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Abstract 

Magnetic nanoparticles (MNPs) are allowing for new approaches to drug delivery, 

biomarker capture and are also enabling cancer treatments such as magnetic field 

hyperthermia and magnetic drug delivery. Applied research into functionalised MNPs 

is now advancing to in-vivo studies as their unique properties such as magnetic 

responsiveness and small scale are being exploited to overcome some pre-existing 

limitations for non-invasive in-vivo applications. One prominent application is 

magnetophoretic delivery of MNPs within tissue to a desired location in the body. While 

there has been an increasing interest in magnetophoresis from a fundamental point of 

view, a detailed picture of how the motion of MNPs is influenced by the characteristics 

of the surrounding tissue environment is lacking. Addressing this would improve 

reliability, accuracy and precision of magnetic guidance techniques. By understanding 

how molecular interactions influence functionalised MNPs interactions with biological 

tissue, appropriate measures can be taken in their future design and in-vivo delivery 

to ensure precise and reliable magnetic motion and guidance.  

This thesis attempts to contribute to the understanding of magnetophoretic behaviour 

of functionalised iron oxide nanoparticles in biological tissue. In the first instance, a 

new optical imaging method is proposed to study functionalised MNPs undergoing 

magnetophoretic transport through biological tissue mimics including hydrogels and 

cultured extracellular matrix (ECM). Following the establishment of the method, the 

impact of chemical and physical attributes of the MNP, as well as the nature of the 

tissue mimic environment and their interactions, on magnetophoretic motion in 

different field gradients is examined. This work provides insights into electrostatic 

interactions as a modulator of magnetophoretic transport of MNPs which are important 

in the context of biological transport, given the nature of the ECM in tissue. The 

application of this new knowledge is then applied to biomarker sampling from tissue 

mimics using functionalised MNPs. The impact of MNP-biomarker binding and uptake 

on magnetophoretic behaviour is investigated and the analytical capability of the novel 

approach elucidated. The approach developed here is demonstrated to have potential 

for minimally-invasive sampling of biomarkers from complex, biphasic environments 

such as the ECM. 
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1.1. Introduction 

Nanoparticles (NPs) are classified as a material having at least one dimension 

between 1 and 100 nm1. NPs are an important class of material that demonstrates 

unique properties on account of their size dimension, high surface area, reactivity, 

tuneable surface chemistry and can be made from a variety of materials2. These 

unique properties arise from various attributes3, including the small scale of NPs that 

put them in the size range of biomolecules such as proteins. NPs can comprise of a 

variety of materials such as metals including gold and silver, inorganic materials such 

as silica and polymers such as polyvinyl alcohol (PVA), polyethylene glycol (PEG) and 

polystyrene4. NPs that possess a responsive magnetic moment are known as 

magnetic nanoparticles (MNPs) and comprise, at least partially of magnetic materials 

including iron, nickel or cobalt. They have great potential for use in a variety of 

applications, ranging from tumour therapy, biodetection, nuclear magnetic resonance 

(NMR) imaging, drug delivery and biocapture5,6. The key characteristic of a MNP is its 

susceptibility to an external magnetic field. This induces the response of the MNP in a 

magnetic field. Being manipulated by an external magnetic field, coupled with their 

intrinsic penetrability into human tissue opens up a variety of biological applications 

for MNPs7. For example, MNPs can resonantly respond to time-varying magnetic 

fields, causing its magnetic core to heat and so are being developed to be used as 

hyperthermia agents to destroy tumours or cancer cells in-vivo8. 

MNPs have sizes that can range from just a few nm to tens of nm where their size 

scale determines their magnetic properties. They have a similar size scale to biological 

cells9, reducing the risk of a MNP being identified by the hosts immune system. 

Recognition can lead to aggregation which would cause major issues for in-vivo 

applications. The magnetic cores of MNP are typically functionalised in order to 

stabilise them and to allow them to be tailored for a particular application10. The 

surface chemistry can be tailored to target or bind biomarkers, or control their 

interactions with or respond to their environment, i.e. to trigger drug release. This 

chapter will discuss the fundamentals and underlying physics of MNP materials, 

approaches to surface functionalisation and their biological applications. 
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1.2 Fundamentals of magnetism 

Magnetism is defined as an attractive and repulsive phenomenon produced by a 

moving electric charge11. The affected region around a moving charge consists of both 

an electric and magnetic field. All materials exhibit a form of magnetism but magnetic 

behaviour depends on the electron configuration of the atoms and temperature12. The 

electron configuration can cause magnetic moments to cancel each other out (making 

the material less magnetic) or align (making the material more magnetic). The 

magnetic moment refers to the magnetic strength and orientation of a magnet in 

response to a magnetic field. Increasing the temperature increases random thermal 

motion, making it harder for electrons to align, and typically decreases the magnetic 

strength of a material. Magnetic materials can be classified into five main types of 

magnetism; ferromagnetism, ferrimagnetism, antiferromagnetism, paramagnetism 

and diamagnetism. 

Ferromagnetism occurs when the magnetic moments align spontaneously below their 

Curie temperature13. The Curie temperature is related to a magnetic material, it can 

cause sharp changes in their magnetic properties when reached. In ferromagnetic 

materials, the magnetic moments align in a parallel manner in an equal arrangement. 

With ferrimagnetism the magnetic moments are unequal in magnitude and align 

themselves in an antiparallel arrangement14. Antiferromagnetism occurs at the Curie 

temperature, where the magnetic moments align parallel to each other. At this 

temperature, the aligned magnetic moments give no net magnetisation15. 

Paramagnetism is mainly observed in materials with an uneven number of electrons. 

The net magnetisation cannot be zero and will always respond to an external magnetic 

field. It is a weak form of magnetism seen in magnetic materials in response to an 

applied magnetic field16. Diamagnetism is found in materials that have a negative 

magnetic susceptibility. The negative susceptibility arises from a current induced by 

electron orbits that force the magnetic moments to align opposite an applied field. This 

results in the moments being shielded from an applied magnetic field. 

The ability to guide MNPs is based on their response to an external magnetic field. 

Therefore, it is necessary to understand how this response is linked to the magnetic 

field.  
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When a magnetic material is introduced to a magnetic field, the individual atomic 

moments in the material contribute to its overall response17,18: 

 

B = µ0(H+M)                                                         (1.1) 

where B is the magnetic flux or induction (T), µ0 is the permeability of free space (TmA-

1), H is the magnetic field intensity (A/m) and M is the magnetisation per unit volume 

(A m-1). 

 

MNPs below 100 nm are single-domain particles and can have superparamagnetic 

properties. The total magnetic moment of these MNPs can be regarded as one giant 

magnetic moment, composed of all the individual magnetic moments of the atoms19. 

In superparamagnetic MNPs, magnetisation randomly flips direction under the 

influence of temperature20. The typical time between flips is called the Neel relaxation 

time. In the absence of an external magnetic field, when the time needed to measure 

the magnetisation of the NPs is much longer than the Neel relaxation time, the net 

value of magnetisation averages at zero and they are said to be in the 

superparamagnetic state21(Figure 1.1). Superparamagnetic MNPs are commonly 

used in biomedical applications and would typically comprise of maghemite or 

magnetite with core diameters ranging from sub-10 to 80 nm22,23. 

 

 

Figure 1.1 Magnetometry of ferromagnetic, superparamagnetic, paramagnetic and 

diamagnetic materials under the influence of an applied field showing saturation 

magnetisation (Ms), remnant magnetisation (Mr) and coercivity (Hc) (the intensity of 

an external field needed to force the magnetisation to zero)24. 
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Superparamagnetism is dependent on two processes in a magnetic field, Neel 

relaxation (discussed above) and Brownian motion. The Neel relaxation (τN) process 

is determined by the magnetic anisotropic energy of the MNPs relative to the thermal 

energy.  Brownian motion is the random movement of particles in a fluid due to 

collisions with other atoms and molecules in solution. Both Neel relaxation and 

Brownian motion processes are characterised by a relaxation time: τB for the Brownian 

process which depends on the hydrodynamic properties of the fluid, is the time taken 

for a particle to return to its original position; Both Brownian and Neel processes will 

be present in a MNP dispersion. Only τN is relevant in fixed MNPs where no physical 

rotation of the particle is possible. The underlying physics of superparamagnetism is 

founded on an activation law for the relaxation time τN of the net magnetisation of the 

particle: 

 

τN = τ0 exp (
∆E

kBT
)                                                    (1.2) 

where τ0 is the pre-exponential factor (s), ∆E is the energy barrier to moment reversal 

(J), kB is the Boltzmann constant (JK-1) and T is temperature (K). 

 

For non-interacting particles, τ0 is of the order 10−10–10−12 s and is only weakly 

dependent on temperature. ∆E is influenced by general intrinsic and extrinsic effects 

such as the magnetocrystalline and shape anisotropies, respectively; but in the 

simplest of cases it is given by: 

 

∆E = KVm       (1.3) 

where K is the anisotropic energy density (J·m-3) and Vm is the particle volume (m3). 

