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Abstract  

 

Full thickness osteochondral defects cannot naturally heal if critically sized due to the acellular, 

avascular, and aneural tissue structures of articular cartilage and subchondral bone. Despite a 

range of autograft and allograft implantations available to medical professionals to replace 

damaged tissue, many rely on the availability of donor tissue and ς in the case of allografts - 

require deceullarisation prior to implantation. As 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 osteochondral - via a multi-layered or gradient structure - with 

embedded genetic payloads to help spatially control stem cell differentiation and ECM 

deposition in-vivo.  

Our group has recently improved upon an existing method to synthesise particles carrying 

genetic payloads within the nanoconfƛƴƛƴƎ ƳŀǘǊƛȄ ƻŦ ŀƎŀǊƻǎŜ ƎŜƭǎΦ ¢Ƙƛǎ ƳŜǘƘƻŘΣ ǘŜǊƳŜŘΥ ΨǇŀǊǘƛŎƭŜ 

ǎȅƴǘƘŜǎƛǎ Ǿƛŀ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΩ όt{-AGE), utilises modified agarose gel apparatus to 

synthesise calcium phosphate (CaP) particles in small layers < 2mm thick. In the literature, PS-

AGE has previously been utilised to encapsulate proteins within CaP layers but has not yet been 

exploited for GAM fabrication due to the non-biomimetic geometry of CaP layers and overall gel 

that are inherently non-uniform in PS-AGE. Furthermore, agarose lacks any cell attachment 

motifs that are necessary for use as an osteochondral GAM material. The use of PS-AGE for 

osteochondral GAM fabrication is also hampered by a lack of exploration in the relationship 

between CaP particle size and biomolecular loadings (such 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 ς with several modifications - PS-AGE could be used to fabricate 

GAMs suitable for a critically-sized pre-clinical osteochondral model.   
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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 groups found 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 reduction of primary modal diameters, which was theorised to result from 

multimodal nucleation pathways of pDNA-CaP particles. However, no conclusive indication of 

enhanced cell attachment ς or transfection ς were provided by cytotoxicity and transfection 

assays respectively.  

!ƴ ΨƛŘŜŀƭΩ ǎǳōǎŜǘ ƻŦ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ōȅ ǎȅǎǘŜƳŀǘƛŎŀƭƭȅ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ǘƘŜ 

influence of individual experimental parameters (salt concentration and type, agarose 

concentration and type, temperature, and applied potential) on particle diameters. These ideal 

conditions were utilised in a modified PS-AGE method termed: particle synthesis via cylindrical 

agarose gel electrophoresis (PS-CAGE), with the aim of synthesising pDNA/CaP and pDNA-loaded 

magnesium phosphate (pDNA/MgP) pŀǊǘƛŎƭŜǎ ǿƛǘƘ ŘƛŀƳŜǘŜǊǎ Җ млл ƴƳΦ ¢Ƙƛǎ ŎǳƭƳƛƴŀǘŜŘ ƛƴ ǘƘŜ 

fabrication of PDA-coated, cylindrical monolayer GAMs encapsulating cylindrically shaped and 

uniform pDNA/CaP or pDNA/MgP layers. In the case of pDNA/CaP GAMs, particle layers were 

greater than 2 mm in thickness and reflected the overall geometry required for an osteogenic 

layer in a critically-sized osteochondral defect rabbit model.  

GAMs incubated with C2C12 cells showed evidence of transfection in-vitro via fluorescence 

microscopy due to green fluorescent protein (GFP) production. However, the high agarose 

concentration of GAM groups ς required to reduce particle diameters ς is thought to have 

significantly inhibited cellular infiltration and hence limit cell exposure to pDNA/CaP and 

pDNA/MgP particles. The use of dynamic cell seeding, as opposed to 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 transfection assay 

sensitivity. 

Overall, the PS-CAGE system was able to synthesise ~100 nm diameter pDNA/CaP particles as a 

macroscopically thick mineralised layer embedded within a PDA-coated cryogel. With further 

optimisation of the PS-CAGE system to produce bi-layers of genetic payloads, and with further 

development of in-vitro testing, there is great potential for the PS-CAGE to produce complete, 

multi-layered or gradient osteochondral GAMs. One could also pursue the synthesis of 

pDNA/MgP particles as osteogenic layers if layer thickness could be significantly increased. 
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1  [ƛǘŜǊŀǘǳǊŜ wŜǾƛŜǿ 

 

1.1  Gene Therapy 

 

In gene therapy, therapeutic genes are encoded into deoxyribonucleic acid (DNA) or ribonucleic 

acid (RNA) molecules for delivery to the cell nucleus or ribosome respectively. 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 and as such 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 in the research of non-viral gene delivery (Ramamoorth and Narvekar, 2015).  

1.1.1 Non-viral Gene Therapy 

 

Non-viral gene therapy encompasses a wide range of techniques divided into physical or 

ŎƘŜƳƛŎŀƭ ƳŜǘƘƻŘǎΦ Lƴ ǇƘȅǎƛŎŀƭ ƳŜǘƘƻŘǎΣ ƛƴƧŜŎǘƛƻƴ ƻŦ ŀ ΨƴŀƪŜŘΩ 5b! ƻǊ wb! ǇŀȅƭƻŀŘ ǘƻ ŀŎƘƛŜǾŜ 

systemic or regional transfection is the simplest and safest way to deliver a genetic payload to 

cells (Herweijer and Wolff, 2003, Al-Dosari and Gao, 2009). However, the unprotected payload 

is subject to degradation by nucleases and clearing by phagocytes (Nam et al. (2009). Thus, 

unprotected payloads can lead to poor transfection efficacy. Naked DNA/RNA injection has 

therefore been combined with electroporation and hydroporation techniques that temporarily 

enhance ŎŜƭƭ ƳŜƳōǊŀƴŜ ǇŜǊƳŜŀōƛƭƛǘȅΣ ǊŜŘǳŎƛƴƎ ǘƘŜ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ΨƭƛƴƎŜǊΩ ǘƛƳŜ ƻŦ 5b! or RNA and 

consequently increasing transfection efficacy of naked genetic payloads (Tamura and Sakata, 

2003, Newman and Bettinger, 2007). 

Chemical methods primarily describe non-viral vectors (nVVs); particles in the micron and sub-

micron range that encapsulate and condense nucleic acid payloads to enhance their 

survivability, specificity and transfection efficacy (Li and Huang, 2000). The use of cationic lipids 

and polymers, or inorganic nanoparticles, can protect nucleic acids from nuclease degradation 

and electrostatically shield them from the net-negative charge of the cell membrane. This 

facilitates cellular infiltration and transport of the nucleic acid to the nucleus or ribosome via 

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

viral counterparts, given the evolutionary advantage of viruses. However, in many cases, nVVs 
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have been shown to be less cytotoxic, immunotoxic, and can be manufactured at a lower cost 

than viral vectors (Ibraheem et al., 2014). For these reasons, nVVs have gained significant 

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

DNA or RNA payloads have been conjugated with a wide variety of nVVs. This includes heavy 

metallic, inorganic nanoparticles (NPs) such as gold NPs (Uchida et al., 2009) and silver NPs  

(Sarkar et al., 2015) for use in ballistic (gene-gun) DNA techniques. Meanwhile, iron oxide NPs 

have been employed in magnetofection techniques where magnetic fields are used to 

manipulate and concentrate NPs to a desired target location (Sosa-Acosta et al., 2020). In 

contrast to inorganic nVVs, organic molecule-based nVVs primarily include liposomal (Lee and 

Lee, 2012) and polymeric (Yang et al., 2012) conjugations. 

 

1.2 Calcium Phosphate Particles as nVVs 

 

1.2.1 Introduction 

 

Calcium phosphate (CaP) particles are part of the inorganic realm of nVVs and have been 

researched extensively since their first use in the 1970s (Graham et al., 1973). Research has gone 

on to produce DNA or RNA encapsulated (or adsorbed) CaP (DNA/RNA-CaP) particles with a 

range of sizes, morphologies, crystal structures and core-shell architectures. Nowadays, 

DNA/RNA-CaP particle synthesis has become widely accessible via commercial kits such as 

ProFectionϰ (Promega Corporation, Wisconsin, USA) and CalPhosϰ (Takara Bio Inc., Shiga, 

Japan), amongst others, that allow co-precipitation of DNA or RNA with CaP via pre-prepared 

salt solutions. Such commercial kits do not aim for specific physicochemical properties, but 

rather aim to minimise size and agglomeration, whilst maximising nucleic acid encapsulation 

and/or adsorption. However, several physicochemical properties of DNA/RNA-CaP particles are 

known to influence their transfection efficacy, such as size (Neuhaus et al., 2016), shape (Gratton 

et al., 2008) and chemical composition (Bose and Tarafder, 2012). Further, since crystal structure 

ƛƴŦƭǳŜƴŎŜǎ ŀ ƎƛǾŜƴ ǇŀǊǘƛŎƭŜΩǎ surface charge, one can expect DNA or RNA adsorption to be 

dependent on crystal structure. It should therefore be critical to consider these properties 

during DNA/RNA-CaP particle synthesis to maximise their transfection efficacy potential. 
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1.2.2 Particle Size and Morphology 

 

It is widely accepted in literature reviews and studies that DNA/RNA-CaP particles of diameters 

Җ млл ƴƳ e.g DNA/RNA-CaP nanoparticles (DNA/RNA-CaP-NPs) have much greater transfection 

efficacy than micro-particles (µPs) (diameters of 0.1 ς 100 µm) (Welzel et al., 2004, Dorozhkin, 

2010, Lin et al., 2014). Enhanced transfection efficacy with reducing CaP particle size arises for 

several reasons, including stronger cell membrane-particle interaction for NPs than µPs (Han et 

al., 2012), an inefficiency of µPs to penetrate cell membranes (Pedraza et al., 2008), and 

enhanced cell viability and proliferation evoked by NPs (Cai et al., 2007). Smaller CaP particles 

have even demonstrated greater osteogenic effects (Yang et al., 2018). Stronger cell membrane-

particle interactions may arise primarily through increased charge density as particle size 

reduces. Meanwhile, enhanced cell viability or reduced cytotoxicity of CaP-NPs compared to 

CaP-µPs has been suggested to arise from a reduced intracellular Ca2+ concentration upon 

dissolution (Masouleh et al., 2017). 

Reducing particle size has a knock-on 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 size, hence solutions of smaller particles can theoretically 

carry a greater mass of nucleic acid payload per unit mass of particles. If we assume DNA/RNA-

CaP-NPs are spherical, an increase in surface area per unit mass as particle size reduces can be 

explained by examination of the relationship between the surface area of a sphere, ὃ, and its 

radius, ὶ: 

 

 ὃ τ“ὶ 1.1 

 

Let us consider two separate, homogeneous, DNA/RNA-CaP-NP suspensions, with spherical 

particles in suspension one measuring 50 nm in diameter, and spherical particles in suspension 

two measuring 100 nm in diameter. Using Equation 1.1, it is calculated that suspension one has 

four times greater specific surface area than that of suspension two due to the relationship 

between particle surface 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 area. Of course, this theorised relationship will diminish at very 

small particle sizes where nucleic acids might struggle to adsorb strongly. This assumption also 

relies on retention of crystallinity as particle size reduces, since nucleic acid adsorption occurs 
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on positively charged surface planes. For example, if both suspensions had DNA/RNA-CaP-NPs 

exhibiting fully crystalline hydroxyapatite (HAp) structures, nucleic acid adsorption would occur 

preferentially on (001) and (010) planes (Del Valle et al., 2014). One could also argue that since 

the ratio of adsorbed nucleic acids to surface ions increases as particle size reduces, greater 

stability is achieved in-vitro. This would arise through the protection of CaP-NP surfaces from 

unwanted growth or premature dissolution in extracellular environments. 

As DNA/RNA-CaP-NP size is reduced, the total number of nVVs also increases, provided overall 

mass is maintained. This can be explained by comparing spherical particle volume, ὠ, and radius, 

ὶ, in Equation 1.2: 

 
ὠ
τ

σ
“ὶ 

1.2 

 

From this, one can see that suspension one with 50 nm diameter particles has eight times more 

particles than in suspension two (100 nm diameter particles) for the same unit mass, given the 

cubic relationship between volume and radius. Simply reducing particle size by a factor of two 

therefore increases the total number of nVVs in solution by a factor of eight. 

An important consideration for studies investigating the change in transfection efficacy with nVV 

size is the sedimentation effect of larger particles in monolayer studies that can theoretically 

produce artefacts in transfection efficacy data. A cell monolayer administered with a DNA/RNA-

CaP-NP suspension will see larger particles or agglomerates travel to the cell monolayer quicker 

ǘƘŀƴ ǎƳŀƭƭŜǊ ǇŀǊǘƛŎƭŜǎΦ ¢Ƙƛǎ Ŏŀƴ ōŜ ǎƘƻǿƴ ōȅ ŜȄŀƳƛƴŀǘƛƻƴ ƻŦ {ǘƻƪŜǎΩ ƭŀǿ ŦƻǊ ǘŜǊƳƛƴŀƭ ǾŜƭƻŎƛǘȅΣ ὺ, 

of a sphere falling in a fluid: 

 

 
ὺ
ς

ω
ὴ ὴ ὫὙ  

1.3 

 

Where ὴ is the mass density of the particle (kgm-3), ὴ is the mass density of the fluid (kgm-3), 

Ὣ is gravitational field strength (ms-2), and Ὑ is particle radius (m). Using this relationship, one 

can see that particles from suspension one will take four times as long to reach the monolayer 

than particles from suspension two. In practice, directly administering 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. Furthermore, replenishment of cell media 

and/or particle suspensions, or the use of dynamic cell culture, agitates particles in suspension 
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and helps to homogenise the number of particles in cell monolayers between experimental 

groups. However, short-term transfection 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/RNA-CaP-NPs and therefore impacts DNA/RNA loading efficiency, as well as cell viability 

(Pujari-Palmer et al., 2017, Oberbek et al., 2018) and osteogenic effects (Kalia et al., 2014). But 

whilst several studies have measured the response of cells to CaP-NPs of different morphologies, 

an optimal shape has not been agreed upon in the literature. For example, Kalia et al. (2014) 

concluded that CaP-btǎ ƻŦ ǎǇƘŜǊƛŎŀƭ ƳƻǊǇƘƻƭƻƎȅ ƘŀŘ ŀ ƎǊŜŀǘŜǊ ƻǎǘŜƻƎŜƴƛŎ ŜŦŦŜŎǘ ǘƘŀƴ ΨǊƛŎŜ-

ǎƘŀǇŜŘΩ /ŀt-NPs, whilst Wu et al. (2019) ŦƻǳƴŘ ΨƴŜŜŘƭŜ-ƭƛƪŜΩ particles demonstrated nearly 

ŘƻǳōƭŜ ǘƘŜ ŎŜƭƭ Ǿƛŀōƛƭƛǘȅ ƻŦ ΨƎǊŀƴǳƭŀǊΩ shaped particles. Such differences in cell viability between 

spherical, needle- ƻǊ ΨǊƻŘ-ƭƛƪŜΩ /ŀt-NPs are prevalent in the literature, the persistence of which 

is assumed to be due to inconsistencies in particle concentrations and dissimilar crystal 

structures arising from varied synthesis 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, spherical CaP-NPs 

provide a four-fold increase in specific surface area and eight-fold increase in total particle 

number when particle diameter is halved. Using Equations 1.1 and 1.2, the surface area to 

volume ratio for a spherical particle is calculated as 3/r. In contrast, hexagonal prisms ς a 

common morphology of HAp-NPs ς exhibit a surface area to volume ratio of 16/r when base 

edge and height are equal. This ratio increases as the ratio of base edge to height increases i.e. 

as a platelet-like morphology is approached and decreases as base edge to height ratio increases 

i.e. as a rod-like morphology is approached.  

