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Abstract 
Coacervation, the liquid-liquid phase separation of a solution of charged macromolecules into 

macromolecule rich and depleted phases, can give both nano- and macro- scale 

polyelectrolyte complexes (PECs) that are desirable for biomedical application. The ease of 

formation under mild conditions makes the PECs ideal candidates for the encapsulation of 

therapeutic molecules, while the range of macromolecules which may be incorporated allows 

the introduction of biomedically beneficial properties for example cancer targeting or stimuli 

responsive drug release. However, their sensitivity to environmental changes in pH, ionic 

strength, and temperature can lead to poor stability which can limit their potential application. 

Silica nanoparticles (SiNPs), on the other hand, demonstrate good stability under these 

environmental changes, but typically do not exhibit biomedically desirable surface 

functionalities without extensive multi-stage synthetic protocols. This thesis aims to use 

PECs as multifunctional scaffolds for SiNP synthesis, hence combining the ease of PEC 

formation and intrinsic macromolecule functionality to enhance anticancer drug delivery.  

This is first demonstrated with the formation of arginine (Arg)/poly(acrylic acid) (PAA) 

PECs which serve as templates for the synthesis of highly monodispersed sub-100 nm porous 

SiNPs with intrinsic Arg and PAA surface functionality (Arg/PAA-PSiNPs). The retention of 

PAA enabled a high doxorubicin hydrochloride (Dox) loading capacity and a 4-fold increase 

in drug release under weakly acidic pH compared to physiological pH. The surface 

presentation of Arg conferred significantly higher intracellular accumulation of Arg/PAA-

PSiNPs in patient-derived glioblastoma cells compared to non-tumorigenic neural progenitor 

cells, which effectively translated to lower IC50 values with Dox-loaded Arg/PAA-PSiNPs 

than non-functionalised PSiNPs. The synthesis pathway was also extended to the synthesis of 

poly(ethyleneimine) functionalised SiNPs (PEI-SiNPs) formed from soft PEC templates of 

PEI and glutamic acid. Through their polycationic surface functionality, the PEI-SiNPs acted 

as multifunctional electrostatic crosslinkers with hyaluronic acid to form nanocomposite 

coacervate hydrogels with tunable mechanical stiffness. The reversible electrostatic 

interactions within the hydrogel networks enabled self-healing and thixotropic properties, and 

the excess positive charge present within the PEI-SiNPs facilitated high loading and retarded 

the release of the anionic anti-cancer drug methotrexate. These systems show great potential 

for further evaluation in in vivo animal models, and bring forward new insights for the 

development of SiNPs with built-in functionalities for biomedical applications.  
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1 Introduction 
 

1.1 Overview and Thesis Outline 
 

The mixing of two oppositely charged polyelectrolytes (PEs) can lead to the formation of 

nanoscale polyelectrolyte complex coacervates (PECs). Their formation in aqueous 

conditions under mild changes to pH and ionic strength make them effective tools for the 

encapsulation and delivery of drug molecules. High loading capacities may be achieved 

without risk of damage to liable drugs or payloads1, and the coacervate can provide a 

protective environment for the loaded drug while potentially offering prolonged release to 

maintain therapeutic concentrations at the treatment site2,3.  

Many biologically derived polysaccharides, which are inherently non-toxic and 

biodegradable, carry ionisable carboxyl or amino groups allowing water solubility and 

electrostatically mediated formation of PECs. Among the most common formulations are 

those based on chitosan4–6, alginate7–10, and heparin11,12. Compared to individual PEs, PECs 

can load and retain greater quantities of drug as shown by Janes et al with chitosan/dextran 

sulfate PECs, which showed a two-fold increase in loading efficiency with doxorubicin (Dox) 

than complexes of just chitosan and Dox alone13.  

PEC drug delivery vehicles however are not limited to naturally occurring polysaccharides. 

Significant focus has also been applied to the synthesis and application of coacervate drug 

delivery vehicles based on synthetic polyelectrolytes14–17. The PECs may show stimuli-

responsive behaviour, most often through pH mediated dissolution and corresponding drug 

release 2,18,19. For example, complexes of poly(2-(N,N-diethylamino) ethylmethacrylate) 

(PDMAEMA) and alginate have been reported for the loading and release of hydrophilic 

drugs with pH and ionic strength responsive drug release profiles20. Under acidic pH 

associative interactions between the protonated alginate and Dox are weak compared to an 

alkaline environment leading to enhanced drug release. Similarly, high salt concentrations 

screened electrostatic interactions between the PEs and the Dox leading to destabilisation of 

the PECs and enhanced drug release20. 

The coacervation of PEs can also lead to macroscopic phase separation and the formation of 

coacervate hydrogels. Comprising of a porous, crosslinked polymer network with a high 

water content, tuneable mechanical properties, and the ability to encapsulate drugs, hydrogels 
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have long received attention for controlled drug delivery.21 However, clinical translation of 

chemical gels with covalent bonds has been limited by their brittle nature and lack of self-

healing properties due to the networks inability to dissipate energy through its permanent and 

heterogeneous crosslinks22,23. The non-covalent bonds (e.g. hydrogen bonding or electrostatic 

interaction) formed in coacervate hydrogels can lead to highly stretchable networks with self-

healing and shear-thinning properties which are desirable in biomedical application 24–26. In 

addition, the reversible crosslinking can impart stimuli responsive behaviours. For example 

Zhou and co-workers developed thermally responsive coacervate hydrogels through the use 

of poly(β-amino esters) that exhibit lower critical solution temperature27, and Wang et al. 

demonstrated a pH responsive increase in mechanical stiffness through a change in ionisation 

state of a catechol-modified poly(acrylic acid) in the presence of Zn+ ions28.  

However, the reversible nature of coacervates and their sensitivity to pH, ionic strength, and 

temperature can lead to poor stability, and limit their application. As such, this thesis 

developed the use PECs as scaffolds for the synthesis of silica nanoparticles (SiNPs). The 

silica mineralisation inside the PEC template imparted stability to the PECs, while the PEs 

are retained at the SiNP surface as intrinsic organic functionalities. This approach was first 

applied to the development poly(acrylic acid) (PAA) and L-arginine (Arg) functionalised 

SiNPs for cancer targeted and pH responsive drug release (Chapters 3 and 4). Later, 

poly(ethyleneimine) (PEI) and L-glutamic acid (Glu) PECs were used to form PEI-

functionalised SiNPs for incorporation into nanocomposite coacervate hydrogels with 

tuneable mechanical properties (Chapters 5 and 6).  

 

 

1.2 Polyelectrolytes 
 

Polyelectrolytes are macromolecules comprised of repeating ionisable groups which may 

dissociate into anions and cations in a polar solvent. In their uncharged state, the 

polyelectrolyte behaviour is similar to that of any other macromolecule, but on ionisation of 

electrolyte groups, interactions between monomers of individual chains or between adjacent 

polyelectrolytes can lead to specific behaviours such as the formation of PECs.  

Similar to the classification of acids or bases and their salts, polyelectrolytes are also 

described as either ‘strong’ or ‘weak’. Strong polyelectrolytes are those that fully dissociate 

at mild pH, while complete dissociation of a weak polyelectrolyte will only occur under 
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highly acidic or basic conditions. The ionisation state of a polyelectrolyte is calculated from 

the Henderson-Hasselbalch equation: 

𝑝𝐻 = 𝑝𝐾𝑎 + log (
𝑏𝑎𝑠𝑒
𝑎𝑐𝑖𝑑 ) 

Eq. 1-1 

Where the pH is that of the solvent, the pKa is the acid dissociation constant of the chemical 

group, and [!"#!]
[!"#$]

 is the ratio of ionised to un-ionised groups. In short, the degree of ionisation 

of an acidic group increases as the pH rises above the pKa value, while basic electrolytes 

become progressively more charged at pHs below their dissociation constants. 

As polyelectrolyte properties are dependent on their charge state and resultant electrostatic 

interactions, their behaviour in solution is strongly influenced by the dielectric properties of 

the solvent. In addition to pH, the interactions between neighbouring polyelectrolytes and 

between a polyelectrolyte and itself may also be modulated via the solvent ionic 

concentration and dielectric constant. Tuning of each of these solvent properties can induce 

conformation change in the polymer, precipitation, or under specific conditions, coacervation 

and the formation of polyelectrolyte complexes. 

Two commonly used length scales which describe these effects are the Debye length and the 

Bjerrum length29. The Debye length, 𝜆!, is the distance over which the electrostatic force 

from an ionised polyelectrolyte is significantly reduced (by a factor of 1 𝑒). This can be 

viewed as the persistence length of any electrostatic interaction and is defined as follows: 

𝜆! =  (
𝜀𝜀!𝑘!𝑇
𝑐!𝑍!!𝑒!!

)
!
! 

Eq. 1-2 

where 𝜀 is the dielectric constant, 𝜀! is the permittivity of free space, 𝑘! is the Boltzmann 

constant, T is temperature, 𝑐! is the concentration of ion species i, 𝑍! is the charge of that ion 

species, and e is the elementary charge.  

Notably, this length is dependent on the charge concentration and hence ionic strength of the 

solvent. Specifically, in the presence of high salt concentration the Debye length becomes 

very short and electrostatic interactions between neighbouring polyelectrolytes are 

diminished.  

The Bjerrum length is defined as the distance at which the strength of electrostatic interaction 

between two charged bodies becomes comparable to the thermal energy 𝑘!𝑇. 
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𝑙! =  
𝑒!

4𝜋𝜀𝜀!𝑘!𝑇
 

Eq. 1-3 

One can easily see from the terms in this equation the dependence of the Bjerrum length on 

the dielectric constant of the solvent, and how electrostatic interactions between charged 

polyelectrolytes can become increasingly relevant as it decreases. The dielectric constant is 

commonly controlled through the addition of alcohols to aqueous polyelectrolyte solutions, 

and is discussed in sections 1.3.2.3 and 1.3.3.3. 

 

1.3 Coacervation and Polyelectrolyte Complexes 
 

Coacervation is the term used to describe the macroscopic liquid-liquid phase separation of a 

homogeneous polymer solution into a polymer-rich phase and a dilute supernatant. Typically, 

the dense phase consists first of metastable, nano- or micro-scale phase droplets which when 

left to rest will coalesce into a single bulk phase (Figure 1.1). Dependent on the stability of 

the phase droplets, this coalescence can be near instantaneous, or can take several hours14. 

Coacervation, however, is not to be confused with precipitation, the liquid-solid phase 

transition observed in the case of strong inter-polymer interactions and poor solubility, which 

is a different phenomenon and not the focus of this discussion.  

 
 

Figure 1.1 (A) The mixing, (B) formation of metastable phase droplets, and (C) coalescence 

of phase droplets into a bulk coacervate phase for oppositely charge polymers. Reproduced 

with permission from Elsevier.14 
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In general, coacervates may be classified as either simple coacervates (sometimes termed 

‘self-coacervates’) comprising of only one macromolecular species whose self-assembly is 

mediated by charge neutralisation through changes to the solvent, such as pH, salt 

concentration, or the addition of dehydrating co-solvents like alcohols; or complex 

coacervates comprising of two or more components whose assembly is most commonly 

driven by cooperative electrostatic interactions30,31. 

Historically, the terms coacervate and PEC have been used interchangeably to refer to the 

polymer-rich phase prepared after liquid-liquid phase separation32,33. In more recent 

literature, however, the term PEC may also refer to solid precipitate-like phases with 

fundamentally different properties to their liquid counterparts. Similarly, the term coacervate 

is widely used often without distinction to refer to both the dispersion of nano-scale 

polyelectrolyte rich phase droplets prepared in a dilute solution, and the single macro-scale 

phase prepared on their coalescence. Wang et al. use the distinction that ‘polyelectrolyte 

complex’ refers to dense, solid-like precipitates prepared typically at low salt concentration 

which when dried may be stiff or rubbery, while ‘polyelectrolyte coacervate’ or 

‘polyelectrolyte complex coacervate’ is used to discuss micro and nano phases of loosely 

associated polyelectrolytes with more liquid like properties34. Sing asserts a more quantitative 

definition where the intermolecular bonds in ‘complex coacervates’ are dynamic and 

transient in nature allowing the polyelectrolyte to diffuse and change places over observable 

timescales. ‘Polyelectrolyte complexes’, however, are in a state of kinetic arrest and the 

network conformation is fixed, which may manifest as solid-like behaviour in the complex35. 

In this work, the focus is on the preparation of polyelectrolyte complex coacervates (as 

defined above) meaning nanoscale polymer-rich phase droplets bearing loosely packed 

networks and liquid-like behavior, and the terms ‘coacervate’, and ‘polyelectrolyte complex’ 

are used interchangeably to describe this state.  

 

1.3.1 Theoretical Considerations 
 

The earliest successful theoretical description of coacervation was brought by Voorn and 

Overbeek in 195736. The model was based in part on Flory-Huggins theory of polymer 

mixing in a small molecule solvent, and Debye theory to account for simple electrolytes. The 
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free energy expression for the 4 species in solution (the polyanion, polycation, and the anion 

and cation associated with salt species in solution) is given in Eq. 1-4: 

𝑎!𝐹
𝑉𝑘!𝑇

=  
𝜙!
𝑋!!

𝑙𝑛𝜙! + 𝜒!"𝜙!
! ! !

𝜙!
!

− 𝛼 𝜎!𝜙!
!

!
!

 

Eq. 1-4 

        

where a is the size of the monomer, F is the free energy, V is the total volume, kb is the 

Boltzmann constant, T is the temperature. The first two terms arise form Flory-Huggins 

theory for a polymer species i which occupies a volume fraction 𝜙!  and has degree of 

polymerisation Xi, whose interaction with species j is described by the Flory-Huggins 

interaction parameter 𝜒!". The final term accounts for the free energy contributions of weakly 

interacting electrolytes in solution and is dependent on the volume fraction 𝜙! of species i, 

which has charge density 𝜎!. The form of the electrostatic interaction parameter 𝛼 is given 

below: 

𝛼 =  
2
3 𝜋  

𝑒!

𝜀𝜀!𝑘!𝑇𝑎!

!
!
 

Eq. 1-5 

Phase separation into a polymer depleted phase and either a precipitate or coacervate phase 

will occur when the free energy F is minimised.  

In recent history, more advanced theoretical frameworks have been developed to better 

describe complex systems37, which incorporate non-ionic polyelectrolyte interactions38, a 

non-zero ion size39, polymer excluded volume effects40, and charge connectivity between 

polyions41,42. Despite this, the simplicity of Voorn-Overbeek theory is favoured by many and 

is often found to be in good agreement with experiments38,43. Hence, it remains a widely used 

formalism for the description of complex coacervates and is used in this work to qualitatively 

describe the key parameters leading to liquid-liquid phase separation. 
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1.3.2 Simple Coacervation 
 

Simple coacervation, or self-coacervation, is the phase separation of a solution containing 

one macromolecular species into a macromolecule-rich phase and a dilute supernatant, and 

has been widely reported in protein systems such as tropoelastic44–46 and muscle foot 

proteins47,48, and synthetic polyampholytes (Figure 1.2)49–51. Most commonly, single-

component coacervation is entropic in nature and driven by charge neutralisation and the 

relative increase of hydrophobic interaction strength between polymer chains. The primary 

mechanisms that affect this include increased hydrophobicity (changes to pH and solvent 

ionic strength, temperature changes, and the addition of an alcohol co-solvent) which are 

discussed below. 

 

 
 

Figure 1.2. The three possible types of liquid-liquid phase separation (LLPS): Segregative 

phase separation, in which two species separate into distinct single-macromolecule phases; 

associative phase separation (complex coacervation) where two species form a 

macromolecule-rich coacervate phase in a dilute solvent; and simple coacervation, where a 

single macromolecule phase separates to form a concentrated coacervate phase in a dilute 

solvent. Adapted and reproduced with permission from the Royal Society of Chemistry.52 
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1.3.2.1 pH and Ionic Strength 
 

For polyampholytic macromolecules, those with positive and negative monomers, stabilised 

by repulsive electrostatic interactions, changes to the pH and salt concentration can be used to 

promote coacervation. In this case, similar to the complexation of oppositely charged 

polyelectrolytes, the assembly is driven by net charge neutralisation, local cooperative 

electrostatic interaction between oppositely charged groups, and the entropic gain from the 

release of counter ions. 

This was observed by Perro et al. for a synthetic polyampholyte of anionic acrylic acid and 

cationic dimethylethylenediamine groups51. The charge state of a polyelectrolyte, and hence 

the strength of electrostatic interactions between adjacent polymer chains, is affected by the 

solution pH relative to the polyelectrolyte pKa, and described by the Henderson-Hassebalch 

equation (eq 1-1). On pH reduction to near the isoelectric point, a reversible liquid-liquid 

phase separation was observed forming microscale spherical coacervate droplets which 

remained stable for 12 days at 4 °C. Re-ionisation of the polymer by further pH reduction 

caused re-solvation of the polymer and dissolution of the coacervates. Investigations into the 

effect of cation grafting density revealed a strong dependence of phase separation on charge 

ratio. Indeed, when the cationic group grafting density was less than 5 % or greater that 30 %, 

no coacervation was observed regardless of pH, and for 25 % grafting density, solid 

precipitates were observed in place of the coacervates. The importance of cooperative 

electrostatic interactions was reinforced with zeta-potential measurements of the coacervates, 

which showed a negative surface charge. This is explained by a random distribution of 

cationic groups which form bridges between the excess anionic segments yielding a globally 

negative charge51. 

pH mediated self-coacervation was also demonstrated with amphoretic carboxymethyl 

chitosan, which reversibly formed simple coacervates on pH reduction to near the isoelectric 

point. The coacervates showed good stability to high salt concentrations in excess of 1 M. In 

the presence of weak electrostatic interactions under a high salt environment, the 

polyelectrolyte becomes effectively uncharged and is hence sensitive to hydrophobic 

interactions which could maintain the state of coacervation2. 

However, when the solvent pH is not close to the isoelectric point, and the ionised 

macromolecules are stabilised by repulsive interactions, the effect of increased salt 

concentration becomes significant. The addition of salt to high concentrations is known to 
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screen electrostatic interactions by shortening the Debye length and is expected to disrupt 

interactions between adjacent polyelectrolytes.  In an aqueous solvent below the isoelectric 

point (~ pH 7.5), zwitterionic muscle foot protein-3 carries a net positive charge and remains 

stabilised in solution by long-range electrostatic repulsion. At high salt concentrations, 

suppression of the dielectric double layer causes the decrease and then disappearance of these 

forces motivating the formation of coacervates at pH 348. 

It is evident that the reversible formation of simple coacervates on mild changes to pH and 

salt concentration gives ease of formation with minimal chemical processing, which could be 

beneficial if applied to drug delivery. However, the same reversible response to small 

environmental changes can makes the coacervates potentially liable to disassembly or 

premature drug release. Furthermore, the choice of polyelectrolytes is limited to those that 

form coacervates under physiological pH and ionic strength, and at the disease site.  

 

 

1.3.2.2 Temperature Mediated Coacervation 
 

For single component solutions stabilised by hydrophilic interactions, temperature may be 

used to tune the relative strength of hydrophobic interactions and cause phase separation. 

Coacervation will occur when transient, hydrophobic interactions between adjacent 

macromolecules become more favourable than hydrophilic interactions with the bulk solvent. 

Above a critical temperature (Tc), when the kinetic energy of the solvent molecules exceeds 

the energy of the solvating hydrogen bonds, hydrophobic interactions between the polymer 

backbones and hydrophobic side chains become dominant. Dependent on the strength of 

inter-molecular interaction, this lower critical solution temperature (LCST) behaviour can 

elicit either liquid-solid phase separation (precipitation)53 or reversible liquid-liquid 

coacervation54. 

Despite the dominance of hydrophobic interaction, ionic systems exhibiting LCST 

coacervation may still be affected by electrostatic interactions, and hence are often liable to 

changes in the solvent. This is widely reported with tropoelastin, a precursor to extracellular 

matrix protein elastin whose Tc decreases with increasing salt concentration and pH. In both 

cases the changes to solvent condition alter the balance of polar and non-polar residues, 

which otherwise promote stability, and lowers the energy barrier for coacervation44.  

Das et al. observed the opposite trend and an increase in Tc with salt concentration for 

carboxylated poly-L-lysine (PLL). The screening of electrostatic charges reduced the strength 
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of electrostatic interaction between cationic and anionic chain segments such that the addition 

or sodium chloride to a coacervate solution above Tc could reverse the phase separation. The 

critical temperature could be further controlled by tuning the molecular hydrophobicity 

through the length of the alkyl group in the side chain. The onset of coacervation occurred at 

progressively higher temperatures as the alkyl chain length (and hence hydrophobicity) was 

reduced from 4 to 1 carbon, until no LCST behaviour was observed when the methylene 

group was replaced with a hydrophilic ether group55. 

The potential liability of pH and ionic strength dependent coacervates prompted Narayanan et 

al. to develop non-ionic, tropoelastin-like polyesters which showed temperature dependent 

coacervation between pH 3 – 13, and ionic strengths between 0 – 1 M. Their increased 

stability to changes in solvent condition show potential for application where pH and ionic 

strength may fluctuate over large ranges46. 

In comparison to LCST behaviour, upper critical solution temperature (UCST) behaviour 

describes a stable polymer solution at high temperature that becomes partially or completely 

desolvated below Tc. At low temperatures, strong polymer-polymer interactions (e.g. 

electrostatic interactions) facilitate coacervation, and are broken by the added kinetic energy 

associated with temperature increase.56 Although UCST behaviour is not commonly observed 

in aqueous conditions as the polymer-polymer ionic and hydrophobic interactions can be 

destabilised by water and salt, Zhang and co-workers used glycol-amide modified poly(N-(2-

hydroxypropyl)methacrylamide) as a coacervate forming UCST polymer. Unlike LCST 

coacervates, whose assembly is mediated by hydrophobic interactions, the hydrophilic nature 

of UCST behaviour readily enables the encapsulation of hydrophilic cargos which was 

demonstrated here with bovine serum albumin49. Notably, other examples of UCST polymers 

exist in literature but are reported to form precipitates below Tc, not coacervates57
. 

 

 

 

 

 

1.3.2.3 Alcohol Induced Coacervation 
 

The addition of alcohol, or another non-polar solvent, at a critical concentration to an 

otherwise aqueous solution can disrupt the solvating hydrogen bonds causing the dominance 

of hydrophobic interactions and the formation of simple coacervates.  
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In the case of polyampholytes, the self-assembly of coacervates is partially mediated by 

electrostatic interactions. This is seen in the final term of Eq. 1-4, which describes the 

electrostatic contribution to the free energy of mixing for weakly interacting polyelectrolytes 

in solution. The electrostatic interaction parameter scales with 𝜀!
!
! and hence on the addition 

of alcohols to an aqueous solution the free energy of mixing increases until a critical point 

where it exceeds that of the polymer-rich and polymer-depleted phases formed in 

coacervation. This explains the observed dependency of the critical alcohol volume fraction 

on the alcohol dielectric constant. In addition, the use of higher alcohols whose polarity and 

dielectric constants are lower than water caused coacervation at progressively lower alcohol 

concentrations58,59. 

In these systems where electrostatic interactions are also present, the pH and ionic strength of 

the buffer can have significant effect on the required volume of alcohol to elicit coacervation. 

For pH values high above the isoelectric point where repulsive interactions are dominant, 

highly charged and relatively stiff gelatin molecules required the addition of larger alcohol 

concentrations than those prepared closer to charge neutrality. Similarly, the addition of salt 

was able to screen repulsive electrostatic repulsion between charged monomers, and cause 

phase separations at lower alcohol concentrations58,60. 

Neutral polymers are reported to undergo coil-globule-coil conformation transitions on 

increasing alcohol concentration, although this does not typically yield coacervate phases. It 

has been shown with poly(N-isopropylacrylamide) (PNIPAM) that the polymer may be 

completely solvated in the coil conformation by either water or methanol but over a critical 

methanol concentration range the solvent is comprised almost exclusively of water/methanol 

complexes. These are a poor solvent for PNIPAM and cause a coil-globule conformation 

change61,62. This conformation change is observed as a significant decrease in the 

hydrodynamic radius of the polymer suggesting individual polymer collapse and not 

associative assembly of polymers. 

As is discussed later in Chapter 3, this re-entrant transition behaviour was observed for weak 

polyelectrolyte poly(acrylic acid) (PAA) but with an increase in diameter over the critical 

alcohol range suggesting the assembly of multiple polymers in the formation of coacervate 

droplets and not individual polymer globules as described above. 
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1.3.3 Complex Coacervation 

 

Complex coacervation is the associative phase separation of two or more oppositely charged 

macromolecules to yield either PECs suspended in a polyelectrolyte-depleted solvent, or a 

single macroscale coacervate phase and a dilute supernatant phase (Figure 1.3). Most 

commonly this occurs through cooperative electrostatic interaction between oppositely 

charged chain segments.  

 

 
 

Figure 1.3 (A) A schematic representation of complex coacervation. (B) A typical phase 

diagram showing the salt concentration against polymer concentration with an exemplary 

photograph of a complex coacervate from poly(4-styrenesulfonic acid) and 

poly(diallyldimethlammonium chloride). Reproduced with permission from the Royal 

Society of Chemistry.30 

 

Considering the relationship between the solvent pH and polyelectrolyte ionisation state, and 

the effect of charge concentration and dielectric constant on the Debye and Bjerrum lengths, 

it comes as no surprise that these are key parameters in the formation and stability of 

complex coacervates. These, and the effect of stoichiometry, alcohol concentration, and 

polymer molecular weight are introduced in the following discussion. 
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1.3.3.1 Solvent pH and Ionic Strength 
 

Similar to the discussion presented in section 1.3.2.1 about the effects of ionic strength and 

pH in simple coacervation, the ionisation state of a polyelectrolyte, and hence its ability to 

form coacervates via electrostatic interactions, is a function of the solvent pH. The extent of 

ionisation given by Eq. 1-1 describes how close to their respective pKa values a high 

proportion of each polyelectrolytes ionisable groups will carry a charge, while at extremes of 

pH it is possible for one polyelectrolyte species to be completely ionised, while an oppositely 

charged species shows no dissociation and remains neutral. Hence, titration from highly 

acidic to highly alkaline pH for aqueous mixtures of oppositely charged polyelectrolytes can 

show a solvated solution under highly acidic or basic conditions, with a reversible coacervate 

phase between their respective pKa values63–65. 

Changes to the pH and ionisation state of either polyion can also affect the required molar 

stoichiometry. Coacervates of PAA and poly(allylamine hydrochloride) (pAH) formed at 

approximately 1:1 molar ratio at weakly acidic pH, but on increase to pH 8.5 the decreased 

ionisation state of the cation prevented coacervation at this ratio. Instead, approximately 66 % 

molar fraction pAH was required under an alkaline condition to achieve the charge ratio 

required for PEC formation (Figure 1.4)66. 
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Figure 1.4 The coacervate forming molar fractions, as indicated by high turbidity, for 

mixtures of PAA and pAH at pH 6.5 and 8.5, and with and without salt. Reproduced with 

permission under a CC-BY licence.66 

 

At sufficient ionic strength, the increased salt content can screen long-range electrostatic 

interactions between charged polymers. In the case of simple coacervation, these are typically 

repulsive and their suppression will promote coacervation through charge neutralisation. In 

complex coacervation, associative electrostatic interaction is required and hence screening of 

electrostatic charges narrows the range in which complex coacervation will occur. Aqueous 

PECs of anionic hyaluronic acid and cationic chitosan show phase separation over a broad 

pH range of between 2 – 6 at 0.05 M. But the addition of sodium chloride progressively 

narrows the permissible pH range until no coacervation is observed over the full pH titration 

at 1.5 M65. 

In the case of strongly interacting polyelectrolytes, the weakening of electrostatic interaction 

by salt addition can promote the precipitate-coacervate transition. This was observed by 

Wang et al. with the progressive addition of potassium bromide to mixtures of 

poly(styrenesulfonate) (PSS) and poly(diallyldimethylammonium) (PDADMA). The strong 

electrostatic bonds which led to a dense solid complex under low salt conditions, were broken 

on increasing salt concentration leading first to a solid doped with KBr, then a coacervate, 

and ultimately a dispersed solution of solvated polyelectrolyte (Figure 1.5). The authors 

suggest that the effects of salt concentration arise not just from screening and shortening of 

the debye length, but also from competition between salt ions and charged monomers to form 
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electrostatic bond with an oppositely charged electrolyte. That is to say, as the salt 

concentration increases, the salt ions are able to break polyelectrolyte-polyelectrolyte ion 

pairs and replace one of the charged species, so the density of crosslinking in the 

polyelectrolyte complex progressively decreases34. This was also commented by Spruijt et al. 

who studied PAA and PDMAEMA PECs and concluded that the critical salt concentration at 

which phase separation no longer occurred was too high to be derived purely from classical 

screening of electrostatic charges38. 

 

 

 
 

Figure 1.5 A schematic showing the progression from solid precipitate to coacervate, and 

then dissolved polymer solution on the addition of salt to mixtures of (PSS) and (PDADMA). 