 

This direct proportionality between ∆E and Vm is the reason that 

superparamagnetism—the thermally activated flipping of the net moment direction—

is important for all small particles, since for them, ∆E is comparable to kBT at room 

temperature. 

For a material to magnetic, it must exhibit ferro-, ferri- or superparamagnetic behaviour 

at room temperature25. There are three classes of materials that meet this criteria; 

metals, alloys and oxides. Three metallic elements exhibit ferromagnetic properties - 

iron, cobalt and nickel. As bare metals, they have a high tendency to oxidise, so an 

oxidation-protective layer is needed for in vivo applications26,27. Alloys are 
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ferromagnetic materials and can consist for example of cobalt/platinum or 

iron/platinum28. However, these materials have found little use in biomedical 

applications due to their strong magnetisation which can lead to aggregation and high 

toxicity. Iron oxides, on the other hand, have many uses for medical applications due 

to their biocompatibility and tuneable surface chemistry. 

 

1.2.1 Fundamentals of magnetophoretic transport 

In order to understand how a magnetic particle will move in an external magnetic field, 

it is important to understand the relationship between the two main forces that dictate 

magnetophoretic transport.  These are the magnetic force (Fm) and the drag force 

(FD)29–31. FM is given by: 

  

     Fm = (m∇) B                                                              (1.4) 

where FM (kg·m·s-2) is the magnetic force acting on a point-like magnetic dipole (A·m2). 

 

This equation can be geometrically interpreted as the differentiation of the magnetic 

energy Em = ½·m·B with respect to the distance in the direction of m. In the case of 

particle of magnetization M (A·m-1) and magnetized volume Vm, the total magnetic 

moment, m, of the particle is defined as: 

 

                    m = Vm·M                                                      (1.5) 

 

The saturation magnetisation (M) is dependent on various parameters including the 

magnetic susceptibility, χ, of a particle in response to an external magnetic field 

according to: 

 

M = 
𝜒

µ0
B       (1.6) 

 

By substituting equations 1.6 and 1.5 into equation 1.4, the following is obtained: 

 

Fm = 
Vmχ

µ0
(B∇) B                                                     (1.7) 
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FD is given by the following equation29,32: 

 

    FD = 6πrƞv      (1.8) 

where r is the radius of the particle (m), ƞ is the viscosity of the surrounding fluid (Pa·s) 

and v is the velocity (m·s-1). 

 

When Fm is equal to FD
, a terminal velocity is achieved for a particle in a viscous 

medium under the influence of an external magnetic field. Thus equations 1.7 and 1.8 

can be equated and an expression for terminal velocity, v, can be derived: 

 

                                         v = 
χvVmB∇B

6πrµ0ƞ
                (1.9) 

 

Studies into understanding the magnetophoretic factors that can influence a particles  

behaviour in a viscous medium have continued to gain attention for biomedical 

applications33,34. 

 

1.3 Magnetic nanoparticle synthesis 

MNPs are synthesised from a variety of materials resulting in varying magnetic 

susceptibilities, stabilities and toxicities. Maghemite, hematite and magnetite are all 

iron oxides that can form superparamagnetic NPs35,36. They are typically synthesised 

from a precursor ferrite, which is a ceramic containing iron oxide and a mixture of 

copper, nickel, cobalt, magnesium or iron37. Size can be controlled by seed-mediated 

growth or capping agents38. A broad range of synthetic methods can be used to 

synthesise MNPs via chemical, physical and biological routes (Figure 1.2). 

 

Figure 1.2 Comparative presentation of the synthesis of iron oxide magnetic 

nanoparticles by three different routes (2019)39. 
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1.3.1 Iron oxide MNPs 

Iron oxides are predominantly used as MNP cores in biomedical applications. The 

three most commonly used iron oxides are hematite, magnetite and maghemite. 

Hematite (α-Fe2O3) forms in a crystalline rhombohedral structure and usually is found 

with various other iron oxides. Hematite is an antiferromagnetic material with a Neel 

temperature of 600 °C. It is weakly magnetic and can bear a small magnetic charge 

due to surface defects of the hematite crystals. Hematite is the most chemically stable 

of all the oxide metals but has solubility issues in water and toxicity issues which limit 

their use in biomedical applications but they have found use in environmental 

applications40.  

Magnetite (Fe3O4) is a magnetic iron oxide that has a cubic inverse spinel structure 

with oxygen forming a closed packing and Fe cations occupying interstitial tetrahedral 

sites and octahedral sites. Electrons can hop between Fe2+ and Fe3+ ions in the 

octahedral sites at room temperature unlike maghemite, rendering magnetite an 

important class of half-metallic materials. This hopping between ions can contribute to 

an electric conductibility which can occur below 125 K. This is called the Verwey 

transition. It is ferrimagnetic and can be magnetised or used to magnetise other 

materials. Magnetite NPs are commonly used due to the superparamagnetic 

behaviour they exhibit at room temperature with high saturation magnetisation. In 

addition, their non-toxicity and high biocompatibility is important for biomedical 

applications41. The crystal structures of both magnetite and maghemite are based on 

a cubic dense packing of oxygen atoms differing only in the distribution of Fe ions 

within the crystal lattice. Maghemite (γ-Fe2O3) is a phase of iron oxide that has 

numerous in vivo applications due to its strong magnetic and optical properties. Its 

spinel structure and unit cell is the same as magnetite, it is also ferrimagnetic but with 

all Fe atom is in the higher oxidation state, unlike magnetite. Maghemite is more 

chemically stable than magnetite but magnetite is used more frequently, as it is often 

easier to synthesise and has higher bulk volume magnetisation (5 vs. 4105 A·m-1). 

 

1.3.2 Synthesis of iron oxide magnetic nanoparticles 

1.3.2.1 Chemical synthesis  

The chemical route is the most popular approach for the synthesis of MNPs. There 

are many different chemical methods, among which organic phase synthesis has 
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become a popular choice due to its ease of controlling NP formation rate and 

protecting against uncontrolled oxidation during the synthetic process42. Co-

precipitation is a well-established synthesis route for obtaining uniform small scale 

MNPs43. In the next section, co-precipitation and some non-aqueous phase methods 

will be discussed.  

 

1.3.2.1.1 Co-precipitation  

The co-precipitation method is for MNP synthesis is often used when high purity and 

good stoichiometric control are required. This is a very well-established synthesis 

method and was first reported by Massart43. However, this method can result in 

wide particle size distributions if the necessary precautions are not taken44. Fe3O4 or 

γ-Fe2O3 MNPs are synthesized from aqueous Fe2+/Fe3+ salt solutions (2:1 

stoichiometry) by the addition of a base under an inert atmosphere at room or at 

elevated temperature45. An oxygen-free environment is necessary during synthesis, 

otherwise magnetite can be further oxidised to ferric hydroxide. The synthesis carried 

out by Massart43 produced MNPs with a core size of 6-8 nm. Petcharoen et al.46, also 

synthesised magnetite MNPs by the Massart method using ammonium hydroxide as 

the precipitating agent (Figure 1.3). 

 

Figure 1.3 Scanning electron microscope (SEM) images of the (a) bare magnetite 

NPs (b) oleic acid-MNPs and (c) hexanoic acid-MNPs synthesised by a co-

precipitation method (Ratio 1:2.45) by Petcharoen et al. 46. Size distribution profiles 

inlaid for each SEM image. 

https://www.sciencedirect.com/topics/materials-science/particle-size-analysis
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They were prepared by the dissolution of iron (II) chloride and iron (III) chloride was 

controlled by reaction temperature. The MNPs were functionalised with oleic acid and 

hexanoic acid and resulted in an average hydrodynamic diameter (dhyd) of 15.1 nm 

(Figure 1.3). In a publication by Martinez-Mera et al.47, magnetite MNPs without 

surfactants were synthesised in a co-precipitation method using Fe2+/Fe3+ salts at 

room temperature resulting in a MNP dhyd of 7.9 nm in a ratio of 1:1 . 

 

1.3.2.1.2 Non-aqueous phase  

Synthesis methods like that of Massart that take place in the aqueous phase, have 

several conditions that need to be controlled and maintained such a pH, temperature, 

stoichiometric ratio of ions etc. The significant issue with the Massart method, is that 

the synthesised nanoparticles exhibit broad size range, typically with diameters 

between 5 and 15 nm. With this in mind, Sun et al.48 synthesised monodisperse 

magnetite NPs controlled by seed-mediated growth with a high-temperature reaction 

(255°C) of iron(III) acetylacetonate in a high boiling point solvent at reflux such as 

diphenyl ether. Seed-mediated growth was used to control NP size by adding the 

iron(III) complex to the oil phase in the presence of oleic acid and oleylamine, which 

acted as capping agents. This resulted in monodisperse MNPs with a dTEM of 4 nm. 