From these simple calculations, one could say that platelet-like morphologies offer far more 

favourable surface area to volume ratios and therefore enhanced nucleic acid binding as 

compared to rod-like and spherical morphologies. However, specific surface area is not so easily 

correlated to nucleic binding capacity when considering the multiple planar surfaces of HAp-

NPs. Though the hexagonal prism approaches an infinite surface area to volume ratio as its 

height decreases, the ratio of a(b)-plane to c-plane surface area also decreases, hence the 

nucleic acid binding capacity is reduced as a platelet shape is approached. The popularity of HAp-

NPs with rod-like hexagonal prism morphologies in the literature can therefore be attributed to 

the vast majority of particle surface area being available for DNA- or RNA-adsorption. 
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1.2.3 Crystal Structure 

 

It is apparent in the literature that the impact of DNA/RNA-CaP-NP crystal structure on 

transfection efficacy is less well studied than that of particle size and morphology. From one 

perspective, this lack of a defined relationship between DNA/RNA-CaP-NP crystal structure and 

transfection efficacy could be due to complexities in obtaining suitable particle samples for 

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 (and therefore 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 acids that can be 

adsorbed onto a nVV, where a larger binding capacity means a larger nucleic acid payload mass 

per nVV. For surface-adsorption, nucleic acid binding capacity is assumed to change with particle 

crystal structure due to differences in surface charge. In the case of CaP-NPs of different 

crystallinity, surface charge will vary due to differing Ca2+:HxPO4
x-3 ratios and the organisation of 

these ions in lattice planes. For example, HAp has the formula Ca5(PO4)3OH, an ionic ratio of 

approximately 1.67, and has a hexagonal crystal system. Like all CaP species, HAp-NPs maintain 

electroneutrality and therefore have a net-neutral charge, but their crystal structures develop 

planes of non-zero net charge. HAp-NPs therefore boast surfaces with ionic constituents formed 

predominantly of either Ca2+ or PO4
3- with net-positive or net-negative charges respectively that 

are electrically shielded in solution by an electrical double layer (EDL). The c-plane of HAp is 

negatively charged since there are more PO4
3- than Ca2+ ions, and the a(b)-plane is positively 

charged since there are more Ca2+ than PO4
3- ions. Nucleic acids can therefore be readily 

adsorbed onto the a(b)-plane of HAp-NPs (Bose and Tarafder, 2012), whilst nucleic adsorption 

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

arginine (Bakan et al., 2017).  

The surface area of a(b)-planes of HAp particles can often greatly exceed that of the c-plane 

using specific synthesis parameters. For example, synthesising HAp in the presence of organic 

modifiers such as fatty acids can force growth to occur at the c-plane, resulting in rod- or needle-

like morphologies; as shown by Lett et al. (2019). The combination of a high Ca2+ content, and 

the potential for a large a(b)-plane to c-plane 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 research (Bakan, 2018).  
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CaP particle crystal structure, as with size, is closely linked to solubility and stability in 

extracellular and intracellular environments. For solution-based gene therapy, nVVs must be 

stable in extracellular environments. Specifically, nucleic acids must be protected against 

nuclease degradation, particles must not agglomerate or grow beyond a size where cellular 

infiltration is no longer possible, and particles must not dissolve extracellularly to prematurely 

release the nucleic acid payload. nVVs must also have a suitable intracellular 

degradation/dissolution profile within the endosome to grant endosomal escape of the nucleic 

acid cargo and subsequent delivery to the nucleus (or ribosome in the case of RNA). The crystal 

structure of the CaP particle must therefore contribute to a balance between extracellular and 

intracellular stability and solubility.  

HAp particles are known to dissolve in the acidic conditions of the endosome (pH 4.5 ς 6.5) 

(Zhang and Ryan (1999) but are also prone to unwanted growth in extracellular solution due to 

the extremely low enthalpy of formation and solubility of HAp (pKsp = 58.9) (Mcdowell et al., 

1977). Theoretically, this is exacerbated by the availability of Ca2+ and HxPO4
x-3 ions in bodily 

fluids. HAp particles are therefore often prepared as multi-shelled nVVs (Bakan, 2018), with 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 from solution that would lead to unwanted growth, whilst HAp 

shells act as both adsorption or loading sites for nucleic acids and protect inner nucleic acid 

shells from nuclease degradation. 

Other CaP species such as amorphous CaP (ACP) (formula of CaxHy(PO4)z.nH2O), dicalcium 

phosphate (DCP) (formula of CaHPO4), are each less stable than HAp with regards to solubility 

due to their lower pKsp values (Chow and Eanes, 2001). Only octacalcium phosphate (OCP) 

(formula of Ca8H2(PO4)6.5H2O) has a pKsp greater than that of HAp, but this phase is metastable 

and hydrolyses to more stable CaP phases. The popularity of HAp-NPs in solution-based gene 

therapy is therefore also a consequence of the excellent resistance to dissolution in extracellular 

environments but ability to dissolve intracellularly. However, is sometimes the case that less 

stable CaP phases are sought in non-solution-based gene therapy, as is the case for surface 

mediated transfection where dissolution or transformation processes are required to release 

nucleic acid payloads (Oyane et al., 2012). 
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1.3  Synthesis of DNA/RNA-CaP-NPs 

 

Commercial CaP transfection kits are useful in rapidly synthesising DNA/RNA-CaP-NPs with the 

ǳǎŜǊΩǎ ŎƘƻǎŜƴ 5b!κwb!Σ ǿƛǘƘƻǳǘ ǘƘŜ ƴŜŜŘ ŦƻǊ ŎƻƳǇƭŜȄ ŀǇǇŀǊŀǘǳǎ ƻǊ ŜǉǳƛǇƳŜƴǘΦ ¢ƘŜǎŜ ƪƛǘǎ Ƴƻǎǘ 

often use the two-step co-precipitation method, whereby a chosen DNA/RNA is mixed with a 

CaCl2 solution, then a HxPOy
x-3-containing salt is mixed into the CaCl2-nucleic acid solution. The 

intention here is to adsorb Ca2+ ions onto the phosphate backbone of the DNA/RNA, with the 

resulting complexes acting as nucleation centres for CaP. Depending on the ratio between salt 

and DNA/RNA concentration, DNA/RNAs could also be adsorbed onto CaP surfaces either during 

or post-growth, resulting in a heterogeneous population of DNA/RNA-CaP-NPs with different 

shell architectures. For example, a high ratio of DNA to salt will theoretically result in the 

encapsulation and adsorption of DNA, whilst lower ratios of DNA to salt ultimately reduce the 

probability of adsorption on particle surfaces if DNA molecules are preferentially employed as 

nucleation centres. 

Despite the simple preparation of DNA/RNA-CaP-NPs, transfection efficacies vary between 

studies using commercial CaP transfection kits and can require optimisation for a specific cell 

line (Guo 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 mixing in different 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 of DNA or RNA. The compound effect of variation in these 

thermodynamic and kinetic conditions will result in different nucleation and growth rates 

between experiments, leading to the synthesis of CaP particles with different sizes, 

morphologies, and stability in-vitro, thereby producing a range of transfection efficacies. As an 

alternative to commercial kits, there is a wide range of synthesis routes that allow for greater 

control over several DNA/RNA-CaP-NP physicochemical properties (Sadat-Shojai et al., 2013) 

and many utilise standard laboratory equipment and consumables. 

The precipitation method is closely related to the co-precipitation approach employed by 

commercial kits, but they are distinguished by the way in which DNA/RNA is coupled to the CaP 

particle. In the precipitation method, CaP-NPs 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 advantage of allowing the user to optimise CaP particle size 

independently of DNA/RNA; especially useful when a DNA/RNA sample is in short supply or if 
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experimental conditions would damage the DNA/RNA. As discussed earlier, the DNA/RNA shell 

offers a stabilising effect by inhibiting further growth or agglomeration of particles but makes 

DNA/RNA susceptible to nuclease degradation in-vitro. Multi-shell DNA/RNA-CaP-NPs negate 

this issue and are constructed by simply adding alternating solutions of salts and DNA/RNA to 

build up additional layers. Sokolova et al. (2006) utilised this approach to synthesise άǎƛƴƎƭŜ-

ǎƘŜƭƭέ, άŘƻǳōƭŜ-ǎƘŜƭƭέ and άǘǊƛǇƭŜ-ǎƘŜƭƭέ DNA-CaP-NPs, with outer shells of DNA, CaP and DNA 

respectively. Sokolova et al. (2006) found all these CaP-NPs species had greater transfection 

efficacy toward HeLa and human umbilical vein endothelial cells (HUVEC) than the standard 

calcium coprecipitation method, but lower transfection efficacy than Polyfect®; a commercially 

available dendrimer-based transfection agent/kit. Similarly, Kovtun et al. (2009) found triple-

shell DNA-CaP particles had greater transfection efficacy than DNA-CaP particles synthesised 

using the co-precipitation method and similar efficacy to Polyfect® when transfecting HUVEC 

cells. 

Besides precipitation and co-precipitation, there are a wide range of wet-chemical synthesis 

approaches for DNA/RNA-CaP-NPs that can either encapsulate nucleic acids, adsorb them onto 

surfaces, or use a combination of both. If encapsulating nucleic acids, reaction 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 that form micelles that act as nanoscale reactors or 

templates in which reactants are mixed under highly controlled nucleation and growth 

conditions and rarely grow larger than the micelle itself (López-Quintela et al., 2004). NPs are 

also provided with good steric stabilisation following synthesis via the microemulsion approach 

due to the physical separation of neighbouring particles (Malik et al., 2012). Cao et al. (2011) 

utilised the microemulsion approach to synthesise plasmid DNA (pDNA) -loaded CaP-NPs (pDNA-

CaP-NPs) and successfully transfected Sprague-Dawley rat bone marrow stem cells (BMSCs). 

Transmission electron microscope (TEM) images from (Cao et al.) demonstrated their pDNA-

CaP-NPs were considerably smaller than those produced using a commercial kit, in addition to 

having greater cellular uptake and transfection efficacy. Bisht et al. (2005) also synthesised 

pDNA-CaP-NPs via the microemulsion approach. Measuring between 30 ς 40 nm in some 

samples, these particles were able to transfect HeLa cells with a transfection efficacy 

comparable to Polyfect®. Of course, the microemulsion approach can be used to simply fabricate 

CaP-NPs, which can then be extracted and mixed with nucleic acids for surface-adsorption - 

rather than encapsulation ς of nucleic acids. 
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Arguably the most popular route for CaP-NP synthesis, besides precipitation, is the 

hydrothermal route. This route is popular for its highly controllable reaction parameters ς 

including temperature and pressure profiles, precursor concentration and reaction time, thus 

allowing excellent governance of CaP-NP size, morphology and crystal structure (Chuprunov et 

al., 2020, Ebrahimi et al., 2021). However, the high temperatures and pressures involved prevent 

the incorporation of DNA/RNA into the reaction mixtures and therefore prevent their 

encapsulation, requiring post-synthesis mixing to adsorb DNA/RNAs onto CaP-NP surfaces. 

Flame-spray pyrolysis has also been used to synthesise CaP-NPs for use in tissue engineering or 

drug/gene delivery applications (Ataol et al., 2015, Tsikourkitoudi et al., 2020). But, similarly to 

hydrothermal synthesis, the high synthesis temperature far exceeds the stability temperature 

range of nucleic acids and as such requires post-synthesis surface functionalisation to load CaP-

NP surfaces with DNA/RNA. 

Electrochemical synthesis describes NP synthesis routes that use an electrical field to induce a 

change in supersaturation via the transport of ions. Fundamentally, this involves the use of an 

electrode pair in an electrolyte solution, where an applied potential across the electrodes 

induces the deposition of the desired species on the recipient electrode, commonly referred to 

as electrochemical deposition or electroplating. A common example is the use of a copper anode 

and substrate electrode that are submerged in CuSO4. Here, the copper on the surface of the 

anode is oxidised, releasing copper ions (Cu2+) into the electrolyte solution, whilst Cu2+ ions are 

reduced at the cathode where a layer of copper is deposited that is equal to the rate of oxidation. 

This results in a net-transfer of copper from the anode to cathode surfaces. By exchanging the 

electrolyte and working electrode for other chemical species, one can synthesise and deposit a 

variety of different materials that include nanoscale inorganic species. For example, 

Ψnanostructured-CaPΩ was deposited onto titanium disks by Lu et al. (2020) using an aqueous 

electrolyte of Ca(NO3)2 and NH4H2PO4. It should be noted that nanostructured CaP simply implies 

ŀ /ŀt ǎǳǊŦŀŎŜ ǿƛǘƘ ƴŀƴƻǘƻǇƻƎǊŀǇƘȅ ǎƛƴŎŜ ǘƘŜ ǎǳōǎǘǊŀǘŜ ŜƭŜŎǘǊƻŘŜ ōŜŎƻƳŜǎ ǎŀǘǳǊŀǘŜŘ ƻǊ ΨǎƻƛƭŜŘΩ 

with CaP, rather than individual particles.  

To avoid soiling the working electrode, Daltin et al. (2019) used sonication-modified 

electrochemical synthesis (sono-electrochemical) whereby an aqueous electrolyte of Ca(NO3)2, 

NH4(H2PO4) and NaOH was used to deposit CaP-NPs onto a substrate electrode. In this case, 

ǎƻƴƛŎŀǘƛƻƴ ŀǾƻƛŘǎ ǘƘŜ ΨǎƻƛƭƛƴƎΩ ƻŦ ǘƘŜ ǿƻǊƪƛƴƎ ŜƭŜŎǘǊƻŘŜ ōȅ kinetically ejecting CaP-NPs from the 

electrode surface into the electrolyte. Electrochemical synthesis of CaP-NPs 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 CaP-NPs post-synthesis onto implant materials to 

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

The sol-gel approach is a form of template synthesis, in which precursors and solvents are first 

ƳƛȄŜŘΣ ǘƘŜƴ ǇǊƻŎŜǎǎŜŘ ǘƻ ŦƻǊƳ ŀ ΨǎƻƭΩ ƻŦ ŎƻƭƭƻƛŘŀƭ ǎǘǊǳŎǘǳǊŜǎΦ ! ƎŜƭ ǎǳōǎŜǉǳŜƴǘƭȅ ŦƻǊƳǎ ƛƴ ǘƘŜ 

mixture and hence phase separation occurs between the sol and gel. The gel can then be 

processed via supercritical, thermal, or freeze drying to form an aerogel, xerogel, or cryogel 

respectively. Singh et al. (2014) utilised the sol-gel approach to synthesise CaP-based NPs that 

were subsequently surface functionalised with alendronate for bone tissue engineering 

applications. Meanwhile, Dordelmann et al. (2014) co-precipitated CaP with poly(D,L-lactide-co-

glycolide acid) (PLGA) and either DNA or small interfering RNA (siRNA), forming DNA/RNA-

encapsulated CaP/PLGA-NPs that successfully infiltrated HeLa cells.  

 

1.3.1 Crystallisation in Confinement 

 

A particularly unique inorganic branch of NP synthesis is crystallisation in confinement, where 

confinement ς according to Meldrum and O'Shaughnessy (2020) - refers to an environment that 

changes the kinetics or thermodynamics of crystallisation by restricting the dimensions of a 

system in one, two or three dimensions. Mediums demonstrating different pore volumes, 

shapes and interconnectivities have been used for crystallisation in confinement, including 

droplets  (Reiner et al., 2023), hydrogels (Liu et al., 2022) and porous glass (Cantaert et al., 2013). 

Microfluidic systems can also utilise crystallisation in confinement given reactant mixing takes 

place in volumes below the microscale. As described in detail by Meldrum and O'Shaughnessy 

(2020), crystallisation in the pores of these confining environments influence several crystal 

properties, including size and morphology. Furthermore, nucleation rates within confining 

environments are theorised to be drastically lower than that of bulk 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 pores. And, as precipitates grow 

within pores, there is a rapid depletion of ions that subsequently reduces supersaturation. 

Confining volumes, especially in the micro- and nanoscale, therefore have the capacity to 

modulate nucleation and growth rate to influence crystallite and precipitate size. One could 

therefore use pore size as a template material to modulate the size and crystal structure of 

particles. 



Chapter 1: Literautre Review  12 
   

Cantaert et al. (2013) fabricated a U-tube shaped double-diffusion apparatus to demonstrate 

the effects of confinement on the crystallisation of CaP particles. In their work, a track-etched 

membrane with pore diameters of 50 and 200 nm was used to separate solutions of 4.5 mM 

CaCl2 and 2.1 mM K2HPO4 solutions, each with 25 mM Tris-HCl and adjusted to pH 7.4. Analysis 

with TEM after 3- to 6-hours of diffusion at 37 °c showed rod-like CaP particles that were either 

partially or fully amorphous in structure with diameters reflective of their confining pore size. 

These CaP particles grew to micron-sized polycrystalline rods after 1-day. Pore-size and shape 

was therefore shown to dictate particle size and morphology respectively. 

 

1.3.1.1 Hydrogels for Crystallisation in Confinement 

 

Track-etched membranes offer great control over pore diameter and therefore particle size, but 

their 2D top-down fabrication prevents the formation of an interconnected porous network, 

which would be particularly interesting for bone tissue engineering applications. In contrast, 

hydrogels offer a highly interconnected 3D porous matrix with tuneable pore sizes in the micro- 

and nanoscale and modifiable surface chemistries (Annabi et al., 2010). This makes them 

excellent candidates for the synthesis of micro- or nanomaterials, such as CaP-NPs, via the 

crystallisation in confinement phenomena. Furthermore, hydrogels are highly sought-after 

materials in the field of tissue engineering 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 attachment (El-Sherbiny 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 time (Zarrintaj et al., 2018). And, 

since agarose fibres provide an abundance of surfaces and pores for precipitation to occur 

(Duffus et al., 2009, Li et al., 2009, Kwak et al., 2021), crystallisation in confinement effects could 

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

synthesise DNA/RNA-CaP-NPs. 