Reproduced with permission under a CC-BY licence.34 

 

From this, one may draw the same conclusions as presented in the discussion of pH and ionic 

strength in simple coacervates; that is that the ready formation of PECs under moderate 

conditions show great potential for encapsulation of cargos, but their sensitivity to small 

changes in pH and salt concentration may significantly limit their application to dynamic or 

non-uniform environments. While formulations with appropriate pH and salt sensitivity for 

biological drug delivery do exist, they are relatively few in number compared to the broad 

scope of polyelectrolyte coacervation. A method to stabilise the coacervates and improve 

their utility in wider salt and pH environments is desirable.  
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1.3.3.2 Mixing Ratio and Stoichiometry 
 

The ability of a solution to form a complex coacervate is governed by intermolecular 

electrostatic interactions. As such, the stoichiometry and hence charge ratio between the 

polyelectrolytes is a key parameter. However, the specific effect and required conditions for 

coacervation vary depending on the polyelectrolytes. It has been reported for many systems 

that a near 1:1 charge stoichiometry is prerequisite for complex coacervation66–68. For 

example, Priftis et al. used turbidity measurements to show that for mixtures of poly(L-

lysine) and poly(glutamic acid) (PGA), coacervation occurred at the 1:1 acid/base ratio, 

independent of polymer molecular weight or total concentration69. However, work by 

Kayitmazer et al. suggested the opposite, where for mixtures of hyaluronic acid and chitosan, 

coacervation was only observed for anion/cation charge ratios up to 0.46 where the zeta 

potential was highly positive. Above this point, phase separation caused precipitation of the 

polymer species65. It may be that the non-stoichiometric ratio, and resultant charge mismatch, 

caused the formation of charged loops instead of the contact ion pairs seen in 1:1 charge 

matching, which was favourable for maintaining the hydration required for coacervation. 

This agrees with the findings of Schatz and co-workers who found that for mixtures of 

polysaccharides chitosan and dextran sulfate, stable polyelectrolyte complex coacervates 

could only be formed at non-stoichiometric mixing ratios70. In fact, chitosan-alginate PECs 

were formed by Yilmaz at cation:anion molar charge ratios as high as 100:1 which were also 

destabilised when the ratio was tuned to 1:171. It is evident that the charge mismatch 

performed a vital role in stabilising the coacervates against irreversible aggregation. 

The use of mixing stoichiometry to tune the surface charge of the coacervates was further 

explored by Shiu et al. By varying the stoichiometric ratio of anionic PGA to cationic 

PDMAEMA, PECs with comparable size but tuneable zeta potentials were produced. When 

the cationic component was in excess, a positive zeta potential was recorded, but when the 

weight fraction of the anionic component exceeded 50 %, PECs of negative surface charge 

were produced72. 
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1.3.3.3 Alcohol-Induced PEC Formation 
 

Similar to the alcohol-induced simple coacervation of polyampholytes, the addition of 

alcohol to an aqueous solution of oppositely charged polyelectrolytes can cause the formation 

of polyelectrolyte complex coacervates. The reduction of the solvent dielectric constant by 

the addition of a less polar co-solvent increases the free energy contribution of weakly 

interacting polyelectrolytes as described by Voorn-Overbeek theory (Eq. 1-4), which at a 

critical concentration can promote phase separation. 

This has been studied by Fuji and group with weak polyanion poly(acrylic acid) (PAA) and 

cationic ammonium hydroxide in an 80 % ethanol solution. Their mixing yielded metastable 

PECs whose nanoscale diameter was tuneable via the concentration of PAA, its molecular 

weight, and the valency of the amine cation73–75. While the effect of varying the ethanol 

concentration was not studied in these works, it is known from Mechtaeva et al. that the 

aqueous mixing of PAA with diamines does not cause coacervation, and triamines or higher 

were required to electrostatically crosslink PAA in the formation of PECs76. It is clear that 

where electrostatic interactions alone are insufficient to cause coacervation the addition of an 

alcohol co-solvent can act cooperatively to induce PEC formation. These alcohol-induced 

PAA/amine PECs were later used for the coacervate templated synthesis of silica 

nanoparticles, and are discussed more extensively in section 1.4.2. 

As discussed above (Section 1.3.3.1), strongly interacting polyelectrolytes will precipitate in 

aqueous solutions and the addition of salt is required to facilitate a transition from precipitate 

to coacervate. In this case the addition of alcohols has been observed to tune the critical salt 

concentration77. For hyaluronic acid and chitosan studied by Sun et al. a solid precipitate was 

observed in an aqueous solvent, and 280 mM of sodium chloride was required to weaken the 

electrostatic interactions and allow coacervation. On the addition of 8 % methanol the 

required salt concentration increased to 400 mM. The addition of higher alcohols further 

decreased the dielectric constant and increased the hydrophobic effects such that 450 mM of 

salt was required using the same concentration of ethanol, and no coacervation could be 

observed with the use of isopropanol78. 

Unusually, Meng and co-workers observed the opposite effect where increasing the alcohol 

concentration reduced the critical salt concentration required for coacervation (Figure 1.6). In 

other words, the addition of ethanol to high concentrations facilitated liquid-liquid phase 

separation, while more aqueous solvents yielded only precipitates. The study was performed 

with PSS and poly((vinylbenzyl) trimethylammonium chloride) (PVBTMA), both of which 
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have hydrophobic benzyl groups. Although both polyelectrolytes are water soluble, the 

addition of a less polar solvent may increase their solvation state and mediate the precipitate-

coacervate transition79. In this instance, it is clear that not only the dielectric constant is 

important in alcohol induced coacervation, but also the solvent hydrophilicity/hydrophobicity 

relative to the polyelectrolytes. 

 

 
 

Figure 1.6 Optical microraphs of PVBTMA/PSS mixtures prepared with ethanol:water 

volume ratios between 0:10 and 7:3, and salt concentrations between 0 and 4 M. The red line 

indicates the salt and alcohol concentrations above which coacervates are formed, and the 

blue line indicates their transition to liquid. Reproduced with permission un a CC-BY 

licence79. 

 

Although the potential for drug retention and prolonged release has been demonstrated with 

gelatin in binary water/alcohol solvents59, the coacervates are only metastable and highly 

dependent on alcohol concentration in the solvent. As such, alcohol-induced complex 

coacervates typically are unsuitable for biomedical application. To prevent immediate 

dissolution and to retain efficacy on delivery into an alcohol-free biological medium, 

additional stabilisation would be required. 
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1.3.3.4 Polymer Molecular Weight 
 

From observation of the free energy equation presented in Section 1.3.1,(Eq. 1-4) we see that 

the first term, !!
!!! 𝑙𝑛𝜙!, is inversely proportional to the degree of polymerisation, Xi. From 

this, we can expect that an increase in polymer molecular weight, even at constant mass 

concentration, will decrease the free energy of mixing and facilitate coacervation. This effect 

was in fact described as early as 1977 by Abe et al. who observed a critical chain length for 

oligo(ethylenimine) when mixed with PGA, below which phase separation was not 

observed80. 

Spruijt and team went on to study the effects of molecular weight in mixtures of PAA and 

PDMAEMA on their resistance to changes in salt concentration. As discussed above, the 

addition of salt to a complex coacervate solution progressively screens the electrostatic 

charges and increases the concentration of polymer found in the dilute phase until it equals 

that of the concentrated phase. At this critical salt condition, the polymer concentration is 

constant throughout the medium and no phase separation occurs. However, the use of higher 

molecular weight polymers can stabilise the coacervates and increase this critical salt 

concentration and the range over which separation is observed. In fact, an increase in the 

degree of polymerisation of PAA from 20 to 510 more than doubled the critical salt 

concentration from approx. 0.5 – 1.3 M38. 

The same trends were documented by Chollakup et al. with aqueous solutions of PAA 

sodium salt, and PAH. In this case, the salt concentration required for the precipitate-

coacervate transition was also shown to increase with the degree of polymerisation. Indeed 

for 100 mM ionic strength and a PAA polymerisation degree of 25, many coacervate forming 

polyelectrolyte ratios were identified, but on increase of XPAA to 695, only precipitation was 

observed, and an increased salt concentration was required for coacervation (Figure 1.7). 

Interestingly, however, the PAA/PAH stoichiometry required for phase separation (either 

precipitation or coacervation) remained largely unchanged independent of Xi.68. 
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Figure 1.7 A phase diagram for mixtures of PAA sodium salt with (degree of polymerisation 

between 25 and 695) and 0.5 wt % PAH as a function of PAA and NaCl salt concentration. 

Open and filled symbols represent concentrations at which either a coacervate or precipitate 

were observed respectively. Reproduced with permission from Ref 68. Copyright 2013 

American Chemical Society68. 

 

 

1.4  PEC Templated Silica Nanoparticle Synthesis 
 

We see from the above discussion that coacervates are very sensitive to environmental 

changes such as pH, ionic strength, and temperature, which can make them unsuitable for use 

in drug delivery. However, the use of coacervates as templates for SiNP synthesis offers 

potential to stabilise the PECs. 

Since their discovery, silica nanoparticles have attracted considerable attention in drug 

delivery and biomedical applications. Silica itself is inherently biocompatible and readily 

degraded by reactive oxygen species in the tumour microenvironment81–83, while the 

synthesis of porous silica nanoparticles with large internal pore volumes and surface areas 

allow the loading and transport of therapeutic cargos84,85.  

For biological application there exists an impetus for the synthesis of nanoparticles with 

functional surface ligands. For example targeting ligands to improve accumulation of the 

particles at the disease site, stimuli-responsive moieties for controlled or triggered release of 
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the cargo. However, as is discussed in the following section, conventional silica nanoparticle 

syntheses do not typically yield particles with biomedically desirable surface functionality, 

and extensive post-synthetic modification and conjugation steps are required before 

application. 

An optimum drug delivery system may incorporate the ease of coacervate formation and 

cargo encapsulation with the stability of hard colloids such as silica. Hence in this thesis, 

PECs are used as scaffolds for the template-directed synthesis of silica nanoparticles with 

built-in application specific surface functionality to obviate the need to retrospective 

functionalisation.  

 

 

1.4.1 Stober method 

 

The Stöber method, first reported by Werner Stöber in 1968, is the most widely used 

synthetic pathway for the formation of silica nanoparticles. In this sol-gel process, the Si-OR 

bond in the silica precursor is first hydrolysed by nucleophilic attack of the oxygen in water 

on the silicon atom in the silica precursor (typically tetraethoxyorthosilicate)86,87. 

 

≡ 𝑆𝑖 − 𝑂𝑅 + 𝐻!𝑂 ⇋ ≡ 𝑆𝑖 − 𝑂𝐻 + 𝑅𝑂𝐻 

Eq. 1-6 

The condensation to form siloxane bonds from silica monomers or oligomers to ultimately 

yield silica nanoparticles also proceeds via nucleophilic attack in either water or alcohol 

producing condensation reactions:  

 

Water Condensation: 

 

≡ 𝑆𝑖 − 𝑂𝐻 + 𝐻𝑂 − 𝑆𝑖 ≡ ⇋ ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡  + 𝐻!𝑂 

Eq. 1-7 

Alcohol Condensation: 

 

≡ 𝑆𝑖 − 𝑂𝑅 + 𝐻𝑂 − 𝑆𝑖 ≡ ⇋ ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡  + 𝑅𝑂𝐻 

Eq. 1-8 
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Both the rates of hydrolysis and condensation are highly pH dependent. Hydrolysis is 

quickest at extremes of pH with a minimum at neutral conditions, while the rate of 

condensation sees a minimum in the acidic regime and its maximum occurs at weakly 

alkaline pH. Hence in the Stöber method the formation of silica nanoparticles is base-

catalysed by ammonium hydroxide. 

In the absence of a template or predetermined nucleation site, the formation of silica particles 

is thought to proceed via one of two models, monomer-addition or controlled aggregation, 

both of which are based on nucleation and growth. 

In the monomer addition model, the concentration of monomers produced by hydrolysis 

increases to the point of supersaturation, and a burst of nucleation is observed. This rapid 

formation of nuclei significantly reduces the monomer concentration to below the critical 

concentration and the energy barrier for further spontaneous nucleation becomes too great. 

This effectively prevents the formation of new nuclei, and the number of sites for 

nanoparticle growth becomes fixed. The ‘growth’ phase is characterised by the deposition of 

silica monomers onto the nuclei surfaces until colloidal particles are produced. As the 

number of nuclei is fixed after the burst phase, and the rate of monomer deposition during 

growth is constant across all nuclei, the synthesised silica nanoparticles have a high degree of 

monodispersity87,88. 

The controlled aggregation model assumes near continuous monomer formation throughout 

the synthesis through the condensation of silica monomers into polymeric species and 

ultimately dense particles. These nuclei however, are colloidally unstable and aggregate 

repeatedly to form larger, stable particles. The origins of the observed particle uniformity are 

less clear in this model, but could arise from a difference in aggregation rate between large 

and small particles. It is reported that the aggregation rate between particles increases for 

those with large size ratios which would effectively prevent aggregation of two large species 

and ultimately confer monodispersity to the particle population86,87,89. 

 

 

1.4.2 PEC templated SiNPs 

 

The functionalisation of SiNPs with surface ligands for biomedical application has attracted 

considerable attention in literature, with many authors using a post-synthesis grafting 

strategy90,91. Typically, unfunctionalised SiNPs are synthesised and cleaned to remove excess 
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reagents first, and then the surface is functionalised with amines via the condensation of 3-

aminopropyl triethoxysilane, which act as grafting points for the retrospective conjugation of 

pH-responsive PAA92,93. Similarly, the condensation of 3-methacryloxypropyl 

trimethoxysilane has also been used to functionalise the SiNP surface with methacrylate 

groups for the conjugation of temperature responsive PNIPAM94. This process can add 

appreciable time, cost, and complexity to synthetic protocols, and there remains a need for 

new pathways that incorporate built-in surface functionalities. 

As introduced above, coacervation is a facile tool that may be used to generate metastable 

nano- and micro- scale polyelectrolyte complexes. These PECs can incorporate a wide range 

of polyelectrolytes, but are potentially liable to changes in environmental pH, salt 

concentration, temperature, or alcohol concentration. As such, the choice of viable 

components for use in PECs is limited to those that will produce highly stable complexes in 

both the synthesis and application media. 

The use of coacervate PECs as scaffolds for the synthesis of SiNPs can answer both of these 

problems. It is expected that silica growth within the PEC will add the colloidal stability 

associated with hard nanoparticles and prevent PEC dissolution under changing solvent 

condition, while the retention of polyelectrolytes in the silica matrix and at the surface will 

afford intrinsic and customisable organic functionality to the silica particle. 

 

The desirable properties of a PEC template for functionalised SiNP synthesis are as follows: 

 

• PECs are monodispersed and of nanoscale diameter. 

• Their internal microenvironment may facilitate silica hydrolysis and condensation. 

• The constituent polyelectrolytes carry desirable application-specific properties eg. 

cancer targeting, ability to load and retain therapeutic cargo, ect. 

• The constituent polyelectrolytes are retained post-synthesis and present as surface 

functionalities. 

 

While several authors have reported the use of PEC templates in the formation of hollow 

silica nanoparticles, the potential for in-synthesis functionalisation of SiNPs via this method 

remains poorly exploited. Most commonly, weakly anionic polyelectrolyte PAA is used with 

ammonium hydroxide in a binary water/ethanol solvent to form PECs via alcohol-induced 

coacervation. The ammonium hydroxide had a dual function as both a component of the PEC 
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for complexation with PAA, and also as a basic catalyst leading to the selective hydrolysis 

and condensation of silica precursors inside the coacervate scaffold. However, the particles 

synthesised from this approach exhibited a broad size distribution which could be attributed 

to the polydispersity of the coacervate scaffold95,96. It is known that the cellular interaction 

and biological fate of nanoparticle systems are strongly dependent on particle size, and hence 

monodispersed populations are necessary for predictable drug delivery behaviour 97,98. 

The PEC template monodispersity was improved by Nakashima et al. first with the use of 

polyamines. When used as PEC components with PAA, triethylenetetramine and 

diethelyenetriamine (which have 4 and 3 ionisable amine groups respectively) were able to 

form smaller and more monodispersed complexes than ethylamine. Their higher charge 

density allowed increased electrostatic interaction with anionic PAA75. 

A similar effect was observed with divalent cations when compared to monovalent. On 

electrostatic interaction with the charged carboxyl side chains of PAA, monovalent species 

such as Na+ or K+ become neutralised. The lack of repulsion between previously charged 

PAA monomers in combination with solvent effects from the high alcohol concentration 

caused partial chain collapse and the formation of loosely packed complex coacervates. 

Divalent ions Ca2+ and Mg2+, however, may interact with two carboxyl groups 

simultaneously acting as crosslinks between adjacent PAA molecules. This additional 

electrostatic interaction led to denser PECs with smaller average diameters and greater 

monodispersity which was conferred to the final silica nanoaprticles (Figure 1.8)99. The 

condensation of silica around the PEC scaffolds also led to the formation of a microporous 

network in the shell of the hollow SiNPs. The use of Mg2+ gave a broader distribution of pore 

volumes with larger internal volumes that its monovalent counterparts, suggesting that the 

charge density and hence polyelectrolyte packing in the PECs may be a means of tuning 

porosity in the resultant SiNPs. Notably however, in each of these studies the PEC 

components were readily washed away after synthesis by centrifugation and rinsing in 

ethanol or water, and not retained as surface ligands for potential future application.  
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Figure 1.8 A schematic representation of a PEC templated hollow SiNP synthesis showing 

(A) the mixing of PAA and either a monovalent or divalent cation before (B) the addition of 

ethanol for the formation of the PEC templates. (C) On the addition of tetraethoxysilane 

(TEOS) silica condensation occurs at the template surface, and (D) the template is removed 

to yield hollow SiNPs. Reproduced and adapted with permission from Elsevier.99 

 

Shiu et al used PGA and PDEAEMA in distilled water for the formation of PECs with 

tuneable average diameter between 100 – 200 nm.72 Although tuning the size through 

variations in mixing stoichiometry and polymer chain length did also elicit changes in 

dispersity and only specific formulations exhibited monodisperse populations. The presence 

of polyamines in the PEC provided the basic environment required to catalyse the 

condensation of silica precursors, and then electrostatic interactions with silica oligomers 

caused their local concentration increase inside the templates. Hence, the PECs acted as 

scaffolds for the spatially selective condensation of silica nanoparticles. Unlike the alcohol-

induced PAA/polycation based PECs, the polyelectrolytes in the coacervate template were 

retained after washing and purification steps to yield polymer-functionalised silica 

nanoparticles. This could be due to the higher polyelectrolyte valency of PDEAEMA 

compared to the relatively low valency cations described above that induced stronger 

electrostatic interactions between the polymers. The presence of the anionic peptide shell 

then facilitated the electrostatic loading and subsequent release of cationic anti-cancer 

therapeutic doxorubicin without the need for post-synthetic ligand conjugation. 

A similar work from the same group expanded the choice of polyelectrolytes used to include 

PAA, PSS, and poly(L-lysine) (PLL). Hybrid silica particles were successfully prepared from 

coacervates of PLL/PAA, PLL/PSS, and PLL/PGA with retained organic functionality after 
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washing and purification steps. From the protonation state of the cationic and anionic 

polyelectroyltes decorating the silica particle surface, the zeta potential was positive under 

acidic conditions and strongly negative in the alkaline regime. Further, the choice of PEC 

components with differing pKa values was used to effectively tune the isoelectric point of the 

silica particles100.  

However, PEC templated SiNP syntheses that yield monodispersed populations and 

controllable sizes below 100 nm remain rare, and many existing systems do not incorporate 

PEs with biomedically desirable properties such as pH responsive drug release or cancer 

targeting. It is evident that the use of PECs as scaffolds for silica condensation is a potentially 

powerful tool in the synthesis of highly stable nanocomposites with intrinsic functionality, 

but to date remains severely under reported. 
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1.5 Table of Definitions 
 

For clarity, this table is included to define key terms surrounding coacervation as they are 

used in this work.  

 

Term Definition 

Coacervation The macroscopic liquid-liquid phase separation of a homogeneous 

polymer solution into liquid polymer-rich and polymer-dilute 

phases. The polymer-rich phase may exist as a single bulk phase or 

as a suspension of phase droplets in the continuous polymer-dilute 

phase. The intermolecular bonds in the polymer-rich phase are 

typically dynamic and transient in nature allowing for diffusion of 

the polyelectrolytes.  

Coacervate The resultant polymer-rich phase obtained in coacervation. 

Precipitation The liquid-solid transition that creates a polymer-dilute phase, and 

a polymer-rich solid. The precipitate (solid) phase is typically in a 

state of kinetic arrest.  

Simple	Coacervation The formation of coacervates comprising of only one 

macromolecular species.  

Complex	Coacervation Coacervation involving two or more macromolecular components. 

Polyelectrolyte	 Complex	

(PEC) 
Used interchangeably with ‘coacervate’ in this work to describe 

the liquid-like polymer-rich phase obtained in coacervation.  
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1.6 Chapter Overview 
 

This thesis aims primarily to develop polyelectrolyte complex coacervate templated silica 

nanoparticle syntheses that provide particles with customisable and intrinsic functionality 

without post-synthetic modification steps.  

It is discussed above that coacervation can readily form nanoscale complexes of varied 

composition through a number of physical pathways, but the reversible nature of 

coacervation makes the formulations liable to small changes in the environment. Silica 

nanoparticles however, typically exhibit good stability in biological media but offer very little 

intrinsic functionality, and typically require extensive synthetic protocols to retrospectively 

conjugate surface functional groups. The novel protocols developed herein will incorporate 

the ease of coacervate formation from polyelectrolytes of potentially desirable properties with 

the stability associated with colloidal silica answering the concerns commonly associated 

with both materials. 

This is developed first in Chapter 3 with the formation of poly(acrylic acid)/L-arginine 

functionalised porous silica nanoparticles (PAA/Arg-PSiNPs) from polyelectrolyte complex 

templates. Initially, the alcohol-induced formation of PAA/Arg PECs is explored and 

discussed. The effects of varying the alcohol, PAA, and Arg concentration are systematically 

investigated with the aim of characterising the PEC formation mechanism, and producing 

monodispersed, nanoscale templates for SiNP synthesis. The size tunability of the PAA/Arg-

SiNPs is demonstrated and the relationship between the particle size and template size, and 

its influence on the presentation of surface ligands, is described. 

Chapter 4 discusses the application of the PAA/Arg-PSiNPs to cancer targeted and pH 

responsive drug delivery. The ability of anionic PAA at the particle surface and in the 

internal pore spaces to encapsulate and retain cationic anti-cancer therapeutic doxorubicin 

was investigated. Furthermore, the pH responsive release of the drug at pH values 

corresponding to physiological pH and the weakly acidic microenvironment were 

characterised. It was hypothesised that Arg at the surface of the SiNPs may confer enhanced 

cellular uptake into tumorigenic cells via the overexpressed cationic amino acid transporter. 

As such, the cancer targeting activity was assessed in vivo using fluorescently labelled 

PAA/Arg-PSiNPs with patient derived glioblastoma cells (GBM1 and GBM20) and non-

tumorigenic neural progenitors (NP1). Finally, the combined efficacy of the pH responsive 
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release mechanism and enhanced cellular uptake was assessed in comparison to control 

particles.  

Chapters 5 and 6 demonstrate the versatility of this synthesis by using a different 

combination of polyelectrolytes in the coacervate scaffold. First we investigated the alcohol-

induced formation of poly(ethylenimie) (PEI) and glutamic acid (Glu) coacervates in Chapter 

5. In addition to determining the optimum PEI and Glu concentrations for stable 

monodispersed PEC formation, the use of higher and lower alcohols was investigated to 

better understand the mechanism of coacervation. Further, the molecular weight of the PEI 

was systematically varied to probe its effects on PEC size, dispersity, and stability during the 

condensation of silica species. Chemical characterisation of the as-synthesised silica particles 

confirmed that the PEI was retained at the particle surface as to yield PEI-SiNPs with a 

strongly positive zeta potential. 

The final results chapter (Chapter 6) addresses the application of the PEI-SiNPs. The 

presence of polycationic PEI at the nanoparticle surface facilitated electrostatic interaction 

with anionic polysaccharide hyaluronic acid (HA) in the formation of a physical 

nanocomposite hydrogel. To demonstrate the tuneable mechanical properties and better 

understand their physical origin, a rheological characterisation of the hydrogels prepared at 

varied reagent ratios was completed and compared to gels prepared with pristine PEI. The 

hydrogel is intended as a drug carrier to provide prolonged drug release at the disease site. As 

such, the hemocompatibility of the gels was assessed and its relationship to gel composition. 

In addition to its role in gelation, the surface bound PEI was expected to enable the loading of 

anionic cancer therapeutic methotrexate into the hydrogel matrix. As such the drug loading 

and release profiles were evaluated. 
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2 Materials and Methods 
 

2.1 Materials 
 

2.1.1 Arginine/Poly(acrylic acid) Polyelectrolyte Complex Templated Silica 

Nanoparticle Synthesis and Application 

 

L-arginine (Arg) and ammonium hydroxide (28-30 wt% NH3 solution in water) were 

purchased from Acros Organics. 2-Propanol (IPA; ≥ 99.7%) was purchased from VWR. 

Poly(acrylic acid) (PAA; Mw = 1800), 4-[3-(4-Iodophenyl)-2-(4-nitro-phenyl)-2H-5-

tetrazolio]- 1,3-benzene sulfonate (WST-1) reagent, and poly-L-ornithine were purchased 

from Sigma- Aldrich. Tetraethoxysilane (TEOS; 99.9%) was purchased from Alfa Aesar. 

Fluorescein isothiocyanate-poly(ethylene glycol) silane (FITC-PEG-silane; Mw = 5000) was 

obtained from Nanocs. Pierce BCA Protein Assay kit, DMEM/F-12 medium with 

GlutaMAX, neurobasal medium, B-27 supplement, N2 supplement, and mouse laminin 

protein were purchased form Thermo Fisher Scientific. Spectra/Por 7 regenerated cellulose 

dialysis tubing (1 kDa MWCO) was purchased from Spectrum Chemical. Recombinant 

human epidermal growth factors (rhEGF) and basic fibroblast growth factors (bFGF) were 

purchased from Bio Techne and doxorubicin HCl (Dox; 95%) was purchased from 

Fluorochem Limited. All chemicals were of analytical grade and used without further 

purification. Ultrapure water (Millipore Milli-Q) with 18.2 MΩ cm resistivity at 25 °C was 

used in all experiments. 
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2.1.2 Poly(ethyleneimine)/Glutamic Acid Polyelectrolyte Complex Templated Silica 

Nanoparticle Synthesis and Poly(ethyleneimine)-Silica Nanoparticle/Hyaluronic 

Acid Hydrogel Formation 

 

Branched polyethylenimine (PEI; Mw = 25,000, Mn = 10,000), Sodium hydroxide (pellets; ≥ 

98 %), cetrimonium bromide (CTAB; ≥ 98%), and polyacrylic acid (PAA; Mw = 1800) were 

purchased from Sigma Aldrich. Glutamic acid (Glu; 99%), L-Arginine (Arg; 98%), and 

phosphoric acid (85%) were purchased from Acros Organics. 2-propanol (IPA; ≥ 99.7%) was 

purchased from VWR. Tetraethoxysilane (TEOS; 99.9%) and hyaluronic acid sodium salt 

(HA; streptococcus equi, 91%, Mw ≥ 1.0 × 106 Da) were purchased form Alfa Aesar. 

Methotrexate sodium salt (MTX) was purchased from Toku-E, and Coomassie brilliant blue 

g-250 (CBBG) was purchased form Cayman Chemical Company. Ultrapure water (Millipore 

Milli-Q) with 18.2 MΩ·cm resistivity at 25 °C was used in all experiments. 

 

 

2.2 Arg/PAA Polyelectrolyte Complex Templated Silica Nanoparticle 

Synthesis 
 

2.2.1 Preparation of Arginine/Poly(acrylic acid) Polyelectrolyte Templates 

 

To study the IPA-induced formation of Arg/PAA polyelectrolyte complexes (PECs) and 

determine the optimum water/alcohol ratio, Arg and PAA were first mixed in binary solvents 

of increasing IPA volume fraction. 100 µL of 1.1 × 101 mM PAA and 295 µL of 8.6 × 102 

mM Arg were first added to 1605 µL of ultrapure water (2.0 mL final volume) before the 

solution was dispersed in an ultrasonic bath for 5 min. 0 – 8.0 mL of IPA was added under 

magnetic stirring at room temperature and the final volume was topped up with to 10.0 mL 

with ultrapure water and left to stir for 1 h. 

For the synthesis of PEC templates with varying amounts of PAA or Arg an 80 % (v/v) IPA 

solvent was used. The total aqueous volume was maintained at 2.0 mL while the 

concentration of each reagent was varied, and 8.0 mL of IPA was added under stirring. 



 

52 

 

To form NH4OH/PAA PECs, the same procedure was followed but with an equimolar 

amount of NH4OH used in place of Arg. The final pH was 9.0 for both Arg/PAA and 

NH4OH/PAA PECs.  

 

2.2.2 Synthesis of Arg/PAA and NH4OH/PAA Porous Silica Nanoparticles 

 

For the porous silica nanoparticle (PSiNP) syntheses presented herein, PECs were prepared 

as described in Section 2.2.1 with 100 µL of 1.1 × 101 mM PAA and 295 µL of 8.6 × 102 mM 

Arg (or 295 µL of 8.6 × 102 mM NH4OH) in 80% v/v IPA (10 mL final volume). 

Subsequently, between 20-500 µL of tetraethoxysilane (TEOS) was added and the mixture 

was stirred at room temperature for 24 h. The final product was collected by centrifugation 

(17,000 × g for 1 h) and purified by rinsing thrice with ultrapure water. 

