elucidate to the cells ability to proliferatdifferentiate and commit tepecific tissues
Thus, cell/tissue specifigenes ar@nvestigated. Tissugpecific genediave beerstudied

in a variety of cells in 3D constructs employing natyigd, 55, 7981], synthetic[39,

82], inorganic[42] and composit¢40, 59]biomaterials.

RT-PCR hasalso been employed to study transcript gene expression levels when
developing physiologidly relevant 3Din vitro model systems for tumorigene$gs]

and nammarytissue[44].

Currently, RFPCR method has expression profiling capability for up to 384 genes using
Tagman® ow density arrays(TLDA). TLDA are customized microfluidicards
preloaded with gene specific primers and prod88]. The sensitivity and
reproducibility of this system is comparable to conventionalPRR, but with added
advantages of allowing multiple genes to be studies on single samples, reducing sample
and reagent volumes, and reducing cofdd4]. Some studies have usdd.DA to
evaluate specific cell response to biomaterial scafi@8ds

The RTPCR product may be quantitatively analysisthg gl electrophoresifollowed

by denstometric image analysig51, 61, 86, 87]or electrophoretic analysis using
Agilent 2100 [63]. However, this engoint method has lower specificity,
reproducibility and sensitivity as well as a narrow dynamic range comparedRCRT

[23, 88]

Some @nes of interegnvestigated fron8D scaffolds usindRT-PCR are presented in
Tables 14.
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Table 1.1 Genes related to extracelluamatrix

Gene name Referencs
Aggrecan [38, 39, 53, 56, 63, 70, 72, 73, 76, 81]
Biglycan [51]

Bonesialoprotein
Cartilage oligomeric matrix protein

Collagen Type |

Collagen Type lI

Collagen Type llI
Collagen Type VI
Collagen Type IX
Collagen Type X

Collagen Type XI

Decorin

Matrix metalloproteinasé
Matrix metalloproteinase 2
Matrix metalloproteinas@
Matrix metalloproteinasé3
Osteonectin

Osteopontin

Proteoglycan 4

Tenascin C

Tissue inhibitor of metalloproteinadeor 3

Versican

[40, 42, 45, 50, 64, 68]
139, 75]

[38-40, 42, 45, 46, 481, 53, 56, 60, 64, 65, 69, 72, 7
75, 76, 81]

[38, 39, 53, 56, 63, 65, 70, 72, 75, 76, 81]
[75]

[75]

[63, 81]

[76, 81]

[63]

[51]

[76]

[78]

[39]]

[39, 76

[42, 49, 69]

[42, 45, 49, 50, 68]
[39]

[51]

[39]

[72]
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Table 1.2 Growth factors and receptgenes

Gene name References
Bone morphogenetic protein 2 [42, 46, 68]
Bone morphogenetic protein 4 [68]
Calgizzarin [54]
Elongation factor 2 [54]

Growth and differentiation factes [75]

Inhibitor of differentiationl [75]
Kinaseinsert domain receptor (KDR), VEGFR2 [55, 80]
Mast/stem cells growth factor receptokit [55]

Midkine [48]
Neurogenic homolog 4 [48]

Survivin [48]
Transforming growth factor, beta 1, [42, 76]
Transforming growth factor, beta 2 [48]
Transforminggrowth factor, beta 3 [76]

Vascular endothelial growth factors (VEGFs [41, 46, 48, 66]
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Table 1.3 Genes involved in regulatory functions

Gene name References
Alpha fetal protein [47][87]

Bcl-2 [48]

Core binding factor alpha 1(Runx2) [40, 42, 45, 49, 64]
Glyceraldehyde3 phosphate dehydrogenase [77]

GATA binding protein 2 [47]

GATA binding protein 4 [55, 59, 80]
Heat shock proteins 47; 70,72,90 [80];[55]
Hypoxiainducible factor 1 alpha [46, 66]
Myocyte-specific enhancer factor 2C (M2€t) [80]

Myosin heavy chain 10 nemuscle [60]

Neuronal differentiation 1 [47]

NK2 homeobox 5 (Nkx2.5) [55, 59, 80]
Osteocalcin [42, 54, 65]
Osterix [42]
Pancreatic and duodenal homeobox 1 [87]
Peroxisome proliferatesctivated receptors gammaz2 [69]

Pou5f1 [47]

Sox 9 [70, 73, 81]
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Table 1.4. Specific markers

Cellsf/tissue Gene name References
Peroxisome proliferateactivated receptor gamme
Leptin
Adipocytes Ad?psm A ) [74]
Adiponectin,
Glucose transporter type 4
Resistin
Brain _ . (87]
Neurofilament heavy chain
Troponin | [55, 78]
Troponin T [59, 80]
Cardiac muscle tissue Connexin 43 55, 78]
Actin, alpha, cardiac muscle 1 [59]
Atrial natriuretic peptide [57]
Ankyrin-1
Cardiac ankyrin repeat protein,
Cytochrome c oxidase subunit VIII heart/muscle
Cardiac myocytes _ )
Adrenergic receptor beth
Adrenergic receptor beth ( AR),
Sarcoplasmic reticulum calciumTPase
CD146, melanoma cell adhesion molecule [45]
Endothelial lineage Von Willebrand factor [45]
Vascular endotheliatadherin [80]
Mammary cells CaseinU and-bcasein [44]

Osteoblast s

Alkaline phosphatase

[40, 42, 49, 54, 64, 68

Skin Keratin [87]
[45, 47, 55]
SM22 alpha (transgelin) [60]
Usmooth muscle actin
Myocardin, [58]
Smooth muscle cells  Smoothelin [58]
Calponin | [60]
Smooth muscle myosin heavy chain
Umyosin heavy chain [60]
[62]




Chapter 1: Monitoring transcriptiahgene expression 3D in vitro models

1.2.2DNA microarray s

There are currently two DNA microarray platforms availabd®NA-based and
oligonucleotidebased arrays. Complementary DNA microarrays first developed by
Brown laboratory at Stanford University in the 1995 use amplified cDNA clones (500
1000 nucleotides) spotted on a glass surface, while oligonucleotide arragbause
DNA oligonucleotide (3&40 nucleotides) synthesized on a solid substfage91].
Microarray is a high throughput technique that allows the expression profiles
thousands of different gends be detected simultaneouslfrom hybridization of
labelled cDNA or cRNA with immobilized DNA (cDNA clonesr oligonucleotides)
fragments[91, 92] Some oligonucleotides arrayaffymetrix, CA, USA), typically
require 0.55pg RNA and can provide specific detection limits in the range of 1010
1:2 x 10 with adynamic range up to 4 orders of magnit{@@]. Due to the enormous
amount of data generated by microarrays, accuracy of selected gene expression levels
deduced from these assays is typically validated using@ @X[94].

Microarray iswell suited forthe tissue engineering field ang$ébeen used to monitor
global gene expression in 3D constructs for applicatimiated toskin [95, 96]
cartilage [75], the cardiovascular systeff®, 60] and traumatic brain injury48].

Typically, constructs were fabricatdrom natural, synthetic or composite biomaterials.

1.2.3Fluorescentin situ hybridization (FISH)

FISH is a molecular biology technique, introduced some 30 years ag@llhas the
spatiotemporal expression patterintranscriptsat the singlecell level using fixed cells
[97, 98] Several FISKFbased techniques (reviewed [@8]) such as RNAFISH and
cellular quantitativen situ hybridization assay (QISH99] has since been developed.
For RNA-FISH complementary mRNA target sequesigefixed andpermeabilizectell
preparations on slides are hybridized using labelled DNA/RNA probe, visdalizitu
by fluorescentmicroscopy andrelative expression levelguantified based on ignal
intensity. This technigque has been used to visualize the tratiserilevel of up 11 gene
transcripts in a single cell by fluorophore combinatidr].

QISH is an RNAFISH assay in which cells are fixed in a-®@86ll plate andmRNA
target sequenseare hybridized using photoiotin labelled cDNA probeg99].

1C
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Consequetty, the biotin is detected by streptavidin arotinylated alkaline
phosphatase, followed by measurement obiptecal density using plate reade

FISH is a complex and laborious technique with low sensitivity compared 8GR

[101]. Added to thisthis technique provides very limitadmporalresolution of RNA

[13].

RNA-FISH has been used to detect the expression levels of genes related to the ECM in
cells grown in collageil102, 103]and alginatd38] scaffolds. Bongelated genes of

cells harvested frorhydroxyapatite (HA)eramicq104], calciumphosphateseramics

[105], cementd106] and titanium107] may be analysed by QISH.

1.2.4Northern blot

This molecular biology technique was developed by Janemé and colleagues in the
1970s. Basically, purified RNA lysates are gel electrophoresed, transferred to
nitrocellulose membranes then hybridized with labelled DNA or RNA probes for the
identification and quantification of mMRNA91, 108] Northern blot Bo provides
information about the size and integrity of mRNA in a sanigl. Although this
method is simple, it typically requires large quantities of RNA (~10 pg)naawl result

in MRNA degradatiofit09]. Also, sensitivity is much lower compared witiTHPCR.

RNA extracted directly from 3D constructs containing cells embedded in collagen
111], PLGA [112], PGA [110], gelatin/PCL construcil13] and PLLA/hydroxyapatite
[114] scaffolds, as well asells harvested from ldyoxyapatite,glassceramics,and

titaniumconstruct§115] have been analysed using northern blots.
1.3 Comparison of mRNA quantification techniques

The echniguesised to analyse mRNA expression iniB¥vitro modelsare summarized

in Figure 1.1

11
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RNA
extraction

Constructs

Fixation

Live cells

—>

—>

—>

RT-PCR
. —
ss cDNA ¢DNA hybridization, > Thermal cycler // ~1d
synthesis -> extension & fluorimeter
amplification .
DNA Microarray
cRNA :
cDNA labelling cRNA/cDNA Fluorescence ~4d
synthesis e > andDNA -> Scanning
cDNA hybridization
labelling
Northern blot
d . ’ 3
RNA gel Probe ‘ ~4d
RNA gel 9 transfer to and mRNA 9 Autoradiography »
electrophoresis membrane hybridization - -
Probe and Incubation Fluorescence
mRNA @ 37-70°C 9 microscopy
hybridization
MB technology
MB and mRNA Incubation Fluorescence
hybridization ) @ 37°C é microscopy » ~2h

Figure 1.1 Schematic of mMRNA quantification techniqueih typical times neeeldfor assay completion.
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1.4 Key parametersfor tissue engineering

1.4.1Sampling regime

Cells undergo transcriptional control during various stages of development from
proliferation, differentiation to maturation. Fexample, observations of the temporal
expression levels of borrelated genes in osteoblast cultures over a 35d period showed
differential expression during the proliferation, maturation and mineralizatages

[116]. For instancelaurie et al has shownthat changes in gene expression levels
occurred for dmininreceptor|aminin, andcollagen 1V in mouse kidney cells collected
between 16 day gestation and 3 weeks after fidf]. Thus, the use of time points is

an important consideration for gene egsion analysis when evaluating the
performance of 3D scaffolds, and shouwddincide with the synthesis, releasand
activation at different stages of development.

An overview of the literature showed that gene expression analyses of 3D constructs for
cardiac specific genes are generally performed at day 7. On the other hand, analysis for

bone related genes are typically performed-attine points chosen from 7, b4 21 d.

1.4.2 Spatial distribution

The microenvironmenin which the cell interacts with the ECM, soluble growth
stimulating factors and surrounding cgli®vides structural integritgnd controls gene
expressior118]. Thus, the spatial distribution and organization of cells within the 3D
constructs determines the level of cellular interaction and thus influence cellular
function and formation of new tissug 19]. It follows that initial seeding densities
considerationshould ensure sufficient quantities of cells are uniformly seeded onto or
embeddedn the scaffold High density cellculturesincreasecell-cell interactionsand
communicationwhile promotingsecretion of extracellular matrix and growth factors
which mg enhancq120] or inhibit [121] proliferation. Howeverthe absence of cell

cell interactionsin experimental systemtendto show the lowest proliferation rates
[121].e

The physical location of cells within 3D constructs may influence the spaioral

gene expression levgll, 76]ascancell morphology122] and surface patteri$23].

13



Chapter 1: Monitoring transcriptiahgene expression 3D in vitro models

1.4.3Cells

The four major tissue types, namely muscle (skeletal, cardiac, smooth), nerve (nerves,
brain), epithelial (e.g. skin) and connective (e.g. cartilage, btss)es consist of
specialized cells expressing specific gefiesl], [125] in addition to the housekeeping
genes that are present in all cells. Thus, transcription gene expression levels in cells may
be tissue source specific. Hence, consideration oppropriate cell source is important

in the development of 3Dn vitro models for specific TE applications. Equally
important are the proliferation capability, differentiation, and tissue specific

commitment of the cells in the 3D constru@s].

1.5Project rationale

1.5.1Background

Based on the discussion above, it is clear thaealth of information can be gained
from gene expression analysis of cells associated with 3D constructs. However, when
using lysates to quantify relative gene expression, the infamit limited to temporal
expression of the average cell with no spatial information. Althotnghin situ
hybridizationtechnique givesight into the spatiotemporal gene expression of cells in
constructs, this method requires fixation which may alter mRNA location. A
complete spatiotemporal profile of the mechanisms involved in the synthesis,
processing, and transport of RNA will improve our understanding of cell function and
behaviour under various biological cues, which could potentially advdwecéeld of
biomaterials and tissue engineering towards designing moretiénal biomaterial
scaffolds [B].

Molecular beacon§l26] have been extensively used in biomedical research and have
the ability to provide spatiotemporal pattern of specific mMRNA expression in live cells
that can be visualized in retaine at the single cell level. These oligonucleotide probes
are designed thave a steroop conformation and recognize targets with a measureable
fluorescence signal (illustrated Figure 1.2) with high signalto-background ratios
[13]. Furthermore, in the stetoop conformation, the molecular beacon (MB) is

unhybridized and tyipally elicits low fluorescence signal which enables detection of

14
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probé targets hybrids to be performed without the separation of excess probes. This
detection without separation capability of MB is idkal3D scaffolds.

Loop

{
{% N - "

Fluorophore Quencher

Molecular beacon mRNA target Hybridization

Figure 1.2 Schematic of molecular beacon. In the absence of conepiary nucleic
acid target, the beacon has a hairpin shaped structure and fluorescence is quenched,
however, on hybridization with target the fluorescence is restored.

1.6 Objectives
The overall goal of this project was to develop a detection system that can be used to

monitor gene expression in living cedissociated witlBD scaffolds.

Objectives: Phasel (Chapter 2)
Aim: Design, characterize and evaluate ¢&getingtherapeutic genes
1 Design eNOS and IL10 molecular beacons
1 CharacterizéMBs by evaluatingsensitivity and specificityor target nucleic acid,
signal/background ratios, and thermal denaturation profiles.

1 Evaluatewhether sits ontargetmRNA areaccessibléo theMBs.

Objectives: Phase Il (Chapter 3)

Aim: Develop a molecular beacon detection platform for monitoring changes in
transcription gene expression levels in living cells embedded into a 3D collagen
scaffolding system

91 Develop and characteeZ ypel collagen scaffold

15
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Selectan efficient method for MBlelivery.

TransfectHFFF2cellsusingGAPDH siRNA

QuantifysiRNA knockdown of GAPDH mRNAn 3D scaffold

EvaluateGAPDH mRNA expression levels imansfectectellsin the 3D scaffold
using MB technolgy and RTPCR

Objectives: Phaselll (Chapter 4)
Aim: Assess thespatiotempaal efficacy of a dualgene therapy modddased on 8D

collagen scaffold loaded with plLO polyplexes and peNOS polyplexes encapsulated

into microspheres.

T

Characterize thescaffold for sustained and delayed release profiles of loaded
polyplexesover a 14d periad

Evaluate temporal expression levels df-10 and eNOS mRNA in cells
transfected via 3D scaffolding gene casiesing RFPCR.

Evaluate spatiotemporal expressioi -10 and eNOS mRNA in cells

transfected via 3D scaffolding gene casiesing MBs
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2.1Introduction

The design of the molecular beacon plays a crucial role in its ability to detect targets
with high specificity and sensitivity. Optimal probes in biomedical research should
satisfy severatequirements(1l) have a higtspecifiaty for target (2) elicit signak

that beeasily measuredn target dete@bn, (3) provide fgh signaito-background

ratio, (4) be stable, so ffierentiaion can be madéetween true and false positive
events(5) and achieveighly efficient deliveryto living cells that (6) occuwith fast
probehybridization kineticd1, 2]. Molecular beacons have the potential to satisfy
all these requirements. Added to this,-hybridized probes do not need to be
removed from the system which is ideal for intracellular measurement of mRNA
expresion levels. Along with high specificity and sensitivity for their nucleic acid
targets, these probes have shown the ability to detect single nucleotide

polymorphisms (SNP43B].

2.2 Molecular beacons

Molecular beacons are antisense oligonucleotide haimgibegs with four essential
components: loop, stem, fluorophore, and quenckgufe 2.1A). The single
stranded loop ent generally 1835 nucleotide$4] and carries the complementary
sequence to the target nucleic acid (mMRNA, DNA) which allows the beadand

to the target. The short-Z nucleotides double stranded (from complementary
pairing) stem keeps the fluorophore and quencher, each covalently attached to one of
its ends, in close proximity1{10 nm) to each other and quenching of the
fluorescene of the MB is achieved mainly on the principle of contact (static)
guenching, although fluorescence resonance energy transfer {gR&TQhing is
possible, illustrated inFigure 2.2). In the presence of the target, the complementary
sequences of the lo@nd target are hybridized and the MB spontaneously changes
conformation and fluorescence is restoregre 2.1A).

The selection of a fluorophowguencher pair is not restricted; however the choice
could provide optimal signaloise background ratios @multiplexing function of

the MB.

There are two types of MB, conventional and shatedh. In a conventional MB

(Figure 2.1A), the stem is chosen independent of the target sequence, while in
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sharedstem MB the full sequence of one arm of the stem isemaepending on the
target sequencéigure 2.1B).
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SR Ny .

Fluorophore Quencher

B N = e

Nucleic acid target Hybridization

Figure 2.1 lllustrations of molecular beacons.
A. Conventional molecular beacon. B. Shared stem molecular beacon.
In (A), the beacon stem designed independent of the target sequence

In (B), the beacon stem is designed dependent of the target sequence
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Removed due to copyright restrictions.

Figure 2.2 Principle of static (contact) and FRETquenching

Static quenchingstrong coupling (via hydrogen bondeduced dipole interactions

and hydrophobic interactighof the reporter (R) and quencher (Q) forms greund
state complex (RQ) with unique absorption spectrum. RQ absorb energy, become
excited and quickly returns to ground state without the emission of energy (= no
fluorescence light emitted).

FRET quenchingWeakdipole-dipole coupling of R (donor) and Q (acceptogcurs

at distances betweef-10 nm Radiationless energy is transferred from R in the
excited state to Q, returning R to ground state. The mechanism requires the emission
spectrum of R to overlajme absorption spectrum of Q.

Typically, the efficiency of quenching in static conditions are independent of spectral
overlap or R and Q, but not so in FRET conditifsjs

(Adopted from[6]).
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2.3 Molecular beacon design and function
The three major challenges in molecular beacon design are specificity, melting

temperature, and the secondary structure of the target mMRNA.

2.3.1Specificity

To ensure specificity for targetRNA, the loop sequence of the molecular beacon is
designed to be eoplementary to the target and the sequence is interrogated using
BLAST (basic local alignment search tpoor similar software to determine
uniqueness. Firstly though, the secondary structure (folding) of the mRNA is
predicted using software such agolM [7] to identify single stranded regions, and

the regions of interest selected based on probe/RNA interactions determined using,
for example, the OligoWalk softwaif@]. Mfold uses a model based on minimum

free energy of base pairing to compute optimal wroptimal mRNA structures.

Some have used the-ssunt and pnum values computed in Mfold to select regions

for the beacon loop sequen®. Fromthe group of predictedsecondary structures

given the sscount value indicates the number of times the particular base
(nucleotide) is singlstrandedwhile the pnum value,indicates whether the base

pair predictedis well or poorly(high pnum value)determinedThus, high ssount

values of more than 50% together with low/higimym value are considered
favourable for beacon loop design. To further select loop sequences that bind
strongly to the mRNA target, the thermodynamic parameters generated using
OligoWalk may be employed. OligoWalk predicts the MB loop/RNA interactions
based on equilibrium affinity &87°C and allows manipulation of probe length and
concentration with limited choice of backbone chemistry to RNA or DNA. The
thermodynamic values that are of interest during the selection of the target region are
dupl ex and overall gv6 thernsodymgmlicsy@ G )idibaee mo r e
the stronger bond. Thus, regions in which tq@G o f the duplex (bi
beacon loop and the mRNA) is more negative thantheovegg@®l by 10 or | es

be selected as target regi¢ak

2.3.2Melting temperature
The melting temperature is controlled by the length and sequence of the stem of the

beacon and influences specificity and S/B noise (sensitivity). Typically, the stem is
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designed with 78.00 % GC content. However, adjustment of the lengths ard G
contentof the stem can be used to manipulate the melting temperature of the beacon
for the specific application. For instance, in live cell environments melting
temperatures greater than°@7are required for MB to discriminate its target; MB
with a lower meltig temperature will be prone to opening in the absence of target
presenting lower S/B noise and decrease specificity.

The fluorophoréquencher pair may attract or repulse each other. Attractive forces
between fluorophore and quencher helps to stabilizestédn®. Thus, the selected
fluorophoré quencher combinations may influence the melting temperature as well

as the quenching efficiency of the M§.