 

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 temperature (Tian et al., 2013, Wang et al., 2013, Tran, 

2016, Shin et al., 2022a). This occurs due to the constant precursor concentration but with a 

supersaturation toward an inorganic species that increases with decreasing temperature, 

followed either by precipitation on agarose fibres as they spontaneously precipitate 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, such as in CaCl2 and Na2HPO4 to 

precipitate HAp (Tabata et al., 2003, Tabata et al., 2005). Since the submergence time, number 

of repetitions and precursor concentrations determine the rate of diffusion of ions into the 

agarose matrix, these parameters can be modulated to control supersaturation. The alternate 

soaking approach is therefore distinct from the simulated body fluid (SBF) approach that induces 

HAp formation on hydrogel surfaces by submerging the material in a single SBF solution for 

longer periods of time (due to lower concentrations of Ca2+ and phosphate ions (HxPO4
x-3).  

The third technique is the agarose gel double-diffusion (AGDD) approach, where ions diffuse 

from either side of an agarose hydrogel that separates opposing reservoirs of precursor salt 

solutions. Here, supersaturation is achieved following ion migration from both sides of the gel. 

Precipitation therefore occurs at a point in the gel where ion bands overlap and reach 

supersaturation conditions. This process is dependent on the relative diffusivity of ions, where 

rapidly diffusing ions theoretically reduce the time till precipitation and dissimilar counter-ion 

diffusion constants shift the zone of precipitation toward the inlet of the less mobile ion. 

 

1.3.1.3 Agarose Membrane Double-Diffusion 

 

Xue and Zhang (2019) performed the AGDD approach using a device manufactured in-house in 

which an agarose gel separated reservoirs of 0.5 M MnSo4 and 0.6 M NaOH to synthesise porous 

Mn3O4 NPs. They found that NP diameter decreased with increasing agarose wt %, from 30 - 150 

nm at 1 wt % agarose to 20 - 30 nm at 2.5 wt %, concluding that this size reduction owes to the 

smaller agarose pore size in the higher wt % gel. Xue and Zhang (2019) also theorise the 

crystallinity of their Mn3O4 NP samples diminish as agarose wt % increases, as indicated by 

broader, less defined x-ray diffraction (XRD) peaks. This may also be due to a dwindling crystallite 

size with diminished XRD peak intensity that fails to rise above the amorphous signals produced 

by agarose. 
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Only a small number of studies have exploited the AGDD approach to synthesise CaP particles. 

Previous to the study by Cantaert et al. (2013), Hunter and Goldberg (1993) grew HAp-NPs using 

a 2 wt % agarose gel consisting of 150 mM NaCl, 0.01 wt% NaN3, and 10 mM Tris-HCl (pH 7.4) to 

separate CaCl2 and Na2HPO4. Note that CaCl2 and Na2HPO4 had equal concentrations of either 

5.5 or 7.5 mM. These solutions were continually pumped along opposite ends of the gel without 

recycling to maintain constant concentrations either side of the agarose gel. They found a 

minimum 7.5 mM of CaCl2 and Na2HPO4 was required to induce the precipitation of a CaP band 

over a period of 5-days, as indicated by no visual precipitation or change in ion concentration 

within the gel. Interestingly, CaP could be precipitated below this concentration threshold at 5.5 

mM CaCl2 and Na2HPO4 when bone sialoprotein was positioned in the agarose gel, indicating a 

protein-dependent nucleation and growth (biomineralisation) process occurs under these 

conditions. They also noted that powder XRD analysis showed that CaP precipitated at 7.5 mM 

CaCl2 and Na2HPO4 was HAp. This differs from the ACP synthesised by Cantaert et al. (2013) after 

a reaction time of 3-6 hours. This difference in crystal structure likely arose from Hunter and 

Goldberg (1993) analysing samples 5-days after the reaction began, allowing metastable ACP to 

transform to HAp in solution. Furthermore, it is likely that the 3D agarose matrix exposes 

internalised particles to solution on all sides and hence accelerates transformation processes 

compared to particles in 2D pores of porous glass. 

 

1.3.1.4 Agarose Gel Electrophoresis Approaches 

 

The AGDD approach can be modified using electric fields to create the approach named in this 

ǿƻǊƪ ŀǎ ΨǇŀǊǘƛŎƭŜ ǎȅƴǘƘŜǎƛǎ Ǿƛŀ double-well agarose gel electrophoresis approachΩ ƻr PS-DW-AGE, 

which - ǘƻ ǘƘƛǎ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜ ς has been used to synthesise CaP particles by a relatively 

small number of researchers. Although similar in experimental setup to the AGDD approach, the 

PS-DW-AGE approach significantly enhances ion transport via an electric field that applies an 

electrophoretic driving force to all ions.  

Watanabe and Akashi (2006) were the first group to demonstrate the utility of this technique. 

They cast a 3 wt % agarose gel to separate 40 mM CaCl2 and 40mM Na2HPO4 solution reservoirs 

placed at opposing ends of a horizontal electrophoresis tank. The gel comprised of 10 mM Tris-

HCl, pH 4.8, whilst the salt solutions were adjusted to pH 7.4 with Tris-HCl. After applying 100 V 

potential for 30-minutes, a 2 cm thick white band appeared in the gel. After submerging the gel 

in ultrapure water for an undisclosed time to remove excess ions, lyophilised gel samples were 
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imaged via scanning electron microscopy (SEM). They found 1 µm HAp particles had precipitated 

in the centre of the gel slab ŀƴŘ ŀǘǘǊƛōǳǘŜŘ ǘƘŜ ȊƻƴŜ ƻŦ ǇǊŜŎƛǇƛǘŀǘƛƻƴΩǎ ŎŜƴǘǊŀƭ Ǉƻǎƛǘƛƻƴ ōŜǘǿŜŜƴ 

reservoirs to a pH gradient formed by the electrophoresis process. More specifically, they 

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

As with Cantaert et al. (2013), it is possible that Watanabe and Akashi (2006) initially synthesised 

ACP particles that transitioned to HAp when submerged in water. The same group later 

combined the PS-DW-AGE approach with the alternate soaking method, with the resulting 

HAp/agarose composite demonstrating potential for bone regeneration (Watanabe and Akashi, 

2006, Watanabe et al., 2007). However, no investigation into the control of particle properties 

via the modulation of experimental parameters was attempted. Furthermore, CaP particles 

were not characterised prior to submersion in ultrapure water, hence their initial size, 

morphology, and crystal structure remain unknown. 

Kamitakahara et al. (2007) modified the PS-DW-AGE approach by Watanabe and Akashi (2006) 

by using the conventional agarose gel slab for nucleic acid characterisation, adding small 

volumes of salt solutions to gel wells. The salt solution volume is reduced to the µL range, down 

from the estimated 100 mL range required by Watanabe and Akashi (2006) to fill reservoirs at 

either end of the electrophoresis tank. Kamitakahara et al. (2007) used a 1 wt % agarose gel with 

a 40 mM Tris buffer adjusted to pH 8 with acetic acid, along with 40 µL of 20 mM CaCl2 and 12 

mM Na2HPO4 loading solutions loaded into wells 48 mm apart.  

A white precipitate appeared between the wells after 11-minutes of applying a 100 V potential, 

which grew in intensity after longer periods but disappeared after 45-minutes. Gel slices 

containing white precipitate were removed after 20-minutes and soaked in ultrapure water for 

3-days. Following lyophilisation, Kamitakahara et al. (2007) used SEM analysis to find 500 nm 

spinous particles; the first characterisation of electrophoretically synthesised CaP particles 

without submersion in ultrapure water. XRD analysis of these particles showed poorly defined 

peaks, postulated to be either due to the amorphous agarose background, small HAp crystals, 

or a dominant ACP phase. After heat treatment of samples at 600 °c for 1-hour, peaks 

characteristic of HAp could be identified in XRD spectra. In a later study, the same group later 

reduced particle size ranging from 500 - 600 nm in a 1 wt % agarose gel, and to between 300 - 

400 nm in a 3 wt % agarose gel (Kamitakahara et al., 2012). Furthermore, they established that 

precipitation occurs at an applied potential of 50 V when the run time is increased from 12- to 

23-minutes. This demonstrates that there is a minimum volt-minute threshold for precipitation 

to occur; below which counterions are not transported sufficient distances to collide with one 
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another and diffuse to concentrations insufficient for supersaturation toward CaP to be 

achieved. 

From the same group, Kimura et al. (2018) used the PS-DW-AGE approach to identify changes in 

CaP particle properties with reaction time. Spherical particles with diameters below 100 nm 

appeared after 3-minutes of an applied potential which increased in diameter with time: 

reaching between 200 ς 400 nm after 12-minutes. XRD of samples at all time points, in addition 

to a selected area electron diffraction (SAED) pattern at 12-minutes indicated an amorphous 

structure. After being submerged in water, samples gradually demonstrated diffraction peaks 

indicative of HAp that increased in intensity with time up to the final time point of 3-days, 

suggesting a transformation from ACP to HAp. The apparent crystallographic change was upheld 

by significant particle morphological changes following submergence in water, where spherical 

particles transitioned to flowered, needle particles after 3-days and even demonstrated 

morphological changes after only 30-minutes.  

As with Xue and Zhang (2019), Kimura et al. (2018) observed an inverse relationship between 

agarose wt % and particle diameter. Based on ǘƘƛǎ ŀǳǘƘƻǊΩǎ estimates from their published 

figures, particles were reduced to between 100 ς 300 nm for 6 wt % gels. Kimura et al. (2018) 

also found particle diameters decrease with increasing pH, measuring between 30 ς 250 nm and 

40 ς 150 nm for pH 9 and 10 buffers respectively (based on estimates from their published 

figures). They also noted that the submersion of all samples resulted in the transformation of 

spherical ACP particles to spinous HAp particles, which they theorised to result from the 

dissolution of the metastable ACP phase that released sufficient ions into the surrounding 

solution to induce a supersaturation toward HAp. 

Table 1.1 summarises the properties of CaP particles synthesised via the PS-DW-AGE approach. 

Results from these authors indicate that the PS-DW-AGE approach is capable of producing 

spherical ACP particles ranging from 30 ς 400 nm, where greater agarose wt % or pH decrease 

the average particle diameter. All studies indicated that ACP spherical particles were metastable, 

transforming to spinous HAp particles with diameters between 300 ς 1000 nm when submerged 

in ultrapure water. Detailed explanations for CaP particle crystallographic and morphological 

changes in agarose gels of different thicknesses and varied Ca2+ to HxPO4
x-3 ratios are available 

from double diffusion models (Shin et al., 2022b). However, the applicability of these 

crystallisation theories for the PS-DW-AGE approach is debatable since ion transport is 

dominated by migration under the electric field and not by diffusion. 
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Table 1.1. CaP particle properties from studies using the PS-DW-AGE approach. 

Study 
Authors 

Agarose 
(wt %) 

pH 
Voltage 

(V) 
Time 

(minutes) 
CaCl2 
(mM) 

Na2HPO4 
(mM) 

CaP Particles 

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 **  

Kamitakahara 
et al. (2012) 

1 
8 100 15 200 120 HAp **  500 - 600 **  

8 100 15 200 120 HAp **  500 - 600 **  

3 8 50 23 200 120 HAp **  300 - 400 **  

Kimura et al. 
(2018) 

1 

8 

100 12 200 120 

ACP 200 ς 400 

HAP **  ~500 *     **  

9 
ACP 30 - 250 * 

HAP **  ~500 *     **  

10 
ACP 40 - 150 * 

HAP **  ~500 *     **  

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 freeze-drying 

# After submersion in ultrapure water, freeze-drying and heat treatment 

 

1.3.2 PS-DW-AGE for Gene Therapy 

 

Based on the previously discussed studies using AGDD or PS-DW-AGE, there is great potential to 

direct the synthesis of CaP particles within agarose gels toward gene therapy applications. For 

example, using DNA or plasmid-DNA (pDNA) would 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 precipitation demonstrated by Hunter and Goldberg (1993). This would allow 

for the encapsulation or adsorption of nucleic acids into/onto CaP within the agarose gel and 

form a gene-activated matrix (GAM). This could be modified further with an applied potential 

using a PS-DW-AGE approach, allowing GAM fabrication to occur more rapidly. 

Particle size could be modulated through adjustment of several experimental parameters, 

including: agarose wt %, pH, temperature, and applied potential, to optimise particle properties 

for gene therapy applications. Given the generally preferred use of CaP-NPs i.e. sub-100 nm 

particles in gene therapy (Bakan, 2018), the ability to reduce particle size via numerous 

experimental parameters in the PS-DW-AGE approach is highly beneficial. GAMs fabricated via 



Chapter 1: Literautre Review  18 
   

the PS-DW-AGE approach would ultimately require lyophilisation to transform pore size from 

the nano- to microscale, thereby allowing cellular infiltration. This would prove favourable in 

stabilising ACP phases contained within the gel prior to in-vitro or in-vivo use. 

It is interesting to consider the stability of ACP particles in gene therapy. They are not commonly 

used to deliver payloads to cells due to their metastability, so one would be forgiven in thinking 

their utility in gene therapy is lacking. However, metastable CaP phases are sought where 

surface-mediated transfection is desired. Hence GAMs containing DNA- or pDNA-loaded ACP 

particles could be remodelled in-vitro and therefore release ions and their nucleic acid payload 

into the surrounding microenvironment. Precipitation of DNA- or pDNA-loaded HAp may then 

occur in solution in-vitro; forming secondary particles. Secondary particles may precipitate with 

stable HAp phases given that the confining effects of the matrix would become much weaker in 

the microscale environment of the cryogel after agarose lyophilisation. Furthermore, these 

secondary particles would be mobile in solution ς unlike primary ACP particles that would 

probably be dried onto agarose surfaces during lyophilisation ς and therefore be available to 

infiltrate cells. 

 

1.3.2.1 Particle Synthesis via Single-well Agarose Gel Electrophoresis 

 

A modified approach of the PS-DW-AGE that uses a single-well in place of a double-well was 

previously developed by our group - Feichtinger et al. (2019) - and is herein termed the particle 

synthesis via single-well agarose gel electrophoresis (PS-SW-AGE) approach. This method was 

developed for the synthesis of pDNA-loaded CaP (pDNA/CaP) particles in agarose cryogels as 

potential osteogenic GAMs. The PS-SW-AGE approach utilises a gel slab in a conventional 

horizontal electrophoresis tank and is analogous to that of Kimura et al. (2018), but requires one 

well per precipitate layer instead of two since HxPO4
x-3 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) post-lyophilisation to enhance cellular attachment 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 PS-SW-AGE approach is shown in Figure 1.1. In this 

previous work by Feichtinger et al. (2019), a 1 wt % agarose gel (NuSieveϰ, Lonza Group AG, 

Basel, Switzerland) containing 0.75 mM Na2HPO4 and 25 mM HEPES buffer with pH 7.4 was cast 

with separated rows of wells. pDNA is loaded into the gel as one of two solutions. Solution one 
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was a pDNA loading solution comprised of 5 µg reporter pDNA (plasmid encoded with the 

luciferase gene) and 5 wt % glycerol. Solution two contained the same components as solution 

one, but with the addition of 10 µg of FBN. After the pDNA solutions were loaded into separate 

wells for solutions 1 and 2, a 60 V potential was applied to load pDNA and FBN into the gel. After 

6-minutes, the potential was removed and CaCl2 loading solutions comprised of various CaCl2 

concentration and 5 wt % glycerol were added to the wells. Electric field polarity was then 

reversed, and a 60 V potential was applied for a further 6-minutes. After 2 - 3 minutes, white 

precipitates begin to appear adjacent to the wells. Generally, these precipitate layers appear 

more intense in the presence of pDNA, and even more intense in the presence of pDNA and 

FBN. 

 

  

Figure 1.1. Overview of the PS-SW-AGE approach loading regime. (A) 25 µL of pDNA loading solution is pipetted into 

well; (B) pDNA loading solution settles at the bottom of the well; (C) a 60 V potential is applied to the gel for 6-

minutes, (D) 25 µL of CaCl2 loading solution is pipetted into the well; (E) CaCl2 solution settles at the bottom of the 

well; (F) electric field polarity is reversed and a 60 V potential is applied for 6-minutes. 
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A typical example of pDNA/CaP layers (without FBN) are shown in Figure 1.2, where layers 

measure between 1.5 ς 2 mm in thickness. Though the pDNA/CaP layer is relatively thin, the 

synthesis of discrete mineralised layers could prove useful in osteogenic tissue engineering 

applications where a layered scaffold architecture is required, such as for osteochondral tissue 

regeneration. 

 

 

Gels containing CaP precipitate layers were extracted using a scalpel, then lyophilised, followed 

by sterilisation in 70 % ethanol (EtOH), and lyophilised again to produce a (sterilised) 

macroporous GAM. As shown in Figure 1.3, SEM analysis of the GAM revealed spherical particles 

ranging from 200 ς 400 nm via backscattered electron (BSE) detection. However, detailed 

characterisation of particles was not conducted. 

 

 

Figure 1.3. SEM image of CaP particles embedded in the surface of a lyophilised GAM.  