The reaction was also scaled up to 250 mL by increasing the volume of each reagent used by 

25-fold using the same synthetic protocol.  

Fluorescein isothiocyanate (FITC)-labelled PSiNPs were synthesised by the addition of ~0.1 

mol % of FITC-PEG-silane and 1000 µL of TEOS to 250 mL final volume of the PEC 

templates in 80% v/v IPA.   

 

 

2.3 Quantification of Doxorubicin Loading and Release from Arg/PAA-
PSiNPs and NH4OH/PAA-PSiNPs 

 

 

As discussed in Chapter 4, Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs were loaded with 

anticancer therapeutic doxorubicin hydrochloride (Dox) and the drug release profile over 

time was quantified in buffers prepared at pH 5.0 and 7.0.  

For the loading of Dox in the PSiNPs, 2 mg of as-synthesised Arg/PAA-PSiNPs or 

NH4OH/PAA-PSiNPs were suspended in 1, 2, or 4 mg mL-1 of Dox solution (1.0 mL). The 

mixture was stirred at room temperature under dark conditions for 48 h. The Dox-loaded 

particles were collected by centrifugation (17,000 × g for 10 min) and rinsed thrice with 

ultrapure water to remove excess drug. To determine the drug loading capacity, the amount 

of non-encapsulated drug remaining in the supernatants from each rinse was determined by 
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UV-vis-NIR spectroscopy at 480 nm; using a standard calibration curve prepared from 

solutions of known Dox concentrations (Figure 2.1). 

 

 
 

Figure 2.1 A calibration plot of Dox in ultrapure water obtained using UV-vis-NIR 

spectroscopy at 480 nm used to determine the amounts of Dox loaded and released from 

Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs. 

 

The total amount of non-encapsulated drug in the supernatants was subtracted from the initial 

amount of drug added to determine the mass of drug loaded into the PSiNPs. The drug 

loading capacity was calculated using the following formula: 

 

Drug loading capacity (%) = (Mass of loaded drug)/(Mass of particles) × 100%  

Eq. 2-1 

 

To quantify the drug release rate, 9 mg of dox-loaded Arg/PAA-PSiNPs or NH4OH/PAA-

PSiNPs were suspended in 2.0 mL of water and transferred to a dialysis bag (1 kDa MWCO). 

The samples were dialysed against 50 mL of 1 × PBS (pH 7.4) or 239 mM sodium acetate 

buffer (pH 5.0) with equivalent ionic strengths at 37 °C under magnetic stirring. At regular 

time points, 1.0 mL of the dialysate was removed for analysis of Dox concentration and 

replaced with fresh buffer. The amount of drug released was quantified using UV-vis 

spectroscopy at 480 nm. The drug release kinetics and mechanisms were evaluated using the 

Korsmeyer-Peppas model:101 
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F= 𝑘!𝑡! 

Eq. 2-2 

 

Where F is the fraction of drug released, km is the kinetic constant dependent on the structural 

and geometric properties of the particles, and n is the release exponent which indicates the 

drug release mechanism (Table 1). Data points up to 60% of drug release in the cumulative 

release curves were plotted on logarithmic scales, and the release exponent, n, was found 

from the gradient. The value for n was then substituted into Eq 2-2 to find the kinetic 

constant, km.   

 

Table 1 Diffusion coefficients derived from the Korsmeyer-Peppas equation and their 

corresponding drug release mechanisms.101 

 

Release	Exponent	(n)	 Drug	Diffusion	Mechanism	

0.5	 Fickian	diffusion	

0.5	<	n	<	0.85	 Anomalous	non-Fickian	diffusion	

0.85	 Case-II	transport	

n	>	0.85	 Super	Case-II	transport	
 

 

 

2.4 Live Cell Experiments 
 

2.4.1 Preparation of Culture Flasks and Well Plates 

 

Flasks and well plates used in the culture of patient derived glioblastoma cells GBM1 and 

GBM20 were coated with poly-L-ornithine and mouse laminin.  

Under sterile conditions, 75 µL of 10 mg/mL poly-L-ornithine was added to 150 mL of 

ultrapure water and passed through a 0.22 µm vacuum filter. 10 mL of the ornithine solution 

was added to each T75 flask, 3 mL per T25, and 43 µL per well of the 96 well plates before 

incubation at room temperature for 1 h. Separately, 300 µL of laminin was added to 150 mL 
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of phosphate buffered saline (PBS) and filtered in a 0.22 µm vacuum flask. The flasks were 

aspirated and rinsed with 5 mL of sterile ultrapure water before the addition of 10 mL of 

laminin to each T75 flaks, 3 mL to each T25, and 43 µL to each well of the 96 well plates. 

After incubation at room temperature overnight, the flasks were stored at -20 °C for up to 6 

months. Immediately before use, each flask was thawed at room temperature, aspirated, and 

rinsed once with PBS. 

 

2.4.2 Cell Culture 

 

Patient-derived glioblastoma GBM1 and GBM20 cells, which have been confirmed to retain 

the histopathological features of their parent tumours,102,103 were cultured on poly-L-ornithine 

and laminin-coated T75 cell culture flasks in neurobasal medium supplemented with 0.5 × B-

27, 0.5 × N-2, 40 ng/mL human fibroblast growth factor (bFGF), and 40 ng/mL recombinant 

human epidermal growth factor (rhEGF).  Primary non-tumourigenic adult brain neural 

progenitor NP1 cells were cultured in Dibeco’s modified eagle medium (DMEM)/F-12 

medium supplemented with 0.5 × B-27, 0.5 × N-2, 20 ng/mL bFGF, and 20 ng/mL rhEGF, 1 

× GlutaMax-1, and 5% fetal bovine serum. The cells were stored at 37 °C with 5% CO2 in a 

humidity-controlled incubator. 

Each cell type was subcultured approximately every 4 days dependent on the rate of 

proliferation and confluency. Each flask was aspirated and then incubated with TryplE 

dissociation reagent for 5 mins. 5 mL of media was added to deactivate the TryplE and the 

cells were pelleted with centrifugation. The supernatant was replaced with fresh media and 

typically one third of the resultant cell suspension was added to a new T75 flask. 

For long-term storage, each cell type could be frozen in a cryovial in cell culture media 

supplemented with 10 % dimethylsufoxide (DMSO). The vials were frozen overnight in a Mr 

Frosty Freezing Container containing IPA in a -80 °C freezer before storage in the vapour 

phase of liquid nitrogen.  

 

 

2.4.3 Cytotoxicity Studies 

 

To assess their therapeutic efficacy, the cytotoxicity of the empty and Dox-loaded Arg/PAA-

PSiNPs and NH4OH/PAA-PSiNPs was determined using the WST-1 assay. GBM1, GBM20, 



 

56 

 

and NP1 cells were seeded at a density of 8 x 103 cells per well in 96-well plates and left to 

adhere for 24 h. The cell culture media was replaced with fresh media containing 5 – 750 µg 

mL-1 of PSiNPs or Dox-loaded PSiNPs containing 0.01 – 50 µM of Dox and incubated for 24 

h. After incubation, the cells in each well were rinsed with PBS, and 100 µL of fresh media 

containing 10 µL of WST-1 reagent was added to each well. The cells were then incubated 

for 2 h at 37 °C before the absorbance was determined at 440 nm using a microplate 

spectrophotometer (Molecular Devices SpectraMax M2e). Blank wells containing cell culture 

media and WST-1 (without cells) were included to determine the background absorbance. 

The cell viability of treated cells was determined by comparison to untreated controls as 

follows: 

 

Cell viability (%) = [(ATreated – ABackground)/(AUntreated Control – ABackground)] × 100% 

Eq. 2-3 

 

Equation 2.4 was used to find the EC50, where y is the cell viability, x is the drug 

concentration, logxo is the concentration of half response (EC50), p is the hill slope, and A1 

and A2 are the top and bottom asymptotes respectively.  

 

𝑦 = 𝐴! +  
𝐴! −  𝐴!

1+ 10(!"#!!!!)!
 

Eq. 2-4 

2.4.4 Cellular Uptake Studies 

 

GBM1, GBM20, and NP1 cells were seeded at a density of 8 x 103 cells per well in 96-well 

plates and allowed to adhere for 24 h. The cells were incubated with fresh media containing 

200 µg mL-1 FITC-labelled Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs for 4 h before 

carefully rinsing the cells 5 times with PBS to remove non-internalised PSiNPs. The cells 

were lysed with 1% v/v triton-X100 in PBS and the fluorescence intensity of the lysate was 

determined at 420 nm excitation and 518 nm emission wavelengths with a microplate 

spectrophotometer. To determine the concentration of PSiNPs taken up by the cells, the 

measured fluorescence intensity was compared to a calibration curve prepared from known 

FITC-labelled PSiNP concentrations in the same 1% v/v Triton X-100 solution. The protein 

content of each well was determined using the BCA protein quantification assay. 15 µL of 
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the cell lysate was added to 200 µL of BCA reagent in a 96-well plate, and incubated at 37 °C 

for 30 min. The absorbance was measured at 562 nm with a microplate spectrophotometer 

and compared to a calibration curve prepared from known concentrations of bovine serum 

albumin.  

For fluorescence imaging, cells were seeded onto 8-well chamber slides and treated with 200 

µg mL-1 of FITC-labelled Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs. After 4 h incubation, 

the cells were rinsed 5 times with PBS and transferred to heated stage at 37 °C for imaging 

using a confocal laser scanning microscope (Leica DMi8/SP8). 

 

 

2.4.5 Statistical Analysis 

 

 

Results obtained from cell uptake experiments were analysed using the two-tailed Student’s 

t-test to determine statistical significance. Differences between treatment groups were 

considered to be statistically significant when P < 0.05. 

 

 

2.5 PEI/Glu Polyelectroylte Complex Templated Silica Nanoparticle 
Synthesis 

 

2.5.1 Preparation of PEI/Glu Polyelectrolyte Templates 

 

To first determine the optimum water/alcohol ratio for the formation of PEI/Glu PECs, PEI 

and Glu were mixed in binary solvents of IPA volume fraction between 0 – 90 % (v/v). 200 

µL of 5.45 × 101 mM Glu and 62.5 µL of 1.28 × 100 mM PEI were added to 737.5 µL of 

ultrapure water to a final volume of 1 mL. Between 0 – 9.0 mL of IPA was added under 

magnetic stirring at room temperature and the final volume was topped up to 10.0 mL with 

ultrapure water to give the desired IPA volume fraction and left to stir for 1 h.  

To evaluate the effect of varying the PEI and Glu amounts an 80 % (v/v) IPA solvent was 

used. With the total aqueous volume kept constant at 2.0 mL, the concentration of each 

reagent was systematically varied before the addition of 8.0 mL of IPA. The optimum reagent 
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volumes were identified as 500 µL of 1.28 × 100 mM PEI and 200 µL of 5.45 × 101 mM Glu 

added to 1300 µL of ultrapure water to make a total volume of 2.0 mL before IPA addition. 

To study the synthesis of PEI/Glu PEC templated SiNPs, the PEC synthesis was first scaled 

up 25-fold to a total volume of 250 mL while keeping all reagent ratios and concentrations 

the same. 12.5 mL of 1.28 × 101 mM PEI and 5 mL of 5.45 × 101 mM Glu were added to 

32.5 mL of ultrapure water before the addition of 200 mL of IPA. 

 

2.5.2 Synthesis of PEI-SiNPs 

 

For the synthesis of PEI-SiNPs, PEC templates were prepared as described in Section 2.5.1 

with 12.5 mL of 1.28 × 100 mM PEI and 5 mL of 5.45 × 101 mM Glu in a 250 mL total 

volume of 80% IPA (v/v). With the temperature maintained at 40 °C in a water bath, 1 mL of 

TEOS was added under stirring. After 24 h, the final product was purified by centrifugation 

at 17,000 × g for 1 h and rinsed thrice with ultrapure water. 

 

 

2.6 PEI-SiNP/HA and PEI/HA Nanocomposite Hydrogel Formation 
 
2.6.1 Quantification of SiNP surface-bound PEI Concentration 

 

For the future use of PEI-SiNPs in the formation of physical nanocomposite hydrogels, the 

concentration of SiNP surface bound PEI must be known.  

To prepare a stock of coomassie stain, 8.5 mg of coomassie brilliant blue (CBBG) was 

dissolved in 4.1 mL of 95% ethanol and added to 8.4 mL of 85% phosphoric acid and 37.5 

mL of ultrapure water. CBBG binds electrostatically with charged amines through its anionic 

sulfonic acid groups, where the number of bound dye molecules is proportional to the number 

of cations. This binding causes a colour charge from blue to red-brown. To quantify the 

concentration of PEI conjugated to the PEI-SiNP surface, 200 µL of coomassie stock solution 

was added to 100 µL of diluted nanoparticle solution in a 96 well plate and after 5 minutes 

incubation, the absorbance was measured at 595 nm with the Molecular Devices SpectraMax 

M2e plate reader. The concentration of PEI at the PEI-SiNP surface was determined by 

comparison of absorbance values to a calibration curve of known PEI concentrations (Figure 

2.2). 



 

59 

 

 

 
 

Figure 2.2 A calibration plot of obtained from the absorbance of CBBG dye at 595 nm with 

increasing concentration of PEI. 

 

2.6.2 PEI-SiNP/HA Hydrogel Formation 

 

For the preparation of PEI-SiNP/Hyaluronic Acid (HA) gels, 200 µL of PEI-SiNP stock 

containing 67.2 µM of silica surface bound PEI (3.65 mM PEI monomers) and 58.4 µL of 10 

µM HA (25 mM HA monomers) were added to 36.6 µL of ultrapure water. After mixing 

using a vortex mixer, a suspension of white precipitates was formed. To this, 5 µL of 2 M 

hydrochloric acid was added (total volume 300 µL) before further mixing with a vortex mixer 

to induce the formation of a coacervate hydrogel in which a colourless liquid is formed above 

the white hydrogel. For the synthesis of PEI/HA gels, the same protocol was followed but 

with an equimolar solution of PEI in place of PEI-SiNPs. For the formation of gels with 

varied PEI and HA concentration the total volume was maintained at 300 µL. 
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2.6.3 Quantification of Residual PEI in the Supernatant after PEI-SiNP/HA Hydrogel 
Formation 

 

To quantify the residual PEI remaining after hydrogel formation, 200 µL of Coomassie stain 

(prepared as described in Section 2.6.1) was added to 100 µL of diluted supernatant collected 

after hydrogel formation in a 96 well plate. After incubation for 5 min, the optical absorbance 

was measured at 595 nm and compared to a calibration curve of known PEI concentrations 

(Figure 2.2). 

Control measurements were performed with HA and PEI-SiNPs without the CBBG dye. 

Neither had a significant contribution to the measurement of the PEI concentration in the 

supernatant.  

 

 
 

Figure 2.3 Control measurements of HA with the CBBG assay and PEI-SiNPs without the 

CBBG dye showing their negligible contribution to the measured PEI concentration. A 

typical PEI concentration measurement from the hydrogel supernatant is included for 

comparison.  

 

 

2.6.4 Quantification of Residual HA in the Supernatant After PEI-SiNP/HA Hydrogel 
Formation 

 

To evaluate the concentration of HA in the gel supernatants, the CTAB turbidimetric method 

was used. Electrostatic complexation of polyanionic HA and cationic CTAB forms insoluble 
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precipitates whose turbidity is proportional to the concentration of HA104. The assay solution 

was prepared by dissolving 2.5 g of CTAB in 100 mL of 2% (w/v) NaOH. 100 µL of CTAB 

solution was added to 50 µL of the hydrogel supernatant in a 96 well plate and incubated for 

10 min. The absorbance was measured at 600 nm and compared to a calibration curve of 

known HA concentrations (Figure 2.4). Control measurements were completed with PEI and 

PEI-SiNPs to show their negligible contribution to the measure HA concentration (Figure 

2.5). 

 
 

Figure 2.4 The calibration plot obtained from the CTAB turbidimetric assay used to 

determine the hyaluronic acid concentration remaining in the supernatant after PEI-SiNP/HA 

hydrogel formation.  
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Figure 2.5 Control measurements of PEI and PEI-SiNPs in the HA concentration 

quantification assay with an exemplary PEI/HA hydrogel measurement to compare.  

 

2.7 Nanoparticle Characterisation 
 

2.7.1 Dynamic Light Scattering 

 

The hydrodynamic diameters of the PECs and SiNPs were determined by dynamic light 

scattering (DLS) using Zetasizer Nano equipped with a 633 nm He-Ne laser and with 

scattered light detected at 173˚ (Malvern Instrument Ltd., Worcestershire, UK).  

To measure the size distribution of a particle suspension, a scattering pattern caused by 

constructive and destructive interference between scattering events is collected from 

monochromatic light incident on the particle dispersion. As the particles diffuse with 

Brownian motion, the observed scattering intensity fluctuates with time. The correlation 

between successive light scattering patterns contains information about the time scales of 

particle movement and hence their hydrodynamic radii. This correlation is characterised by 

an autocorrelation function, g(τ), defined in Eq. 2-5.105 

 

g! τ =  
< I t! I(t! + τ) >

< I(t!) >!  

Eq. 2-5 
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where I(t0) is the scattered light intensity at time t = 0, and I(t0 + τ) the intensity after delay 

time τ. For a perfectly monodisperse population the autocorrelation function is described by 

the single exponential decay given in Eq. 2-6: 

 

g τ = e!!"   

Eq. 2-6 

τ is the delay time, Γ is the decay rate given by Γ = Dq! with q as the scattering vector, and 

D as the translational diffusion coefficient. The scattering vector is defined as follows: 

 

q =  
4πn
λ sin

θ
2 

Eq. 2-7 

where λ is the wavelength of incident light, n is the refractive index, and θ is the angle of 

detection; and the hydrodynamic radius of the particles can be obtained from the diffusion 

coefficient using the Stokes-Einstein relation (Eq. 2-8). 

 

D =  
k!T
6πηR 

Eq. 2-8 

with kB as the Boltzman constant, T is the temperature, η is the solvent viscosity, and R is the 

hydrodynamic radius of a sphere.  

Throughout this thesis, the shape of the correlation function is used as a descriptor of PEC 

formation. As described above, the correlation function for a monodispersed population is 

characterised by a single exponential decay, while polydisperse populations show poor 

correlation described by multiple exponential decay functions (Figure 2.6). Hence, when 

investigating the onset of alcohol induced PEC formation the shape of the correlation curve 

was observed. 
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Figure 2.6 Example correlation data from DLS measurements. (A) A ‘poor’ correlation 

curve characterised by several exponential decay functions indicative of a polydisperse 

sample. (B) A ‘good’ correlation function with a y-intercept close to 1, and a smooth, single 

exponential decay profile. 

 

In addition, the y-intercept of the plot of correlation against time is an indicator of the 

measurement signal-to-noise ratio, where values closer to 1 indicate high signal and are 

typically representative of stable particle formation. For ease of interpreting the relationship 

between alcohol concentration and PEC formation, the y-intercept as a function of alcohol 

volume fraction is presented and used as a preliminary assessment in conjunction with the 

correlation curve shape, the hydrodynamic radii and PDI, and the intensity weighted size 

distributions.  

To obtain the z-average diameter and polydispersity index (PDI) values, the cumulants 

analysis method is used. For a monomodal but not perfectly monodisperse sample, g(τ) is 

treated as the sum of several exponential decay functions, each representative of a different 

particle size, multiplied by a function G(Γ) describing the distribution of decay rates.  

 

g τ =  G(Γ)e!!"dτ 

Eq. 2-9 

where  

G Γ dΓ = 1 

Eq. 2-10 
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This is expanded using cumulant analysis to give Eq. 2-11 where Γ is the mean of G(Γ), the 

first cumulant, e!!!,is used to find the average diameter as described above, and the second 

cumulant, !!
!!

, gives the PDI. 

 

g τ = e!!![1+
1
2
k!
Γ!

Γτ ! −
1
3!
k!
Γ!

Γτ !+. . . ] 

Eq. 2-11 

with 

 

k! = (Γ− Γ)!G(Γ)dΓ 

Eq. 2-12 

This method however assumes a monomodal distribution and is hence not suitable for 

polydisperse samples.105–107  

For broad monomodal or multimodal populations, other analytical approaches are required. 

Typically the non-negative least squares (NNLS) and constrained regularization method for 

inverting data (CONTIN) are applied to yield full size distributions108,109. Notably, in the 

Rayleigh approximation the intensity of scattered light is proportional to the particle size to 

the 6th power (d!). As such, the contributions of large particles in broad size distributions can 

lead to over estimation of the peak particle diameters.  

For measurement, each 1 mL sample was run thrice in a polystyrene cuvette with 12 

measurements per run at 25 °C, and the hydrodynamic diameters, polydispersity indices, and 

size distributions are displed as the mean ± standard deviation of the three runs. 

 

2.7.2 Zeta Potential 

 

The stability of a nanoparticle dispersion in a polar solvent is commonly mediated by charge, 

where electrostatic repulsion between particles of the same charge will prevent aggregation. 

Additionally, the surface charge of a nanoparticle population at a known pH can provide 

information about the chemical groups present at the surface and hence the success of any 

synthetic functionalisation steps.  
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Around a charged particle in a polar solvent exists a layer of strongly bound ions, known as 

the stern layer, which move as one with the particle. Beyond this, weaker electrostatic 

interactions between the particle and the solvated ions give rise to a slipping plane between 

fixed and diffuse ions in surrounding medium. The zeta-potential is defined as the potential 

between a point far away in the medium and this slipping plane at the edge of the electric 

double layer (Figure 2.7).  

 

 
 

Figure 2.7 The stern layer and slipping plane created by ions bound to a charged particle in a 

polar solvent, and their relation to the zeta potential. Reproduced with permission under a CC 

BY-SA licence.110 

 

As the potential is dependent on the surface charge density, nanoparticles with a high 

concentration of ionic functional groups or surface-bound ligands show more strongly 

positive or negative zeta-potentials and greater colloidal stability. As such, changes to the 

ionisation state at the particle surface in solvents of differing pH can have significant effects 

on the particle stability and must be controlled during zeta-potential measurement. This is 

also true of the ionic strength of the medium, where high ion concentrations decrease the 

thickness of the dielectric double layer and screen electrostatic interactions between colloids.  
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The determination of a particle’s zeta-potential is most commonly achieved through 

measurement of the electrophoretic mobility. Referring to the velocity, v, of a charged 

particle in an infinite liquid under an applied electric field, E, electrophoretic mobility is 

defined as:111 

𝜇! =
𝑣
𝐸 

Eq. 2-13 

This is related to the zeta-potential as follows: 

𝜇! =
𝜖𝜁
𝜂  

Eq. 2-14 

where ϵ is the permittivity, ζ is the zeta-potential, and η is the viscosity of the medium.  

The particle velocity due to electrophoresis is measured using DLS. As described in Section 

2.7.1, monochromatic light incident on a particle dispersion creates a scattering pattern 

which, due to Brownian motion of the particles and interference between scattering events, 

changes as a function of time and are used to determine the translational diffusion coefficient. 

In this instance however, movement of the particles occur under the influence of an electric 

field, and hence the correlation function is a combination of Brownian motion and 

electrophoresis (Eq. 2-15).111 

 

g τ = Ae±!"#!e!!!!!   

Eq. 2-15 

where A is some constant and v is the particle velocity used in  Eq. 2-13. 

 

For measurement, 1 mL of sample in an aqueous buffer of known pH and ionic strength was 

analysed in a folded capillary cell at 25 °C. The results are reported as the mean ± standard 

deviation of the three runs. 

 

2.7.3 Transmission Electron Microscopy  

 

Using optical microscopy, the minimum achievable resolution is described by the Abbe limit: 
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𝑑 =  
𝜆

2𝑛 𝑠i𝑛 𝜃 

Eq. 2-16 

In this equation, d is the minimum resolvable distance, λ is the wavelength of light incident 

on the sample, and n sin(θ) gives the numerical aperture with n as the material refractive 

index and θ as half the convergence angle of the lens focus. With optical wavelengths and a 

typical numerical aperture (~ 0.9) the maximum resolution is approximately several hundred 

nanometers, which is not suitable for the study and imaging of nanomaterials.  

As described by wave-particle duality, the De Broglie wavelength for massive particles of 

momentum p, is given as: 

𝜆 =
ℎ
𝑝 

Eq. 2-17 

Hence, the use of a focused electron beam, whose wavelength and hence diffraction limit is 

dependent on their momentum, may reach significantly lower resolution and are commonly 

used for the analysis of nanoparticle and nanostructured materials.  

Transmission electron microscopy (TEM) uses electrons accelerated through a potential 

difference and focussed with condensing lenses to illuminate the sample. The incident 

electrons are then either scattered, absorbed by the sample, or pass through the sample grid 

onto the charge-coupled-device detector, thus creating a 2D image of the sample.  

Herein, TEM imaging was performed with the FEI technai G2-Spirit microscope operatured 

at 120 kV with a Gatan Ultrascan 4000 camera. To prepare silica nanoparticle samples for 

TEM imaging, 5 µL of aqueous sample was pipetted onto a carbon coated copper grid and 

allowed to air dry. Particle solutions were used as synthesised without additional staining.  

For all TEM size analysis presented, the size distributions were obtained using ImageJ 

analysis software. The data presented in Chapter 3 obtained for approximately spherical 

particles was obtained by measuring the largest diameter or each particle (Figure 2.8). 
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Figure 2.8 Example size analysis as completed for particles presented in Chapter 3, showing 

the particle diameter measured with imageJ analysis software. 

 

To characterise the asymmetrical particles presented in Chapter 5, the reported size was 

defined as the major axis of the smallest possible ellipse that may encompass the whole 

particle (Figure 2.9) 

 

 
 

Figure 2.9 TEM size analysis of asymmetric SiNPs. (A) A typical TEM image of SiNPs 

(presented in Chapter 5), (B) the image after binary conversion using imageJ software, (C) 

ellipses drawn around each particle used for size calculation. 

 

When the nanoparticle solution dries onto the TEM grid in sample preparation, it is common 

for particles to cluster together to giving to appearance of very large particles. Further, 
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discrete particles that overlap in the image are recognised as one particle in the automated 

sizing process. To provide a representative size distribution, a size exclusion parameter was 

placed to omit large clusters of overlapping particles (Figure 2.10). 

 

 
 

Figure 2.10 A TEM image (A) and corresponding size histograms without (B) and with (C) a 

size exclusion parameter to omit drying effects and overlapping particles from automated size 

analysis.  

 

2.7.4 UV-Vis-NIR Spectroscopy 

 

UV-VIS-NIR spectroscopy was used in this work to confirm the presence of SiNP-

conjugated fluorescent dyes and to quantify the amount of anti-cancer drug encapsulated into 

the drug delivery systems.  

The absorbance spectrum of a sample is determined by measuring the intensity of 

monochromatic light transmitted through a cuvette containing of the dispersion of interest 

over a range of wavelengths. The light intensity at the detector is compared to a ‘blank’ 

containing the same solvent or dispersant in an identical cuvette to obtain the sample 

absorbance as a function of wavelength.  

The absorbance spectra for FITC-labelled PAA/Arg PSiNPs and NH4OH/PAA-PSiNPs 

presented in Chapters 3, and spectra used for the quantification of the Doxorubicin loading 

capacity and release rate for Dox-loaded PAA/Arg-PSiNPs and NH4OH/PAA-PSiNPs in 

Chapter 4 were collected with an Agilent Technologies Cary Series UV-Vis-NIR 

spectrophotometer.  
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2.7.5 Fluorescence Spectroscopy 

 

Fluorescence spectroscopy is the measurement of fluorescent emission intensity of a sample 

as a function of wavelength. Typically, a monochromatic light source is used to excite the 

sample contained in cuvette, while a second monochromator is used at the detector to 

measure the intensity of florescence emission. For the fluorescence spectroscopy 

measurements presented herein the excitation wavelength was held constant and the emission 

intensity was measured across a range of wavelengths. 

The FITC-conjugated SiNP spectra presented in this thesis were collected with the Edinburgh 

Instruments FLS 980 spectrometer. Typically, 1 mL of sample (~ 0.1 mg/mL) was excited at 

488 nm in a quartz cuvette with 10 mm path length. The emission counts were accumulated 

over 3 repeat measurements recorded between 375 – 650 nm at intervals of 0.5 nm with a 

dwell time of 1 s.  

 

2.7.6 Thermogravimetric Analysis  

 

In thermogravimetric analysis (TGA) the mass of a sample is recorded as it is heated over 

time. This provides information about thermal stability and by comparison to reference 

spectra was used here to confirm the presence of specific organic functionalities on the 

nanoparticle internal and external surfaces.  

Prior to analysis, SiNPs were lyophilised and approximately 20 mg was added to a crucible 

of known mass. Measurements were performed between 30 – 650 °C with the Mettler Toledo 

TGA/DSC Star System at a heating rate of 10 °C min-1 under nitrogen flow. The first 

derivative of the mass as a function of temperature was used to identify thermal degradation 

peaks for comparison to spectra recorded of unreacted reagents. Pristine reagents were 

analysed for comparison and used without addition purification. 