This method demonstrated that a high temperature reaction of iron (III) 

acetylacetonate in the presence of capping agents can be used to produce size-

controlled monodisperse MNPs. However some of the reagents used can adsorb to 

the surface of the MNPs, and can be difficult to remove, especially when the goal is to 

transfer them into water, also ligand transfer can be with made like by aspartic adic 

containing polypeptide, after a water transfer step combined with oxidation using 

tetramethylammonium hydroxide treatment as described by Euliss et al.49. 

Later on, Pinna proposed a promising non-aqueous phase route for the synthesis of 

MNPs that has been applied for the preparation of nanocrystalline magnetite50. 

Carrying out the synthesis in a non-aqueous phase that is an aromatic alcohol, such 

as benzyl alcohol (Ba), can overcome the previously mentioned phase transfer 

limitation. Compared to fatty amines or carboxylic acids, Ba is a soft ligand and does 

not interact with the resulting MNPs but helps control the rate of crystallisation of the 

iron to the desired iron oxide.  

The non-aqueous phase involves the partial reduction of some the iron complex 

iron(III) acetylacetonate into iron (II) species, in a solvent such as Ba and results in 
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monocrystalline magnetite particles with sizes ranging from approx. 12-25 nm 

depending on temperature and length of reaction50. The resulting MNPs are highly 

crystalline, and size can be tailored, either by reaction temperature or by a post-

reaction fractionation. The absence of surfactant results in a high-purity material. For 

example, this Pinna method was used by Ninjbadger et al.51 to synthesise MNPs (dhyd 

12.6 nm) and low polydispersity index (PDI) values (0.16) across several dispersions 

were noted.  

 

1.3.3 Physical synthesis 

The most common types of physical syntheses route to MNPs employ spray pyrolysis, 

aerosol and electrobeam lithography techniques. Spray and laser pyrolysis have been 

shown to be excellent techniques for the direct and continuous high rate production of 

well-defined MNPs52. In spray pyrolysis, a solution of ferric salts and a reducing agent 

in organic solvent is sprayed into a series of reactors; where the aerosol solute 

condenses and the solvent evaporates. The resulting dried residue consists of 

particles whose size depends upon the initial size of the original droplets. Maghemite 

NPs with sizes ranging from 5 to 60 nm with different shapes have been obtained 

using different iron precursor salts in alcohol using this method52. Kumfer et al.53 

synthesised reduced iron oxide NPs using a gas-phase, laminar diffusion flame 

process. Gas/aerosol phase methods yield high quality products but the percentage 

yield is usually low. Variables such as oxygen concentration, gas phase impurities, 

and the heating time must be controlled precisely to obtain pure products. 

 

1.3.4 Biological synthesis 

Biological synthesis methods for MNPs use green reagents, and allow for large-scale 

production. The biological route, although expensive can allow for highly specific MNP 

synthesis. The most common method of biological synthesis is by protein mediation. 

Rawlings et al.54 used magnetotactic bacteria to biomineralise MNPs within membrane 

vesicles (magnetosomes), which were embedded with dedicated proteins that control 

nanocrystal formation. The membranes were prone to aggregation so tight control of 

experimental conditions was required. Superparamagnetic magnetite and maghemite 

NPs were produced with a dhyd range of 30-50 nm depending on protein concentration 

which dictates the crystallisation rate (Figure 1.4). 
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Figure 1.4 Vibrating sample magnetometry (VSM) analysis of particle samples 

generated with three coiled coil proteins, peptide, and a protein free control54. 

 

1.4 Surface functionalisation: Tuning iron oxide MNP properties 

The MNP surface can be functionalised with various chemistries, to create stable 

dispersions, provide functionality and alleviate biocompatibility issues. 

Functionalisation can prevent aggregation, and improve colloidal stability for 

biomedical applications55,56. The hydroxyl groups present on the iron oxide core can 

covalently bind to a range of functional groups57,58. Depending on the synthesis 

approach used, residual surfactants can be present on the MNP surface. The residual 

surfactant that can be present from the synthesis process can dictate what 

functionalisation approach is needed. The surfactants can vary widely as it is usually 

responsible for the formation of the iron oxide and can include sodium oleate59, oleic 

acid or oleyamine. The presence of these surfactants can limit their use in biomedical 

applications due to their necessity to remove them by ligand exchange or to add an 

amphiphilic polymer to disperse the MNPs in water60. 

Non-functionalised MNPs can be targeted by plasma proteins called opsonin’s, which 

adsorb spontaneously on their surface61. This forms a protein corona by a process 

called opsonisation62 (Figure 1.5). The corona forms due to the high surface free 

energy of the NPs, resulting in adsorption of various molecules, most notably proteins. 



 

13 
 

This protein corona can trigger aggregation through protein bridges, resulting in the 

formation of large MNP clusters which are detrimental to the bio-applicability of these 

materials63. Binding forces that are responsible for corona formation and aggregation 

include van der Waals, hydrophobic and electrostatic interactions71. Parameters 

affecting the extent of opsonisation are related to the physical properties of the MNP 

surface (size, material, etc.) and nature of chemical functionalisation64.  

 

 

Figure 1.5 Formation of soft and hard protein coronas on a non-functionalised iron 

oxide NP65. 

 

1.4.1 Surface functionalisation of MNPs 

As many iron oxide MNP synthesis methods are performed in organic solvents, 

functionalisation is needed to render them stable in the aqueous phase for biomedical 

applications66. This process is called phase transfer67–69. Phase transfer is necessary 

if the desired particle type cannot be synthesized with the corresponding ligand on the 

surface in a single phase. The choice of ligand is also dictated by the end-application 

requirements. Surface ligands can impart hydrophilicity or hydrophobicity, chemical 

functionality and colloidal stability to NPs.  

There are three main methods employed for phase transfer, which are ligand 

exchange70,71, ligand modification72,73 and silanization74,75 (Figure 1.6). 
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Figure 1.6 Different strategies for phase transfer of nanoparticles. Left: ligand 

exchange, the incoming ligand has one head group binding to the NPs surface (filled 

circles), the other end (empty circles) is e.g. hydrophilic. Centre: Ligand modification 

of existing ligands Right: existing silane functionalisation is then crosslinked with an 

inorganic silica shell (strong black)67. 

 

Ligand exchange is a common method used improve the stability of or impart 

functionality to NPs (Figure 1.6 Left), whereby ligand molecules (e.g. surfactants) on 

the NP surface can be exchanged by others67,76. These surfactants are common on 

the MNP surfaces due to their use as capping agents in the iron oxide core syntheses. 

For ligand exchange, an incoming ligand molecule will need to bind more strongly to 

the inorganic NP surface than the existing (surfactant) ligand present from synthesis. 

Oleic acid is a common example of a surfactant ligand that is usually exchanged. 

Ligand exchange with small molecule ligands may be necessary to obtain particles 

with a specific size or functionality77,78.  

With the ligand exchange strategy, ligands stabilizing the NPs in the initial solvent 

phase used for synthesis can replaced by other, more strongly binding ligands that 

allow transfer to a second phase and provide colloidal stability there, e.g. by 

exchanging hydrophobic ligands by hydrophilic ones to allow colloidal stability in the 

aqueous phase79. Commonly used ligand molecules include thiol groups that bind 
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strongly to inorganic surfaces of NPs80–82. Iron oxide MNPs are hydrophobic and 

surface functionalisation with oleic acid is a common procedure for stabilising MNPs 

in the aqueous phase for size analysis, or with phosphines for highly concentrated 

MNP dispersions83,84. 

Ligand modification is used to ensure the stable functionalisation of the MNP in 

different phases. Ligand modification involves the modification of a ligand already 

present on the MNP surface; the surface hydroxyl groups on iron oxide for example. 

The ligand molecule stabilizing the MNPs in the original first phase is rendered 

hydrophilic or hydrophobic to transfer and stabilise the MNPs into the second phase. 

Modification of the initial surface ligands is a general way to make NPs compatible 

with specific macromolecular ligands85. For example, hydrophilic NPs stabilised by a 

mercaptocarboxylic acid via ligand exchange can be modified by a hydrophobic 

molecule that is chemically bound to its carboxylic terminal groups86. 

Ligand modification can be used to facilitate efficient phase transfer after a ligand 

exchange step if necessary. Many surface chemistries will not bind strongly to the iron 

oxide surface, meaning ligand exchange is performed first to form a covalent linkage 

with the surface that can then be modified further. This modification can take place in 

the initial phase, but is then transferred to the desired phase for application. The 

subsequent chemistry must share some of the same characteristics as the original 

ligand for modification to take place.  