2.3.3Secondary structure of mMRNA

The folded secondary structure of mMRNA needs to be taken into considenatien i

MB design and efforts made to avoid targeting dowitdanded regions which may

be inaccessible. Still, accessibility of the mRNA region is not guaranteed as models
used to predict mRNA structure may not be accurate. Thus accessibility of target to
the beacon can only be determined by evaluating the MB in the intracellular
environment. Hence, multiple beacons are typically designed to target different
regions of the mRNAL0].

The structure design of molecular beacon is crucial to its performance. The probe
and stem lengths influence both melting temperatures and hybridization kinetics of
the MB in the presence of targ¢ss 11], which is illustrated irFigure 2.3. Also, the
fraction of beacons present at varying temperatire each of the three
conformational states:. hybridized to target, unhybridized and random coil states,
illustrated inFigure 24 is influenced by the lengths and sequences of the both the
loop and stem. Ftlrermore, sensitivity of the molecular beacons is also influenced
by the stem length. A stem length that is too short (very unstable) or too long (very
stable) may result in low S/B noise due to opening in the absantargetor

inadequate opening in tipeesence of target
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Figure 2.3 Probe and stem lengths relationship with (#¢lting temperature and (B)
hybridization kinetics (rate constant) of molecular beacons in the presence of targets.
(Adopted from Ref11]).
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Removed due to copyright restrictions.

Figure 2.4 Thermodynamic phase transitions of molecular beacons in the presence
of targets

Phase 1: Hybridized state with open beacons producing highest fluorescemte sign
at low temperatures.

Phase 2: Unhybridized state with closed beacons producing weakest fluorescence
signal at melting temperature of duplex.

Phase 3: Random coil state with unhybridized beacons randomly opening producing
low background fluorescence s above melting temperature.

(Adopted from ref3]).
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Two critical considerations are essential for the design of molecular beacons for
intracellular detection of target mRNA. Firstly, the designed beacons must find the
target mMRNA, a process of sound MB design already discussed above. Secondly, the

beacon mst be efficiently delivered into the cells by an effective method.

2.4 Intracellular delivery of probes

The relatively lipophilic nature of the plasma membrane presents a barrier for
polyanionic antisense oligonucleotides (ODN) and prompted the need to develop
robust methods for efficient intracellular delivery. The main methods can be divided
into two (2) categories: endocytic and non endocytic. Endocytic delivery is usually
accomplish via catiic/polycationic molecules such as liposomes and dendrimers,
while norrendocytic, bymicroinjection, electroporatigncell penetrating peptides
(CPPs) and Streptolysi©® (SLO) permeabilizationTransport mechanism, cellular
uptake, distribution, dynamicéifetime, and availability of the oligonucleotides to
targets may vary according to the methods used.

Endocytic delivery methods is mediated via the endocytic pathway in which
membrane specific surface receptors on cells bind to the ODN and uptake the
molecules during incubation of around 2[h2]. Endocytosis of labelled ODN,
generally, exhibit a punctuate fluorescence pattern. Cellular uptake may be enhanced
by stable complex formation between anionic ODN and cationic liposomes or
dendrimers. However,nty a small amount, about 04D percent[13], of the
internalized ODN may be available to their cytoplasmic targets in the cytosol due to
entrapment of the by ODN in endosomes and eventual degradation by hydrolytic
enzymes (nucleases) predominantly pnésa lysosomes. Clearly, labelled ODN

that can escape the endosomes or are nuclease resistant could avoid this difficulty.
Compl exes form bet ween DNA and Anfract
dendr i mers ( eavg beenShopreto éseapettHe enaesgl4]. It is
postulated that the fracture@ndrimers extend fully to bind DNA then collapse into
compact structure at neutral pH. On internalization into acidic endosomes fractured
dendrimers become protonated, release the DNA and swell causing eaddsom

rupture so that DNA can escape.
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Microinjectionis a widely used technique for intracellular delivery of ODN. The
ODN is injected directly into the cytoplasm or nucleus of individual cell. Thus, this
method does not allow for high amount of cellbéoanalysed at the same time.
Electroporation uses short (us to ms) electrical pulse to produce transient pores in the
membranes of cells. Small molecules are believed to enter by through the pores via
diffusion, while macromolecules (e.g. DNA) enter bgctrophoretic transpofi5].
Electroporation perform in mictlitre volumes can achieve uniform cytosolic
distribution of probe in live cells with transfection efficiency of 93% and average
cell viability of 86 %[16].

StreptolysinO (SLO) is an oxygerabile bacterial toxin that is activated by thiols
(e.g. dithiothreitol) and bytris(2-carboxyethyl)phosphing TCEP). The toxin binds

to cholesterol containing membranes of cells to form pores about 30 nm in diameter.
The mechanism relies on the self asatbon of SLO with the cholesteratembrane

to form amphiphilic oligomers ring/reshaped structures. These struciyrenetrate

into the apolar domains of the membrane to create prliweid transmembrane
channels or large apertures in the bilgy&]. Typically, 0.2U/ml SLO concentration

and 515 min incubation time at 8C is used to deliver MB into cells, but
optimization may be necessary due to the varying cholesterol content of different
cells. SLO is inactivated by serum media with typical resgadf the cells occurring

at 37C for 1h. In this study, SLO mediated delivery of molecular beacons was
selected to evaluate transcriptional gene expression inditwensional (2D)
cultures.

Cell penetrating peptideCPPs)also termed protein transductiodomains are
mainly derived from viral proteins and are capable of crossing the plasma membrane
and taking cargoes along. The mechanism by CPPs translocation is still unclear as
there is evidence to support both a +smlocytic pathway occurring i
temperatureindependent manner aiagh endocytic pathway mediated via membrane
receptorg18, 19] It is suggested, however that the mechanism may be dependent on
the CPPtype, cell type, and size of the cargo. CPPs have been used to deliver
peptides[20, 21] nucleic acids[22], proteins[20, 23] nanoparticleqd24], and
liposomeq25] into live cells. The net positive charge of the CPPs is associated with
the amino acids lysine and/or arginine present. Of the various CPP<,-FdYV (48

60) peptides are thieest characterized. These peptides are derived from the 86 amino
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acid HIV-1 virus transactivator of transcription (Tat) protein domain-pEgtdtide
conjugated to molecular beacons have been delivered to primary2¢efis2D and
were internalized withirB0 min with 100% efficiency. In this study Fpéptide
linked molecular beacons was selected to evaluate transcriptional gene expression in

threedimensional (&) cultures Chapter 3).

2.5Backbone chemistry modificatiors

The backbone chemistry of antisenskgonucleotide is a crucial parameter to
consider for delivery to the intracellular environment. The simplest beacon is
synthesized using @hosphodiesteDNA (PO) backbonewhich is made up of
phosphate and sugars groups linked by ester b&@seaconare limited to short

term (few hours) analysis in living cells. Firstly, beacons with DNA backbone
chemistry may be prone to degradation by endonucleases, in endosomes/lysosomes,
before reaching intended targets. Degradation separates fluorophores émacheyu

and results in fluorescence signal which may be falsely interpreted as hybridization.
Secondly, ribonuclease H (RNalsig¢ an endoribonuclease thiatfound in both the
nucleus and the cytoplasm of all cells may cleave the RNA target of thé BN

duplex formed by the beacon resulting in decrease fluorescence as the beacon loses
its target to assume the unhybridized state. Thirdly, binding proteins that interact
with beacons may cause instabilapd opening of beacons which results in false
positivefluorescence signal

To provide beacons that are nuclease resistant and stable for many hours in living
cells, modification of the DNA backbone chemistry have been used to synthesize
molecular beacons.

Substituton a sulphur atonfor one of the notbridging oxygen in the phosphate
backboneof POresults in posphorothioate DNAPS) This modification increases

the resistance tendonucleases, buesults in loweraffinity (decreasethe melting
temperature) for RNAompared to PQR6]. Also, PS show incesed susceptibility

to RNase H digestioj26] and may be prone to nonspecific protein bind2ig.
Addition of amethylgr oup at the 26 position of the
26which besides being nuclease resistant has the stability of DNAcuiede(as
oppose to RNA molecules which are less stabl&O-tethyl analogs possess

greatly increased melting temperature with higher affinity for their RNA targets
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compared to PJ28] Also, 260-methyl RNA analogus have been shown to
hybridized to their target with faster kinetij@8] and are not susceptible to RNase H
digestion.

Introduction ofa methylene bridgénkingt h eoxy®gdnand4 -@arbon in the sugar
backbone of PQocks the sugar ring into aRNA mimicking conformation that is
termedliock nucleic acid (LNA)[29, 30]analogue. Lockwucleic acid are resistant to
nucleases ansinglestranded binding protesrand show high affinity for RNA and
DNA [30].

Substitution of the PO phosphate backboneNedg-aminoethyl)glycinebackbone
producespeptide nucleic acigPNA) analogus with neutral charges and obey the
characteristic Watse@rick base pairing rulg¢31]. The neutral charge dPNAs
results in high affinity for DNA/RNA, compared to PO, at low to noedliionic
strength[32].

Featuresof the main classes ahodified oligonucleotideare summarized iffable
2.1
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Table 2.1 Features of modified molecular beacons

Type

Modification

Features

Phosphorothioate

Phosphate backbone

Sulphur atom replaces
non-bridging O atom

Nuclease resistant
Lower affinity for RNA compared to PO
Susceptible to RNase H

Vulnerable to singlestranded binding
proteins

2 ®-methyl RNA

Sugar backbone

Addition of methyl
gr oup fipasitiod §

Nuclease resistant
High affinity for RNA and DNA
Do not support to RNase H

Vulnerable to singlsstranded binding
proteins

Lock nucleic acid

Sugar backbone

20 and 46C
by methylene linker

Nuclease resistant
High affinity for RNA andDNA
Do not support to RNase H

Resistance to singigtranded binding
proteins is LNA design dependent

Better structural stability

Low fluorescence background in living
cells

Peptide nucleic acid

Phosphate backbone

Phosphodiester
backbone replaced with
N-(2-
aminoethyl)glycine unitg

Nuclease resistant
High affinity for RNA and DNA

Low solubility in aqueous environment

(Modified from[33]).
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The principal objective of this phase of the study was to develop molecular beacons
targeting the therapeutic genes interleekin (IL-10) and endothelial nitric oxide
synthase (eNOS)To this end, several molecular beacons were designed. The
sensitivity ad specificity for the intended targets was determined and the

accessibility of intracellular mRNA region for the molecular beacons was evaluated.

2.6 Materials and methods

2.6.1Materials

Molecular eacons with DNA backbone chemistwere used in this study. The
beacons and synthetic DNA are showrnTable 22. The beacons were synthesized
by Eurofins MWG, Ebersberg, Germamynless otherwise mentioned.

The human eNOSlasmid used in this study has @NOSgene sequence encoded
into apcDNAS3 vector containing the CMV promotandwas a kinddonation from
Dr. Karl McCullagh (Regenerative Medicine Institutd\ational University of
IrelandGalway, Ireland). The plasmid encoding human 1L10, p@RAO, was
purchased from InvivoGEN (CA, USA
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Table 2.2 The design of probes and target oligonucleotigesl in this study

Sequence (8"

UnmodifiedMB
eNOS FAMCACCGGTAGTACTG GTTGAAGAGTEBHQ1 29
IL-10 #1 FAMCGAGGATGTCTGGGTCTBREI CBHQ 26
IL-10 #2 FAMCGCAGGGAAGAAATCGARTGCEBHQ1 25
Random FAMCGACGGACAAGCGCACCEAGACEBHOL 27
GAPDH Cy3CGACGAGTCCTTCCACGATAUEFCABBHOQ?2 29
Random Cy3CGACGGACAAGCGCACCGRGACEBHQ2 27

Dual FRET MB

PolydT BHQZGAGCGTTTTTTTTITTTTTTTITTTTITTTITTTTITTITTTTICGLITRLY3 50
(donor)

eNOS Cy5CCTAAAGTTTTTGAGCTGGGGTAGSTAAGBHQ?2 35
(acceptor’
ModifiedVIB
GAPDH Cy3CGACGAGTCCTTCCACGATATGAMIME6dT]ICGBHQ2 29
Random Cy3CGACGGACAAGCGCACCORGRAMIM&C6dT]CGBHQ2 27

Synthetic DNA

eNOS GGGACTTCATCA ACCAGTACTACAGCA GC 29
IL-10 #1 GAGAACCAAGACCCAGACATCAAGGC 26
IL-10 #2 GCTGTCATCGATTTCTTCCCTGTGA 25
GAPDH AACTTTGGTATCGTGGAAGGACTCATGAC 29

Molecular beacon stem is indicated bold caps and theunderlined bases were

shared with the probe on hybridization
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2.6.2Cell culture

Human umbilical vein endothelial cells (HUVECSs) were purchased from Lonza and
cultured in endothelial basal medium (EBNI supplemented with the EGRIbullet

kit (Lonza). Human mesenchymal stem ce(ldMSCs) were obtained from
REMEDI, NUIG and were maintained ME M rdedium (Gibco) supplemented
with 10% research grade FBS ThermoScientit Hyclong, 1%
penicillin/streptomycin(10,000 units/ml) and 1 ng/mibfoblast growth facte (BD
BiosciencesBedford, MA).

2.6.3Desgn of eNOS and IL-10 molecular beacos

Mol ecul ar beacoesadl| awbeh!|l &E&dAMatf |l ubeopbore
BHQ 1 were designed to target a human eNOS etOLMRNA following the

protocol outlined inf9]. Briefly, the secondry structure of the target mRISAvere

predicted usingMfold software[7] and single stranded regions were selected based

on both sscounts and low/high-pum values. Therthe Oligowalk softwardg8] was

used to select the optimal sequence that bindsgyrdo target mMRNAs and the
sequence were evaluated using BLAST to ensure specificity for the target. The
procedure is illustrated iRigure 2.5. A random control beacon that dosst have

any target in mammalian cells was included in the study. Dual FBEaCoNns

targeting eNOS were previously describefB#jand wer e desi gned to
UTR region human eNOS and the R@G)) tail. The eNOS targeting beacon
(acceptor beaconj)enwlaswilteab lylepdduithaBHQGR2tt h & h%0
while thepoly-T beacon (donor beacon, Eurogentec
endwithBHQ2 and -andwithRy8. 3 6

2.6.4Hybri dization assays

To assess the sensitivity and specificity of MBepmplementary DNA
oligonucleotides foeNOS and IL10 were synthesed. Concentrations of 200 nM
MBs in PBS were incubated at °7 for 1h in the presence of complementary
synthetic DNA ranging from concentrations 65600 nM, in a final volume of 100pl.
Fluorescence intensity was measured at excitation/emission of 485d53=AM)

using the Wallac Victor2 1420 plate reader (Perkin Elmer). The fluorescent signal

from molecular beacon only well was subtracted from all wells. A curve was
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generated from these values to determine the lowest concentration of DNA
detectable byhe MBs.

2.6.5Signalbackground ratio

The signal background (S/B) ratio was used to demonstrate that MBs undergo a
measurable fluorogenic response in the presence of target. The fluorescence intensity
(Foutre) Of 100 pl PBS in 9@vell black plate was measurddllowed by the
fluorescence intensity {Bseg When 10 pl of 5uM target DNA was added and the
stable fluorescence intensityog&) when 10 pl of 1uM MB was finally added to the
system. Fluorescence intensity was measured at excitation/emission 48615

(for FAM) using the Wallac Victor2 1420 plate reader (Perkin Ekmer). The
background signal ) Was subtracted from {Fse9 and Fpen Signals before

calculation of the S/B ratio and quenching efficiency.

2.6.6 Thermal denaturation profile

The melthg temperatures of FAM eNOS and-10 molecular beacons with their
complementary DNA were determinethe fluorescence dhe beacorsolutionsin
the absence or presence gyinthetictarget DNAwas measureas a function of
temperatureand based on a pratol previously described35]. Briefly, 25 pl
solutionscontaining200 nM molecular beacandissolved in 4 mM MgG) 10 mM
Tris.HCI (pH 8.0) with no targetor 400 nM synthetic DNA targets were reacted.
Fluorescence of each solution was monitored in ralll °C step each 60s as the
temperature decreased from 80 t6QR%ising the StepOne plisstrument (Applied

Biosystems).
2.7 Evaluation of molecular beacortarget sites in live cells in 2D

2.7.1Transfection of plasmids eNOS and IE10

The day before transfectioh),000HUVECs and25,000 HMSCs were seeded into
6-channel pslide (pslide VI°** Ibidi, Germany) and24-well glass bottom plate
(MaTtex), respectivelyPlasmidseNOS or I-:10 were combined with Superfect®
(3mg/ml, Qiagehto form polyplexes at ratio between Superfe¢8%)and plasmid
DNA (pL:pg) of 2:1, accordingtoma nu f act ur .eTheGaio was foundte o |

a7



Chapter 2: Design, characterization and evaluatianadécular beacons

be less cytotoxic to cell$iUVECsin microfluidic chambersvere transfected with

30 pl of transfection medi@ontaining 0.5 pg peNOS and 1ul Superfect in serum

free medium (HBSSHMSCs were transfected with transfection medium containing

1pg of pILl-10 and 2 pl Superfecgccordingtoma nuf act ur .éAfte6d3h pr ot o c
incubation,cells were rinsethree timesvith complete mediunandcultured in120

and 500ul complete mediunrespectivelyfor 48hbeforeMB delivery.

2.7.2Transduction of AdeNOS

The day before transfectiod$,000HUVECs were seeded into-dhannel pslide.
Cells were transducedsing 30 pl of adenovirus encoded with human eNOS
(adeNOS) or no gene (adnull, serves as control) at a multiplicity of infection (MOI)
of 100in HBSS. The cells were incubated with the transduction media for 1h with
occasional rocking every 15 minutesdref 120 ul complete media was added for 48
h beforeMB delivery.

2.7.3Molecular beacon delivery via activated Streptolysin O

HUVECs were incubated at 8€/5% CO2 for D min with 30 pl of 0.2U/ml
activated SLO containing300 nM of FAM-labelled eNOS or control MB. For
transduction experiments, HUVECs were incubated with 400 nM of dual FRET MB
(200 nM Cy5 labelled eNOS and 200 nM Cy&belled PolyT). HMSCs were
incubated with 200 plof 0.2U/ml ativated SLO containing400 nM of FAM-
labelled IL-10 or control MB. The permeabilization solution was remo\aaticells
werewashed two times witbomplete medium. Fresh complete medium 150 or 500
ul, respectively, was added and cells were alloteedsealat 37°C/5% CO2 for 1 h

before imaging. Imaging was completed with-2h.

2.7.4lmaging

Imaging was performed using Axiovert LSBA0 confocal microscope equipped
with PlanApochromat 63 x/1.4il DIC or C-Apochromat 63 x/1.2 waterbjectives
(Zeiss). Beacons were visualized wétfgonlaser at excitation 6188 nm with sigal
detection ab30 nm for FAM The 2D images were 512 x 512 pixels and &sitjon
was completed i6.29 s(at scan speed &nd anaverage of 4 frames)sing al.6

Airy Disk. For Dual FRET beacons, imaging was performed usingAador
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Revolution SpinningDisk equipped with a 60X/1.2W objective (Andor) and
excitation of 561 and emission between-&8® nm.

2.8 Results and discussions

Three eNOS MBs and four {ILO MBs were designed following the design process
illustrated inFigure 2.5 The beacons were delresl to living cells and one eNOS
MB and 2 IL-10 beacons gave the best signal and were thus chosen for further
analysis.

The eNOS MBwas designed with a Fnucleotide loop and a-Bucleotide stem
However, thefirst nucleotide(closest to the loopdn eachside of the stenwas
sharedto obtain al9-nucleotide probe lengthn hybridization.IL-10 MB # 1was
designedwith a 16 nucleotides probe lengathd 5nucleotidestem sequence and-IL

10 MB # 2 with a 15 nucleotideprobe lengthand 5nucleotidestem segence
(Table 2.2. The fluorophore FAM and quencher BHQ was the chosen
fluorophorequencher pair as this combination has shown high quenching efficiency
[5]. Also, FAM has a high quantum yield and Bsidd not emit fluorescence and so

can increase signalbkground noise ratios.

2.8.1Specificity and sensitivity of molecular beacons

Molecular beacons targeting a human eNOS mRNA and two regions of the human
IL-10 mRNA were characterized for specificity and sensitivity, signal/background
ratios and thermodynamiaebaviour. All three beacons were found to be specific
and sensitive for their targets in homogeneous as@agsre 2.6). Specifically,
incubation of 200 nM MB concentrations with varying concentrations of target DNA
ranging from 8500 nM showed beacon signal was concentration depenralsht
followed second order kineticsAlso, beacon fluorescence signal following
hybridizationwasincreased with the probe length (fluorophoreencher distance);
increased signals were observed from dumefoemed with29 nucleotide eNOS
MB, less with 26 nucleotide HLO MB#1 and the least with 25 nucleotide-10
MB#2.
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2.8.2Signal background noise ratio

The detection using molecular beacons is based on a fluoregenic response thus high
signal background ratioare required to distinguish target signal from background
noise Further, the S/B ratio is an indicator of purity and quenching efficiency of the
MB as free fluorophore in the beacon solution as aslinefficiently quenched
beacons may giveise to highbackground signals. The three designed beacons
evaluated had high S/B ratios and high quenching efficiellEigare 2.7) showing

that FAMi BHQ-1 pair is a good combination.