 

2.7.7 Fourier-Transform Infrared Spectroscopy  

 

To confirm the presence of polymeric and amino acid functionality on the synthesised SiNPs, 

Fourier transform infrared spectroscopy (FTIR) spectroscopy was used throughout this thesis.  
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FTIR is a technique used to determine how much light is absorbed by a sample as a function 

of wavenumber. A broadband light source is used with a Michaelson interferometer before 

passing through the sample to a detector, which records the light intensity as a function of 

time as the mirror position in the interferometer changes. The fourier transform of the 

resultant interferogram is a plot of the signal intensity as a function of wavenumber and may 

be compared to the background to obtain the FTIR spectra of the sample. As molecules in the 

sample selectively absorb at characteristic wavelengths determined by their vibrational 

energy gap, peaks in the FTIR spectra may be assigned to specific functional groups. Most 

commonly solid samples are prepared for FTIR by incorporation into a pellet made of 

potassium bromide.  The pellet acts as a carrier and is itself optically transparent in the 

infrared. 

Attenuated total reflection (ATR) FTIR is a technique used to analyse samples without 

additional preparation. The internal reflection of incident light from the interferometer inside 

an ATR crystal causes an evanescent wave that will typically penetrate several microns into 

the sample dispersed in intimate contact with the crystal surface.  

For the analysis of Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs presented in Chapter 3, the 

ATR-FTIR spectra were collected using the Thermo Scientific Nicolet iS10 equipped with 

the Thermo Scientific Smart iTX ATR sampling accessory. In Chapter 5, PEI-SiNPs were 

prepared into a KBr pellet for analysis in the FTIR transmission mode also with the Thermo 

Scientific Nicolet iS10. Spectral data was collected between 650 – 4000 cm-1 with a spectral 

resolution of 2 cm-1. The as-synthesised PSiNP spectra were compared to reference spectra of 

pristine reagents to confirm their presence as internal and external particle functionalities.  

 

2.7.8 Gas Adsorption Porosimetry 

 

Gas adsorption porosimetry was used to assess the internal surface areas and porosity of the 

Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs. 

Under a vacuum at constant temperature, an inert adsorbate gas (typically nitrogen) is 

incrementally introduced to a chamber containing the solid sample. Through Van der Waals 

interactions, an amount of the gas is physisorbed onto the sample surface causing a difference 

in pressure relative to an empty reference chamber. From this, the quantity of gas adsorbed 

onto the sample is found and the molar amount required to form a monolayer of adsorbate on 

the sample surface is computed to give a specific surface area. In the case of micro- and 
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meso- porous samples, overlapping van der waals potentials inside the pores cause 

condensation at lower relative pressures than on an unbounded surface, where the pressure of 

adsorption is dependent on the pore diameter. As such, the adsorption and desorption 

isotherms (plotted as adsorbed gas quantity as a function of relative pressure) contain 

information about the pore size distribution, pore shapes, and surface area of the sample.112  

The calculation of the monolayer capacity and hence sample surface area is achieved using 

the Brunauer–Emmett–Teller (BET) equation: 

 
1

𝜈[ 𝑝!𝑝 − 1]
=  
𝑐 − 1
𝜈!𝑐

𝑝
𝑝!

+
1
𝜈!𝑐

 

Eq. 2-18 

where ν is the adsorbed gas quantity, νm is the monolayer capacity, p/p0 is the relative 

pressure in the sample chamber, and c is the BET constant.  

The gradient and intercept of a linear plot of 1/ν[(p/p0)-1] vs (p/p0) is used to calculate νm and 

c, and the BET surface area is given by: 

 

𝑆!"# =  
𝜈!𝑁𝑠
𝑉𝑚  

Eq. 2-19 

with N as Avagadro’s number, s as the absorption cross section of the adsorbate gas, V as the 

molar volume of adsorbate gas, and m as the mass of the sample.112  

While several theoretical models exist for the calculation of pore size distributions, most 

notably the t-plot method for micropores and BJH theory for cylindrical mesopores, non-local 

density functional theory (NLDFT) is currently considered the most accurate method for 

samples containing micro- and meso-pores. NLDFT modelling of interactions between the 

adsorptive gas and the substrate is used to generate theoretical isotherms and corresponding 

pore distributions for differing materials, pore sizes, and pore morphologies. Comparison 

between theory and the experimental data is used to generate a representative pore size 

distribution.  

For the porosity data presented in Chapter 3, nitrogen gas adsorption-desorption isotherms 

were recorded using the Micromeritics Tristar 3000 at 77 K with a 10 s equilibration interval. 

Before measurement, the samples were freeze-dried and degassed under vacuum at 100 °C 

for 4 h. The specific surface area of the sample was found using the (BET) plot as described 
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by Roquerol et al. in the relative pressure range of 0.02 – 0.16.113 The pore size distribution 

was determined by NLDFT analysis of the adsorption data in the relative pressure range of 0 

– 0.9 using the Micromeritics Microactive analysis software.  

 

 

2.8 PEI-SiNP/HA and PEI/HA Hydrogel Characterisation 
 
 

2.8.1 Quantification of the PEI-SiNP/HA Hydrogel Swelling Ratio 

 

Freshly prepared hydrogel samples in the swollen state were weighed before drying under 

nitrogen flow and then in an oven at 50 °C overnight. Hydrogels were considered dry when 

the weighed mass reached a stable minimum. The dried gels were then weighed, and the 

swelling ratio was calculated as the average of three replicates using the equation as follows:  

 

Swelling Ratio (%) = [(Swollen Mass)/(Dried Mass)] × 100 

Eq. 2-20 

To study the reversibility of the swelling profile, the hydrogels were then rehydrated in 

ultrapure water for 24 h and weighed. This mass was used as the ‘swollen mass’ in Eq. 2-20 

to find the swelling ratio after drying.  

 

2.8.2 Haemolysis Testing of PEI-SiNP/HA Hydrogel  

 

Whole blood obtained from mice was diluted 25 × with 1 × PBS to obtain a 4% v/v 

suspension. 0.5 mL of the diluted blood suspension was added to each hydrogel. The samples 

were incubated for 1 h at 37 °C before centrifugation at 1000 × g for 5 min. 0.1 mL of the 

supernatant was subsequently transferred to each well of a 96-well plate. The absorbance was 

measured at 576 nm using a microplate spectrophotometer (Molecular Devices SpectraMax 

M2e). Whole blood suspension incubated with PBS was used as negative control and red 

blood cells lysed with 0.05 % v/v Triton X-100 was used as the positive control. The 

percentage haemolysis was calculated using the following formula: 
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Haemolysis (%) = [(OD576 nm of hydrogel sample − OD576 nm of negative 

control)/(OD576 nm of positive control − OD576 nm of negative control)] × 100 

Eq. 2-21 

 

2.8.3 Rheological Characterisation of PEI-SiNP/HA Hydrogels 

 

For a sample under shear deformation, 3 properties can be defined: the shear stress 𝜎, in 

terms of the applied force, 𝐹, and the cross-sectional area, 𝐴; the shear strain 𝛾 in terms of the 

deformation length L, and the material height, H; and the shear rate γ, the time derivative of 

γ.114 

σ =  
F
A 

Eq. 2-22 

γ =  
L
H 

Eq. 2-23 

γ =  
dγ
dt  

Eq. 2-24 

which for oscillatory strains are related by the following equations: 

 

σ = Gγ!sin (ωt) 

Eq. 2-25 

σ =  ηγ t =  ηγ!ω cos ωt =  ηγ!ω sin ωt+  
π
2  

Eq. 2-26 

where G is the shear modulus, η is the viscosity, and ω angular frequency. Eq. 2-25 describes 

the stress response of a perfect Hookian solid, while Eq. 2-26 describes that of a Newtonian 

fluid. The stress response of a visco-elastic material characterised by both solid and fluid 

behaviours will be an oscillatory function out of phase with the applied strain by some phase 

angle δ between 0 and π 2. This gives rise to the complex shear modulus, G∗: 
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G∗ =  
σ!
γ!

e!! =  G! +  iG′′ 

Eq. 2-27 

where the storage modulus, G′, describes the elastic component of the response, and the loss 

modulus, G′′, details the energy lost during deformation and hence the viscous component. 

These are defined independently as: 

 

G! =  
σ!
γ!

cos (δ) 

Eq. 2-28 

G!! =  
σ!
γ!

sin (δ) 

Eq. 2-29 

The ratio of these two moduli is the loss factor, tan (δ), is thus the ratio between the viscous 

to elastic effects, and is used to describe the relative dominance of each regime.114 

tan δ =  
G′′
G′  

Eq. 2-30 

The rheological properties of PEI/HA and PEI-SiNP/HA hydrogels were characterised with 

the Anton Paar MCR 302. Freshly prepared hydrogels were used with an 8 mm parallel plate 

geometry and a 0.5 mm gap at 20 °C for all experiments. Frequency sweep measurements 

were performed at 1 % shear strain between 0.1 – 10 Hz, and strain sweep measurements 

were performed at a frequency of 1 Hz between 1 – 1000% shear strain. The self-healing 

properties of the hydrogels were assessed with cyclical low (1%) and high (1000%) shear 

strain periods of 30 s at a frequency of 1 Hz.  

 

2.8.4 Macroscopic Self Healing Test of PEI-SiNP/HA Hydrogels 

 

To demonstrate the macroscopic self-healing of PEI-SiNP/HA hydrogels, two hydrogels were 

prepared with and without CBBG dye. For the incorporation of blue dye into the hydrogel, 30 

µL of 0.1 mg/mL CBBG was added to the PEI-SiNPs prior to the addition of HA and HCl 

described in section 2.5. The freshly prepared hydrogels were cut with a scalpel and the cut 
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surfaces were placed together in close contact in a sealed container at room temperature. 

After 1 h, the hydrogel was suspended under its own weight, and stretched by hand to test the 

network healing. 

 

2.9 Drug Loading and Release of Methotrexate from PEI-SiNP/HA 
Hydrogels 

 
The anticancer drug, methotrexate (MTX) was incorporated during hydrogel formation. 10 

µL of 33 mg mL-1 MTX aqueous solution and 200 µL of PEI-SiNP stock containing 67.2 µM 

of silica surface bound PEI were combined and then added to 58.4 µL of 10 µM HA and 26.6 

µL of ultrapure water before mixing with a vortex mixer. 5 µL of 2 M hydrochloric acid was 

added and the solution was mixed again with a vortex mixer. The supernatant was removed 

and the gel was rinsed thrice with ultrapure water. To determine the loading efficiency, the 

amount of non-encapsulated drug in the supernatants was quantified by UV-vis spectroscopy 

at 303 nm and compared to a standard calibration curve of known MTX concentrations. 

 

 
 

 

Figure 2.11 An optical absorbance calibration plot collected for MTX at 303 nm for use in 

quantifying the MTX loading efficiency and release rates with PEI-SiNP/HA hydrogels. 
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To determine the mass of drug loaded into the hydrogel, the total mass of non-encapsulated 

drug was subtracted from the initial drug mass added. The loading efficiency was calculated 

using the following formula: 

 

Drug Loading Efficiency (%) = ((Mass of loaded drug)/(Mass of drug added)) x 100 

Eq. 2-31 

To assess the drug release rate, freshly prepared MTX loaded PEI-SiNP/HA and PEI/HA gels 

were dispersed in 1.0 mL of PBS (pH 7.4) under shaking at 37 °C. At set time points, 500 µL 

of the supernatant was removed and replaced with fresh PBS. The concentration of released 

drug in the supernatant was quantified with absorption spectroscopy at 303 nm, and the total 

released mass was calculated. The drug release kinetics and mechanisms were evaluated 

using the Korsmeyer-Peppas model as described in Section 2.3. 
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3 Synthesis and Characterisation of 

Arginine/Polyacrylic Acid Polyelectrolyte 

Complex Templated Porous Silica Nanoparticles 
 

3.1 Motivation 
 

Porous silica nanoparticles (PSiNPs) are amongst the most promising vehicles for drug 

delivery. Made of chemically inert silica, their biocompatibility, large internal pore volumes, 

high surface areas, and ease of functionalisation, have long attracted attention in medical 

research115 and spurred the approval of silica-based ‘C dots’ for Phase 2 clinical trials.116,117 

PSiNPs are most commonly synthesised through a modified Stöber method, a sol-gel process 

using the surfactant, cetrimonium bromide (CTAB), as a template for the porous structure. 

Particle size and morphological control is achieved though varying reagent concentrations, 

reaction temperature, and pH. However, this method does not typically allow the synthesis of 

highly uniform sub-100 nm particles, which are optimal for prolonged blood circulation, 

tumour accumulation, and enhanced cell uptake.118,119 Adaptations of this method have been 

used to access the sub-100 nm range, but they often lead to poor monodispersity, poor 

reproducibility, or require complex synthetic protocols.120–122 In addition, all of these 

protocols require additional calcination or chemical extraction steps to remove the templating 

surfactant to access the porous structures, modify the chemical properties of the final 

products, and possibly reduce toxicity before biological application.  

To achieve efficient drug delivery, there is a strong impetus for the chemical 

functionalisation of PSiNPs with cancer targeting ligands and/or stimuli-responsive moieties 

for controlled or triggered drug release.123 However, the current preparation of functionalised 

PSiNPs typically involves lengthy post-synthetic modifications with multiple synthesis, 

purification, and characterisation steps, significantly increasing the time and cost of 

synthesis. This in turn greatly decreases the likelihood of their successful translation into 

industrial and clinical use. Therefore, there remains a crucial need for a facile, reproducible, 

and cost-effective synthetic method to obtain monodisperse sub-100 nm PSiNPs with 
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intrinsic cancer targeting and stimuli-responsive drug release properties without the 

requirement for further post-synthetic modifications. 

The polyelectrolyte complex (PEC) templated synthesis method has emerged as a promising 

strategy for the facile preparation of nanoparticles. As introduced in Chapter 1, the mixing of 

oppositely charged polymers or charged polymers with small counterions forms PECs whose 

size, polydispersity, surface properties, and chemical functionality may be precisely tuned. 

However, their application is limited by their poor stability under changes to the pH, ionic 

strength, and temperature of their surrounding media. Their use as scaffolds for the formation 

of nanoparticles, however, can enhance their stability and has been used for various types of 

nanoparticles suitable for drug delivery or biological imaging such as PSiNPs,72,100 

CaCO3,124,125 zeolitic imidazolate framework-8,126 and lanthanide-doped gadolinium oxide 

nanoparticles.127  

Recently, the superior ability of divalent cations to crosslink PAA chains and form small, 

monodisperse PECs was demonstrated. The use of Mg2+ and Ca2+ to complex with PAA in 

hollow silica particle synthesis gave both smaller particle sizes and narrower size 

distributions compared to monovalent cations NH4
+, K+, and Na+.99 However, the PAA 

templates within the synthesised HSNPs were easily removed by rinsing with water during 

purification, resulting in the loss of potential functionality. In contrast, the use of polyvalent 

poly(L-glutamic acid) with poly(2-(N,N-diethylamino) ethylmethacrylate) was found to give 

more stable PEC templates that were retained after PSiNP synthesis and purification.72 The 

hybrid PSiNPs were shown to permit doxorubicin (Dox) loading and confer pH responsive 

drug release. Similarly, the retention of PAA within CaCO3 and zeolitic imidazolate 

framework-8 nanoparticles templated from PAA/Ca2+ and PAA/Zn2+, respectively125,126 after 

synthesis has afforded a high drug loading capacity and a pH responsive drug release kinetic. 

However for these systems, electron microscope imaging showed that the size distributions of 

the synthesised nanoparticles remained broad. There is thus a need to further explore and 

tailor the use of other PEC combinations to improve the uniformity and retain the PEC 

constituents within the nanoparticles to provide desirable functionalities for biomedical 

applications in a facile and cost-effective manner.  

Herein, we report a novel one-pot synthesis method to obtain monodisperse, sub-100 nm 

PSiNPs with intrinsic cancer targeting, efficient drug loading, and pH responsive drug release 

behaviour by exploiting the unique alcohol induced polyelectrolyte complexation of L-

arginine (Arg) and PAA (Figure 3.1). The efficacy of Arg in the formation of PECs and its 

ability to template the synthesis of PSiNPs is further compared to a second cation. The key 



 

81 

 

motivations behind the choice of Arg and PAA in the PEC template are as follows: (1) 

Cationic Arg is expected to undergo strong electrostatic interactions with anionic PAA to 

form highly uniform, colloidally stable PECs, and act as a basic catalyst for silane 

mineralisation on the Arg/PAA PEC network to yield PSiNPs with high porosity and surface 

areas. (2) The retention of both PAA and Arg within the PSiNPs facilitates efficient 

anticancer drug loading through enhanced electrostatic interactions, as well as promoting 

acidic pH responsive drug release. (3) Surface presentation of Arg on the PSiNPs is expected 

to confer excellent colloidal stability and cancer targeting capabilities. Due to 

argininosuccinate synthetase (ASS) deficiencies in many solid cancers such as glioblastoma 

multiforme (GBM), melanoma, and prostate, auxotrophic tumour cells greatly rely on 

exogenous Arg to sustain their development and progression.128–130 The Arg transporter, 

cationic amino acid transporter-1 (CAT-1), has been found to be overexpressed in many 

malignancies to enhance Arg uptake and accumulation in tumour cells.131 There is thus 

significant potential to improve the delivery of anticancer therapeutics to tumour cells via 

Arg functionalisation of nanocarriers. Indeed, Wang et al. recently demonstrated efficient 

delivery of Mn2+ and Dox using Arg-capped manganese silicate nanobubbles to give 

significant tumour suppression in a Huh7 xenograft nude mice model.132 Despite the 

promising results, this cancer targeting strategy remains poorly exploited in nanoparticle 

mediated drug delivery systems. 

In this chapter we discuss the design and synthesis of the PSiNPs. The parameters influencing 

the formation of optimal PEC templates for PSiNP synthesisare explored and then the size 

control, pore structures, and chemical functionalities of the PSiNPs are discussed in the 

context of cancer targeted drug delivery. The application of these particles, including drug 

delivery and release profiles, biocompatibility evaluation, and an assessment of targeting 

efficacy, is discussed in Chapter 4 
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3.2 Effect of Isopropanol/Water Volume Ratio on the Formation and Size 

of Arg/PAA Polyelectrolyte Droplets 
 

For the formation of monodispersed PECs, PAA and Arg were mixed in water at a molar 

ratio of 1:230 before the addition of IPA to induce formation of aqueous PEC droplets, which 

act as templates for the subsequent hydrolysis and condensation of silanes (Figure 3.1).  

 

 
 

Figure 3.1 A schematic showing the polyelectrolyte templated synthesis of Arg/PAA-

PSiNPs. (A) PAA and Arg are initially dissolved in water, and (B) upon addition of 2-

propanol (IPA), the electrostatically associated PAA and Arg assemble into aqueous PECs in 

bulk IPA. (C) The PECs act as a template for the hydrolysis and condensation of the silica 

precursor triethoxysilane (TEOS) to form hybrid Arg/PAA-PSiNPs with intrinsic PAA and 

amino acid surface functionality. 

 

It is widely reported that aqueous PAA and counterion mixtures form PECs in binary 

water/alcohol solvents at high alcohol volume fractions,74,95,99 but the effect of varying the 

binary solvent ratios on the properties the resultant PEC is less understood. Hence, the 

influence of increasing the IPA volume on the formation and stability of the PECs was first 

investigated using dynamic light scattering (DLS). The correlation function curve, which is a 

plot of the intensity signal autocorrelation over a very short time scale, provides important 

information on the size and polydispersity of a particle suspension undergoing Brownian 

motion. To monitor colloid formation, the correlation function curves of Arg/PAA, 
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NH4OH/PAA, and PAA formed under different IPA volume fractions were collected. Figure 

3.2 shows that for each PEC or PAA, a critical IPA volume is required for the formation of a 

stable particle suspension, which is characterised by a smooth, single exponential decay of 

the correlation function curve. For ease of interpreting the relationship and to explain the 

mechanisms involved in the IPA-induced colloid formation and stabilisation, a plot of the 

correlation function y-intercept against the IPA to water volume fraction is presented (Figure 

3.3). The correlation function y-intercept gives an indication of the signal-to-noise ratio of the 

sample. A value closer to 1 indicates that the signal from a measured sample is high and 

taken together with the smooth exponential decays seen in correlation function curves shown 

in Figure 3.2, signifies that stable particles were formed. 

 

 
 

Figure 3.2 DLS correlation function curves for (A) Arg/PAA, (B) NH4OH/PAA, and (C) 

PAA complexes formed at different IPA volume fractions. 
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As seen from Figure 3.3, the correlation function y-intercepts of the Arg/PAA PECs 

remained approximately constant between 0.3 – 0.6 when the IPA volume fraction was 

increased from 0 – 50%. Within this range, the correlation function curves are not described 

by a single exponential decay, rather they all show multiple decay regimes indicative of 

polydisperse complexes. From 60 – 80% v/v IPA, a marked increase of the correlation 

function y-intercept to ~0.97 was observed, indicating that PECs with much greater stability 

were formed. A further increase in IPA to more than 80% v/v resulted in the precipitation of 

the PECs. The complexation of the basic amino acid, Arg, with a polyanion such as 

polyoxometalates has been reported to occur via electrostatic interactions with the guanidium 

group of Arg and salt-bridged hydrogen bonds between the α-NH4
+ and α-COO- of adjacent 

Arg molecules.133,134 Due to the presence of excess Arg (acrylic acid monomer to Arg 

stoichiometric ratio = 1 : 9), the charged stabilised PECs are expected to be well dispersed in 

water, with low solubility in IPA. As the dielectric constant of the binary mixture decreases 

with increasing IPA volume fractions135, the electrostatic interaction parameter, which 

contributes to the solution free energy for the oppositely charged Arg and PAA, is enhanced 

as it is inversely proportional to ε-3/2.36,136 This effectively promotes liquid-liquid phase 

separation of aqueous Arg/PAA PEC droplets which are stable and exist in equilibrium with 

the continuous phase at a critical IPA volume of 60%.  

 

 
 

Figure 3.3 A summary of data presented in Figure 3.2. Changes in the dynamic light 

scattering measured correlation function y-intercepts of Arg/PAA, NH4OH/PAA, and PAA as 

a function of IPA volume and dielectric constants137. 
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A similar trend was observed with NH4OH and PAA in which stable NH4OH/PAA PECs 

were formed only between 80 – 99% v/v IPA. Below this concentration range, the y-axis 

intercept values are between 0.12 – 0.33 and the decay profiles are all characterised by 

multiple exponentials. The lower IPA volume required to induce Arg/PAA PEC formation 

could be attributed to the higher cationic charge density of Arg in its guanidinium group, and 

its ability to act as a crosslinker through salt-bridged hydrogen bonds between anionic PAA 

chains, thus giving rise to stronger electrostatic interactions within the PEC. It is also worth 

noting that Arg/PAA PECs had higher correlation function y-intercept values than the 0.23 – 

0.56 seen for NH4OH/PAA at all concentrations below the critical IPA volumes. 

The behaviour of PAA alone with varying IPA/water volume fractions was also evaluated for 

comparison. Unlike the Arg/PAA and NH4OH/PAA PECs systems, PAA undergoes liquid-

liquid phase separation to form single component particles at much lower IPA volumes of 30 

– 50% v/v. This phenomenon is due to a different mechanism in which the solubility and 

conformation of PAA were affected by changes in solvent quality due to the complexation of 

the added IPA with water molecules.61 Whilst PAA is separately soluble in water and IPA, its 

solubility is affected in the mixture. Initially, the PAA chains were ionised and fully solvated 

due to hydrogen bonding with water. However, as more water/IPA complexes formed with 

the addition of increasing IPA volumes (0 – 30% v/v), PAA gradually becomes desolvated 

due to the reduced availability of free water molecules. This resulted in the stepwise increase 

in the signal-to-noise ratio or correlation function y-intercept observed. Despite the formation 

of water/IPA complexes, the water molecules remained in excess to solubilise the PAA 

chains. At a critical IPA range (30 – 50% v/v), the mixture is composed almost entirely of 

water/IPA complexes, which are a poor solvent for PAA. The PAA droplets were thus the 

most stable with correlation function y-intercepts of > 0.75 and smooth correlation function 

curves obtained. Above this concentration, all the water molecules were sequestered within 

the water/IPA complexes and any additional IPA exists simply in bulk and is thus able to re-

solubilise the PAA chains through hydrogen bonding. This results in the dissolution of PAA 

droplets and a decrease in the correlation function y-intercepts to baseline levels (~ 0.3) 

above 80% v/v IPA. 

The size distributions of stable droplets obtained at the critical IPA volumes were further 

evaluated. As seen from Figure 3.4A, monodisperse Arg/PAA PECs with hydrodynamic 

diameters of 114 ± 3 nm (polydispersity index, PDI = 0.03) and 77 ± 1 nm (PDI = 0.01) were 

obtained at 60 and 80% v/v IPA, respectively. This result contrasts favourably with the 



 

86 

 

NH4OH/PAA PECs, which had considerably broader size distributions with hydrodynamic 

diameters of 103 ± 1 nm (PDI = 0.23) and 122 ± 3 nm (PDI = 0.13) at 80 and 99 % v/v IPA, 

respectively (Figure 3.4B). As 80% v/v IPA yields stable PECs with comparable sizes in both 

Arg/PAA and NH4OH/PAA, this solvent condition was selected for subsequent experiments 

investigating PEC size control and their use as templates for PSiNP synthesis. Although 

stable, narrowly dispersed colloids with hydrodynamic diameters ranging from 194 – 273 nm 

(PDIs of 0.04 – 0.11) were observed with PAA (Figure 3.4C), the low pH of the reaction 

mixture renders the colloidal system unsuitable for use as templates for PSiNP synthesis (to 

be discussed in Section 3.3). 

 

 
 

Figure 3.4 Intensity weighted size distributions of stable (A) Arg/PAA, (B) NH4OH/PAA, 

and (C) PAA droplets formed at the critical range of IPA/water volume fractions 

corresponding to the coloured boxes shown in Figure 3.3. 
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3.3 Effect of Varying Arg, NH4OH, and PAA on the Size and Dispersity of 

Arg/PAA and NH4OH/PAA Templates 
 

Application in targeted drug delivery places stringent restrictions on the size and dispersity of 

PECs that can be used as templates in PSiNP synthesis. As discussed previously, the particle 

size is a key determinant in blood circulation time, cellular uptake, and ultimately, particle 

accumulation at the tumour site. It hence follows that for well-defined uptake, toxicity, and 

drug delivery properties, one also requires excellent monodispersity. As such, we next 

investigated the influence of varying Arg, NH4OH, and PAA on the size of the PEC colloidal 

templates using DLS. It was determined in Section 3.2 that the 80 % (v/v) IPA solvent 

condition was optimum for the formation of stable PECs with comparable seizes for both 

Arg/PAA and NH4OH/PAA mixtures. Hence, in varying the concentrations of Arg, NH4OH, 

and PAA, the total aqueous and IPA volumes were maintained, such that the IPA volume 

fraction was fixed at 80 % for all reported conditions.  

By keeping the PAA concentration constant at 111.1 µM, an increase in Arg from 2.0 to 30.8 

mM led to an increment of Arg/PAA PEC sizes from 389 ± 1 to 72 ± 2 nm; with the PDIs 

remaining below 0.05 (Figure 3.5). This represents an increase in PAA monomer:Arg ratio 

from 1:0.7 to 1:11. As a corresponding pH rise from 6.5 to 9.5 with Arg addition was 

observed (Table 2), the greater deprotonation of carboxyl groups in PAA (pKa 4.5)138 could 

have led to increased electrostatic interactions and sequestration of Arg as it is being added. 

The ability of Arg to crosslink adjacent PAA chains via electrostatic interactions and salt-

bridged hydrogen bonding (Figure 3.1) also further acts to enhance packing of more PAA and 

Arg, thereby resulting in the greater PEC diameters observed.  
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Figure 3.5 Changes in the dynamic light scattering measured hydrodynamic diameters and 

polydispersity index of Arg/PAA PECs formed by varying Arg with PAA fixed at 111 µM. 

 

Table 2 pH values of PEC mixtures prepared with 2.0 – 30.8 mM of Arg or NH4OH with a 

fixed 111 µM of PAA in 80% v/v solution of IPA in water. 

 

Arg	or	NH4OH	

concentration	

(mM)	

pH	of	Arg/PAA	

PEC	mixtures	

pH	of	NH4OH/PAA	

PEC	mixtures	

2.0	 6.5	 6.0	

3.9	 6.8 6.3 

7.7	 7.3 7.0	

15.5	 8.0	 7.5	

25.4	 9.0	 9.0	

30.8	 9.5	 9.3 
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Despite possessing the same concentrations and PAA monomer/counter ion ratios, and 

having comparable pH values, the size trend observed for NH4OH/PAA complexes is not the 

same as that for Arg/PAA PECs. Increasing NH4OH from 2.0 – 15.5 mM gave an increase in 

peak NH4OH/PAA complex size from 70 ± 2 to 90 ± 1 nm but then followed by a decrease to 

56.6 ± 1.0 nm for 30.8 mM NH4OH (Figure 3.6). The size distributions of the NH4OH/PAA 

complexes were also significantly broader compared to the Arg/PAA complexes, with PDI 

values in excess of 0.24 over the range of NH4OH tested. This result could be attributed to 

the lower charge density of the monovalent NH4
+ compared to Arg which results in 

diminished electrostatic interactions with PAA, and could cause the PECs to be more loosely 

packed. It has also been shown in recent literature that monovalent counter ions form larger 

and more polydisperse PECs in similar water/alcohol systems than multivalent ions.99 .  

 

 
 

Figure 3.6 Changes in the dynamic light scattering measured hydrodynamic diameters and 

polydispersity index of NH4OH/PAA PECs formed by varying NH4OH with PAA fixed at 

111 µM. 

