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Abstract

Full thickness osteochondral defects cannot naturally heal if critically sized due to the acellular,
avascular, and aneural tissue struaarof articular cartilage and subchondral bone. Despite a
range of autograft and allograft implantations available to medical professionals to replace
damaged tissuemanyrely on the availability of donor tissue amdn the case of allografts
require deceullarisation prior to implantatiorAs an alternative to using donor tissue, gene
activated matrices (GAMs) are synthetic, acellular scaffolds that combine mimicry of the native
extracellular matrix (ECM) of the osteochondrala a multilayered or gadient structure- with
embedded genetic payloads to help spatially control stem cell differentiation and ECM
depositionin-vivo.

Qur group hasrecently improved upon an existing method to synthesise particles carrying
genetic payloads withinthe nanocdnfy A y 3 YI GNRE 2F | 3+ Nr&aS 3Stao
aeyikKSara @Al I 3l NRAGE), dliBds m&ificd Gganid pak SppiBatisité Q ¢
synthesise calcium phosphate (CaP) particles in small layers < 2mm thick. In the literature, PS
AGHEhas previously been utilised to encapsulate proteins withinl@géts buthas not yet been

exploited for GAM fabrication due to the ndsiomimetic geometry of CaP layers and overall gel

that are inherently noruniform in PSAGE. Furthermore, agarose lacany cell attachment

motifs that are necessary for use as an osteochondral GAM material. The useAGEPHr
osteochondral GAM fabrication is also hampered by a lack of exploration in the relationship
between CaP particle size and biomolecular load{agsh as pDNA) or even basic experimental
parameters (such as salt and gel concentration, or voltage). Despite these shortcomings in the
literature, it is theorised that with several modifications PSAGE could be used to fabricate

GAM s suitable for aritically-sized preclinical osteochondral model.



The research in this work first investigates the functionalisation of agarose gels with
polydopamine to establish cell attachment motifs across the gel surface. Particle
characterisation of cryogel grougsund that separate additions of pDNA loadings and a
polydopamine coating reduced the primary modal diameter of CaP particles compared to
control groups. Further, the combination of a pDNA loading and a polydopamine coating were
symbiotic in their reductin of primary modal diameters, which was theorised to result from
multimodal nucleation pathways of pDN2aP particles. However, no conclusive indication of
enhanced cell attachmeng or transfectiong were provided by cytotoxicity and transfection
assaysespectively.

'y WARSHEQ &4d2oaSi 2F SELSNAYSyiltf O2yRAGAZY S
influence of individual experimental parameters (salt concentration and type, agarose
concentration and type, temperature, and applied potentiah) particle diameters. These ideal
conditions were utilised in a modified P&E method termed: particle synthesiacylindrical

agarose gel electrophoresis (EB.GE), with the aim of synthesising pDNA/CaP and piadéad
magnesium phosphate (pDXNMgP) p NIi A Of S& A GK RAFYSGSNE X wmn
fabrication of PDAoated, cylindrical monolayer GAMsacapsulatingylindrically shaped and

uniform pDNA/CaP or pDNA/MgP layers. In the case of pDNA/CaP GAMs, particle layers were
greater than 2 mnin thickness andeflected the overalgeometry required for a osteogenic

layer in acritically-sized osteochondral defect rabbit model.

GAMs incubated with C2C12 cells showed evidence of transfeictioitro via fluorescence
microscopy due to green ftuescent protein (GFP) production. However, the high agarose
concentration of GAM groups required to reduce particle diameters is thought to have
significantly inhibited cellular infiltration and hence limit cell exposure to pDNA/CaP and
pDNA/MgP partiles. The use of dynamic cell seeding, @osedto static, is expected to
improve cellular infiltration into these cryogels and potentially enhance luciferase enzyme
escape from the cryogel into the surrounding cell media, thus improving transfectiay ass
sensitivity.

Overall, he PSCAGE system was able to synthesise ~100 nm diameter pDNA/CaP particles as a
macroscopically thick mineralised layer embedded within a-Baated cryogel. With further
optimisation of the PEAGE system to producelbyers ¢ genetic payloads, and with further
development ofin-vitro testing, there is great potential for the FISAGE to produce complete
multi-layered or gradientosteochondral GAMsOne could also pursue the synthesis of
pDNA/MgP patrticles as osteogenic layiétayer thickness could be significantly incredse
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1 [ AGSNY 0 dzNE wSOASS

1.1 Gene Therapy

In gene therapy, therapeutic genes are encoded dreoxyribonucleic acidNA or ribonucleic

acid RNA molecules for delivery to the cell nucleus or ribosoraspectively. The DNA or RNA

is then read and instructs the cell to upregulate a particular protein depending on the encoded
gene. Viruses such as retroviruses, lentiviruses and adenoviruses are highly efficient in
transferring genetic data to cells andsisch are commonly used as viral vectors to deliver genes
to target cells(Lundstrom, 2018)However, concerns over viral vector safety have led to a

significant increase itine research ofon-viral gene deliverfRamamoorth and Narvekar, 2015)

1.1.1 Nonviral Gene Therapy

Nonviral genetherapy encompasses wide range of techniques divided into physical
OKSYAOIf YSiK2Ra® Ly LKeaAOlf YSiK2Rasz AyaSdc
syskemic or regional transfection is the simplest and safest way to deliver a genetic payload to
cells(Herweijer and Wolff, 2003, Adosari and Gao, 200%lowever, the unprotected payload

is subject to degradation bgyucleases and clearing by phagocy(sam et al. (2009)Thus,
unprotected payload can lead to poor transfection efficacyNaked DNA/RNA injection has
therefore been combined with electroporation and hydroporation techniques that temporarily
enhanceDStf YSYONIYS LISNX¥SIoAfAGET NBRdRNAgha (KS
consequently increasing transfection efficacy of naked genetic payl@adeura and Sakata,

2003, Newman and Bettinger, 2007)

Chemical methods primarily describe neinal vectors (nVVs); particles in the micron and-sub
micron range that encapsulate and condense nucleic acid payloads to enhance their
survivability, specificity and transfection efficaty and Huang, 2000Jhe use of cationic lipids

and polymers, or inorganic nanoparticles, can protect nucleic acids from nuclease degradation
and electrostatically shield them from the neegative charge of the cell membrane. This
facilitates cellular infiltration and transport of the nucleic acid to thecleus or ribosome via

the endocyticpathway. The transfection efficacy is of nVVs is generally lower than that of their

viral counterparts, given the evolutionary advantage of viruses. Howeavarany cases, nVVs
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have been shown to be less cytotoximmunotoxic, and can be manufactured at a lower cost
than viral vectors(lbraheem et al., 2014)For these reasons, nVVs have gained significant

interest in the field of gene therapy over the past two deca(flesdriguez et al., 2013)

DNAor RNA payloads have been conjugated with a wide variety of nVVs. This includes heavy
metallic, inorganic nanoparticles (NPs) such as gold(NEfsida et al., 2009nd silver NPs
(Sarkar et al., 2015pr use in ballistic (gergun) DNA techniques. Meanwhile, iroxide NPs

have been employed in magnetofection techniques where magnetic fieldsuaesl to
manipulate and concentrate NPs to a desired target locafidosaAcosta et al., 2020)n
contrast to inorganiaVVVs, oganic moleculédased nVVs primarily include liposongake and

Lee, 2012and polymeriqYang et al., 2012)pnjugations.

1.2 Calcium Phosphatearticlesas nVVs

1.2.1 Introduction

Calcium phosphate (Caparticles are part of the inorganic realm of nVVs and have been
researched extensively since their first use in the 14@aham et al., 1973Research has gone

on to produce DNAr RNA encapsulatetbr adsorbed CaP(DNA/RNACaPR particleswith a
range of sizes, morphologies, crystal structures and -sbedl architectures. Nowadays,
DNA/RNACaPparticle synthesis has become widely accessible via commercial kits such as
ProFectiot (Promega Corporation, WisconsithSA) and CalPHogTakara Bio Inc., Shiga,
Japan), amongst others, thatlow co-precipitation of DNAor RNA with CaRia preprepared

salt solutions Such commercial kits do not aim for specific physicochemical properties, but
rather aim to minimise s&zand agglomeration, whilst maximising nucleic acid encapsulation
and/or adsorptionHowever, several physicochemical properties of DNAARIdRparticlesare
known to influence their transfection efficacy, such as @duhaus et al., 20163hapgGratton

et al., 2008 andchemical compositio(Bose and Tarafder, 201Burther sincecrystal structure

Ay Tt dzSyO0Sa | sufhsetBaygeohdl chidiekp@dt BNMaor RNA adsorption to be
dependent on crystal structurelt should therefore becritical to consider these properties

during DNA/RNACaPparticle synthesis to maximise their transfection efficacy potential.
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1.2.2 Particle Sizand Morphology

It is widely accepted in literature reviews and studies that DNA/RIEPparticlesof diameters
X M a.g NA/RNAaP nanoparticles (DNA/RIMARPNPshave much greater transfection
efficacy than micreparticles(uP9 (diametersof 0.1¢ 100 um)(Welzel et al., 2004, Dorozhkin,
2010, Lin et al., 2014knhanced transfection efficacy with reducing CaP particle size arises for
several reasons, including stronger cell membrpaedicle interaction fo NPs than pP@an et
al., 2012) an inefficiencyof pPsto penetrate cell membrane¢Pedraza et al.,, 2008and
enhanced cell viability and proliferatiavoked byNPs(Cai et al., 2007)Smaller CaP particles
have even demonstrated greater osteogenic eff¢dtang et al., 2018%tronger cell membrane
particle interactions may arise primarily through increased chaigesity as particle size
reduces. Meanwhile, enhanced cell viability or reduced cytotoxicity ofNRd>compared to
CaPuPshas been suggested to arise from a reduced intracellul&t €@mcentration upon

dissolution(Masouleh et al., 2017)

Reducing particle sizgasa knockon effect on specific surface area and the total number of
nVVs.Specific surface area, which correlates to nucleic acid absorption capacity, increases
significantly with reducing particle sizhence solutions of smaller particles dheoretically

carry a greatemass ofnucleic acid payloader unit mass of particlesf we assume DNA/RNA
CaPNPs are spherical, an increase in surface area per unit mass as particle size reduces can be
explaired by examination of the relationship between the surface area of a spbeamd its

radius,i :

oy

Let us consider two separate, homogeneous, DNAARIARNP suspensions, with spherical
particles in suspension one measuring 50 nm amrditer, and spherical particles in suspension
two measuring 100 nm in diameter. UsiBguationl.l, it is calculated thasuspension one has

four times greater specific surface area than that of suspension two due to the relationship
between particle surfee and its squared radius. We can therefore expect a commensurable
increase in nucleic acid loading capacity, provided there is a linear relationship between nucleic
acid loading capacity and surface ar@hcourse, this theorised relationship will dinghiat very

small particle sizes where nucleic acids might struggle to adsorb strdrggyassumption also

relies on retention of crystallinity as particle size reduces, since nucleic acid adsarptions
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on positively charged surface planes. For exaniplboth suspensions had DNA/RISARNPSs
exhibiting fully crystallinéydroxyapatite HAp structures, nucleic acid adsorption would occur
preferentially on (001) and (0)@lanes(Del Valle et al., 2014Dne could also arguhat since

the ratio of adsorbed nucleic acids to surface ions increases as particle size reduces, greater
stability is achievedh-vitro. This wouldarise through theprotection of CamNP surfaces from

unwanted growth or premature dissolution in extrdicgar environments

As DNA/RNAaPNP size is reduced, the total number of nVVs also increases, provided overall
mass is maintained. This can be explained by comparing spherical particle volame radius,

1, inEquationl.2

From this,one can se¢hat suspension onwith 50 nm diameter particleBas eight times more
particles than in suspension tw@00 nm diameter particle$pr the same unit masgjiven the
cubicrelationshipbetween volume and radiusSimply reducing particle size by a factor of two

therefore increases the total number of nViissolutionby a factor ofeight.

An important consideration for studies investigagthe change in transfection efficaayith nVV

size is the sedimentation effect of larger particles in monolayer studies that can theoretically
produceartefactsin transfection efficacy data. A cell monolayer administered with a DNA/RNA
CaPNP suspension will see larger particles or agglatesrtravel to the cell monolayer quicker
GKFY &aYFftSNI LI NIGAOE Sad ¢KAA OFly 6S akKgy oe

of a sphere falling in a fluid:

13

Wherer is the mass density of thearticle (kgn¥), 1| is the mass density of the fluid (kgfin

"Qis gravitational field strength (1%}, and'Y is particle radius (m)Using this relationship, one

can see thaparticles from suspension one will take four times as long to reachmibreolayer

than particles from suspension twin practice, directladministering either suspension onto a
monolayer would mix cell media and particle suspension, immediately exposing cells to the nVVs
and averting the need to wait for sedimentation. Fwethnore, replenishment of cell media

and/or particle suspensionsy the use of dynamic cell culture, agitatparticles in suspension
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and hels to homogenise the number of particles in cell monolayers between experimental
groups. However, shoterm transkction studies that do not require cell media exchanges

should take caution in comparing data between experimental groups of differently sized nVVs.

Similarly to particle size, particle morphology contributes to the specific surface area of
DNA/RNACaPNPsand therefore impacts DNA/RNA loading efficiency, as well as cell viability
(PujariPalmer et al., 2017, Oberbek et al., 20&8) osteogenic effectéalia et al., 2014But
whilstseveraktudies have measured the response of cells to 8P of different morphologies,

an optimal shape has not been agreed upon in the literature. For examdpla et al. (2014)
concludedthatCaBt & 2F &ALIKSNAOFE Y2NLIK2f238&8 KR |
& K LIS R\®s, whilstWu et al. (2019 2 dzy’ R - § Pafifes &monstrated nearly
R2dzof S GKS OSft f shapkdpadtidles./Sich difrénced & bt yiathrityl bdhieen
sphericaneedle 2 NJ - NR BNPs aré prevalent in the literaturthe persistence of which

is assumed to bedue to inconsistencies in particle concentratioasd dissimilar crystal

structuresarising from variedsynthesis routes.

Another consideration is the range of specific surface areas and total number of nVVs provided
by the various morphologies of CaP particles. As previously mentioned, sphericalP€aP
provide afour-fold increase in specifisurface area aneightfold increase in total particle
number when particle diameter is halved. UsiBguations1.1 and 1.2, the surface area to
volume ratio for a spherical particle is calculated3s In contrast, hexagonal prismsa
common morpholog of HApNPs¢ exhibit a surface area to volume ratio ®6/r when base

edge and height are equal. This ratio increases as the ratio of base edge to height increases i.e.
as a plateletike morphology is approached and decreases as base edge to heighhcatiases

i.e. as a rodike morphology is approached.

Fromthese simple calculation®ne could say that plateldike morphologies offer far more
favourable surface area to volume ratios and therefore enhanced nucleic biwding as
compared to rodike and spherical morphologies. However, specific surface area is not so easily
correlated to nucleic binding capacity when considering the multghdamar surfaces of HAp

NPs Though the hexagonal prism approaches an infinite surface area to volumeasatis
height decreases, the ratio of a@plane to eplane surface area also decreases, hence the
nucleic acid binding capacit/reduceds a platelet shape is approachdthe popularity oHAp

NPs withrod-like hexagonal prism morphologies in the liadéure can therefore be attributed to

the vast majority of particle surface arbaing available for DNAr RNAadsorption.
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1.2.3 Crystal Structure

It is apparent in the literaturghat the impact of DNA/RN&aPNP crystal structure on
transfection efficacys less well studied than that of particle size and morphology. From one
perspective, this lack of a defined relationship between DNA/RBEPNPcrystal structure and
transfection efficacy could be due to complexities in obtaining suitable particle sarfgules
comparison. Synthesising particle samples with similar sizes and morphologies but with different
crystal structures is inherently difficult given the interrelation of these properties, where crystal
structure influences nucleation and growth rate (atiterefore particle size), as well as
morphology. Therefore, one cannot easily correlate crystal structure as the only

physicochemical property impacting transfection efficacy.