2.8.3Mé€lting temperature of beacons

Thermal denaturation profilg§igure 2.8) showedthat eNOS and H10 molecular
beacons can discriminate between targets over a range of temperatures andl indicate
correct phase transition characteristics of the molecular beaddhslow
temperatures, the beacons were in their hairpin state and did ndtuemescence.
However, as the temperature was increased, the beagentually lost the hairpin
shaped conformation separating the fluorophore and quencher to form random coils
and a fluorescence signal was emitted. In the presence of DNA targets land a
temperature, the beacons spontaneously hybridized to targets and emitted high
fluorescence signals which droppsdbstantiallyas the melting temperature of the
MB-DNA duplex is surpassed and the beacon is returned to its unhybridized state
separatedrom targets. Further increase in temperature chtise beacamnto form

random co# with the emission of fluorescence signal lower than hybridized state.

50



Chapter 2: Design, characterization and evaluationadécular beacons

fi B e # Base h m ss-ct Es—ct adj
i 4 G 3 30
I o o0 5 G Z 0 7
Y] T~ € G 5 5 as
\t: 2 ¢ ¥ A aa a4 7
3 [& 21 L
89 u 212 4
>0 W] 210 F
) [S) 31 2
¥ A 58 34
) ] 142 3
92 (&) 148 34
95 A a7 2
96 A 28 4
307 [+] 78 3 2
398 c [KE 38 292
+ 399 A GE 42 22
400 G 217 34 262
401 W] 192 3 69
402 A 3 a 14
403 c 154 3¢ 277
404 W] 173 a 14
405 A 60 46 352
406 [« 99 38 292
207 A 03 38 292
5 308 G 88 3 37
0 409 [= 82 E a
5 AN 410 A 94 E 7
L & F a1 G 180 1
N 212 = 175 Z 22
1. mRNA secondary structure 2. Single strand (ss) region (15-25 bp) 3. ss-count and p-num values for bp in selected region
retma ) nd for links to other resources: [!] UniGeneEGEOEGene E Structure Eﬂ Map Viewer!i PubChem BioAssay B B )
o ™ Oligo # Overall AG:,= -14.7 Break targ. AG;
‘! s sequences producing significant alignments: Confirm specificity of MB loop sequence m:ig?n' Duplex A'im ;21.98 :}igo-;?lf ,52
° loop A— v | R ‘ Max ‘ Total [T | E ‘ ax b uMlgo = 66.9 oligo-oligo AG:,=
A hd score store coverage | —value ident . « ‘ w.| 31 »
';G ‘/G e Transcripts —
= 1M 0011601111 Home sapiens nitric oxide synthase 3 (endothelial cell) (Nt 342 M2 100% 0.62 100% 6 [ Prp———
: . I Homo sapiens nitric oxide synthase 3 (endothelial cell) (N¢ 342 3.2 100% 0.62 100% usaseri Check Duplex AG - overall AG is<-10 c
Stem |, 1.Design L' Homo sapiens nitric oxide synthase 3 (endothelial cell) (N¢ 342 3.2 100% 0.62 100% 237 Select for MB loop region _
| stem sequence Homo sapiens nitric oxide synthase 3 (endothelial cell) (N¢ 342 32 100% 062 100%
L. 2: mfold MB Homo sapiens ring finger protein 213 (RNF213), transcript ~ 28.2 282 8% 38 100% 0
Homo sapiens ATPase, H+ transporting, lysosomal 14kDa, ~ 28.2 82 82% 38 100%
M 001198909.1 Homo sapiens ATPase, H+ transporting, lysosomal 14kDa, 282 282 82% 38 100%
Genomic sequencesshow frst) -38.4

AG=-274 T,=56.7°C

http://blast.nchi.nim.nih.gov/Blast.cqi

Figure 2.5 Schematic showing the MB design process used in this.study
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—+—ecNOS MB1 —+ [L1TO0MB1 ol |L10MB 2
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Complementary DNA concentration, nM

Figure 2.6 Specificity and sensitivity of eNOS and -0 molecular beacons.

Fluorescence intensities of molecular beacons (200 nM) after 1h incubation’@t 37
with different concentrations of complementary DNA in PBS buffer, pH 7.4. The
concentration of the DNA ranged from O to 500 nM. The signal from MB only

concentration was used as background measurement and subtracted from the test signal.
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Figure 2.7 Signal background ratio of L0 and eNOS molecular beacons.

MBs (200nM) were incubated with 400nM target DNA in PBS. Fluorescevas
recorded for PBS before addition of the MB and for the MB before addition of the DNA
targets. A stable fluorescence signal from the duplex-0MW&\) was recorded at 60

min. MB were excited at 485 nm and emission signal collected at 535 nm for FAM.

53



Chapter 2: Design, characterization and evaluationadécular beacons
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Figure 2.8 Thermal denaturation profiles for (A) eNOS MB, (B)-10 MB#l1and (C)

IL-10 MB # 2. Molecular beacons (200 hMere incubated in the absence of target or
the presence of 500 nM complementary DNA. The fluorescence signal was measured
during 1 minute holds at everyd decrease in temperature from 80 t6Q25A). Probe

length is19 nucleotides (nt) and stem lengsh6 nt, (B) Probe length 6 nt and stem
length is 5 nt, and (C) Probe lengtii&nt and stem length is 5 nt.
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2.8.4Accessibility of targeted mRNA sites

The accessibility of mRNA sites for the designed beacons was evaluated. Typically,
MRNAs have secondary (folded) structigavhich can result in regions targeted by the
molecular beacon to be hiddandinaccessible. Intratlular signal was detected ame
eNOS MB Figure 29A) and two IL-10 MBs (Figure 2.10A) indicating target
accessible ragns. Also, randorsequence (control) MBs delivered into both treated
and non treated HUVECs and HMSCs showed no sigrigufe 29A and Figure
2.10A), respectively. This confirms the signal specificity of eNOS antidUMBs since
random beacons do not lany complementary mRNA target in human cells. Still,
MBs delivered into cells that were not transfected were found to emit significantly lower
mean fluorescence intensitiyigure 29B and2.10 B indicating signal specificity, since
HUVECs and HMSCs mayexpress baseline eNO&nd IL-10 mRNA levels,
respectively. The eNOS mRNA seemed to be localized mtustyspecificsidein the
perinuclear region in theytoplasmof HUVECs which is consistent with some studies
which have found eNOS mRNA to be sometime associated with the Golgi complex
[36]. Dual FRET MB targeting the distal region of eNOS also showed this localization
pattern Figure 2.11). IL-10 expression in HMSECseemed to be distributed in the
perinuclearregion and also showed some association with the ribosomal regions
(Figure 2.10).
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Not transfected

Transfected

Mean fluorescence intensity, a.u

B. Not transfected Transfected

Figure 2.9 Detection of eNOS mRNA region in live HUVECs using eNOS MBIlI<Ce
were transfected using 0.5 pg peNP&yplexes. After 2d, 300 nM eNOS and random
(control) MB were deVered via SLO andells allowed to reseal for 1h then imaged (A)
Fluorescence and bright fieldnage overlap showing FAM MB signalsn non
transfected anddnsfected cells, (B) Thmean fluorescent intensity + standartor of

the meann=40 cells, p< 0.05.
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IL-10 MB 1 IL-10 MB 2 Random MB
Not transfected Not transfected Not transfected

Transfected 3 Transfected Transfected

® Not transfected

35 ® Transfected

25 -

20 -

15 -

Mean fluorescence intensity, a.u

(2]
L

0 .
B. IL-10 MB#1 IL-10 MB #2

Figure 2.10 Detection of 1.-:10 mRNA region in live HMSCs usinlL-10 MBs. Cells
were transfected using 1 pg pllo-polyplexes. After 2d400 nM of IL-10 and random
(control) MBs were delivered via $Landcells allowed to reseal for 1h then imaged
(A) Fluorescence and bright fieldnage overlap showing FAM MB signal in non
transfected anddnsfected cells, (B) Thmean fluorescent intensity + standaror of

the meann=15 cells, p< 0.05.
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Figure 2.11 Detection of eNOS mRNA region in live HUVECs using Dual FRET eNOS
MB. Cells were transduced at a MOI of 100 for 48h using adenovirus with no gene
sequence (control) or eNOS gene sequence (adeNOS). After 2d, a total of 400 nM of
beacons were delivered usig§.O. Fluorescence and bright fieldhage overlap
showing Cy5 MB signals.
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2.9 Conclusiors

FAM-labelled molecular beacons targeting human eNOS anrtlo IMRNAS were
designed, and detected their targets with high specificity and sensitivity. The beacons
were faind to have high melting temperatures which allowed their use in living cell
environments. Importantly, beacons were able to access their intracellular mRNA targets
emitting fluorescence signal that was stable f3rt2
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CHAPTER 3: MONITORING M RNA EXPRESSIONIN LIVING CELLS IN
A 3D IN VITRO MODEL"

" A part of this chapter has beegproducedy permission of The Royal Society of
Chemistryin Lab on Chip 2011, 11, 3908914.

Monitoring mRNA in Living Cells in a 3D in vitro Model using TAT -peptide
Linked Molecular Beacons

J. Alexander, A. Pandit, G. Bao, D. Connolly, Y. Rochev.
http://pubs.rsc.org/en/content/articlelanding/2011/Ic/c1ic20447e
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Chapter 3 Monitoring mRNA expression in living cells aiBvitro model

3.1Introduction

Traditionally the twddimensional (2D) cell culture system have led to many
significant findings in cell and molecular biology, however these systems cannot
fully capturethe complex and dynamic three dimensional (3D) environment of most
living celld1, 2]. Three dimensional cell culture systems have been shown to better
mimic gene expression and other biological processes observed in living
organismg3], thus bridging thegap between 2D cellular assays and animal models
of diseaspl-6].The goal therefore of 3D systems is for translation to clinic. Thus,
there is a growing need for the development of in vitro 3D cell culture models for
assessing newer therapeutics for chhiapplications, and mechanisms of human
pathology[7].

RNAs have many important functions in living cells from physically conveying and
interpreting genetic information, providing structural support for molecular
machines, catalyzing chemical reactiomsietigulation of gene expressif8]. These
functions are controlled through the expression levels and the spatiotemporal
distribution of the specific RNA in the cell. However, RNA detection in cells is
routinely performed by methods such as reverse trigtiscr-polymerase chain
reaction (RTPCR) and fluorescence in situ hybridization (FISH)-RIR relatively
quantifies gene expression of a cell population from extraction of purified RNA
obtained from cell lysates. However, cell lysates give no insigbttivg spatial and
temporal distribution of RNA within the single cel]P]. Furthermore, RNA
purification, cDNA synthesis, and other processing techniques performed before
PCR analysis can result in loss of RNA transdiipt. 11] FISH requires fixation of
cells. Recent advances in FISH allow for the visualization of gene expression at the
single molecule level[12-15]. However, this technique provides very limited
temporal resolution of RNA expressi{8].

Molecular beacons (MB)technology [16] uses dudllabelled singlestranded
antisense oligonucleotide probes that fluoresce on hybridization with target nucleic
acids. The probes are ‘stdompedshaped designed with the complementary
sequence for the target nucleic acid of interest on the loop while treghore and
guencher are held in close proximi-ty by
ends of the stem. The stem undergoes conformational change on hybridization with

complementary target nucleic acids.
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The major advantage to MB lies in the algiio monitor, detect and localize specific
MRNA expression in live cells that can be visualized in-tiea [17]. These probes
show high specificity for their targets and have been used to visualize the
localization [18], distribution and transpoiftl9], and to monitor specific mMRNA
expression levelR20, 21]at the single cell level in living cells in twaimensional

(2D) monolayer cell culture.

To accurately detect intracellular RNA molecules, efficient delivery of molecular
beacons is critical. Theme several techniques used for the intracellular delivery of
molecular beaconf8]. TAT peptides have a distinct advantage that these peptides
can deliver biomoleculd2?] into cells with a relatively quick targeted delivg®3]
mechanism with nearly 100% efficien{34]. Also, the TATmediated seltielivery

of biomolecules is ideal for an in vitro 3D cell culture system as other methods, such
as electroporation, cell membrane permeabilization, and microinjection are not
practica.

Probes with DNA backbone are prone to degradation by nuclgsesand their
target RNA are susceptible to degradation by RNa$26H unl i ke probes
O-methyl backbong27, 28] Also, phosphorothioate backborj29], and lock
nucleic acids (LM\) [30] MBs are nuclease resistant. However, backbone chemistry
modifications alter the thermodynamics of probe hybridization and should be
assessed carefullg1].

In this work, molecular beacons targeting glyceraldef8/dephosphate
dehydrogenase (GAPDHIMRNA was used. GAPDH is a highly expressed
multifunctional cell protein involved in various biological processes such as DNA
repair and replication, nuclear RNA transport, translational regulation, microtubule
bundling and apoptosig2]. GAPDH is widely sed as a housekeeping gene for
gene analysis in PCR and microarray. To down regulate and thus monitor changes in
GAPDH mRNA expression, small interfering RNAs (siRNAs), dotgitanded
nucleic acid molecules capable of silencing gene expred&8h were sed.
Effectively, sSiRNAs target sequence specific cytoplasmic mRNAs and initiate their
degradation by RNA interference (RNAI).

The purpose of this study was to demonstrate that molecular beacons can monitor

change in gene expression in live cells in a !affolding system. The specific
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objectives were to detect and monitor changes in GAPDH mRNA levels in 3D type |
collagen scaffold and assess the relationship betwedrGR and MB detection.

3.2 Materials and methods

3.2.1Cells and culture conditions

Human foeal foreskin fibroblasts (HFFF2) and HelLa cells wased in this study.

HFFF2 were purchased from European collection of cell culture (Salisbury, UK).
The cells were cultured n Dul beccods modi fied Eagl e
supplemented with 10% foetal \ine serum (FBS; Sigma), containing100 U/ml of
penicillin, 100 mg mll streptomycin. The fibroblasts used in this study were

between passagesiZb.

3.2.2Molecular beacon design and synthesis

Unmodified and radified molecular beacendesigned in previous studi85] with

2 @leoxy DNA chemistries were synthesized by Eurofins MWG Operon (AL, USA

and Ebersberg, Germany). The GAPDHgly¢eraldehyde -®hosphate
dehydrogenase) M& as well as a fArandomosequenc
control) possessed Cy3 fluorophoaet t-bnd an8 ®&lack Hole Quencher 2
(BHQ2) @&®tnhdt hdh26 3rd base from th&aB36 end
was modified with a nucleotide édmine group linkedhrough a écarbon spacer

[35]. The beacon desidor targeting GAPDHNRNA is shavn in Table 3.1.

3.2.3MB conjugation with TAT -peptide

The MB were conjugated following a protocol previously descrif#®]. Briefly,

200 puM of sulfesuccinimidyt4-(N-maleimidomethyl) cyclohexarkcarboxylate
(Sulfo-SMCC, Pierce Biotechnology), a heterobiftional crosslinker, was reacted
for 3 h with dFamine group of th#B (10 uM) to create maleimide activat®tBs.
Excess SulfeSMCC was removed from the reaction using Am@adltra-0.5 ml
centrifugal filter devices (10k MV&utoff; Millipore). The maleimile activatedVIBs

were reacted overnight at 4 °C with 20 uM cysteimadified TAT peptide (Cys
TAT (47-57), Anaspec, Inc). The cysteine modification at the C terminus allowed for

direct linkage with the maleimide activated MB. Unreacted TAT pefdtiBs were
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removed from the reaction using Amicon® Uil ml centrifugal filter devices.
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Table 3.1 Designof molecular beacons andipers

|
Unmodified molecular beacons bp

GAPDH 5-Ry3-CGACGGAGTCCTTCCACGATACCACGTCGBHQ2-3 N 29

Random 5-By3-CGACGCGACAAGCGCACCGATACGTCGBHQ2-3 N} 27

Modified molecular beacons

GAPDH 5-Bjy3-CGACGGAGTCCTTCCACGATACCACG[AMC6ATICG 29
BHQ2-3 Nj

Random 5-RBy3CGACGCGACAAGCGCACCGATACGIAMCEATICG 27
BHQ2-3 Nj

Primers

5 -BACTCAACACGGGAAACCTCAG3 Nj ( f or wa 22
18S
5-NAAGAACGGCCATGCACCAC-3Nj (rever 20

5-BTCAGCCGCATCTTCTTTTIGE Nj (f or wa 21

GAPDH 5 JBCGCCCAATACGACCAAATG3 Nj (rever 20

The bases that bind to create the stem regions ofidhecular beacons are underlined
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3.2.4Solution MB: target hybridization assay

To determine whether the function of the molecular beacon was altered during
peptide conjugation, hybridization assays in solution were performed as previously
described[35]. Briefly, 200 nM modified and peptidénked molecular beacons
were each reacted with 1x PBS buffer or 1 uM of complementary DNA (cDNA)
target and incubated at 37 °C for 30 min. The fluorescence intensity was measured
using the Safire fluorescence microplatedexa(Tecan, Zurich, Switzerland) with
excitation wavelength at 525 nm and emission fluorescence signal scanning from

565 to 680 nm wavelength.

3.2.5Preparation of type | collagen

Collagen type | was extracted in the laboratory from bovine tendons usingten ace
acid extraction method previously described elsewf@te The concentration and
purity of the collagen was determined using Siféaoluble collagen assay and
sodium dodecyl sulphajgolyacrylamide gel electrophoresis (SDBAGE),

respectively. A 5 mg/ml concentration was prepared using 0.5M acetic acid.

3.2.6Preparation of type | collagen scaffolds

To prepare 1 mg/ml thredgimensional collagen type | scaffolds, 5 mg/ml collagen
was diluted on ice with DMEM and the pH adjusted to 7 with 1IN NaOH.-A®3(l
suspension of HFFF2 was incorporated into the neutralized collagen solution to a
final concentréion of 1.0 x 18 HFFF2/ml. Aliquots of the resulting mixture were
loaded into multwell tissue culture plates or-well chambered cover glass
(NUNC), and incubated at 3Z for 20 min for scaffold formation. The 3D scaffolds
produced wer@boutl mm in thckness and were attached to the wells. The top of
the scaffolds were covered with tdootic-free growth medium. Scaffolds were

cultured for 18 h before transfection.

3.2.7Transfection of sSiRNA

Cells were harvested 18 h before transfection with 0.25% tAHISIMA, re-
suspended in antibiotidsee growth medium and seeded into collagen scaffolds (see
above) or multiwell plates and 4vell chambered cover glass for static monolayer.

Transfection of si RNA wer e perfor med
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acco ding to the manufacturerods instructio
nM Silencer® GAPDH siRNA (Ambion) or 40 nM to 100 nM Silencer® Negative

Control #1 siRNA (Ambion) and incubated for 24, 48, or 72 h before analysis.
GAPDH mRNA level was monited by RFPCR and molecular beacon imaging.

3.2.8RNA extraction and RT-PCR

Static monolayer and 3D collagen scaffolds (960 pl) were preparedvedl fplates
(Sarstedt) at a seeding density of 1.0 X d@élls per well. Transfected cells were
homogenized in 1mbf Tri reagent® (Ambion), the RNA layer extracted using 200

pl of chloroform, and RNA precipitated with 70% ethanol. Total RNA was purified
using the RNeasy® Mini kit (Qiagen) and on column treated with Dilase
(Qiagen). Total RNA was quantified using aambDrop spectrophotometer
(NanoDrop Technologies, DE, US). The quality of the total RNA was determined
using the Agilent bioanalyzer 2100 instrument and RNA Nano Chip kit (Agilent)
according to manufactureroés instritycti on.
with relative integrity numbers (RIN) greater than 9.0. cDNA was transcribed using
Improml | E Reverse Transcriptase and random
500 ng of total RNA. The 20 pl sample volumes were reviesescribed at 25 °C

for 5 min, 42 € for 60 min, and 70 °C for 15 min. All samples were store@@fC

for future use. cDNA was diluted and 1pl of template was reacted with 1 ul each of
3uM GAPDH primers (Table 3.1), 2 pl water and 5 ul Fast SYBR® Green PCR mix
(Invitrogen). Human 18S rRAlwas used as the normalizing gefialjle 3.1). Each
experiment was performed in triplicate. PCR was performed using StepOne Plus
Real Time PCR System (Applied Biosystems) under the following conditions:
activation at 95° C for 20s; followed by 40 cycle¢®9a° C for 3s, 60° C for 30s, and
dissociation at 95° C for 15 s, 60° C for 60s, and 95° C for 15s.

3.2.9Cellular delivery of molecular beaconsvia activated SLO

3D collagen scaffoldbaded with HFFF2 cellsvere prepared i24-well plateat a
seeding densitpf 20,000 cells per well. Scaffolds were incubated for 15 min with
serumfree medium (200 pl) containing 0.4 U/ml activated SLO and 1 uM GAPDH
or random MB for cell permeabilization and delivery of MB. After removal of SLO

medium, complete growth mediurbQ0 ul) was added for 2h before imaging.
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3.2.10Cellular delivery of peptide-linked molecular beacons

Static monolayer and 3D collagen scaffolds were preparedwell4dchambered
coverglass at a seeding density of 20,000 cells per well. At 48h post transfection
medium was replaced with 150 pl of fresh antibidtee medium containing
peptidelinked MB at 400 nM final concentration. Cells in monolayer or 3D
scaffolds were réncubated at 37 °C/ 5% G@or 30 min or 1 h, respectively, in the
dark to complete MBdelivery. Incubation medium was removed and cells or
scaffolds were rinsed twice with 1x PBS. Fresh antibisée medium was added

and confocal imaging was performed immediately.