 

The effect of varying PAA on the Arg/PAA template size was next investigated. PAA was 

found to have a greater influence on the size of the PECs formed at a fixed Arg concentration 

of 25.4 mM. As seen from Figure 3.7, increasing PAA concentration from 25 to 400 µM led 

to a greater diameter increase from 50 to 130 nm for the Arg/PAA PECs. Throughout this 
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concentration increase there is a large excess of Arg (PAA monomer:Arg stoichiometric ratio 

tuned from 1:37 to 1:3), and hence free Arg in solution is readily available to complex 

additional PAA leading to size increase across the full tested concentration range. The large 

size increase seen with varying PAA content (versus the relatively small increase under Arg 

variation) is likely due to the enhanced packing of more PAA chains into each PEC, which 

have much larger molecular weights than Arg, within the PECs. This finding is in agreement 

with the work by Nakashima et al. in which increased PAA/NH4
+ aggregate sizes with 

increasing PAA concentrations in ethanol/water mixtures were observed.74 Importantly, the 

low PDI values ranging from 0.02 – 0.12 were maintained through the significant size 

increase, hence presenting an efficient means to provide larger monodisperse (PDI < 0.2) 

colloidal templates for accessing larger functionalised PSiNPs.  

 

 
 

Figure 3.7 Changes in the dynamic light scattering measured hydrodynamic diameters and 

polydispersity index of PECs formed by varying PAA with Arg fixed at 25.4 mM. 
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3.4 PAA/Arg PEC Template Directed Porous Silica Nanoparticle 

Synthesis 
 

Upon identification of the optimal condition that leads to the formation of monodisperse PEC 

particles, the Arg/PAA PECs were next investigated as colloidal templates for the hydrolysis 

and condensation of silanes to yield multifunctional PSiNPs. It was found previously that 

increasing Arg from 7.7 to 30.8 mM led to a pH increase in the reaction mixture from 7.25 to 

9.5 (Table 2). As silane hydrolysis, condensation, and depolymerisation rates are higher at 

alkaline pH86, we first evaluated the influence of Arg content, and hence the pH of the 

reaction mixture on PSiNP formation. TEM images of Arg/PAA-PSiNPs formed at a near 

neutral pH of 7.25 revealed that small, poorly defined clusters in addition to a dominant 

population of PSiNPs with an average diameter of 26 ± 3 nm were formed (Figure 3.8), 

suggesting the incomplete reaction of silica precursors within the 24 h reaction period. In 

contrast, single PSiNP populations ranging from 36 ± 3 to 50 ± 5 nm in diameter were 

obtained at a more alkaline pH of 8.0 – 9.5. To ensure complete reaction of the silanes and 

thus greater reproducibility, all further syntheses were performed at pH 9.0 with 25.4 mM of 

Arg.  

The effect of varying the volume of the silica precursor triethoxysilane (TEOS) added to ~73 

nm (by DLS) Arg/PAA PEC templates on the final PSiNP size and zeta-potential was 

subsequently studied. In general, an increase in TEOS volume from 20-500 µL led to a 

progressive increase in the size of the Arg/PAA-PSiNPs obtained (Figure 3.9A).  
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Figure 3.8 TEM images and corresponding size histograms for Arg/PAA-PSiNPs 

synthesised with (A) 7.7 mM, (B) 15.5 mM, (C) 25.4 mM, and (D) 30.8 mM Arg. The 

average diameters are 26 ± 3 nm (ignoring the presence small particles arising form unreacted 

reagents post-synthesis), 36 ± 3 nm, 42 ± 4.0, and 50 ± 5 nm respectively (n = 200 for all). 

 

 

 

 

 



 

93 

 

 
 

Figure 3.9 (A) Intensity weighted DLS size distributions of the Arg/PAA-PSiNPs displayed 

in (C-F) with Z-average diameters of 61 ± 1 nm, 97 ± 3 nm, 152 ± 2 nm, and 256 ± 4 nm 

synthesised with 20, 40, 200, and 500 µL TEOS respectively. (B) The polydispersity index 

and zeta-potentials at pH 7.4 of the Arg/PAA-PSiNPs expressed shown in (A) as a function 

of the ratio of the particle and the polyelectrolyte template diameter showing the effect of the 

under- and over-growth regimes. TEM images and diameter histograms for Arg/PAA-PSiNPs 

synthesised by adding (C) 20, (D) 40, (E) 200, and (F) 500 µL of TEOS to 70 nm (by DLS) 

polyelectrolyte colloidal templates. The average diameters determined from the TEM images 
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are (C) 42 ± 4 nm, (D) 66 ± 5 nm, (E) 100 ± 9 nm, and (F) 178 ± 28 nm, respectively (n = 

200). 

 

When 20 µL TEOS was added, Arg/PAA-PSiNPs with Z-average diameter of 61 ± 1 nm 

were obtained. This corresponded to approximately 85% of the original template diameter. 

The further addition of TEOS resulted in an overgrowth effect in which the size of the 

Arg/PAA-PSiNPs obtained exceeded the template size. For instance, at the highest TEOS 

volume of 500 µL, the PSiNPs obtained had a diameter of 256 ± 4 nm, which was 350% 

larger than the original PEC template diameter. The overgrowth of the PSiNPs beyond the 

PEC template diameter elicited a significant stepwise increase in PDIs from 0.05 to 0.17 

(Figure 3.9B). Consistent with the DLS results, TEM images confirmed that highly uniform 

and spherical Arg/PAA-PSiNPs with average diameters between 42-100 nm and with 

standard deviations of < 10% were obtained when 20 - 200 µL TEOS were added (Figure 

3.9C-E). The addition of 500 µL TEOS resulted in the largest PSiNPs with a size of 178 nm 

and with a standard deviation increase to 15%. These results clearly demonstrate the 

relationship between the colloidal template size and the amount of silane added on the size 

and uniformity of the Arg/PAA PEC templated PSiNPs obtained. A similar observation has 

also been made by Hu et al. where silica overgrowth brought about by an increase in silane 

mineralisation time with PAA/poly(L-lysine) PECs led to the formation of more dispersed 

silica nanoparticles with a loss of spherical morphology100. 

 

 
 

Figure 3.10 A schematic depiction of the three possible undergrowth and overgrowth 

regimes and their impact on surface functionality. 
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The zeta-potential of the Arg/PAA-PSiNPs in PBS (pH 7.4) was -27.9 ± 1.9 mV at 85% 

diameter of the colloidal template (Figure 3B). This is likely due to the decoration of the 

PSiNP surface with Arg whose guanidinium and α-amino groups (pKa 12.1 and 9.0 

respectively)139 have positive charges, and PAA whose deprotonated carboxyl groups (pKa 

4.5) impart a strongly negative surface charge.90,139 PAA, however, extends from the surface 

like a brush partially covering the surface bound Arg and thus contributes more strongly to 

the zeta-potential under this growth regime (Scheme 2). The zeta potential increased to -7.0 ± 

0.3 mV at 200% overgrowth. This result suggests a reduced surface presentation of the 

negatively charged PAA as the silica network filled the colloidal templates, although the Arg 

surface capping of the PSiNPs was retained due to the large excess of Arg present in the 

amino acid catalysed silica synthesis.140 However, at the maximum TEOS volume of 500 µL 

which gave a PSiNP/template diameter ratio of 350%, a drastic drop in zeta-potential to -42.4 

± 2.0 mV was observed, suggesting that the particle surface was mainly comprised of 

deprotonated silanol groups without the presence of PAA or Arg. Beyond the addition of a 

critical amount of TEOS, the full occupation of the Arg/PAA PECs by the silica and 

complete consumption of the individual reagents in the drastically overgrowth regime 

plausibly led to the loss of surface functionalisation by these moieties. Taken together, these 

results demonstrate that to maintain the desired surface presentation of Arg and PAA on the 

PSiNPs, which have important consequences on cellular targeting effects, the amount of 

TEOS added needs to be optimised in order to obtain a PSiNP diameter that does not 

significantly exceed that of the template. Correspondingly, to access larger PSiNPs sizes that 

retain their monodispersity and surface functionality, the size of the Arg/PAA PEC template 

used could be increased according to the conditions discussed in Section 3.3. 

In contrast, the addition of 20 – 500 µL of TEOS to ~100 nm (by DLS) NH4OH/PAA PECs 

templates did not give the same effect on the size and zeta-potential of the resultant PSiNPs 

obtained (Figure 3.11). The smallest TEOS volumes of 20 and 40 µL respectively gave the 

largest particles with hydrodynamic diameters of 112 and 153 nm (PDI 0.11 and 0.13) 

compared to 62 and 97 nm (PDI 0.05 and 0.08) for the Arg/PAA-PSiNPs. This is likely 

caused by template instability and resultant particle coalescence during synthesis due the 

inability of NH4OH to efficiently crosslink with PAA during PEC formation. Contrary also to 

Arg/PAA-PSiNPs, the TEOS volume added to the NH4OH/PAA PECs showed no correlation 

with the zeta-potentials of the PSiNPs obtained, which were found to be between -30 to -40 

mV independent of the particle growth regime (Figure 3.11). As will be seen later, the 
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absence of PAA functionality within the NH4OH/PAA-PSiNPs was confirmed with ATR-

FTIR and TGA, hence the surface charge could be predominantly attributed to the surface 

silanol groups. Notably, the zeta-potential value of the significantly overgrown Arg/PAA-

PSiNPs (PSiNP/template diameter ratio of 350%) is close to the values obtained for the 

NH4OH/PAA-PSiNPs, suggesting the lack of surface PAA or Arg functionality discussed 

above. 

 

 
 

 

Figure 3.11 Z-average diameters and zeta-potentials of NH4OH/PAA-PSiNPs synthesised 

with 50 µM PAA and 25.4 µM NH4OH over a range of TEOS volumes. 
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3.5 The Scalability of Arg/PAA-PSiNP and NH4OH/PAA-PSiNP 

Syntheses 
 

For the successful clinical translation of the Arg/PAA-PSiNPs as drug carriers, the scalability 

and reproducibility of the synthesis are imperative, and as such were tested herein. 

Following the same protocol but increasing the volumes of each reagent used, the synthesis 

can be reproducibly scaled-up 25-fold to a 250 mL volume with a dried particle mass yield of 

approximately 100 mg. As shown in Figure 3.12, the larger scale synthesis had no 

detrimental effects on the PSiNP morphology and monodispersity. The diameter as measured 

by TEM showed a modest decrease in diameter 49.3 ± 5 nm, compared to 66 ± 5 nm 

produced from a 10 mL synthesis volume (Figure 3.9; Section 3.4), while maintaining the 

spherical shape and ~ 10 % standard deviation. The synthesis reproducibility was evidenced 

by DLS analysis of repeat syntheses, where the Z-average diameters of PSiNPs synthesised 

from three different batches (250 mL) had a variation of less than 5 nm. 

In contrast, PSiNPs synthesised with NH4OH/PAA colloidal PEC templates were found to 

have much poorer size uniformity and reproducibility. Representative TEM images showed a 

wide size distribution with average diameter of 55.4 ± 8.5 nm (Figure 3.13). As mentioned 

earlier in Section 3.4, the polydispersity of the NH4OH/PAA PECs likely arose from the 

lower charge density of NH4
+, which results in weaker electrostatic interactions with PAA. 

The batch-to-batch variability was also found to be large, with Z-average diameters ranging 

between 73 – 151 nm across 3 repeat syntheses (Figure 3.13C). The broad PEC size 

distribution results in the non-uniform deposition and growth of porous silica to cause 

significant size variations between batches. These results underscore the benefits of using 

Arg/PAA PECs as templates for producing highly uniform PSiNPs for biomedical 

applications. 
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Figure 3.12 Size distributions for Arg/PAA-PSiNPs synthesised in a 25-fold scaled-up 

synthesis. (A) Representative TEM image, (B) corresponding diameter histogram showing an 

average diameter of 49 ± 5 nm (n = 248), and (C) DLS size intensity distributions for 3 repeat 

syntheses with Z-average diameters of 131 ± 1 nm, 134 ± 1 nm, and 128 ± 2 nm (batch 1, 2, 

and 3). The PDI values from the 3 independent synthesis batches are 0.17, 0.10, and 0.13, 

respectively. 
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Figure 3.13 (A) TEM image and (B) the corresponding size distribution histogram for 

NH4OH/PAA-PSiNPs produced in a 250 mL scaled-up synthesis. The average diameter of 

the NH4OH/PAA-PSiNPs is 55 ± 9 nm (n = 260). (B) The intensity size distribution 

determined using dynamic light scattering for 3 repeat syntheses with Z-average diameters of 

132 ± 1 nm, 151 ± 1 nm, and 73 ± 2 nm for batch 1, 2, and 3, respectively. The PDI values 

from the 3 independent synthesis batches are 0.09, 0.25, and 0.12, respectively. 
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3.6 Chemical Characterisation of Arg/PAA-PSiNPs and NH4OH/PAA-

PSiNPs 
 

One of the key benefits of using PEC templates for PSiNP synthesis is the in-synthesis 

functionalisation of the PSiNPs to confer desirable properties for cancer targeted drug 

delivery, obviating the need for any post-synthetic modifications. Hence, there is a need to 

evaluate the retention of the PEC constituents within the synthesised PSiNPs. In Section 3.4, 

zeta potential measurements were used to assess the surface functionality in 3 different 

growth regime. In this section, attenuated total reflection-fourier transform infrared 

spectroscopy (ATR-FTIR) and thermogravimetric analysis (TGA) were used to confirm the 

presence of Arg and PAA in Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs synthesised at 

comparable reagent conditions. 

For both particle types, typical silica vibration modes corresponding to Si–O–Si asymmetric 

stretching as well as Si–O and Si–OH stretching were observed at 1000 – 1250, 794, and 935 

cm-1, respectively (Figure 3.14A).141 The presence of Arg on the Arg/PAA-PSiNP was 

confirmed from the presence of common vibrational modes in the Arg and Arg/PAA-PSiNP 

spectra. The absorption bands which correspond to asymmetric –NH– bending, asymmetric –

C–O– stretching, and symmetric –C–O– stretching were observed at 1675, 1558, and 1475 

cm-1, respectively for Arg,132,142 and at  1679, 1555, and 1474 cm-1 for Arg/PAA-PSiNPs. 

Although the in-plane –C–O–H bending, asymmetric CH2 stretching, and C=O stretching 

modes typical of PAA appeared at 1413, 1450, and 1698 cm-1 in the Arg/PAA spectra, they 

also coincide with peaks assigned to Arg143. Furthermore, broad peaks for the CH2 rocking 

and C–O symmetric stretching occurring at 792 and 918 cm-1 for PAA also coincide with the 

sharper peaks for Si–O and Si–OH stretching, thus preventing conclusive confirmation of 

PAA functionalisation in the PSiNPs using ATR-FTIR. As such, TGA was further employed 

as a complementary technique to confirm the presence of PAA. The absorption spectrum for 

NH4OH/PAA-PSiNPs showed comparatively fewer spectral features. As expected, none of 

the peaks attributed to Arg were present and the above discussed in-plane –C–O–H bending, 

asymmetric CH2 stretching, and C=O stretching for PAA peaks were also not observed, 

hence indicating the absence of both Arg and PAA functionality on the NH4OH/PAA-

PSiNPs. TGA analyses further confirmed the retention of PAA and Arg functionality within 

Arg/PAA-PSiNPs whereas no detectable organic functionality was observed for 

NH4OH/PAA-PSiNPs. The thermal degradation profile of Arg/PAA-PSiNPs revealed distinct 
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weight loss peaks beginning at 229 and 316 °C which were close to the 220 and 305 °C 

observed for Arg (Figure 3.14B), thus indicating the presence of Arg within the PSiNPs. The 

existence of PAA within the Arg/PAA-PSiNPs was confirmed through the appearance of a 

weight loss peak at around 157 °C which was close to that observed at 149 °C for PAA alone 

(Figure 3.14C and D). Consistent with the ATR-FTIR data, no discernible weight loss 

ascribed to the presence of PAA was found with the NH4OH/PAA-PSiNPs (Figure 3.14E). It 

is thus evident that electrostatic interactions between NH4
+ and PAA were not sufficient to 

retain the polymer during the repeated washing steps used to remove excess reagents after 

TEOS condensation. Wan and Yu have also previously reported a similar result in which 

PAA was found to be completely removed from hollow silica nanoparticles templated from 

PAA/NH4
+ in ethanol solutions by washing96. Conversely, the increased charge density and 

efficient crosslinking ability of Arg enhances retention of PAA in the PECs and the final 

PSiNP product, which will be seen later to contribute greatly to the increased porosity and pH 

responsive drug release capabilities of the Arg/PAA-PSiNPs. 
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Figure 3.14 Chemical characterisation of Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs. (A) 

Stacked ATR-FTIR spectra showing the fingerprint regions for PAA, Arg, Arg/PAA-PSiNP, 

and NH4OH/PAA-PSiNP. TGA curves and the 1st derivatives of the weight loss curves for 

(B) Arg, (C) PAA, (D) Arg/PAA-PSiNPs and (E) NH4OH/PAA-PSiNPs, where coloured 

peaks indicate the presence of a common organic compound between samples. 
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3.7 Porosity Measurements of Arg/PAA-PSiNPs and NH4OH/PAA-

PSiNPs 
 

A dominant feature of PSiNPs responsible for their success as drug delivery vehicles is their 

porous structure. The presence of micro- (< 2 nm diameter) and meso- (2 – 50 nm diameter) 

pores facilitates the loading of therapeutics into the internal particle spaces for retention and 

later release at the target site. To determine the surface area and porosity of the Arg/PAA-

PSiNPs and NH4OH/PAA-PSiNPs, N2 adsorption-desorption measurements was performed. 

From Figure 3.15A, the N2 adsorption-desorption isotherms of both types of PSiNPs 

displayed a characteristic type IV behaviour, with the presence of type H3 hysteresis loops 

which indicates the presence of porous structures. The surface area of Arg/PAA-PSiNP 

determined using BET analysis was found to be 549 m2/g. Pore size distributions of the 

Arg/PAA-PSiNPs determined using NLDFT analysis showed pore diameters ranging from 

1.1 – 2.7 nm, with a dominant peak at 1.8 nm, clearly demonstrating the presence of 

disordered pore structures (Figure 3.15B). The corresponding data for NH4OH/PAA-PSiNP 

displayed pore distributions over a comparable diameter size range, but with significantly 

reduced pore volumes, and a lower BET surface area of 118 m2/g.  

It was previously discussed in Section 3.4 that the increased charge density and crosslinking 

ability of Arg leads to greater retention of PAA chains during the hydrolysis and 

condensation of silane species and the presence of this polyelectrolyte network gives rise to 

the particle porosity. This is consistent with the reduced electrostatic interaction between 

NH4OH and PAA and the resulting poor polymer retention within the PECs, which ultimately 

leads to reduced surface area and comparatively poor porosity for NH4OH/PAA-PSiNPs.  
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Figure 3.15 (A) N2 gas adsorption/desorption isotherms collected at 77K for Arg/PAA-

PSiNPs and NH4OH/PAA-PSiNPs and (B) the corresponding pore size distributions 

determined using non-local density function theory analysis. 
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3.8 Synthesis of FITC-Labelled Arg/PAA and NH4OH/PAA Templated 

PSiNPs 
 

To facilitate imaging and quantitative analysis of cellular internalisation (discussed in the 

following Chapter 4), the synthesis protocol presented above was adapted to yield fluorescent 

FITC-labelled Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs. This was achieved via the 

preparation of PECs as described followed by the co-condensation of TEOS and FITC-PEG-

silane. The inclusion of just 0.1 mol % of the FITC-PEG-Silane led to the incorporation of 

FITC into the as-synthesised PSiNPs which had a fluorescence emission peak at 518 nm after 

excitation at 490 nm (Figure 3.16). 

 

 
 

Figure 3.16 (A) A typical UV-Vis absorbance trace and (B) fluorescence emission spectra 

for FITC-Arg/PAA-PSiNPs and FITC-NH4OH/PAA-PSiNPs excited at 490 nm. 

 

As previously described, the Arg/PAA-PSiNPs size may be finely controlled while 

maintaining monodispersity by varying the amount of silane added to a fixed PEC template 

diameter (Section 3.4). The fine size control and size uniformity is not adversely affected by 

the inclusion of the FITC-labelled silica precursor. TEM imaging revealed that those 

synthesised with 75 µL, 400 µL and 1 mL of TEOS (total synthesis volume 250 mL) with 0.1 

mol % FITC-PEG-silane had particle diameters of 22 ± 2 nm, 52 ± 5 nm, and 84 ± 10 nm 

(Figure 3.17) 
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Figure 3.17 TEM images and corresponding size histograms for FITC-Arg/PAA-PSiNPs 

synthesised using (A) 75 µL, (B) 400 µL, and (C) 1 mL of TEOS with 0.1 molar % of FITC-

PEG-Silane. The average diameters are 23 ± 3 nm, 52 ± 5 nm, and 84 ± 10 nm respectively (n 

= 200 for all). 
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3.9 Conclusion 
 

In this chapter, a simple one-pot synthesis of monodisperse, sub-100 nm PEC templated 

PSiNPs with intrinsic polymer and amino acid surface functionality has been developed. 

Monodispersed Arg/PAA PECs with tunable diameters between 50 - 130 nm were formed by 

variation of the PAA and Arg concentrations. Upon addition of silica precursors, the 

condensation of silica species occurred selectively inside the PEC templates leading to the 

formation of monodisersed PSiNPs with instrinsic PAA and Arg surface functionality. The 

PSiNP diameter was highly tuneable between 42 – 100 nm with spherical morphologies 

standard deviations below than 10 %. Across 3 repeat syntheses the hydrodynamic diameter 

varied by less than 5 nm. It was then found that the strong electrostatic interactions between 

Arg and PAA not only led to enhanced uniformity and fine size control of both PECs and 

resultant silica nanoparticles when compared to NH4OH, but also enhanced the particle 

porosity without the need for template removal.  

We went on to evaluate the relationship between the template and silica particle size and 

defined three growth regimes characterised by differential presentation of the PEC 

components as surface ligands. To ensure the presentation of both PAA for pH responsive 

drug release, and Arg for selective uptake and accumulation into cancer cells, the PEC 

template diameter must exceed that of the silica.  

The synthetic pathway presented above provides significant benefit over those reported in 

literature, both in the particle uniformity and size control achieved below 100 nm, and in the 

intrinsic Arg and PAA functionalisation for cancer targeting and pH-responsive drug release, 

respectively. The application of this particle for targeted and pH-responsive therapeutic 

delivery is discussed in Chapter 4. 
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4 Application of Arginine/Polyacrylic Acid PEC 

Templated SiNPs for Cancer Targeted and pH-

Responsive Drug Delivery 
 

4.1 Motivation 
 

In the previous chapter, we have developed a novel one-pot synthetic protocol for the PEC 

templated synthesis of porous silica nanoparticles (PSiNPs).  The use of PECs as scaffolds 

for the condensation of silica species led to the formation of highly uniform PSiNPs with 

tunable diameters and to the in-synthesis functionalisation of the particles with the PEC 

components polyacrylic acid (PAA) and arginine (Arg).  

PAA carries ionisable carboxyl groups with a negative charge at physiological pH, and is 

thus able to electrostatically complex cationic doxorubicin hydrochloride (Dox), leading to 

enhanced loading and retention of the drug in the pores of the PSiNP. In the weakly acidic 

tumour microenvironment, closer to the pKa of PAA (pKa = 4.5)138, the reduced protonation 

state of the polymer leads to weaker electrostatic interactions with the drug which facilitates 

drug release.92,144 

Arg was chosen as a component of the PECs for its ability to crosslink PAA in the formation 

of monodispersed coacervate complexes and confer excellent colloidal stability to the as-

synthesised PSiNPs. In addition, it was also selected to confer cancer targeting capabilities. It 

is known that the endogenous arginine synthesis is disrupted by argininosuccinate synthetase 

(ASS) deficiencies in some malignant tissues, leading to auxotrophy and a dependence on 

exogenous arginine.128–130 As a result, some cancers up-regulate and overexpress the cationic 

amino acid transporter-1 (CAT-1) to enhance the cellular uptake and accumulation of 

arginine.131 Hence, the surface functionalisation of the PSiNPs with Arg to target towards the 

CAT-1 transporter was identified as means to enhance their uptake in tumour cells.  

Through the presentation of both PAA and Arg at the particle surface we demonstrated the 

loading and pH responsive release of a model anti-cancer drug Dox, and the selective uptake 

of the Arg/PAA functionalised PSiNPs by patient derived glioblastoma cells in comparison 

with non-tumourigenic neural progenitor cells. 
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4.2 Drug Loading and Release of Doxorubicin Hydrochloride From 
PAA/Arg PSiNPs 

 

To assess the drug loading and pH responsive drug release capabilities of the PEC templated 

PSiNPs, Dox, which can interact electrostatically with anionic PAA, was used as a model 

drug. As previously discussed in Chapter 3, the synthesis of Arg and PAA functionalised 

porous silica nanoparticles (Arg/PAA-PSiNPs) was achieved through a PEC templated 

synthesis. Control particles were also produced using NH4OH in place of Arg (NH4OH/PAA-

PSiNPs), which did not retain the PAA functionalisation and showed significantly reduced 

porosity.  

To achieve drug loading, Arg/PAA-PSiNPs or NH4OH/PAA-PSiNPs (2 mg/mL) were mixed 

with Dox (1, 2, or 4, mg/mL) at room temperature for 48 h under dark conditions, to prevent 

photodegradation, before removal of non-loaded drug by centrifugation. The Arg/PAA-

PSiNPs were found to have significantly higher drug loading capacity compared to the 

NH4OH/PAA-PSiNPs at 1 and 2 mg/mL of initial Dox loading concentrations (Figure 4.1; P 

< 0.05). With the Arg/PAA-PSiNPs, the highest drug loading capacity of 22% w/w was 

achieved at 1 mg/mL of initial Dox, which is comparable to that achieved with other porous 

silica nanoparticles.145–149 Although several examples of polymer grafted porous silica 

particles have exhibited higher loading capacities sometimes in excess of 50%, this is likely 

due to interaction of Dox with exterior polymer chains, which reduces the possibility for 

adding targeting or secondary surface functionality.92,144,150 A stepwise reduction in drug 

loading capacity to 16 and 8% w/w at higher Dox concentrations of 2 and 4 mg/mL, 

respectively was also observed. In contrast, the NH4OH/PAA-PSiNPs showed a maximum 

drug loading capacity of only 8% w/w at 1 mg/mL Dox. The higher drug loading capacity of 

the Arg/PAA-PSiNPs could be attributed to the higher anionic PAA retention afforded by the 

presence of Arg within the PECs as confirmed earlier by TGA (Section 3.7) and their higher 

internal pore volumes (Section 3.8). This permits enhanced electrostatic interaction with the 

cationic Dox to give higher drug encapsulation capacity within the pores of the Arg/PAA-

PSiNPs. 
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Figure 4.1 Drug loading capacity of Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs (1 mg/mL) 

incubated with 1, 2, and 4 mg/mL Dox for 48 h. 

 

The hydrodynamic diameters of the Dox-loaded Arg/PAA-PSiNPs and NH4OH-PSiNPs were 

found to be 162 ± 3 and 152 ± 1 nm, respectively, which were higher than the initial 128 ± 2 

and 132 ± 1 nm of the respective empty PSiNPs (Figure 4.2A). This result suggests that some 

amount of cationic Dox was also adsorbed on the surface of the anionic PSiNPs via 

electrostatic interactions with surface silanol groups and PAA. Indeed, the Dox-loaded 

Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs were found to have zeta-potentials of -16.0 ± 

0.7 and -19.0 ± 0.9 mV, respectively (Figure 4.2B), which were higher than the -24.6 ± 1.1 

and -36.9 ± 4.8 mV observed for empty PSiNPs (Section 3.5), hence indicating the presence 

of positively charged Dox on the surface. Notably however, neither particle carried a positive 

charge after dox loading; the measured electrophoretic mobility and hence zeta potential is a 

reflection of the net particle charge, and accounts for both cationic doxorubicin and also 

anionic PAA and surface silanols. A significantly higher drug loading was observed with the 

Arg/PAA-PSiNPs compared to the NH4OH/PAA-PSiNPs. In the case of the latter, a 

significant proportion of the loaded Dox was likely to have been adsorbed on the exterior 

surface, whilst the majority of Dox retained by Arg/PAA-PSiNPs was contained within the 
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pores with a proportionally smaller amount adsorbed on the surface. This conjecture is 

supported by the BET and NLDFT data described earlier in which the dominant pore size for 

Arg/PAA-PSiNPs was 1.8 nm (Section 3.7). This was sufficiently large for the loading of 

Dox, which has a maximum diameter of 1.5 nm.150 The smaller pore volumes and peak pore 

diameter of 1.5 nm for the NH4OH/PAA-PSiNPs led to reduced loading and retention of 

drug within the pore network compared to the Arg/PAA-PSiNPs.  

 

 
 

Figure 4.2 (A) Intensity size distributions of empty and Dox-loaded Arg/PAA-PSiNPs and 

NH4OH/PAA-PSiNPs measured by dynamic light scattering. Z-average diameters of empty 

Arg/PAA-PSiNP and NH4OH/PAA-PSiNPs were 128.4 ± 2.4 and 132.1 ± 0.1 nm, 

respectively, while that of Dox-loaded Arg/PAA-PSiNP and NH4OH/PAA-PSiNPs were 

162.4 ± 3.4 and 152.2 ± 0.2 nm, respectively. (B) Zeta-potentials of Dox loaded Arg/PAA-

PSiNPs and NH4OH-PSiNPs measured in PBS (pH 7.4). The zeta-potential values for Dox-

loaded Arg/PAA-PSiNP and NH4OH/PAA-PSiNPs were determined to be -16.0 ± 0.7 and -

19.0 ± 0.9 mV, respectively. 