Nucleic acid binding capacity describes the maximum number of nucleic acidsahdie
adsorbed onto a nVV, where a larger binding capacity means a larger nucleic acid payload mass
per nVV. For surfaeadsorption, nucleic acid binding capadgyassumed to changeith particle
crystal structure due to differences in surface charjethe case of CaRPsof different
crystallinity, surface charge will vary due to differing" G&PQ*3 ratios and the organisation of
these ions in lattice planes. For example, HAp has the formuw@QxOH, an ionic ratio of
approximately 1.67, anldas a hexagonal crystal system. Like all CaP species\PBpaintain
electroneutrality and therefore have a neeutral charge, but their crystal structures develop
planes of noreero net charge. HANPsherefore boast surfaces with ionic constituentsrhed
predominantly of either Caor PQ* with net-positive or netnegative chargsrespectively that
are electrically shielded in solution by an electrical double layer (EDL).-plame of HAp is
negatively charged since there are more,;P@an C&"ions, and the a(bplane is positively
charged since there are more Tahan PQ* ions. Nucleic acids can therefore be readily
adsorbed onto the a(bplane of HAENPs(Bose and Tarafder, 201 2yhilstnucleic adsorption

on the negatively charged-plane requires intermediary surface functionalisation, such as with

arginine(Bakan et al., 2017)

The surface area of adp)anes of HAp particles can often greatly exceed that of tpéane

using specific synthesis parameteFor example, synthesising HAp in the presencergdnic
modifierssuch as fatty acidsan forcegrowth to occur at the plane, resulting in rodor needle

like morphologiesasshownby Lett et al. (2012)The combination of aigh C&* content, and

the potential for a large a(Blane to eplane surface area ratio, affords HAp particles with a
large nucleic acid binding capacity, which further explains why HAp particles are the most

popular CaP species in gene therapy reseéBetkan, 2018)
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CaP particle crystal structure, as with size, is closely linked to solubility and stability in
extracellular and intracellular environments. Faolutionbasedgene therapy, nvVVs must be
stable in extracellular environments. Specifically, nucleic acids must be protected against
nuclease degradation, particles must not agglomerate or grow beyosde where cellular
infiltration is no longer possibjeand particles must not dissolve extracellularly to prematurely
release the nucleic acid payloadaVVs must also have a suitable intracellular
degradation/dissolution profile within the endosome to graamdosomal escape of the nucleic
acid cargo and subsequent delivery to the nucl@usibosomein the case of RNAThe crystal
structure of the CaP particle must therefore contribute to a balance between extracellular and

intracellular stability and solduility.

HAp particles areknown to dissolve in the acidic conditions of the endosome (pH;465)
(Zhang and Ryan (19989)t are also prone to unwanted growth in extracellular solution due to
the extremely low enthalpy of formation argblubility of HAp (pKsp = 58.Mcdowell et al.,

1977) Theoretically, this is exacerbated the availability of Ca and HPQ*2 ions in bodily
fluids. HAp particles are therefore often prepared as mshielled nvVVéBakan, 2018with one

or more shells of nucleic acids or biopolymers, one or more shells of HAp, and an outermost
shell of nucleic acid or biopolymer. The nucleic acid or biopolymer outermost shell helps to
prevent the accumulation of ions frosolution thatwould lead to unwanted growth, whilst HAp
shells act as both adsorption or loading sifes nucleic acids and protect inner nucleic acid

shells from nuclease degradation.

Other CaP species such aorphous CaPACRH (formula of CgH,(PQ)..nH0), dicalcium
phosphate (DCPjformula of CaHPA) are eachless stablahan HApwith regards tasolubility

due to their lower pKsp valueChow and Eanes, 2000nly octacalcium phosphate (OCP)
(formula of CeHx(PQ)s.5H0) has a pKsp greater than that of HAp, thig phase is metastable

and hydrolyses to more stable CaP phasHse pgularity of HApNPs in solutiofbased gene
therapy is therefore also a consequence of the excellent resistance to dissolution in extracellular
environments but ability to dissolve intracellularly. Howeviersometimes the case that less
stable CaP phaseme sought in nossolutionbased gene therapy, as is the case for surface
mediated transfection where dissolution or transformation processes are required to release

nucleic acid payload®yane et al., 2012)
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1.3  Synthesis oDNA/RNACaPNPs

Commercial CaP transfection kits are useful in rapidly synthesising DNA/&RMPs with the

dza SNDa OK2aSy 5b!kwb! > gAlK2dzi GKS ySSR F2NJ
often usethe two-step coprecipitation method, wherby a chosen DR/RNA is mixed with a

CaGCl solution, then a KlPQ*3-containing salt is mixed into the Ca@ucleic acid solution. The
intention here is to adsorb Gaions onto the phosphate backbone of the DNA/RNA, with the
resulting complexes acting as nucleation trea for CaPDepending on the ratio between salt

and DNA/RNA concentration, DNA/RNAs could also be adsorbed onto CaP surfaces either during
or postgrowth, resulting in a heterogeneous population of DNA/RDB&ERNPs with different

shell architectures. Foexample, a high ratio of DNA to salt will theoretically result in the
encapsulation and adsorption of DNA, whitswver ratios of DNA to salt ultimately reduce the
probability of adsorption on particle surfacédDNA molecules arpreferentiallyemployedas

nucleation centres.

Despite the simple preparation ddNA/RNACaPNPs transfection efficacies vary between
studies using commercial CaP transfection kits and can require optimisation for a specific cell
line (Gw et al., 2017) This is theorised to be due to the lack of consistency in experimental
conditions between users and studies, such as slight differences in pH, temperature and mixing
conditions, where mixing conditions refers to the rate of reactant ngixindifferent methods
(titration, magnetic stirring, pipetting). Furthermore, impurities in the salt solutions can act as
CaP nucleation centres, hence increasing the total number of nucleation centres and reducing
the encapsulation efficiency dbNA or RIA. The compound effect of variation in these
thermodynamic and kinetic conditionwill result in different nucleation and growth rates
between experiments, leading to the synthesis of Caditicles with different sizes,
morphologies, and stabilitin-vitro, therebyproducing a range dfansfection efficaes. As an
alternative to commercial kits, there is a wide range of synthesis routes that allow for greater
control over severaDNARNACaPNP physicochemical properti€SadatShojai et al., 2013)

andmanyutilise standard laboratory equipment and consumables

The precipitation method is closely related to the-m@cipitation approach employed by
commercial kits, but they are distinguished by the way in which DNA/RébAjiged to the CaP
particle. In the precipitation method, Ca¥Ps are synthesised in the absence of RNA/DNA to
form a suspension, to which a DNA/RNA solution is added to surface functionalise the particles
with DNA/RNA. This method has the advantagelofwahg the user to optimise CaP particle size
independently o DNA/RNA; especially useful when a DNA/RNA sample is in short supply
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experimental conditions would damage the DNA/RNA discussedarlier,the DNA/RNA shell
offers a stabilising effectybinhibiting further growth or agglomeration of particles butkes
DNA/RNAsusceptibleto nuclease degradatiom-vitro. Multi-shell DNA/RNAaPNPsnegate

this issue and areonstructed by simply adding alternating solutions of salts and DNA/RNA to
build up additional layersSokolova et al. (2006)tilised this approacho synthesised & Ay 3 f S
a4 KSa R 2 daok S8hd asl N KISBIAGaPNPs, with outer shells of DNA, CaP and DNA
respectively Sokolova et al. (2008pund all these CaRPs species had greater transfection
efficacytoward HeLa and human umbilical vein endothelial cells (HUW&EG)the standard
calciumcoprecipitation mehod, but lowertransfectionefficacy than Polyfect®; a commercially
available dendrimebased transfection agent/kitSimilarly,Kovtun et al. (2009jound triple-

shell DNACaP particles had greater transfection efficacy than QMR particles synthesised
using the ceprecipitation method and similar efficacy folyfect®when transfecting HUVEC

cells.

Besides precipitation and qarecipitation, there are a wide range of wehemical synthesis
approaches for DNA/RNBaPNPs that can either encapsulate nucleic acids, adsorb them onto
surfaces, or use a combination of both. If encapsulating nucleic aeatgjon parameters must

of course leave the nucleic acids intact and undamaged and must therefore be of suitable
temperature, pH, pressure, and limit shear stresses during mixing. The microemulsion approach
utilises water and oil phase separations thatrh micelles that act asanoscale reactors or
templates in which reactants are mixed under highly controlled nucleation and growth
conditions and rarely grow larger than the micelle itgelbpezQuintela et al., 2004)NPs are

also provided with good steric stabilisation following synthegshe microemulsion approach

due to the physical separation of neighbouring partic{®4alik et al., 2012)Cao et al. (2011)
utilised the microemulsion approach to synthesidagmidDNA(pDNA)}oadedCaPNPs (pDNA
CaPNPs) and successfully transfected SpraDagley rat bone marrow stem cells (BMSCs).
Transmission electron microscope (TEM) images ffGao et al.demonstrated their pDNA
CaPNPs were considerably smaller than those produced using a commercial kit, in addition to
having greater calllar uptake and transfection efficacyisht et al. (2005also synthesised
pDNACaPNPs via the microemulsion approach. Measuring betweern; 3 nm in some
samples, these particles were able to transfect HelLa cells with a transfectiaracgff
comparable to Polyfect®. Of course, the microemulsion approach can be used to simply fabricate
CaPNPs, which can then be extracted and mixed with nucleic acids for statoption-

rather than encapsulatioq of nucleic acids.
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Arguably the mostpopular route for CafNP synthesis, besides precipitation, is the
hydrothermal route. This route is popular for its highly controllable reaction paramegers
including temperatureand pressure profilesprecursor concentration and reaction tim#hus
allowing excellent governance of C&P size, morphology and crystal struct¢@huprunov et

al., 2020, Ebrahimi et al., 202 owever, the high temperatures and pressures involved prevent
the incorporation of DNA/RNAnto the reaction mixturesand therefore preventtheir
encapsulation,requiring postsynthesismixing to adsorb DNA/RNAs on@aPNP surfaces
Flamespray pyrolysis has also been used to synthesiseNPaHor use in tissue engineering or
drug/gene delivey applicationgAtaol et al., 2015, Tsikourkitoudi et al., 202Byt, similarly to
hydrothermal synthesis, the high synthesis temperature far exceeds the stability temperature
range of nucleic acids and as suchuiees postsynthesis surface functionalisation to load €aP

NPsurfacesnith DNA/RNA.

Electrochemical synthestescribedNP synthesis routethat usean electrical field to induce a
change in supersaturation via the transport of ioRsindamentally, thignvolves the use of an
electrode pair in an electrolyte solution, where an applied potential across the electrodes
induces the deposition of the desired speciestlom recipientelectrode, commonly referred to

as electrochemical deposition or electroplajilPA common example is the use of a copper anode
and substrate electrode that are submerged in Cu${@re, the copper on the surface of the
anodeis oxidised, releasing copper ions {¢into the electrolyte solution, whilst Glions are
reduced at thecathode wherea layer of coppeis depositedhat is equal to the rate of oxidation.
This results in a nettansfer of copper from the anode to cathode surfaces. By exchanging the
electrolyte and working electrode for other chemical species, one can syisthand deposit a
variety of different materials that include nanoscalénorganic speciesFor example,
WHanostructuredCaRwas deposited onto titanium disks iy et al. (2020using an aqueous
electrolyte of CENG;), and NHH:PQ. It should be noted that nanostructured CaP simply implies
-/ Ft &adz2NFIFOS gAGK ylry202L23aNFLKe airAyO0S GKS

with CaP, rather than individual particles.

To avoid soiling the working electroddaltin et al. (2019)used sonicationrmodified
electrochemical synthesis (sombectrochemical) Wwereby an aqueous electrolyte of Ca@©
NHi(H.PQ) and NaOH was used to deposit NP onto a substrate electrode. In this case,
Aa2yAOlFGA2Y | @2ARA GKS Wakhatitalygjedtidg GamNPsifrinStheg 2 NJ A
electrode surface into th electrolyte. Electrochemical synthesis of @& is uncommon in the

literature due to the soiling of the working electrode, hence most electrodeposition of CaP
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focuses on the electrophoretic deposition of @dPspost-synthesisonto implant materials to

enhance their bioactivityn-vivo (Wei et al., 2005, Geuli et al., 2016)

The solgel approach is a form of template synthesis, in which precurgogssolvents are first
YAESRE GKSYy LINROS&aaSR (2 T2N¥ | wazfQ 2F 02
mixture and hence phase separation occurs between the sol and gel. The gel can then be
processed via supercritical, thermal, or freezgidg to form an aerogel, xerogel, or cryogel
respectively Singh et al. (2014)tilised the solgel approach to synthesise GhRsed NPs that

were subsequently surface functionalised with alendronate for bone tissue engineering
applications. Meanwhild)ordelmann et al. (2014)p-precipitated CaP with poly(Dlactide-co-
glycolide acid) (PLGA) and eithieNA or small interfering RNA (siRNA), forming DNA/RNA

encapsulated CaP/PL&Ps that successfully infiltrated HelLa cells.

1.3.1 Crystallisation in Confinement

A particularly unique inorganteranch ofNP synthesis is crystallisation in confinement, where
confinement¢ according taMeldrum and O'Shaughnessy (202€gfers to an environment that
changes the kinetics or thermodynamics of crystallisation byrictimg the dimensions of a
system in one, two or three dimensionsediums demonstrating different pore volumes,
shapes and interconnectivities have been used for crystallisation in confinement, including
droplets (Reiner et al., 2023hydrogelgLiu et al., 2022andporous glas§Cantaert et al., 2013)
Microfluidic systemscanalsoutilise crystallisation in confinement giveaactant mixingakes
place in volumes below the microscakesdescribedin detail byMeldrum and O'Shaughnessy
(2020) crystallisationin the pores of these confining environments influence several crystal
properties, including size and morphologiurthermore, ncleation rateswithin confining
environments are theorised to bdrasticallylower than that ofbulk solutions due to a lack of
impurities required for heterogeneous nucleation, as well as the rapid depletion of ions and
supersaturation as crystallites grow within comparatively sized p@ed, as precipitates grow
within pores there isa rapid depletion ofions that subsequently reduces supersaturation.
Confining volumes, especially in the micend nanoscale, therefore have the capacity to
modulate nucleation and growth rate to influenaeystallite and precipitate size. One could
therefore use pore sizasa template material to modulate theize andcrystal structure of

particles.
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Cantaert et al. (2013pbricated a HWtube shaped doublaiffusion apparatugo demonstrate
the effects of confinement on the crystallisatiofh C& particles In their work, atrack-etched
membrane with pore diameters of 50 and 200 nvas usedo separate solutions of 4.5 mM
CaCland2.1 mM KHPQ solutions, each with 25 mM T#4Cl and adjusted to pH 7.4. Analysis
with TEMafter 3-to 6-hours of diffusion at 37c showed rodike CaPparticlesthat were either
partially or fully amorphouén structurewith diameters reflective of theiconfiningpore size.
These Cabarticlesgrew to micronsized polycrystalline rods afterday. Poresize anl shape

wastherefore shown to dictateparticle size and morphology respectively.

1.3.1.1 Hydrogels for Crystallisation in Confinement

Tracketched membranes offer great control over pore diameter and therefore particle size, but
their 2D top-down fabrication pevents the formation of an interconnected porous network
which would be particularly interesting fdrone tissue engineering applicationB1 contrast,
hydrogelsoffer a highly interconnected 3D porous matrix with tuneable pore sizes in the micro
and nanoscaleand modifiable surface chemistriggnnabi et al., 2010)Thismakes them
excellentcandidates for the synthesis of mieror nanomaterials, such as CGhIPs, via the
crystallisation in confinement phenomen&urthermore, hydrogels are highly sougdfter
materials in the field of tissue gineering given they can often mimic the extracellular matrix

of a variety of tissue types and their surfaces can often be functionalised, such as for enhanced

cell attachmeni{EFSherbiny and Yacoub, 2013)

Though its primary use in research laboratories is for gel electrophoresis, agarose is a hydrogel
that has been used in tissue engineering research for some ({fradintaj et al., 2018)And,
sinceagarose fibres provide an abundance of surfaces and pores for precipitation to occur
(Duffus et al., 2009, Li et al., 2009, Kwak et al., 2@®jdtallisation in confinement effestcould

be utilised to morph agarose hydrogels into a bone tissue engineering matextal/or

synthesise DNA/RNBaPNPs.

1.3.1.2 Agarose for Crystallisation in Confinement

Three approaches have been used in the literature for the precipitation of inorganics
nanomaterials within agarose matrices. The simplest approach is to prepare a single molten

agarose and salt solution that spontaneously precipitates inorganic NPs on or around agarose
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fibres when cooled below the gelation temperatufEan et al., 2013, Wang et al., 2013, Tran,
2016, Shin et al., 2022aJhis occurs due to the constant precursor concentration but with a
supersaturation toward an inorganic species that increases with decreasing temperature,
followed ether by precipitation on agarose fibres as they spontaneopsécipitate at the

gelation temperature.

The second approach is alternate soaking that involves the sequential and repeated
submergence of a buffered agarose gel in different solutions, suaih @aCGland NaHPQ to
precipitate HApTabata et al., 2003, Tabata et al., 20 hce the submergence time, number

of repetitions and precursor concentrations determine the rate of diffusdbrions into the
agarose matrixtheseparameterscan be modulated to control supersaturation. The alternate
soaking approach is therefore distinct from the simulated body fluid (SBF) approach that induces
HAp formation on hydrogedurfaces by submerging theaterial in a ggle SBF solutiorfior

longer periods of timédue to lower concentrations of €and phosphate ions RQ*3).