An example of this is seen in a study by Ninjbadgar et al.50, whereby iron oxide 

particles were first functionalised by an aminosilane (3-

glycidyloxypropyltrimethoxysilane, GLYMO) through ligand exchange. However, these 

MNPs are dispersible in water, so ligand modification was necessary and the ligand 

selected was PEG. The GLYMO ligand was modified by a base catalysed epoxy ring 

opening with an amine terminated polymer in tetrahydrofuran (THF). The resulting 

PEG-MNPs were extracted and dispersed in H2O. 

Another strategy for phase transfer is the addition of a molecular layer to the original 

ligand by covalent linkage to change surface properties. A common example of this is 

the silanization of MNPs to improve stability and allows the magnetic moment to be 

maintained87,88. This silianization results in a ligand bilayer that can transfer 

hydrophobic MNPs from the aqueous phase to organic solvents, or hydrophobic MNPs 

to water89,90. Silanization comprises of a ligand modification process in which an initial 
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silane layer is covalently bound to the NP surface, through a covalent linkage with the 

surface hydroxyl groups or a residual surfactant present from synthesis. 

A common reagent used to achieve this is 3-aminopropyl triethoxylsilane (APTES) 

where hydrolysed silanol groups react with the surface hydroxyl groups of the iron 

oxide core leading to a surface silanization91. Then, using this first layer, a polymeric, 

crosslinked inorganic silica shell can be deposited on the NP surface, which can be 

further derivatized depending on the desired application. A cross coupling between 

ligands is used after the initial ligand exchange so as to provide a covalent bridge 

surrounding the particles through covalent linkage of silanol bonds. Silica can be used 

to increase the mechanical strength of non-metallic NPs or as a contrast agent in MRI 

are some typical examples. In all of these cases, the use of the pure inorganic material 

might be problematic because it is not trivial to achieve the desired colloidal stability 

or biocompatibility. Encapsulation of the inorganic particles in a polymeric material can 

help to overcome these problems. 

 

1.4.2 Surface chemistries for biomedical applications 

1.4.2.1 Polymers 

Polymers are commonly used to functionalise MNPs for biomedical applications. Many 

polymers have excellent biocompatibility, low toxicity and good biodegradability92,93. 

Polymers can be split into natural and synthetic, whereby the choice of which is often 

balanced by a trade-off between biocompatibility and thermal or chemical stability 

(Figure 1.7)94. Dextran is a highly biocompatible and biodegradable neutral bacterial 

polysaccharide with simple repeating glucose subunits and hydrophilic properties95,96. 

It has a high water solubility and shows little toxicity to human cells96. It has been used 

as a surface functionalisation molecule in several biomedical applications due to its 

aqueous solubility, biocompatibility, biodegradability, wide availability, ease of 

modification and non-fouling properties97. Dextran as a surface functionalisation of a 

MNP will endow a slightly negative ζp of -17 mV97.Dextran’s are commonly employed 

for MNP coating because of their affinity for the iron oxide surface through chelation 

and hydrogen bonding98. It is often used as an alternative to PEG functionalisation to 

minimise NP interactions with their environment. The functionalisation of dextran onto 

magnetite cores is a facile process, where dried dextran is added to magnetite MNPs 

in water and sonicated to ensure homogeneous surface functionalisation99,100. 
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Figure 1.7 Iron oxide cores can be functionalised with various polymers including 

PEG, PVA and dextran are common choices for biomedical studies due to their 

biocompatibility94. 

 

Synthetic polymers such as PEG, PVA and poly-L-lactic acid (PLA) have also been 

used to functionalise MNPs101–103. PEG, is commonly used for surface modifications 

in biomedical applications due to its relatively high stability, water solubility, and low 

immunogenicity104,105. PEG is a hydrophilic linear polymer consisting of repeating units 

of –CH2–CH2–O–. The chain length is essential to resisting bio-fouling, but increasing 

PEG chain length will also increase dhyd, and so there is a trade-off between chain 

length and MNP size. PEG-MNPs are sterically stabilised whereby incoming 

molecules are sterically repulsed and cannot penetrate the hydrated PEG layer106,107. 

As such, PEG functionalisation of MNPs results in inert hydrophilic surfaces with low 

non-specific interactions and grants resistance to bio-fouling. PEG can be 

functionalised to MNPs in a number of ways, a common method is to carry out the 

functionalisation process in situ in a co-precipitation method108. Before the pH is 

increased by the addition of a base, the PEG polymer is added to the salts. Upon 

crystallisation of the iron, the change in pH will protonate the hydroxyl groups present 

on the surface of the iron oxide, this is then attached to the hydroxyl terminated PEG 

via covalent bonds. 
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1.4.2.2 Biomolecules 

The conjugation of biomolecules, such as antibodies, aptamers and proteins, to 

inorganic NPs generates hybrid materials that can be used to allow the NPs interact 

specifically with biological systems. NP–biomolecule conjugates can bring together 

the unique properties and functionality of both materials, e.g. fluorescence or magnetic 

moment of inorganic NP and the functionality imparted by the biomolecules e.g. highly 

specific binding of a target by molecular recognition. Approaches for the conjugation 

of biomolecules to NPs generally fall under three concepts67 – firstly, ligand-type 

binding to the surface of the NP, electrostatic adsorption of biomolecules to NPs and 

covalent binding by conjugation chemistry by exploiting and modifying functional 

groups on both the NPs and the biomolecules. 

Biotin vitamin is an example of a biomolecule using for functionalisation of MNPs, 

known for its part in the biotin-avidin affinity-based system109,110. Biotin will not bind to 

the iron oxide core strongly in a direct manner, and so is often linked to the MNP via 

a polymer chemistry such as PEG. This PEG is amine terminated that will interact with 

amine terminated proteins/peptides like biotin to form stable amide bonds. PEG 

eliminates the common issues of aggregation with biotinylated proteins and 

antibodies111. The PEG spacer makes the biotin freely available for biocapture 

applications. 

 

1.4.2.3 Chemical functionalisation 

There are vast numbers of other chemistries that can be functionalised to the surface 

of MNPs by a variety of means112. An example of a small molecule often used as a 

surface functionalisation for MNPs is citrate113. Sodium citrate can act as both a 

reducing and a coordinating agent. Free electron pairs in the carbonyl groups can 

stabilize MNPs electrostatically and act as a coordination agent in compounds with 

metallic atoms that have free orbitals114. The main advantage of the chemical 

reduction method using citrate is the possibility of subsequent functionalisation and its 

excellent biocompatibility115. Another commonly used functionalisation chemistry is 

oleic acid. It is used as a capping agent as mentioned previously and to prevent 

aggregation116. It is often the functionalisation of choice for size determination using 

electron microscopy. This is due to the ease of functionalisation, as it happens during 

synthesis and has a small footprint117,118. The oleic acid covalently binds to the surface 
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of the iron oxide. The addition of oleic acid neutralizes the surface of the MNP (-OH 

groups) to provide stability. 

Another example of a chemical functionalisation is zwitterionic chemistry. These 

groups possess the greatest polarity found within the non-ionic class of hydrophilic 

groups. Zwitterions are molecules with a positive and negative electrical charge but 

can have a net charge of zero depending on environmental conditions (pH). Due to its 

electrical charges, a zwitterion will be highly soluble in water and organic solvents. 

When a zwitterion is dissolved in water, the hydrogen atoms in water immediately 

surround the negatively charge, and the oxygen atoms surround the positive charge 

of the ion.  

Common zwitterionic groups used are amino acids, carboxybetaines, phospholine and 

sulphobetaines. In a study by Wei et al.119, compact zwitterion-functionalised MNPs 

were examined for their viability in biological applications. The dopamine sulphonate 

(DS) ligand used was designed with three characteristics in mind (Figure 1.8). Firstly, 

the dopamine moiety provides strong coordination to the iron oxide surface via 

covalent bonds. Then the sulphonate group offers high water solubility. Finally, the 

combination of the quaternary amine group and the sulphonate group provides the 

ligand with a zwitterionic character, enabling pH stability and decreasing non-specific 

interactions with proteins. 

 

Figure 1.8 Chemical structure and synthesis route to DS and the zwitterionic DS 

ligand119. 

 

Another common surface chemistry used to functionalise NPs is boronic acid (BA)120. 

Its binding affinity for diol groups can be used in biocapture or biosensing applications. 
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BA does not bind strongly to metals, so ligand modification is often used to overcome 

this limitation. A common approach is to covalently attach amine-based BAs 

(aminophenylBA for example) through epoxide chemistry58,120 where the silane 

surface functionalisation is modified by the opening of the epoxy ring by the amine 

terminated BA. Diol groups that BA has affinity for includes sugars, steroids and 

catecholamines121–124. A more detailed insight into the behaviour and characteristics 

of BA-functionalised MNPs is given in Chapter 5. 