3.2.113D-image reconstruction

Imaging was performed using the Zeiss AxiovertM-S10 confocal microscope
equipped with 40x @pochromat/1.2 W corr objectives (Zeiss). Beacons were
visualized with HeNe laser at excitation of 543 nm with signal detection atfdzessd
filter from 565615 nm for Cy3. Images were 512 x 512 pixels andieedjwith the
optical pin hole set &.76 Airy units for single plane images and 2 Ay units for

the Zstack. The Ztack image was acquired from 3D collagen scaffold using 1.0
pm optical sections. The -Z&ack image was reconstructed to a 3D image for

visualization using the ZEN 2009 Light Edition software (Zeiss).

3.2.12Quantification of imaging data

Mean fluorescence intensity (MFI) for each cell was quantified using Volocity
software (Pé&in Elmer). Measurements were performed in the single planeefisr

in 2D culture and iextended focus view for cells in the 3D scaffold. The extended
focusis selected from the imageew option of the Volocity software and creates a
single imagefrom the brightestpoint merge of all the slices in thesiack (see
Appendix A)No Z stack images were acquired in 2D. Thetack images acquired

in 3D scaffold were reduced tostacks containing each individual cell before
analysis. To calculate MFI, the outer membrane of the cell was traced using the lasso
tool and theselected region measured. This method was performed for negative

control and siRNA knockdown cells. The MFI of the background pixel from a
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section of the field of view not containing any cells was used for background
subtraction.

3.2.13DNA content

The amount bDNA was assessed to determine the cell numbertpassfection.

The DNA content was determined using the QaaiftE Pi co Gr eenE ds DN,
Ki t (I'nvitrogen) assay following manuf ac
collagen scaffolds were preparad 24well plates. For static monolayer, 10,000
cells/well were seeded into 48 well plates (NUNC). Both systems were rinsed twice

with Hanks balanced salts solution (HBSS; Sigma) 48h post siRNA transfection.
Scaffolds were dissolved in 50 pyl of 1 mg/ml eglenase in DMEM mediuri87]

for 30 min at 37° C. A 150 or 200 pl volume of double distilled water was added to

each test well containing cells or scaffolds respectively, followed by three freeze

thaw cycles at80° C and room temperature to release cellDiBA. The DNA

cont ent was deter mi ned using the Pi coGr
protocol . FIl uorescence reading was perf

multilabel counter (Perkin Elmer) at 485 nm excitation and 535 nm emission.

3.3 Results and Dscussion

Molecular beacons have been successfully delivered indimvensional (2D)
systems to monitor, detect, and localize specific mMRNA expression in living cells at
the single cell level. However, to date the use of molecular beacons in three
dimensonal (3D) systems has not been reported. To translate this technology into
specific clinical targeted applications, it is critical to develop and demonstrate
efficacy in a 3D system.

3.3.1MB delivery to 3D scaffold via reversible permeabilization with SLO

The feasibility of SLO delivery of molecular beacons to 3D scaffolds was evaluated.

The 3D scaffold used is relatively thin (~1 mm), has a low concentration of proteins

(Img/ml) and porous (pore size up surrounding cells around 3Figaré 3.1). It

was assmed that with this pore size, hindrance during diffusion of SLO (69 kDa)

and MB (10 kDa) in scaffolds would be low and similar in magnitude to diffusion in
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solution. A resealing time of 1h was sufficient for HFFF2 cells in monolayer to
recover after SLO diwery of MB before imaging. However, at a time 2if about
50% of the celldn 3D scaffold show GAPDHVBs signal and was true for non
specific signal from control beacorgble 3.2. While it may be possible to
optimize the incubation and resealing timesscaffolds, the major limitation with
reversible permeabilization technique was that removal of thefporeng SLO
solution resulted in destruction of the thin, fragile collagen scafftiidgasthought

that the best methao deliver MBs wasone in vhich manipulatiorof the collagen
scaffold was kept to a minimal. Thus, MBs were linked to Fp@ptide which
allows self deliveryinside cells.

3.3.2Functionality of TAT - peptide conjugated MB

To demonstrate that conjugation of the modified MB with TAT peptide did not
impair beacon function, hybridization assays were carried out in solution in the
presencand absence of excess DNA target. The fluorescence intensity scanning the
Cy3 emission waslength (565 to 680 nm) was measurétle insolution MB:

target hybridization assay (red and black curves) for both beacons show a similar
emission spectrum, as searFigure 3.2. This demonstrates that the functionality of

the MB was not affected by cpgation. Furthermore, there is high signal to
background ratio on hybridization of peptitiegked MB, as demonstrated by the-10

fold increase inltiorescence intensity at 570 nm.

3.3.3Self-delivery and specificity of TAT peptide-linked MB

To demonstrate selfelivery and specificity of TAT peptidinked MB targeting
GAPDH mRNA, Hela cells were first transfected as these cells are easy to transfect
and proliferaterapidly in culture. Monolayer HelLa cells were transfected for 24h
with 40 nM GAPDH siRNA which dgrades cytoplasmic GAPDH mRNA, or 40 nM
negative control sSiRNA which has memmalian target sequence and thus served as
a baseline for which dowregulation of GAPDH mRNA can be assessed. After 30
min incubation with TATpeptidelinked MB, fluorescence gnal was mainly
localized close to one side of thacleus Figure 3.3). Not surprisingly, this signal

was significantly lower in cells treated with GAPD#HRNA. Imaging acquisition
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was completed -2 h after MB delivery and the random MB showed negligible
background signaFjgure 3.3).
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Collagen fibrils

Collagen fibre-cell interaction

F12.7mmx1. 76k 51201 19-16:00 30.00m

Figure 3.1 SEM image of 3D collagen scaffold.
Cells were incorporated into scaffolds for about 24h before preparation for SEM

analysis. Protocol can be found #yppendix II'1).
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Test Signal Time
Cells only Not detected 1h
Cells+ GAPDH MB Not detected 1h
Cells+ random MB Not detected 1h
Cells + SLOdeliveredGAPDH MB Detected 1h
Cells + SLOdeliveredrandom MB Not detected 1h
Scaffoldonly Not detected 2h
Scaffold+ GAPDH MB Not detected 2h
Scaffold+ random MB Not detected 2h
3D scaffold- GAPDH MB Not detected 2h
3D scaffoldrandomMB Not detected 2h
3D scaffold+ SLO deliveredGAPDH MB Detected 2h
3D scaffold+ SLO deliveredrandom MB Detected 2h

Table 3.2 Signal detection in cells and collagen scaffold the presence of
molecular beacons arkde absence or presee of activated Streptolysin. O

The period of incubation of the activated SLO and /or MB was 15 min for cells and
30 min for scaffolds. Cells were allowed to reseal for time shown before imaging.
Imaging was typically completed within-2h. Cells incorporated into collagen

scaffolds areermed 3D scaffolds.
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50000 4 —— PBS_

—#— Modified MB only

. —&— Modified MB + 14M cDNA

—w— TAT-peptide linked MB only

40000 —4— TAT-peptide linked MB + 1uM cDNA

Fluorescence intensity (RLU)

0 m—q———p—

1
560 580 600 620 640 660 680
Wavelength (nm)

Figure 3.2 Emission fluorescence spectrum for 200 nM modified MB and -TAT
peptidelinked MB in the presence and absence of 1 uM DNA target
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GAPDH MB Random MB

Control siRNA Control siRNA

GAPDH siRNA GAPDH siRNA

20 pm

Figure 3.3 Detection of GAPDH mRNA in transfected HelLa cell®lls were transfected wi#0 nM negative control or GAPDH siRNf#r
24h. Fluorescent images of cells afted &in incubation with 400 nM TAT gidelinked molecular beaconspecific for GAPDH mRNA
(GAPDH MB) or not specific for any mammalian target sequence (Random $ijle plane images showing Cy3 signal for congmdi

GAPDH knockdown celland correspondg bright field image overlap.

79



Chapter 3 Monitoring mRNA expression in living cells aiBvitro model

3.3.4GAPDH mRNA levels in 2Dand 3D cultures using RTIPCR

As RT-PCRis a routinely used technique for mRNjantification of cell lysatest,

was used to validate MBesults The RFPCR data shown iifable 3.3 confirms
GAPDH mRNA knockdown seen iHelLa cells usingvB (Figure 3.3).

GAPDH mRNA expression was monitored in transfected HFFF2 cells in 2D and in
3D cultures. To determine the optimal concentration of siRNA @ansfection
reagent requiredotachiere knockdown of GAPDH mRNA in HFFF2, transfection
using40 nM and 100 nMsiRNA was performed using GAPDH siRNA or negative
control si RNA at a single concentration
An untreated control without siRNA was included each assay to assess fion
transfection related phenomena. At the appropriatei passfection time, the
purified cell lysates were analyzed for GAPDH mRNA expression using GH.

Cells transfected with 40 nM GAPDH siRNA for 24 or 48 h showed around 25%
and 40%, knockdown, respectively, in GAPDH mRNA levdigy(re 3.4A). From
RT-PCR data analysigl8 h postransfectim with 100 nM GAPDH siRNAFKigure

34B) was chosen as the optimal transfection condition as 80% GAPDH mRNA
knockdown was seen in HFFF&Ils. These conditions were used for further
analysis with 3D collagen scaffolds.

Two methods were used to transfect HFFF2 cells in 3D. First, HFFF2 were
embedded into scaffolds and then transfedtethis 3D construct. RIPCR data
analysis showed about 35&APDH mRNA knockdown at 48 h post transfection
with 100 nM GAPDH siRNA(Figure 3.5). This is significantly less than what is
seen ind8 h transfection in 2DHjgure 34B). To demonstrate that this decrease in
transfection efficiency is due to theefficient delivery of siRNA molecules through

the tight matrix of the collagen scaffold, a second transfection method was
investigated. siRNA transfection is transient and may last up to 7 days depending on
the cell proliferation rate; HFFF2 proliferatsbwly hence the cellular monolayer
was transfected for 24 h, followed by incorporation of the transfected cells into
collagen scaffolds for another 24 h before performing®CR. This second method
resulted in about 80% GAPDH mRNA knockdovfigure 3.5), which is similar to

transfection in 2D.
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Treatment Relative % GAPDH mRNA
40 nM negative control siRNA 100
40 nM GAPDH siRNA S+2
+ Standard error of the mean
Table 3.3 GAPDH mRNA levels remaining in siRNA transfected HelLa cells

Cells were transfected with 40 nM negative control or GAPDH siRNA for 24h
before RFPCR analysis.
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Figure 3.4 GAPDH mRNA levels in siRNA knockdown HFFF2 cells in 2D culture
systemsCells were transfected with JA0 nMor (B) 100 nMnegative control or
GAPDH siRNA. At the various post transfection time points (24, 48, or 72 h) cell
lysates were extracted and analyzed for GAPDH mRNA levels usirBGH. The
percentages of GAPDH mRNA expression relative to the control + standaraferror

the mean are shown.
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U i
Transfection in Post
3D transfection

seeded into 3D
Figure 3.5 GAPDH mRNA levels in siRNA knockdown HHF2 cells in3D collagen
scaffolds.
Cells were transfected with 100 nM negative control or GAPDH siRAtAI8h post
transfection,cell lysates were extracted and analyzed for GAPBDRNA levels
using RFPCR.Cells were either transfected directly in 3D scaffold for 48 h, or cells
were transfected for 24 h in 2D then seeded into 3D scaffolds for another 24éh befor
analysis. The percentages of GAPDH mRNA expression relative to the control +

standard error of the mean are shown (n=3 for)each
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3.3.5GAPDH mRNA levels in 2Dand 3D cultures using MB

To evaluate theesults from RTPCR, we delivered 400 nlBAPDH specific TAF
peptide linked MB to HFFF2 cells in 2D and 3D. A random Tgélptide linked MB

with no known mammalian target sequence was included as the negative control
beacon. At 48 h post transfection, HFF2 cells were incubated for 30 min with 400
nM peptidel i nked &ér andomd MiBkeddGAPDHM®. Moldtulgs e pt i d-
beacon signal was detected with GAPDH specific Ipgeptide linked MB while
negligible signal was obsemevith random beacorF{gure 3.6A) 1-2h after MB
delivery. This demonstratespecificity of GAPDH peptide linked MB for GAPDH
MRNA targets. The localization pattern for GAPDH mRNA in HFFF2 cells appears
distributed throughout the cell cytoplasm and excludes the nucleus. Furthermore,
GAPDH MB signal seemed to decrease in GAPDH kdown HFFF2 cells
compared to control cells which indicate transfection had occudsidg oneway
ANOVA, comparison of the MFI of the single plane image data from the 2D culture
showed tht fluorescence intensity leviel control cells vassignificantly different to

signal from GAPDH knockdown cell§igure 3.6B).

Cells were transfected directly in collagen scaffolds or transfected in 2D for 24 and
incorporated into collagen scaffolds for another 24 h. At 48h post transfection, 3D
constructs were incubatewith TAT-peptide linked MB for 1h then imaged as no
signal was detected in the cells after 30 min incubation. Direct transfection of cells
within the scaffolds appeared to be less efficient compared twi2Dno obvious
difference betweeAPDH mRNA sigal localization and intensity in control and
GAPDH knockdowncells as seen irFigure 3.7. This is a limitation with a
qualitative approach where a small change in signal intensity may not be obvious to
the eye. Image analysis of the data may help elweittet differenceOn the other
hand,for cellstransfected in 2D for 24 and incorporated into collagen scaffolds for
another 24 hGAPDH mRNA signal in control cells is distinct and distributed
throughout the cytoplasm while the signal in GAPDH knockdoelis d¢s low and
located close to the nucleuSigure 3.8). The signal emitted from random peptide
linked MB in 3D scaffolds was low-2 h after MB delivery.
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A. GAPDH MB Random MB
Control siRNA Control siRNA

GAPDH siRNA
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Figure 3.6 GAPDH mRNA expression in postansfected HFFF2 cells in 2D cell
culture system using 400 nM GAPDH specific TATppdelinked molecular
beaconsCells were transfected with 100 nM negative control or GAPDH siRNA for
48h. (A) The beacons signals distriditbroughout the cytoplasm, but excluded the
nucleus. The Cy3 signal is seen for each cell. (B) Mean fluorescence intensity +
standarderror of the meawf control cells (h=33) versus GAPDH knockdowells
(n=28), p <0.05.
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GAPDH MB Random MB

Control siRNA Control siRNA

20 pm

GAPDH siRNA GAPDH siRNA

L ——C)

20 pm

 —— ]
20 pm

Figure 3.7 Molecular beacon detection aicomplete knockdown oGAPDH mRNA in HFF2 cells transfected directly in 3D collagen
scaffolds Cells in scaffolds were transfected with 100 nkbative control or GAPDH siRNA. At 48h post transfection, cell were incubated for
1h with 400 nM TAT peptiddinked molecular beacons targeting GAPDH mRNA (GAPDH MB) or not targetingmammalian sequence
(Random MB).Single plane images showing Cy3r&d for control and GAPDH knockdown ce#lad corresponding bright field image overlap.
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GAPDH MB

Control siRNA

GAPDH siRNA

Cells were transfected with 100 nM negative control or GAPDH siRNA for 24h, harvested and seeded into collagen scaffioltieifd4h.
At 48h post transfection, cells were incubated for 1h with 400 nM TAT peelntiked molecular beacons targeting GAPDH mRNA (GAPDH
MB) or not targetingany mammalian sequence (Random MBipgle plane images showing Cy3 signal for control and GAPDH knockdown

cellsand corresponding bright field image overlap.
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3.3.6DNA content

HFFF2 cells were transfected for 48 h wusir
100 nM of siRNA. To ensure that the transfection conditions maintained an acceptable
level of cell viability, the DNA content of HFFF2 in 2D and 3D was analyzsing the
PicoGreen® assay, as an indicator of cell number post transfection. The DNA content
from transfected cells was compared to untreated control after 48h. Transfection with
GAPDH siRNA reduces GAPDH mRNA and protein levels, producing slow growth
rates and reduced proliferation in most cell types. Although this wes enalent in 2D
cultures Figure 39A), thanin 3D (Figure 39B), there was no significant difference
between cell numbers in transfected and untreated cells in 2D or 3D, using one way
ANOVA data analysis.

3.3.7 Spatial distribution of cells within the scaffold

The location of cells within the 3D constructs may influence spatiotemporal gene
expression levels (discussed in Chaptef)visualize the spatial location of mMRNA in
cells in 3D, a Zstack image of a 140 um thick section from the bottom of the scaffold
was performed. The 3D view of thesfack is shown irfrigure 3.10A. MB signals in
HFFF2 cells embedded in the 3D collagen scaffold show the spatial distribution of cells
within the scaffold.

Mean fluorescence intensity level in GAPDH knockdown cells in the 3D scaffold was
significantly differant to signal from control ells usingANOVA one-way statistical
analysis of the image dafFig. 3.10B.

3.3.8Comparison of GAPDH mRNA levels RFPCR vs. MB

Comparison of GAPDHNRNA detection techniques for HFF2 cells transfected first in
2D then seeded into 3D collagen scaffolds shotied the averag&APDH mRNA
knockdown in celldased on MFI is 7 (Figure 3.10B. This value agrees closely to
the 78% calculated from RPCR Eigure 3.5).
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Figure 3.9 DNA content of HFFF2 cellafter 48h transfection. (A) 2D culture system
and (B) 3D collagen scaffolds. (n=3 for each).
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Cell Optical slice depth(um)
Cell 1 14-22

Cell 2 2935

Cell 36 31-41

Cell 7-8 44-55

Cell 9 94-101

Cell 10 106118
Figure3.10 A
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Figure 3.10 Three dimensional view of spatial distribution of HFFF2 seeded into
collagen scaffold with detection of GAPDH mRNA using 400 nM pegiidesd MB.

(A); Cells distributed within a1l40 um section of the scaffaldrhe optical slice
containing the numbered whole cell1Q) in the 140 pum sectionis indicatel in the
legend

(B); Image analysis data showing mean fluorescence intgiMk}) from control and
GAPDH mRNA knockdown cells. Values shown 8€&1 + standarcerror of the mean

p < 0.05, n=15 cells
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3.4 Conclusions

For the first time the use of TApeptide conjugatetB to monitor mRNA in a 30n

vitro system has been reported. Specilicave have shown that TApeptide linked
molecular beacons can monitor GAPDH mRNA expression in 3D type | collagen
scaffold and delivery can be completed with fast kinetics (~1h). Furthermore, spatial
distribution of cells in 3D can be visualizeblB tecmology can be used to detect
MRNA abundance in cells in 3D, but it is necessary to perform quantification with
another complementary technique such asPER. Molecular beacons show a clear
advantage over RNA FISH in providing spatial and temporal locaifomRNA in

living cells within a 3D cell culture system without the need to physically section the
sample. This research was carried out uditig) with 2 -@leoxy backbone chemistries,
but there are various chemistry modifications that can be utédiaet vith its pros and
cons[38].

Probe stability is essential for long term monitoring of gene expression inside living
cells and to distinguish the true signal of the RNA targets from background signal. To
address this problem, MB probes were design with easeresistant backbone
chemistries that limit susceptibility to degradation by intracellular nucle&sether,
recently developed variants of MB such as ratiometric biomolecular bef8%nsnd

Dual FRET MBJ21] have shown improved sensitivity over conventional MB and could
potentially be adopted for live cell RNA imaging in 3Dnderstandably, successful
detection of target mMRNA bWB is hindered by a combination of factors such as target
accessibility, probe ggificity for target, efficiency of probe delivery inside cells, and

the sensitivity of the imaging technique used.
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4.1 Introduction

Cardiovascular diseases afes tleading cause of death in the Western world and
accounts for more than 17 million deaths globally (WHO 2012)-l6zeded therapies
have been investigated to promote tissue regeneration, but proved to be challenging
due to cell death, low retention ofllseat the site, and poor integration of cells with
the native tissugl]. Gene therapy is emerging as a potential therapeutic approach to
address the challenges of eeflsed strategig®], with local gene transfer being a
more effective therapyB]. Tamgets routes for cardiovascular gene therapy include
veins, arteries, myocardium, skeletal muscle of the lower limbs, and the liver.

An appropriate gene therapy approach for cardiovascular pathogenesis may require
multiple genes toenhance therapeutic outoe by modulating inflammatory
response and angiogenesis in a controlled manner. Interleukin-10)(ik a potent
multifunctional cytokine produced by a variety of cg#$. It plays a crucial rolen

vivo in the attenuation of immune and inflammatorgpenseq5]. On the other
hand, edothelial nitric oxide synthase @n inducible gene expressed in vascular
endothelial cell§e.g. HUVECs) and few other Ite [6, 7]. It is an enzyme that
catalyses the conversion of the amino acidarginine to Lcitrulline to produce

nitric oxide (NO), a potent vasodilator and mediator of angiogenesis and
arteriogenesifd]. NO has multiple biological functions and plays an intguat role

in cardiovascular hoeostasiq9, 10].

Intracellular delivery of the genetimaterials is the main challenge to specific and
efficient gene therapy. There are two delivery systems available for gene transfer,
viral and norviral. Generally, notviral vectors do not transfer gene material as
efficiently as viral vector$ll]. Howe\er, nonviral vectors, typically plasmids, are
considered safemas they generally exhibitower toxicity and lower immune
responses ando notintegrate into the genonjé2]. Among the agents used form
complexes with plasmid DNA and facilitate cellular akg and transfection,
Superfect E, fatialyndegradediadturédrdendnimers, is one of the
optimal [13]. Fractured dendrimers rupture endosomes to allow the escape of the
plasmid DNA from degradation. Dendrimers are a class of polymersstngsof

highly branched 3D macromolecules usually presenting well define sizes and

structures. The terminal groups exhibit high surface area presenting multiple sites for
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attachment ofthe plasmids. These properties make dendrimers potecdialer
canddates for gene delivery.