The third technique is the agarogel double-diffusion (AGDD approach where ions diffuse
from either side of an agarose hydrogel that segias opposing reservoirs of precursor salt
solutions. Here, supersaturation is achieved following ion migrdtiom both sides of the gel
Precipitation therefore occurs at a point in the gelhere ion bands overlapna reach
supersaturatiorconditions.This process idependent on the relative diffusivity of ionehere
rapidly diffusing ions theoretically reduce the time till precipitation and dissimilar cotiater

diffusion constants shift the zone of precipitation toward the inlet of the less madnile

1.3.1.3 Agarose Membrane Doublgiffusion

Xue and Zhang (201p¥rformed theAGID approach using éevicemanufactured irhousein
which an agarose gel separated reservoirs of 0.5 M Ma&a 0.6 M NaOH to synthesise porous
Mns;Os NPs. They found thadP diameter decreased with increasing agaroséoavtrom 30 150
nm at 1 wt% agarose to 2030 nm at 2.5 web, concluding that this size reduction oweghe
smaller agarose pore siza the higher wt % gelXue and Zhang (201@)so theorisethe
crystallinity of their MROs, NP samples diminish as agarose%tincreases, as indicated by
broader, less definegray diffraction(XRDpeaks This may also be due to a dwindling crystallite
size with diminished XRD peak intensity that fails to risevatthe amorphous signatsoduced

by agarose.
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Only a small number of studies have exploited tl&® approach to synthesise Raarticles
Previoudo the study byCantaert et al. (2013Hunter and Goldberg (1998yew HApNPs using

a 2 wt % agarose gel consisting of 150 mM NacCl, 0.01 wt% &laN10 mM Tri$iCl (pH 7.4) to
separate Caghnd NaHPQ. Note that CaGland NaHPQ hadequal concentrations of either

5.5 or 7.5 mM. These solutions were continually pumped along opposite ends of the gel without
recycling to maintairconstantconcentrationseither dde of the agarose gellheyfound a
minimum 7.5 mM of Caghnd NaHPQ wasrequired to induce the precipitation of a CaP band
over a period of &lays, as indicated by no visual precipitation or change in ion concentration
within the gel. Interestingly, & could be precipitated below this concentration threshold at 5.5
mM CaGland NaHPQ when bone sialoprotein was positioned in the agarose gel, indicating a
protein-dependent nucleation and growth (biomineralisation) process occurs under these
conditions They alsmoted that powder XRD analysis showedttEaP precipitated at 7.5 mM
CaGland NaHPQwas HAp. This differs from theCPsynthesised b antaert et al. (2013)fter

a reaction time of & hours This differenceni crystal structire likely arose fronHunter and
Goldberg (1993analysing sampleséays afterthe reaction bega, allowingmetastableACRo
transform to HAp in solutionFurthermore, it is likely that the 3D agarose matrix exposes
internalised particles to solution on all sides and hence accelerates transformation processes

compared toparticles in2D pores of porous glass.

1.3.1.4 AgaroseGelElectrophoresis Approaels

The AGID approach can bmodified using electric fields to create thepproach named in this
g2N)] Fa WLI Nloutkfwsl agamsé jekesttopharesid apbroachr PSDW-AGE
which-G 2 (KA & | dzii K BasXkeaén uded ® gyhtlkeBise Saticlesby a relatively
small number ofesearchersAlthough similar in experimental setup to th&BD approach, the
PSDW-AGE approach significantly enhances ti@mspot via anelectric field that applies an

electrophoreticdrivingforce to all ions

Watanabe and Akashi (2006kre the first group to demonstrate the utility of thitechnique.
They cast a 3 Wi agarose gel to separate 40 mM Ga@tl 40mM NaHPQ solution reservoirs
placedat opposing ends ai horizontal electrophoresis tank. The gel comprised of 10 mM Tris
HCI, pH 4.8, whilst the salt solutions were adjustedtio7pd with TridHCI. After applying 100
potential for 30-minutes, a 2 cnthick white band appeared in the gel. After submerging the gel

in ultrapure water for an undisclosed time to remove excess ions, lyophilised gel sampées wer
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imaged via scanning elr'on microscopy$%EN). They found um HAp particles had precipitated
inthe centre of thegelslaby R I G i NAR o dzi SR GKS T2yS 2F LINBOAI
reservoirs toa pH gradient formed by the electrophoresis process. More specificdigy t

suggest precipitation occurred in tiportion of the gel with neutral pH.

As withCantaert et al. (2013t is possible thatWatanabe and Akashi (@6)initially synthesised
ACP particleghat transitioned to HAp when submerged in water. Té@me group later
combined thePSDW-AGE approach with the alternate soaking method, with the resulting
HAp/agarose composite demonstrating potential for boneemgration(Watanabe and Akashi,
2006, Watanabe et al., 20QHowever, no investigation into the control of particle properties
via the modulation of experimental parameters was atteeyht Furthermore, CaParticles
were not characterised prior to submersion in ultrapure water, hence their ingiag

morphology,and crystal structure remain unknown.

Kamitakahara et al. (200@)odified thePSDW-AGE approach bywatanabe and Akashi (2006)
by using the conventional agarose gel slab for nucleic acid characterisatiloting small
volumes of salt solutions to gel wellhe salt solution volume is reduced to thie range, down
from the estimated 100 mL range required Watanabe and Akashi (2008) fill reservoirs at
either end of the electrophoresis tanKamitakahara et al. (200@¥ed a 1 webagarose gel with
a 40 mM Tris buffer adjusted to pH 8 with acetic acid, along withl46f 20 mM Cagand 12

mM NaHPQ loading solutions loaded into wells 48 mm apart

A white precipitate appeared between the wells afterrhinutes of applying a 10@potential,
which grew in intensity after longer periods but disappeared aftermdbutes. Gel slices
containing white precipitate were removed after-B@inutes and soaked in ultrapure water for
3-days. Followingdyophilisation Kamitakahara et al. (200Zsed SEM analysis to find 500 nm
spinous particlesthe first characterisation of electrophoretically synthesised @aRicles
without submersion in ultrapure water. XRD analysis of these particles showed poorly defined
peaks, postulated to be either due the amorphous agarose background, small HAp crystals,
or a dominant ACP phasdfter heat treatment of samples at 60@ for Lhour, peaks
characteristic of HAp could be identifiégn XRD spectrdn a later study, thesame group later
reduced particle sezrangingfrom 500- 600 nmin a 1 wt% agarose geand to betweer800 -

400 nmin a 3 wt% agarose géKamitakahara et al., 201Burthermore they established that
precipitation occurs aan applied potential 060V when the run time is increased from-12
23-minutes This demonstrates that there is a minimum voitnute threshold for precipitation

to occur; below which counterions are not transpent sufficient distances to collide with one
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another and diffuse to concentrations insufficient for supersaturatimward CaPto be

achieved.

From the same grouKimura et al. (2018)sed thePSDW-AGEapproach to identify chares in
CaPparticle properties with reaction time Spherical particles with diameters below 100 nm
appeared after dninutes ofan applied potential whichincreased in diameter witlime:
reachingbetween200¢ 400 nm after 12ninutes. XRD of samplesadttime points, in addition

to a selected area electron diffraction (SAED) pattern amirutesindicated anamorphous
structure. After being submerged in water, samples gradually demonstrated diffraction peaks
indicative of HAp that increased in intensitytlvtime up to the final time point of @lays,
suggesting a transformation fromCRo HAp.The apparentrystallographic change was upheld

by significant particle morphological changeBowing submergence in watewhere spherical
particles transitionedto flowered, needle particles after-@ays and even demonstrated

morphological changes after only-8@inutes.

As withXue and Zhang (201%Kimura et al. (2018)bserved an inverse relationship between
agarose wt % and ptcle diameter. Based oii KA &  lestith&e® Kdddheir published
figures particleswere reducedo between100¢ 300 nm for 6 wi% gelsKimura et al. (2018)
alsofound particle diameters decrease with increasing pH, meaguretween 3@; 250 nm and

40 ¢ 150 nm for pH 9 and 10 buffers respectively (based on estimates theim published
figures).They alsanoted that the submersion of all samples resulted in the transformation of
spherical ACPRatrticlesto spinous HApparticles which theytheorised to result from the
dissolutionof the metastable ACP phase that releasmdficient ions into the surrounding

solution to induce a supersaturation toward HAp.

Table 1.lsummariseshe properties ofCaPparticlessynthesised vithe PSDW-AGE approach
Results from these authors indicate that tIRSDW-AGEapproach is capable of producing
spherical ACP particles ranging fromg3®0 nm, wheregreater agarose W or pH decrease
the average particle diameter. All studies indicatedt ACP spherical particles were metastable,
transforming to spinous HAp particles with diameters between@30000 nm when submerged
in ultrapure water. Detailed explanations for Cpdticle crystallographic and morphological
changes in agarose gelsdifferent thicknesses and varied €& HPQ*? ratios are available
from double diffusion modelgShin et al., 2022b)However, the applicability of these
crystallisation theories for thd®SDW-AGE approach is debatable since ion transport is

dominated by migration under the electric field and tgtdiffusion.
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Table 1.1 CaPparticleproperties from studies using tHeSDW-AGE approach

Study Agarose pH Voltage| Time CaCh | NaHPQ CaPParticles
Authors (Wt %) (V) | (minutes)| (mM) | (mM) | phase | Diameter (nm)
Watanabe
and Akashi
(2006 3 8 100 30 40 40 HAp** ~1000**
Kamitakahara
et al. (2007) 1 8 100 20 20 12 HAP# 500**
. 8 100 15 200 120 HAp ** 500- 600**
Kamitakahara 1
et al. (2012) 8 100 15 200 120 HAp** 500- 600**
3 8 50 23 200 120 HAp** 300- 400**
8 ACP 200¢ 400
HAP** ~500 * **
1 9 ACP 30- 250 *
HAP** ~500 * **
: *
E(Z'g“l“g)a etal. 10 | 100 12 200 120 HAA(;Z j;%;so**
3 8 ACP 50-200 *
HAP** ~500 * **
6 8 ACP 100- 300 *
HAP** ~500 * **

* Estimated based on published figures
** After submersion in ultrapure water and ézedrying
# After submersion in ultrapure water, freedeying and heat treatment

1.3.2 PSDW-AGE for Gene Therapy

Based on the previously discussed studies us@EgRor POW-AGE, there is great potential to
direct the synthesis of Caharticleswithin agaose gels toward gene therapy applications. For
exampleusing DNA or plasmiBNA (pDNAWould allow for the encapsulation or adsorption of
nucleic acids into/onto CaP surfaces within the agarose gel in a similar method to protein
dependent CaP precipitatiodemonstrated byHunter and Goldberg (1993This wouldallow

for the encapsulation or adsorption of nucleic acids into/onto CaP within the agarosagel
form a geneactivated matrix (GAM). This could be modified further with an applied potential

using aPSDW-AGE approach, allowing GAM fabrication to occur more rapidly

Particle size could be modulated through adjustment of several experimental parameters,
including:agarose web,pH, temperatureandapplied potentialfo optimise particle properties

for gene therapy applicationsGiven the generally preferred use of E&ldPs i.e. sutti00 nm
particles in gene therapyBakan, 2018)the ability to reduce particle size via numerous

experimental parameters in the FBAVAGE approach is highly beneficl@AMs fabricated via
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the PSDW-AGE approach would ultimately require lyophilisation to transform pore size from
the nano to microscale, thereby allowing cellular infiltration. Thisulbprove favourable in

stabilising ACP phases contained within thepyelr to in-vitro or in-vivouse.

Itis interesting to consider the stability of ACP particles in gene therapy. They are not commonly
used to deliver payloads to cells due to their ms&hbility, so one would be forgiven in thinking
their utility in gene therapy is lacking. Howevemngtastable CaP phases are sought where
surfacemediated transfection is desired. Hen@&AMs containing DNAr pDNAloaded ACP
particles could be remodelleid-vitro and therefore release ions and their nucleic acid payload
into the surrounding microenvironmenBrecipitation of DNAor pDNAloaded HAp may then
occur n solutionin-vitro; forming secondaryparticles Secondary particles may precipitate with
stable HApphasegiven that the confining effects of the matrivould become much weaker in
the microscaleenvironment of the cryogehfter agarose lyophilisationFurthermore, these
secondary particles would be mobile in solutigrunlike primary ACP pacies that would
probably be dried onto agarose surfaces during lyophilisati@amd therefore beavailable to

infiltrate cells.

1.3.2.1 Particle Synthesis via Singlell Agarose Gel Electrophoresis

A modified approach of the F®MAGE that uses a singheell in place of a doublsvell was
previously developed by our groug-eichtinger et al. (2019)and is herein termed the particle
synthesis via singlevell agarose gel electrophoreqBSSWAGE approach. This method was
developedfor the synthesis opDNAloaded CaP(pDNA/CaPparticlesin agarose cryogels as
potential osteogenic GAMsThe PSSWAGEapproach utilises a gel slab in a conventional
horizontal electrophoresis tank and is analogous to thatiafiura et al. (2018put requires one

well per precipitate layeinstead of twosince HPQ*? ions are contained within the buffer and

gel The pDNA/CaP GAMs produced via this approach have also been functionalised with
fibronectin bovine protein (FBN)postlyophilisation to enhance cellulaattachment to the
cryogel. Thus far, the transfection efficacy of these GAMs hint at their potential use as

osteogenic GAMs for bone tissue engineering applications.

An overview of the loading protocol for the S8VAGE approach is shownhigure 1.1Inthis
previous workby Feichtinger et al. (20193 1 wt% agarose gel (NuSié¢yd.onzaGroup AG,
Basel, Switzerlandontaining 0.75 mM N&lPQ and 25 mMHEPES8uffer with pH 7.4vas cast

with separated rows of wellpDNA is loaded into the gak one of two solutins. Solution one
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was apDNAloading solution comprised & pgreporter pDNA (plasmid encoded with the
luciferase geneand5 wt % glyceralSolution two contained the same components as solution
one, but with the addition o0 ug of FBNAfter the pDNAsolutiors were loaded intoseparate
wellsfor solutions 1 and 2 60V potential was applied to load pDNAd FBNnto the gel. After
6-minutes, the potential was removed ar@aCl loading solutionssomprised of various CaCl
concentration ands wt % glyerol were added to the wells. Electriield polarity was then
reversed,anda 60 Vpotential was appliedor a further 6minutes. After 2 - 3 minutes, white
precipitates begin to appear adjacent to the weldenerally, these precipitate layers appear
more intense in the presence of pDNA, and even more intendba presence of pDNA and
FBN

A ) pPDNA loading B pDNA loading
Pipette solution solution

(buffer)

Cadl, loading
solution

CacCl, loading CaCl, loading
solution solution

Figurel.1.Overview of the RSWAGE approach loading regintd) 25uL of pDNA loading solution is pipetted i
well; (B) pDNA loading solution settles aethottom of the well; (C) a 6@ potential is applied to the gel for
minutes, (D) 25 pbf CaCGlloading solution is pipetted into the well; (E) Galution settles at the bottom of tF

well; (F) electric field polarity is reversed and a/6potentid is applied for éninutes.
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A typical example of pDNA/CaP layers (without FBN) arershio Figure 1.2 where layers
measure between 1.§ 2 mm in thicknessThough the pDNA/CaP layer isatelely thin, the
synthesis of discrete mineralised layers could prove useful in osteogenic tissue engineering
applications where a layerestaffoldarchitecture is required, such as for osteochondral tissue

regeneration.

Figurel.2. Typical examples of pDNA/CaP layers (without FBN) produced SI¥RGE.

Gels containing CaP precipitdégers wereextractedusing a scalpethen lyophilised followed
by sterilisationin 70 % ethanol (EtOHRBNd lyophilised again to produce a (sterilised)
macroporous GAMAs showrin Figure 1.3SEManalysis of the GAM revealed spherical particles
rangirg from 200¢ 400 nmvia backscattered electron (BSE) detectiblawever, detailed

characterisatiorof particles was not conducted.

10.0kV 6.4mm x5.00k BSE3D " 10.0um

Figure1.3. SEM image of CaP particles embedded in the surface of a lyophilised GAM.
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A studywas carried out to investigate the effect of FBN and variod&K&RQ ratios on the
transfection efficacy of pDAN'CaP GAMen C2C12 cell€&*HPQ ratiosof 0 (no Cag), 83.3,

120.37, 157.41, and 166.67 were used, each with and without FBN to form a total of 10 groups.
Following synthesis, extraction, lyophilisation, sterilisation, and further lyophilisationl @

C2C12 cells were cultured on each GAM and luciferase luminescence assays were performed at
24-hour, 48hour, -day and 4week time points. Luminescencaeasurementgor each group

were calibrated against a negative control, hence all measurement¥&e f R f dzYAy Sa oS
y S3al A @ Not©tRaythieMBghtiGe control refers to a pDNaded cryogel.