5 mm 

Figure 1.2. Typical examples of pDNA/CaP layers (without FBN) produced via PS-SW-AGE. 
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A study was carried out to investigate the effect of FBN and various Ca2+:HxPO4 ratios on the 

transfection efficacy of pDNA/CaP GAMs on C2C12 cells. Ca2+:HxPO4 ratios of 0 (no CaCl2), 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 lyophilisation, 5 x 104 

C2C12 cells were cultured on each GAM and luciferase luminescence assays were performed at 

24-hour, 48-hour, 7-day and 4-week time points. Luminescence measurements for each group 

were calibrated against a negative control, hence all measurements are ΨŦƻƭŘ ƭǳƳƛƴŜǎŎŜƴŎŜ ƻǾŜǊ 

ƴŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭΩ. Note that the negative control refers to a pDNA-loaded cryogel. 

As shown in Figure 1.4, the pDNA/CaP GAM with an ionic ratio of ~167 showed the greatest 

luciferase activity at 48-hours, whilst at 7-days the pDNA/CaP GAM with an ionic ratio of ~120 

was greatest but showed a large standard error arising from widely distributed values (circled 

outlier excluded). All FBN-pDNA/CaP GAMs had lower luciferase activity at 48-hours compared 

to their non-FBN counterparts but exhibited either similar or larger values for all ionic ratios at 

7-days. FBN-pDNA/CaP GAMs also demonstrated larger standard errors than pDNA/CaP GAM 

groups, but this is likely due to smaller group sizes. The FBN-pDNA/CaP GAMs synthesised using 

an ionic ratio of ~167 showed the greatest luciferase activity at 7-days of all groups in the study. 

 

  

48 hours 7-days 

pDNA-CaP GAMS FBN-pDNA-CaP GAMS pDNA-CaP GAMS FBN-pDNA-CaP GAMS 

Total Ca2+ : HxPO4
x-3 ratio 

Figure 1.4. Luciferase activity for pDNA/CaP GAM groups produced via the PS-SW-AGE approach with varied 

Ca2+:HxPO4
x-3 ratios and with or without FBN. Luciferase activity is measured as fold luminescence over negative 

control. Data given as mean (± standard error). 

5ǳƴƴΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ όƴƻƴǇŀǊŀƳŜǘǊƛŎύΦ # or * p Җ 0.05, ** p Җ лΦлмΣ ϝϝϝ Ǉ Җ лΦллмΦ /ƻƳǇŀǊŜŘ ǘƻ ƴŜƎŀǘƛǾŜ 

control in each group. 
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It should be noted that the Ca2+:HxPO4
x-3 ionic ratios are calculated using the assumption that 

the precipitation layer occupies a 45 µL volume, from which the number of moles of HxPO4
x-3 

ions is calculated. For the ionic ratio of ~167, then, 225 mM CaCl2 is required. However, when 

considering the ionic ratio based purely on initial concentration of ions, this ionic ratio is 300. 

Regardless of ionic ratio calculation, these results indicate that FBN-pDNA/CaP GAMs 

synthesised using 225 mM CaCl2 (ionic ratio of ~167) boast the greatest luciferase activity of all 

groups at 7-days. This is theorised to be due to the enhanced cell attachment afforded by FBN, 

given that cell attachment in the pDNA/CaP GAMs will be poor given agarose itself boasts no 

cell attachment motifs and CaP surfaces will occupy a minority of the internal GAM surface. FBN 

may also modify the biomineralisation process during synthesis, since the mass of biomolecules 

in FBN groups is three times greater than those without FBN. This could have a complex 

influence on the nucleation and growth of pDNA/CaP particles since there are more 

biomolecules to act as nucleation centres. Particle sizes may therefore be reduced in FBN-

pDNA/CaP GAMs which would accelerate dissolution/transformation processes that are 

beneficial for surface-mediated transfection. 

Unfortunately, given that FBN is electrophoretically loaded into the gel, each gel slice will not 

exhibit a uniform distribution of FBN. Though this is also the case for pDNA/CaP particles, the 

primary function of FBN is to enhance cell attachment and should therefore coat all agarose 

surfaces such that cell infiltration and attachment can occur at all GAM surfaces.  

 

1.3.2.2 Alternative Particle Species 

 

Interestingly, the CaCl2 salt used in the PS-SW-AGE approach could be exchanged for other 

chloride salts such as CoCl2, MnCl2 and MgCl2 - to name but a few - to precipitate a wide variety 

of phosphate particles. Magnesium phosphate (MgP) could be added alongside CaP, given Mg2+ 

ions have been shown to stem CaP mineralisation through disruption of the crystal lattices 

during growth (Landi et al., 2008) and therefore aid in controlling secondary particle nucleation 

and growth. Ultimately, any nVV with charged constituents can be synthesised using the PS-SW-

AGE approach, provided the isoelectric point of constituents are not 0 at the buffer pH and they 

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

 

The ability of FBN to enhance cell attachment of cells has long been known (Kan et 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 a non-homogenous 

coating of agarose due to the inert agarose surface that would prevent significant adsorption. 

As an alternative, Polydopamine (PDA) has been used in the literature to coat a variety of 

biomaterial surfaces for drug delivery and tissue engineering applications (Cheng et al., 2019). 

PDA is generally formed by placing a commercially available dopamine-HCl powder in alkaline 

solution for overnight polymerisation, then mixing the PDA solution with the desired material. 

The polymerisation process results in an abundance of catechol, amine and imine functional 

groups that can facilitate protein adhesion and cell attachment (Sarkari et al., 2022).  

 

1.3.2.4 Polydopamine-coated Agarose 

 

The polymerisation of dopamine and subsequent coating of PDA onto agarose hydrogel surfaces 

for enhanced cell adhesion could be achieved via one of three main processes: 1) molten mixing; 

2) dip/diffusion mixing; or 3) electrophoretic loading. In molten mixing, alkaline dopamine 

mixtures are mixed directly with molten hydrogel solutions and polymerise onto agarose during 

gelation (Su et al., 2021), whilst dip/diffusion mixing is the submersion of a hydrogel in alkaline 

dopamine mixtures, allowing dopamine to diffuse into the hydrogel and polymerise on surfaces 

post-gelation (Lee et al., 2009, Dinh et al., 2018). Meanwhile, electrophoretic loading or 

electrochemical plating of PDA to coat hydrogels is unexplored in the literature but has the 

potential to be applied to agarose in the same way as FBN in the PS-SW-AGE approach. However, 

given that electrophoretic loading of PDA would likely be inefficient in coating internal and 

external surfaces due to its unidirectional transport and short dwell time, this process should be 

avoided. 

 

1.3.2.5 Molten Mixing Process 

 

Via the molten mixing process, Su et al. (2021) synthesised a PDA-coated 2 wt % agarose gel with 

PDA concentrations up to 0.2 mg mL-1. They demonstrated increases in cell viability, attachment, 

proliferation, and migration as PDA concentration increased. Interestingly, increasing PDA 
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concentration increased the average cryogel pore sizes from ~33 µm for uncoated agarose to 

~60 µm for 0.2 mg mL-1 PDA. Improved performance may therefore arise (at least in part) due 

to greater cell penetration afforded by these larger pores, rather than being entirely due to the 

PDA surface coating. The increased cryogel pore size could be due to a complex disruption of 

intra- and/or intermolecular hydrogen bonding of agarose molecules or nuclei by ions (Na+, OH-

), or by PDA molecules themselves during the gelation process. Ultimately, though, is it not 

known whether PDA modifies agarose pore size during the gelation process, the lyophilisation 

process, or both. This is a crucial consideration, since the PS-SW-AGE approach takes advantage 

of the nanoconfining agarose hydrogel pore network to control pDNA/CaP particle size, so a PDA 

coating via molten mixing could increase 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 formed coating  on a 

hydrogel post-gelation. Agarose hydrogel pores would therefore be only marginally 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 24-hours (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 indicates the 

dip/diffusion process has a more controllable influence on agarose pore size than molten mixing. 

What the literature fails to reveal is changes in the swelling behaviour of agarose hydrogels 

following PDA coating, given the change in surface chemistry of the 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 form an EDL. The attraction of salt ions into the hydrogel would 

therefore change its swelling behaviour and hence its pore size. The addition of a PDA coating 

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

competing effects of the PDA coating and agarose swelling behaviour. 

Regardless of whether a PDA coating increases or reduces agarose hydrogel pore size, ion 

transport properties will be influenced, as will the supersaturation achievable within individual 

pores, hence nucleation rate and particle growth will also change. Secondly, PDA coatings are 

known to modify the CaP biomineralisation process of their substrates due to changes in surface 
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topography and hydrophilicity (Ku et al., 2010, Murari et al., 2020). Of 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 PDA-coated agarose surface topographies and hydrophilicities, but one can 

assume PDA-coated agarose surfaces are more hydrophilic given their PDA-surfaces comprise of 

charged functional groups and agarose surfaces are inert. 

Besides biomineralisation, PDA coatings have been used to immobilise DNA under certain 

conditions, most notably at low pH where amine groups are protonated and can therefore bind 

to DNA phosphate groups (Wang et al., 2015). Besides using acidic conditions, DNA can also be 

immobilised on PDA surfaces via ΨƳŜǘŀƭ-ƛƻƴ ōǊƛŘƎƛƴƎΩΣ ǿƘŜǊŜ ǇƻƭȅǾŀƭŜƴǘ ƳŜǘŀƭ ƛƻƴǎ ǎǳŎƘ ŀǎ /ŀ2+, 

Mn2+, and Ni2+ can be adsorbed onto PDA surfaces via non-covalent interactions with PDA 

quinone groups. Metal ions then subsequently bind to DNA phosphates, immobilising DNA on 

the PDA surfaces. Since the PS-SW-AGE approach uses a buffer of pH 7.4 with 0.75 mM Na2HPO4, 

a small number of protonated amine groups may be present. Hence the electrophoretic mobility 

of pDNA may be reduced within a PDA-coated agarose hydrogel. Furthermore, subsequent 

loading of Ca2+ into the gel would facilitate Ca2+-quinone interactions and the formation of an 

EDL. pDNA molecules could therefore be rapidly adsorbed onto PDA surfaces when the Ca2+ ions 

begin to occupy the EDL on the surfaces of the PDA-coated gel. 

pDNA adsorption onto PDA via Ca2+-quinone interactions in the PS-SW-AGE will no doubt be 

complex and highly dynamic given the influence of the electric field during synthesis. But in any 

case, pDNAs ς whether immobilised on surfaces or free in solution ς can still serve as CaP 

nucleation centres. Of bigger concern is the potential for unbound PDA molecules that could 

ΨƳƻǇ ǳǇΩ Ǉ5b! ƳƻƭŜŎǳƭŜǎ ǇǊƛƻǊ ǘƻ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ǿƛǘƘƛƴ /ŀt ƻǊ ǘƘŜƛǊ ŀŘǎƻǊǇtion on to CaP 

surfaces. Long wash times, as used by Su et al. (2021), must therefore be utilised. But ultimately, 

any PDA molecules larger than the pore size would be encapsulated within the hydrogel. 

 

1.3.2.7 Summary of Polydopamine-coating Agarose 

 

Both methods of applying a PDA coating to agarose have distinct advantages and disadvantages. 

However, it is argued that the molten mixing process is the simplest, quickest, and most logical 

approach to use. Since PDA coating and gelation occur simultaneously, molten mixing 

theoretically provides the most efficient and uniform coating process. Although PDA is 
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potentially responsible for increases in agarose hydrogel pore diameters, greater agarose wt % 

can counter these effects.  

 

1.4 Summary 

 

GAMs containing DNA- or pDNA-loaded CaP particles as nVVs for gene therapy applications can 

be synthesized using a variety of single- or multi-step synthesis routes. But most methods 

produce particle dispersions suitable for the transfection of cell 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 nVV. AGDD was first used decades ago to 

synthesise CaP within agarose hydrogels and was used to co-precipitate CaP with protein 

molecules.  

Since then, this method was modified to produce the PS-DW-AGE approach that 

electrophoretically transports ions to synthesise ACP particles. This results in a precipitation 

process that is far quicker than in AGDD. Introduced by Watanabe and Akashi (2006), the PS-

DW-AGE approach allows the synthesis of discrete layers of ACP particles with tuneable 

diameters within an agarose hydrogel. This 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 containing HxPO4
x-3 ions; resulting in the PS-SW-AGE approach.  

Though CaP synthesis is not pDNA-dependent, results demonstrate that pDNA is immobilised 

and encapsulated using this approach. Transfection efficacy of these GAMs ς measured by 

luciferase activity - is enhanced via the electrophoretic incorporation of FBN, likely to due to 

increased cell attachment afforded by the extracellular matrix protein. However, the high cost 

of FBN and theorised non-uniform coating of agarose with FBN resulting from unidirectional 

loading warrants the use of a more suitable coating material. PDA, applied pre-particle synthesis 

via the molten mixing method, has the potential to enhance cell attachment in-vitro. The PDA-

coating also has the potential to capture pDNA on surfaces during PS-SW-AGE and hence modify 

the nucleation and growth kinetics of CaP particles and may even enhance the encapsulation 

efficiency of pDNA. 

Given that pDNA can be adsorbed onto PDA surfaces via Ca2+-quinone interactions, it is assumed 

that pDNA-retention of GAMs will be enhanced, given CaP precipitation on agarose fibres now 

may also encapsulate pDNA molecules. And, any unbound pDNA in solution can still act as a 

nucleation centre for CaP. Furthermore, the increased hydrophilicity afforded by the PDA 
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surface is known to change CaP mineralisation kinetics, potentially enhancing the surface area 

of the CaP coating. It is therefore of interest to produce and develop PDA-coated pDNA/CaP 

(PDA-pDNA/CaP) particles embedded within cryogels as potential GAMs for osteogenic tissue 

engineering applications. 

 

1.5 Global Aims and Objectives 

 

Previous work by Feichtinger et al. (2019) has demonstrated that pDNA/CaP particles synthsised 

via PS-AGE and embedded within agarose cryogels have the capacity to transfect cells. 

Furthermore, PS-SW-AGE has an inherent capacity to produce GAMs with discrete mineralised 

layers. Therefore, it is of interest to explore the PS-AGE 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 

 

Develop and optimise a PS-AGE approach to facilitate the production of GAMs with layered, 

optimally-sized, mineral-phosphate genetic payloads suitable for osteochondral tissue 

regeneration. 

 

1.5.2 Objectives 

 

1. Investigate the effect of a PDA coating on pDNA/CaP GAMs on pDNA/CaP particle 

synthesis and transfection 

2. Develop, computationally model, and experimentally test a new PS-AGE system to 

facilitate the fabrication of cylindrical GAMs 

3. Systematically vary individual experimental parameters and measure the subsequent 

ŎƘŀƴƎŜ ƛƴ ǇŀǊǘƛŎƭŜ ŘƛŀƳŜǘŜǊǎ ǘƻ ƻōǘŀƛƴ ŀƴ ΨƛŘŜŀƭΩ ǎǳōǎŜǘ ƻŦ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎ ǘƻ 

synthesis pDNA-loaded particles with diameters of 100 nm orless. 

4. Fabricate cylindrical monolayer GAMs embedded with < 100 nm diameter pDNA-loaded 

particles and measure particle size stability and transfection efficacy in-vitro. 
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2 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ tƻƭȅŘƻǇŀƳƛƴŜπŎƻŀǘŜŘ 
Ǉ5b!κ/ŀt ŎǊȅƻƎŜƭǎ 

 

2.1 Introduction 

 

The PS-SW-AGE approach is an electric field-assisted template method that facilitates the 

synthesis of pDNA/CaP particles within an agarose hydrogel, which can then be lyophilised to 

form a cryogel with potential use as an osteogenic GAM. Utilising loading solutions and an 

electric field, this approach allows the mixing of Ca2+ and HxPO4
x-3 ions with pDNAs within an 

agarose matrix, where nucleation and growth are subject to nanoconfining conditions that limit 

their growth potential. In unpublished data, transfection efficacies of pDNA/CaP cryogels were 

approximately 1.9-times greater than pDNA cryogel control groups at 7-days, whilst FBN-

pDNA/CaP cryogels were approximately 6.7-times greater than FBN-pDNA cryogel control 

groups at 7-days (Figure 1.4). These results indicate the PS-SW-AGE  approach has good potential 

in developing osteogenic GAMs for use in gene therapy applications. In particular, the synthesis 

of a discrete layer of pDNA/CaP ς as was shown in Figure 1.2 ς is of interest for the regeneration 

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

Though good transfection efficacy of  FBN-pDNA/CaP cryogels produced via the PS-SW-AGE 

approach is reported in unpublished data, there has been no further development of these 

cryogel GAMs. As previously discussed, there is potential to use PDA in place of FBN to provide 

uniform coating of the internal agarose surface. As a secondary effect, PDA may also provide 

more favourable mineralisation of hydrogel surfaces that could decrease pDNA/CaP particle 

diameters. pDNA/CaP particles would therefore have an increased specific surface area and 

hence an enhanced rate of dissolution/transformation, which is necessary to form secondary 

pDNA/CaP particles in-vitro. One could even reduce the size and increase the surface area of 

pDNA/CaP particles further by modulating experimental parameters such as salt and agarose 

concentration. 