Plasmid DNA provides transient gene expression. Howesastained gene
expression can be facilitated using biomaterial scaffolds which have the potential to
maintain aneffective level of the plasmid for the required tirfiet]. Methods in
which the plasmid DNA complexes are entrapped or encapsulated within the
scaffold generally release complexes via the process of diffusion and scaffold
degradatior{15]. The loaded scaffold comes into close contact with target cells or
tissues ad enables localized delivery of the DNA that is released in a controlled and
sustained manner. Collagbased scaffolds have been employed for bothvn@h

and viral therapeutic gene delivdfyf].

Based on the review literatur€hapter 1, molecular bacons can provide a
spatiotemporal pattern of mMRNA expression in living cells in real time within a short
period of time. Thus, MB technology may represent a quick and informative method
to visualize the efficacy of gerteansfer from3D biomaterial scaffllls. MB can
provide some info into localization pattern of mRNA expression levels in the
individual cells transfected over a period of time.

In this study a gene therapy model for cardiovascular tissue engineering was
evaluated for efficacy. Aubl geneelease collagebasedscaffoldloaded with pll-

10 polyplexes and peNOS polyplexes encapsulatednitocospheresvas used to
transfect HUVECs and HMSC3d he therapeutic efficacy of the system over time
was monitored for eNOS and IL10 expression at 2nd, B4d using RIPCR and

molecular beacon technologihe MB designed i€hapter 2 were used

4.2 Materials and methods

4.2.1Cell culture

Human umbilical vein endothelial cells (HUVECSs) were purchased from Landa
cultured in endothelial basal medium (EBNI supplemented with the EGRIbullet

kit (Lonza). Human mesenchymal stemlsgHMSCs) were obtained frorthe
Regenerative Medicingenstitute National University of Ireland, Galway and were
maintained infMEM  thedium (Gibco) supplemented with 10% research grade FBS
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(ThermoScientifi Hyclond, 1% penicillin/streptomycin(10,000 units mt) and 1
ng/ml fibroblast growth facte® (BD Biosciences, Bedford, MA).

4.2.2Molecular beacon design and synthesis
Mol ecul ar beacoesadl| awbeh|l &dAMatf |l ubeopbor e
BHQ 1andtargeing a human eNOS or HLO mRNAwere designeth Chapter 2.

The sequences are showrilable 4.1

4.2.3Preparation of polyplexes

A human eNOS gene sequence encadexla pcDNA3 vector containing the CMV
promoter was a kindlonation from Dr. Karl M€ullagh (RegenerativeMedicine
Insttute National University ofrelandGalway, Ireland). The plasmid encoding
human IL-:10, pORFhIL10, was purchased from InvivoGEN (CASW). Gaussia
luciferase plasmids (GLuc; New England Biosciences, Ipswich, USA) were Cy3
labeled using a Cy3 labeling kit (Mirus, Madis@SA). Plasmids were combined
with Superfect® (3mg/ml, Qiagen) to form polyplexes at ratio between Superfect®
and plasrmd DNA (pL:pg) of 3:1.The molar ratio of the nitrogen (N) of SuperFect®
to the phosphate (P) of pDNA (N: P ratio) influences transfection efficiency and
cytotoxicity and thus needs to be optimized for each cell &yukhe experimental
system.A 6 ul volume of Superfect® was mixed with 2 pg of plasmid DNA and

allowed to form polyplexes for-50 min at room temperature.

4.2.4Fabrication of microspheres loaded with polyplexes

Hollow collagenmicrospheres were fabricatéd our laloratory by PhD student
Shane Browneusing a template method described elsewhgré20]. The
microspheres were prepared from 1 pum polystyrene beadsslinked using
pentaerythritol poly(ethylene glycol) ether teswacinimidyl glutarate (42EG) and
the polystyrene core wadissolvedto create hollow sphereBy washingwith
tetrahydrofuran (TH}: Plasmid (2 pg) eNOS polyplexes wenecapsulated intthe
1 pm hollow. The spheres westerilized by the adton of 250 ul absolute ethanol

and centrifuged at 13,000 rpm for 5 he supernatant was discarded.
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4.2 .5Fabrication of dual gene releamg collagenconstructs

Collagen type | was extracted in the laboratory from botemelons using an acetic
acid extraction method previouslgdescribed elsewherg21]. A 5 mg mi'
concentrabn was prepared using 0.5M acetic aclh prepare4 mg mi* type |
scaffolds,5 mg mi* collagen was diluted on ice wittDX PBS,the pH adjusted to

7.0 using 2N NaOH. Solutions containing 2 pg pIL10 polyplexes were added to 2 ug
peNOSpolyplexes encapsulated collagen microspheres before adding 100 pl of

collagen solution and mix gently by pipetting.

4.2.6Plasmid DNA release studies

Single gene loadedtiagen constructs (see above) were prepared using CyBlhbel
GLuc-polyplexes. Briefy, 100 pl of collagen solution was mixed with Cy3 |dbdl
GLuc-polyplexes or Cy3 labkd GLucpolyplexes encapsulated into microspheres
and pipetted into 48vell plates (Nunc). After gelling for 30 min at 875% CO2,
300 ul of HBSS medium was added aidtes were réincubated and protected from
light. Medium was replaced at time points frorid4d and collected medium was
kept at-20 °C until the final time point. A standard curve was prepangith
quantification of plasmid DNA polyplexes released frdme scaffold measured at
excitation of 528 nm and emission ranging from 520 nm using the FLx800
Fluorescence Microplate Reader (BioTekK).

4.2.7Gene delivery via3D collagenscaffolds

Human MSCsaand HUVECswereseeded into 8vell chambered cover glassnc),

24-well glass bottom plates (MatTex Corporation, MA, USA) ewdl plates the

day before gene deliverfhe Nunc 8well chambered cover glass provided superior

optical property.The medium was removed and 25 (1ug) or 100 (4ug) pl of dual
genepolypexes | oaded or dAemptyo coll agen mi
incubated for 30 min at 8¢/5% CQ for gel formation. Untreated cells and cells
treated with the fAemptyo coll agen mixtur
After gelling, complete medium was added to each well and cells cultured for 2, 7,

and 14d before analysis for eNOS and1l expression using RPCR and
molecular beacon technology. The media was changed exagagy® for HUVECs

and every 4 days for HMSCs.
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4.2.8Molecular beacon detection of eNOS and IL10 mRNA

HMSCs and HUVECs were seeded inf#-well glass bottom plates argtwell
chambered cover gis, respectivig, at a density of 1 x fcells per well At 2, 7
and 14d post transfection via 1 pug dgahe loaded collagestaffolds (see above),
cells were analysed for transcription of eNOS andlOL Molecular beacons
targeting eNOS or H10 mRNA were delivered to cellsvia reversible
permeabilization using Streptolysin O (SLO) as previously desc{igd Briefly,
2U/ml SLO (Sigma) was activated with 5 mM TCEP (Sigma) in HBSS (without
calcium or magnesium, Sigma) for 30 min af@7Cells were incubated for 10 min
with 100 pl of serurfree medium containing 0.2U/ml SLO and 300 nM molecular

beacons. Cells were allowed &seal for 1h at 3T before confocal imaging.

4.2.9RNA extraction and RT-PCR

HMSCs and HUVECs were seeded intewell plates at a density of 1 x 210
cells/well before transfectionvia 4 pgdual gene loaded collagen scaffolds (see
above). Total RNA was isolated using 1 oflTri reagen® (Ambion) and purified
using the RNeasy® Mini Kit (Qiagen) and -oolumn treated using DNase |
(Qiagen).The purity and quantity of theNA wasdetemined usingNanoDrop1000
spectrophotometer (NanoDrop TechnologiBg, US).cDNA was obtained using
500 ng of total RNA and thémpromllE Reverse Transcriptio
random primergPromega, UK). Rattime PCRwas performed usin§tepOne Plus
Real Time PCRsystem (Applied Biosystems) and FE&YBR Green PCR kit
(Applied Biosystems Relative quantication of eNOS and IL10was performed
using the comparative CT methadd humarGAPDH as the internal standard. 1L10
primers were designed using PrimBLAST (http://www.ncbi.nlm.nih.goy, while
previously published sequences for eNRS] and GAPDH [24] were used Table

4.1). Each experiment wgserformed in triplicate.
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Table 4.1 Probes and primers design

Molecular beacons 586 sequence

eNOS FAM-CACCGIGTAGTACTGGTTGATGAACGGTG-BHQ1
IL-10 FAM-CGCAGGGGAAGAAATCGATGCTGCG-BHQ1
Random FAM-CGACGCGACAAGCGCACCGATACGTCG-BHQ1
Primers

eNOS_forward CTGAGAGACCAGCAGAGATACCAC

eNOS reverse CTGAAGCTCTGGGTCCTGAT

IL10-forward TGAGGCTACGGCGCTGTCAT

IL10-reverse TTCTTCACCTGCTCCACGGCCT

GAPDH-forward GTCAGCCGCATCTTCTTTTGC
GAPDH-reverse GCGCCCAATACGACCAAATC

Molecular beacon stem is indicated bold caps and the underlined bases were

shared with the probe on hybridization
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4.3 Resultsand discussion

One of the aims of advanced biomaterials constructs is to deliver therapeutic
moleculesto cells in controlledand sustaineananner. In particular cases where
multiple genes are to be delivered, delayed release of one gene may be required. Our
model sought to deliver HLO, an antinflammatory cytokine, to cells followed by
release of eNOS which promotes angiogenesisillustration of the experimental

systemis shown inFigure 4 1

4.3.1Characterization of the collagen scaffold delivery system

In order for the therapeutic gene to be effective it has to be functional at the target
site and remain there for the required period. Thus the release profile for patyplexe
in the scaffold was monitored for 14 day#$ie ability of collagen scaffold system to
provide both sustained and delayed delivery was assessed ushigh€NSd pGLuc
polyplexes. A sustained released was observed for polyplexes loaded directly into
collagen scaffold which displayed an initial release of about 50ng on day 1, followed
by ~125 ng/day from days& and 60 ng/day from days19l. Total pDNA released

from collagen scaffolds at day 14 ranged from6606, as shown ifrigure 4.2
Polyplexes encapated into collagen microspheres displayed a delayed release (<1
ng) over the first 2 days, followed by sustained released of ~18ng on day 3,
~75ng/day from days-8 and ~30ng/day from days19l. Total pDNA released from

collagen microspheres at day 14gad from 4550%, as shown ikigure 4.2
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IL-10 polyplexe Microsphere
eNOS polyplexes%\“ /

— 8 ! 8 <——collagenscaffold

LI _ § 8 -

- = <«— Cell

Figure 4.1 lllustration of dual gene delivery system
Cellswereseeded the day before gene transfer. A collagen scaffold loaded with IL
10 polyplexes and eNOS polyplexes encapsulated into collagen microspheres coats a
portion of the cell monolayer. Polyplexes are released from by diffusion and
degradation of the coligen (4mg/ml) scaffold and collagen microspheres. Collagen
microspheres were creisked to exhibit delayed the degradation process.
IL-10 and eNOS mRNA expression levels were evaluated at 2, 7 and 14d using RT

PCR and molecular beacons.
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Figure 4.2 A representative plasmid DNA release over time in HBSS from
polyplexes loaded collagestaffold 2ug of plasmid DNA polyplexes were loaded
directly into thescaffold (®llagen scaffal) or encapsulated imicrospheres then
loaded into thescaffolds (Microspheres). Media was changed at the time point
indicated and the amount of Cy3 signal from the DNA quantified and calculated as a

percent of the total DNA loaded. Data show mean + standard deviation (n=3).
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4.3.2Temporal expression levels of IE10 and eNOS using RIPCR

The efficiency of gene transfer from the dgehe scaffolds was examineding
primary HMSCs and HUVECSIwo controlswere prepared with eachxperiment
The fiNo scaffold control (cells not treated with the scaffold qolyplexe$ was
performedn orderto assess scaffold related phenomena, whiléiimepty scaffold
control (treated with the collagen scaffold not loaded wipblyplexe3 was
performed to evaluate baselimaRNA levels The IL-10 and eNOS mRNA
expression Ma scaffoldd contr ol s wmptyescaffoidmanttos.ro t o
observe changes due to dual gaa@sfer from the scaffolds load with both the
2ug polyplexeslL-10 and eNOS mRNA expressitevels werecalculated relative
to theday 2i Epty scaffold control. Differences in 1-10 mRNA expression levels
were observedetween the two cell typedHMSCs transfected with dugkene
scaffolds showed abo®fold increase in IEL0 mRNA leves at day 7 relative to
day 2 while day14 levek weresimilar to day 2levels(Figure 4.3A). Similarly, and
relative to day 2eNOS mRNA expressiotevels in the transfected cellsvere
increasedo about 4fold atday 7andto about2-fold by dayl14 (Figure 4.3B).

On theother handtransfected HUVECshowedIL-10 mRNA levelsat day 2 that
were slightly higher (1.5fold) than days 7 and 14evels (Figure 4.4A). This is
probably due tdower concentrations of H10 polyplexes available to cells due to
twice as much media changes compared to HM3$@&r transfection efficiency, or
posttranscriptional regulatiarit appears that diffusion is the prominent process of
release of the W10 polyplexes from the nenorosslinked collagen scaffold. The
eNOS mRNA levels in transfected HUVECs were increased -fpld7at day 7
(relative to day pand levels had decreased at day 14 to abdald tha seen in day

2 (Figure 4.4 B. The slower relese of polyplexes from crodmked collagen
microspleres may have contributed tbe fold increase seen at day 7. In both
HMSCs and HUVECs the levels of eNOS and1l mRNA were significantly
lower inempty scaffold contrglwhich contained no polyplexeshich may indicate

quiescent levels of the mRNA in these cg2ls,26].
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Figure 4.3 RT-PCR data showing the fold changes in (310 and (B) exogenous
eNOSmMRNA levels in HMSCs at 2, 7 and 14 d aftieralgene delivery. Cells were
treated withcollagen scaffold loaded with 2 pg each of plasmiell. polyplexes
and plasmid eNOS polyplexes encapsulated into microsp(i@uas gene scaffold)
Control cells were treateavith collagen scaffold containing npolyplexes or
microsphere¢Empty scaffoldcontro). The fold changsin eNOS and IEL0 mRNA
expressiorevelsrelative to 2dcontrol£standard error of the mean are shown (n = 3

for each) Media was changed every 4 days
108



Chapter 4: Monitoring the efficacy of dual gene datjwvia 3D collagen scaffolds

A 600
m Empty scaffold control
500 - Dual gene scaffold
c
o
7]
(7]
2
s 400 -
x
)
<
E 300
£
o
=
c 200 - J
o
(=)}
c
2
S 100 -
)
[¢]
1
0 |
2d 7d 14d
B.
B Empty scaffold control
350 1 mDual gene scaffold

300 +

250 A

200 +

150

100 |

50

Fold change in eNOS mRNA expression

2d 7d 14d

Figure 4.4 RT-PCR data showing the fold changes in (A)lQ and (B) exogenous
eNOS mRNAlevels in HUVECs at 2, 7 and d4fter dualgene delivery. Cells were
transfected withcollagen scaffold loaded with 2 pg each of plasmidl@
polyplexes and plasmid eNOS polyplexes encapsulated into microspfizuas
gene scaffold) Control cells were treated with collagen scaffold containing no
polyplexes or microspheres (Empty scaffotahtrol). The fold changgin eNOS and
IL-10 mRNA expressiolevelsrelative to 2dcontrolstandard error of the mean are

shown (n = 3 for eachMedia was changed eve?y3 days.
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4.3.3Spatiotemporal expression pattern of 1.-10 and eNOS using MB

To evaluate the spatiotemporal efficacy oflQ and eNOS gergansferto HMSCs

and HUVECs molecular beacons were delivered to the cells using SLO mediated
delivery.In this experiment 0.5ug each of-00 and encapsulated eNOS polyplexes
were loaded into the scaffold and delivered to cells (~10,000) in monofdyer.
scaffodd ¢ o nt r mptysscaHotdaontiiols were prepargd evaluate collagen
scaffold related phenomenihe presence of the collagen scaffold seemesligtly
increase baseline levels kbf-10 and eNOS mRNA expressionHUVECs more so
thanin HMSCs IL-10 mRNA signals were observed aontrol and transfected
HUVECs cell and transfected cells seemed to exhibit increased signal intensities
compared to control cells. Changes in signal intensity between days 2 to 14 were not
evident with localization patte that seems to be mainly perinucleigre 4.5A).

No signal was observed with the control (random)cbaawhich has no targets
inside cells, suggesting the specificity of the-10 MB. The signal intensity from
eNOS MBin transfected HUVECs showed losignal at day 2 which increased by
day 7 and 14 Rigure 4.9B). Signal localization for eNOS mRNA appears to be
perinuclear and at times concentratedote region (probably associated with the
Golgi) of the cell whch is more evident at day 14.

IL-10 and &lOS MB signals from transfectedMECs appeared more intensertha
controls Figure 4.6A & Figure 4.6B). Signal intensities in HMSCs varied at the
different time poirg with low signal at day 2 and higher signal intensities at day 7
and 14.In HMSCs the loalization pattern for eNOS mRNA appeared distributed
throughout the cytoplasm, hite I1L-10 showed localization in the perinucleaand

ribosomalregiors.

4.3.4Comparison of RT-PCR and molecular beacons technology

Both RT-PCR and MB data for H10 mRNA expression corresponded well with
each other. The sequence of the eNOS plasmid used fortrgeséer has 85%
homology with a human eNOS mRNA which made the selection of primers that
detected total eNOS impob&. The MBs were designto detecttotal (enadgenous

and exogenous eNOS and IL-10. The RTPCR primers were specific faither
plasmid (exogenous)eNOS or total IL-10 mRNA Both RFPCR and MB data
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demonstrated low levels of eNOS mRNA at ttey 2time pointand increases in
MRNA expression at day. 7
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Figure 4.5 Detection oftotal IL-10 (A) and total eNOSNRNA (B) in HUVECs
using 300 nMMBSs. Fluorescence signal from 410 (A) andeNOS(B) MBs at 2, 7

and 14dCells weretransfectedvith the collagen scadfd loaded with 2 pg each of
plasmid I-10 polyplexes and plasmid eNOS polyplexes encapsulated into
microspheres (Dual gene scaffol@ontrol cells werenot treated with the scaffold

or polyplexes(No scaffold), treated with the collagen scaffold not loaded with
polyplexeg Empty scaffoldMedia was changed evetwo to threedays.
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Figure 4.6 Detection oftotal IL-10 (A) and total eNO§B) mRNA in HMSCusing 300

nM MBs. Fluorescence signal from {10 (A) andeNOS(B) MBs at 2, 7 and 14dCells

were transfectedwith the collagen scaffold loaded with 2 ug each of plasmidOL
polyplexes and plasmid eNOS polyplexes encapsulated into microspheres (Dual gene
scaffold) Control cells werenot treated with the scaffold @olyplexes(No scaffold),
treated with the dagen scaffold not loaded witholyplexes(Empty scaffold) Media

was changed evefpur days
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4.4 Conclusions

DNA-polyplexes encapsulated into collagen microspheres or collagaffolds
remaired functional andwere able to transfect cells. Further, enaapion of eNOS

DNA polyplexes intocrosslinked collagen microspheres resulted in delayed release of
this gene to the cell§his was evidenfrom eNOSMB imageswhich showed low FAM
fluorescence signal at day 2 in both transfected HUVECs and HM®@8med by
RT-PCRdatawhich showed the lowest eNOS mMRNA expression at2ldly-10 mRNA
expression foHUVECs remainedat a relatively constant level, whildat of HMSCs

was increased tormaximum at day decreasing to day 2 levels by day The decrease

in MRNA expression at day 14 could be explained by decreased concentration of
polyplexes available to transfeah increasedell population (doubling time about 4d)
andthe transient expression of plasmid transfectibansfected cells undgo nmitosis

and dilution occurs aglasmid DNA is not passed on to daughter,c@llis degraded).
However, thecollagen scaffolds (4mg/ml) loaded with dual genes can provide sustained
delivery of these genes for up to 1dsl noéd by the 561400 fold incrases in mRNA
levelsfrom day 214 when compared txaffold onlycontrol.

It was demonstrated thamolecular beaconare able to monitor changes in mRNA
levelsat various time points the presence @ 3D gene carriescaffold andtheresults
werevalidated usindRT-PCR.
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5.1 Summary
In Chapter 2, the focus was on developing molecular beacons targeting therapeutic
MRNAs of interest in cardiovascular tissue engineering. To achieve thig-Aikh;
labelled molecular beacons targeting -IIl0 and eNOS mRNA were designed and
characterized in homogeneous solution then evaluated in living cells to investigate
whether optical imaging of the respective mRMAs possible. These probes were
introduced ind cells via a reversible permeabilization technique using low concentration
(0.2U/ml) of activated Streptolysin O, which forms pores in the plasma membranes that
can be resealed by incubating cells for 1h in medium contdio@tglbovine serum.
The MBswere designed using a method that utilized the software Mfold, OligoWalk
and BLAST. Mfold software was used to predict the secondary structures and the single
stranded regions of the mRNAs of interest, while OligoWalk was used to select regions
of the mRNAthat bind tightly to the MB, and BLAST was used to ensure uniqueness of
the selected sequence. The eNOS MB was designed wihaaepair stem, while the
IL-10 MBs were designed with ald&asepair stem.
To prove that the MBs designed were highly sensitive, the beacons were allowed to
hybridize to target DNA, and demonstrated an increased in signal intensity with
increasing DNA concentrations. To further demonstrate sensitivity of the beacons, the
signal:background noise ratio of the beacons in the presence of target DNA was shown
to be high and coincided with the high quenching efficiency of the fluorophore
guencher (FANIBHQL1) pair selected.
Furthermore, characterization to evaluate the specificity ardhthdynamic stability of
theeNOS and 110 MB showedthatthe beaconsan discriminate between targets over
a range of temperatures amdderwentcorrect phase transition characteristygsical of
molecular beacons
Using Streptolysin O mediated deliyeit was demonstrated that the-110 and eNOS
MBs could specifically image endogenous (and exogenous with the same sequence)
MRNAs in living cells by the increase of fluorescence signal seen compared to no signal
in control (non target in mammalian cell$)B. This was further confirmed by the
significant increases in mean fluorescent signal calculated in transfected relative to non
transfected cells. Assessment of the intracellular signals in the cytoplasm of HUVECs
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showed eNOS mRNA to be localized maitdyone side in the perinuclear region, while

IL-10 mRNA in HMSCs appeared distributed in the perinuclear region.