 

An added benefit of incorporating PAA within the colloidal templates used for the synthesis 

of PSiNPs is the ability to provide stimuli-responsive drug release in response to an acidic 

tumour microenvironment and/or endosomal environment following cellular uptake. As the 

carboxylic acid groups in PAA have a pKa of 4.5, they are predominantly deprotonated at the 

physiological pH of 7.4, leading to the extension of the polymer chains into the pores due to 

electrostatic repulsion. This effectively enhances the interaction and retention of the Dox by 
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the extended PAA chains within the pores of the Arg/PAA-PSiNPs. Under acidic pH, 

however, the protonation of PAA’s carboxylic acid groups leads to reduced interaction 

between PAA chains and the Dox, thus facilitating drug release from the PSiNPs. As depicted 

in Figure 4.3, the Arg/PAA-PSiNPs were found to have a significantly higher drug release of 

33.3% in sodium acetate buffer (pH 5.0) compared to only 8% in PBS (pH 7.4) over 48 h. 

The low levels of Dox released at physiological pH could be attributed to charge screening 

effects by ions in the PBS to reduce electrostatic interactions between the adsorbed drug with 

deprotonated PAA and/or surface silanol groups. Although a similar pH-responsive Dox 

release profile was also observed with the NH4OH/PAA-PSiNPs, it is important to note that 

the maximum drug release attained at pH 5.0 was much lower at 17.4%. The enhanced Dox 

release from the NH4OH/PAA-PSiNPs under acidic pH is likely to be due to the fact that 

most of the Dox molecules were adsorbed on the surface through electrostatic interaction 

with surface silanol groups (pKa 4.5),151 and thus a decrease in pH to 5.0 leads to the partial 

protonation of the silanol groups and Dox displacement from the surface of the PSiNPs. The 

absence of PAA in the NH4OH/PAA-PSiNPs was confirmed earlier by TGA, thus the 

mechanism of drug loading and release is ascribed to electrostatic interactions between the 

surface silanol groups and cationic Dox. 

 

 
 

Figure 4.3 Cumulative Dox release curves from the Arg/PAA-PSiNPs and NH4OH/PAA-

PSiNPs over 48 h in PBS (pH 7.4) and sodium acetate buffer (pH 5.0). 



 

113 

 

 

The in vitro drug release kinetics and mechanisms at different pH were further evaluated 

using the Korsmeyer-Peppas model.101 Good linearity with high correlation coefficients (R2) 

of greater than 0.98 were found for all the samples thus indicating the appropriateness of this 

model for evaluating the drug release kinetics (Figure 4.4 and Table 3). As discussed 

previously, the increased protonation of PAA chains within the Arg/PAA-PSiNPs with a 

decrease in pH from 7.4 to 5.0 leads to greater and faster drug release in acidic pH. Indeed, a 

rise in the kinetic constant, km from 1.78 to 6.84 was seen with the Arg/PAA-PSiNPs, hence 

indicating more rapid drug release in acidic pH. In contrast, a smaller increase in the km from 

1.05 to 3.11 was observed for the NH4OH/PAA-PSiNPs with pH reduction (Table 2). This 

result indicates that a slower rate of drug release from the NH4OH/PAA-PSiNPs is occurring 

in acidic pH possibly via the pH-dependent displacement of surface adsorbed Dox. The 

release exponent, n, was found to range from 0.58 – 0.73 for all samples, hence indicating 

that the drug release from the Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs occurred by non-

Fickian diffusion (n  > 0.43) involving both diffusion and polymer swelling. Although PAA 

was only detected in the Arg/PAA-PSiNPs and not in the NH4OH/PAA-PSiNPs, the similar n 

values observed for both particle types at the same pH suggest a diffusion mechanism that is 

dependent on pH and electrostatic interactions.  

 

 
 

Figure 4.4 (A) A log-log plot of the first 60% of the drug release data where the gradient is 

the release exponent, n. (B) The Korsmeyer-Peppas fit, where n was found from (A) and used 

in Eq. 2-2 to determine the kinetic constant, km. 
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Table 3 The release exponent, n, and kinetic constant, km, describing the pH responsive 

release kinetics, and R2
 values for Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs. 

 

Particle	type	 pH	of	

release	

medium	

n	 km	 R2	

Arg/PAA-PSiNPs	 5	 0.73	±	0.04	 6.84	±	0.08	 0.996	

7.4	 0.58	±	0.01	 1.78	±	0.01	 0.999	

NH4OH/PAA-PSiNPs	 5	 0.72	±	0.06	 3.11	±	0.07	 0.988	

7.4	 0.61	±	0.01	 1.05	±	0.03	 0.981	
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4.3 In vitro Cytotoxicity Testing and Selective Uptake of Arg/PAA-PSiNPs 
in Primary Human Glioblastoma Cells 

 

The biosafety and cancer specific uptake of the Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs 

were assessed using two different patient-derived GBM cell lines, GBM1 and GBM20. The 

GBM1 cell line was derived from a primary tumour with no prior treatment and the GBM20 

cell line originated from recurrent GBM post radiotherapy, temozolomide, and IMA950 

treatment.102,103 Both cell models exhibit stem cell-like features as well as transcriptional 

heterogeneity at the single cell level representing classical, proneural, and mesenchymal 

GBM tumour cell subpopulations. In addition, the non-tumorigenic human adult neural 

progenitor cell line, NP1, derived from primary tissue obtained from a patient undergoing 

epileptic surgery, was included as a control.102,103  

 

 
 

Figure 4.5 Cytotoxicity of Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs in patient-derived 

glioblastoma cell lines. Graphs show cellular viability of GBM1 (A), GBM20 (B), and the 

(C) non-tumourigenic human adult neural progenitor NP1 cells treated with 0-750 µg/mL of 

Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs for 24 h. 
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The cytotoxicity of the Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs towards the various cell 

lines was first evaluated using the WST-1 assay. No significant cytotoxicity was observed in 

GBM1 and NP1, with > 80% cell viability observed up to high concentrations of 750 µg/mL 

after 24 h treatment (Figure 4.5A and C). Although a slight dose-dependent toxicity was 

observed in GBM20, the cell viability remained ≥ 77% up to a supraphysiological 

concentration of 250 µg/mL, which was much higher than the concentrations used in 

subsequent cellular uptake and drug delivery studies (Figure 4.5B). As Arg/PAA-PSiNPs and 

NH4OH/PAA-PSiNPs have similar cytotoxicity profiles in GBM20 at high concentrations, it 

is likely that the induced cyctotoxicity observed is intrinsic of silica nanoparticles and is not 

due to the added Arg or PAA surface functionality.  

To assess the tumour cell selectivity, fluorescent FITC-labelled Arg/PAA-PSiNPs and 

NH4OH/PAA-PSiNPs were synthesised by the co-condensation of FITC-PEG-silane with 

TEOS. By varying the volume of silanes added, the diameters of the FITC-labelled 

Arg/PAA-PSiNPs were readily tuned between 22.8 ± 2.3 nm – 83.9 ± 9.7 nm; with narrow 

size distributions obtained. The FITC-labelled Arg/PAA-PSiNPs demonstrated strong 

absorbance at 490 nm, with a clear fluorescence emission peak at 518 nm with excitation at 

490 nm (Section 3.8). GBM1, GBM20, and NP1 cells were incubated with FITC-labelled 

Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs with comparable Z-average diameters of 112.9 

± 2.2 and 127.6 ± 2.6 nm, respectively for 24 h. After removal of non-internalised PSiNPs, 

the cells were lysed and quantified for cellular uptake using fluorescence spectroscopy. To 

account for differences in cell number and size between cell lines, the fluorescent intensity 

values obtained were normalised for protein expression determined by BCA assay. A 

significantly higher uptake of Arg/PAA-PSiNPs compared to the non-targeting 

NH4OH/PAA-PSiNPs was observed in both GBM cell models (Figure 4.6A; P < 0.001); with 

a 2.9- and 3.7-fold higher uptake of Arg/PAA-PSiNPs in GBM1 and GBM20, respectively. 

Notably, there was no significant difference in uptake of Arg/PAA-PSiNPs and 

NH4OH/PAA-PSiNPs in the non-tumourigenic NP1 cells (P > 0.05). To further confirm the 

cellular internalization of the Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs, confocal imaging 

of the GBM20 and NP1 cells was performed. Consistent with the cellular uptake data, 

GBM20 cells treated with the cancer targeting Arg/PAA-PSiNPs exhibited stronger 

fluorescence intensities compared to the non-targeting NH4OH/PAA-PSiNPs and Arg/PAA-

PSiNP treated non-tumourigenic NP1 cells (Figure 4.6B). No apparent difference in 

fluorescence intensities between confocal images of NP1 cells treated with Arg/PAA-PSiNP 
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and NH4OH/PAA-PSiNPs was observed. These results demonstrate a marked enhancement 

of cellular uptake capabilities of the Arg/PAA-PSiNPs towards the GBM cells over non-

tumourigenic NP1 cells, thus demonstrating their potential for use as selective cancer targeted 

drug delivery vehicles. 
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Figure 4.6 Enhanced targeting and uptake of Arg/PAA-PSiNPs by patient-derived 

glioblastoma cells. (A) Cellular uptake of FITC-labelled Arg/PAA-PSiNPs and 

NH4OH/PAA-PSiNPs after treating GBM1, GBM20, and non-tumourigenic neural progenitor 

NP1 cells with 200 µg/mL of PSiNPs for 4 h. The fluorescence intensities of the internalized 

particles were normalized for cellular protein content using the bicinchoninic acid assay. 

Each data point represent mean ± standard deviation from at least two independent 

experiments performed with six replicates. *** P < 0.001; NS indicates lack of statistical 

significance (P > 0.05). (B) Confocal images of GBM20 and NP1 cells following treatment 

with FITC-labelled Arg/PSiNPs and NH4OH/PAA-PSiNPs. 
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4.4 The Effect of Arg/PAA-PSiNP Overgrowth on Cellular Uptake 
 

As discussed in Section 3.4, the relationship between the PEC template diameter and the 

PAA/Arg-PSiNP diameter can be used to modulate the presentation of both PAA and Arg at 

the particle surface (Figure 3.10). Three possible growth regimes were described and are 

summarised here: 

• ‘Undergrowth’. The Arg/PAA-PSiNP diameter is less than that of the PEC template 

leading to presentation of both PAA and Arg at the surface. 

• ‘Slight Overgrowth’. The Arg/PAA-PSiNP diameter is larger than the PEC so as to 

cover the PAA scaffold and prevent its surface presentation. Free Arg in solution may 

still catalyse the silica condensation and functionalise the PSiNP surface via 

electrostatic interaction between protonated amines in the guanidinium group of Arg, 

and anionic silanol groups at the silica particle surface. 

• ‘Significant Overgrowth’. The Arg/PAA-PSiNP diameter far exceeds that of the PEC 

template such that the PAA and Arg of the PEC scaffold may not present at the 

surface, and all free Arg in solution has been exhausted. Only silanol groups decorate 

the PSiNP surface.  

 

Considering the proposed role of Arg in the cancer-selective cellular uptake behaviour, and 

its modulation with overgrowth regime, the cellular uptake of the significantly overgrown 

Arg/PAA-PSiNPs was thus further investigated using GBM20 cells. For this, the amount of 

TEOS added to the initial PEC template was increased to obtain significantly overgrown 

Arg/PAA-PSiNPs (final PSiNP/template diameter ratio of 311%) with a zeta-potential of -

37.2 mV (Figure 4.7), which was indicative of deprotonated silanol groups at a particle 

surface devoid of Arg functionalisation. 

Compared to the Arg/PAA-PSiNPs synthesised with 40 µL of TEOS (PSiNP to PEC template 

diameter ratio of 157 %), which have shown tumour specific targeting earlier (Figure 4.6A), a 

significant decrease in the normalised fluorescent intensity from 933 a.u. to 558 a.u. was 

seen, thus demonstrating a reduced cellular uptake of the overgrown Arg/PAA-PSiNPs, 

although this is not a true comparison as the particle diameters between these experiments are 

significantly different (undergrowth particle diameter = 112.9 ± 2.2 nm; overgrowth particle 

diameter = 226 ± 6.4 nm) . Confirmation of the effect of overgrowth, and hence lack of 
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surface Arg, comes from a direct comparison of the cellular uptake of overgrown Arg/PAA-

PSiNPs and NH4OH/PAA-PSiNPs with comparable hydrodynamic diameters of 226.3 ± 6.4 

and 194.3 ± 2.9 nm, respectively (Figure 4.7), which did not give a significant difference in 

cellular uptake (P > 0.05; Figure 4.8). 

 

 
 

Figure 4.7 (A) The intensity size distribution determined by DLS for Arg/PAA PECs with a 

Z-average diameter of 72.5 ± 1.3 nm used for the overgrowth synthesis of FITC-labeled 

Arg/PAA-PSiNPs. (B) Intensity size distributions for FITC-labelled Arg/PAA-PSiNPs and 

NH4OH/PAA-PSiNPs synthesised in the overgrowth regime for use in nanoparticle uptake 

studies with z-average sizes of 226 ± 6.4 and 194.3 ± 2.9 nm respectively. (C) The zeta- 

potential distributions for the FITC-labelled Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs 

with average values of -37.2 ± 1.2 and -36.7 ± 1.3 mV, respectively. 

 

This result clearly indicates a loss of cancer targeting abilities when Arg/PAA-PSiNPs were 

prepared in a drastically overgrown regime from the initial PEC colloid template. When small 

amounts of TEOS were added, sufficient Arg and PAA remained available within the 

colloidal system to present on the surfaces of the Arg/PAA-PSiNPs formed. Beyond the 
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addition of a critical amount of TEOS, most of the Arg and PAA in the system were likely to 

have been used up as scaffolds for the hydrolysis and condensation of the silanes, hence 

resulting in the formation of PSiNPs with minimal or no Arg surface functionalisation for 

cancer targeting (Figure 3.10). Taken together, these results strongly highlight the need to 

consider appropriate colloidal template sizes for the preparation of polyelectrolyte templated 

PSiNPs used in cancer targeting applications to ensure that the cell targeting moieties are 

retained on the surface of the final products. It is plausible that to obtain larger monodisperse 

PSiNPs that retain the surface presentation and hence functional properties of each 

polyelectrolyte used in the PECs, correspondingly larger colloidal templates would need to be 

used in the synthesis.  

 

 
 

Figure 4.8 Cellular uptake of overgrown FITC-labelled Arg/PAA-PSiNPs and NH4OH/PAA-

PSiNPs. GBM20 cells were treated with 200 µg/mL of PSiNPs for 4 h and the fluorescence 

intensity of the internalised particles was normalised for cellular protein content. 
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4.5 Enhanced Anticancer Efficacy in Patient-Derived Glioblastoma Cells 
 

The anticancer drug delivery potential of the Arg/PAA-PSiNPs with combined tumour 

targeting and pH-responsiveness was demonstrated using patient derived GBM1 cells. 

Following 24 h incubation with either Dox-loaded Arg/PAA-PSiNPs, Dox-loaded 

NH4OH/PAA-PSiNPs or free Dox, the cell viability was assessed by WST-1 assay. The 

enhanced tumour cell uptake (Section 4.3) and increased Dox release in acidic pH 

environments such as the weakly acidic endosomes following cellular internalisation (Section 

4.2) effectively led to a significantly reduced half maximal inhibitory concentration (IC50) of 

5.3 µM with Dox-loaded Arg/PAA-PSiNPs compared to 14.0 µM of NH4OH/PAA-PSiNPs 

(Figure 4.9). The observed IC50 value of Dox-loaded Arg/PAA-PSiNPs equates to 13.2 

µg/mL of empty Arg/PAA-PSiNPs, which is a concentration previously shown to induce 

minimal or no toxicity in GBM1 cells (Figure 4.4). This result clearly demonstrates that the 

enhanced anticancer effect seen with Dox-loaded Arg/PAA-PSiNPs was due to the anticancer 

drug released and not a result of PSiNP induced toxicity. The higher IC50 value observed with 

Dox-loaded Arg/PAA-PSiNP compared to free Dox (1.8 µM) can be explained by the slower 

drug release, where only approximately 30% of the loaded Dox was released from the 

Arg/PAA-PSiNPs after 24 h (Figure 4.3). In spite of this result, the strong tumour cell 

selectivity and pH-responsiveness of the Arg/PAA-PSiNPs are expected to be more 

advantageous to promote in vivo tumour accumulation of the Dox-loaded Arg/PAA-PSiNPs, 

where enhanced Dox release can occur in response to the acidic tumour microenvironment 

and in the endosomes following uptake by tumour cells.    
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Figure 4.9 Cell viability of GBM1 cells following 24 h treatment with Dox-loaded Arg/PAA-

PSiNPs and NH4OH-PSiNPs as determined using the WST-1 assay and fitted with a dose-

response curve (Eq. 2-4). The dotted lines indicate the IC50 values. The results represent 

mean ± standard deviation from two independent experiments performed with six replicates. 
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4.6 Conclusion 
 

In this chapter, the efficacy of the Arg/PAA-PSiNPs as GBM-targeted and stimuli-responsive 

drug delivery vehicles has been demonstrated.  

The anticancer drug, Dox, was successfully retained in the internal pore network of the 

PSiNPs with a high loading capacity of 22 % w/w, and through the pH responsive activity of 

retained PAA, enhanced drug release was observed under weakly acidic conditions. It was 

discussed previously (Chapter 3) that the use of NH4OH in place of Arg during synthesis 

reduced the particle porosity and retention of PAA in the final PSiNPs. In this chapter, we 

showed that this caused a significant reduction in the loading capacity for NH4OH/PAA-

PSiNPs when compared to Arg/PAA-PSiNPs.  

The Arg/PAA-SiNPs and NH4OH/PAA-PSiNPs did not induce overt cytotoxicities in patient 

derived GBM cells. A significantly higher cellular uptake was observed for Arg/PAA-

PSiNPs compared to NH4OH/PAA-PSiNPs with GBM20 and GBM1 cells, while no 

significant difference was observed with non-tumorigenic NP1 cells. Furthermore, when 

PSiNPs were synthesised in the ‘overgrowth’ regime where no Arg surface functionalisation 

is present, no significant difference in uptake was observed between the Arg/PAA- and 

NH4OH/PAA-PSiNPs (P > 0.05). This resulted in a significantly reduced IC50 for Dox loaded 

Arg/PAA-PSiNPs versus NH4OH/PAA-PSiNPs. As the enhanced uptake of Arg is common 

amongst aggressive malignancies, the Arg/PAA-PSiNPs are expected to have wider drug 

delivery applications in other cancer types.  
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5 Synthesis and Characterisation of 

Poly(ethyleneimine)/Glutamic Acid 

Polyelectrolyte Complex Templated Porous Silica 

Nanoparticles 
 

5.1 Motivation 
 

In this chapter, we present a PEC templated SiNP synthesis for poly(ethylenimine) 

functionalised SiNPs (PEI-SiNPs) which are later used in Chapter 6 as multifunctional 

crosslinkers for electrostatic interaction with hyaluronic acid in the formation of physical 

nanocomposite hydrogels.  

In Chapter 3, we reported that polyelectrolyte complexes (PECs) formed through alcohol-

induced coacervation may function as templates for the hydrolysis and condensation of 

silanes. The PEC constituents, PAA and Arg, were retained in the silica matrix of the SiNPs 

and on the surface. Herein, we demonstrate the versatility of the PEC templated system and 

explore the use of other polyelectrolyte pairs containing a positively charged polymer with an 

anionic amino acid to impart new functionalities to the SiNPs. Similar to that presented in 

Section 3.2, the required properties of the colloidal templates are as follows: The PECs are 

monodispsersed and of tuneable nanoscale diameter; the aqueous PEC microenvironment has 

a pH suitable for the basic catalysis of silane condensation; and their molecular interactions 

with the silica matrix are sufficient to cause retention of the PEC components as SiNP surface 

functionalities.  

It was hypothesised that the large number of ionisable groups of the polycationic 

poly(ethylenimine) (PEI) would provide both an alkaline environment in the PECs for the 

condensation of silica precursors, and a strongly positive surface charge when presented at 

the surface of the SiNPs. For the choice of counter ion, it is known from published studies 

that the use of multivalent ions can permit the retention of the PEC constituents in the final 

SiNPs.99 This effect was also observed in Chapter 3 where the use of cationic NH4
+ to 

interact electrostatically with anionic PAA did not lead to retention of the polymer within the 

SiNPs, while the use of Arg which has a higher charge density permitted the synthesis of 
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PAA-functionalised SiNPs. In addition, we showed that this higher charge density of Arg 

resulted in greater monodispersity to the PEC templates, which was conferred to the SiNPs. 

As such, we used glutamic acid (Glu) whose two ionisable carboxyl groups (both of which 

are deprotonated at alkaline pH) were able to crosslink between PEI molecules leading to the 

formation of monodispersed PECs. Further, this PEC composition led to the retention of PEI 

and hence its presentation at the SiNP surface. 

 

5.2 Formation and Size Control of PEI/Glu PEC Templates 
 

For the synthesis of PEI-SiNPs a PEC templated protocol was developed. Monodisperse 

PECs formed from the mixing of PEI and Glu in a binary water-alcohol solvent act as 

scaffolds for the spatially selective hydrolysis and condensation of silanes. After synthesis 

and particle purification, the PEC constituents were retained and presented at the particle 

surface to yield PEI-SiNPs (Figure 5.1). 

 

 
 

Figure 5.1 A schematic representation of the PEC templated synthesis of PEI functionalised 

SiNPs. (A) PEI and Glu are dissolved in water, and (B) on the addition IPA assemble into 

stable, monodispersed, aqueous PECs in bulk IPA. (C) On the addition of tetraethoxysilane 

(TEOS), the PECs act as scaffolds for the hydrolysis and condensation of silica. (D,E) The 

chemical structures of PEI and Glu respectively.  
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5.2.1 The Effect of Alcohol Co-Solvent Choice on Alcohol-Induced PEC 
Formation 

 

Similar to Chapter 3, DLS was used to determine the optimum solvent condition for the 

formation of stable, monodispersed PECs with PEI and Glu. The correlation function, derived 

from the correlation between successive light scattering events, contains information about 

the diameter and polydispersity of particles where a stable and monodisperse suspension is 

characterised by a single smooth exponential decay. Further, the extrapolated y-intercept of 

the correlation function can describe the scattering signal-to-noise ratio and hence a high 

value indicates the formation of scattering bodies. As such, observation of the correlation 

functions collected at progressively increasing alcohol volume fractions can be used to 

determine the optimum solvent conditions for the alcohol-induced formation of coacervate 

droplets.  

A plot of the DLS correlation function y-intercept for increasing alcohol volume fraction in 

mixtures of water with IPA, ethanol, or methanol, is shown in Figure 5.2A. For IPA volume 

fractions between 0 - 60 %, correlation function y-intercept values between 0.31 – 0.51 are 

observed forming an approximately constant baseline. Over this range, the measured 

correlation is either comparable to, or less than that observed for 0 % IPA (pure water 

solvent) suggesting that the complex formation is purely electrostatic and no alcohol-induced 

assembly of PEI and Glu has occurred. A further increase in IPA to 70 – 90 % v/v led to a 

sharp increase to 0.73 for 70 % and then to ≈ 0.85 for 80 and 90 % showing an increase in 

signal-to-noise ratio and hence the alcohol induced assembly of PECs. This combined with 

the single smooth exponential decay profiles shown in Figure 5.2B indicate that the optimum 

IPA concentration for the formation of stable, monodisperse complexes is between 80 – 90 % 

v/v. While in this experiment the complexation occurred in the presence of an excess of 

glutamic acid (PEI monomer to glutamic acid ratio = 1 : 2.7), the four tertiary amines and 

approximately two of the three secondary amines of PEI (pKa 11.6 and 6.7 respectively152) 

are protonated (solution pH ≈ 7)  and hence each monomer will complex multiple glutamic 

acid molecules (Figure 5.1D and E).  

When ethanol was used as the alcohol co-solvent, a similar profile was observed. Between 0 

– 70 % v/v ethanol an approximately constant y-intercept value is found, again showing a 

comparable value to that observed for the pure water solvent. On increase to 80 – 90 % v/v 

the same sharp increase in y-intercept from ~ 0.4 to > 0.75 occurs indicating the alcohol-

induced formation of PECs.  
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For the use of methanol, however, this characteristic increase in correlation function y-

intercept and high signal-to-noise ratio at high alcohol volume fractions is not observed. In 

fact, the observed correlation function y-axis intercept remains below 0.58 and the correlation 

function curves shown in Figure 5.2C remain comparable in shape to the 0 % alcohol 

condition. From this, it is inferred that any self-assembly or coacervation occurring in the 

solution is independent of the co-solvent, and based purely on cooperative electrostatic 

interactions between oppositely charged PEI and Glu.  

 

 
 

Figure 5.2 Dynamic light scattering correlation data for PEI/Glu PECs prepared in mixtures 

of water and differing alcohol co-solvents. (A) Changes in the dynamic light scattering 

correlation function y-axis intercept as a function of alcohol volume fraction and  (B-D) the 

respective correlation curves for mixtures IPA, ethanol, and methanol. 

This behaviour can be explained by considering the electrostatic interaction parameter from 

Debye-Huckle theory for weakly interacting electrolytes in solution and its contribution to 

the free energy of the polyelectrolyte solution. It is described in Section 1.2.1 that the 

electrostatic free energy contributes negatively to the total free energy, and is dependent on 
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𝜀!
!
!. That is to say that decreasing the dielectric constant of the solvent will decrease the total 

free energy, and at a critical value, cause liquid-liquid phase separation.  

Figure 5.3 shows the relationship between the dielectric constant and the volume fraction of 

alcohol for binary mixtures of water with IPA, ethanol, and methanol137,  and their effect on 

the alcohol induced coacervation of PEI/Glu PECs. When IPA was used as the co-solvent, 

the onset of alcohol-induced PEC formation occurred for ε between approximately 40 and 33 

(between 60 – 70 % IPA v/v), while for ethanol the threshold value was observed between 70 

– 80 % v/v, corresponding to ε between 41 and 36. Assuming that other differences between 

the two alcohols (for example polarity and the water-alcohol miscibility) are negligible, one 

could approximate the threshold dielectric constant for alcohol-induced coacervation of 

PEI/Glu PECs to be between 40 and 36. However, when the observations of water/methanol 

mixtures are considered, these approximations break down. It was demonstrated before that 

no alcohol-induced coacervation occurred between 0 – 99 % v/v methanol, and it is shown in 

Figure 5.3B that these dielectric constant values are below the proposed critical threshold. 

From this, it was concluded that other factors such as the miscibility of the co-solvent or 

specific interactions between the co-solvent and polyelectrolytes are significant and a critical 

dielectric constant for coacervation may not be applied universally across all water-alcohol 

systems. 

 

 
 

Figure 5.3 (A) The dielectric constant for binary mixtures of water and alcohol137. Circular 

or square points superimposed onto the dielectric constant data presented in panel A to 

indicate whether or not alcohol-induced coacervation of PEI/Glu was observed for (B) 

methanol, ethanol, and IPA. 
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5.2.2 The Effect of PEI Molecular Weight on the Alcohol-Induced Coacervation of 
PEI/Glu  

 

To evaluate the effect of the PEI molecular weight on the formation of alcohol-induced 

coacervates, we first studied its simple coacervation in binary water-IPA solvents. By 

comparison of the DLS correlation functions collected between 0 – 90 % v/v IPA, a sharp 

increase in correlation function y-axis intercept value accompanied by a single smooth 

exponential decay in the correlation curve at high alcohol concentrations was observed. This 

is indicative of alcohol-induced coacervation and the formation of single component 

complexes. As shown in Figure 5.4, when the PEI molecular weight was decreased from 25 

to 2 kDa, the volume fraction of IPA required to elicit coacervation increased from 70 to 90 

%. As the molecular weight is decreased at constant mass concentration, the degree of 

polymerisation for each chain decreases also, which increases the Flory-Huggins free energy 

of mixing contribution to Voorn-Overbeek theory as outlined in Chapter 1. This serves to 

effectively increase the energy barrier for coacervation, which is compensated by the 

increased alcohol concentrations required for phase separation. 

Unlike the y-intercept graphs shown above for mixtures of PEI/Glu (Figure 5.2) with an 

approximately constant value at low IPA volume fractions, the samples of pristine PEI show 

a peak in scattering correlation at 20 – 30 % v/v IPA. This occurs through a different 

mechanism in which a re-entrant coil-globule transition is affected by changes in the solvent 

quality by the formation of water/IPA complexes61. PEI is soluble in both water and IPA 

independently, but the water/IPA complexes formed on addition of the alcohol to increasing 

concentrations are a poor solvent for the polymer. From an initially aqueous state the 

solvating water molecules are complexed by added IPA and the polymer chains become 

desolvated and collapse into the globule form. This manifests as an increase in the DLS 

signal to noise ratio and scattering correlation. At progressively higher IPA concentrations, 

the water/IPA complexation becomes saturated, and any additional IPA may re-solvate the 

PEI chains, which serves to reduce the correlation between successive scattering events and 

the observed y-intercept between 40 – 60 % IPA (Figure 5.4A). 
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Figure 5.4 (A) Dynamic light scattering data for 2, 10, and 25 kDa PEI in binary water/IPA 

solvents as a function of IPA volume fraction, and (B – D) the contributing correlation 

function curves for 2, 10, and 25 kDa PEI respectively. Each data point represents the mean ± 

standard deviation of 3 repeat measurements.  