 

1.5 Magnetophoresis of magnetic nanoparticles 

The term magnetophoresis describes the behaviour of a MNP moving through a 

medium of defined viscosity under the influence of an external magnetic field34. 

Magnetophoresis under optimised conditions can be highly specific and highly 

sensitive to applied magnetic fields. It has applications in magnetic separation, drug 

delivery and biosorting125. The use of the term magnetophoresis has been limited to 

time-independent magnetic fields. The concept of magnetophoretic motion has not 

been widely recognised due to the complex specifics of the magnetic dipole-field 

interaction such as strong dependence on position126, that make it difficult to observe 

and to control exactly how the MNP moves in the magnetic field127. How MNPs move 

in a magnetic field depends on their properties; particle size, magnetic susceptibility, 

chemical composition of the surrounding medium and the strength of the applied 

magnetic field125,128. The motion of MNPs in different hydrogels in magnetic fields is of 

interest129,130, to study magnetophoretic motion behaviour for application in biological 

tissue131,132. 

Several forces influence the magnetophoretic motion of MNPs. As mentioned earlier 

the magnetic force (Fm) is the force applied by the external magnet on the MNPs as 

they move in the field. The drag force (FD) is another relevant force that acts opposite 

to the relative motion of the MNP with respect to the surrounding fluid. Inter-particle 

forces must be repulsive in nature to have independent MNPs, free from aggregation. 

When these repulsive forces weaken or become attractive, particles aggregate and 

influence magnetophoretic motion55. By selectively controlling each of these forces, it 

is possible to control the magnetophoretic transport of MNPs56. Controlled transport 

can be challenging for colloidally stable suspensions because of the magnetic, viscous 

drag, and Brownian motion and rotation (how Brownian motion can cause the rotation 

of a particle) scale differently with particle size as they interact with the medium134.  
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There are some critical challenges in studying the magnetophoretic transport 

behaviour of MNPs. These include applying sufficient magnetic force to induce motion 

and having a precise method to track MNP position with respect to time, so as to 

measure velocities. The first challenge has been discussed in relation to creating a 

strong enough Fm (>FD). FM is defined by the strength of the external magnetic field 

and the gradient with respect to MNP position. Typical magnets used are rare metal 

neodymium magnets because of their strong magnetic fields and large magnetic field 

gradients over a range of ~10 cm. In order to measure velocity, MNP position should 

be measured accurately and precisely over time. In a study by Lim at al.32, dark field 

optical microscopy was used to observe the plasmonic scattering of individual MNPs 

(dhyd 100 nm) as they moved within water under the combined influence of magnetic, 

viscous drag, and Brownian forces. The magnetic field was induced by a single 

magnetic tip present at the wall of the microfluidic chamber. The magnetic tip was able 

to capture and release MNPs in a tweezer like effect. The trajectories of individual 

MNPs were analysed quantitatively to differentiate the effects of the forces and 

revealed the requirements for magnetic manipulation of nanoparticles within 

microfluidic devices or living cells. The magnitude of the forces acting on the MNPs 

was quite small, this technique also established a method for the detection of tiny 

forces such the binding events of molecular species attached to the NPs.  

A recent study by Sun et al.135, on the magnetophoresis of MNPs in water was studied 

using coupled particle-fluid modelling and dye-tracing experiments. Both the direction 

and speed of the MNPs was studied. Bare iron oxide MNPs were used in this study, 

where the water medium contained methylene blue dye. The positively charged dye 

was attracted to the MNP surface due to its negative surface charge. To perform the 

dye-tracing experiments, a plastic cuvette was filled with water/methylene blue mixture 

and was placed on the surface of a magnet. The MNPs were then added. The position 

of the MNPs were tracked over time by digital imaging and analysed by computational 

models. It was found that the MNPs did not follow a straight path towards the magnet, 

but rather circulated in a convectional manner before moving towards the magnet 

(Figure 1.9).  

This was concluded to be due to displacement of fluid as the MNPs moved in response 

to the external magnetic field. These experiments demonstrated that particle-fluid 

interactions and magnetophoresis of the MNP plays an important role in affecting the 

kinetics of carrier fluid. It was also found that the higher the concentration of MNPs 
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used, the more violent the displacement of fluid. This is important to note, as although 

the MNPs were superparamagnetic and assumed to be acting independently, 

concentration was demonstrated to affect their magnetophoresis through the fluid 

medium. 

 

 

Figure 1.9 Detailed mapping of the movement patterns of MNPs in fluid under the 

influence of an external magnetic field135. Magnet is shown underneath the cuvette 

inducing motion. 

 

A recent study in 2016 by Garraud et al.136, examined the use of a small permanent 

magnet to capture and retain MNPs from a synovial fluid mimic. Iron oxide MNPs (dhyd 

8.5 ± 1.5 nm) were embedded in a polystyrene matrix with a fluorescent dye attached. 

The medium used was a mixture of water and glycerol to mimic the viscosity of the 

synovial fluid over the expected range. A neodymium N52 magnet was used for these 

experiments. Computational modelling combined with video was used to track the 

MNPs. The study showed results that were in broad agreement with equation 1.9, the 

balance between FM and FD led to velocities of 0.5-800 μm/s depending on viscosity. 

It is stated that these velocities agreed strongly with their numerical model. 
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To enhance magnetophoretic transport for biomedical applications for drug delivery 

for example, greater control is needed. This has led to some studies developing new 

methods of magnetic guidance, one such example is by Liu et al.137, whereby two 

oppositely polarized magnets were used to enhance magnetophoretic transport in 

deep tissue. This is in contrast to the one magnet used in most magnetophoretic 

transport studies, one magnet is used as it is easier to guide the MNPs to a specific 

point. In this study, two separate circular neodymium magnets with a field strength of 

0.67 T were placed 16 mm apart, creating equal pull in both directions at the centre 

point. An agarose gel (0.4% w/v) was placed in the centre and 100 nm PEG-

polyacrylate (PCA) functionalised MNPs were deposited on the surface. This study did 

detailed analysis of the field gradient in both directions. It was found that the gradient 

changes after certain distances have been reached, the change in gradient is not 

gradual as it is dependent on the field lines exerted from the magnet face. This dual 

magnet system enabled equal distribution in both directions with an increased 

susceptibility (χ = 0.722) due to the concentric magnetic field gradients. 

It is also possible to combine different magnets to induce magnetophoretic transport 

into tissue by permanent and alternating field gradients. A study by Jafari et al.138, 

used a permanent magnetic field generated from a neodymium magnet (0.8 T) and an 

alternating field generated from a pair of electromagnets (100 Hz) to induce 

magnetophoretic transport in cartilage of a cow knee joint (Figure 1.10). PEG-MNPs 

(dhyd 30 nm) were placed on the surface and guided through the knee joint for 40 min. 

Magnetophoretic transport was measured under permanent field only and compared 

with the combined fields. Combined application of an alternating magnetic field and 

the static field gradient resulted in a nearly 50 times increase in MNP transport in 

bovine articular cartilage tissue as compared with static field conditions. 
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Figure 1.10 Experimental setup for MNP delivery experiments138. 

 

1.5.1 Magnetophoretic transport studies in vitro 

Some magnetophoretic studies have focused on comparing experimental and 

theoretical rates of magnetophoretic motion in hydrogels and tissue via digital imaging. 

Using equation 1.9, discussed in the previous section, it is possible to calculate the 

theoretical velocity at which a MNP should travel towards magnet in an external 

magnetic field in a viscous medium. A study by Kuhn et al.30, focused on theoretically 

calculating the velocity at which MNPs migrated through a viscous medium and 

compared it to their experimental measurements. In this study, PEG and silica-MNPs 

were used with dhyd ranging from 135 nm to 400 nm. MNP transport was studied 

through ECM medium and measured using digital imaging. The ECM medium was a 

1:1 mixture of ECM to Dulbecco’s modified medium (ƞ = 380 cP). The magnetic field 

gradient was mapped by a Hall Probe, to enable a detailed understanding of the effect 

of the magnetic field on the MNP at any distance. A theoretical velocity range was 

predicted for all functionalised MNPs used (0-2.8 mm/h). Their measured experimental 

velocity values of 1.5 (PEG, dhyd 145 nm), 0.27 (Silica, dhyd 135 nm) and 0.15 mm/h 

(PEG, dhyd 400 nm) fell within their predicted velocity range. 

A similar approach was used by Holligan et al.7, where magnetophoretic transport of 

bare iron oxide MNPs were studied. Agarose gel was used as a mimic for the vitreous 

body of the eye (Figure 1.11). An equation similar to equation 1.9 was used to predict 

MNP theoretical velocity in agarose30. In this case, the agarose was treated as a 

biphasic medium (due to agarose fibres binding by hydrogen bonding to form the 

network, leaving water filled pores between these bound fibres), thus a porosity factor 

(φ, 0.2) was included to account for this. The viscosity parameter in equation 1.9 was 
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that of water given that this was the phase of the agarose within which the MNPs were 

transported. A theoretical velocity of 0.468 mm/h was calculated for the bare iron oxide 

MNPs. To measure velocity experimentally, the MNP were pulled through the agarose 

whereby the front position was tracked over time and an experimental velocity of 0.277 

mm/h was measured. Their experimental values differed by approx. 100% when 

compared to the theoretical velocity. 