As shownin Figure 1.4the pDNACaPGAM with an ionic ratio of167showed the greatest
luciferase activity at 48ours whilst & 7-daysthe pDNACaPGAMwith an ionic ratio of £20
was greatest bushowed a large standard error arising fromidely distributed valuesdjrcled
outlier excluded. AIFBNpDNA/CaR5AMs had lower luciferase activity at-A8urs compared
to their nonFBN counterparts bugxhibitedeither similar or largewalues for all ionic ratios at
7-days FBNpDNA/CaFRGAMsalso demonstratedarger standard erns than pDNA/CaBAM
groups, but this is likely due smallergroupsizes. The FBPDNACaPGAMs synthesised using

an ionicratio of~167 showed the greatest luciferase activity ad&ysof all groups in the study.

48 hours 7-davs
pDNACaP GAMS FBNpDNACaPGAMS pDNACaP GAMS FBNpDNACaP GAMS
(n=12) (n=3) (n=12) (n=3)
@ 10 . # ;- oo~
> T 1 . \ *
(=} ° L # * 1 [ & -
&= ' ' o o
= o L [ |
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Figurel.4.Luciferase activity fqpDNA/CaR5AM groupproduced via the RSWAGE approach with varied
Ca+HPQO*3 ratios and with or without FBNLuciferase activity is measured afdftuminescence over negative

control. Data given amean(+ standard erroy.

5dzyy Qa YdzZt GALXE S O2 YL} Ak*2pAY0S, *pKai da yiZy EJF NI YIS BKNR © i

control in each group.
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It should be noted that theC&*:HPQ*3 ionic ratios are calculated using the assumption that
the precipitation layer occupies a 48 volumejfrom whichthe number of moles oHPQ*3
ionsis calculatedFor the ionic ratio of ~167, then, 225 mM Ga€lrequired. However, when

considering the ionic ratio based purely imitial concentrationof ions this ionic ratio is 300.

Regardless of ionic ratio calctim, these results indicatethat FBNpDNA/CaP GAM
synthesised using 225 mM Ca@nic ratio of ~167poast the greatest luciferase activity all
groupsat 7-days This is theorised to be due to the enhanced cell attachment afforded by FBN,
given thatcell attachment in thggpDNA/CaRGAMs will be poor giveragarose itselboasts no

cell attachment motif@and CaP surfaces will occupy a minority of the internal GAM surf&lé

may also modify the biomineralisation process during synthesis, since theoffrizissnolecules

in FBN groups is three times greater than those without .FBINs could have a complex
influence onthe nucleation and growth ofpDNALCaP particles since there aremore
biomoleculesto act as nucleation centredParticlesizes may therefar be reduced in FBN
pDNA/CaP GAMs which would accelerate dissolution/transformation processes that are

beneficial for surfacenediated transfection.

Unfortunately, given that FBN is electrophoretically loaded into the gel, each gel slice will not
exhibit auniform distribution of FBN. Though this is also the case for pDNA/CaP particles, the
primary function of FBN is to enhance cell attachment and shthédefore coat all agarose

surfaces such that celifiltration and attachment can occur at all GAM swés.

1.3.2.2 Alternative Particle Species

Interestingly, the Caghbalt used in thePSSWAGEapproach could be exchanged for other
chloride salts such as Ce@NnC} and MgGl- to name but a few to precipitate a wide variety
of phosphate particles. Magniesn phosphate (MgRjould be added alongside CaP, giverfMg
ions have beershown tostem CaP mineralisatiothrough disruption of the crystal lattices
during growth(Landi et al., 2008)nd therefore aid in controlling secondary particle nucleation
andgrowth. Ultimately, any nVV with charged constituents can be synthesised using-B&/PS
AGE approach, provided the isoelectric point of constituangsot O at the buffer pH anthey

are able to pass through the nanoscale agarose pore network.
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1.3.2.3 Polydgamineto Enhance Cell Attachment

The ability of FBN to enhance cell attachment of cells has long been kikamnet al., 1982)

but its cost precludes substantial use in enhancing cell attachment for pDNA/CaP GAMs.
Furthermore, the electrophoretic loading of FBN theoretically results in ahoonogenous
coating of agarosdue to the inert agarose surface thaould prevent significant adsorption

As an alternativePolydopamine (PDA) has been used in the literature to coat a variety of
biomaterial surfaces for drug delivery and tissue engineering applicat®msng etl., 2019)

PDA igyenerallyformed by placinga commercially available dopamirfdClpowderin alkaline
solutionfor overnight polymerisationthen mixing the PDA solution with the desired material.
The polymerisation process results in @aoundance b catechol, amine and iminéunctional

groups that can facilitate protein adhesion and cell attachim(@&atrkari et al., 2022)

1.3.2.4 Polydopaminecoated Agarose

Thepolymerisation of dopamine and subsequent coatifi@DAonto agarose hydrogel surfaces
for enhanced cell adhesiaouldbe achieved via one dfiree main processes: 1) molten mixing
2) dip/diffusion mixing or 3) electrophoretic loadingln molten mixing, alkaline dopamine
mixtures are mixed directly with niien hydrogel solutions and polymerise onto agarose during
gelation(Su et al., 2021hilst dip/diffusion mixing ishe submersion of hydrogel in alkaline
dopamine mixtures, allowing dopamine to diffuse inte thydrogel and polymerise on surfaces
postgelation (Lee et al., 2009, Dinh et al., 201&leanwhile, electrophoretidoading or
electrochemical plating of PDA to coat hydrogels is unexplored in the literaturédsuthe
potential to be applied to agarose in the same way as FBN R3®\VAGEpproachHowever,
given that electrophoretic loading of PDA would likely be inefficient in coating internal and
external surfaces due to its unidirectional transport andrsklwell time, this processhouldbe

avoided.

1.3.2.5 Molten Mixing Process

Via the molten mixing procesSu et al. (20219ynthesised a PDéoated 2 wit% agarose gel with
PDA concentrations up to 0.2 my-1. They denonstratedincreases irell viability, attachment,

proliferation, and migrationas PDA concentratiorincreased Interestingly, increasing PDA
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concentration increased the average cryogel pore sizes fromunrB8r uncoated agarose to
~60pm for 0.2 mgmL?* PDA Improved performance may therefore arise (at least in part) due

to greater cell penetration afforded heselarger pores, rather than being entirely duettee
PDAsurfacecoating The increased cryogel pore size could be due to a complex disrugdtio
intra- and/or intermolecular hydrogen bonding of agarose molecules or nuclei by ions@Na

), or by PDA molecules themselves during the gelation process. Ultimately, though, is it not
known whether PDA modifies agarose pore size during the gelptimeess, thdyophilisation
process, or both. This is a crucial consideratsimce thePSSWAGEapproach takes advantage

of the nanoconfining agarose/drogelpore network to contropDNACaP patrticle size, so a PDA

coating via molten mixing could irease hydrogel pore size and therefore increase particle size.

1.3.2.6 Dip/diffusion Process

Coating by the dip/diffusion process simply applies a coating on a fully forcnating on a
hydrogelpostgelation Agarose hydrogel wes would therefore be only maigally reduced,
depending on the thickness of the PDA coating. The thickness of the coating depends primarily
on PDA concentration and submersion time, with PDA coatings growing up to 50 nm on silicon
substrates after 2dours (Lee et al., 2007)Despite there being no data available within the
literature regarding PDA coating thicknesses on agarose hydrogel or cryogel substrates, the
tuneable thickness of PDA coatings via concentration and submersion times isdibate
dip/diffusion process has a more controllable influence on agarose pore size than molten mixing.
What the literature fails tarevealis changes in the swelling behaviour of agarose hydrogels
following PDA coating, given the change in surface cheynmigtthe hydrogel. For instance, a 10

nm PDA coating of internal agarose surfaces could immediately reduce pore diameters from 100
nm to 80 nm. However, a consequence of the PDA coating would be the attraction of charge
shielding ions at the surface to faranEDL The attraction of salt ions into the hydrogel would
therefore change its swelling behaviour and hence its pore $ize.addition ofa PDA coating

via the dip/diffusion process therefore has an unknown impact on agarose pore size due to the

compding effects of the PDA coating and agarose swebgtgaviour.

Regardless of whether a PDA coating increases or reduces agarose hydrogel pdon size,
transport propertieswill be influencel, as willthe supersaturation achievable within individual
pores hence nucleation rate and particle growtttill also changeSecondlyPDA coatings are

known to modify the CaP biomineralisation process of their substrates due to changes in surface
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topography and hydrophilicityKu et al., 2010, Murari et al., 202@f course, whether PDA
enhances or lessens the biomineralization potential of a material ultimately depends on the
substrate material itself. In the case of agarose, there is insufficient data available to compare
uncoated and PDAcoated agarose surface topographies and hydrophilicitibat one can
assume PD#oated agarose surfaces are more hydrophilic given tBi#surfaces comprise of

charged functional groupsnd agarose surfaces are inert.

Besides biomineraation, PDA coatingdhiave been used tammobilise DNA under certain
conditions,most notablyat low pH where amine groups are protonated and can therefore bind
to DNA phosphate groug¥Vang et al., 2015Besidesising acidic conditions, DNA can also be
immobilised on PDA surfaces Way S-Ki2 Yy O NARIAYIQI gKSNBE LRt edI €
Mn?*, and Ni* can be adsorbed onto PDA surfaces via-oowalent interactions witlPDA
quinone groups. Metal ions thesubsequently bind to DNA phosphates, immobilising DNA on
the PDA surfaces. Since tAR8SWAGEapproach uses a buffef pH 7.4with 0.75 mMNaHPQ,

a small number gbrotonated amine groups may be present. Hetlee electrophoretic mobility

of pDNAmay be reducedwithin a PDAcoated agarosénydrogel Furthermore subsequent
loading of C# into the gel would facilitate C&quinone interactions and the formation of an
EDLpDNA moleculesouldtherefore be rapidly adsorbed onto PDA surfaces when théi@as
begin tooccupy the EDL on the surfaces of the RiDAted gel.

pDNA adsorption onto PDA v@Z&*-quinone interactionsn the PSSWAGE will no doubt be
complex and highly dynamgiven the influence of the electric field during synthe8at in any

case, pDNAg whether immobilised on surfaces or free in solutiqrcan still serve as CaP
nucleation centres. Of bigger concern is the potential for unbound PDA molecules that could
WY2L) dzLJQ LB b! Y2t SOdzA Sa LINK 2 NI § 2tionSoy ©IChB dzf |
surfaces. Long wash times, as use®hyet al. (2021)must therefore be utilised. Bultimately,

anyPDA molecules larger than the pore size wdadcencapsulated ithin the hydrogel

1.3.2.7 Summary oPolydopaminecoating Agarose

Bothmethods of applying a PDA coating to agardssedistinct advantages and disadvantages.
However, it is argued that thmolten mixing process is the simplegtiickest and most logical
approachto use Since PDA coatingnd gelationoccur simultaneously, molten mixing

theoretically provides the most efficient and uniform coating proce&khough PDA is
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potentially responsible for increasesagarosehydrogel pore diametes, greater agarose wt %

can counter these effects

1.4 Summary

GAMs containindpNA or pDNAloadedCaP particleas nVVs for gene therapy applications can

be synthesized using a variety sihgle or multi-step synthesisroutes. But most methods
produce particle dispersions suitable for the transfectidncell monolayers. For 3D tissue
engineering scaffolds such as GAMs, synthesising nVVs within the scaffold itself allows one to
coat specific areas of the scaffold with the desired n¥8DD was first used decades ago to
synthesise CaP within agarose hygktls and was used to egurecipitate CaP with protein

molecules.

Since then, this method was modified to produce the-DR®AGE approach that
electrophoretically transports ions to synthesise ACP particles. This results in a precipitation
process that is faquicker than in &DD. Introduced byWatanabe and Akashi (20Q&he PS
DW-AGEapproach allows the synthesis of discrete layers of ACP particles with tuneable
diameers within an agarose hydrogélhis approach was adapted further for the synthesis of
pDNA/CaP particles by our group, where the process was modified by removed one of the wells

and using a gel slab containingP@*2ions; resulting in the RSWAGE aproach.

ThoughCaP synthesis not pDNAdependent,results demonstrate thapDNA is immobilised
and encapsulated using this approach. Transfection efficacy of these GAhMsmsured by
luciferase activity is enhanced via the electrophoretic incorporatiof FBN, likely to due to
increased cell attachment afforded by tlestracellular matrixprotein. However, thehigh cost
of FBN andheorisednon-uniform coating of agaroswith FBNresulting from unidirectional
loading warrants the use of a more suitablzating materialPDA, applied prgarticle synthesis
via the molten mixing methadas the potential teenhance cell attachmerin-vitro. The PDA
coating also has the potentitd capture pDNA on surfaces during ®&AGE and hence modify
the nucleationand growth kinetics of Caparticles andmay evenenhancethe encapsulation

efficiency of pDNA

Given thappDNA can be adsorbed onto PDA surfadga<a™-quinone interactionsit is assumed
that pDNAretention of GAMs will be enhanced, given CaP predipiteon agarose fibres now
may also encapsulate pDNA molecules. And, any unbound pDNA in solution can still act as a

nucleation centre for CaHrurthermore, the increased hydrophilicity afforded by the PDA
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surface is known to change CaP mineralisationtidgagpotentially enhancing the surface area
of the CaP coating. It is therefore of interest to produce and developd@aged pDNA/CaP
(PDApDNA/CaPjparticles embedded within cryogets potential GAMs for osteogenic tissue

engineering applications.

1.5 Gldoal Aims and Objectives

Previous work b¥reichtinger et al. (201%)as demonstrated that pDNA/CaP patrticles synthsised
via PSAGE and embedded within agarose cryogels have the capacity to transfect cells.
Furthermore, PSSWAGEhas an inherent capacity produceGAMs withdiscrete mineralised

layers Therefore, it is of interest to explore the-R&E technology further to probe its potential

in fabricating GAMs with optimised particle sizes in gels expressing appropriate size and shape

for pre-clinical models.

1.5.1 Aims

Developand optimise aPSAGE approacko facilitate the production of GAMwith layered,
optimally-sized, mineratphosphate genetic payloadssuitable for osteochondral tissue

regeneration.

1.5.2 Obijectives

1. Investigate the effect of a PDA coating on pDNA/G#Ms on pDNA/CaP particle
synthesis and transfection

2. Develop, computationally model, and experimentally test a newABE& system to
facilitate the fabrication of cylindrical GAMs

3. Systematically vary individual experimental parameters and measure the cpudase
OKIFy3aS Ay LINIHAOES RAFYSGSNR G2 20601 Ay
synthesis pDNAoaded particles with diameters of 100 nm orless.

4. Fabricate cylindrical monolayer GAMs embedded with < 100 nm diameter{d2iéd

particles and mesure particle size stability and transfection efficagyitro.
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2.1 Introduction

The PSSWAGEapproach is an electric fielassisted template method that facilitates the
synthesis of pDNA/Cgparticles within an agarose hydrogel, which can then be lyophilised to
form a cryogel with potential use as an osteogenic GANlising loading solutions and an
electric field, this approach allows the mixing ofGand HPQ*3 ions with pDNAs witin an
agarose matrix, where nucleation and growth are subject to nanoconfining conditions that limit
their growth potential.In unpublished data, transfection efficacieSpDNA/CaP cryogels were
approximately 1.@imes greater than pDNA cryogel contralogps at 7days, whilstFBN
pDNA/CaPcryogelswere approximately6.7-times greater thanFBNpDNA cryogel control
groups af7-days Figure 1.4. Theseesults indicate th& SSWAGEapproach hagoodpotential

in developingosteogenidsAMs foruse in gene therapy applications. In particular, the synthesis
of a discrete layer of pPDNA/CagRs was shown in Figure Xk; 2 of interest for the regeneration

of multi-layered tissues using layeredasfold architectures, such as the osteochondral.

Though good transfection efficacy ofFBNpDNA/CaRcryogelsproduced via thePSSWAGE
approachis reported in unpublished datghere has been ndéurther development of these
cryogel GAMSAs previouly discussed, there is potential to use PDA in place of FBN to provide
uniform coating of the internal agarose surfades a secondary effect, PDA may also provide
more favourable mineralisation of hydrogel surfaces that could decrease pDNA/CaP particle
diameters. pDNA/CaP patrticles would therefore have an increased specific surface area and
hence an enhanced rate of dissolution/transformation, which is necessary to form secondary
pDNA/CaP particleig-vitro. One could even reduce the size and increasestimface area of
pDNA/CaP particles further by modulating experimental parameters such as salt and agarose

concentration.

Going forwardthe first modification to pDNA/Cagtyogelsshould be the introduction of PDA
as a surface coating. Subsequent characterisatiorp@NA/CaP grticle size can then be
conducted to determine the influence dioth pDNA andPDA on pDNA/CaP size. Crystal

structure should also be investigateddetermine the crystallinity of such particle&CR being
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metastable would be more advantageousr cryogels in this work iparticles are immobilised
on surfacesTherefore,cryogels would relyn surfacemediated transfection given ACP can
more easily dissolve. In contrast, HAp would be nmemteantageousf particles are mobd in-
vitro as this plase of CaP is more stabléowever, it is assumed that the lyophilisation process
immobilises particles on cryogel surfaces, hence ACP particles are favoured in this waould
also be valuable tquantitativedy analysgpDNA encapsulatioto provide a better understanding

of how efficiently pDNA is incorporated intoyogelsand CaP particles.