The purpose of thetudyin Chapter 3 was todevelop a molecular beacon detection
platform for monitoringchanges in transcription gene exgsi®n levels in livingecells
embedded inta 3D collagenscaffolding systemTo achieve this goal, this study utilize
a previous molecular beacon sequence specific for GAPDH mRNA, that have been
successfully delivered in twdimensional (2D) systems to monitor, detect, and localize
this mMRNA expression in living cells at the siaglell level. The 3D scaffolding system
developed had a thickness of ~1mm (based on the volume of collagen that resulted in
attachment of the scaffolds to the corners of the wells) and collagen type | concentration
of 1mg/ml (the lowest concentration of llegen that formed a stable gel when
embedded with cells).
Using reversible permeabilization with SLO to deliver the MB proved to be a challenge
asremoval of the poréorming SLO solution resulted in destruction of the thin, fragile
collagen scaffoldsTo overcome this limitation, TA‘peptide mediated delivery of the
MB was performed. A stable linkage was formed between the MB andpEafide and
allowed for self delivery of the beacons. Also, delivery of Tgdptide linked MB to
3D scaffold showed thattame of 1h was required before signal detection, and imaging
can be completed within2h after beacon delivery.
Comparison of the hybridization signal emitted bycamjugated MB and TAPeptide
linked MB demonstrated conjugated MBs were functional. dlaste that TATpeptide
linked MB were sensitive (able to detect different levels of mMRNA expression) and
specific for imaging mRNA in cells within the collagen scaffold, transfection was
performed using SiRNA to knockdown GAPDH mRNA levels. MB targetofg
GAPDH mRNA in cells showed that direct transfection of siRNA into the 3D scaffold
was not as efficient as transfection in 2D followed by incorporation of the cells into the
collagen scaffold which was demonstrated in cells of the latter showing loweDBA
MRNA expression (RIPCR) and emitted lower signal intensities (MB technology). In
fact, results showed that the mean fluorescent intensities (MFI) of GAPDH knockdown
cells were significantly different from that of the negative control cells. Furthers
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demonstrated that 3D image analysis for MFI of the MB signal in the whole cell
corresponded closely to results of RCR. HoweverMB technology deteed mRNA
abundance in cells in 3D, but it is necessary to perform quantification with another

complanentary technique such as #fCR

The final stage of this researd@apter 4) was aimed at the evaluation of tkiicacy
of a dualgene therapy model for cardiovascular tissue engine€rimng gene therapy
model consisted of aual gene releasin@D cdlagen scaffold loaded with ptLO
polyplexes and peNOS polyplexes encapsulated into microsphiérestherapeutic
efficacy of the system over time was monitored for eNOS and IL10 expression at 2, 7,
and 14d using RFPCR andVIB technology The FAM-moleculr beacons designed to
target therapeutic gene€Hapter 2) were utilized to monitor the spatiotemporal
expression pattern of L0 and eNOS mRNA in gene transfected cells. The MBs were
delivered using reversible permeabilization with SLO.
To validate thecapability of the 3D scaffold to provide both a sustained and delayed
releaseof polyplexes, in vitro release studies were performed over a 14 day period.
Results showed thatolyplexes loaded directly into collagen scaffaldencapsulated
into microspheesand loadednto collagen scaffol@xhibited sustained released of up to
day 14, while the release of polyplexes encapsulated in microspheres was delayed with
low levels being release for up to 2 days.
To demonstrate thdt.10 and eNOS polyplexes releasl from the scaffold remained
functional, the genes were loaded into the scaffold and the expression levels monitored
at 2, 7 and 14d showed increased in mMRNA expressiorP@H data) and stronger
fluorescence signal (MB technology) in transfected celktive to controls (cells not
treated with polyplexes). Furthermorajcapsulation of eNOS DNA polyplexes into
crosslinked collagen microspheres resulted in delayed release of this gene to ths cells
demonstrated by thew MB signal seenat day 2 in bth transfected HUVECs and
HMSCs andconfirmed with RT-PCR data which showed the lowest eNOS mRNA
expression at day.
Maximum fold increase itL-10 and eNOSMRNA expression levels occurred at day 7
in HMSCs as demonstrate by results of RCR and strongeMB fluorescence signal at

122



Chapter 5Summary and Future Studies

this time point. On the contrarylL410 mRNA expression levels in HUVECs were
relatively similar at days 2, 7 and 14. This observation seems to indicate the effect of
frequent media changes, or lower transfection efficiencyabfptexes in HUVECs.
Results of RTPCR and MB for eNOSRNA expression in HUVECs at day 14 do not
necessarily agree, but it should be noted that expression of endogenous (native) and
exogenous (plasmid) mRNA were measured by MB while only exogenous Vesds
measured in R'PCR.

Typically, lower mRNA expression levels of both genes were seen in transfected cells at
day 14, though these levels were much higher than those of controls.

It was demonstrated that molecular beacons are able to monitor changEdNik

levels at various time points, in the presence of 3D scaffolding gene carrier system and

the results complement those of RTR.

5.2 Future studies
Based on the limitations of and chali@s encountered during this research study, there

are several areas that can be considered for future work.

5.2.1Modified molecular-beaconshackbone chemistries
In this study, molecular beacons with a DNA backbone were used. These were limited
to short term malysis (~3h) in living cells in 3D collagen scaffolds due to-specific
signal in the control MB. Alsadiffusion rates of MB in 3D scaffold may be increased
which in turn may increase the time before confocal imaging could be performed from
the bottomup. So, MB signal in cells at the top of the scaffold may be increased due to
probe degradation which can make evaluation of gene expression due to spatial
distribution inaccurate.
Inside cells, DNA MBs are prone to degradation by endonucleases arspauiiic
interactions with single nucleotide proteins, and prialvpget MRNA hybrids may be
degraded by Ribonuclease H. Thus, more stable MB designs can overcome these
limitations. Modification of the backbone chemistry can render the MB resistant to
nucleass, prevent probBNA hybrid degradation by Ribonuclease H, as well as
provide bng term imagingof the mRNAs. This can enable monitoring of gene
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expression in the same experimental system over time, as wellraas@cdhe time
available for image procdsg. Live cell imaging using MB with modified backbone
chemi st r i é@snetbyURNA[L, 2]r lazk&d nucleic acid (LNA)3] has been
performed.

Another advantage of backbone chemistry modification is the possibility to increase the
melting temperatre of the MB and thus the affinity for target mRNA. Thus, it is
possible to design MB with shorter probe lend#js

5.2.2Molecular beacorrquantum dot hybrid system

Molecular beacons labded with organic dyes can detect changes in mRNA expression
in living cells in 3dimensional collagen scaffold. However, the l&bgl of the MB

with quantum dots (QDs) has many advantages over organic dyes. QDs are
semiconductors nanoparticles typicalhl@ nm in sizg5, 6] that have been shown to

be more photetable (00 fold) and emit brighter fluorescensignak (20 folds) than
organic dye$7]. Also, QDs have broad excitation spectra and natoowableemission
spectra which allow for multiplexinf]. These properties can result in longer imaging
time, as well asapid and highly sensitive detection.

As a proof of conceptGAPDH MBs conjugated t@arboxyl CdTeQDswere delivered

via SLO to detect intracellular GAPDH mRNA HUVECs The glatinizedcarboxy

CdTe QDs (2.:1m) used for this study wergynthesizd in our labby PhD student Olga
Gladkovskayafollowing a previously described methds] [The QDs, with an emission
wavelength of 540 nm, we@njugated tdMBs following a slight modification of the
method described elsewhere,[@nd outlined inAppendix Il -I. GAPDH molecular
beacos were labelledat t-dared 5Wwi t h an ami-end with BdQip and
Preliminary results show that the MI®D conjugates emitted bright signals, and were

specific for their targets (séegure 5.1).
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540QD-GAPDH MB

540QD-random MB  —

20 ym

Figure 51 GAPDH mRNA detection in HUVECS540QDGAPDH or Random
(control) molecularbeacons(MB) were delivered to cells in microfluidic chamber
(0.6cnf) using activated Streptolysid (0.2U/ml) mediated delivery. After recovery for

1h, cells were imaged using confocal microscopy and imaging completed after 2h.
Signal collected using a Plakpochromat 63X/1.4 oil DICobjective and laser
excitation at 488 aneémission at 530 for 540QMB. Fluorescence and brighield

image foroverlapfor each cell ishown.
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5.3 Conclusions

The ultimate aim of this research was to develop a detection platform using molecular
beacons for monitoring spatiotemporal changes in transcription gene exprasstia
associated with thregimensional biomaterial constructs. The general principle of the
proposed research was to use two different tissue engineering approaches, one utilizing
a cellembedded and the other a gene delivery scaffolds based on caijggel a
natural extracellular matrix protein that when gelladvitro can result in relatively
transparent gels. The next objective then was to design and deliver molecular beacons
that allow the detection of mMRNA expression of living cells using aaifmicroscopy
imaging. Itwas hypothesized that MB canonitor changes in mRNA expression in
cells embedded into 3Dn vitro collagen scaffolds by targeting a constitutively
expressed gene, GAPDH (Chapter Burthermore, MB can monitor the efficacy of
gene therapy to cells transfected via 8D vitro collagen scaffolds gene carriers by
targeting therapeutic genes {ll0 and eNOS) of cardiovascular importance (Chapter 4).
The findings of this research indicated that molecular beacons with DNA backbone can
be used to monitor the spatiotemporal expression pattern of cells associated with 3D
collagen scaffolds. However, conjugation to a F@dptide represents a faster and more
practical delivery technique to introduce MB into cells embedded inirB@itro
scafolds than reversible permeabilization with SLO, while either technique is suitable
for cells seeded outside scaffolds. Also, DNA molecular beacons are prone to
degradation and nespecific interactions inside cells which limit their use for imaging

in living cells to a few hours (about®h after molecular beacon delivery). Furthermore,
optical limitation were encountered with confocal microscopy for imaging the 3D
scaffolds of increasing thickness and collagen concentration due to increases in light
scatering which make focusing and localization of mRNA difficult in the presence of

already low beacon signals.
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Extended focus view \‘ﬁ’;

-

Single cell Z-stack slices

Average fluorescence intensity
/voxel

Cell average fluorescence intensity/voxel

Background average fluorescence intensity/voxel <:|
Mean fluorescence intensity

Background Cell
subtraction

Figure S.1Schematic of the method used in this study for fluorescence image analysis of
cells in single plane (2D) and 3D-¢tack). Single plane images were collected when
cell fluorescence was at maximum intensity. Image was analyzed similar to extended

focus view, but cell average fluorescence intensity per pixel were analysed.
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NM_000572.2| Homo sapiens interleukin 10 (IL10), mRNA

ACACATCAGGGGCTTGCTCTTGCAAAACCAAACCACAAGACAGACTTGCAAAAGAAGGCATGCACAGCTC
AGCACTGCTCTGTTGCCTGGTCCTCCTGACTGGGGTGAGGGCCAGCCCAGGCCAGGGCACCCAGTCTGAG
AACAGCTGCACCCACTTCCCAGGCAACCTGCCTAACATGCTTCGAGATCTCCGAGATGCCTTCAGCAGAG
TGAAGACTTTCTTTCAAATGAAGGATCAGCTGGACAAGITCAAAGGAGTCCTTGCTGGAGGACTT
TAAGGGTTACCTGGGTTGCCAAGCCTTGTCTGAGATGATCCAGTTTTACCTGGAGGAGGTGATGCCCCAA
GCTGAGABEAAGACCEAGACMAGGCGCATGTGAACTCCCTGGGGGAGAACCTGAAGACCCTCAGGC
TGAGGCTACGGCGC TGAAAACAAGAGCAAGGCCGTGGAGCAGGTGAAGAA
TGCCTTTAATAAGCTCCAAGAGAAAGGCATCTACAAAGCCATGAGTGAGTTTGAC&T
_CTACATGACAATGAAGATACGA_C(B@\TATAGACTCTAGGAC
ATAAATTAGAGGTCTCCAAAATCGGATCTGGGGCTCTGGGATAGCTGACCCAGCCCCTIIBAGAAACC
TTGTACCTCTCTTATAGAATATTTATTACCTCTGATACCTCAACCCCCATTTCTATTTATTTACTGAGCT
TCTCTGTGAACGATTTAGAAAGAAGCCCAATATTATAATTTTTTTCAATATTTATTATTTTCACCTGTTT
TTAAGCTGTTTCCATAGGGTGACACACTATGGTATTTGAGTGTTTTAAGATAAATTATAAGTTACATAAG
GGAGGAAAAAAAATGTTCTTTGGGGAGCCAACAGAAGCTTCCATTCCAAGCCTGACCACGCTTTCTAGCT
GTTGAGCTGTTTTCCCTGACCTCCCTCTAATTTATCTTGTCTCTGGGCTTGGGGCTTCCTAACTGCTACA
AATACTCTTAGGAAGAGAAACCAGGGAGCCCCTTTGATGATTAATTCACCTTCCAGTGTCTCGGAGGGAT
TCCCCTAACCTCATTCCCCAACCACTTCATTCTTGAAAGGTERGCTTGTTATTTATAACAACCTA
AATTTGGTTCTAGGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGCGGGTG
GATCACTTGAGGTCAGGAGTTCCTAACCAGCCTGGTCAACATGGTGAAACCCCGTCTCTACTAAAAATAC
AAAAATTAGCCGGGCATGGTGGCGCGCACCTGTAATCCCAGCTACTTGGGAGGCTGAGGCAAGAGAATTG
CTTGAACCCAGGABBGAAGTTGCAGTGAGCTGATATCATGCCCCTGTACTCCAGCCTGGGTGACAGAG
CAAGACTCTGTCTCAAAAAATAAAAATAAAAATAAATTTGGTTCTAATAGAACTCAGTTTTAACTAGAAT
TTATTCAATTCCTCTGGGAATGTTACATTGTTTGTCTGTCTTCATAGCAGATTTTAATTTTGAATAAATA
AATGTATCTTATTCACATC
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Human eNOS GeneArt (plasmid sequence)

ATGGGCAACCTGAAGAGCGTGGCCCAGGAGCCTGGCCCTCCTTGCGGCCTGGGGCTGGGGCTCGGCCTC
ACTGTGCGGCAAGCAGGGCCCTGCCACCCCTGCCCCCGAGCCCAGCAGAGCCCCTGCCAGCCTGCTGCC
CTGCCCCTGAACACAGCCCCCCCAGCAGCCCCCTGACCCAGCCTCCCGAGGGCCCCAAGTTCCCCAGAGT
AAGAACT&BAAGTG&D@GAGcnx:c:AGGCCCAGCAGGACGGCCCCTGCAC
CCCCAGAAGATGCCTGGGCAGCCTGGTGTTCCCTAGAAAGCTGCAGGGCAGACCCAGCCCTGGCCCCOCA
CCCCTGAGCAGCTGCTGAGCCAGGCCACEBACRACEAGTACTAGCAGCATCAAGAGGAGCGGC
AGCCAGGCCCACGAGCAGAGACTGCAGGAAGTGGAGGCCGAAGTGGCCGCCACCGGCACCTACCAGCTG,
AGAGAGCGAGCTGITCGGCGCCAAGCAGGCCTGGAGAAACGCCCCCAGATGTGTGGGCAGAATCCAGT
GGGGCAAGCTGCAGGTGTTCGACGCCAGGGACTGCAGATCCGCCCAGGAGATGTTCACCTACATCTGCAA(
CACATCAAGTACGCCACCAACAGAGGCAATCTGCGGAGCGCCATCACCGTGTTCCCTCAGAGATGCCCTGEG
CAGGGGCGACTTCAGGATCTGGAACAGCCAGCTTGTGAGATACGCCGGGTACARBNGIGCTCTG
TGAGAGGCGACCCTGCCAATGTGGAGATCACCGAGCTGTGCATCCAGCACGGCTGGACCCCCGGCAACGE
AGATTCGATGTGCTGCCCCTGCTGCTGCAGGCCCCCGACGACCCCCCCGAGCTGTTCCTGCTGCCTCCCG:
GCTGGTGCTGGAAGTGCCCCTGGAGCACCCCACCCTGGAGTGGTTCGCCGCCCTGGGCCTGAGATGGTAC
CCCTGCCTGCCGTGTCCAATATGCTGBBATCGGCGGCCTGGAGTTCCCTGCCGCCCCTTTCAGCGGC
TGGTACATGAGCACCGAGATCGGCACCAGAAACCTGTGCGACCCCCACAGATACAACATCCTGGAGGACGT
GGCCGTGTGTATGGACCTGGACACCAGGACCACCTCCAGCCTGTGGAAGGACAAGGCCGCCGTGGAGATC
ATGTGGCCGTGCTGCACAGCTACCAGCTGGCCAAAGTGACCATCGTGGATCACCACGCCGCCACCGCCAG!
TTCATGAAGCACCTGGAGAACGAGCAGAAGGCCAGAGGCGGCTGCCCTGCCGACTGGGCCTGGATCGTGC
CCCCATCAGCGGCAGCCTGACCCCCGTGTTCCACCAGGAGATGGTGAACTACTTCCTGAGCCCCGCCTTCA
GATACCAGCCCGACCCCTGGAAGGGCAGCGCCGCCAAGGGCACCGGCATCACCCGGAAGAAAACCTTCAA
GGAAGTGGCCAACGCCGTGAAGATCAGCGCGRIGGGCACCGTGATGGCCAAGAGAGTGAAGGCCA
CCATCCTGTACGGCAGCGAGACCGGCAGAGCCCAGAGCTACGCCCAGCAGCTGGGCAGACTGTTCAGGAA
GCCTTCGACCCTAGAGTGCTGTGCATGGACGAGTACGACGTGGTGTCTCTGGAGCACGAGACCCTGGTGC
CGTGGTGACCAGCACCTTCGGCAATGGCGACCCTCCCGAGAACGGCGAGAGCTTCGCCGCTGCCCTGATG
AGATGAGGGCCCCTACAACAGCAGCCCTAGACCCG“@TCAACAGC
ATCAGCTGCAGCGATCCTCTGGTGTCCAGCTGGCGGAGGAAGAGAAAGGAGAGCAGCAACACCGACAGCG
CGGAGCCCTGGGCACCCTGAGATTCTGCGTGTTCGGCCTGGGCTCCAGAGCCTACCCCCACTTCTGCGCC
TCGCCAGAGCCGTGGATACCAGACTGGAGGAGCTGGGCGGCGAGABRLTEGGCCAGGGCGAC
GAGCTGTGCGGCCAGGAGGAGGCCTTCAGAGGCTGGGCCCAGGCCGCCTTTCAGGCCGCCTGCGAGACC
CTGTGTGGGCGAGGACGCCAAAGCCGCCGCCAGAGACATCTTCAGCCCCAAGCGGAGCTGGAAGCGGCAC
GATACAGACTGTCCGCCCAGGCCGAGGGCCTGCAGCTGCTGCCCGGCCTGATCCACGTGCACCGGCGGA/
GATGTTCCAGGCCACAATCOGGBTGGAGAACCTGCAGAGCAGCAAGAGCACCAGGGCCACCATTCTTG
TGAGACTGGACACCGGCGGACAGGAGGGGCTGCAGTACCAGCCCGGCGACCACATCGGCGTGTGTCCCCH
AACAGACCCGGCCTGGTGGAGGCCCTGCTGAGCAGAGTGGAGGACCCTCCCGCCCCTACCGAGCCCGTGH
CGTGGAGCAGCTGGAGAAGGGCAGCCCTGGCGGCCCTCCTCCTGGCTGGGTGAGGGBCCCCAGACT
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CCTGTACCCTGAGACAGGCCCTGACCTTCTTCCTGGACATCACCAGCCCCCCTAGCCCCCAGCTGCTGCGG
CTGCTGAGCACCCTGGCCGAGGAGCCCAGAGAGCAGCAGGAACTGGAAGCCCTGAGCCAGGACCCTAGG!
ATACGAGGAGTGGAAGTGGTTCAGATGCCCCACCCTGCTCGAAGTGCTGGAGCAGTTCCCCAGCGTGGCCH
TGCCAGCCCCACTGCTGCTGACCCAGCTGCCTCRELTTEAGATACTACAGCGTGTCCAGCGLCCCCC
AGCACCCACCCCGGCGAGATCCACCTGACCGTGGCCGTCCTGGCCTACAGAACCCAGGACGGCCTGGGAC
CCTGCACTACGGCGTGTGTAGCACCTGGCTGAGCCAGCTGAAGCCCGGCGATCCCGTGCCCTGCTTCATC/
GAGGCGCCCCTAGCTTCAGACTGCCTCCTGACCCCAGCCTGCCTTGCATCCTTGTGGGCCCTGGCACAGG
CATCGCCCAUTAGAGGCTTCTGGCAGGAGAGGCTGCACGACATCGAGAGCAAAGGCCTGCAGCCTACCC
CTATGACCCTGGTGTTTGGCTGCAGATGCTCCCAGCTGGACCACCTGTACAGGGACGAAGTGCAGAATGCC
CAGCAGCGGGGAGTGTTCGGCAGAGTGCTGACCGCCTTCAGCAGAGAGCCCGACAACCCCAAGACCTACG
GCAGGACATCCTGAGAACCGAGCTGGCCGCCGAAGTGCACCGCCTEGGRERBIEISGCCACATGT
TCGTGTGTGGCGACGTGACCATGGCCACCAATGTGCTGCAGACCGTGCAGAGAATCCTGGCCACCGAGGG
GACATGGAGCTGGACGAGGCCGGCGACGTGATCGGCGTGCTGAGAGACCAGCAGAGATACCACGAGGACH
CTTCGGCCTGACCCTGAGGACCCAGGAAGTGACCAGCCGGATCAGGACCCAGAGCTTCAGCCTGCAGGAG
GACAGCTGAGAGGCGCCGTGOEGBTGTTCGATCCCCCTGGCAGCGATACCAACAGCCCCTGATG
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Homo sapiens nitric oxide synthase 3 (endothelial cell)
(NOS3), transcript variant 1, mRNA