 

 

Figure 1.11 Experimental setup showing MNPs movement through the agarose 

towards an external magnet over a period of three days7. The MNPs were injected into 

the agarose centre via a needle (a), the MNPs were then imaged 14 h later (b), and 

again 72 h later (c), (d). 

 

In a publication by Kulkarni128, MNP motion is investigated in liver, kidney and brain 

tissue. Four different surface chemistries were investigated. The chemistries used 

were PEG, chitosan, starch and lipid. The motion was measured in two ways, the 

particles were allowed to passively diffuse into the tissue and the particles were guided 

through the tissue via a magnet placed directly under the tissue. MNPs with a positive 
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zeta potential (ζp) moved faster through the tissue than MNPs with a negative ζp, due 

to the positive charge keeping particles from aggregating and preventing interactions 

with the tissue. Chitosan-MNPs moved most effectively through all three-tissue types 

(as compared to starch, lipid, and PEG particles). They indicate that MNP motion in 

tissue is complex and that additional studies are required to elucidate transport 

mechanisms. 

Another method being investigated is the use of functionalised MNPs for transdermal 

delivery of anti-cancer agents via hair follicles138 (Figure 1.12). A model anti-cancer 

agent, epirubicin (EPI) was then functionalised onto MNPs surface through covalent 

linkage. The MNPs had a dhyd of 10 nm and a negative surface charge of – 27 mV in 

water. The EPI-MNPs composite exhibited magnetic responsiveness with a saturation 

magnetisation intensity of 77.8 emu g−1. Transdermal studies demonstrated that the 

EPI-MNP composites penetrated deep inside the skin. The magnetic field-assisted 

MNP transdermal vector can circumvent the stratum corneum via follicular pathways. 

The study indicates the potential of a MNP-based vector for feasible transdermal 

therapy of skin cancer. 

 

 

Figure 1.12 Graphic concept of the EPI-MNPs penetrating the skin to gain access to 

the target tumours. 
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1.6 Conclusion 

The need for precise control over MNP synthesis is still being studied, adapted and 

improved. The unique properties of superparamagnetic NPs mean they are applicable 

for biocapture, drug delivery, hyperthermia and as contrast agents for MRI. The 

surface functionalisation used to protect the magnetic core is always striving to 

improve their biocompatibility, cellular uptake and stability. By tailoring the 

characteristics of the MNPs, it is possible to control their interactions, stability and 

loading capacity. The surface functionalisation can be tailored to specifically target 

biomarkers within a specific area and be guided by an external magnetic field. There 

are still many challenges for using MNPs for in vivo applications. 

There are currently limitations in the understanding of magnetophoretic transport 

mechanisms of MNPs, particularly through biological media such as human tissue. By 

gaining a detailing understanding of how MNPs move through and interact with 

biological media such as the ECM, it will be possible to predict interactions and 

behaviours of MNPs in-vivo and optimize MNPs and surface chemistries for specific 

in-vivo transport applications. Immune system recognition, aggregation and extraction 

are the main challenges being researched today regarding the use of MNPs in 

biomedical applications. While there is a small body of work focussing on the transport 

of MNPs in-vitro and in-vivo, more research is needed to understand how the physical 

and biochemical nature of the in-vivo environment in particular influences MNP 

magnetophoretic motion. 
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1.7 Thesis outline 

The purpose of this work is to develop and apply a method to track and predict 

magnetophoretic transport and behaviour in tissue for biomedical applications. This 

thesis proposes using digital imaging to track MNP fronts through hydrogels used as 

mimics for the ECM as well as through cultured ECM. Electrostatic, physical and 

chemical MNP properties and their interactions with these environments are 

investigated to allow for a better understanding of MNP motion in ECM. 

Chapter 2 reports on the development of an imaging method used in the thesis to 

experimentally track and calculate magnetophoretic transport of MNPs through 

agarose gel. Synthesis and characterisation of iron oxide cores and subsequent 

functionalisation’s were compared and optimised for magnetophoretic studies. MNPs 

were functionalised with PEG and had their experimental velocities calculated based 

on the MNP front position obtained over time as they migrated through agarose under 

the influence of an external magnetic field. The conditions of the magnetophoretic 

experiments were studied and optimised. Finally, MNPs with other surface 

functionalisation chemistries were investigated in the magnetophoretic setup and it 

was observed that different experimental velocities were observed for different surface 

chemistries.  

Chapter 3 focuses on understanding the effect of MNP surface chemistry on 

magnetophoretic transport as they were transported through agarose. MNPs were 

functionalised with neutral PEG, negatively charged citrate and positively charged 

arginine. The ionic environment of the agarose gel was manipulated to monitor its 

impact on the different MNP velocities. Both MNP surface charge and the ionic content 

of the agarose environment were shown to impact magnetophoretic velocity. These 

new findings are explained in the context of a known enrichment exclusion effect used 

to explain nanofluidic behaviour of charged particles in the literature. Theoretical 

calculations of magnetophoretically-induced velocity, based on an existing equation in 

the literature were shown not to account for this new observation. 

Chapter 4 focuses on investigating magnetophoretic transport in more advanced 

tissue mimics, collagen/agarose hydrogels and cultured ECM. Collagen was 

combined with agarose and synthetic interstitial fluid was used an aqueous phase 

within the gels. These agarose/collagen gels presented hydrophobic behaviour at the 

gel surface leading to time lags before MNP penetration of the gel. The electrostatics 

present in the agarose/collagen were in stark contrast to the electrostatics of an 
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agarose gel, the collagen interacted with both charged particles to slow velocity. 

Cultured ECM was also investigated for magnetophoretic studies. All functionalised 

MNPs were able to be magnetophoretically guided through the ECM at lower velocities 

when compared to the agarose-based gels due to a significantly more complex 

environment. The impact of a significantly stronger magnetic field than previously used 

was also investigated. It was found to change the path taken by MNPs and ignore 

electrostatic influences observed in Chapter 3 under certain conditions. 

Chapter 5 investigated the capture of glucose by BA-MNPs from hydrogels and 

cultured ECM. ζp measurements of the BA-MNPs were used to track ionisation state 

of the BA-MNPs as a function of pH as well as binding of cis-diols. Magnetophoretic 

experiments in agarose were carried out in the presence and absence of glucose to 

investigate the effect of glucose uptake on transport. Finally, a method was developed 

to quantify glucose content in agarose and cultured ECM using BA-MNPs for glucose 

extraction and a subsequent enzyme assay for quantification. The method was found 

to have a limit of detection (LOD) of 0.72 ppm and was reproducible over a 

physiological range of glucose in tissue and blood.  
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Chapter 2 

 

Magnetophoretic Transport of Functionalised Iron Oxide 

Nanoparticles Through Hydrated Polymer Networks 
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2.1 Introduction 

The ability to guide and manipulate NPs from a distance is required for several 

biomedical applications1. Magnetophoresis offers several advantages over other 

active methods for particle manipulation such as electrophoresis, thermophoresis, 

dielectrophoresis and acoustophoresis2. In many of these cases, the medium can be 

damaged, for example, the heat generated in electrophoresis or thermophoresis can 

be a significant issue for biological applications3. Particle manipulation via 

magnetophoresis has the distinct advantage that it should not alter the properties of 

the medium. For example, magnetophoresis is used to enhance drug permeation 

across physical biological barriers in drug delivery applications4. The magnetic 

permeability, magnetic flux density and the susceptibility are key parameters for the 

design and optimisation of magnetophoretic applications5. 

Most magnetophoretic studies use the concept of high gradient magnetic separation 

(HGMS) to influence MNP motion6. This concept is based on magnetophoretic 

velocities being proportional to the magnetic field gradient. Since magnetophoretic 

velocities tend to be very low, very high field gradients are needed to induce motion. 

These high gradients can make is possible to separate MNPs with different 

susceptibilities. Higher gradients also make it possible to guide MNPs from a greater 

distance. Magnetic guidance is among the most intensively explored targeting 

approaches for biomedical applications because of its potential to reduce systemic 

drug exposure and make a local therapeutic effect achievable at significantly lower 

drug doses7. 