 

 

When Glu is incorporated for the formation of complex PEI/Glu coacervates, the re-entrant 

conformation change was not observed, but the dependence of the critical volume fraction on 

the PEI molecular weight was retained (Figure 5.5). For each molecular weight, 

approximately constant correlation y-intercept values are observed for low IPA volume 

fractions. When 2 kDa PEI was used, the intercept values remained between 0.11 and 0.26 

for alcohol concentrations up to 60 %, and the correlation curves shown in Figure 5.5B are 

approximately comparable to that collected at 0 % IPA. For 80 – 90 % IPA correlation curves 

with single exponential decay profiles and high y-intercept values are observed typical of 

alcohol-induced coacervation. For the higher molecular weights, the same y-intercept 
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‘baseline’ is observed relative to their 0 % IPA conditions, but the onset of coacervation 

occurred by 70 % IPA.  

Notably, in comparison to the simple coacervation observed with PEI alone, the onset of 

coacervation of the PEI/Glu PECs occurred at lower alcohol volume fractions for the 2 and 

10 kDa PEI when Glu is incorporated. Glu, whose carboxyl groups carry a negative charge at 

alkaline pH may act as an electrostatic crosslinker between the cationic PEI molecules. This 

encourages coacervation and decreases the critical alcohol concentration from 90 to 80 % for 

2 kDa PEI, and 80 to 70 % for 10 kDa PEI.  

 

 

 
 

Figure 5.5 (A) Dynamic light scattering data for mixtures of PEI/Glu with varied PEI 

molecular weight in binary water/IPA solvents, and (B – D) the contributing correlation 

function curves for 2, 10, and 25 kDa PEI respectively. Each data point represents the mean ± 

standard deviation of 3 repeat measurements. 
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5.2.3 The Effect of Varying PEI and Glu concentrations on the PEI/Glu PEC 
Templates 

 

It was observed in Chapters 3 that to ensure the presentation of PEC constituents at the silica 

particle surface, the PEC size must be greater than or comparable to the final particle size; 

further, the PEC monodispersity is conferred to the as-synthesised silica particle 

population153. Thus, we next investigated the effect of PEI and Glu concentrations on the size 

and monodispersity of the PECs, and its variation between differing PEI molecular weights.  

For 25 kDa PEI/Glu PECs prepared with constant Glu concentration (1.09 mM), an increase 

in PEI concentration from 4 – 64 µM elicited a PEC diameter increase from 18 ± 1 to 153 ± 4 

nm and a decrease in PDI from 0.159 ± 0.006 to 0.042 ± 0.014 (Figure 5.6A). For all but the 

highest PEI concentration presented herein, there is a large excess of Glu compared to PEI 

monomers, such that even if multiple Glu molecules may associate with each PEI monomer, 

free glutamic acid in solution is still available to complex additional PEI leading to the 

observed PEC diameter increase with PEI concentration. Even at the highest PEI 

concentration the relative number of Glu and PEI monomers are close enough (PEI:Glu 

monomer ratio = 1.5:1) that we expect every PEI polymer to participate in PEC formation. 

The increase in PEI concentration also increased the synthesis pH from 5 to 9 suggesting that 

those PECs with a higher PEI will be more suitable for the basic catalysis of silica 

condensation. Given that the silica hydrolysis and condensation rates are known to be higher 

at alkaline pH86, the PEC size must be comparable to the resultant particles, and the PEC PDI 

must be low, the highest PEI concentration was chosen for future experiments.While keeping 

the concentration of the 25 kDa constant, the Glu concentration was increased from 0 – 2.2 

mM for the PEC formation (Figure 5.6B). For PEI only samples, comparatively small and 

polydisperse clusters of 11.4 ± 1.1 nm with a PDI of 0.37 ± 0.08 were formed. The inclusion 

of 0.2 mM Glu increased the hydrodynamic diameter to 307.5 ± 45.5 nm, which decreased to 

139.2 ± 0.6 nm with the progressive increase in Glu concentration to 2.2 mM. This decrease 

in hydrodynamic diameter can be attributed to the larger number of Glu molecules that are 

able to increase the extent of crosslinking between PEI monomers without affecting the 

global pH, which leads to a decrease in PDI to 0.045 ± 0.02 over the tested range. Again 

considering the size, PDI, and pH requirements of the PECs, 1.09 mM Glu was chosen for 

future nanoparticle syntheses.  
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Figure 5.6 Hydrodynamic diameters and PDI values for 25 kDa PEI/Glu PECs formed at 80 

% IPA with (A) 64 µM PEI and varied glutamic acid, and (B) 1.09 mM glutamic acid and 

varied PEI. 

 

 

When the same concentration variations were assessed with PECs formed from 10 kDa and 2 

kDa PEI, however, the magnitude of size change increased significantly. A PEI increase of 

the same mass concentrations led to an increase in PEC diameter from 19.4 ± 5.8 to 530 ± 9.3 

nm for 10 kDa PEI and 40.8 ± 0.3 to 2539.0 ± 213.5 nm for 2 kDa PEI (Figure 5.7A). 

Similarly when the same variation in Glu concentration change was applied to the lower 

molecular weight PEI, very broad size ranges were achieved. The 10 kDa PEI/Glu PECs 

varied between 65.8 ± 54.5 nm and 5306. ± 9.3 nm while the diameter changed from 83 ± 

30.9 to 3626.5 ± 19.1 nm when 2 kDa PEI was used (Figure 5.7B). 

Longer chain polymers are known to show greater stability in the formation of PECs than 

those with lower degrees of polymerisation38, which could explain why the diameters of low 

molecular weight PECs prepared in this work are highly sensitive to changes in reagent 

concentration. Also, while the ratio of Glu to PEI monomers is the same for each molecular 

weight in Figure 5.7, the number of Glu monomers per PEI molecule is lower for the 10 and 

2 kDa PEI conditions. This could lead to a decreased ability of Glu to crosslink between PEI 

chains causing lower PEC stability and greater liability to size change when the reagent ratios 

are varied.  
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Figure 5.7 The Z-average diameter determined by DLS for PEI/Glu PECs prepared at 80 % 

v/v IPA with 2, 10, or 25 kDa PEI for varied (A) PEI concentration and (B) Glu 

concentration.  

 

It was shown in Chapter 3 that for the preparation of PECs as templates for silica 

nanoparticle synthesis, fine size control and uniformity of the template is conferred to the 

silica nanoparticle. As such, PECs prepared with 64 µM (1.6 mg/mL) of 25 kDa PEI with 

1.09 mM Glu were used for the subsequent synthesis of the SiNPs. 

To produce sufficient quantities for the formation of nanocomposite hydrogel (discussed 

Chapter 6), the PEC formation was scaled up 25-fold while maintaining reagent 

concentrations and ratios. Under the scaled-up condition with 64 µM PEI and 1.09 mM Glu 

in an 80 % IPA (v/v) solvent, the PEC size increased from 169.7 ± 2.3 to 205.2 ± 4.1 nm with 

a PDI of 0.15 ± 0.02. 
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5.3 PEC Templated Synthesis of PEI-Functionalised SiNPs 
 

Following optimisation of the PEI/Glu PECs for size, pH, and monodispersity, their efficacy 

as colloidal templates in the formation of PEI-functionalised SiNPs was evaluated.  

On the addition of tetraethoxysilane (TEOS) to the PEC solution, silica condensation 

occurred inside the PEI/Glu templates to yield PEI-functionalised silica nanoparticles (PEI-

SiNPs) of 135.5 ± 37.7 nm with asymmetrical popcorn structures (Figure 5.8A). The 

hydrodynamic diameters of the PEI-SiNP were found by DLS to be 187.3 ± 4.2 nm and with 

a low PDI of 0.07 (Figure 5.9A). The broader size distribution seen by TEM was likely due to 

the presence of larger aggregates which arise through the clustering of particles during 

drying.  

 

 

 
 

Figure 5.8 (A, B) TEM images showing the size and morphology of PEI-SiNPs and (C) their 

corresponding size histogram with an average diameter of 135 ± 37.7 nm (n = 188).  
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Figure 5.9 (A) Intensity weighted size distribution collected by dynamic light scattering for 

PEI-SiNPs of diameter 187 ± 4.2 nm and PDI of 0.07 ± 0.02 and (B) The zeta potential of as-

synthesised PEI-SiNPs in PBS (pH 7.4) showing a positive surface charge of 22.1 ± 1.1 mV. 

 

As shown in Figure 5.9B, the presentation of the PEI and its protonated tertiary amines at the 

particle surface conferred a positive zeta potential of 22.1 ± 1.1 mV to the PEI-SiNPs in pH 

7.4 PBS. The one-pot functionalisation of silica particles with hyperbranched PEI is expected 

to facilitate the incorporation of PEI-SiNPs into a supramolecular hydrogel with oppositely 

charged hyaluronic acid (HA).  

The retention of PEI on the PEI-SiNP surface was further confirmed by the presence of FTIR 

peaks common to both spectra. Within the fingerprint region, peaks for Glu and PEI are too 

close in wavenumber to separate in the PEI-SiNP spectra. However, the PEI spectrum shows 

a broad vibrational mode attributed to N-H stretching with peaks at 3382 and 3351 cm-1, 

which occurred at 3293 and 3417 cm-1 for PEI-SiNPs and is not present for Glu. A PEI 

absorption band corresponding to CH2 stretching at 2820 cm-1 was also present in the PEI-

SiNP spectrum and not for Glu, but shifted to higher wavenumber at 2854 cm-1 (Figure 

5.10A)154,155. 

In addition, TGA analysis was used to confirm the retention of the PEC constituents and 

hence organic functionality of the PEI-SiNPs. As shown in Figure 5.10B-E, the first 

weightloss for PEI-SiNPs at ~ 200 °C can be attributed to the loss of Glu. Pristine Glu shows 

a weightloss derivative peak at comparable temperatures (onset of 191 °C) and no PEI 

degradation is observed until 310 °C. Above this, the Glu and PEI weightloss profiles overlap 

and both contribute to the PEI-SiNPs. After the full temperature ramp to 700 °C, the PEI and 
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Glu masses have reduced by 100% and 76% respectively while the PEI-SiNP thermal profile 

shows a mass loss of 39%, suggesting approximately 60% of the PEI-SiNP mass is derived 

from silica not PEI or Glu.  
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Figure 5.10 (A) Stacked FTIR spectra of glutamic acid, PEI, and PEI-SiNPs. (B) Weight loss 

curves from TGA analysis for glutamic acid, PEI, and PEI-SiNPs, and (C-E) their 

corresponding 1st derivatives. 
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5.4 Conclusions 
 

In this chapter, we have expanded on the PEC templated nanoparticle synthesis described in 

Chapter 3 with the use of polycationic PEI and anionic Glu for the formation of silica 

nanoparticles with intrinsic PEI surface functionality. We have also investigated and 

quantified the effects of alcohol co-solvent choice and PEI molecular weight on the formation 

of PEI/Glu PECs.  

We first demonstrated that the alcohol-induced formation of PECs was highly dependent on 

the choice of alcohol co-solvent and the resultant dielectric constant of the medium. 

Methanol, ethanol, and isopropanol were used to show that higher alcohols with lower 

polarity were able to induce PEI/Glu PEC formation at progressively lower volume fractions, 

but a single critical dielectric threshold value for the onset of coacervation may not be applied 

universally to all solvents. 

Then the molecular weight of the PEI was found to have significant effect on the required 

IPA volume for coacervation and on the size tuneability of the PECs. An increase in 

molecular weight from 2 to 25 kDa caused decrease in the required volume fraction for 

complex formation from 80 to 70 % (v/v). The use of higher molecular weight PEI also 

afforded finer size control of the PECs. Increase of the PEI concentration from 0.1 to 1.6 

mg/mL increased the PEC diameters from 18.4 ± 0.1 to 153.0 ± 3.5 nm for 25 kDa PEI, and 

40.8 ± 0.3 and 2539.0 ± 213.5 nm for 2 kDa PEI.  

The PEC formation volume was scaled up 25-fold while maintaining a narrow size 

distribution and subsequently used in the formation of monodispersed PEI-SiNPs with 

hydrodynamic diameters of 187 ± 4.2 nm. The presence of PEI at the particle surface was 

confirmed with zeta potential measurement, FTIR, and thermogravimetric analysis.  

The in-synthesis functionalisation of silica particles with PEI removes the need for post 

synthetic modifications steps traditionally required for polymer-functionalised SiNP 

synthesis, and in the next chapter will facilitate the synthesis of physical nanocomposite 

hydrogels. 
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6 Application of PEI-SiNPs as Multifunctional 

Crosslinkers in Physical Nanocomposite Hydrogels 
 

6.1 Motivation 
 

Hydrogels are three-dimensional water swollen networks formed from the chemical or 

physical crosslinking of hydrophilic polymers. Their high water content, porosity, tuneable 

physiochemical properties, and capacity to encapsulate drugs and cells make them valuable 

for a wide range of biological applications such as tissue engineering156, bioadhesive gels and 

wound healing157, and therapeutic delivery21. However, the successful translation of many 

hydrogel systems has been limited by poor mechanical properties such as insufficient 

stiffness, brittleness, and lack of self-healing properties due to the heterogeneous distribution 

of crosslinking points and the inability of the hydrogel networks to dissipate energy.22,23 To 

improve the mechanical properties and confer added functionalities, nanocomposite 

hydrogels incorporating silica nanoparticles (SiNPs)158–160, polymeric nanoparticles161, gold 

nanoparticles162, iron oxide nanoparticles163, and carbon nanotubes164 have been utilised. 

Amongst the various nanoparticle types, SiNPs are most promising for improving the 

mechanical performance of nanocomposite hydrogels in biomedical applications due to their 

inherent biocompatibility, biodegradability, colloidal stability, and ease of synthesis. 

The most common methods of preparing mechanically robust nanocomposite hydrogels 

include chemical and/or physical crosslinking of SiNPs with polymeric gelators. In 

chemically crosslinked nanocomposite hydrogels, surface modified SiNPs are typically used 

for the covalent grafting of polymers via free radical polymerisation or for crosslinking with 

polymers bearing complementary functional groups through photo-crosslinking of 

methacrylates, thiol-thiol, and aldehyde-amine bonds.160,165–169 Yang et al. reported tough and 

elastic nanocomposite hydrogels formed by the in situ covalent grafting of poly(acrylic acid) 

(PAA) from vinyl functionalised SiNPs.160 The polymer-bridged SiNPs acted as 

multifunctional crosslinking points, enabling the dynamic disentanglement of the PAA chains 

to facilitate energy dissipation during deformation. Although tough and flexible hydrogels 

were obtained, predominantly chemically crosslinked hydrogels formed via permanent 
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covalent bonds tend to lack self-healing and thixotropic properties that are desirable for in 

vivo biomedical applications. 

In physical nanocomposite hydrogels, SiNPs are incorporated into the network via 

electrostatic interactions, hydrophobic interactions, hydrogel bonding, and/or Van der Waal’s 

forces.158,170–172 Although SiNPs may be simply embedded into physical hydrogel 

formulations without any engineered intermolecular interactions or crosslinking, such 

systems have yielded weak mechanical reinforcement.173,174 In contrast, the design of 

polymer grafted SiNPs as physical crosslinkers for interaction with polymer chains confers 

desirable mechanical attributes. Zheng et al. reported the use of poly(2-dimethylaminoethyl 

methacrylate) modified SiNPs (SiO2@PDMAEMA) as multifunctional crosslinkers in an in 

situ polymerised PAA network.158 The electrostatic interactions between the 

SiO2@PDMAEMA and PAA resulted in a supramolecular nanocomposite hydrogel with high 

tensile strength and self-healing properties. Ternary crosslinked nanocomposite hydrogels 

formed from the in situ copolymerisation of acrylamide and stearyl methacrylate monomers 

on vinyl functionalised SiNPs have also been reported.172 In this system, the hydrogel 

network is formed by hydrogen bonding and hydrophobic interactions between the grafted 

co-polymer chains and covalent bonds between the SiNPs. Despite the improved mechanical 

properties observed for the aforementioned SiNP crosslinked nanocomposite hydrogels, the 

requirement for toxic monomers, initiators and catalysts and/or high temperatures for the in 

situ polymerisation process may limit biological applications and the loading of thermally 

labile drugs.160,172 In addition, the sequestration of free radicals by the SiNPs during the free 

radical polymerisation could also affect reproducibility of the hydrogel synthesis and 

mechanical properties.175 The current synthesis of the polymer brush grafted SiNP 

crosslinkers also requires multiple steps involving the Stöber synthesis of the SiNPs, 

followed by surface modification which could increase the time and cost of production.158,160 

There is thus a need for a simpler and modular approach to produce nanocomposite hydrogels 

with tunable mechanical stiffness and self-healing properties for biomedical applications.  

In this Chapter, we present a novel protocol for the formation of mechanically tuneable and 

self-healing nanocomposite hydrogels using organic-inorganic hybrid PEI-SiNPs (Chapter 5) 

as multifunctional crosslinkers for electrostatic interaction with hyaluronic acid (HA) (Figure 

6.1). 
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Figure 6.1 A graphical representation of the PEC templated synthesis of core-shell PEI-

SiNPs and their subsequent use as multifunctional crosslinking junctions in the formation of 

coacervate nanocomposite hydrogels. (1) PEI and Glu are initially dispersed in an aqueous 

solution before (2) the addition of isopropanol (IPA) to form monodispersed nanoscale PECs. 

(3) On the addition of TEOS, the silanes selectively condense inside the PECs and each one 

becomes a PEI-functionalised SiNP (PEI-SiNP). (4) The PEI-SiNPs are mixed with HA and 

MTX to form a drug loaded, physical nanocomposite hydrogel with electrostatic crosslinks.
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6.2 PEI-SiNP/HA Hydrogel Formation 
 

Hyaluronic acid (HA), a non-sulfated glycosaminoglycan and extracellular matrix 

component, exhibits excellent bicompatibility, and biodegradability.176 As it is negatively 

charged at physiological pH, HA was used to electrostatically complex with cationic PEI-

SiNPs to obtain PEI-SiNP/HA nanocomposite hydrogels. For clarity, the structures of HA 

and PEI are shown below in Figure 6.2. 

 

 

 
 

Figure 6.2 The chemical structures of (A) hyaluronic acid and (B) polyethylenimine. 

 

During the initial mixing of PEI-SiNPs and HA, the alkaline environment (pH ~10) induced a 

low degree of protonation of PEI’s primary, secondary, and tertiary amines (pKa 4.5, 6.7, and 

11.6, respectively), hence resulting in the formation of a white precipitate following charge 

neutralisation by the -COO- groups present in HA (Figure 6.3A). Upon pH adjustment to ~6 

with hydrochloric acid, a greater degree of protonation of PEI’s tertiary and secondary 

amines was achieved. The enhanced electrostatic interaction between PEI and HA resulted in 

the formation of a complex coacervate hydrogel along with contraction of the polymeric 

networks during syneresis. This process resulted in the formation of an opaque white 

hydrogel suspended in a colourless liquid (Figure 6.3B). It is noteworthy that the high-pH 

mixing of PEI and HA is imperative for the homogeneous mixing of reagents. When the pH 

of the PEI-SiNP solution was tuned to the weakly acidic range before the addition of HA, a 

gel formed instantaneously on mixing with visible, heterogeneous PEI-SiNP and HA 

domains. 
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Figure 6.3 Photographs of taken during PEI-SiNP/HA hydrogel synthesis showing (A) the 

white precipitates formed after the initial mixing of PEI-SiNPs and HA, and (B) the 

coacervate hydrogel formed in a transparent supernatant after reduction of the pH and the 

resultant syneresis. 

 

When PEI-SiNPs were replaced with silica nanoparticles without PEI surface functionality, 

no gelation between the SiNPs and HA was observed. SiNPs of comparable size 

(hydrodynamic diameter 230 ± 4 nm and PDI 0.17 ± 0.01; Figure 6.4A) without cationic 

surface functionality were prepared from Arg and PAA PECs in the overgrowth regime as 

described in Chapter 3. The SiNPs had no polymeric surface functionality, and a zeta 

potential of -29.5 ± 0.7 mV (Figure 6.4B) derived from the presence of surface silanol 

groups. In the absence of cations for electrostatic complexation, on mixing with HA at 

equivalent silica mass concentrations to the established PEI-SiNP/HA protocols, no 

coacervation or syneresis was observed independent of the pH (Figure 6.4C).  
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Figure 6.4 The intensity weighted size distribution for unfunctionalised SiNPs measured by 

DLS with a diameter of 230 ± 4 nm and PDI of 0.17 ± 0.01. (B) The zeta potential 

distribution of the SiNPs measured in pH 7.4 PBS with a negative surface charge of -29.5 ± 

0.7 mV. (C) A photograph of a mixture of non-PEI functionalised SiNPs and HA showing no 

coacervation or gelation. 

 

As the driving force for gelation is electrostatic interaction between the ionisable groups of 

PEI and HA, the effect of their concentrations and stoichiometry were subsequently 

investigated. For all PEI-SiNP/HA samples with a PEI:HA monomer ratio ≤ 1:1, hydrogels 

formed instantaneously on mixing after pH reduction (Figure 6.5A). At the final pH of ~ 6, 

each HA monomer possesses one anionic carboxyl group (pKa 3.0177; Figure 6.2A) and each 

PEI monomer has seven cationic secondary and tertiary amines (pka 6.7 and 11.6 

respectively; Figure 6.2B), hence it is likely that one PEI monomer may complex several HA 

monomers. When the PEI:HA  monomer ratio was increased to 1:8 (monomer concentrations 

0.6 and 4.8 mM) beyond the maximum possible stoichiometry for 1:1 charge matching, gel 

formation was still observed showing that not all HA monomers need to interact with a 
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corresponding PEI monomer for gel formation. For PEI:HA monomer ratios ≥ 1:1 however, 

phase separation and bulk gelation did not occur suggesting that on average each PEI 

monomer must complex with more than one HA monomer. 

When gels were formed with pristine PEI in place of PEI-SiNPs, the gelation occurred 

independent of PEI/HA monomer stoichiometry and was more dependent on the 

concentration of HA. A minimum HA monomer concentration of 2.4 mM was found to be 

critical for gelation for all PEI concentrations tested (Figure 6.5B). Notably, the total amount 

of PEI and HA required to induce gelation was found to be lower for the PEI-SiNP/HA 

compared to PEI/HA samples: Gel synthesis occurred at a 1:1 monomer ratio (PEI and HA 

monomer concentrations 2.4 and 2.4 mM respectively) where it did not for the corresponding 

PEI-SiNP/HA mixture, and did not occur for 0.6 mM PEI/1.2 mM HA (ie. 1:2 PEI/HA 

monomer ratio) where the equivalent PEI-SiNP/HA gel did. Taken together, it is evident that 

the conjugation of PEI to the silica particle surface significantly affects the network 

crosslinking mechanics in electrostatic-mediated gelation, and as will be shown in the 

following discussion, yields gels with notably different physical properties.  

 

 
 

Figure 6.5 Schematics showing the gel forming conditions for (A) PEI-SiNP/HA gels, and 

(B) PEI/HA gels.  

 

As the hydrogel forms through the formation of a complex coacervate, some of the hydrogel 

precursor may remain in the dilute supernatant phase. The amount of PEI and HA 
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incorporated into the PEI-SiNPs/HA hydrogels was estimated by quantifying the 

concentrations remaining in the expelled liquid following syneresis. With the HA monomer 

concentration fixed at 4.8 mM, increasing the concentration of SiNP-bound PEI from 0.6 to 

3.6 mM led to an increase in the amount of PEI-SiNP and HA incorporated in the hydrogel as 

the concentration of PEI-SiNP and HA present in the supernatant decreased by 12 % and 10 

% relative to the added dose (Figure 6.6A & B). A similar trend was observed when HA was 

increased from 1.2 to 4.8 mM with PEI fixed at 0.6 mM. With increasing HA, a higher 

amount of PEI-SiNP was incorporated into the hydrogel whereas the amount of HA 

incorporated remained high with no significant change across the samples (Figure 6.6C & D). 

Although a similar trend in which an increased relative incorporation of PEI and HA into the 

hydrogels was observed for the PEI/HA hydrogels, the total amount of both components 

present in the hydrogel was lower than the PEI-SiNP/HA hydrogels. These results suggest 

that the use of PEI-SiNP as multifunctional crosslinkers could lead to an increased local 

charge density to enhance electrostatic interactions with HA in the complex coacervates, 

hence resulting in an increased incorporation of PEI-SiNPs and HA into the hydrogel. 
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Figure 6.6 Quantification of the PEI and HA concentration in the supernatant after gel 

formation normalised to the initial reagent concentration. (A,C) The PEI supernatant 

concentration as a function of decreasing PEI concentration and decreasing HA concentration 

respectively. (B,D) The HA supernatant concentration as a function of decreasing PEI 

concentration and decreasing HA concentration respectively. 
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6.3 The Effect of PEI-SiNP Incorporation on Hydrogel Morphology 
 

As the pore morphology of hydrogels could greatly influence their mechanical properties and 

drug release kinetics, cryo-SEM, which enables preservation of the hydrated state of the 

hydrogel, was used to study the microstructural features of the PEI-SiNP/HA nanocomposite 

hydrogel. 

As shown in Figure 6.7A & B, HA only samples possessed a highly porous network structure 

with thin walls. In contrast, the electrostatic interactions of PEI with HA in the PEI/HA 

hydrogels resulted in the formation of denser walls between adjacent pores (Figure 6.7C & 

D). The network structure was also comparatively heterogeneous, showing a wide range of 

pore sizes and wall thicknesses compared to the HA only sample. With the PEI-SiNP/HA 

hydrogel, a significant change in network structure occurred. Unlike the smooth continuous 

walls with typical thickness of < 1 µm seen with the PEI/HA hydrogels, thick walls of 

densely packed and homogeneously dispersed SiNPs with widths up to several microns were 

observed for the PEI-SiNP/HA hydrogels (Figure 6.7E & F). The micron-scale pores between 

the walls present in the PEI-SiNP/HA hydrogels also show a larger diameter and reduced 

inter-connectivity compared to the PEI/HA hydrogel. Furthermore, the nanoparticle packing 

in the case of PEI-SiNP/HA gives rise to a secondary nanoscale pore network spanning the 

meso- and macro- porous range (Figure 6.7G & H). 
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Figure 6.7 The effect of PEI-SINP incorporation on the structure and morphology of 

hydrogels. Cryo-SEM images of (A,B) pristine HA, (C,D) PEI/HA hydrogels, and (E-H) PEI-

SiNP/HA hydrogels prepared with PEI/HA ratio 3.6/4.8. 
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6.4 Rheological Characterisation of PEI-SiNP/HA and PEI/HA Hydrogels 
 

Next, the rheological properties of the PEI-SiNP/HA and PEI/HA hydrogels were 

investigated. It is known that a mismatch in stiffness can cause poor apposition between 

hydrogels and the surrounding tissues leading to poor drug diffusion, a decrease in efficacy. 

While very weak hydrogels may experience poor interfacing with the tissue walls and 

premature degradation in dynamic biological environments, excessive stiffness can cause 

mechano-chemical injuries and the foreign body reaction.178,179 As such, the ability to achieve 

controllable and tuneable stiffness is highly desirable for the biological application of 

hydrogels.  

The viscoelastic behaviour of the hydrogels was confirmed with a frequency sweep at 1 % 

strain which displayed significantly higher values of G’ than G” between 0.1 and 10 Hz for 

both PEI-SiNP/HA and PEI/HA (Figure 6.8A). As seen in Figure 6.8B, the PEI-SiNP/HA 

hydrogels prepared at various PEI:HA ratios displayed much higher mechanical stiffness than 

the PEI/HA hydrogels, which could be attributed to the multifunctional crosslinking and high 

density packing of non-deformable SiNPs. In addition, the conjugation of multiple branched 

PEI to the SiNP surface may lead to reduced molecular motion and enhanced local charge 

densities for stronger electrostatic crosslinking with the polyanionic HA. 

 

 
 

Figure 6.8 (A) A frequency sweep at 1 % shear strain showing the storage and loss moduli 

for PEI-SiNP/HA and PEI/HA hydrogels synthesised with PEI/HA monomer ratio of 1.2/4.8. 

(B) The storage moduli measured at 1 % shear strain and a frequency of 1 Hz for PEI-

SiNP/HA and PEI/HA hydrogels prepared at different PEI/HA monomer ratios (n = 3). 
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As the charge ratio between oppositely charged polymers in electrostatically crosslinked 

hydrogels is expected to modulate the mechanical properties,180 the molar ratio of PEI to HA 

monomers was systematically varied to study tuneability in the hydrogel stiffness (Figure 

6.8B). A reduction in PEI/HA monomer ratio from 3.6/4.8 to 1.2/4.8 led to a stepwise 

increase in the storage moduli of the PEI-SiNP/HA hydrogels from 3,800 Pa to 13,500 Pa. 

The reduction of excess cationic charges (Table 4) could have resulted in decreased 

electrostatic repulsions between the incorporated PEI-SiNPs that led to stronger interactions 

with the polyanionic HA in the hydrogel network. A further decrease in the PEI/HA 

monomer ratio to 0.6/4.8, however, led to a marked decrease in hydrogel stiffness. This could 

be attributed to a weakened hydrogel network due to reduced availability of PEI-SiNPs to 

electrostatically crosslink with HA, along with increased repulsion between the HA chains. 