ATGGGCAACTTGAAGAGCGTGGCCCAGGAGCCTGGGCCACCCTGCGGCCTGGGGCTGGGGCTGGGCCTT
GGCTGTGCGGCAAGCAGGGCCCAGCCACCCCGGCCCCTGAGCCCAGCCGGGCCCCAGCATCCCTACTCC
ACCAGCGCCAGAACACAGCCCCCCGAGCTCCCCGCTAACCCAGCCCCCAGAGGGGCCCAAGTTCCCTCGT
GTGAAGAACTGGGAGGTGGGGAGCATCACCTATGACACCCTCAGCGCCCAGGCGCAGCAGGATGGGCCCT
GCACCCCAAGACGCTGCCTGGGCTCCCTGGTATTTCCACGGAAACTACAGGGCCGGCCCTCCCCCGGCCC
CCCGGCCCCTGAGCAGCTGCTGAGTCAGGCCC*AGCTCCATTAAGAGG
AGCGGCTCCCAGGCCCACGAACAGCGGCTTCAAGAGGTGGAAGCCGAGGTGGCAGCCACAGGCACCTACK
AGCTTAGGGAGAGCGAGCTGGTGTTCGGGGCTAAGCAGGCBRGGCTCCCCGCTGCGTGGGCCG
GATCCAGTGGGGGAAGCTGCAGGTGTTCGATGCCCGGGACTGCAGGTCTGCACAGGAAATGTTCACCTAC
ATCTGCAACCACATCAAGTATGCCACCAACCGGGGCAACCTTCGCTCGGCCATCACAGTGTTCCCGCAGC
GCTGCCCTGGCCGAGGAGACTTCCGAATCTGGAACAGCCAGCTGGTGCGCTACGCGGGCTACCGGCAGCH
GGATGGCTCTGTARGGGGACCCAGCCAACGTGGAGATCACCGAGCTCTGCATTCAGCACGGCTGGACC
CCAGGAAACGGTCGCTTCGACGTGCTGCCCCTGCTGCTGCAGGCCCCAGATGATCCCCCAGAACTCTTCC
TTCTGCCCCCCGAGCTGGTCCTTGAGGTGCCCCTGGAGCACCCCACGCTGGAGTGGTTTGCAGCCCTGGG
CCTGCGCTGGTACGCCCTCCCGGCAGTGTCCAACATGCTGCTGGAAATT@REEIGECCTGGCA
GCCCCCTTCAGTGGCTGGTACATGAGCACTGAGATCGGCACGAGGAACCTGTGTGACCCTCACCGCTACA
ACATCCTGGAGGATGTGGCTGTCTGCATGGACCTGGATACCCGGACCACCTCGTCCCTGTGGAAAGACAA
GGCAGCAGTGGAAATCAACGTGGCCGTGCTGCACAGTTACCAGCTAGCCAAAGTCACCATCGTGGACCAC
CACGCCGCCACGGCCTCTTTCATGAAGCACCTGGAGAATGAGCAGAAGGCCAGGGGGGGCTGCCCTGCAC
ACTGGGCCTGGATCGTGCCCCCCATCTCGGGCAGCCTCACTCCTGTTTTCCATCAGGAGATGGTCAACTA
TTTCCTGTCCCCGGCCTTCCGCTACCAGCCAGACCCCTGGAAGGGGAGTGCCGCCAAGGGCACCGGCATC
ACCAGGAAGAAGACCTTTAAAGAAGTGGCCAACGCCGIGANIBCCTCGCTCATGGGCACGGTGA
TGGCGAAGCGAGTGAAGGCGACAATCCTGTATGGCTCCGAGACCGGCCGGGCCCAGAGCTACGCACAGCH
GCTGGGGAGACTCTTCCGGAAGGCTTTTGATCCCCGGGTCCTGTGTATGGATGAGTATGACGTGGTGTCC
CTCGAACACGAGACGCTGGTGCTGGTGGTAACCAGCACATTTGGGAATGGGGATCCCCCGGAGAATGGAG
AGAGCTTTGCAGCTGCTGATGGAGATGTCCGGCCCCTACAACAGCTCCCCTCGGCCGGAACAGCACAA
GAGTTATAAGATCCGCTTCAACAGCATCTCCTGCTCAGACCCACTGGTGTCCTCTTGGCGGCGGAAGAGG
AAGGAGTCCAGTAACACAGACAGTGCAGGGGCCCTGGGCACCCTCAGGTTCTGTGTGTTCGGGCTCGGCT
CCCGGGCATACCCCCACTTCTGCGCCTTTGCTCGTGCCGTGGACACACGBCTGGRGGEGGA
GCGGCTGCTGCAGCTGGGCCAGGGCGACGAGCTGTGCGGCCAGGAGGAGGCCTTCCGAGGCTGGGCCC!
GCTGCCTTCCAGGCCGCCTGTGAGACCTTCTGTGTGGGAGAGGATGCCAAGGCCGCCGCCCGAGACATCT
TCAGCCCCAAACGGAGCTGGAAGCGCCAGAGGTACCGGCTGAGCGCCCAGGCCGAGGGCCTGCAGTTGC
GCCAGGTCTGATCCACGTGCACAGGGREGGATCAGGCT........

The eNOS MB sequence is specific for eNOS mRNA variants 2 -4 as well.
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APPENDIX II: LIST OF MATERIAL S AND REAGENTS

134



Appendices

Supplier Materials and reagens

Abcam, Anti-SELE polyclonal antibody
Cambridge, Anti-VCAML1 polyclonal antibody
UK Goat polyclonal Secondary antibc8yTC
Ambion TRI reagent
USA SiRNA

Nucleasefree water

10x PBS

20X SSC

Anaspec Incorporated,
Fremont, California,
USA

CysteineTAT -peptide

Applied Biosystems
Foster City California,
USA

Fast SYBR GreeMaster Mix

Biosource International Inc.

Camarillo, California,
USA

AlamarBlud"

Biocolor,
Belfast,
Ireland

|T M

Sircol'™ collagen assay kit

Eurogentics
Seraing
Belgium

Dual FRET molecular beacons

Invitrogen,
Dublin,
Ireland

PicoGreen* assay kit
Lipofectamine2000

MATtek
Ashland, MA
USA

24-well cover glass bottom plates

Millipore,
AmershamUppsala,
Sweden

Amicon centrifugal filters
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Supplier Materials and reagents
MWG Eurofins Molecular beacons
Ebersberg Oligonucleotide primers
Germany
NUNC 4 and 8well chambered cover glass
Rochester, NY
USA
Promega, Deoxynucleotide triphosphates
Madison,Wisconsin, RNase Inhibitor
USA MgCl,
Random hexamers
Reverse transcriptase
SigmaAldrich Ireland Ltd., Dimethylsulfoxide
Dublin, Dul beccods modi fied
Ireland Ethanol
Formaldehyde
Glutaraldehyde
Hanks balanced salt solution
Hydrochloric acid
Penicillin/Streptomycin
Phosphate buffered saline
Sodium hydroxide
Trypan blue
TrypsinEDTA
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A. Molecular beacon hybridization assay

Note: Carry out this protocol under the bsafety cabinet in cell cultureProtect

beacons from light

1.

Add 2 pl of 100 uM MB to 98ul of nucleasdree PBS(1x PBS, pH7.4 Final
molecular beacononcentrations 2 uM.

Add 2 pl of 100 uM target DNAsolutionto 38 ul of 1x PBS. Final DNA
concentration is uM. Target DNA iscomplementary to the loop end of the
molecular beacon of interest.

In 6-wells of a black 9éwell plate add 90 (welll), 89.5 (well 2), 89 (we)| 88
(well 4), 85 (well 5), and 80 (well ) of 1x PBSto the respective wells

Add 0 (well 1), 05 (well 2), 1 (well 3), 2 (well 4), 5 (well 5), and 10(well 6) ul

of 5uM target DNAto the respective wells.

Add 10 d of 2 uM molecular beacon solution to each valtl incubate for 1h at
37 °C. Final concentrationsf 200 nM MB and 0, 25, 50,100,250, 500 nM DNA
respectively.

Measurefluorescenceusing the Victor 2 Wallac 1420 multichannel reader at
excitation/emission of 48&35nmfor FAM beacons

Analyse data. The background signal from beacon only well (0 nM DNA) is
subtracted from all 6 sampleShe 6 corrected values are plotted for DNA

concentration versuuorescence intensity

B. Activation of Streptolysin O
Note: Carry out this protocol under the bsafety cabinet in cell culture.

1.

Prepare 500mM (tris¢earboxyethyl)phosphine (TCEP) in sterile nuclefise
water. Dissolve 14.3 mg TCEP in 100 pl water. This solution is stablgbout
3-4 weeks at :BoC.

Prepare 25,000 U/ml SLO in cold sterile nuclefise water Store 20l aliquots
at-20°C. Do not refreeze. Note: An SLO solution will lose ~50% activity within
10 days when stored at®°C.

Thaw and dilute 201 stock SLO using480 ul of water. Final concentration is
1,000 U/ml.
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4. Add 10 pl of TCEP to 988 pl HBSS (without calcium or magnesium ams
calcium inactivates SLO activi}y Final concentration of 5 mM TCEP.

5. Add 2pul of 1000U/ml SLOto 5mM TCEPand inabate at 37°C for 30 min.
Final concentration 2U/ml SLO in 5mM TCERSLO is loses its activity in
oxygen and is reactivated by TCEP

C. Molecular beacon deliveryusing streptolysin O

Note Turnlights off inbio-safety cabinet and protect beacons fraght.

1. Dilute 10 pl of activated SLO with 89 pl serufree medium(PBS, HBSS, or
serumfree medium typical for cell being usea)d add pl of 15uM MB. Final
concentrationsf 0.2U/ml SLOin 300 nM MB.

2. Add 100 pl of SLO-MB solutionwell to cowver cells cultured in 8-well
chambered coverglass

3. Incubate cells at 3C/5% CO2for 10 min to allowcell permeabilization and
beacon delivery.

4. Immediately remove permbilzation medium and rinse cefiently 2times with
150-250pl of completeculture medium.

5. Add 250 pl of completeculture medium and incubate cedis370C/5% COZ2or
1 hto allow cell recovery.

6. Replace medium with fresh medium.

7. Image cellsusing ©nfocal microscop equippedwith 63X objective at the
appropriate extation/emission. €.9., FAM beacons, 488/530, Cy3 beacons,
543/565615, Cy5 beacons, 633/670).

D. Molecular beacon conjugation to TAT peptide

1. Dissolve 1 mg sulf&sMCC in 300 pul H2Q8mM) and use immediately

2. Add 20 pl of 100 uM MB to 175 phucleasdreewater.

3. Add 5ul & 8mM SMCC to beacon solution.irfal con@ntration is 200 pM
SMCC in 10 uM MB.

4. Wrap in foil and leave for 3h to react @RT
Add 200 pl 1x PBS to MEBMCC solution
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Transfer the 400 pl solution toGa5 mlAmicon centrifugal devicel0k MWCO.

Centrifuge for 1530 min @ 14,000 x g, 4C (~50 pl solution remains)

Add 200 ul X PBS to the concentrate

Centrifuge for 1530 min @ 14,000 x g, 4C ( ~5@ pl soltionremains)

10. Repeat step8 and 9

11. Add 350 pl 1& PBS to the concentrate & carefully aspirate up and down.

12. Transfer saltionto a 1.5ml tube.

13. Add 16 pl of 500 uM cysTAT peptide. khal conentrationis 20 uM.

14. Cover with foil and react overnight at 4C mixing

15. Transfemreaction ~400 pul sotionto a new Amicon device

16.  Centrifuge for 1830 min @ 14,000 x g¢,’€.

17. Add 350 pl H20 to the concentrate and repeat centrifugation

18. Add 350 pl 1x PBS to the concentrate and repeat centrifugation

19. Collect concentri@-turn filter device upside down in new micro centrifuge tube
T by centrifugation for 2 min at 1,000 x g

20. Determine concentration nucleacid(ssDNA using Nanodrop 1000.

21. Store @200C (stable 23 weeks)

E. TAT -peptide molecular beacos delivery into 3D collagenscaffolds(constructs)

1. Prepare 400M final concentration o AT-peptide linked molecular beacons in
150 pl serum free medium.

Carefully remove medium froronstructs

Add the prepared AT-peptide linked molecular lbeonssolutionto constructs.
Incubate constructs at 370C/5% CO260min in dark.

Carefully remove medium

Rinse constructs twice with 1x PBS(nuclefse).

Add fresh seruniree medium

Immediately perform confocal iagng of constructs

© © N o O b~ WD

Perform 2zstack and single plane imaging using 48md 63x objectives,
respectively.
10. Perform image analysis to quantify signal.
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F. Reverse Transcription (RT)to prepare cDNA
10. Prepare RT reaction mixl) and (2)for eachsampleusng PromegaRT
reagents as follows:

1. RT reaction mix forl0.6 pl

RNasefree water (9.6 plTx pl)
RNA samplg(0.5-1ug) x Ml
Random Hexamer (50uM) 1.0ul

2. RT reaction mix fo®.4pul
5x RT buffer 4.0ul
25mM Magnesium chloride 2.4l

DeoxyNTPs mixture 1.0pl
RNase Inhibitor (20U/pl) 1.0ul
Reverse Transcriptase (50U/pl)L.0ul

2. Preparereaction mix(1) for each sample i20O0pl eppendorfeubes

Place the eppendorfs in the thermatler and run program as follows

Step 15 minutes a70°C  Removes secondary structure of RNA and primers
Step 2: 2 min atC.

4. Preparereaction mix(2) for each sample inew200ul eppendorfgdubes
Transfer denatured RNA/primer reactionxn{l) to reaction mix(2). Final
volume 20 pl.

6. Place the eppendorfs in the thermal cycler and run program as follows:

Step 1.5 minutes at 25°C Annealing of primer tdargetRNA sequence
Step 2:60minutes at 2°C Reverse transcription

Step 3:15minutes aZ0°C Inactivation of Reverse transcritption.

7. Removeeppendorfdrom instrument and store &0°C until further analysis.
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G. Real Time PCR;

7.

10.

11.

12

Preparan(3n+2)reaction mixturdor each gene of interest (m) pesamplesas
follows: (for example, if there are4 samples and 2 genes o
interest(housekeeping gene (GAPDH) and test gene (eNE) reaction
mixture needed2(3x4 +2) =28 x, which is = 288 pl= 224 pl
1x

FastSYBR Green 5ul

RNasefree water 1l

3uM forward primer  1pl

3uM forward primer  1pl

Add 8 pl of reaction mixture to each well of a-9&ll optical plate.
Add 2 pl cDNA to wells intriplicates. Run 1no template contioreplacing

cDNA template witmucleasdree-waterfor each gene adnalysed

f

Cover platewith optical filmand centrifuge very briefly teemove bubbles from

bottom of wells.
Run onStepOneReal Time PCR System with the following settings:

Step 1: 20 secondat 95°C
Step2 40 cycles of3 s at95°Cfollowed by 30 s at 60°C
Step 315s at 95°Ciollowed by & s at 60°Ghen 15s at 95°C

Results argresented a€T (threshold cycleyaluesand indicate the cycle at

which the fluorescence from the amplified cDNA is registered above a fixed

background fluorescence.

Calculations are carried out to determirgative quantification of mMRNA

expression of the genes of interest normalized to hilvesekeepingcontrol

Quantityof mRNA in target (treated samplis)expressed relative tocalibrator

(typicalya t he A no t r) anathenamoandof RN metative toeth

calibrator is calculated as®*“wher e @®pCT is the

(target) - CT (control) of sample and CT (target)CT (control) of calibrator.
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H. Scanning electron microscopy (SEMYor collagen scaffolds

1. Rinse cellseeded scaffoldg@nstructy with 0.1M phosphate buffer, pH 7.2.

Fix constructswith 2.5% glutaraldehyde for2 hours at room temperature.
Removeconstructgrom fixing solution ad rinse with phosphate buffer.

Dehydrateconstructsn 50% ethanol solution for 5 minutes at 4°C.

oA W N

Remove ethanol and replace with fresh ethanol, and dehydrate for a further 5
minutes at 4°C.

Remove previous solution and repeat stapddSusing 75% ethanol.

Remove previous solution and repeat gtapd Susing 80% ethanol.

Remove previous solution and repeat gkapd Qusing 90% ethanol.

© © N o

Remove previous solution and repeat gtapd 5using 100% ethanol.

10. Remove solution anddd hexamethyldilazane (HMDS) for 30 minutes (use
glassware!)

11. Allow constructgo airdry in fume hood.

12. Placeconstructson carbon pads and attach to SEM stubs.

13. Gold coatconstructaand view under SEM.

I. Carboxyl quantum dot conjugationto molecular beacons
1 Dissolve 1 mg EDC in175 pl nuclease free H26e only fresiEDC solutions
2 Transfer 2ul (100 pmol) of 50 uM Qdots irdmall glass vial.
3 Add 10ul (300nmol) of 30 mM EDC to Qdots solution. Mix by shaking.
4. Incubate atoom temperature for 5 min
5 Add 360 ul PBS. Mix by shaking.
6 Add 20 ul 2 nmol) of 100 uM MB to ED@Qdots solution. Mix by shaking
7 Wrap in foil and incubate for 2h at room temperarure to react, on a shaker with
gentle shaking.
TransferQdotMB solution to a Amicon centrifugal filter
9. Centrifuge at 70009 for 1&in
10. Resuspend retenate with 400 ul PBS (discard flow through).
11. Repeat step 7 and 8 twice
12. Resuspend the final retenate2d0 ul PBS
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APPENDIX 1V: PUBLICATIONS & CONFERENCE PROCEEDINGS
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Journal publications
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Living Cells in a 3D in vitro Model using TApeptide Linked Matcular
BeaconsLab Chipg 2011,11, 39083914

Submitted articles

1. J. Alexander, G. Bao, A.Pandit, Y. Rochev. Mnitoring genetranscriptionin

3D in vitro models.Submitted tolissue engineeringseptembe012.

2. J. Alexander,Browne S, A. Pandit, Y. RocheBualgene therapy model fdor
cardiactissue engineeringapplications: spatiotemporal evaluation of efficacy

using molecular beaconSubmitted toTissue engineeringctober 2012.

Conference proceedings

1. Alexander J, Pandit A, Bao G, RochevY. Molecular beacon fortissue
engineering application Podium presentation &AiEERMIS meetingGalway,
Ireland, 13th 17th June 2010

2. Alexander J, Fitzgerald K, Pandit A, BaoG, Gallagher W, Rochev Y
Monitoring gene expression in microfluidics system using molecular beacons.
Podium presentation 24#uropean Conference on Biomaterials, Dublin Ireland,
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145



Lab on a Chip

Cite this: Lab Chip, 2011, 11, 3908

www.rsc.org/loc

View Online /Joumal Homepage / Table of Contents for this issu

Dynamic Article Links )

METHOD

Monitoring mRNA in living cells in a 3D in vitre model using TAT-peptide

linked molecular beacons
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There is a growing need for the development of in vifre 3D cell culture models for assessing newer
therapeutics for clinical applications and mechanisms of human pathology. Molecular beacons have
been successfully delivered in two-dimensional (2D) systems to momtor, detect, and localize specific
mRNA expression in living cells at the single cell level, However, to date the use of molecular beacons in
three-dimensional (3D) systems has not been reported. To translate this technology into specific clinical
targeted applications, it is critical to develop and demonsirate efficacy in a 3D system. For the first time
the use of TAT-peptide conjugated molecular beacons to monitor mRNA in a 3D in virre system has

been reported.

Introduction

Traditionally the two-dimensional (2D) cell culture system have
led to many significant findings in cell and molecular biology,
however these systems cannot fully capture the complex and
dynamic three dimensional (3D) environment of most living
cells.™* Three dimensional cell culture systems have been shown
1o better mimic gene expression and other biological processes
observed in living organisms,’ thus bridging the gap between 2D
cellular assays and animal models of disease.*® The goal there-
fore of 3D systems is for translation to clinic. Thus, there is
a growing need for the development of in vitro 3D cell culture
models for assessing newer therapeutics for clinical applications,
and mechanisms of human pathology.”