Magnetophoresis has been implemented in microfluidic devices for biomedical 

applications8. For example, magnetic channel walls have been used to capture 

magnetic beads in flow, by becoming immobilised and granting a functionalisation to 

the channel wall9. Another microfluidic study analysed particle transport in a 

magnetophoretic system10. This study consisted of an array of soft magnets 

embedded directly below a microfluidic channel. The magnetic field that was 

generated (0.25 T) was homogenous throughout the microfluidic channel, in which 

magnetic particles moved through. Bare iron oxide particles (dhyd 250 nm) were 

pumped through the channel. This study discusses in detail the multitude of forces 

that influence magnetophoresis. Particle transport in a magnetophoretic system is 

governed by various forces including: the magnetic force due to all field sources, 

viscous drag, inertia, gravity, buoyancy, thermal kinetics, particle/fluid interaction 
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perturbations to the flow field, and inter-particle effects (including magnetic-dipole, 

electrostatic, and van der Waals interactions). It was found that it was possible for the 

magnets in the microsystem to capture (immobilise magnetic particle on channel wall) 

65 % of total particle population. This study highlights the value of applying a magnetic 

field and specific strengths for selective magnetophoresis. 

When investigating magnetophoresis in biological studies, initial experiments require 

mimics for biological matrices such as tissue. Hydrogel polymers are often used as a 

mimic and are crosslinked polymer networks which can absorb large amounts of 

water-based-fluids11. Hydrogels are used to mimic the native hydrated micro-

environments of human tissue whose scaffold structure comprises polymers based on 

structural proteins12,13. Hydrated polymer networks based on sodium alginate, 

agarose, chitosan, hyaluronic acid or collagen are regularly reported in the literature 

as tissue mimics13–15.  

One study by Salloum et al.16, studied the magnetophoretic motion of MNPs in agarose 

gels (0.2-4 %w/v) as a mimic for human tissue. MNPs (dhyd 10 nm), were injected into 

agarose gels with different flow rates. An electromagnetic field was applied to the gels 

(0.3 T) and their distribution profiles over time were digitally imaged. It was found that 

the distribution profiles were inconsistent in gels with higher agarose concentrations. 

In the lower agarose concentrations, the larger mesh sizes make it easier for the NPs 

to migrate in an isotropic manner to form spherical distribution. With smaller mesh 

sizes in higher agarose concentrations, NPs deposit on the solid structure rendering 

some pores along the flow path inaccessible to the NPs. This study demonstrates that 

the mesh size of a polymer network is critical for magnetophoretic transport. 

Understanding NP interactions with complex biological systems is important for 

optimising magnetophoretic transport through tissues17. Magnetophoretic studies in 

hydrogels allow for quick reaction times18, real time analysis and tracking of 

magnetophoretic motion. 

In this chapter, MNPs were synthesised by different protocols of the Pinna19 method 

to obtain monodisperse, responsive superparamagnetic iron oxide NPs. Three 

different protocols (Reflux, acid-bomb and digestion microwave) were tested using 

benzyl alcohol and iron acetylacetonate. The synthesised MNPs were characterised 

by transmission electron microscopy (TEM), magnetometry and dynamic light 

scattering (DLS). MNPs were functionalised with a variety of surface chemistries to 

obtain a range of dhyd and surface charges. A method was developed to optically track 
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magnetophoretic transport of these functionalised MNPs in an agarose-based tissue 

mimic where H2O was employed as the aqueous phase (agarose-H2O). The agarose 

medium was optimised for magnetophoretic transport (gel depth, gel viscosity, MNP 

concentration, etc.). Given the linear transport behaviour over time of functionalised 

MNPs, experimental velocity (vexp) values were calculated and shown to differ for the 

different MNP functionalisation’s used. The ability to synthesise monodisperse 

superparamagnetic MNPs and track their motion and observe velocity dependency on 

surface chemistry is of great interest for future in-vivo applications such as drug 

delivery and targeted biomarker capture20.  
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2.2 Materials & methods 

2.2.1 Materials 

Steel autoclave with Teflon inner tube (25 mL), G30 glass test tube, reagent glass 

bottle (50 mL), Liebig condenser, glass vials (7 mL), zeta capillary folded cuvettes 

(Malvern), plastic cuvettes. A 50 x 50 x 25 mm grade N52 neodymium magnet (F335-

N52) was used for all magnetophoretic studies in this chapter 

(www.first4magnets.com). Iron acetylacetonate (14024-18-1), benzyl alcohol (100-51-

6), tetrahydrofuran (THF) (109-99-9), (3-glycidyloxypropyl)trimethoxysilane (GLYMO) 

(2530-83-8), acetone (67-64-1), sodium citrate tribasic (III) (6132-04-3), chloroform 

(67-66-3), potassium hydroxide (KOH) (1310-58-3), arginine (74-79-3), 3-

aminophenylboronic acid (206658-89-1), ethanol (64-17-5), dopamine hydrochloride 

(62-31-7), propanesultone (1120-71-4), ammonia (7664-41-7), dimethylformamide 

(DMF) (68-12-2), sodium carbonate (6106-20-3), iodomethane (74-88-4), ethyl 

acetate (141-78-6), 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEA) (16024-58-1), 

agarose (9012-36-6) (low electroendosmosis (EEO)) (0.09-0.13), and phosphate 

buffered saline (PBS) tablets (78392) were all purchased from Sigma-Aldrich. 

Jeffamine M1000 and M2070 were obtained from Huntsman Corporation. 

 

2.2.2 Instrumentation 

For the synthesis of MNPs, three different protocols were used. The reflux protocol 

used an Electromantle obtained from Electrothermal in the UK. The acid bomb 

protocol used a Memmert oven obtained from Lennox Laboratories in Ireland. The 

microwave digestion protocol used an Anton Paar Monowave 300 from Anton Paar 

available in DCU. To characterise the dhyd and the surface charge of the functionalised 

MNPs, a Malvern Zetasizer Nano ZS was used for both. This was available in DCU. 

During the functionalisation process of the MNP cores, it was necessary to agitate the 

MNPs using a PMR-30 2D fixed tilt rocker obtained from Grant Instruments in the UK. 

The agarose gels were prepared using a heat-stir CB142 hot plate obtained from 

Stuart Equipment in the UK. In order to measure the viscosity of the agarose gels, a 

Kinexus Pro+ Rheometer was used. This was available in DCU. To track the 

movement of MNPs through hydrated gel networks, a Nikon 3300 digital camera was 

purchased from Birmingham Cameras in Ireland. 
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2.2.3 Iron oxide nanoparticle synthesis 

2.2.3.1 Reflux protocol 

Iron acetylacetonate (2 g) was added to benzyl alcohol (40 mL) in a 50 mL round 

bottom flask. This mixture was bubbled with N2 for 15 min. A standard reflux was set 

up with the Liebig condenser attached to the round bottom flask. The flask, containing 

the mixture was placed into an electromantle at 200 °C. The reaction was supervised 

for 7 h until the mixture turned from a brick-red to a blue-black colour. The mixture was 

then transferred to a 50 mL reagent glass bottle and bubbled through with N2 for 5 min 

and sealed. 

 

2.2.3.2 Acid bomb protocol 

Iron acetylacetonate (1 g) was added to benzyl alcohol (20 mL) in a glass beaker. This 

mixture was bubbled with N2 for 15 min. The mixture was then transferred to a steel-

autoclave with an inner Teflon tube and autoclaved at 200°C for 48 h. The mixture was 

then transferred to a 50 mL reagent glass bottle and bubbled through with N2 for 5 min 

and sealed. 

 

2.2.3.3 Microwave digestion protocol 

Iron acetylacetonate (1 g) was added to benzyl alcohol (20 mL) in a glass beaker. This 

mixture was bubbled with N2 for 15 min. The mixture was then transferred to a glass 

G30 test tube with Teflon cap and microwave digested. The initial temperature was 

set at 55 °C while the pressure built up to 30 psi. The temperature was ramped to 200 

°C over 10 min and held at 200 °C for 3 h before venting to cool to 55 °C. The test 

tube was then removed and the mixture was transferred to a 50 mL reagent glass 

bottle, bubbled through with N2 for 5 min and sealed. 

 

2.2.4 MNP functionalisation 

2.2.4.1 PEG1000 functionalisation 

To functionalise the MNP surface with PEG, iron oxide NPs (2 mL, 1 mg/mL) in benzyl 

alcohol were added to a vial with acetone (4 mL). This caused the MNPs to precipitate 

out of the benzyl alcohol. The glass vial was then placed on a magnet to retain the 

MNPs while the benzyl alcohol/acetone mixture was removed. This step was repeated 

3 times to ensure all benzyl alcohol was removed. GLYMO (50 µL) was dissolved in 

chloroform (2 mL), and added to the MNP material. This mixture was then placed on 
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a plate shaker at 400 rpm for 24 h. THF (2 mL) was used to remove excess GLYMO 

by magnetic separation after agitation. GLYMO was used to modify the surface of the 

MNPs through covalent attachment of functional alkoxysilanes, simultaneously 

providing surface epoxide groups ready for further conjugation chemistry 

 

PEG (7.0 µL) was dissolved in THF (2 mL) and added to the GLYMO-MNP material. 