Going forward, the first modification to pDNA/CaP cryogels should be the introduction of PDA 

as a surface coating. Subsequent characterisation of pDNA/CaP particle size can then be 

conducted to determine the influence of both pDNA and PDA on pDNA/CaP size. Crystal 

structure should also be investigated to determine the crystallinity of such particles. ACP, being 
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metastable, would be more advantageous for cryogels in this work if particles are immobilised 

on surfaces. Therefore, cryogels would rely on surface-mediated transfection given ACP can 

more easily dissolve. In contrast, HAp would be more advantageous if particles are mobile in-

vitro as this phase of CaP is more stable. However, it is assumed that the lyophilisation process 

immobilises particles on cryogel surfaces, hence ACP particles are favoured in this work. It would 

also be valuable to quantitatively analyse pDNA encapsulation to provide a better understanding 

of how efficiently pDNA is incorporated into cryogels and CaP particles.  

Incorporating PDA into the hydrogels prior to synthesis is ultimately expected to yield smaller 

pDNA/CaP particle diameters, enhance pDNA encapsulation, and therefore enhance 

transfection efficacy compared to uncoated cryogels. An in-depth characterisation of particle 

diameter and morphology will be conducted using SEM, whilst crystal structure analysis will be 

performed with XRD. Changes in the crystal structure of pDNA/CaP particles between uncoated 

and PDA-coated groups are not expected given that the nano-confining effects of agarose are 

expected to stabilise ACP in both groups. Transfection efficacies of cryogel groups will be 

quantified via luciferase activity assays, as used previously by our group, to allow for some 

comparison against the previous (unpublished) data. 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 and Objectives 

 

The PS-SW-AGE approach has demonstrated the capacity to produce agarose cryogels 

encapsulating pDNA/CaP for potential use as osteogenic GAMs. The use of PDA as a surface 

coating to form PDA-pDNA/CaP cryogels is expected to uniformly coat internal agarose hydrogel 

surfaces and therefore enhance the cell viability of PDA-pDNA/CaP groups compared to 

pDNA/CaP groups. PDA-pDNA/CaP cryogel groups are also theorised to have reduced primary 

pDNA/CaP particle diameters, enhanced pDNA-encapsulation, and greater transfection efficacy 

compared to pDNA/CaP groups. It is also expected that PDA-pDNA/CaP and pDNA/CaP groups 

will share amorphous XRD spectra due to nanoconfining effects stabilising ACP in both groups.,  

 

2.2.1 Research Aims 

 

(1) Establish whether polydopamine can enhance cellular attachment and reduce 

pDNA/CaP particle diameters. 

 

2.2.2 Research Objectives 

 

(1) Fabricate uncoated and PDA-coated cryogel groups via the PS-SW-AGE approach, 

with and without pDNA loadings. 

(2) Characterise the diameter, morphology, and crystal structure of particles within 

cryogels. 

(3) Determine the pDNA-encapsulation efficiency of cryogel groups. 

(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 enzymeΣ ƘŜǊŜƛƴ ǘŜǊƳŜŘ ΨpMetLucΩ, which was then isolated from the cells and purified 

using commercially available kits in preparation of pDNA loading in the PS-SW-AGE approach. 

Briefly, E. coli TOP10 cells in 5 mL of lysogeny broth (LB) media with 50 µg µL-1 ampicillin were 

cultured overnight at 37 °C on a shaker at 250 rpm. The culture was then added to 100 mL of LB 

media (with 50 µg µL-1 ampicillin) and cultured overnight at 37 °C on a shaker at 250 rpm. The 

resulting culture was transferred to sterile 50 mL tubes and centrifuged at 4000 rpm at 4 °C for 

10-minutes. The supernatant was removed, and the pelleted cells were resuspended in a 30 mL 

solution of 80 mM MgCl2, 20 mM CaCl2 and deionised water (D.H2O), then centrifuged again at 

4000 rpm, 4 °C, for 10-minutes. The cell pellet was resuspended in a 2 mL, 4 °C solution of 100 

mM CaCl2, 10 vol % glycerol and D.H2O, then separated into 100 µL aliquots and stored at -70 °C 

to form pMetLuc glycerol stocks. 

5 µL of pMetLuc glycerol stock was mixed with 30 µL of competent E. coli TOP10 and incubated 

on ice for 30-minutes, then heat shocked at 42 °C for 45-seconds and cooled on ice for two 

minutes. 50 µL of Super Optimal Broth media with catabolite repression (SOC) was added to the 

cells and incubated for 45-minutes at 37 °C on a shaking incubator at 250 rpm. Meanwhile, a 

mixture of agar (1.5 wt %) and LB media was autoclaved. The mixture was allowed to cool to 50 

°C before ampicillin was added at a concentration of 50 µg uL-1. Once homogenised, the mixture 

was cast in a petri dish to from LB-agar plates. 

25 µL of cells were plated on an LB-agar plate and incubated overnight. Single colonies were 

identified, collected, and resuspended in 5 mL LB-media containing 50 µg µL-1 ampicillin. The 

colonies were then incubated at 37 °C on a shaker at 250 rpm. A Minipreparation kit (Qiagen, 

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

the cell culture, following ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ protocol. Next, an Endofree Plasmid 

Maxipreparation kit (Qiagen) was used to clone larger quantities of pMetLuc. The resulting 

pMetLuc pellet was suspended in molecular biology grade waterΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

protocol, to produce pMetLuc stock solutions. Finally, the concentration of pMetLuc was 

measured using a NanoDropTM One/OneC Microvolume UV-VIS Spectrophotometer (Thermo 

Fisher Scientific, Massachusetts, USA). 
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2.3.2 Loading solutions 

 

Loading solutions for cryogel fabrication were prepared; their concentrations are listed in Table 

2.1. Briefly, 2000 µL of pMetLuc (herein referred to as pDNA) loading solution was prepared by 

diluting the pDNA stock solution with glycerol and D.H2O to give a final pDNA concentration of 

0.1 ug µL-1 and 5 vol % glycerol. A CaCl2 loading solution was prepared by diluting 180 µL of 2.5 

M CaCl2 in glycerol and D.H2O to give a final concentration of 225 mM CaCl2 and 5 vol % glycerol. 

A blank loading solution comprised only of glycerol and D.H2O.  

 

Table 2.1. Overview of loading solution formulations 

Loading Solution pDNA stock  

(3.13 µg µL-1) (µL) 

2.5 M CaCl2 

(µL) 

Glycerol 

(µL) 

D.H2O 

(µL) 

Total (µL) 

Ψ.ƭŀƴƪΩ 0 0 100 1900 2000 

pDNA (0.1 µg µL-1) 63.9 0 100 1836.1 2000 

225 mM CaCl2 0 180 100 1720 2000 

 

 

2.3.3 Buffer Solutions 

 

A concentrated buffer solutionn of 500 mM HEPES + 15 mM Na2HPO4 was prepared by adding 

238.3 g of HEPES powder and 7.1 g of Na2HPO4 to 800 mL of D.H2O. The solution was brought to 

pH 7.4 using 6 M NaOH and made up to a final volume of 1000 mL with D.H2O. 90 mL of the 

concentrated solution was diluted with D.H2O at a ratio of 1:19 to a final volume of 1.8 L of 

working/running buffer solution. The running buffer concentration was therefore 25 mM HEPES 

and 0.75 mM Na2HPO4 (pH 7.4). 

 

2.3.4 Gel Slabs 

 

For the PDA-coated agarose gel slabs, the protocol described by Su et al. (2021) was adapted for 

use in this work. Briefly, 128.7 mL of working buffer was mixed with 26 mg of dopamine 

hydrochloride (Sigma-Aldrich, Massachusetts, USA) to give a dopamine hydrochloride 

concentration of 0.2 mg mL-1. This solution was incubated at room temperature (shielded from 
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light) for 24-hours, then mixed with 1.3 g of agarose powder (SeaKem® LE 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 with 4 comb inserts (Figure 2.1).  After 60-minutes 

at room temperature, the agarose had gelled completely and the combs were removed. To 

remove excess PDA, the gel slab was washed in 1000 mL of running buffer solution on an orbital 

shaker for 4-days where buffer solution was refreshed every 24-hours. 

 

 

For the blank agarose gel slabs, the same processes to produce PDA-coated gel slabs was used, 

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

 

2.3.5 Gel loading 

 

Uncoated and PDA-coated gel slabs were prepared separately by placing a gel slab into the 

electrophoresis tank (Sub-Cell GT, Bio-Rad, Massachusetts, USA) using the following process. Gel 

slabs were positioned in the tank centre and approximately 1670 mL of remaining running buffer 

was added to the tank (Figure 2.2) to submerge the gel slabs. As shown in Figure 2.2 and Figure 

Combs Crocodile 

clips 

Gel tray 
Autoclave tape 

Figure 2.1. Gel tray layout with 4 comb inserts. 
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2.3, each row of 16 wells in the gel slabs were used for separate experimental groups, giving a 

total of 32 gels per group e.g. 32 of each of the following uncoated groups: blank (unloaded), 

pDNA, CaP, pDNA/CaP, PDA-blank (unloaded), PDA-pDNA, PDA-CaP, and PDA-pDNA/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 encapsulating pDNA/CaP particles; and 

the fourth for gels encapsulating CaP particles only (Figure 2.3). 25 µL of the pDNA loading 

solution was pipetted into each well in rows one and two, then a 60 V potential was immediately 

applied across the gel for 6-minutes. pDNA molecules were directed toward the positively 

charged electrode ŘǳŜ ǘƻ ǘƘŜƛǊ ƻǾŜǊŀƭƭ ƴŜƎŀǘƛǾŜ ȊŜǘŀ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ƘŜƴŎŜ ǿŜǊŜ ΨƭƻŀŘŜŘΩ ƛƴǘƻ ǘƘŜ 

agarose gel. 

After 6-minutes, gel slices adjacent to rows one and two (on the side closer to the positive 

electrode) were cut into cuboidal shapes using a scalpel, producing gels measuring 

approximately 4 mm (length) x 6 mm (width) x 5mm (depth). The red dotted line in Figure 2.3 

displays the approximate cutting line made by the scalpel to excise gels. Once cut, these small 

gels were removed from the gel slab with forceps and placed in 24-well plates in groups of four 

and immediately frozen at -70 °C. CaCl2 loading solution was then pipetted into the wells of rows 

three and four, followed by reversal of the electric field polarity and immediate application of a 

60 V potential for another 6-minutes. 

 

As with rows one and two, small gels were excised from areas adjacent to the wells of rows three 

and four, placed in 24-well plates (four gels per well) and immediately frozen at -70 °C. All 

excised gels were then lyophilised for 24-hours.  

  

Buffer 

Gel tray 

Electrodes 

Well rows 

Gel slab 

Figure 2.2. Bio-Rad Sub-cell GT horizontal gel electrophoresis system and a submerged gel slab with four well rows. 
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After lyophilisation, the 24-well plates containing the resulting cryogels were sterilised by adding 

2 mL of 70 % EtOH to each well in the well plate and incubating the cryogels for 10-minutes. The 

70 % EtOH was then removed and the cryogels were placed at -70 °C for two hours and 

lyophilised again. 

 

2.3.6 pDNA mobility 

 

Agarose and PDA-agarose gel slabs were prepared according to the protocols in 2.3.4, but with 

a single row of 16 wells, and were placed in the horizontal electrophoresis tank and submerged 

in a buffer of 25 mM HEPES, 0.75 mM Na2HPO4, pH 7.4. pDNA loading solution at a concentration 

of 0.1 µg µL-1 (as prepared in 2.3.2) was loaded into all 16 wells of each gel. A 60 V potential was 

applied for 6-minutes, followed by excision of a gel encapsulating the first 4 wells and 15 mm of 

surrounding gel. The excised gel was rinsed and submerged in a 1:10,000 dilution of SYBRTM Safe 

DNA Stain (Thermo Fisher Scientific) for 30-minutes. Meanwhile, a 60 V potential was applied 

across the gel slab for another 6-minutes, followed by excision of the next four wells and 

submersion of these gels in SYBRTM Safe. This process was repeated until the 60 V potential had 

Blank 

pDNA 

pDNA/CaP 

CaP 

6 mm 

Figure 2.3. Distribution of groups in the gel slab and the approximate cutting lines for gels excised from the gel. 
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been applied for a total of 24-minutes and four gel slices (each with four wells) had been 

removed from the gel slab at 6-, 12-, 18-, and 24-minute time points. 

After 30-minutes of submersion in the stain solution, excised gels were imaged with a UV gel 

imager (UVP Gel DoC-it, Analyytikjena, Jena, Germany). Images were analysed in ImageJ to 

measure the distances travelled by the pDNA loadings using the line tool. A transparent, UV 

responsive plastic ruler was placed alongside excised gels during imaging for calibration. pDNA 

travel distances were measured from the back of each well to the front of the pDNA band. From 

this distance, 2 mm was subtracted to account for the thickness of the well, giving the maximum 

distance travelled by the pDNA band. A mean distance (± SD) was calculated for each time-point 

(n = 4 for each time-point).  

 

2.3.7 pDNA Encapsulation Efficiency 

 

To determine encapsulation efficiency of pDNA within cryogel groups, three cryogels from each 

group were submerged in one of two buffers ς control or decalcification buffer - to measure the 

amount of pDNA released from cryogels into each solution. The control buffer comprised of 

D.H2O with 40 mM Tris (pH 8.0), whilst the decalcification buffer comprised of D.H2O, 40 mM 

Tris, and 150 mM EDTA (pH 8.0). For each cryogel group, three microcentrifuge tubes were 

allocated to a control set and another three were allocated to a decalcification set. 500 µL of 

appropriate buffer was added to each, followed by addition of cryogels to their respective tubes 

and incubation for 48-hours at 37 °C. 

To determine the amount of pDNA leaching from cryogels into 70 % EtOH during the sterilisation 

step, a third set of microcentrifuge tubes was allocated to each cryogel group (n = 3). 500 µL of 

control buffer was added to each tube followed by addition of unsterilised cryogels to their 

respective tubes.  An overview of cryogel group names for this experiment are listed in Table 

2.2. 

After 48-hours, the microcentrifuge tubes were centrifuged at 18,000 g for 15-minutes to force 

the cryogels and any agarose fragments to the bottom of the tubes. 250 µL of supernatant from 

each tube was extracted and diluted with 2250 µL of the same buffer (1:9 dilution) in a new 

tube. Of the total 2500 µL of dilute sample solution, 50 µL of each sample was placed in triplicate 

in a black flat-bottom 96-well plate in preparation for fluorescence measurements. 
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Table 2.2. Overview of cryogel group names and their new group name following submergence in buffer. 

Cryogel Group Test Group Name 

Control buffer 

(unsterilised) 

Control buffer Decalcification buffer 

Blank Blank (unsterilised) Blank (control) Blank (Decal) 

pDNA pDNA (unsterilised) pDNA (control) pDNA (Decal) 

CaP CaP (unsterilised) CaP (control) CaP (Decal) 

pDNA/CaP  pDNA/CaP 

(unsterilised) 

pDNA/CaP (control) pDNA/CaP (Decal) 

PDA-blank PDA-blank 

(unsterilised) 

PDA-blank (control) PDA-blank (Decal) 

PDA-pDNA PDA-pDNA 

(unsterilised) 

PDA-pDNA (control) PDA-pDNA (Decal) 

PDA-CaP PDA-CaP 

(unsterilised) 

PDA-CaP (control) PDA-CaP (Decal) 

PDA-pDNA/CaP PDA-pDNA/CaP 

(unsterilised) 

PDA-pDNA/CaP 

(control) 

PDA-pDNA/CaP (Decal) 

 

For the quantitative measurement of pDNA, a Quant-iTTM PicoGreenTM dsDNA assay kit (Thermo 

Fisher Scientific) was used. Two sets of pDNA standards in the range of 125 ς pg µL-1 to 0.25 ng 

µL-1 were prepared using the same pDNA stock used to prepare cryogel groups. Standards for 

the unsterilised and control sets were prepared with control buffer, whilst standards for the 

decalcification set were prepared with the decalcification buffer. All standards were added in 

triplicate, 50 µL volumes, along with 50 µL of buffer-only controls (also in triplicate). 

50 µL of dsDNA reagent solution was added to all standard, buffer-only and sample wells, mixed 

well, and incubated for 5-minutes. A spectrophotometric microplate reader (Plate ChameleonTM, 

Hidex Oy, Turku, Finland) was used to measure absorbance with excitation and emission 

ǿŀǾŜƭŜƴƎǘƘǎ ƻŦ рлн ŀƴŘ рно ƴƳ ǊŜǎǇŜŎǘƛǾŜƭȅ όŀǎ ǇŜǊ ŀǎǎŀȅ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴύΦ Each well 

was measured in triplicate and a mean value was taken for each. All fluorescence measurements 

for standards and samples were calibrated against their respective buffer-only controls. A 

standard curve was plotting for each of the control and decalcification standards. 