RNAs have many important functions in living cells from
physically conveying and interpreting genetic information,
providing structural support for molecular machines, catalyzing
chemical reactions, 10 regulation of gene expression.® These
functions are controlled through the expression levels and the
spatiotemporal distribution of the specific RNA in the cell.
However, RNA detection in cells is routinely performed by
methods such as reverse transcription-polymerase chain reaction
{(RT-PCR) and Auorescence in situ hybridization (FISH). RT-
PCR. relatively quantifies gene expression of a cell population
from extraction of purified RNA obtained from cell lysates.
However, cell Ivsates give no insight into the spatial and temporal
distribution of RNA within the single cell.” Furthermore, RMA

“Network of Excellence for Functional Blomareriols ( NFB), Natiowal
Universiey of Trefand, Galway, Treland. E-mail: yary rochevidnuigalvay.
fe; Fax: +353-9049-4596; Tel: +353-9149-2806

FDepartment af Blomedical Engineering. Georgia Institre of Technelogy
amd Emery University, Atlanta, Georgia, 30332, USA

“National Centre for Bioedical Engineering Science, National University
of freland, Galway, freland

purification, cDNA synthesis, and other processing techniques
performed before PCR analysis can result in loss of RNA tran-
seript.'™" FISH requires fixation of cells. Recent advances in
FISH allow for the visualization of gene expression at the single
molecule level.'"* However, this technique provides very limited
temporal resolution of RMNA expression.®

Molecular beacons (MB) technology'® uses dual-labelled
single-stranded antisense oligonucleotide probes that fluoresce
on hybridization with target nucleic acids. The probes are “stem-
looped-shaped designed with the complementary sequence lor
the target nucleic acid of interest on the loop while the fuo-
rophore and quencher are held in close proximity by the
complementary nature of the 3 and 3"-ends of the stem. The stem
undergoes conformational change on  hybridization  with
complementary target nucleic acids.

The major advantage 10 MB lies in the ability 10 monitor,
detect and localize specific mRNA expression in live cells that
can be visualized in real-time."”” These probes show high speci-
ficity for their targets and have been used to visualize the local-
ization," distribution and transport.” and to monitor specific
mRMNA expression levels™ at the single cell level in living cells
in two- dimensional {212} monolayer cell culture.

To accurately detect intracellular RNA molecules, efficient
delivery of molecular beacons is eritical. There are several tech-
niques used for the intracellular delivery of molecular beacons.™
TAT peptides have a distinct advantage that these peptides can
deliver biomolecules® into cells with a relatively quick targeted
delivery®® mechanism with nearly 100% efficiency.® Also, the
TAT-mediated self-delivery of biomolecules is ideal for an in
vitra 3D cell culture system as other methods, such as electro-
poration, cell membrane permeabilization, and microinjection
are mol practical,

Probes with DNA backbone are prone to degradation by
nucleases,*® and their target RNA are susceptible to degradation

3908 | Lab Chip, 2011, 11, 3908-3914
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by RNMNase H.* unlike probes with 2-0-methyl backbone
Also, phosphorothicate backbone,™ and lock-nucleic acids
{LNA)Y MBs are nuclease resistant. However, backbone chem-
istry modifications alter the thermodynamics of probe hybrid-
ization and should be assessed carefully.”

In this work, molecular beacons targeting glyceraldehyde-3
phosphate dehydrogenase (GAPDH) mRNA is used. GAPDH is
a highly expressed multifunctional cell protein mvolved in
various biological processes such as DNA repair and replication,
nuclear RNA transport, translational regulation, microtubule
bundling and apoptosis.” GAPDH is widely used as a house-
keeping gene for gene analysis in PCR and microarray. To down
regulate and thus monitor changes in GAPDH mRNA expres-
sion, small interfering RNAs (siRNAs), double-stranded nucleic
acid molecules capable of silencing gene expression™ were used.
Effectively, siRMAs target sequence specific cytoplasmic
mRNAs and initiate their degradation by RNA interference
{RMAI).

The purpose of this study was to demonstrate that molecular
beacons can monitor change in gene expression in live cells in
a 3D scalTolding system. The specific objectives were to detect
and monitor changes in GAPDH mRNA levels in 3D type |
collagen scaffold and assess the relationship between RT-PCR
and MB detection,

Materials and methods
Cells and culture conditions

Human foetal foreskin fibroblasts (HFFF2) and HeLa cells were
used in this study. HFFF2 were purchased from European
collection of cell culture (Salisbury, UK). The cells were cultured
in Dulbecco’s medified Eagle medium (DMEM: Sigma) sup-
plemented with 10% foetal bovine serum (FBS: Sigma), con-
taining 100 Ufml of penicillin, 100 pg ml~' streptomycin. The
fibroblasts used in this study were between passages 22-26.

Preparation of type 1 collagen

Collagen type 1 was extracted in the laboratory from bovine
tendons using an acetic acid extraction method previously
described elsewhere.® The concentration and purity of the
collagen was determined using Sircol™ soluble collagen assay
and sodium dodecyl sulphate-polyacrylamide scaffold electro-
phoresis (SDS-PAGE), respectively. A 5 mg ml ' concentration
was prepared using 0.5M acetic acid,

Preparation of type 1 collagen scaffolds

To prepare 1 mg ml' three-dimensional collagen type I scal-
folds, 3 mg ml ' collagen was diluted on ice with DMEM and the
pH adjusted to 7 with 1N NaOH. A 30-30 pl suspension of
HFFF2 was incorporated into the neutralized collagen solution
to a final concentration of 1.0 x 10° HFFF2ml. Aliquots of the
resulting mixture were loaded into multi-well tissue culture plates
or 4=well chambered cover glass (NUNC), and incubated at
37 °C for 20 min for scaffold formation. The 3D scalTolds
produced were | mm in thickness and were attached to the wells.
The top of the scaffolds were covered with antibiotic-free growth
medium and cultured for 18 h before transfection.

Transfection of sSIRNA

Cells were harvested 18 h before transfection with 0.25% try psin/
EDTA, re-suspended in antibiotics-free growth medium and
seeded into collagen scaffolds (see above) or multi-well plates
and 4-well chambered cover glass for static monolayer. Trans-
fection of siRNA were performed using Lipofectamine™ 2000
(Invitrogen) according to the manufacturer’s instructions. Cells
were transfected with 40 to 100 nM Silencer® GAPDH siRNA
(Ambion) or 40 nM 1o 1 nM Silencer® Negative Control #1
siRNA (Ambion) and incubated for 24, 48, or 72 h before
analysis. GAPDH mRNA level was monitored by RT-PCR and
molecular beacon imaging,

RMNA extraction and RT-PCR

Static monolayver and 3D collagen scaffolds (960 ul) were
prepared in 6-well plates (Sarstedt) at a seeding density of 1.0 =
10° cells per well. Transfected cells were homogenized in 1ml of
Trireagent® (Ambion), the RNA layer extracted using 200 pl of
chloroform, and RNA precipitated with 70% ethanol. Total
RMNA was purified using the RNeasy® Mini kit (Qiagen) and on
column treated with DNase-1 (Qiagen). Total RNA was quan-
tified using a NanoDrop spectrophotometer (NanoDrop Tech-
nologies, DE, US). The quality of the total RNA was determined
using the Agilent bioanalyzer 2100 instrument and RNA Nano
Chip kit {Agilent) according 1o manufacturer’s instruction. All
RNA samples were of good quality with relative integrity
numbers (RIN) greater than 9.0. ¢cDNA was transcribed using
Improm-11"™ Reverse Transcriptase and random primers from
Promega (UK) and 500 ng of total RNA. The 20 pl sample
volumes were reverse-transcribed at 25 “C for § min, 42 °C for
60 min, and 70 °C for 15 min. All samples were stored at —=20°C
for future use. cDNA was diluted and 1ul of template was reacted
with 1 pl each of 3pM GAPDH primers (sense primer:
SAOGTCA-GCCGCATCTTCTTTTGC-3; and antisense primer:
5'- GCGCCCAATA-CGACCAAATC-3"), 2 pl water and 5 pl
Fast SYBR® Green PCR mix (Invitrogen). Human 185 rRNA
was used as the normalizing gene (sense primer: 5-GACT
CAACACGGGAAACCTCAC-Y; and antisense primer: 5'-
TAAGAACGGCCATGCACCAC-Y). Each experiment was
performed in triplicate. PCR was performed using StepOne Plus
Real Time PCR System (Applied Biosystems) under the
following conditions: activation at 93 °C for 20s; followed by 40
cycles at 95 °C for 35, 60 °C for 30s, and dissociation at 95 °C for
15 s, 60 °C for 60s, and 95 °C for 13s,

Molecular beacon design and synthesis

Modified molecular beacons designed in previous studies™ with
2'-deoxy DNA chemistries were synthesized by Eurofins MWG
Operon (AL, USA and Ebersberg, Germany). The GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) MBs, as well as
a “random”sequence MB (serves as negative control) possessed
Cy3 fluorophore at the 5-end and Black Hole Quencher 2
(BHQ2) at the ¥-end. The 3rd base from the 3 end of the
quencher arm of the MB was modified with a nucleotide dT-
amine group linked through a 6-carbon spacer.*® The beacon
design  for  targeting GAPDH  is  5-Cy3-CGACG
GAGTCCTTCCACGATACCACG AmChH-d T CG-BHQ2-3

This journal is © The Royal Society of Chemistry 2011
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and that for the random beacon is 5'-Cy3-CGACGCGACA-
AGCGCACCGATACG] AmCo-dT JCG-BHQ2-3'. The bases
that bind to create the stem regions of the molecular beacons are
in italic.

MB conjugation with TAT-peptide

The MB were conjugated following a protocol previously
described.* Briefly, 200 pM of sulfo-succinimidyl-4-(N-mal-
eimidomethyl) cyclohexane-1-carboxylate (Sulfe-SMCC, Pierce
Biotechnology), a heterobifunctional crosslinker, was reacted for
3 h with dT-amine group of the MB (10 pM) to create maleimide
activated MBs. Excess Sulfo-SMCC was removed from the
reaction using Amicon® Ultra-0.5 ml centrifugal filter devices
(10k MW cutod; Millipore). The maleimide-activated MBs were
reacted overmight at 4 °C with 20 pM cysteme-modified TAT
peptide (Cys-TAT (47-37), Anaspec, Ing). The cysteine modifi-
cation at the C termuinus allowed for direct hnkage with the
maleimide activated MB. Unreacted TAT peptide/MBs were
removed from the reaction using Amicon® Ulira-0.5 ml
centrifugal filter devices.

Solution MB: target hybridization assay

To determine whether the function of the molecular beacon was
altered during peptide conjugation, hybridization assays in
solution were performed as previously described.®® Briefly,
200 nM modified and peptide-linked molecular beacons were
each reacted with 1x PBS buffer or 1 pM of complementary
DNA (cDNA) target and incubated at 37 °C for 30 min. The
fluorescence intensity was measured using the Safire Auorescence
microplate reader (Tecan, Zurich, Switzerland) with excitation
wavelength at 525 nm and emission fluorescence signal scanning
from 563 1o 680 nm wavelength.

Cellular delivery of peptide-linked molecular beacons

Static monolayer and 3D collagen scaffolds were prepared in
4-well chambered cover-glass at a seeding density of 20,000 cells
per well. At 48h post transfection, medium was replaced with
150 pl of fresh antibiotic-free medium containing peptide-linked
MB at 400 nM final concentration. Cells in monolayer or 3D
scalfolds were re-<incubated at 37 “C/5% COs for 30 min or | h,
respectively, in the dark to complete MB delivery. Incubation
medium was removed and cells or scaffolds were rinsed twice
with Ix PBS. Fresh antibiotic-free medium was added and
confocal imaging was performed immediately.

3D-image reconstruction

Imaging was performed using the Zeiss Axiovert LSM-510
confocal microscope equipped with 40x C-Apochromat/1.2 W
corr objectives (£eiss). Beacons were visualized with HeMe laser
at excitation of 543 nm with signal detection at band-pass filter
from 565-615 nm for Cy3. Images were 512 = 512 pixels and
aequired with the optical pin hole set at 2.76 Airy units for single
plane images and 2.05 Airy units for the Z-stack. The Z-stack
image was acquired from 3D collagen scaffold using 1.0 pm
optical sections. The Z-stack image was reconstructed to a 3D

mmage for visualization using the ZEN 2009 Light Edition soft-
ware (Zeiss).

Quantification of imaging data

Mean fluorescence intensity (MF1) for each cell was quantified
using Volocity software (Perkin Elmer). Measurements were
performed in the single plane for cells in 2D culture and in
extended focus view for cells in the 3D scaffold. The extended
focus is selected from the image view option of the Volocity
software and creates a single image from the brightest-point
merge of all the slices in the z-stack. No Z stack images were
acquired in 2D. The Z-stack images acquired in 3D scafTold were
reduced 1o z-stacks containing each individual cell before anal-
ysis. To caleulate MFI, the outer membrane of the cell was traced
using the lasso tool and the selected region measured. This
method was performed for negative control and siRNA knock-
down cells, The MFI of the background pixel from a section of
the field of view not containing any cells was used for back-
ground subtraction,

DNA content

The amount of DNA was assessed to determine the cell number
post-transfection. The DNA content was determined using the
Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen) assay
following manufacturer’s protocol. Briefly, 200 pl volume
collagen scaffolds were prepared in 24-well plates. For static
monolayer, 10,000 cells/well were seeded into 48 well plates
(NUNC). Both systems were nnsed twice with Hanks balanced
salts solution (HBSS: Sigma) 48h post siRMNA transfection.
Scaffolds were dissolved in 50 pl of 1 mg ml~' collagenase in
DMEM medium®” for 30 min at 37°C. A 150 or 200 pl volume of
double distilled water was added 1o each test well containing cells
or scafTolds respectively, followed by three freeze-thaw cycles at
—80 °C and room temperature to release cellular DNA. The
DNA content was determined using the PicoGreen® assay
following manufacturer’s protocol. Fluorescence reading was
performed using the Wallac Victor3™ 1420 multilabel counter
{Perkin Elmer) at 485 nm excitation and 535 nm emission.

Results and discussion

Molecular beacons have been successfully delivered in two-
dimensional (2D) systems to monitor, detect, and localize specific
mRNA expression in living cells at the single cell level. However,
to date the use of molecular beacons in three-dimensional (3D
systems has not been reported. To translate this technology into
specific clinical targeted applications, it is critical to develop and
demonstrate efficacy in a 3D system. To demonstrate that
conjugation of the modified MB with TAT peptide did not
impair beacon function, hybridization assays were carried out in
solution in the presence and absence of excess DNA target. The
fluorescence intensily scanning the Cy3 emission wavelength (563
to 680 nm) was measured. The in-solution MB: target hybnd-
ization assay (red and black curves) for both beacons show
a similar emission spectrum, as seen in Fig. 1. This demonstrates
that the functionality of the MB was not affected by conjugation.
Furthermore, there is high signal to background ratio on
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Fig. 1 Emission fluorescence spectrum for 200 nM modified MB and
TAT-peptide-linked MB in the presence and absence of 1 uM DNA
target.

hybridization of peptide-linked MB, as demonstrated by the
10-fold increase in fAuorescence intensity at 370 nm,

To demonstrate self-delivery and specificity of TAT peptide-
linked MB targeting GAPDH mRNA, HeLa cells were first
transfected as these cells are casy lo transfect and proliferate
rapidly in culture. Monolayer HeLa cells were transfected for
24h with 40 nM GAPDH siRNA which degrades cytoplasmic
GAPDH mRNA, or 40 nM negative control siRNA which has
no mammalian target sequence and thus served as a baseline for
which down-regulation of GAPDH mRNA can be assessed.
After 30 min incubation with TAT-peptide-linked MB, fluores-
cence signal was mainly localized close to one side of the nucleus
{image not shown). Not surprisingly, this signal was significantly
lower in cells treated with GAPDH siRNA. Imaging acquisition
was completed 1-2 h after MB delivery and the random MB
showed neghgible background signal (images not shown).

To validate these results with a routinely used technique for
mRMNA quantification of cell lysates, RT-PCR was performed
using 24 h post transfected Hela cells. The RT-PCR data shown
in Table 1 confirm GAPDH mRNA knockdown seen in MB
imaging data.

GAPDH mRNA expression was monitored in transfected
HFFF2 cells in 2D and in 3D cultures. To determine the optimal
concentration of siRMNA and transfection reagent required to
achieve knockdown of GAPDH mRNA in HFFF2, transfection
using 40 nM and 100 nM siRNA was performed using GAPDH
siRNA or negative control siRNA at a single concentration of
Lipofectamine™2000 for 24, 48, or 72 h. An untreated control

Table 1 RT-PCR detection of GAPDH mRNA levels remaining in
sSIRNA transfected HeLa cells”

Relative %
Treatment GAPDH mRNA
40 nM negative control siRNA 1040

40 nM GAPDH siRNA Ex2

“ + Standard error of the mean,

»
o

wControd sifHA
S GAPDH siftNA

EControl siRMA
0 = QAFDH wiRNA

Transfection in Post
o transfection
seeded into 30

g

Relative GAPDH mRNA level (%)
= 8 &5 B8 B E
Relative GAPDH mRMA level (%)
e 8 & 8 8 8

s
=-
g

Fig.2 GAPDH mRNA levels in sRNA knockdown HFFF2 cells in 2D
culture systems (A) and 3D collagen scaffold (B). Cells were transfecied
with 100 nM negative control or GAPDH siRNA. (A); At the varnous
post transfection tme points (48 or 72 h) cell lysates were extracted and
analyzed for GAPDH mRNA levels using RT-PCR. (B}, Cells were
cither transfected directly in 3D scalfold for 48 h, or cells were transfected
for 24 hin 2D then seeded into 3D scaffolds for another 24 h before
analysis. The percentages of GAPDH mRMNA expression relative to the
control + standard error of the mean are shown (n = 3 For each).

without siRNA was included in each assay to assess non-trans-
fection related phenomena. At the appropriate post-transfection
time, the purnfied cell lysates were analyzed for GAPDH mRNA
expression using RT-PCR. Cells transfected with 40 nM
GAPDH siRNA for 24 or 48 h showed around 25% and 40%,
knockdown, respectively, in GAPDH mRNA levels (data not
shown). From RT-PCR data analysis, 48 h post-transfection
with 100 nM GAPDH siRNA (Fig. 2A) was chosen as the
optimal transfection condition as 80% GAPDH mRNA knock-
down was seen in HFFF2 cells. These conditions were used for
further analysis with 3D collagen scaffolds.

Two methods were used to transfect HFFF2 cells in 3D. First,
HFFF2 were embedded into scaffolds and then transfected in
this 3D construct. RT-PCR data analysis showed about 35%
GAPDH mRNA knockdown at 48 h post transfection with
100 nM GAPDH siRNA (Fig. 2B). This is significantly less than
what is seen in 48 h transfection in 2D (Fig. 2A). To demonstrate
that this decrease in transfection efficiency is due to the imefficient
delivery of siRNA molecules through the tight matrix of the
collagen scaffold, a second transfection method was investigated.
siIRNA transfection is transient and may last up to 7 days
depending on the cell proliferation rate; HFFF2 proliferates
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Fig. 3 DNA content of HFFF2 cells after 48h transfection. (A) 2D
culture system and (B) 3D collagen scafTolds. (n = 3 for each).
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Fig. 4 GAPDH mRNA expression in post-transfected HFFF2 cells in 2D cell culture system using 400 nM GAPDH specific TAT peptide-linked
molecular beacons. Cells were transfected with 100 nM negative control or GAPDH siRNA for 48h. (A) The beacons signals distributed throughout the
cytoplasm, but excluded the nucleus. The Cy3 signal is seen for each cell. (B) Mean fluorescence intensity =+ standard deviation of control cells (n = 33)

versus GAPDH knockdown (n = 28) cells, p < 0.05.

slowly hence the cellular monolayer was transfected for 24 h,
followed by incorporation of the transfected cells into collagen
scaffolds for another 24 h before performing RT-PCR. This
second method resulted in about 80% GAPDH mRNA knock-
down (Fig. 2B), which is similar to transfection in 2D.

HFFF2 cells were transfected for 48 h using 2 pg ml™' of
Lipofectamine™2000 to deliver 100 nM of siRNA. To ensure
that the transfection conditions maintained an acceptable level of
cell viability, the DNA content of HFFF2 in 2D and 3D was
analyzed using the PicoGreen® assay, as an indicator of cell
number post transfection. The DNA content from transfected
cells was compared to untreated control after 48 h. Transfection

GAPDH MB
Control siRNA

GAPDH siRNA

20 ym

with GAPDH siRNA reduces GAPDH mRNA and protein
levels, producing slow growth rates and reduced proliferation in
most cell types. Although this was more evident in 2D cultures
(Fig. 3A), than in 3D (Fig. 3B), there was no significant differ-
ence between cell numbers in transfected and untreated cells in
2D or 3D, using one way ANOVA data analysis.

To evaluate these results from RT-PCR, we delivered 400 nM
GAPDH specific TAT-peptide linked MB to HFFF2 cells in 2D
and 3D. A random TAT-peptide linked MB with no known
mammalian target sequence was included as the negative control
beacon. At 48 h post transfection, HFF2 cells were incubated for
30 min with 400 nM peptide-linked ‘random’ MB or 400 nM

Random MB
Control siRNA

Fig.5 Detection of GAPDH mRNA in 3D collagen scaffolds using 400 nM TAT peptide-linked molecular beacons. Single plane images showing Cy3
signal for control and GAPDH knockdown cells and corresponding bright field image overlap.
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