Incorporating PDA into the hydrogels prior to synthesigltisnately expected to yield smaller
pDNA/CaP particle diameters, enhance pDNA encapsulation, and therefore enhance
transfection efficacy compared to uncoated cryogels. Adepth characterisation of particle
diameterand morphology willbe conducted using SEM, whitsy/stal structureanalysiswill be
performed with XRDChangesin the crystal structureof pPDNA/CaP particldsetween uncoated

and PDAcoatedgroups arenot expected given that the nanconfining effects of agarose are
expected to stabilise ACP in bognoups Transfection efficacies afryogel groupswill be
guantified via luciferase activity assays, as used previously by oup,gi@wallow for some
comparison against the previous (unpublishddja. Cytotoxicity assays will also be performed

to investigate potential changes in cell viability in the presence of PDA and CaP.
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2.2 Research Aims ar@bjectives

The PSWAGE approach has demonstratdde capacity to produce agarose cryogels
encapsulating pDNA/CaP for potential use as osteogenic GAMsusEhof PDA as a surface
coatingto form PDApDNA/CaP cryogeis expected tauniformly coat internal agarose hydrogel
surfacesand therefore enhance the cell viability of PIPBNA/CaP groups compared to
pPDNA/CaP groups. PEpPONA/CaP cryogel groups ars@kheorised tchave reducecprimary
pDNA/Capparticlediameters, enhanced pDNéncapsulation, and greater transfection efficacy
compared to pDNA/CaP groups. It is also expected thatpIMA/CaP and pDNA/CaP groups

will share amorphous XRD spectra duamémoconfining effects stabilising ACP in both groups.,

2.2.1 Researchhims

(1) Establish whether polydopamine can enhance cellular attachment and reduce
pDNA/CaP particle diameters.

2.2.2 Research Objectives

(1) Fabricateuncoated and PD#&oated cryogel groups via th® SSWAGEapproach,
with and without pDNA loadings.

(2) Characterise the diametemorphology,and crystal structure of particles within
cryogels

(3) Determine the pDNAencapsulation efficiency of cryogel gpmi

(4) Compare the transfection efficacy and cytotoxicity of cryogel groups.
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2.3 Materials and Methods

2.3.1 pDNA stock solution

Competent Escherichia coli (E. coli) TOP10 cells were inoculated with a pDNA encoding for the
luciferase enzyme K S NB A pMetliufWdcS Ras tien isolated frothe cells and purified

using commercially available kits preparation of pDNA loading in the 88/AGE approach
Briefly, E. coli TOP10 cells in 5 mUysfogeny broth (LBnediawith 50 pug puL* ampicillin were
cultured overnight at 37 °@Gn a shaker at 250 rpm. The culture was then added to 100 mL of LB
media (with 50ug pL-* ampicillin) and cultured overnight at 37 9D a shaker at 250 rpm. The
resulting culture was transferred to sterile 50 mL tulaesl centrifuged at 4000 rpnat 4 °Cfor
10-minutes. The supernatant was removed, and the pelleted cells were resuspended in a 30 mL
solution of 80 mM MgG| 20 mM CaGhnd deionised watefD.HO), then centrifuged again at

4000 rpm, £C, for 16minutes. The cell gkt was resuspended in a 2 mL, 4 °C solution of 100
mM CaCl 10vol %glycerol andD.HO, then separated into 100 pL aliquots and stored &b °C

to form pMetLuc glycerol stocks.

5 uL of pMetLuc glycerol stock was mixed with 30 uL of conmp&ecoli TOP10 and incubated

on ice for 3Gminutes, thenheat $ockedat 42 °C for 45econds anctooled on ice for two
minutes. 50 L of Super Optimal Broth media with catabolite repression (SOC) was added to the
cells and incubated for 4&inutes at37 °Con a shaking incubator at 25pm. Meanwhile,a
mixture of agar (1.5 wio) and LBnediawas autoclavedThemixture was allowedo cool to50

°C before ampicillivas addedat a concentration of 50 pgL. Once homogenised, the mixture

was casin a petri dishto from LBagar plates.

25 pL of cells were plated an LBagar plate and incubated overnight. Single colonies were
identified, collectedand resuspended in 5 mL aB2dia containings0 pg pL* ampicillin. The

colonies were then incubated &7 °Con a shaker at 250 rpm. A Minipreparatikit (Qiagen,

N.V., Venlo, Netherlandg)as then used to isolate and purify small quantities of pMetLuc from

the cell culture, followingli KS Y I y dz¥pro©dbldzNExIa& Endofree  Plasmid
Maxipreparation kit(Qiagen)was used to clone largequantities of pMetLuc The resulting
pMetLucpellet wassuspended irmolecular biology grade watgr | & LISNJ G§KS YI y.
protocol, to produce pMetLuc stockolutions Finally,the concentration of pMetLuc was
measured using a NanoDrBpOne/Oné Microvolume UWIS Spectrophotometer (Thermo

Fisher Scientific, Massachusetts, USA)
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2.3.2 Loading solutions

Loading solutions for cryogel fabrication were prepartéejr concentrations are listesh Table

2.1. Briefly, 2000puL ofpMetLuc(herein referred to as pDNA) loading solution was prepared by
diluting the pDNA stock solutionith glycerol and D.#0 to givea final pPDNA concentration of
0.1 uguLt and 5vol %glycerol. A Cagoading solution was prepared by diluting 1j80of 2.5

M CaClin glycerol and D.¥Dto give a final concentratioof 225 mM CagGhand 5vol %glycerol.

A blank loading solution comprised only of glycemd D.HO.

Table2.1. Overview of loading solution formulations

LoadingSolution pDNAstock 2.5MCadl | Glycerol| D.HO | Total(ub
(3.13pgpL?t) (uL) (VA (IR (ML)
Y. tlylQ 0 0 100 1900 2000
pDNA (0.Jug pL?) 63.9 0 100 | 1836.1 | 2000
225 mM CagGl 0 180 100 1720 2000

2.3.3 BufferSolutions

A concentrated buffeisolutiomn of 500 mM HEPES + 15 mMINIRQ was prepared by adding
238.3 g of HEPES powder and 7.1 g eHR& to 800 mL of D.kD. The solution was brought to
pH 7.4 using 6 M NaOH and made up to a final volume of 1000 mIDwd. 90 mL of the
concentrated solution was diluted with D:®lat a ratio of 1:19 to a final volume of 1.8 L of
working/running buffer solution. The running buffer concentration weerefore 25 mM HEPES

and 0.75 mM NgHPQ (pH 7.4).

2.3.4 Gel Slabs

For the PDAoated agarose gel slalthe protocol described b$u et al. (2024vas adapted for
use in this work. Brieflyl28.7 mL of working buffer was mixed with 26 mg of dopamine
hydrocHoride (SigmaAldrich, Massachusetts, U$Ato give a dopamine hydrochloride

concentration of 0.2ng mL2. This solution was incubated at room temperature (shielded from
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light) for 24hours, then mixed with 1.3 g of agarose powder (Sedk&Agarose, Lonza, Basel,
Switzerland)The mixture was heated until the agarose completely melted, then allowed to cool
to 60°C and poured onto a 15 x 15 cm gel tray wito#hb insertgFigure2.1). After 60-minutes

at room temperature the agarose hadgelled completelyand the combs were removed.o
remove excess PDA, tigel slab wa washedn 1000 mL ofunningbuffer solutionon an orbital

shakerfor 4-dayswhere buffer solution was refresheslrery 24hours.

Combs _ ~ Crocodile
clips

Gel tray

Autoclave tape

Figure2.1. Gel tray layout with 4 comb inserts.

For the blank agarose gallbs the same processes to produce RP&ated gel slabs was used,

but was done using 128.7 mL of working buffer without PDA.

2.3.5 Gdloading

Uncoated and PDAoated gel slabs were prepared separately by placing a gel slalhimto
electrophoresis tank (SuBell GT, BiRad, Massachusetts, USA)ng the following proces&el
slabs were positioned in the tank centiad apgoximatelyl670mL ofremainingrunning buffer

was addedo the tank (Figure2.2) to submerge the gel slabssshown inFigure2.2 andFigure
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2.3, each row of 16wells in the gel slas were used for separagxperimental groupsgivinga
total of 32 gels per group.g. 32 of each dhe followinguncoated groupsblank (unloaded),
pPDNA, CaP, pDNA/EaPDAvlank (unloaded), PBADNA, PDACaP, and PDADNA/CaP.

The first row of each gel slab was used as a blank control set with no loadings; the second row
was used for gels encapsulating pDNA,; the third for gels entztpsy pDNA/CaP particles; and

the fourth for gels encapsulating CaRrticlesonly (Figure2.3). 25 uL of the pDNA loading
solution was pipetted int@achwell in rows one and two, then a 80pdential was immediately
applied across the gel for-dinutes. pPDNA molecules were directed toward the positively
chargedelectrodeRdzS (2 GKSANI 2@SNIff yS3IFGA@S

I SGF LI

agarose gel.

After 6-minutes, gel slices adjacent to rows one and tgoem the side closer to the positive
electrode) were cut into cuboidal shapesusing a scalpel, producing gels measuring
approximately 4 mm (length) x 6 mm (width) x 5mahegth). The red dottd line n Figure2.3
displays the approximateutting line made by the scalpel to excigels Once cutthese small
gels were removed from the gel slab wftrcepsand placed in 24vell plates in groupsf four

and immediately frozen a70°C. CaGloading solution was then pipetted intbe wells ofrows
three and four, followed by reversal of the electric field polarity and immediate application of a

60V potential foranother 6-minutes.

Well rows
/\\
Buffer ¥ v < 4 4// Gel slab
\
[~a
— Gel tray
@ «— Electrodes > @

Figure2.2. BioRad Sufzell GT horizontal gel electrophoresis system and a submerged gel slab with four wel

As with rows one and two, small gels were excised from areas adjacent to the wells of rows three
and four, placed in 24vell plates (four gels per well) and immediately frozen@& °C. All

excised gels were then lyophilised for-2durs.
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Blank

PDNA [
PDNACaP | i
CaPREE R N "y yyryrryr

Figure2.3. Distribution of groups in the gel slabdithe approximate cutting lines for gels excised from the g

After lyophilisation, tie 24-well plates containinghe resultingcryogels were sterilised by adding
2 mL of 7@ EtOH t@ach welin the well plate and incubating the cryogéts 10-minutes. The
70 % EtOH was then removed and the cryogels were platedO °C fortwo hours and
lyophilised again.

2.3.6 pDNA mobility

Agarose and PDAgarose gel slabs were prepared according to the protocd&s3id, but with
asingle row of 16 wellgnd wereplaced in the horizontal electrophoresis tank and submerged
in a buffer of 25 mM HEPES, 0.75 mMH\RQ, pH 7.4. pDNA loading solution at a concentration
of 0.1pg pLt (as prepared ir2.3.2 was loaded into all 16 wells of each gel. A/gibtential was
applied for minutes, followed by excision of a gel encapsulating the first 4 wells and 15 mm of
surrounding gelThe excised gel wainsed and submerged in a 1:10,000 dilution of SY8&fe

DNA Stain (Thermo Fish8cientifi¢ for 30minutes. Meanwhile, a 6¥ potential was applied
across the gel slabor another 6minutes, followed by excision of the next four wells and

submersiorof these gels in SYBRSafe. This process was repeated until thé/gbtential had
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been applied for a total of 2minutes and four gel slices (each with four wells) had been

removed from the ge$labat 6, 12, 18, and 24minute time points.

After 30minutes ofsubmersionin the stain solutionexcised gels were imaged witHJa/ gel
imager (UVP Gel Doff, Analyytikjiena, Jena, Germanyjnages were analysed in ImageJ to
measure the distances travelled llye pDNAloadingsusing the line toal Atransparent, UV
responsiveplasticruler wasplaced alongside excised geligring imagingor calibration pDNA
travel distancesvere measured from the back of eawafell to the front of thepDNAband From

this distance2 mmwas subtracted to account for the thickness of the well, giving the maximum
distance travelled bthe pDNAband.A meandistance £ SDwas calculatedor each timepoint

(n = 4 for each timgoint).

2.3.7 pDNAEncapsulation Efficiency

To determine encapsulation efficiency of pDWNi#hin cryogel groupghree cryogels from each
groupwere submerged in one of two buffeg control or decalcification bufferto measure the
amount of pDNA released from cryogels into each solutidre control buffer comprised of
D.HO with 40 mM Tris (pH 8.0), whilst the decalcification buffer comprised o@D 40 mM
Tris,and 150 mM EDTA (pH 8.0For each cryogel group, three microcentrifuge tubes were
allocated to a control set and another three were allocated to a decalcification seful5@d
appropriate buffer was added to each, followeddajdtion of cryogeldo their respecive tubes

andincubationfor 48-hoursat 37°C.

To determinghe amount ofpDNAleachingfrom cryogels into 780 EtOH during the sterilisation
step, a third set of microcentrifuge tubes was allocated to each cryogel group (n = 3iL 590
control buffer was added to each tube followed by addition of unsterilised cryogels to their
respective tubes.An overview ofcryogel group names for this experimentdistedin Table

2.2.

After 48hours, the microcentrifuge tubes were centrifuged at 18,000 g femldutes b force
the cryogels and any agarose fragments to the bottom of the tubespR5f supernatant from
each tube was extracted and diluted with 226D of the same buffer (1:9 dilution) in a new
tube. Of the total 250QuL of dilute sample solutio®0 uL ofeach sample waglaced in triplicate

in a black flabottom 96-well plate in preparation for fluorescence measurements.
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Table2.2. Overview of cryogel group names and their new group name following submergence in buffer.

CryogelGroup TestGroup Name

Controlbuffer Control buffer Decalcification buffer

(unsterilised)

Blank Blank(unsterilised) | Blank (control) Blank (Decal)
pDNA pDNA (unsterilised| pDNA (control) pDNA (Decal)

CaP CaP (ungtrilised) | CaP (control) CaP (Decal)
pDNA/CaP pDNA/CaP pDNA/CaP (control) | pDNA/CaP (Decal)

(unsterilised)

PDAblank PDAblank PDAblank (control) | PDAblank (Decal)

(unsterilised)

PDApDNA PDApDNA PDApDNA (control) | PDApDNA (Decal)

(unsterilised)

PDACaP PDACaP PDACaP (control) PDACaP (Decal)

(unsterilised)

PDApPDNA/CaP | PDApDNA/CaP | PDApDNA/CaP PDApPDNA/CaP (Decal)

(unsterilised) (control)

For the quantitative measurement of pDNA, a QuanY PicoGreef dsDNA assay kit (Thermo
FisherScientift) was used. Two sets of pDNA standards in the range of pa%L?* to 0.25 ng
uLt were prepared using the same pDNA stock used to prepare cryogel gsiapslards for
the unsterilised and control sets were prepared with control bufferjlsthstandards for the
decalcification setvere prepared with the decalcification buffeAll standardswere added in

triplicate, 50uL volumes, along witG0 pL ofbuffer-only controls(alsoin triplicate).

50uL of dsDNA reagent solution was added to all standard, boffgrand sample wells, mixed

well, and incubated for#ninutes. A spectrophotometric microplate reader (Plate Chameléon

Hidex Oy, Turku, Finland) was used to measure absorbance with excitation and emission
g @St Syaaka 2F pnu FYR pHo YY NBaLJSGachwelSt & o
wasmeasured in triplicate andmeanvalue was taken forach. All fluorescence measurements

for standards and samples were calibrated against their respective buffgrcontrols. A

standard curve was plottinfpr each of the control and decalcification standards.

For any given cryogel sampEeguation2.1 was used tacalculate the mass gdDNAreleased

into the 500 uLvolumeof control or decalcification buffarsing
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Whereis sample absorbance (arbitrary units)is the yintercept of the standard curve is

the xcoefficient of the standard curvend CF is the dilution facto(in this case, 10).

Themean ¢ SD)mass ofpDNAreleased froncryogel groups (n = 3vasthen calculatedor the
three different setsunsterilised,control, and decalcification.Equation 2.2 was then used to

determine the encapsulation efficiency (%) for any given cryogel group:

R 000 Qa QAR 22
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Wherer) ‘O0i0 Q a QALI ;Qis the mean mass giDNAreleasedfrom a sterilised cryogel
group into control buffeandr ‘O 0 0 Q & QAL ® the mean mass @DNAreleasedfrom a

cryogel groupnto decalcification buffer.

2.3.8 Scanning Electron Microscopy (SEM)

For eactcryogel group, a set (n = 8) of cryogels weregidn a tea strainer, submerged in liquid
nitrogen for 15seconds and immediately ground to a powder using a pestle and mortar.
Powdered samples were stored in microcentrifuge tubes in a dry environment to prevent
absorption of moisture. A cryogel from@aof the blank and PDBlank groups were kept intact

for SEM imaging.