For any given cryogel sample, Equation 2.1 was used to calculate the mass of pDNA released 

into the 500 µL volume of control or decalcification buffer using  
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ὴὈὔὃ ὶὩὰὩὥίὩ АὫ 

ώ ὧ

ά
ὈὊ υππ Аὒ  

2.1 

 

Where ώ is sample absorbance (arbitrary units), ὧ is the y-intercept of the standard curve, ά is 

the x-coefficient of the standard curve, and DF is the dilution factor (in this case, 10).  

The mean (± SD) mass of pDNA released from cryogel groups (n = 3) was then calculated for the 

three different sets: unsterilised, control, and decalcification. Equation 2.2 was then used to 

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

 

 
ὴὈὔὃ ὩὲὧὥὴίόὰὥὸὭέὲ ὩὪὪὭὧὭὩὲὧώ Ϸ ρ

ὴὈὔὃ ὶὩὰὩὥίὩ АὫ ȟ
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 ρππ 

 

2.2 

 

Where ὴὈὔὃ ὶὩὰὩὥίὩАὫ ȟ is the mean mass of pDNA released from a sterilised cryogel 

group into control buffer and ὴὈὔὃ ὶὩὰὩὥίὩАὫ  is the mean mass of pDNA released from a 

cryogel group into decalcification buffer.  

 

2.3.8 Scanning Electron Microscopy (SEM) 

 

For each cryogel group, a set (n = 8) of cryogels were placed in a tea strainer, submerged in liquid 

nitrogen for 15-seconds 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 each of the blank and PDA-blank groups were kept intact 

for SEM imaging. 

For each cryogel group, a 12 mm aluminium SEM stub (Agar Scientific, Essex, UK) was covered 

with a carbon sticker and a small quantity of homogenised, powdered sample was sprinkled 

onto the stub. Each sample was pressed onto the carbon sticker via a rolling action with a sterile 

glass pipette. For the intact cryogel samples, the cryogels were placed on carbon stickers and 

carbon paint was coated around the bottom and sides of the cryogels to enhance their 

conductivity. All samples were then coated with a 5 nm thick coating of Iridium using a 

Cressington 208 HRD Iridium Sputter Coater (Cressington Scientific, Watford, UK).  
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A Hitachi SU8230 high performance cold field emission SEM (Hitachi, Tokyo, Japan) with Oxford 

Instruments Aztec Energy Dispersive x-ray Spectroscopy (EDS) system with 80 mm X-MAX SDD 

detector (Oxford Instruments, Abingdon, Oxfordshire) was used to image cryogel samples. 

Secondary electron (SE) images were captured at 2 kV accelerating voltage (low probe current), 

BSE images were captured at 10 kV (low probe current), and energy dispersive x-ray (EDX) 

analysis maps were captured at 15 kV (high probe current). For SE and BSE imaging, a 5 mm 

working distance was used and a 15 mm working distance was used for EDX 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 measurements. Only particles above agarose surfaces were included 

in particle size measurements since those beneath the surface had poorly resolved edges. From 

each sample, a minimum of six agarose fragments with embedded particles were imaged. For 

each fragment, three images were acquired at different locations. All particles above the surface 

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

only included in measurements if their circumferential edge could be completely resolved. 

ImageJ was used to measure particle sizes using the line tool, where largest feret diameter 

(feretx) and corresponding perpendicular feret diameter (ferety) was obtained for each particle, 

as shown in Figure 2.4. Aspect ratios for each particle were then calculated using Equation2.3: 

 

 
!ÓÐÅÃÔ ÒÁÔÉÏ

ὪὩὶὩὸ
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2.3 

 

Figure 2.4. Determination of irregular particle diameter and width using feret diameters. 
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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 particle sizing in 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 particle measurements were collected and transformed to histograms using a bin width 

(ύ) calculated via Equation 2.4: 

 

 ύ
ὶὥὲὫὩ

Ѝὲ
 2.4 

 

Where range is the difference between the smallest and largest particle diameters (with no 

excluded measurements), and ὲ 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 

ǘƘŜ ƴŜŀǊŜǎǘ ƛƴǘŜƎŜǊΦ CƻǊ ŜŀŎƘ ōƛƴΣ ŦǊŜǉǳŜƴŎȅ ǿŀǎ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ΨǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƻǘŀƭΩΦ 

 

2.3.9 X-ray Diffraction (XRD) 

 

Crystal structure analysis was performed for powdered cryogel samples and a commercially 

available HAp powder (Sigma-Aldrich) control using a Bruker D8 Diffractometer (Bruker 

Corporation, Massachusetts, USA). Samples were analysed at room temperature, using a 2ɗ 

range of 20 ς 60 °, a step-size of 0.016 °, and a Cu K-ʰ Ȅ-ray source. 

 

2.3.10 Cell Culture and Transfection 

 

2.3.10.1 Resurrection of Cryo-Preserved Cells 

 

A cryo-tube of C2C12 cells was taken from liquid nitrogen storage, placed at -70 °C storage and 

allowed to gradually increase in temperature. The cells were then rapidly thawed in a 37 °C 

water bath and reconstituted in 1.5 mL of cell media ŎƻƴǎƛǎǘƛƴƎ ƻŦ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ 

Medium (DMEM) (Sigma-Aldrich) with 2mM l-glutamine, 2.5 vol % Penicillin-Streptomycin 

solution and 5 vol % foetal calf serum (FBS). The cells were then transferred to a T175 cell flask 

(Thermo Fisher Scientific) and incubated overnight at 37 °C with 5 % CO2. The following morning, 
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cell media was aspirated, and the cells were washed in 2 x 10 mL of phosphate buffered saline 

(PBS) (Sigma-Aldrich), 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 checked daily using light microscopy. 

After 2-days, cells showed approximately 70 % confluency and a pH change indicated by phenol 

red, indicating suitability for passage. Cell media was aspirated, and the cells were washed in 2 

x 10 mL of PBS. 5 mL of trypsin was added to the cells which were then incubated for 5-minutes 

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 inactivate trypsin 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 with 20 mL of fresh cell media in each flask. 

 

2.3.10.3 Cell Counting 

 

Once 70 % confluency was again achieved in the two T175 flasks, cells were pelleted and 

reconstituted in cell media to form a single, concentrated cell suspension in 10 mL cell media. 

50 µL of concentrated cell suspension was mixed with 50 µL of 0.4% Trypan Blue solution and 

added to the glass side of a haemocytometer and placed in the cassette of CountessTM 3 

Automated Cell Counter (Thermo Fisher Scientific). Upon acquisition of cell concentration, a 

total cell number was calculated based on the now 9.950 mL total volume of cell media. The 

concentrated cell suspension was centrifuged at 150 g for 5-minutes and resuspended in fresh 

cell media to give a cell suspension with a working cell concentration of 10 x 106 cells mL-1. 

 

2.3.10.4 Cryogel Cell Seeding 

 

A high concentration agarose gel is required to coat the base of wells to prevent cells attaching 

to the base of well plates. This gel was prepared using SeaKemTM agarose with D.H2O and 

autoclaving the solution at 121 °C for 15-minutes. 250 µL of the molten solution was pipetted 

into the wells of three 48-well plates. Once cooled, cryogels from each group were placed 

individually in wells on top of the agarose gel using sterile forceps. One 48-well plate was 
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assigned to luciferase assays (transfection plate) and contained an n = 4 for each cryogel group 

and cell media controls. Another 48-well plate was assigned as the cytotoxicity plate. Cryogels 

from each cryogel group (n = 6) were placed in the cytotoxicity plate; three as positive controls 

(to be lysed) and three as experimental samples. The layout for each well plate is illustrated in 

Figure 2.5. Note that an additional plate was used for PDA-coated groups. 

 

 

50 µL of cell suspension (2.5 x 105 cells) was then pipetted slowly onto the top of each cryogel. 

Any excess cell suspension that did not soak into the cryogel was re-pipetted on top of the 

cryogel until the cryogel swelled and soaked up most of the cell suspension. The cryogels were 

then incubated at 37 °C for 3-hours to allow cells to attach to the cryogels. After incubation, 800 

Figure 2.5. 48-well plate layout for (top) the transfection plate and (bottom) the cytotoxicity plate. White wells 
indicate unused wells. 



Chapter 2: Development of Polydopamine-coated pDNA/CaP Cryogels 44 
   

µL of cell media (without 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 14-hours of incubation, cryogels were transferred to three fresh separate 96-well plates 

that did not contain an agarose gel base coating. The transfer of cryogels to fresh 96-well 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 prevents luciferase 

enzyme loss into the agarose hydrogel. Secondary to assay sensitivity, the transfer to fresh 96-

well plates mitigates any reduction in cell media nutrient concentration that may occur as 

nutrients diffuse into the sterile agarose gel coating the bottom of the 48-well plates. Briefly, 

180 µL of cell media from all wells of the 48-well plates was transferred to 96-well plates, 

replicating the same layout as in Figure 2.5. Cryogels were then transferred to their respective 

wells in the 96-well plates using sterile forceps and placed back into incubation until time-points. 

 

 

  

Figure 2.6. Layout of the 96-well transfection plate. 
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2.3.10.5 Transfection Quantification  

 

At 24-, 48-, 72-hour, and 7-day time points, all cell media from the transfection plate was 

transferred to another 96-well plate, where each sample was homogenised via pipetting. 50 µL 

of the homogenised cell media was then transferred to a white 96-well plate. A concentrated 

coelenterazine solution was first prepared by reconstituted 250 µg of coelenterazine powder 

(ProMega, Wisconsin, USA) in 50 µL of acidified methanol. 1.4 µL of concentrate solution was 

then diluted in 698.6 µL of PBS to give a working solution concentration of 0.2 vol % 

coelenterazine (or 0.4 ng µL-1). 10 µL of the coelenterazine working solution was then added to 

the homogenised 50 µL cell media samples, gently mixed via pipetting and incubated protected 

from light for 30-minutes. The well plate was then placed in a spectrophotometric plate reader 

(Plate ChameleonTM, Hidex Oy, Turku, Finland) measuring for luminescence. Luminescence 

measurements for uncoated coated cryogel groups were baselined against the blank group, 

whilst PDA-coated groups were baselined against the PDA-blank group. 

 

2.3.10.6 Cytotoxicity 

 

16-hours prior to the 48-hour time point, systematic controls (cell-only) for cytotoxicity assays 

were established by seeding three wells of a separate 96-well plate with 9000 cells in 100 µL of 

cell media. After 16-hours of incubation at 37 °C and 5 % CO2, this well plate was removed 

alongside the 48-hour cytotoxicity plate. All cryogels from the 48-hour cytotoxicity well plate 

(and cell media controls) were removed and transferred to the same 96-well plate, along with 

with 180 µL of fresh cell media. The 96-well plate was then incubated for a further 24-hours. 

After 24-hours, 28 µL of 10X lysis solution was added to positive control cryogels (10 µL per 100 

µL of cell media) and thoroughly mixed. In total, 28 µL of 10X lysis solution was added to each 

cryogel sample (rather than the recommended 18 µL) to account for the estimated additional 

100 µL of cell media adsorbed into cryogels. For cell media controls, 5 µL of 10X lysis solution 

was added to wells. The 96-well plate now contains the systematic control (cell only), and 

cryogel groups divided into lysed (n = 3 for each group) and experimental sets (n = 3). This well 

plate was incubated for a further 45-minutes to lyse cells.  

During incubation, the assay buffer was thawed at room temperature and protected from light. 

After 45-minutes of incubation, the 96-well plate was removed from incubation and 50 µL of 
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CytoTox® Reagent (ProMega) was added to each sample well. The well plate was then incubated 

at room temperature and protected from light for 30-minutes.  

After incubation, 50 µL of stop solution was added to each lysed well. The absorbance at 490 

nm was then measured for all wells. All absorbance measurements were first calibrated against 

the cell media control, followed by calculated of mean values for lysed and non-lysed cryogels. 

Percentage cytotoxicity for a given cryogel group was then calculated using Equation 2.5: 

 

  
ὅὩὰὰ ὺὭὥὦὭὰὭὸώ ὧὶώέὫὩὰ Ϸ  

ὟὲὰώίὩὨ ὧὶώέὫὩὰί ὕὈ  

ὒώίὩὨ ὧὶώέὫὩὰί ὕὈ  
 

2.5 

 

Using Equation 2.6, cell viability (± %) was calculated by comparing the cell viability of a given 

cryogel group to that of the blank cryogel group: 

 

 ὅὩὰὰ ὺὭὥὦὭὰὭὸώ  Ϸ έὪ ὦὰὥὲὯ ὅὩὰὰ ὺὭὥὦὭὰὭὸώ ὄὰὥὲὯὅὩὰὰ ὺὭὥὦὭὰὭὸώὧὶώέὫὩὰ 

 

2.6 

 

The percentage cytotoxicity for each cryogel group was then calibrated against the blank group. 

Normally the LDH assay protocol requires baselining cytotoxicity against cell only controls. 

However, the same number of cells in these cryogels cannot be seeded onto well plates due to 

excessive cells per unit area. Hence the blank cryogel group was instead used in-place of a cell-

only control.  

 

2.3.11 Data Analysis 

 

Unless specified, mean values are provided with SD as follows: mean ± SD. The Shapiro-Wilk test 

was used to test datasets for normality. Where data was non-parametric, the Tukey Kreamer 

Honestly Significant Difference (TK-HDS) test was performed for multiple comparison statistical 

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

 

2.4.1 pDNA Mobility in Gels 

 

The distance travelled by pDNA in agarose and PDA-agarose gel slabs was measured to 

determine changes in pDNA mobility as a result of the PDA coating. Figure 2.7 shows images of 

stained uncoated agarose and PDA-agarose gels loaded with pDNA, excised from the 

electrophoresis tank at different time points. 

 

 

The pDNA bands are more clearly observed in the uncoated agarose gel at all time points, whilst 

the bands in the PDA-agarose are comparatively fainter and reduce in visibility with time, with 

leading edges that become fainter. By 24-minutes, only the sides of the pDNA bands remain 

visible in the PDA-agarose slab. This reduced visibility of pDNA in the PDA-coated 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 appropriately, but 

this would not explain why the sides of bands remain visible.  

 

Bands in both gels stretch over time, which could stem from an incomplete loading of pDNA 

from wells into the gel slab after 6-minutes. In this hypothesis, the majority of pDNA is loaded 

after 6-minutes but a minority remains within the well. Upon removal of the 6-minute gel slice 

6-minutes 

12-minutes 

18-minutes 

24-minutes 

Uncoated agarose PDA-coated agarose 

Figure 2.7. pDNA bands in (left) uncoated and (right) PDA-coated agarose gel slabs. 
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any pDNA in the well is ejected during washing. Meanwhile, pDNA remains in the wells of the 

gel slab and diffuses back away from the well-gel interface. Upon reapplication of the applied 

potential, the pDNA band in the gel continues to progress through the gel but there is a time 

delay before the residual pDNA in the well is loaded into the gel. This cycle repeats, creating a 

ΨƭŀŘŘŜǊΩ ƻŦ pDNA in the 24-minute gel slice (from the uncoated gel slab) with each new step 

diminishing in intensity relative to the previous step. If this ladder effect is prevalent in the PDA-

coated gel slab, it may explain (to some extent) why pDNA intensity diminishes with time. 

Due to their reduction in intensity with time, pDNA bands in the PDA-coated agarose become 

difficult to measure accurately. Adjustments to the brightness and contrast in ImageJ were 

required to enhance the visibility of these bands and make more reliable measurements. 

The mean distances (± SD) travelled by pDNA bands at each time point for uncoated agarose 

and PDA-agarose gel slabs were calculated and plotted as a function of time in Figure 2.8.  Linear 

fits applied to both datasets give an R2 = 0.97 for the uncoated agarose gel and R2 = 0.99 for the 

PDA-agarose gel. The gradients of the slopes are similar, having comparable x-coefficients of 

0.159 and 0.149 for the agarose PDA-agarose respectively, indicating a similar mobility between 

the gels between 6- and 24-minutes. However, their y-intercepts are evidently different, having 

values of 0.99 and 0.49 for uncoated agarose and PDA-agarose respectively. This indicates an 

Figure 2.8. Distances travelled by pDNA bands over time in uncoated agarose and PDA-agarose gel slabs. 
Errorbars indicate standard deviation. 
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initial reduced mobility of pDNA in the PDA-coated agarose. This could arise through adsorption 

of pDNA on PDA surfaces or conjugation of pDNA with excess PDA 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 

Figure 2.9 (B), the second lyophilisation reduces the uniformity and size of both agarose and 

PDA-coated agarose samples. The change in appearance between the two lyophilisation steps 

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

first lyophilisation step and 70 % EtOH present in the second lyophilisation stepΦ ¢ƘŜ ΨŦǊƻǎǘŜŘΩ 

appearance in Figure 2.9 (C) is therefore likely to be crystallised residual salts from the buffer or 

loading solutions. The reduced visibility of salts between Figure 2.9 (C) and (D) suggests that the 

70 % EtOH wash is removing much of the salts from the cryogels. 