The same trend was observed for PEI/HA where the stiffest network was observed at PEI:HA 

monomer ratio of 1.2:4.8. The tunable variation of the storage modulus shows that the 

hydrogel composition may be specifically chosen to match that of the target tissues. 

 

Table 4 Cation:anion charge ratios present in PEI-SiNP/HA and PEI/HA hydrogels prepared 

at different PEI/HA monomer ratios. 

 

PEI/HA	Monomer	

Ratio	
3.6/4.8	 2.4/4.8	 1.2/4.8	 0.6/4.8	

Cation:Anion	Charge	

Ratio	
4.8:1	 3.2:1	 1.6:1	 0.8:1	

 

 

The incorporation of PEI-SiNP with HA also decreases the energy dissipation potential as 

shown by the lower loss factor (tan δ) obtained for most of the PEI-SiNP/HA nanocomposite 

hydrogels (Figure 6.9). In the PEI/HA hydrogels, the presence of relatively weak, purely 

physical crosslinks in the polymer network allows for energy dissipation through the 

reversible breaking of electrostatic bonds and resultant structural rearrangement. In the PEI-

SiNP/HA hydrogels, however, the covalent bonds between PEI and the SiNPs do not 

reversibly break, which decreases the networks’ ability to dissipate energy through structural 

reconfiguration and induces network elasticity. Yang et al. also observed a similar 
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relationship with hydrogels formed from hydrogen bonding between poly(acrylamide)-

functionalised silica nanoparticles where higher concentrations of silica decreased the loss 

factor compared to polymer-only hydrogels.181 

 

 
 

Figure 6.9 The loss factor at 1 % shear strain and 1 Hz for PEI-SINP/HA and PEI/HA 

hydrogels prepared with varied composition. 

 

Following implantation in the body, the dynamic biological environment and tissue 

remodelling could subject the hydrogel to strain, causing network breakage and treatment 

failure for a hydrogel with insufficient critical strain value182,183. As seen from Figure 6.10, 

strain sweeps revealed that the electrostatic crosslinking of PEI-SiNPs maintained the 

viscoelastic properties of PEI-SiNP/HA up to a much higher shear strain compared to that for 

PEI/HA hydrogels (304 % vs. 46.9 %). These results suggest that the PEI-SiNP/HA 

nanocomposite hydrogels are more likely to retain their physical properties following in vivo 

application.  
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Figure 6.10 A strain sweep for PEI-SiNP/HA and PEI/HA hydrogels (PEI/HA monomer 

ratio 1.2/4.8) at a frequency of 1 Hz. 

 

 

6.5 The Equilibrium Swelling Ratio of PEI-SiNP/HA and PEI/HA 
Hydrogels 

 

To evaluate their swelling ratio, the mass of the freshly prepared hydrogel was compared to 

that obtained after complete drying under mild conditions. As seen in Figure 6.11A, 

comparable swelling ratios were observed for both hydrogel types and the changes in gelator 

ratios had no significant effect on the degree of swelling. The modest decrease in swelling 

observed on the incorporation of PEI-SiNPs is likely caused by the high concentration of 

SiNPs (shown in Figure 6.7E-H) and corresponding high mass density of the hydrogel 

relative to the PEI/HA networks which manifests as a lower (mass normalised) swelling ratio. 

However, when the hydrogels were dried and subsequently re-hydrated, the swelling 

behaviour changed significantly. As shown in Figure 6.11B, for each PEI:HA ratio, PEI-

SiNP/HA hydrogels show a higher swelling ratio than those made with pristine PEI. In 

addition, the swelling ratio for PEI-SiNP/HA hydrogels increased from 480% to 1160% when 

the PEI-SiNP:HA ratio was decreased from 3.6/4.8 to 1.2/4.8, and decreased to 872% on 

further PEI-SiNP decrease to 0.6/4.8. When compared to the cation:anion charge ratios in 
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Table 4 and  mechanical stiffness in Figure 6.8B, the hydrogel swelling ratio correlates with 

mechanical stiffness, where those with low charge ratios and high storage moduli retain the 

largest water content.  

 

 
 

Figure 6.11 Equilibrium swelling ratios determined in ultrapure water for (A) freshly 

prepared and (B) dried PEI-SiNP/HA and PEI/HA gels (n = 3). 

 

The swelling ratios presented herein exceed that of comparable SiNP-hydrogel 

nanocomposites synthesised with dynamic covalent crosslinks169,184, but are significantly 

lower than those typically reported for physical nanocomposites. For example, in-situ grafted 

poly(acrylic acid)-functionalised SiNPs with physical crosslinks were shown to have swelling 

ratios in excess of 10,000 %160 while a poly(acrylamide)-SiNPs swelled up to 2300 %185. The 

lower swelling ratios observed with polyelectrolyte hydrogels could be attributed to the 

stronger electrostatic interactions within the polymeric networks compared to weaker bonds 

such as hydrogen bonding.186–188 
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6.6 Shear Thinning and Self-Healing Properties of PEI-SiNP/HA 
Hydrogels 

 

The ability of physical hydrogels to undergo shear thinning aids in their injection or 

application to the body whilst the recovery of networks upon removal of the shear stress 

enables their mechanical properties to be restored for the intended purpose. When subject to 

large shear strains (1000 % strain, above the critical strain of 304 % determined in Figure 

6.10) the reversible breakage of the physical crosslinks between PEI-SiNPs and HA resulted 

in a 100-fold decrease in mechanical stiffness and increased flow (G’ < G”; Figure 6.12A). 

Reformation of the electrostatic bonds and recovery of the viscoelastic properties occurred 

almost instantaneously on return to a low shear strain regime (1 % strain). This result is 

consistent with other reported studies. For example, Arno et al. observed a reversible ~100x 

decrease in G’ for electrostatic calcium-alginate hydrogels reinforced with poly(L-lactide)-

based nanoparticles under high mechanical strain189. Similarly, Zhang and co-workers also 

observed a decrease in stiffness by an order of magnitude for the chitosan-strengthened 

polyacrylamide-based guest-host hydrogel under high strain, which subsequently recovered 

within seconds of return to the low strain regime190. Interestingly, after the high-strain cycle 

used in our study, the storage modulus of the nanocomposite hydrogel only partially 

recovered to 7.5 kPa (initial G’ = 9.6 kPa) in the low strain period. This behaviour suggests 

that while initial recovery and reformation of the physical crosslinks may occur within 

seconds, the structural reorganisation required for complete stiffness recovery may take 

longer than the 30 s afforded in the 1 % shear strain cycle in this experiment. 

To assess the self-healing properties of the PEI-SiNP/HA hydrogels, two pieces of hydrogel 

(one strained blue with CBBG dye) were placed in intimate contact (Figure 6.12B).  After 

incubation at room temperature for 1 h the hydrogels had joined at their interface, could 

support their own weight, and remained attached under mechanical stretching (Figure 6.12C 

& D).  
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Figure 6.12 (A) The storage modulus for PEI-SiNP/HA hydrogels (PEI/HA ratio 1.2/4.8; 

measurement frequency 1 Hz) under repeated cycles of 1 % and then 1000 % strain (interval 

time 30 s). (B) Two pieces of hydrogel, prepared with and without CBBG dye, placed in 

intimate contact to demonstrate their macroscopic self-healing properties. After 1 h the 

hydrogels support their own weight (C) and remain connected under mild mechanical 

stretching (D). 
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6.7 Hemolytic Activity of PEI-SiNP/HA and PEI/HA Hydrogels 
 

Good biocompatibility with minimal off-target cytotoxicity is imperative for materials in 

drug delivery and biological application. Hemolysis testing of the hydrogels and their 

constituents was conducted using mouse mammalian blood to assess their potential toxicity. 

As seen in Figure 6.13A, minimal hemolysis (≤ 3.8%) was observed for the PEI-SiNP/HA 

and PEI/HA hydrogels, hence demonstrating good haemocompatibility. In contrast, free PEI 

and PEI-SiNPs induced significant haemolysis over the same concentration range (Maximum 

hydrogel PEI monomer concentration 2.2 mM for PEI/HA ratio of 3.6/4.8; Figure 6.13B & 

C). As expected, HA, a naturally occurring component of the extracellular matrix, showed 

negligible haemolysis over the concentration range used in hydrogel preparation (< 2.6%, 

Figure 6.13D; maximum HA monomer concentration 2.9 mM for 3.6/4.8 PEI/HA ratio). 

These results clearly demonstrate that the charge screening and electrostatic complexation of 

high molecular weight PEI by the oppositely charged HA polymer could mitigate the 

cytotoxicity of the resultant hydrogel. Such charge balanced hydrogels thus offer an 

advantage over conventional PEI-containing hydrogels which tend to be cytotoxic due to the 

disruption of mammalian cell membranes by PEI’s high cationic charged densities191,192.  
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Figure 6.13 Hemolysis testing for (A) PEI-SiNP/HA and PEI/HA gels, and (B-D) HA, PEI, 

and PEI-SiNPs respectively. 
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6.8 Methotrexate Drug Loading and Release 
 

Abraham et al. recently demonstrated that electrostatic interactions from charged gelators 

may retard the release of small molecule drugs with complementary charges.193 As discussed 

in Chapter 5, the presence of protonated amines in the silica surface-bound PEI conferred a 

positive surface charge. Because of the large number of ionisable groups per PEI monomer (7 

protonated amines per PEI monomer vs 1 deprotonated carboxyl group per HA monomer at 

pH 7.4), an excess of cationic groups is still expected to be available for electrostatic 

interaction with a guest molecule after hydrogel formation. As such, we investigated the 

loading and release of an oppositely charged cargo. MTX, an anti-metabolite of folic acid is 

used as an anticancer agent in the treatment of a variety of neoplasms.194 However, the drug 

efficacy is limited by its short plasma half-life and low accumulation in tumour tissues 

following injection or oral administration.195 Owing to its two ionisable carboxyl groups that 

carry a negative charge at physiological pH, MTX was incorporated into the PEI-SiNP/HA 

hydrogel via electrostatic interaction with the cationic PEI-SiNPs prior to the addition of HA. 

Implantation of the MTX loaded PEI-SiNP/HA hydrogel at the disease site could allow for 

direct delivery of the drug, hence reducing systemic toxicity and overcoming its poor 

pharmacokinetic properties to increase drug bioavailability. 

As shown in Figure 6.14, a significantly higher MTX loading efficiency was observed for the 

PEI-SiNP/HA compared to PEI/HA hydrogels (P < 0.05 for all). Interestingly, the loading of 

MTX into the PEI-SiNP/HA nanocomposite hydrogels was found to be dependent on the 

ratio of PEI to HA. When the PEI monomer concentration (and hence PEI-SiNPs) was 

increased from 1.2 to 3.6 mM, the MTX loading efficiency increased from 79 to a maximum 

at 93%. This result is consistent with the expected increase in availability of protonated 

amines for electrostatic complexation with MTX as the PEI concentration increases.  
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Figure 6.14 MTX loading efficiencies for PEI-SiNP/HA and Free-PEI/HA gels synthesised 

with varied PEI monomer concentration and HA monomer concentration fixed at 4.8 mM (n 

= 3). 

 

Next, the drug release profiles and kinetics for PEI-SiNP/HA gels were measured and 

evaluated with the Korsemeyer-Peppas model.101 As seen from Figure 6.15, slower, more 

sustained, and tuneable drug release is observed for the PEI-SiNP/HA compared to the HA 

only hydrogel. Over the first 8 h, a burst release of MTX is observed for the HA only 

hydrogel with almost 100 % release by 24 h. In comparison, much slower release is shown 

for the PEI-SiNP/HA hydrogels with 46 % release after 8 h, and only 78 % after 24 h for gels 

prepared with a 3.6 mM PEI monomers. In addition, the MTX release rates can be tuned by 

varying the PEI-SiNP concentration. With an increase in the PEI monomer concentration 

from 0 to 3.6 mM, a decrease in MTX release rate was attained (Table 5). Notably, the 

release up to 12 h is approximately comparable for the hydrogels with 1.2 – 3.6 mM PEI; this 

initial release is primarily due to MTX adsorbed in the hydrogel pores. From 24 h onwards 

the MTX contained in the pores is depleted, and the remaining drug is electrostatically bound 

to the cationic PEI-SiNPs within the walls of the hydrogel matrix. This electrostatic 

interaction retards the release of MTX and is greater in the hydrogels prepared with higher 

PEI-SiNP concentrations. When PEI-SiNPs containing 1.2 mM of PEI monomers were used, 

91% of the loaded MTX mass was released over 72 h; this decreased to 83% and 78% for 2.4 

and 3.6 mM PEI monomer respectively. These results thus demonstrate the ability to 
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modulate the release of the anionic anticancer drug MTX by varying PEI-PSiNP 

concentration within the nanocomposite hydrogels. 

Importantly, the electrostatic complexation of PEI-PSiNP with HA to form the 

nanocomposite hydrogel avoids the near complete burst release observed with the HA only 

hydrogel. With the HA only hydrogel, 80 % of MTX was released within the first 8 h and the 

kinetic constant, km, observed was approximately double that of the nanocomposite hydrogels 

(km = 47.8 vs 23.8; Table 2). For all samples, the exponent n was < 0.5 suggesting that 

diffusion was controlled by fickian diffusion of the guest molecule from within the hydrogel 

matrix rather than hydrogel swelling or dissolution.  

Similar to the increased drug loading efficiency discussed above, the change in total drug 

release over 72 h between hydrogels of increasing PEI-SiNP content is also caused by the 

presence of excess PEI. We can consider two mechanisms of drug encapsulation: loading of 

drug into the hydrogel porous network without specific electrostatic interaction; and 

electrostatic complexation of MTX with excess cationic amines present in the polymer 

matrix. It is likely that the initial release observed over the first 48 h arises predominantly 

from MTX retained in the pore network without significant electrostatic interaction while the 

non-released drug content observed at 72 h is derived from MTX retained in electrostatic 

bonds with the surplus PEI. As the amount of surplus PEI not involved with gelation 

increases with higher PEI-SiNP:HA ratios, the amount of drug retained in the hydrogel 

matrix after 72 h increases in parallel. To confirm this, the samples composed of only HA and 

MTX (0/4.8 PEI-SiNP/HA), where no attractive electrostatic interactions exist between the 

drug and polymer matrix, gives approximately 100 % drug release. We speculate that the 

retained drug may see a prolonged release profile in tandem with hydrogel degradation under 

physiological conditions.  
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Figure 6.15 Cumulative release of MTX from PEI-SiNP/HA hydrogels of varied 

composition collected in pH 7.4 PBS at 37 °C (n = 3). 

 

Table 5 The release exponent, n, and kinetic constant, km, derived from the Korsmeyer-

Peppas model, and R2 values from the fitting for the drug release profiles presented in Figure 

6.15. 

 

Gel	Condition	 n	 km	 R2	

PEI-SiNP/HA	–	0/4.8	 0.26	 47.8	 0.990	

PEI-SiNP/HA	–	1.2/4.8	 0.38	 23.8	 0.999	

PEI-SiNP/HA	–	2.4/4.8	 0.31	 23.9	 0.995	

PEI-SiNP/HA	–	3.6/4.8	 0.22	 29.2	 0.986	
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6.9 Conclusion 
 

In this chapter we demonstrate the use of PEI functionalised SiNPs developed in Chapter 5 

for the formation of complex coacervate-based nanocomposite hydrogels. Due to the 

reversible electrostatic bonding between PEI-SiNP and HA, the nanocomposite hydrogels 

possessed desirable shear-thinning and self-healing properties. Furthermore, the incorporation 

of the hybrid organic-inorganic PEI-SiNPs enhanced the mechanical stiffness of the 

nanocomposite hydrogels compared to the PEI/HA hydrogels. The mechanical stiffness of the 

nanocomposite hydrogels could also be readily tailored through tuning the ratio of PEI-SiNP 

to HA.  

It was also found that the electrostatic complexation of PEI-SiNPs with HA could mitigate 

the cytotoxicity concerns traditionally associated with high molecular weight PEI thus 

improving their suitability for biological applications. The modular approach used also offers 

benefit over in-situ polymerised SiNP-nanocomposite hydrogels that use potentially cytotoxic 

reagents159,170,196,197. Finally, we exploited the excess cationic charges present to enhance the 

loading and retard the release anionic anti-cancer therapeutic MTX. In conclusion, the novel 

synthetic pathway presented herein affords improved mechanical stiffness, self-healing, as 

well as enhanced drug loading and release capability while offering greater simplicity and 

biocompatibility over currently established protocols for the construction of nanocomposite 

hydrogels for biomedical applications. 
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7 Conclusions and Future Work 
 

7.1 Conclusions 
 

The aim of this thesis was to combine the ease of formation, customisability, and polymeric 

functionality of polyelectrolyte complexes (PECs) with the stability of colloidal silica. This 

was achieved through the use of the PECs as scaffolds for the synthesis of silica nanoparticles 

(SiNPs) that retained the PEC constituents as intrinsic organic functionalities.  

The development of the PEC templated syntheses was initially demonstrated in Chapter 3 

with the formation of Arginine (Arg)/Poly(acrylic acid) (PAA) PECs, which served as 

scaffolds for the formation of Arg/PAA-Porous silica nanoparticles (PSiNPs). PAA was 

chosen for its pH responsive electrostatic interaction with Dox, while Arg was chosen to give 

enhanced cellular uptake into tumourigenic tissues. The mixing of anionic polymer PAA, and 

basic amino acid Arg in an 80 % (v/v) IPA solvent led to the formation of stable, 

monodispersed PECs. The diameter of the PECs was highly tunable between 50 – 130 nm via 

control of the PAA and Arg concentrations while maintaining a monodispersed population. 

The use of Arg provided an alkaline pH inside the PECs, which was suitable for the basic 

catalysis of silica condensation, hence, on the addition of TEOS silica condensation occurred 

selectively inside the PEC templates for the formation of PSiNPs with intrinsic PAA and Arg 

surface functionality. The particle diameter was tunable between 42 – 100 nm (determined by 

TEM imaging), and the hydrodynamic diameter was found to vary by less than 5 nm over 3 

repeat syntheses. The packing of the PAA chains in the PECs led to a porous structure in the 

Arg/PAA-PSiNPs spanning the micro- and meso- porous range.  When Arg was replaced 

with NH4OH, the weaker electrostatic interactions between PAA and the monovalent NH4
+ 

caused poor uniformity in both the PECs and PSiNPs, and led to a reduction in the particle 

internal pore volumes. Three growth regimes (undergrowth, slight overgrowth, and 

significant overgrowth) were defined which describe of the relationship between the PEC 

template and PSiNP diameters. For the presentation of both PEC components in the PSiNP, 

the template diameter must be less than that of the final particle. 

The efficacy of the Arg/PAA-PSiNPs and NH4OH/PAA-PSiNPs as vehicles for the targeted 

delivery of anticancer therapeutic doxorubicin (Dox) to glioblastoma (GBM) cells was 

assessed in Chapter 4. The enhanced porosity of the Arg/PAA-PSiNPs led to a higher Dox 



 

167 

 

loading capacity of 22 % compared to 8 % for the NH4OH/PAA-PSiNPs. The incorporation 

of PAA from the colloidal templates into the PSiNPs provided pH responsive drug release, 

corresponding to the acidic tumour microenvironment and/or the endosomal environment. At 

physiological pH, protonation of the carboxyl groups of PAA (pKa = 4.5) caused increased 

electrostatic interaction with Dox, causing enhanced retention and only 8 % drug release over 

48 h. Their protonation under weakly acidic pH reduced the strength of this interaction and 

led to 33 % Dox release. When NH4OH/PAA-PSiNPs were used, only 17 % drug release 

observed at acidic pH over the same timescale.  

In vitro viability assays revealed that neither Arg/PAA-PSiNPs nor NH4OH/PAA-PSiNPs 

showed overt cytotoxicity against patient derived GBM cells. Increased cellular uptake of 

Arg/PAA-PSiNPs into GBM20 and GBM1 cells was observed compared to NH4OH/PAA-

PSiNPs and no difference was observed for non-tumorigenic NP1 cells. This was caused by 

the presentation of Arg at the Arg/PAA-PSiNP particle surface and was confirmed when 

PSiNPs synthesised in the ‘overgrowth’ regime, which did not lead to Arg surface 

functionalisation, showed no significant difference in uptake versus NH4OH/PAA-PSiNPs of 

comparable diameter. This in turn caused an increase in tumouricidal activity as described by 

a significantly reduced IC50 value for Dox loaded Arg/PAA-PSiNPs against the 

NH4OH/PAA-PSiNPs. 

The PEC templated PAA/Arg-PSiNP synthesis and its application presented in Chapters 1 

and 2 gave significant benefits over previously established syntheses for SiNPs with 

responsive drug release and cancer targeting capabilities, both in size, monodispersity, and 

ease of production. Due to the enhanced uptake of Arg in other tumorigenic tissues, the 

Arg/PAA-PSiNPs show great potential as drug delivery vehicles for other cancer types.  

Chapters 5 and 6 reported the synthesis of poly(ethyleneimine) (PEI)-functionalised SiNPs 

and their application as multifunctional crosslinkers in physical nanocomposite hydrogels 

respectively. Analogous to the Arg and PAA used previously, polycationic PEI and anionic 

glutamic acid (Glu) were used in the alcohol-induced formation of PECs, and their function 

as templates for PEI-SiNP synthesis. First, DLS was used to assess the effects of the alcohol 

co-solvent and its polarity on the formation of PECs. In agreement with the predictions of 

Debye-Huckle theory for weakly interacting polyelectrolytes in solution, a comparison of 

methanol, ethanol, and IPA, showed that alcohols of lower polarity cause alcohol-induced 

PEC formation at lower volume fractions.  

Following this, the effects of PEI molecular weight on the required IPA concentration and the 

size of the resultant PECs was assessed. For both PEI/Glu mixtures and PEI alone, the 
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formation of stable complexes occurred at progressively lower IPA volume fractions for 

higher molecular weight polymers. In addition, the use of high molecular weight PEI allowed 

finer size control of the PECs. When the concentration of 2 kDa PEI was varied, the PEC 

diameter increased from 40 to 2539 nm, while the size changed only between 18 and 153 nm 

when 25 kDa was used at the same mass concentrations. Using optimised solvent and 

molecular weight conditions (80 % IPA, and 25 kDa PEI), the PECs were used as scaffolds 

for the condensation of silica species in the formation of PEI-SiNPs with asymmetric 

nanopopcorn structures with an average diameter of 135 ± 37.7 nm. The presentation of PEI 

at the SiNP surface conferred a zeta potential of 22.1 ± 1.1 mV at pH 7.4. 

The cationic PEI-SiNPs were able to electrostatically complex with anionic HA in the 

formation of PEI-SiNP/HA nanocomposite hydrogels (Chapter 6). The hydrogels showed 

typical viscoelastic behaviour (G’ > G”) and the presence of the SiNPs significantly enhanced 

the mechanical stiffness of the hydrogels compared to PEI/HA hydrogels prepared without 

SiNPs. The critical strain was also increased in the presence of SiNPs from 46.9 % for 

PEI/HA hydrogels to 304 % for PEI-SINP/HA hydrogels. Furthermore, the hydrogel storage 

modulus was tunable between 3276 and 10617 Pa, and was highest near 1:1 cation:anion 

ratios. 

The reversible electrostatic crosslinking between PEI-SiNPs and HA caused shear thinning 

and self-healing behaviours. When subjected to a 1000 % shear strain, the reversible 

breakage of the physical crosslinks in the PEI-SiNP/HA hydrogels caused a 100-fold 

decrease in mechanical stiffness, followed by near instantaneous reformation and stiffness 

recovery on return to a 1 % shear strain. The self-healing ability was further demonstrated on 

a macro-scale, where two cleaved pieces of hydrogel could re-join after intimate contact 

along their cut faces, and remain attached under mechanical stretching.  

Haemolysis testing demonstrated that the electrostatic complexation and neutralisation of 

charges effectively mitigated the haemolytic activity and resultant cytotoxicity concerns 

associated with high molecular weight PEI, including the hydrogel formulations with an 

excess of charged cations. Further, these charged cations facilitated the loading of anionic 

antifolate and cancer therapeutic MTX to a loading efficiency of 93 %. Approximately 

comparable release of MTX from the hydrogel pores was observed over the first 24 h for all 

PEI-SiNP/HA hydrogels, until only the MTX electrostatically associated with PEI-SiNPs 

remains. The electrostatic interaction slowed the drug release and was greater in the 

hydrogels prepared with higher PEI-SiNP concentrations, giving tunable drug release rates.   
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Firstly, the work presented in Chapters 5 and 6 expanded on the earlier PEC templated SiNP 

synthesis to use a cationic polymer and anionic counterion demonstrating the versatility of 

this pathway and its potential application to other cation/anion pairs. In addition, new insight 

into the formation of alcohol-induced PECs was provided through investigation of the effects 

of co-solvent choice and polymer molecular weight. Secondly, the nanocomposite hydrogel 

offered improved and tuneable mechanical properties, self-healing, and enhanced drug 

loading and release capabilities while offering greater simplicity over previously reported 

methods for the formation of nanocomposite hydrogels in biomedical applications.  

Taken together this thesis demonstrates the ability of PECs to act as scaffolds of the selective 

condensation of silica species hence improving the stability of PECs to changes in pH, 

temperature, and ionic strength; and obviating the need for lengthy synthetic protocols 

commonly required for the formation of surface functionalised SiNPs for biomedical 

application. 

 

7.2 Future Work 
 

7.2.1 Additional Assessment of Selective Arg/PAA-PSiNP Uptake into Malignant 

Tissues 

 

In Chapter 4, the enhanced cellular uptake of Arg/PAA-PSiNPs over NH4OH/PAA-PSiNPs 

was demonstrated against GBM1 and GBM20 cells lines in vitro, and determined to be due to 

the presence of Arg at the particle surface. In over 70 % of tumours, argininosuccinate 

synthase 1 (ASS1), an enzyme required for endogenous Arg synthesis, is suppressed leading 

to a dependence on extracellular Arg. Correspondingly, many tumours overexpress the solute 

transporters responsible for Arg influx.198 Hence, a next step in the testing of Arg/PAA-

PSiNPs would be an assessment of their uptake into a wide range of tumorigenic tissues 

known to exhibit Arg auxotrophy, and a comparison to NH4OH/PAA-PSiNPs which do not 

present Arg at their surface. A bank of cell lines would be incubated with fluorescently 

labeled PSiNPs, and the uptake efficiency assessed by measurement of the fluorescence 

intensity in the cells. 

This work did not probe the specific uptake pathway and intracellular localisation of the 

Arg/PAA-PSiNPs. Competition assays would be completed using high concentrations of Arg 

to saturate the Arg transporters and hence Arg/PAA-PSiNP uptake to confirm that 
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overexpressed solute transporters were responsible for the enhanced cellular uptake. 

Additionally, confocal microscopy and transmission electron microscopy of the cells after 

PSiNP uptake could be used to determine the fate of the Arg/PAA-PSiNPs after cellular 

internalisation.  

Finally, an in vivo assessment of particle toxicity and tumour targeting would add valuable 

insight to their efficacy as drug delivery vehicles. 

 

7.2.2 Cellular Toxicity and Anti-Tumour Efficacy of PEI-SiNP/HA Hydrogels 

 

In chapter 6, the haemocompatibility of the PEI-SiNP/HA and PEI/HA hydrogels was 

assessed, and it was shown that the electrostatic complexation of PEI with HA could mitigate 

the toxicity typically associated with high molecular weight PEI. The next step would be an 

in vitro cytotoxicity assessment of the hydrogels against both tumorigenic and non-

tumorigenic cell lines without the loading of MTX. This would aid in describing the biosafety 

of the formulations.  

The anticancer efficacy of the MTX loaded PEI-SiNP/HA hydrogels should also be assessed 

with an in vivo study. The MTX loaded PEI-SiNP/HA hydrogels would be surgically applied 

directly to the tumour site and compared with the conventional intravenous delivery of MTX. 

 

7.2.3 Assessment of the PEC Internal Structure, and its Influence on the SiNP 

Properties 

As described in Chapter 3, the pore sizes and volumes observed for PSiNPs synthesised from 

Arg/PAA PECs were much higher than those of NH4OH/PAA-PSiNPs. It is possible that this 

is due to differences in the internal structure of the PECs and the packing of PAA chains in 

the complexes. A thorough understanding of the influence of the choice of polyelectrolytes 

on the internal PEC structure and resultant PSiNP properties may provide greater 

morphological control and tunability of the porosity. For example, this could be used to 

increase the pore size for the encapsulation of larger therapeutic molecules, or for control of 

the drug release rate through manipulation of the pore diameters. 

It is also noted that similar protocols reported in literature, which used ethanol/water mixtures 

to prepare PAA/cation PECs, produced hollow SiNPs while only solid particles were made in 

this work.99 A description of the relationship between PEC formation conditions and structure 
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of the SiNPs would be of interest both for completeness of understanding and for greater 

morphological control in future syntheses.  

Small angle neutron scattering has been used to study the polyelectrolyte complex continuum 

for solutions of KBr doped poly(styrenesulfonate) to describe the inter-chain distances and 

polymer concentrations in the coacervates.199 A similar approach combined with electron 

microscopy observation of SiNP morphology and gas adsorption porosity analysis may help 

to describe the structural relationship between the PECs and SiNPs.  
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