Foreach cryogel groupa 12 mm aluminium SEM stub (Agar Scientific, Essex, UK) was covered
with a carbon sticker and a small guiy of homogenised, powdered sample wagrinkled

onto the stuh Each ample was pressed onto the carbon sticker via a rolling action with a sterile
glass pipette. For the intacryogelsamples, the cryogels were placed onbaar stickers and
carbon paint was coated around the bottom and sides of the cryotgelenhance their
conductivity All samples were then coated with a 5 nm thick coating of Iridium using a

Cressington 208 HRD Iridium Sputter Coater (Cressington Scjéiafiiord, UK).
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A Hitachi SU823Bigh performance cold field emission SEM (Hitachi, Tokyo, Japan) with Oxford
Instruments Aztec Enerdyispersivex-ray Spectroscpy (EDS$ystem with 80 mm XAX SDD
detector (Oxford Instruments, Abingdon, Oxfordshirgas used to imageryogel samples.
Secondary electron (SE) images were captured at 2 kV accelerating \{ldt@geobe current)
BSEmages werecaptured at 10 k\{low probe current) and energy dispesive xray (EDX)
analysismaps were captured at 15 kiiigh probe current)For SE and BSE imaging, a 5 mm

working distancevasusedanda 15 mm working distanagasused for ERX mapping

SE imaging was preferentially used due to the high sensitivity of samples to the electron beam.
BSE imaging was only possible in a small number of sample locations, hence BSE images were
excluded from particle size measuremer@ly particles abovagarosesurfaceswere included

in particle size measurements since those beneath the surface had poorly resolved edges. From
each sample, a minimum of six agarose fragmevite embeddedparticles were imaged. For

each fragment, three images were acquisddlifferert locations. Al particlesabove the surface

in these imagesvere measured. Where particles were high in packing density, particles were

only included in measurements if theiircumferentialedge could beompletelyresolved.

Image) was used to measugarticle sizeausing the line toglwhere largest feret diameter
(ferety) and corresponding perpendicular feret diameter (fgy@tas obtained for each particle,

as show inFigure2.4. Aspectatios for each paitle were then calculated usiriguation2.3:

i jameter
Feretx = particle D !

_——__F

Feret, = Particle Width

| B

Figure2.4. Determination of irregular particle diameter and width using feret diameters.

, . = Q01 Q0o 2.3
I OPAAO —
Q1 Q0o
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Due to the large range in grey scale values and background artefacts, images could not be
reliably converted to a binary format that would allow for automated part&i@ngin ImageJ

Such conversion resulted in a significant loss of particle data and artefacts in test images.
Particles were therefore manually measured with minimal manipulation of image contrast and

brightness.

Sample prticle measurements were collesd and transformed to histograsusing a bin width

(0) calculated viEEquation2.4:

1 we QQ 24
0 — :
Ve

Where range is the difference between the smallest and largest particle diameters (with no
excluded measurements), di is the total number of particles measured for a given dataset.

The lower boundary of the smallest bin is equal to the smallest measurement rounded down to
GKS ySINBAaG AyGSaSNW» C2NJ SIOK o6Ay>X FTNBIljdsSSyoe

2.3.9 Xray Diffraction (XRD)

Crystal structure analysis was performed for powdered cryogel samples aachercially
available HAp powder (SigmaAldrich control using a Bruker D8 Diffractometer (Bruker
Corpoation, Massachusetts, USA). Samples were analysed at room temperature, using a 2

range of 2Q; 60°, a stepsize of 0.016 °, and a Cth K-r&y source.

2.3.10 Cell Culture and Transfection

2.3.10.1 Resurrection of CryPreserved Cells

A cryetube of C2C12 cells was taken from liquid nitrogen storage, placé® &t storage and

allowed to gradally increase in temperature. The cells were then rapidly thawed in 37

water bath and reconstituted in 1.5 mL ofcell medis2 Yy A A a0 Ay 3 2F 5dzZ 6 S002
Medium (DMEM) (SigmaAldrich with 2mM kglutamine, 2.5 volo PenicillinStreptomycin

solution and 5 vot foetal calf serunFBS) The cells were then transferred to a T175 cell flask

(Thermo Fishe$cientifig and incubated overnight at 3T with 5% CQ The following morning,



Chapter 2 Development of Polydopamiweated pDNA/CaP Cryogels 42

cell media wasspirated,and the cells were washed in 2 x 10 mL of phosphate buffered saline
(PBS) (Sigmaldrich), which was finally replaced by 20 mL of cell media.

2.3.10.2 Cell Passage

Confluency and morphology of cells in the T175 flask were checkedideigfight microscopy

After 2-days, cells showed approximately Z0confluency and a pH chanigeéicated by phenol

red, indicatingsuitability for passage. Cell media waspirated,and the cells were washed in 2

x 10 nmL of PBS. 5 mL of trypsin was added to the wdilsh were thenncubated for Bminutes

at 37 °C. Following incubation, cells were checked for detachment/mobility under a light
microscope. 6 mL of cell media was then added to the cells to inactiyatsin and the resulting

cell suspension was transferred to a 50 mL centrifuge tube and centrifuged at 150 g for 5
minutes. The cell pellet was resuspended in 10 mL of cell media; 2.5 mL of this cell suspension

was added to two T175 flasks, along wathmL ofreshcell media in each flask.

2.3.10.3 Cell Counting

Once 70 % confluency was again achieved in the two T175 fleelks,werepelleted and
reconstituted in cell medi# form a single, concentrated cell suspension in 10 mL cell media.
50 uL of concentrated cell suspension was mixed WwithuL of 0.46 Trypan Blue solution and
added to the glass side of a haemocytometer and placed in the cassette of CdlirBess
Automated Cell Counter (Thernfésher Scientific). Upon acquisition of cell concentration, a
total cell number was calculated based on the n@®50 mL total volumef cell media The
concentrated cell suspension was centrifuged at 150 g {dmirfutes and resuspended fresh

cell media to give a cell suspension with a working cell concentration of 10celi€nL2.

2.3.10.4 CryogelCell Seeding

Ahigh concentratioragarose gel is required to coat the base of willprevent cells attaching
to the base of well plates. This gel was prepatsihg SeaKeff agarose with D.4O and
autoclaving the solution at 123C for 15minutes. 250uL of the molten solution was pipetted
into the wells of three 48vell plates.Once coold, cryoges from eachgroup were placed

individually in wells on top of the agarose gel using stdoleeps One 48well plate was
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assigned to luciferase assays (transfection plate) contained an n = 4 for each cryogel group
and cell media aatrols. Another 48well platewasassigned as the cytotoxicity platéryogels
from each cryogel group (n = 6) waskaced inthe cytotoxicity plate; three apositivecontrols
(to be lysed) and three as experimental samplEse layout for each well plkats illustrated in

Figure2.5. Notethat an additional plate was used for PIddated groups.

Cell media PDA-blank

Blank PDA-pDNA
pDNA PDA-CaP
CaP PDA-pDNA/CaP

pDNA/CaP

Positive Experimental
controls groups

Blank
pDNA
CaP

pDNA/CaP

Figure2.5. 48-well plate layout for (top) the transfection plate and (bottom) the cytotoxicity plate. White w
indicate unused wells.

50 uL of cell suspension (2.5 x*1&lls) was then pipetted slowly onto the top of eanfyogel
Any excess cell suspension that did not soak into the cryogel wpipeted on top of the
cryogel until the cryogedwelled and sakedup most of thecell suspension. The cryogels were

then incubated at 37C for 3hours to allow cells to attach to the cryogels. After incubation, 800
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pL of cell medigwithout cells)was gently added to each well. Care was given not to pipette
media directly onto cryogels which would potentially dislodge cells. The cryogel well plates were

then placed back into incubation overnight.

After 14hours of incubation, cryogels were transferred to thifeesh separate 96well plates

that did not containan agarose gel base coatinthe transfer of cryogels to fresh-@&ll plates

was done primarily to increase the concentration of luciferase enzyme produced by transfected
cells and thereby increase the sensitivity of luciferase assays. This also priacieisase
enzyme loss into the agarose hydrogel. Secondary to assay sensitivity, the transfer to fresh 96
well plates mitigates any reduction in cell media nutri@encentration that may occur as
nutrients diffuse into the sterile agarose gel coating th@tom of the 48well plates. Briefly,

180 pL of cell mediafrom all wells of the 48vell plates was transferred to 9%ell plates,
replicating the same layout as Fgure2.5. Cryogelsvere then transferred toheir respective

wells in the 96well plates using sterile forcepsd placed back into incubation until timpints.

Cell media PDA-blank

Blank PDA-pDNA

pDNA

PDA-CaP
CaP PDA-pDNA/CaP

pDNA/CaP

Figure2.6. Layout ofthe 96well transfection plate.
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2.3.10.5 Transfection Quantification

At 24-, 48, 72hour, and 7day time points, all cell media fromthe transfection plate was
transferred toanother 96-well plate where each sample wa®mogenised via pipettind0 pL
of the homogenised cell media walken transferred to awhite 96-well plate A concentrated
coelenterazinesolution wasfirst prepared byreconstituted250 ug of coelenterazine powder
(ProMega, Wisconsin, USA) in |80 of acidifiednethanol. 1.4uL of concentratesolutionwas
then diluted in 698.6uL of PBSto give a workingsolution concentrdion of 0.2 vol %
coelenterazingor 0.4nguL?). 10uL ofthe coelenterazine working solution wésen added to
the homogenised0 pL cell media sampke gently mixedria pipetting andncubated protected
from lightfor 30-minutes.The wellplate wasthen placedin a spectrophotometric plate reader
(Plate Chameledff, Hidex Oy, Turku, Finland)easuring for luminescencé.uminescence
measurements for uncoatedoated cryogel groupsvere baselined againghe blank group,

whilst PDAcoatedgroupswere baselined againghe PDAblankgroup.

2.3.10.6 Cytotoxicity

16-hours prior to the 4&our time point,systematic control¢cellonly) for cytotoxicityassays
were established by seeding three wells of a separatev8b platewith 9000 cells in 10QL of
cell media. After 1éours of incubation at 37C and 5% CQ this well plate was removed
alongsidethe 48hour cytotoxicity plate All cryogelsfrom the 48-hour cytotoxicity well plate
(and cell media controlsyere removedand transferred to the sam@6-well plate along with

with 180uL of fresh cell medi@he96-well platewas then incubatedor a further24-hours.

After 24-hours,28 UL of 10X lysis solution was added to positive corainpbgelg10uL per 100

uL of cell media) and thoroughigixed.In total, 28uL of 10X lysis solution was added to each
cryogelsample(rather than the recommended 18l) to account for the estimated additional

100 L of cell media adsorbed into cryogels. For cell media controld, & 10X lysis solution

was added to wells. The 9%ell plate now containsthe systematic control (cell onlyand
cryogel groups divided into lysed (n = 3 for each group) and experimental sets (n = 3). This well

plate was incubated for a further 4@inutes to lyse cells.

During incubationthe assay buffer was thawed at room temperature and protected from light.

After 45minutes of incubationthe 96-well plate was remoed from incubationand 50pL of
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CytoToXReagen{ProMega)vas added to each sample wélhe well platevas then incubated

at room temperatureand protected from lighfor 30-minutes.

After incubation, 5QuL of stop solution waadded toeachlysedwell. The absorbance at 490
nm was then measured for allells.All absorbance measurements were ficsiibratedagainst
the cell media controlfollowed by calculated aihean valuegor lysed and nonlysed cryogels.

Percentage cytotoxicity for a given cryogel group was then calculated using EcRi&tion

Ve d ODIQQE "B i 25
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Using Equatior2.6, cell viability & %) was calculated gomparing the cell viability of a given

cryogel group to that of the blank cryogel group:

6 Qa1 OO QWRO@DA G B Qi WO O BGONEDEST Qi WO O DA DEX 2.6

The percentag cytotoxicity for each cryogel group was therilwated againsthe blank group
Normally the LDH assay protocol requires baselimyiptoxicity against cell only controls
However the samenumber of cells inthesecryogelscannot be seeded onto well plates due to
excessive cells per unit area. Hertige blank cryogel group was instead useglace of a cell

only control.

2.3.11 Data Analysis

Unless specified, mean values are provided with SD as follows: #famhe ShapiraVilk test
was used to test datasets for normality. Where data was-parametiic, the Tukey Kreamer
Honestly Significant Difference (HDS) test was performed for multiple comparison statistical

analysis. All statistical tests were carried out using 95 % confidence intervals (Cl).
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2.4 Results

2.4.1 pDNA Mobility in Gels

The distance avelled bypDNAin agarose and PDBdgarose gel slabs was measured to
determine changes ipDNAmobility as a result of the PDedating.Figure2.7 showsimages of
stained uncoated agarose and PDAgarose gels loaded withpDNA, excised from the

electrophoresis tank at different time points.

Uncoatedagarose PDAcoated agarose

6-minutes

12-minutes

18-minutes

24-minutes

Figure2.7. pDNAbands in (left) uncoated and (right) PIddated agarose gelaths.

ThepDNAbands are more clearly observed in tinecoatedagarose gedt all time points, whilst

the bands in the PDAgarose are comparativefginter and reduce in visibility wittime, with
leading edges that become faintd8y 24minutes, only the sides of theDNAbands remain
visible in thePDAagarose slabThisreduced visibility of pDNix the PDAcoated gel could arise
from the increased opacity of the gel and therefore reduced transmission of excitation and
emission wavelengths through the gel required for the DNA stain to perform appropribtely

this would not explain why the sides of bands remain visible

Bands in both dgs stretch over time, which could stem from an incomplete loading@NA
from wellsinto the gel slab after #ninutes.In this hypothesis, the majority @DNAis loaded

after 6minutes but a minority remains within the well. Upon removal of @inute gel slice
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any pDNA in the welis ejectedduring washingMeanwhile, pDNAemains in the wells of the
gel slab and diffuses baekvayfrom the wellgelinterface. Upon reapplication of the applied
potential, thepDNAband in the gel continues torpgress through the gel but there is a time
delay before the residugdlDNAIn the well is loaded into the gel. This cycle repgeatsating a
Wi | R Rp®NAN th2 24minute gel slice (from the uncoated gel slafijh each new step
diminishing in intens$y relative to the previous stepf this ladder effect is prevalent in the PDA

coated gel slab, it may explain (to some extent) wBNAintensity diminishes with time

Due to ther reduction inintensity with time, pDNAbandsin the PDAcoated agarose become
difficult to measure accurately. Adjustments to the brightness and contrast in ImageJ were

required to enhance the visibility of &#se bands and make more reliable measurements.

The mean distances SD)travelled bypDNA bands at each tim@oint for uncoatedagarose
and PDAagarosegel slabsvere calculated and plotted as a function of tiind-igure2.8. Linear
fits applied to both datasets give ad®R0.97 for the uncoated agarose gel &&d- 0.99 for the
PDAagarose gelThe gradients of the slogeare similar, having comparablecaefficients of
0.159 and 0.149 for the agarose RBdgarose respectively, indicating a similar mobility between
the gelsbetween6- and 24minutes However, their yintercepts are evidently different, having

values of 0.99 and 0.49 fancoatedagarose and PDAgarose respectivelylhisindicaiesan

6 B Agarose
® PDA-coated Agarose
5 4
B R*=097

E 4 4 R?=0.99
3
c 34
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Figure2.8. Distances travelled by pDNA bands over time in uncoated agarose arddaibse gel slabs.
Errorbars indicate standard diation.
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initial reduced mobility of pDNA in the PRAatedagarose This could arise througddsorption

of pDNA on PDA surfacesamnjugation ofpDNAwith excess BA molecules

2.4.2 Cryogel Appearance

Following the first lyophilisation, cryogels had a uniform shape that appeared to reduce only
slightly from their original hydrogel size after the first lyophilisation step. However, as shown in
Figure2.9 (B), the second lyophilisation reduces the uniformity and size of both agarose and
PDAcoated agarose samples. The change in appearance between the two lyophilisation steps

is likely due to the contrasting properties of buffelgion (containing salts) present during the

first lyophilisation stemand 70% EtOHresent in the second lyophilisation sép ¢ KS WT NP &
appearance irigure2.9 (C) ighereforelikely to be crystallisetesidual salts from the buffer or

loading solutionsThereduced visibilityof salts betweerrigure2.9 (C) and D) suggests that the

70% EtOH wash is removing much of the datt the cryogels.

Figure2.9. Uncoated and PDAoated agarose cryogel appearances. (A) Agarose cryogels after first lyophili
and (B) after 70 % EtOH sterilisation and second lyophilisation. (@)d2id agarose cryogels after first
lyophilisation and (C) after 90 EtOH ster
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Digital images of blank and PMRank cryogelgost-sterilisation and lyophilisatiomeveal a
rough surface topography, but with little evidence oparous surface in both cryogeFigure
2.10. The colour of the PDBlankcryogel is darker than that of the blank cryogel due to the PDA
coating, but there are also black spots distributed throughout the cryogdheeirthatare
assumed to bé®DA clusters. Tlse cryogelswere sliced in half using a scalpel to obseiive

internal porous structure.