A B 

C D 

Figure 2.9. Uncoated and PDA-coated agarose cryogel appearances. (A) Agarose cryogels after first lyophilisation 
and (B) after 70 % EtOH sterilisation and second lyophilisation. (C) PDA-coated agarose cryogels after first 

lyophilisation and (C) after 70% EtOH ster 
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Digital images of blank and PDA-blank cryogels post-sterilisation and lyophilisation reveal a 

rough surface topography, but with little evidence of a porous surface in both cryogels Figure 

2.10. The colour of the PDA-blank cryogel is darker than that of the blank cryogel due to the PDA 

coating, but there are also black spots distributed throughout the cryogel surface that are 

assumed to be PDA clusters. These cryogels were sliced in half using a scalpel to observe the 

internal porous structure.  

A 

B 

1 mm 

1 mm 

Figure 2.10. Digital Microscope images of (A) Blank group cryogel and (B) PDA-blank group cryogel. 
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As shown in Figure 2.11, the blank cryogel has a highly porous internal structure with pore sizes 

ranging from 50 ς 200 µm. In contrast, the porous structure of the PDA-blank is less easily 

identified. Pale voids, which could be the pores themselves since PDA clusters are vacant in 

these areas, can be seen through the PDA-blank which measure between 30 ς 150 µm.  

 

 

  

A 

B 

Figure 2.11. Internal porous structure of (A) blank group cryogel and (B) PDA-blank group cryogel. 
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At greater magnification, the PDA clusters become clearer and are all below 10 µm in diameter, 

as shown in Figure 2.12. The pale voids are difficult to interpret; they could be pores based on 

the absence of PDA clusters in this focal plane, but the blurred foreground of these images could 

indicate these images are taken through pores themselves. Agarose fibres or ridges can be seen 

in Figure 2.12 (B) but based on the presence of PDA clusters between neighbouring fibres/ridges 

these are likely not the circumferential edges of pores. 

  

A 

B 

Figure 2.12. High magnification digital microscope images of PDA-blank cryogel internal pore structure. 
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2.4.3 XRD  

 

XRD spectra for samples from blank, pDNA/CaP, and PDA-pDNA/CaP groups, as well as a HAp 

powder control, are shown in Figure 2.13. The blank agarose sample has a broad, shallow peak 

between 2ʻ ƻŦ 32 ς 39° which indicates an amorphous structure. In comparison, the pDNA/CaP 

and PDA-pDNA/CaP groups have almost identical broad peaks between нʻ ƻŦ 31 - 35° that 

coincide with the region of intense characteristic peaks of HAp for the (211), (112), (300) and 

(202) crystal planes. 

 

The broad peaks in the pDNA/CaP and PDA-pDNA/CaP samples either indicate an amorphous 

structure (i.e. ACP) or that crystal size is low and/or of low crystallinity. The presence of HAp in 

these two samples can therefore not be ruled out based on this data. 

  

(300) 

(211) 
(112) 

(202) 

(002) 

Green = blank group 
Blue = pDNA/CaP group 
Red = PDA-pDNA/CaP group 
Black = HAp powder 

Figure 2.13. XRD spectra for blank (green), pDNA/CaP (blue), PDA-pDNA/CaP (red) and HAp powder (black) samples. 
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2.4.4 SEM 

 

2.4.4.1 Intact Cryogels 

 

A cryogel from each of the blank and PDA-blank group were kept intact to identify the surface 

properties of the cryogels, these images are shown in Figure 2.14. At low magnification (Figure 

2.14 (A) and (B)) the cryogels are similar; both presenting a surface that is mostly smooth with 

regions toward the edges that boast much rougher textures. A typical image of the smooth 

surface areas of the blank group are shown in Figure 2.14 (E), whilst the smooth surface areas 

of the PDA-blank typically resemble platelets at higher magnification (Figure 2.14 (F)) and 

evidence of a 60 µm pore at toward the centre of the image. The rougher areas of the blank and 

PDA-blank cryogels are shown in Figure 2.14 (C) and (D) respectively. These areas may be ruffles 

of agarose pore boundaries or ridges in which the PDA-blank cryogel presents more densely 

packed boundaries than the blank cryogel. 

A blank cryogel was sliced in half and imaged via SEM to observe the internal porous structure 

generated by the lyophilisation process. As shown in Figure 2.15, the blank cryogel has pore sizes 

ranging from approximately 50 ς 200 µm, which is within the same size range as pores identified 

via digital microscopy earlier. The external and internal porosity appear highly different, 

however, under hydrated conditions the surface porosity may be induced by the hydration of 

surface agarose sheets.  
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A B 

C D 

F E 

Blank PDA-Blank 

Figure 2.14. SEM images of intact blank and PDA-blank cryogel surfaces. 
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Figure 2.15. Lyophilised blank cryogel (intact). 
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2.4.4.2 Powdered Samples 

 

Particles embedded within powdered cryogel samples were analysed using SEM to obtain 

particle diameters and aspect ratios. A low magnification image of a CaP group sample is shown 

in Figure 2.16 as a typical example of agarose fragmentation on the SEM stubs, with fragments 

ranging  from 5 µm to 1 mm. Charging effects ς indicated by white fragments ς 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 pathways and therefore distorts images. Typically, lone 

fragments away from stacked clusters were ideal for imaging giving their close residency to the 

carbon sticker itself. 

 

The agarose demonstrated a high degree of sensitivity toward the electron beam at accelerating 

ǾƻƭǘŀƎŜǎ ƻŦ Ҕ мл ƪ±Φ ¢ƻ ŀǾƻƛŘ ΨōǳǊƴƛƴƎΩ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ŘǳǊƛƴƎ .{9 ŀƴŘ {9 ƛƳŀƎƛƴƎΣ ŦƻŎǳǎ ŀƴŘ 

contrast adjustments were made near to target areas, followed by translation of the beam to 

the target area. Imaging generally needed to be performed at magnifications of x 20 k or lower 

to avoid burning, but occasional higher magnification was possible for single-particle imaging in 

stable areas. Particles presented good beam stability with no apparent changes to their 

Figure 2.16. Low magnification SE image of a powdered CaP group sample. 
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appearance in SE imaging. In contrast, much larger salt crystals were easily identified by their 

ǊŀǇƛŘ ΨōŜŀƳ ŦƭŀǘǘŜƴƛƴƎΩ ǳǇƻƴ ŜȄǇƻǎǳǊŜ ǘƻ ǘƘŜ ŜƭŜŎǘǊƻƴ ōŜŀƳ ŦƻǊ ǎƘƻǊǘ ŘǳǊŀǘƛƻƴǎΦ 

 

2.4.4.3 Blank and pDNA Groups 

 

Agarose fragments from the blank group demonstrated a generally homogeneous appearance 

with few surface features. Agarose fibres could occasionally be observed but each fragment 

generally resembled flat sheets, as shown in Figure 2.17. The absence of pores may simply be 

due to the destruction of nanoscale pores during lyophilisation, whilst microscale pores created 

during lyophilisation were erased by the powderisation process. pDNA samples were identical 

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

typical SEM imaging; hence images of pDNA samples are not provided. 

  

  

Figure 2.17. BSE image of a powdered blank cryogel, showing an absence of particles on the agarose surface. 
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2.4.4.4 CaP Cryogel Group 

 

Powdered CaP cryogel samples showed agarose fragments embedded with particles (Figure 

2.18) clearly visible against the background agarose under BSE imaging. Such contrast in BSE 

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 imaging (at an accelerating voltage of 2 kV) was 

found to give better images for particle sizing since SE signals originate from shallower sample 

depths and produce more highly resolved data for surface particles. Comparatively, BSE imaging 

allowed observation 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, frequently resulted in extensive damage to the local sample area. And even in 

BSE imaging, only surface particles have the defined resolution required for particle sizing.  

 

  

Figure 2.18. BSE image of the CaP sample. 
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As shown in Figure 2.19, the agarose fragments show a variation in particle packing density, 

particle morphology, and particle sizes. Figure 2.19 (A) shows particles ranging in sizes from 

approximately 150 ς 500 nm. These particles appear multimodal in their size distribution, as 

highlighted by the (red) circled particles, where most particles are of their order of 150 nm or 

300 nm in diameter. Most particles are spherical or have round edges, with some exhibiting 

irregular morphologies or faceted edges. A small number of particles exhibit hexagonal-like 

morphologies, such as the example magnified in the red square.  

Figure 2.19 (A) also displays some agglomeration, as particles are mostly in close proximity to 

larger clusters. Neighbouring particles could have nucleated and grew here together or 

agglomerated in solution during synthesis. In contrast to the packing density of particles in 

Figure 2.19 (A), the fragment in (B) presents more uniform, monodisperse particles with fewer 

clusters. The particles in Figure 2.19 (B) are also much smaller than those in (A), ranging from 50 

ς 200 nm, with a mix of spherical and irregular morphologies. Together, the images in Figure 

2.19 demonstrate the heterogeneity of particle size, morphology, and packing density that can 

be obtained within the CaP sample that is theorised to result from non-uniform supersaturation 

across the zone of precipitation. 



Chapter 2: Development of Polydopamine-coated pDNA/CaP Cryogels 61 
   

 

 

Using greater magnification, the nanotopography of particles was visualised. As shown in Figure 

2.20, the surface of CaP particles demonstrated a high surface roughness, which ς combined 

with spherical and irregular particle morphology - is an indicator of low particle crystallinity. 

Though one must consider the effect of the 5 nm iridium coating at this magnification, the utility 

of iridium in ultra-high resolution SEM imaging is due to its very fine grain size and should 

therefore not be resolvable at this magnification.  

A 

B 

Figure 2.19. Agarose fragments displaying particles from the CaP cryogel sample. Particles highlighted in red 
demonstrate hexagonal-like morphologies. 
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Interestingly, the particle in Figure 2.20 (B) appears to be comprised of one large and one small 

particle that could have coalesced during growth or via their collision during transport by the 

electric field. Particles with such morphologies are commonplace in the CaP cryogel sample and 

will therefore have made some contribution toward increasing the mean particle diameter. 

  

A 

B 

Figure 2.20. High magnification images of particles from the CaP cryogel sample. 
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The mean diameter and aspect ratio of particles embedded in the CaP group sample was 211 ± 

59 nm and 1.15 ± 0.12 respectively (n = 912). This mean particle diameter is similar to the 191 

nm pore diameter of Seakem® LE agarose calculated by Narayanan et al. (2006) (value 

extrapolated from graphical data). A histogram representing the diameters of particles from CaP 

samples is shown in Figure 2.21. The histogram demonstrates unimodality with a slight negative 

skew given that 47 % of particles are smaller than the modal bin (modal bin has a centre of 216 

nm) and 41 % are larger than the modal bin. Note that the median diameter is 203 nm. The 

particle diameter dataset for the CaP sample is non-uniformly distributed (95 % confidence 

intervals).  

 

EDS data was also acquired during SEM imaging for each sample. However, the agarose surface 

was very sensitive to the high accelerating voltage and beam current required to produce X-rays 

of a sufficient count rate for reliable EDS data collection. Since low magnification had to be used 

to prevent rupturing the agarose surface, little elemental resolution of particles could be 

obtained. For these reasons, EDS analysis was abandoned. EDS maps are therefore omitted here 

but are provided in the Appendix Figure 6.1 and Figure 6.2 for CaP and pDNA/CaP groups 

respectively. 

Figure 2.21. Histogram for particles from the CaP sample (n = 912). Data is non-uniformly distributed (95 % 
confidence intervals). 
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2.4.4.5 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 example, the particles in (A) 

range approximately between 250 ς 450 nm, whilst those in Figure 2.23 (B) range between 150 

ς 350 nm. Though the particle diameter range is greater for the fragment in (A), these particles 

appear more consistent in their size. Overall, the mean particle diameter and aspect ratio was 

226 ± 92 nm and 1.14 ± 0.11 respectively (n = 1105).  

A 

B 

Figure 2.23. Particles from the pDNA/CaP cryogel sample. Particle highlighted in red square demonstrate a 
hexagonal-like morphology. 
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Particles in Figure 2.23  (A) appear more uniform in their sphericity and have fewer particles with 

faceted edges, though a small number of particles ς such as the example highlighted in red - 

have hexagonal-like morphologies. Overall, more irregular morphologies are observed in Figure 

2.23 (B). For both CaP and pDNA/CaP cryogel samples, smaller particles consistently 

demonstrate fewer uniform morphologies which hints at reducing crystallinity with reducing 

particle diameter. 

The histogram for pDNA/CaP particle diameters is shown in Figure 2.24. The data shows 

bimodality since primary and secondary modal bins (peaks) are observed. The primary modal 

bin has a centre of 219 nm and represents 11.7 % of particles in this sample, whilst the secondary 

modal bin has a centre of 105 nm and represents 4.5 % of particles. Since almost 57 % of particles 

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

particle diameter is 236 nm and the mean particle diameter is 226 nm ± 92 (n = 1105). 

  

Figure 2.24. Histogram for particles from the pDNA/CaP sample (n = 1105). Data is non-uniformly distributed (95 
% confidence intervals). 
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There appears to be a transition of unimodality to multimodality from the CaP to pDNA/CaP 

sample due to the addition of pDNA. The primary modal bin remains approximately the same, 

shifting from 216 nm for the CaP sample to 219 nm for the pDNA/CaP sample, but with the 

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

The proposed mechanism through which this occurs is that pDNA molecules interfere with 

nucleation and growth of particles and act as nucleation centres. As nucleation centres, the 

addition of pDNA will increase the number of nuclei within the gel per unit volume during 

synthesis, thereby reducing free ions and particle growth potential. If pDNA also act as capping 

agents, pDNA would kinetically limit the growth of particles, but this is unlikely given the affinity 

of Ca2+ ions to pDNA. Hence pDNA molecules on CaP surfaces may not prevent more CaP 

nucleating on their phosphate backbone. 

 

2.4.4.6 PDA-blank and PDA-pDNA Cryogel Groups 

 

PDA-blank and PDA-pDNA samples were identical in appearance given that pDNA was not 

observed in both samples. The PDA-blank and PDA-pDNA samples appeared similar to blank and 

pDNA samples at low magnification, but at higher magnifications a rough surface topography is 

revealed (Figure 2.25 (B)) which is likely a result of the PDA coating. This rough surface 

topography is not observed in any uncoated sample when imaged under the same conditions 

(SE, 2.0 kV, җ x10 k magnification). 
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A 

B 

Figure 2.25. SE images of a PDA blank sample. (A) Low magnification image of a fragment and (B) a high 
magnification image of the rough surface highlighted in red square. 
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2.4.4.7 PDA-CaP Cryogel Group 

 

Particles from the PDA-CaP group demonstrated several similarities to those in CaP and 

pDNA/CaP groups, in that particles varied in size, morphology and packing density between 

agarose fragments. Figure 2.26 (A) shows particles from the same agarose fragment at different 

magnifications, ranging from 50 - 300 nm, boasting regular, spherical morphologies. The packing 

density of particles in Figure 2.26 (A) is non-uniform, with most particles appearing above the 

agarose surface. 

A 

B 

Figure 2.26. SE images of particles from PDA-CaP group of the same agarose fragment. Red circles indicate particles 
that present little attachment to the agarose surface. 
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Upon closer inspection of the same agarose fragment (Figure 2.26 (B)), a rough particle 

topography is revealed where particles resemble clustered nodules. Agarose fibres appear to 

anchor to surface particles, whilst others appear to envelop particles completely and make them 

appear sub-surface. Some fibres close to particles appear to be thickened by a coating, which is 

possibly CaP since greater density to surrounding agarose would explain their more intense 

appearance than other fibres. For some particles, there is an absence of agarose fibre 

attachment, indicated by red circles. The two distinct particle types therefore present are: (1) 

particles anchored to fibres (fibrous); and (2) particles with no fibrous attachments (unbound). 

This author suggests that fibrous particles remain at their nucleation site during synthesis and 

coat neighbouring fibres whilst unbound particles are transported (either electrophoretically or 

during lyophilisation/sterilisation) to their final locations in these images. 