Figure2.10. Digital Microscope images of (A) Blank group cryogel and (BpRB\group cryogel.
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Asshown inFigure2.11, the blankcryogel has a highly porous internal st with pore sizes
ranging from 50¢ 200 um. In contrast, the porous structure of the PDkank is less easily
identified. Palevoids, which could be the pores themselves since PDA clusters are vacant in

these areas, can be seen through the Ridénk whit measure between 3§ 150um.

Figure2.11. Internal porous structure of (A) blank group cryogel and (B)4B@Ak group cryogel.
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At greate magnification, the PDA clusters become clearer and are all belounlfi diameter,

as shown irFigure2.12. Thepalevoids are difficult to interpret; they could b@ores based on

the absence of PDA clusters in this focal plane, but the blurred foreground of these icoadgbs
indicatethese images are taken through pores themselves. Agarose fibres or ridges can be seen
in Figure2.12(B) butbased on theoresence of PDA clusters between neighbouring fibres/ridges

theseare likely not the circumferential edges of pores.

—_—
200pm

Figure2.12. High magnification digital microscope images of B2k cryogel internal pore structure.
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243 XRD

XRD spectra fasamples fromblank, pDNACaP, and®PDApDNA/CaP groups, as well aslap
powder control,are shownm Figure2.13. The blankagarosesample has a broad, shallow peak
between2* € 39° which indicatesan amorphous structureln comparison, the pDNA/CaP
and PDADNA/CaP groups have almost identical broad peaks between 32 F35° that
coincide with the region of intense characteristic peaks of HAp for the (211),(@BD0) and
(202)crystal planes.

Green = blank group
Blue = pDNA/CaP group
Red = PD4ADNA/CaP group

| Black = HAp powder
- \\‘\Wﬂ”—’w - T
1 M
:é\ N w/’"\
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Figure2.13. XRD spectra for blank (green), pDNA/CaP (blue);gEZD#/CaP (red) and HAp powder (black) glam

The broad peaks ithe pDNA/CaP and PEFONA/CaRBampleseither indicate an amorphous
structure(i.e. ACP or that crystal size ilw and/or of low crystallinityThe presence of HAim

these two samplesan therefore nobe ruled out based on this data
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244 SEM

2.4.4.1 Intact Cryogels

A cryogel from each of the blank and RBlAnkgroupwere kept intactto identify the surfae
properties of the cryoge|ghese images are shown figure2.14. At low magnificationigure
2.14(A) and (B)) the cryogels are similar; bptlesenting a surface thas mostlysmoothwith
regions toward the edges that boast much rougher textur&stypical image of themooth
surface areas of the blank group are showifrigure2.14 (E) whilst the smooth surface areas
of the PDAblank typicallyresemble platelets at higher magnificatiqiigure2.14 (F) and
evidence of a 6(im pore at toward the centre of the imagéhe rougher areas of the blank and
PDAblank cryogels are shown lfigure2.14(C) and (D) respectively. These amneay be ruffles
of agarose pore boundaries ridges in which the PDBlank cryogelpresents more densely

packed boundaries than the ik cryogel.

A blank cryogel wasliced in half and imaged via SEM to observe the internal porous structure
generated by the lyophilisation process.gh®wnin Figure2.15, the blank cryogel has pore sizes
ranging from approximately 59200um, which is within the same size range as pores identified
via digital microscopy eaer. The external and internal porosity appear highly different,
however, under hydrated conditions the surface porosity may be induced by the hydration of

surface agarassheets.
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Figure2.14. SEM images of intact blank and RB)ank cryogel surfaces.
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10.0kV 6.0mm x42 SE

Figure2.15. Lyophilised blank cryogéhtact).




Chapter 2 Development of Polydopamimeated pDNA/CaP Cryogels 57

2.4.4.2 Powdered Samples

Particles embedded within powderectyogel sampleswere analysed using SEM to obtain
particle diameters and aspect ratioslow magnification image of a CgPoupsampleisshown

in Figure2.16 as a typicaéxample of agarose fragmentation on the S&bs, with fragments
ranging from 5 uym to 1 mm. Charging effectsindicated by white fragments are an effect of
fragment stacking on the carbon sticker that reduces conductivity in these areas, hence
producing contrast in SE imaging. Such fragments were avoided for particle analysis since
charging disrupts normal electron pathwayadatherefore distorts images. Typically, lone
fragments away from stacked clusters were ideal for imaging givingdlusieresidencyto the

carbon sticler itself.

10.0kV 5.5mm x45 SE

Figure2.16. Low magnification SE image of a powdered CaP group sample.

The agarose demonstrated a high degree of sensitivity toward the electron beatoed¢mting

g2t idlr3Sa 2F B mMn 1x® ¢2 I @P2AR WodaNYyAy3aIQ 27F
contrast adjustments were made near to target areas, followed by translation of the beam to
the target area. Imagingenerallyneeded to beperformedat magnifications of x 20 k or lower

to avoid burning, bubccasional highemagnification was possible for singgarticle imagingn

stable areas.Particles presented good beam stability with no ampda changes to their
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appearance in SE imaging. In contrast, much larger salt crystals were easily identified by their
NI LIAR WoSIY FtlLGGSyAy3aQ dzaal2y SELIR&dzNBE G2 GKS

2.4.4.3 Blank and pDN&roups

Agarose fragments fromhe blankgroupdemonstrated a generally homogeneous appearance
with few surface features. Agarose fibres could occasionally be obséredach fragment
generaly resembledlat shees, asshownin Figure2.17. The absence of pores may simply be

due tothe destructionof nanoscale pores during lyophilisation, whitstroscalgpores created
duringlyophilisation were erased by the powderisation procgd3NA samples were identical

in appearance to agarose controls since the added DNA molecules are unobservable using

typical SEM imagindnenceimagesof pDNA samples amot provided.

LEMAS 10.0kV 7.5mm x3.03k PDBSE(CP) 10.0pm

Figure2.17. BSE image of a powdered blank cryogel, showing an abseneetiofgs on the agarose surface.
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2.4.4.4 CaP Cryogébroup

PowderedCaPcryogelsamples showed agarose fragments embedded \aiticles (Figure

2.18) clearly visible against ¢hbackground agarose under BSE imaging. Such comr8SE
imaging indicates the particles are comprised of elements with heavier atomic mass than that
of the agarose. The particles appeared either on or close to the agarose surface with clearly
defined edges or embedded deeper in the agarose fragment with comparatively lower
brightness and poorly defined edges. Particles with poor contrast and/or poorly defined edges
were ignored for particle sizing. Generally, SE imagingn(a@ccelerating voltage &f k\) was

found to give better images for particle sizing since SE signals originate from shallower sample
depths and produce more highly resolved datadorfaceparticles. Comparatively, BSE imaging
allowed observatin of particles embedded below the agarose surface. However, the high
sensitivity of agarose to the electron beam, especially at the higher accelerating voltages needed
for BSE imaging, frequentigsultedin extensive damage to the local sample arAnd even in

BSE imaging, only surfagparticleshave the defined resolution required for particle sizing.

Figure2.18. BSE image of the CaP sample.
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As shavn in Figure2.19, the agarose fragmentshow avaration in particle packing density,
particle morphology, and particlsizes.Figure2.19 (A) shows particlesanging insizesfrom
approximately 150; 500 nm. These particles appemultimodal in their size distribution, as
highlighted by the (red) circled particles, where mpatticles areof their order of150 nm or
300 nm in diameterMost particles are spherical or have round edges, with some eixigjbi
irregular morphologies or faceted edges. A small number of particles exhibit hexdidenal

morphologies, such as the example magnified in theseahre

Figure2.19 (A) also displays some aggloméoat as particles are mostly in close proximity to
larger clusters Neighbouring particlescould havenucleated and grewhere together or
agglomerated in solution during synthesia contrastto the packing densityof particles in
Figure2.19 (A), the fragmentin (B)presentsmore uniform,monodispersearticles with fewer
clusters The particles ifrigure2.19 (B)are alsamuch smaller than those iA), ranging from 50
¢ 200 nm, with a mix of spherical and irregular morphologiexyether, the inages inFigure
2.19demonstrate theheterogeneityof particle size, morphology, and packing density that can
be obtained within the Cafample that is theorised to result from namiform supersaturation

across the zone of precipitation.
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LEMAS 10.0kV 5.8mm x15.0k SE(U)

LEMAS 10.0kV 5.8mm x15.0k SE(U)

Figure2.19. Agarose fragments displaying particles from the CaP cryogellsaRgrticles highlighted in red
demonstrate hexagondlke morphologies.

Usdng greater magnification, the nanotopography of particles was visuaksedhown irFigure
2.20, the surface of CaP particles demonstrated a high surface roughness, gubarhbined
with spherical and irregulgparticle morphology- is an indicator of low particle crystallinity.
Thoughone must consider the effect of the 5 nm iridium coating at this magnificati@nutility
of iridium in ultrahigh resoluton SEM imaging is due to its very fine grain simd should

therefore notbe resolvable at this magnification.
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LEMAS 10.0kV 5.8mm x200k SE(U)

/
LEMAS 10.0kV 5.8mm x130k SE(U)

Figure2.20. High magnification images of particles from the CaP cryogel sample.

Interestingly, the particlén Figure2.20 (B)appears to be&omprised of one large and one small
particle that could havecoalescedduring growth or via their collision during transport by the
electric field.Particles with such morphologies are commonplacthe CaRryogelsampleand

will thereforehave made some contribution toward increasing theanparticle diameter.
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The mean diameter and aspect ratioparticles embedded in th€aRgroupsample wa®11+

59 nm and 1.15 0.12 respectively (n = 912Jhs meanparticle diameter is similar to the 191
nm pore diameterof Seakerfi LE agarse calculated byNarayanan et al. (2006)value
extrapolated from graphicalata). A histogram representing the diameters of particles from CaP
samples is shenin Figure2.21. Thehistogram demonstrates unimodalityith a slight negative
skew given that 47 % of particles are smaller than thedal bin(modal bin has a centre @f16

nm) and 41% are larger than the modal biNote thatthe mediandiameteris 203 nm The
particle diameter dataset for the CaP sample is-naiformly distributed (95% confidence

intervals)

14 -
12

10

Percentage of Total (%)

0 100 200 300 400 500
Particle Diameter (nm)

Figure2.21. Histogram for particles from the CaP sample (n = 912). Data iamiformly distributed (95 %
confidence intervals).

EDS data was also acquired during SEM imaging for each sample. However, the agarose surface
was vey sensitive to the high accelerating voltage and beam current required to prodragsX

of a sufficient count rate for reliable EDS data collection. Since low magnification had to be used
to prevent rupturing the agarossurface, little elemental resoluhn of particles could be
obtained. For these reasons, EDS analysis was abandoned. EDS maps are therefore omitted here
but are provided in the Appendikigure6.1 and Figure6.2 for CaP and pDNA/Caoups

respectively.
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2.4.45 pDNA/CaP Cryogel Group

Particles from the pDNA/CaP sample were comparable to those of the CaP sample with regards
to packing density, morphology, and diameter. Between different agarose fragments, packing
densities and diameters clearly vary, as with the CaP sample. For exampjartioées in(A)

range approximately between 250450 nm, whilst thee inFigure2.23(B) range between 150

¢ 350 nm. Though the partieldiameter range is greater féne fragment in(A), these particles
appear moreconsistent in their size. Overall, the mean particle diameter and aspect ratio was
226+92 nm and 1.14 0.11respectively(n = 1105).

Figure2.23. Particles from the pDNA/CaP cryogel sample. Particle highlighted in red square demonstt
hexagonalike morphology.
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Particledn Figure2.23 (A) appeamore uniform in their sphericity and have fewer particles with
faceted edges, though a small number of partiatesuch as the example highlighted in red

have hexagondike morphologies. Overall, more irregularorphologies are obseed inFigure

2.23 (B). For both CaP and pDNA/CaP cryogel samples, smaller particles consistently
demonstrate fewer uniforrmorphologieswhich hints at reducing crystallinity with reducing

particle diameter.

The histogram for pDNA/CaP particle diametershewn inFigure2.24. The data shows
bimodality since primary and secondary modal bins (peaks) are observed. The primary modal
bin has a centre &19 nm and represents 11.7 % of particles in this sample, whilst the secondary
modal bin has a centre of 105 nm and represents 4.58anitles Since almosb7 %of particles

are greater than the primary modal bin, the histogram has a slight posikee. The median

particle diameter is 236 nm and the mean particle diameter is 22&8&(n = 1105)
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Figure2.24. Histogramfor particles from the pDNA/CaP sample (n = 1105). Data iuniéormly distributed (9¢
% confidence intervals).
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Thereappears to bea transition of unimodalityo multimodality from the CaP to pDNA/CaP
sampledue tothe addition of pDNAThe primary modal binemains approximately the same,
shifting from 216 nm for the CaP sample to 219 nm for the pDNA/CaP samgpleyith the

addition of a secondary modal bin centre at 105 nm for the pDNA/CaP sample.

The proposed mechanism through which this occurs is gialNAmolecules interfere with
nucleation and growth of particles and act as nucleation centfes nucleation centres, the
addition of pDNA will increasthe number of nuclei within the gel per unit volume during
synthesisthereby reducing free ions and pait growth potential If pDNA also act aspping
agents, pDNA would kinetically lintlite growth of particles, but this is unlikely given the affinity
of C&" ions to pDNA. Hence pDNA molecules on CaP surfaegsnot prevent more CaP

nucleating on theiphosphate backbone

2.4.4.6 PDAblank and PDADNACryogel Groups

PDAblank and PDADNA samples were identical in appearance given that pDNA was not
observed in both samples. The RBlank and PDADNA samples appeared similar to blank and
pDNA samples at low agnification, but at higher magnifications a rough surface topography is
revealed (Figure 2.25 (B)) which is likely a result of the PRAating This rough stiace
topography is not observed in any uncoated sample when imaged under the same conditions
(SE, 2.0 kVix10 k magnification).
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Figure2.25. SE images of a PDA blank sample. (A) Low magnification image of a fragthéB) a high
magnification image of the rough surface highlighted in red square.
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2.4.4.7 PDACaPCryogel Group

Particles fromthe PDACaPgroup demonstrated several similarities to those in CaP and

pDNA/CaRyroups in that particles varied in size, morphology and packing density between
agarose fragmentdzigure2.26 (A) shows particles from the same agarose fragment at different
magnifications, ranginfjom 50- 300 nm, boasting regular, spherical morphologies. The packing
density of particles ifrigure2.26 (A) is noruniform, with most particles appearingbovethe

agarose surface.

Figure2.26. SE images of particles from RBAP group of the same agarose fragment. Red circles indicatdgs
that present little attachment to the agarose surface.
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Upon closer iapection of the same agarodeagment Figure 2.26 (B)) a rough particle
topographyis revealedwhere particles resemble clustered nodul@syarose fibres appear to
anchor tosurfaceparticles whilst others appear to envelop particlesmpletely andnakethem
appear suksurface. Some fibres close to particeggpear tobe thickened by &oating which is
possibly CaPirgce greater density to surrounding agaroseould explaintheir more intense
appearance than d¢ter fibores For some particles, there is an absence of agarose fibre
attachment, indicated by red circles. The two distincttigde typestherefore presentare: (1)
particlesanchoredto fibres (fibrous)and (2)particles with no fibrous attachments (unbound).
This author suggests that fibrous particles remain at their nucleatiordsitiag synthesis and
coa neighbouring fibresvhilst unbound particles are transportddither electrophoreticallyor

during lyophilisation/sterilisationto their finallocationsin these images.

As with the CaP and pDNA/CaP samples, the®&\sample displays vdiwm in particle size,
morphology and packing density between agarfegmens. Figure2.27 showsan agarose
fragment with much smaller particle sizes than skambserved inFigure2.26, ranging from
approximately 40¢ 200 nm with some larger agglomeratasith most particles appearing
slightly embedded into the surfac@he morphologies of ttse particles are far less regular than
in Figure2.26 (A), sincdaceted and straight edges are commonplace with particles throughout
the fragment. Localised agglomerates can be seen, as indicated by ¢l civhich comprise

of much larger particles measuring up to 200 nm in diameter.
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Oz 3

- _ - -

LEMAS 2.0kV 5.6mm x25.0k SE(U)

Figure2.27. SE image of particles from the RBAP cryogel group. Red circles indicate large agglomerate
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Some agarose fragments from the RDAPsamplerevealed much larger particles, suchias
Figure2.28 below. Here particles have a wide size distribution from 10800 nm and a high
packing density that appeats stack particles on top of each othersome areasThere is also
some tessellation occung between particles, as indicated by red circles, which can emphasise

the almost hexagonal morphologies of somél-sized to largepatrticles.

LEMAS 2.0kV 5.5mm x15.0k SE(U)

Figure2.28. SE image of particles from PIOAP cryogel sample. Red cicles indicate particles of hexdd@nal
morphologies and blue circles indicate coalesced particles.

There is also some evidence of particle coalescence, as indicated by particles highlighted in blue
circles. Bint lines down the centre of theskarger particles suggest the coalescence of two
smaller particles. This is frequently obseniadamples with larger agarose particlasd has

previously beemdemonstrated inFigure2.20(B).

Figure2.29 shows thehistogram for particle diameters from the PEDP sample (n = 661). The
data shows bimodality, with primary modal bincentre at 198 nm representingl5.4 % of all
particlesand a secondary modal baentre at 93 nm representing 5.7 % of all particleSince
52.7 % of particles are smaller than the primary modal bin,dfte demonstrates a positive

skew.The mediardiameteris 173 nm and the mean diameter is 12Z3 nm.



Chapter 2 Development of Polydopamiweated pDNA/CaP Cryogels 71

- = =t -
o N BN (o)}
1 ' | L 1 L | )

Percentage of Total (%)
0 ¢]
| "

0 100 200 300 400 500 600
Particle Diameter (nm)

Figure2.29. Histogram foiparticles from the PD&aP sample (n = 661). Data is-ooiformly distributed (95 %
confidence intervals).
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2.4.4.8 PDApDNA/CaFryogel Group

Particles from an agarose fragment belonging to the DANALCaP sample are shownkigure

2.30. Here, particles arbéighly agglomeratechon-surfaceboundby anchoring fibresand have

a large size distribution from 1@0700 nm. At this magnification, the rough surface topography
of particles is clearly obsesd. Interestingly, some particles present beam flattening, as
indicated by green circles. Such effertay result from charging effects due to poor conductive,
possibly arising from a neuniform surface coatingBeam flattened particles are unlikely to be

a different particulate species more sensitive to the electron beam given their size and

morphology are highly similar to neighbouring particles.

—‘3 i;“"s w\' «s 'k';’a - (' :\'| I |\ I‘: LI
LEMAS 2.0kV 5.6mm x20.0k SE(U) 2.00pm

Figure2.30. SE image of particles from the RPBNA/CaP cryogel sample. Coalesced particlesightighted in
blue and evidence of beam flattening is highlighted in green.

Elsewhere in the agglomerate, evidence of coalescence is observed (blue circles) involving larger
particles, similar to thosén Figure2.28. Thestackng and agglomeration of particles in this
agarose fragment could further the claim that some particles are mobilised from their original
nucleation location and transported elsewhere either during synthesis or

lyophilisation/sterilisation

Particles from two separate agarose fragments sinewn inFigure2.31. Those irFigure2.31

(A) range between approximately 440 nm and have irregular morphologiegilst those in
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Figure2.31 (B) rangefrom 80¢ 500 nm and have highly spherical morphologies. More beam
flattening effectsare observed irFigure2.31 (A), highlightedy the green circle.

LEMAS 2.0kV 5.7mm x8.00k SE(U)

Figure2.31. SE images of particles from separate agarose fragments irpPNA/CaP cryogel sample. (A) Sm
sub-150 nm paticles and (B) large, 83500 nm particles. Evidence of beam flattening is highlighted in green
circles

The particle packing density between tleetsvo agarose fragments are quite contrastinigpose
in Figure2.31 (B)are mostly more thanl um from their nearest neighboucompared to those

in Figure2.31 (A) that aregenerallywithin 100 nm ottheir closest neighbourmp particle.
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Figure2.32. Histogram of particle diameters from the PIPRNA/CaP sample.

Figure2.32 shows thehistogram for particle diameters from the PEMONA/CaP sample. Unlike
the histogram for the PD&aPsample Figure 2.29), particle diameter data for the PDA

pDNA/CaP samplsunimodalwith the modal bircentre at 92 nmThe histogram has a positive
skew given 79 % of particles are larger than the modalTie median particle diameter is 152

nm and the mean particle diameter is 171 &r84 nm

There appears to ba shift from the bimodaly of the PDACaP sample to the unimodality of the

PDApDNA/CaRsample However, it is theorised that the addition of pDNA and PDA result in
multi-pathway nucleation and growth and hence a particle size distribution that is so multimodal
it appears unimdal. This suggests that the introduction of pDNA is again affecting the
nucleation and growt of particles. As with the pDNA/CaP sample, it is theorised that pDNA
moleculeswithin the PDADDNA/CaP cryogel growget as additional nucleating surfaces that

increase the total nuclei per unit volume during synthesis and therefore limit the overall growth

potential of particles
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2.4.49 Summary of SEM Data

The centres of primary and secondary mobiails have been taken from the histograms of CaP,
pDNA/CaP, PD8aP, and PDADNA/CaP sampleand plotted in Figure2.33 below. Primary
modal bins are takesimply as the largest bin, whilst secondary modal bins are taken as the
largest modal bin from the secondary peak. In the case of the unimodal data produced for the
CaPsample, or for the unimodalesembling data of th€ DApDNA/CaRamples, onlyprimary

modal birs are extracted.
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Figure2.33. Modal bin centres for particle diameters from cryogel samples.

The pDNA/CaP sample has a slightly larger primary nimdalentreof 219 nm compared to
that of the CaP sanip (216 nm) but with the addition of a smaller, secondary moba centre

at 105 nm.The addition of pDNA to CaP therefore shifts the particle size distribution from
unimodal to bimodal with the introduction of a smaller particle populatidhs is theorisedo
result from pDNA acting as additional nucleation centres fortGalPconsequently reduce the
growth potential of CaP particles. The PDAP sample presents simildrut slightly smaller)
primary and econdary modabin centres (198 nm ah72 nm repectively)to the pDNA/CaP

sample.Thissuggests that the addition of the PDA coating reduces the primary and secondary
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modal diameters of th€aP sample more significantly than the addition of pORDM therefore

hasa more substantial effect o particle nucleation than pDNA

The effects of the combinative additions of pDNA and PDA are seen when comparing CaP and
PDApDNA/CaP samplesThe particle size distribution remaingnimodal but becomes
negatively skewed where thgrimary modal bin centre reducdsom 216 nm to 92 nmThisis
assumed to be aulti-pathway effect, where pDNA molecules are both mobile and bound to
PDA surfaces, hence pDNémild operate as nucleation cerds on surfaces and in solution.
Since it is theorised that a compound effect of pPDNA and PDA of nucleation and growth of CaP
particles is taking placé,would make sense thaecondaryand tertiarypeakscould behidden

behind the strong primary peak Hence the PDADNA/CaP samplés theorised to be

multimodal.

The mean pdicle diameters £ SD) for all samples adisplayedn Figure2.35. TheCaP sample
boasts a smaller mean particle diame{@12+ 59 nm)than the pDNACaP samplé226+ 92

nm), whilst the PDACaP and PDAPDNA/CaP samples are highly sim{lie#2+ 73 nm and 171

94 nm respectively)Whilst these mean values allow for a general comparison of each dataset,
theyare less descriptive of CaP pelidiameters given the presence aini- and multimodality

within datasets, as well as namiform distributions.
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Figure2.35. Mean particle diameters (+ SD) for cryogel groups. Errors bars indicate standard deviation. * Ir
statistical difference (95 % confidence intervals).
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2.4.5 pDNA Encapsulation Efficiency

Encapsulation efficiency pDNAIn different cryogel groups was determined imgasuring and
comparing thepDNArelease from cryogels into different separate buffers using a PicoGfeen
dsDNA assakit. Figure2.37 showsthe release opDNA(g) from pDNA, pDNA/CaP, RPBNA,

and PDApDNA/CaRryogel groups. For both sets of standards (prepared with either control or

decalcification buffer), the linear fit of the standard curves hag R.999.
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Figure2.37. Total pDNA releasgif) fom uncoatedand PDAcoatedcryogelgroups Orange: usterilised cryoge
submerged in control buffer. Green: sterilised cryogels submerged in control bRtfgale: sterilised cryogels
submerged in decalcification buffet Indicates statistical difference (99 % confidence intervals).

pDNA release for pDNA and pDNA/Capgel groupsire calibrated against thblank cryogel
group, whilst PDApDNA and PDADNA/CaP cryogel groups are calibrated against the- PDA
blank group.pDNA groups released betweeng2.5 ug of pDNA, wheréghe most pDNA wa
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released from the unsterilised cryogels into control buff@c7 pg), followed by sterilised
cryogels into control buffer and sterilised cryogels into decalcification buffer. A similar
observation is seen for the PEpdank group, with the most pDNA released from unsterilised
cryogels into control buffer (3.Jug), followed by 2.81g released by stilised cryogels into

control buffer and 2.2ug released into decalcification buffer

Itis interesting that the PDADNA cryogel appears to release mo@NA thanthe 2.5 3 LJ5 b !
initially loaded into the gelThis is not due to an imbalanced calibratimward blank and PDA
blank groups, given negligible pDNA release was measured for both controls (data not shown).
It is possible thathe interaction of pDNA anchobile PDAfragments caused some amplification

of the fluorescent signal to artificially Bance the mass of pDNA released.

The stepwisereduction of pDNA release from the unsterilised, control, and decalcification
cryogels in the pDNA and PIgfoupsis similar, where the least [DNA is released into
decalcification bufferGiven that the standals for control and decalcification cryogels were
prepared with the appropriate buffers, it is unlikely th#te reduced pDNA release in
decalcification buffer is due to th®icoGreef" assaybeing desensitised to pDNA in the
presence of EDTAnskad, this author suggests that thiecalcification buffer reduces the

diffusion of pDNA from pDNA aRDApDNA cryogeldue to higher viscosity.

Assuming that the pDNA release for the unsterilised cryogels from pDNA argMNDX¥groups
is 100% of the pDNA&ncapsulated within the hydrogel, there is a los®df7+ 0.2ug and 0.36
+0.14ug of pDNA from these groups respectively due to the sterilisation protesse values

represent é6.7 %and 11.4 % loss of pDNA from the pDNA and-BIBAk groups respeively.

As expected, there is negligible release of pDNA from CaP andC&BAaryogel group3he
greater negative values observed for unsterilised cryogels for both groups may simply be due to
these cryogels containing more salts {NBQ, CaGl, NaOH) tht have not been washed out

due to the sterilisation procesBespite thesesaltsnot being listed in the PicoGre8fprotocol

as influencing fluorescence signal, their presence could reduce the sensitivity of the assay

toward pDNA.

The pDNA/CaP and PPBNA/CaP groups demonstrate the greatest release in the
decalcification buffer, measuring 2.#0.09>g and 2.74t 0.18>g respectively. In contrast, the
pDNA release into control buffer for the pDNA/CaP gro@plig+0.06>g, whilst 0.22+ 0.11>g

is released by the PDFDNA/CaP groupThere is negligible release froihe unsterilised
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pDNA/CaReryogelgroup, and thePDApDNA/CaRlisplays a small negative val¢€.311 >g)
almost identical to that of the PD8aP group-(0.315>Q).

The stark difference between the amount released into control and decalcification buffer
indicates the presence of EDTAdquired to decalcify the cryogel and release the encapsulated
pPDNA and therefore that CaP is either encapsulating or strongly adsorbing pDi¢Aimited
release of pDNA from pDNA/CaP and RIDAIA/CaP cryogel groups into control buffer also
suggest thathe majority of pDNA is either encapsulated or prevented from diffusing out of the
cryogeldue to remineralisation of releasedNAs Together, the pttern of pDNA release from

the pDNA/CaP an®DApDNA/CaP groups into control and decalcification buffersviole
evidence the pDNA is strongly associated with GaRhermore, the greater release of pDNA
from the pDNA/CaP cryogel group compared to the pDNA cryogel group, and the greater release
of pDNA from the PDADNACaP group compared to the PEBONA cryogl group, together
demonstrate the loading of Ca@ind resulting precipitation a€aP encapsulate a greater mass

of pDNA with these Cagbntaining cryogels.

The simplest method to calculate encapsulation efficiency of pDNA for pDNA/CaP and PDA
pDNA/CaRryoeel groupsis the comparison of pDNA releasido control and decalcification

buffersusingEquation2.7 below:

0t OGN 6ABRWBAE OO 27
A OO Qo QdEi 6E & o0 6" @QQI b
P N Oo0bBQa O IR 6 oo @ QaeEnR B "

Wherer) 00 6 Q & 'Odzi 6 ¢ o0 6¢"@'@Fxbssumed to measure the releasauofibsorbed
orun-encapsilated pDNAwithin the cryogelandf) ‘O 0 i6 ‘Q & ‘C@E 81K 0 O & 0 QO OBDON Q¢ ¢
is assumed to be the release of all pDNA withindhgogel Hence,Equation 2.7 provides the
encapsulatiorefficiency (%)f pDNA This equation was used to calculate the encapsulation

efficiency of the pDNA/CaP and RPBNA/CaP cryogel groups

pDNA/CaP and PB#DNA/CaP have similancapsulation efficiencies 0b9 + 3.2 %and 921
+ 6.0% respectivelyThe lower encapsulation efficiency calculated for RBApDNA/CaP
cryogelgroup mostly stems from the slightly larger pDNA release into control buffer than that

of the pDNA/CaP qup.
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2.4.6 Cytotoxicity Assays

LDH assays were used to measure LDH actiaityndicator for cytotoxicity, at a48-hourtime
point. Rawdata measurements were first calibrated against the cell media control, followed by
calculation ofcell viability for each cryogel group by comparing lysed and #ysexl setsThe

cell viability for the blank control was measured to be 224 %, which is the value all cryogel

groups were baselined agaitnCell viability for cryogelrgups are plottedn Figure2.38 below.
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Figure2.38. Cell viability of cryogel groups % of blank controlat 48-hours.No groups demonstrated any
statistically significant differences to one another (including the blank control). Error bars indicate standard
deviation.

All cell viabilities are within approximately + 6 %-3d% of the blank control cryogel at this-48
hour time point, which makes comparisons between groups diffidak pDNA group displays
a cell viability of6.14 £ 0.42 %, the largest cell viability of any group. The Fi&nk has
comparatively lower cell viability of 0.880.01 %. PDADNA and PD&aP cryogel groups
display comparable cell viabilities of 1.69.05 % and 1.6& 0.05+ respectively. Only the CaP
and PDADNA/CaP groups display negative cell viabilitiesl®&3+ 0.11 and-3.1+ 0.15 %

respectively.
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Whilst it is somewhat possible to say that the PDA coating enhances cell viability compared to
the blank control, no comparisons within this dataset are significant. Such similarities in cell
viability may arise if cells are not able to infiltrate into cryogels prior to this time point and be

exposed to the particulate contents within.

2.4.7 Transfection Ass/s

Transfectiorof cells within cryogels waketerminedby measurinduciferase activity at different
time points A mean value of luminescence for each cryogel gnoap first calculated (n = 4).
Mean luminescence for pDNA, CaP, and pDNA/CaP groups was theéndzhaghinst the blank
group, whilst the mean luminescence for the RPRIBNA, PDACaP, and PBBDNA/CaP group
were baselined against the PBank group.Luminescence for each experimentabgp is
therefore plotted ast % luminescence afontrol in Figure2.39 below Forboth CaP and PBA
CaP cryogel groups, lumirnemce remains below% across all time points. pDNA and PDA
pDNA cryogel groups exhibit the greatest luciferase activity of all 6 groups, peaking at
approximately 7 % (48-hours) and 8.5% (24-hours) respectively. Interestingly, both the
pDNA/CaRand PDADNA/CaRryogel group exhibitlower luminescence thathe pDNA and
PDApDNA groups respectivelwhich couldindicate that luciferase activit is greater in the
absence of CalAs with cytotoxicity data, these results reveal relatively low changes in luciferase

activity. This could be due to a combination of effects that will require discussion.
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Figure2.39. Luciferase luminescence for cryogels as a +% of the negative control.
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2.4.8 SEM Analysis post-iritro

pDNA/CaP and PB#ONA/CaP cryogels removed after-2durs of being submerged in cell
media were washed in 70 % EtOH and prepared for SEM analystswdarisation.Figure2.40
and Figure 2.49 below reveal particles from thePDApDNA/CaP and pDNA/CaP cryogels

respectively following their incubation within cell media.

Figure2.40. Particles on agarose fragments from the REIMNA/CaP gogel group after 24ours in cell media.
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Figure2.49. Particles on agarose fragments frahe pDNA/CaP cryogel group after-Bdurs in cell media

For the pDNA/CaP sampleere appears to be partial transformation of particles from their
initial spherical morphology, with new larger particles forming and a subset of smaller particles
amongst theagarose fragmentHigure2.49(A)). Meawhile inFigure2.49 (B)there appears to

be retention of primary particle size and morphology, suggesting these particles may not have
been exposed to cell media and perhaps embedded below the agarose crydgekskigure

2.40 shows a similar pattern, where particles with the same size and morphology of primary
particles can be seen, but with a large amount of-4006 nm particles scattered acrodset
agarose fragmenBased of these images, it seems that a dissolution/transformation of particles

is occurring, as evidenced by large numbers of 5o nm particles not seen previously in SEM









































































































































































































































































































































































































































































































































































































































































































































































