As with the CaP and pDNA/CaP samples, the PDA-CaP sample displays variation in particle size, 

morphology and packing density between agarose fragments. Figure 2.27 shows an agarose 

fragment with much smaller particle sizes than those observed in Figure 2.26, ranging from 

approximately 40 ς 200 nm with some larger agglomerates, with most particles appearing 

slightly embedded into the surface. The morphologies of these particles are far less regular than 

in Figure 2.26 (A), since faceted and straight edges are commonplace with particles throughout 

the fragment. Localised agglomerates can be seen, as indicated by red circles, which comprise 

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

 

Figure 2.27. SE image of particles from the PDA-CaP cryogel group. Red circles indicate large agglomerates. 
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Some agarose fragments from the PDA-CaP sample revealed much larger particles, such as in 

Figure 2.28 below. Here, particles have a wide size distribution from 100 ς 500 nm and a high 

packing density that appears to stack particles on top of each other in some areas. There is also 

some tessellation occurring between particles, as indicated by red circles, which can emphasise 

the almost hexagonal morphologies of some mid-sized to larger particles. 

 

 

There is also some evidence of particle coalescence, as indicated by particles highlighted in blue 

circles. Faint lines down the centre of these larger particles suggest the coalescence of two 

smaller particles. This is frequently observed in samples with larger agarose particles and has 

previously been demonstrated in Figure 2.20 (B). 

Figure 2.29 shows the histogram for particle diameters from the PDA-CaP sample (n = 661). The 

data shows bimodality, with a primary modal bin centre at 198 nm representing 15.4 % of all 

particles and a secondary modal bin centre at 93 nm representing 5.7 % of all particles. Since 

52.7 % of particles are smaller than the primary modal bin, the data demonstrates a positive 

skew. The median diameter is 173 nm and the mean diameter is 172  ± 73 nm. 

Figure 2.28. SE image of particles from PDA-CaP cryogel sample. Red cicles indicate particles of hexagonal-like 
morphologies and blue circles indicate coalesced particles. 
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Figure 2.29. Histogram for particles from the PDA-CaP sample (n = 661). Data is non-uniformly distributed (95 % 
confidence intervals). 
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2.4.4.8 PDA-pDNA/CaP Cryogel Group 

 

Particles from an agarose fragment belonging to the PDA-pDNA/CaP sample are shown in Figure 

2.30. Here, particles are highly agglomerated, non-surface bound by anchoring fibres, and have 

a large size distribution from 100 ς 700 nm. At this magnification, the rough surface topography 

of particles is clearly observed. Interestingly, some particles present beam flattening, as 

indicated by green circles. Such effects may result from charging effects due to poor conductive, 

possibly arising from a non-uniform surface coating. Beam 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. 

 

 

Elsewhere in the agglomerate, evidence of coalescence is observed (blue circles) involving larger 

particles, similar to those in Figure 2.28. The stacking 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 are shown in Figure 2.31. Those in Figure 2.31 

(A) range between approximately 40 ς 140 nm and have irregular morphologies, whilst those in 

Figure 2.30. SE image of particles from the PDA-pDNA/CaP cryogel sample. Coalesced particles are highlighted in 
blue and evidence of beam flattening is highlighted in green. 
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Figure 2.31 (B) range from 80 ς 500 nm and have highly spherical morphologies. More beam 

flattening effects are observed in Figure 2.31 (A), highlighted by the green circle. 

 

The particle packing density between these two agarose fragments are quite contrasting. Those 

in Figure 2.31 (B) are mostly more than 1 µm from their nearest neighbour, compared to those 

in Figure 2.31 (A) that are generally within 100 nm of their closest neighbouring particle. 

A 

B 

Figure 2.31. SE images of particles from separate agarose fragments in PDA-pDNA/CaP cryogel sample. (A) Small, 
sub-150 nm particles and (B) large, 80 ς 500 nm particles. Evidence of beam flattening is highlighted in green 

circles. 
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Figure 2.32 shows the histogram for particle diameters from the PDA-pDNA/CaP sample. Unlike 

the histogram for the PDA-CaP sample (Figure 2.29), particle diameter data for the PDA-

pDNA/CaP sample is unimodal with the modal bin centre at 92 nm. The histogram has a positive 

skew given 79 % of particles are larger than the modal bin. The median particle diameter is 152 

nm and the mean particle diameter is 171 nm ± 94 nm. 

There appears to be a shift from the bimodality of the PDA-CaP sample to the unimodality of the 

PDA-pDNA/CaP sample. 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 unimodal.  This suggests that the introduction of pDNA is again affecting the 

nucleation and growth of particles. As with the pDNA/CaP sample, it is theorised that pDNA 

molecules within the PDA-pDNA/CaP cryogel group act as additional nucleating surfaces that 

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

potential of particles.  

  

Figure 2.32. Histogram of particle diameters from the PDA-pDNA/CaP sample. 
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2.4.4.9 Summary of SEM Data 

 

The centres of primary and secondary modal bins have been taken from the histograms of CaP, 

pDNA/CaP, PDA-CaP, and PDA-pDNA/CaP samples and plotted in Figure 2.33 below. Primary 

modal bins are taken simply 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 

CaP sample, or for the unimodal-resembling data of the PDA-pDNA/CaP samples, only primary 

modal bins are extracted. 

 

The pDNA/CaP sample has a slightly larger primary modal bin centre of 219 nm compared to 

that of the CaP sample (216 nm), but with the addition of a smaller, secondary modal bin 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 population. This is theorised to 

result from pDNA acting as additional nucleation centres for CaP that consequently reduce the 

growth potential of CaP particles. The PDA-CaP sample presents similar (but slightly smaller) 

primary and secondary modal bin centres (198 nm and 72 nm respectively) to the pDNA/CaP 

sample. This suggests that the addition of the PDA coating reduces the primary and secondary 

Figure 2.33. Modal bin centres for particle diameters from cryogel samples. 
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modal diameters of the CaP sample more significantly than the addition of pDNA. PDA therefore 

has a more substantial effect on particle nucleation than pDNA. 

The effects of the combinative additions of pDNA and PDA are seen when comparing CaP and 

PDA-pDNA/CaP samples. The particle size distribution remains unimodal but becomes 

negatively skewed where the primary modal bin centre reduces from 216 nm to 92 nm. This is 

assumed to be a multi-pathway effect, where pDNA molecules are both mobile and bound to 

PDA surfaces, hence pDNAs could operate as nucleation centres on surfaces and in solution. 

Since it is theorised that a compound effect of pDNA and PDA of nucleation and growth of CaP 

particles is taking place, it would make sense that secondary and tertiary peaks could be hidden 

behind the strong primary peak. Hence the PDA-pDNA/CaP sample is theorised to be 

multimodal. 

The mean particle diameters (± SD) for all samples are displayed in Figure 2.35. The CaP sample 

boasts a smaller mean particle diameter (212 ± 59 nm) than the pDNA/CaP sample (226 ± 92 

nm), whilst the PDA-CaP and PDA-pDNA/CaP samples are highly similar (172 ± 73 nm and 171 ± 

94 nm respectively). Whilst these mean values allow for a general comparison of each dataset, 

they are less descriptive of CaP particle diameters, given the presence of uni- and multimodality 

within datasets, as well as non-uniform distributions.  

  

*

*

*

*

*

*

Figure 2.35. Mean particle diameters (± SD) for cryogel groups. Errors bars indicate standard deviation. * Indicates 
statistical difference (95 % confidence intervals). 
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2.4.5 pDNA Encapsulation Efficiency 

 

Encapsulation efficiency of pDNA in different cryogel groups was determined by measuring and 

comparing the pDNA release from cryogels into different separate buffers using a PicoGreenTM 

dsDNA assay kit. Figure 2.37 shows the release of pDNA (µg) from pDNA, pDNA/CaP, PDA-pDNA, 

and PDA-pDNA/CaP cryogel groups. For both sets of standards (prepared with either control or 

decalcification buffer), the linear fit of the standard curves had R2 > 0.999. 

 

pDNA release for pDNA and pDNA/CaP cryogel groups are calibrated against the blank cryogel 

group, whilst PDA-pDNA and PDA-pDNA/CaP cryogel groups are calibrated against the PDA-

blank group. pDNA groups released between 2 ς 2.5 µg of pDNA, where the most pDNA was 

**  

**  

**  

* *  

**  

**  **  

Figure 2.37. Total pDNA release (µg) from uncoated and PDA-coated cryogel groups. Orange: unsterilised cryogels 
submerged in control buffer. Green: sterilised cryogels submerged in control buffer. Purple: sterilised cryogels 

submerged in decalcification buffer. ** Indicates statistical difference (99 % confidence intervals). 
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released from the unsterilised cryogels into control buffer (2.7 µg), followed by sterilised 

cryogels into control buffer and sterilised cryogels into decalcification buffer. A similar 

observation is seen for the PDA-blank group, with the most pDNA released from unsterilised 

cryogels into control buffer (3.1 µg), followed by 2.8 µg released by sterilised cryogels into 

control buffer and 2.2 µg released into decalcification buffer.  

It is interesting that the PDA-pDNA cryogel appears to release more pDNA than the 2.5 ˃ Ǝ Ǉ5b! 

initially loaded into the gel. This is not due to an imbalanced calibration toward blank and PDA-

blank groups, given negligible pDNA release was measured for both controls (data not shown).  

It is possible that the interaction of pDNA and mobile PDA fragments caused some amplification 

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

The stepwise reduction of pDNA release from the unsterilised, control, and decalcification 

cryogels in the pDNA and PDA-groups is similar, where the least pDNA is released into 

decalcification buffer. Given that the standards for control and decalcification cryogels were 

prepared with the appropriate buffers, it is unlikely that the reduced pDNA release in 

decalcification buffer is due to the PicoGreenTM assay being desensitised to pDNA in the 

presence of EDTA. Instead, this author suggests that the decalcification buffer reduces the 

diffusion of pDNA from pDNA and PDA-pDNA cryogels due to higher viscosity. 

Assuming that the pDNA release for the unsterilised cryogels from pDNA and PDA-pDNA groups 

is 100 % of the pDNA encapsulated within the hydrogel, there is a loss of 0.17 ± 0.2 µg and 0.36 

± 0.14 µg of pDNA from these groups respectively due to the sterilisation process. These values 

represent a 6.7 % and 11.4 % loss of pDNA from the pDNA and PDA-blank groups respectively. 

As expected, there is negligible release of pDNA from CaP and PDA-CaP cryogel groups. The 

greater negative values observed for unsterilised cryogels for both groups may simply be due to 

these cryogels containing more salts (Na2HPO4, CaCl2, NaOH) that have not been washed out 

due to the sterilisation process. Despite these salts not being listed in the PicoGreenTM protocol 

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

toward pDNA.  

The pDNA/CaP and PDA-pDNA/CaP groups demonstrate the greatest release in the 

decalcification buffer, measuring 2.77 ± 0.09 ˃ g and 2.74 ± 0.18 ˃ g respectively. In contrast, the 

pDNA release into control buffer for the pDNA/CaP group is 0.12 ± 0.06 ˃ g, whilst 0.22 ± 0.11 ˃ g 

is released by the PDA-pDNA/CaP group. There is negligible release from the unsterilised 
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pDNA/CaP cryogel group, and the PDA-pDNA/CaP displays a small negative value (-0.311 g˃) 

almost identical to that of the PDA-CaP group (- 0.315 g˃). 

The stark difference between the amount released into control and decalcification buffer 

indicates the presence of EDTA is required to decalcify the cryogel and release the encapsulated 

pDNA, and therefore that CaP is either encapsulating or strongly adsorbing pDNA. The limited 

release of pDNA from pDNA/CaP and PDA-pDNA/CaP cryogel groups into control buffer also 

suggest that the majority of pDNA is either encapsulated or prevented from diffusing out of the 

cryogel due to remineralisation of released pDNAs. Together, the pattern of pDNA release from 

the pDNA/CaP and PDA-pDNA/CaP groups into control and decalcification buffers provide 

evidence the pDNA is strongly associated with CaP. Furthermore, 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 PDA-pDNA/CaP group compared to the PDA-pDNA cryogel group, together 

demonstrate the loading of CaCl2 and resulting precipitation of CaP encapsulate a greater mass 

of pDNA with these CaP-containing cryogels. 

The simplest method to calculate encapsulation efficiency of pDNA for pDNA/CaP and PDA-

pDNA/CaP cryogel groups is the comparison of pDNA released into control and decalcification 

buffers using Equation 2.7 below: 

 

 ὉὲὧὥὴίόὰὥὸὭέὲ ὩὪὪὭὧὭὩὲὧώϷ

ρ
ὴὈὔὃ ὶὩὰὩὥίὩ Ὥὲὸέ ὧέὲὸὶέὰ ὦόὪὪὩὶ

ὴὈὔὃ ὶὩὰὩὥίὩ Ὥὲὸέ ὨὩὧὥὰὧὭὪὭὧὥὸὭέὲ ὦόὪὪὩὶ
ρππϷ 

 

2.7 

 

Where ὴὈὔὃ ὶὩὰὩὥίὩ Ὥὲὸέ ὧέὲὸὶέὰ ὦόὪὪὩὶ is assumed to measure the release of unabsorbed 

or un-encapsulated pDNA within the cryogel, and ὴὈὔὃ ὶὩὰὩὥίὩ Ὥὲὸέ ὨὩὧὥὰὧὭὪὭὧὥὸὭέὲ ὦόὪὪὩὶ 

is assumed to be the release of all pDNA within the cryogel. Hence, Equation 2.7 provides the 

encapsulation efficiency (%) of pDNA. This equation was used to calculate the encapsulation 

efficiency of the pDNA/CaP and PDA-pDNA/CaP cryogel groups. 

pDNA/CaP and PDA-pDNA/CaP have similar encapsulation efficiencies of 95.7 ± 3.2 % and 92.1 

± 6.0 % respectively. The lower encapsulation efficiency calculated for the PDA-pDNA/CaP 

cryogel group mostly stems from the slightly larger pDNA release into control buffer than that 

of the pDNA/CaP group. 
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2.4.6 Cytotoxicity Assays 

 

LDH assays were used to measure LDH activity - an indicator for cytotoxicity ς at a 48-hour time 

point. Raw data measurements were first calibrated against the cell media control, followed by 

calculation of cell viability for each cryogel group by comparing lysed and none-lysed sets. The 

cell viability for the blank control was measured to be 72.5 ± 2.4 %, which is the value all cryogel 

groups were baselined against. Cell viability for cryogel groups are plotted in Figure 2.38 below. 

 

 

All cell viabilities are within approximately + 6 % to -3 % of the blank control cryogel at this 48-

hour time point, which makes comparisons between groups difficult. The pDNA group displays 

a cell viability of 6.14 ± 0.42 %, the largest cell viability of any group. The PDA-blank has 

comparatively lower cell viability of 0.83 ± 0.01 %. PDA-pDNA and PDA-CaP cryogel groups 

display comparable cell viabilities of 1.65 ± 0.05 % and 1.68 ± 0.05 ± respectively. Only the CaP 

and PDA-pDNA/CaP groups display negative cell viabilities of -1.93 ± 0.11 and -3.1 ± 0.15 % 

respectively. 

Figure 2.38. Cell viability of cryogel groups (± % of blank control) at 48-hours. No groups demonstrated any 
statistically significant differences to one another (including the blank control). Error bars indicate standard 

deviation. 
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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 Assays 

 

Transfection of cells within cryogels was determined by measuring luciferase activity at different 

time points. A mean value of luminescence for each cryogel group was first calculated (n = 4). 

Mean luminescence for pDNA, CaP, and pDNA/CaP groups was then baselined against the blank 

group, whilst the mean luminescence for the PDA-pDNA, PDA-CaP, and PDA-pDNA/CaP group 

were baselined against the PDA-blank group. Luminescence for each experimental group is 

therefore plotted as ± % luminescence of control in Figure 2.39 below.For both CaP and PDA-

CaP cryogel groups, luminescence remains below 4% 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/CaP and PDA-pDNA/CaP cryogel groups exhibit lower luminescence than the pDNA and 

PDA-pDNA groups respectively, which could indicate that luciferase activity is greater in the 

absence of CaP. As 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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Figure 2.39. Luciferase luminescence for cryogels as a +% of the negative control. 
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2.4.8 SEM Analysis post In-vitro 

 

pDNA/CaP and PDA-pDNA/CaP cryogels removed after 24-hours of being submerged in cell 

media were washed in 70 % EtOH and prepared for SEM analysis via powderisation. Figure 2.40 

and Figure 2.49 below reveal particles from the PDA-pDNA/CaP and pDNA/CaP cryogels 

respectively following their incubation within cell media. 

 

  

Figure 2.40. Particles on agarose fragments from the PDA-pDNA/CaP cryogel group after 24-hours in cell media. 
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For the pDNA/CaP sample there appears to be partial transformation of particles from their 

initial spherical morphology, with new larger particles forming and a subset of smaller particles 

amongst the agarose fragment (Figure 2.49(A)). Meanwhile in Figure 2.49 (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 cryogel surface. Figure 

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 sub-100 nm particles scattered across the 

agarose fragment. Based of these images, it seems that a dissolution/transformation of particles 

is occurring, as evidenced by large numbers of sub-100 nm particles not seen previously in SEM 

A 

B 

Figure 2.49. Particles on agarose fragments from the pDNA/CaP cryogel group after 24-hours in cell media 






































































































































































































































































































































































































































































































