This was placed on a plate shaker at 400 rpm for approx. 5 h. KOH (50 µL, 1.0 M) was 

then added to precipitate the MNPs. The resulting PEG1000-MNPs were made up 

with DI H2O to desired concentration (Figure 2.1). 

 

Figure 2.1 Surface chemistry for PEG1000-MNPs. 

  

2.2.4.2 Citrate functionalisation 

Citrate-MNPs were synthesised using the same method as described in Section 

2.2.4.1, except in place of the GLYMO/chloroform solution, sodium citrate (4 mL, 0.6 

g/L) in DI H2O was added to the MNP material. The mixture was then placed on a plate 

shaker at 400 rpm for approx. 4 h. The functionalisation was deemed complete when 

the dispersion turned from blue-black to a dark brown colour. The carboxylate groups 

of the citrate strongly coordinate to the surface iron cations on the MNP to form a 

strong bond. The uncoordinated carboxylate groups extend into the aqueous medium, 

conferring a high degree of water stability22 (Figure 2.2). 

 

Figure 2.2 Surface chemistry for citrate-MNPs. 
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2.2.4.3 Arginine functionalisation 

Arginine-MNPs were synthesised using the method as described in Section 2.2.4.1 

previously up to the point where the GLYMO-MNPs are prepared. Arginine (0.005 g) 

dissolved in 2 mL DI H2O was added in place of the PEG/THF solution to the GLYMO-

MNPs. This was placed on a plate shaker at 400 rpm for approx. 5 h. The 

functionalisation was deemed complete when the dispersion turned from blue-black to 

a dark brown colour (Figure 2.3). 

 

Figure 2.3 Surface chemistry for arginine-MNPs. 

 

2.2.4.4 Boronic acid functionalisation 

Boronic acid-MNPs (BA-MNPs) were synthesised using the method as described in 

Section 2.2.4.1 up to the point where the GLYMO-MNPs were prepared. 3-

aminophenylboronic acid (2 mL, 2.5 mg/L) was then added to GLYMO-MNPs and 

placed on a plate shaker at 400 rpm for 5 h. KOH (50µL, 1.0 M) was added to 

precipitate out the BA-MNPs. Finally, BA-MNPs were made up with DI H2O to desired 

concentration (Figure 2.4). 

 

Figure 2.4 Surface functionalisation for BA-MNPs. 

 

2.2.4.5 Dopamine sulphonate functionalisation 

This method was adapted from a publication by H. Wei23 and is divided into three 

steps. 

Step 1 Synthesis of DS: To prepare DS, ethanol (50 mL) was deoxygenated by 

bubbling N2 through it for 1 h in a 150 mL round bottom flask. Dopamine hydrochloride 
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(1.14 g) was dissolved in the ethanol. Propanesultone (0.8 g) and ammonia (416 µl) 

were added to the solution. This was then heated to 50 ºC in a water bath and stirred 

for 72 h. The round bottom flask was capped to ensure a nitrogenated environment. 

The mixture was then placed in a glass dish and heated overnight at 60 ºC to remove 

excess solvent. The resulting waxy mixture was washed with ethanol to dissolve any 

remaining propanesultone. The DS was dried under reduced pressure.  

Step 2 Synthesis of zwitterionic DS: DS (0.33 g) was dissolved in DMF (50 mL) in the 

presence of sodium carbonate (0.254 g). Iodomethane (2.2 mL) was added to the 

mixture and stirred for 12 h. The solvent was removed under reduced pressure via 

rotary evaporation. DMF (5 mL) and ethyl acetate (45 mL) were added to the remaining 

precipitate. This was centrifuged, and the solid product was collected. DMF (5 mL) 

and acetone (45 mL) were added to the solid. This was refluxed at 55 ºC for 2 h. The 

resulting mixture was centrifuged and solid was collected. The reflux and filtration 

steps were repeated 2 more times. A white solid was obtained after drying under 

reduced pressure. 

Step 3 DS functionalised MNPs: To functionalise the MNPs with DS, MNPs (17 mg) 

were added to MEEA (327 µL) in methanol (7.5 mL) and stirred for 5 h at 70 ºC in 

order increase the overall solubility of the MNPs for the next step. The precipitate was 

washed with acetone followed by hexane. DS (250 mg) was added in DMF/DI H2O 

(7:1) to the MNPs. A second ligand exchange takes place where the zwitterionic DS 

exchanged with the MEEA. This solution was stirred at 70 ºC for 12 h. The MNPs was 

washed with acetone to remove excess solvent and re-dispersed in DI H2O (Figure 

2.5). 

 

Figure 2.5 Surface functionalisation of DS-MNPs. 
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2.2.4.6 Magnetic nanoparticle characterisation 

All MNP suspensions were characterised using DLS on the Malvern Zetasizer Nano 

ZS. DLS was used to determine the size distribution profile within a MNP suspension. 

Light is passed through the sample and the light scatters in multiple directions, known 

as Raleigh scattering. The fluctuations at which light is scattered are dependent on the 

size of the particle. Once the particles have been measured, a polydispersity index is 

also obtained from a fit of the auto-correlation function of the recorded intensity profile. 

This is a measure of the heterogeneity of the sample based on sizes. A PDI value 

below 0.2 is indicative of narrow particle size population. Experiments were performed 

at 25oC and the Z-average dhyd and PDI values from 2nd cumulants analysis are 

reported. The MNP sample was diluted until it turned from a black opaque dispersion 

to a transparent brown dispersion (Dilution factor of ~20). 1 mL of this dispersion was 

then placed into a cuvette, until it filled a minimum of 15 mm of the plastic cuvette. This 

was then placed into the Zetasizer and the lid was closed to prevent interference from 

outside light. 

ζp measurements were performed at 25 °C on the Zetasizer Nano ZS. The MNP 

sample was diluted until it turned from a black opaque dispersion to a transparent 

brown dispersion (Dilution factor of ~20). 1 mL of the MNP solution was injected into 

a folded capillary cell slowly to avoid air bubbles. The caps were then placed at each 

opening of the capillary cell. The capillary cell was then placed firmly into the Zetasizer 

until it clicked into place. The lid was closed and the ζp was measured. The ζp is a 

measure of the magnitude of the charge repulsion/attraction between particles. A 

particle with a surface charge of >±30 mV is deemed stable enough to repel another 

particle of similar charge.  

 

2.2.5 Agarose gel preparation 

To prepare agarose gel (0.3% w/v unless otherwise specified), 0.06 g agarose (low 

EEO content) was added to DI H2O or PBS solute as specified. This mixture was 

heated and stirred until the agarose had fully dissolved. Once the agarose solution 

was transparent, glass vials (53  15  15 mm) were filled with agarose to a depth of 

6 mm (700 µL) and left to cool at room temperature for 1 h. The vials were then capped 

and left to solidify overnight at 4°C. Prior to use, agarose gels were removed from the 

fridge and allowed to reach room temperature.  
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The temperature was not strictly controlled for these experiments; it was assumed that 

room temperature was reached after 1 h of exposure prior to the magnetophoretic 

transport experiment. For bulk viscosity measurements, agarose was prepared in a 

plastic petri dish. The agarose was carefully removed from the petri dish after 1 h to 

reach room temperature and then placed on the stage of the Kinexus rotational 

rheometer. The agarose viscosity was measured over a shear ramp from 10−4 to 10−1 

Hz (n = 3). 

 

2.2.6 Imaging of agarose gels during magnetophoresis 

PEG1000-MNPs at a concentration of ~1.0 mg/mL were prepared. Agarose-H2O gels 

(6 mm depth unless otherwise specified) were prepared in glass vials and placed onto 

a corner of the cube N52 neodymium magnet, where it would be expected that the 

magnetic force would be strongest. MNPs (100 µL) were pipetted onto the top surface 

of the agarose gel to form an even layer of ~1 mm thickness covering the entire upper 

gel surface (176.6 mm2), and the vial was capped. The MNPs migration through the 

gel towards the base of the vial under the influence of the magnetic field over time was 

monitored (Figure 2.6). Vials were imaged every 30 min using a standard digital 

camera. ImageJ software was used to process the images to measure the position of 

the MNP front over time in order to calculate MNP experimental terminal velocity (vexp). 

 

Figure 2.6 Images showing ~1 mg/ml PEG1000-MNPs (dhyd 24.0 nm, (0.16)) moving 

through agarose-H2O (0.3% w/v) towards an external magnet over time. Images were 

taken at 1, 8 and 16 h. 

 

1 h 16 h8 h
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The images were cropped and loaded into ImageJ software to determine the distance 

travelled by the MNPs into the agarose at each image. A scale bar was generated in 

ImageJ, which was used to measure the total height of the gel (A) and the furthest 

point of the centre of the MNP front (B). Point A was converted to the total height of 

the gel (6 mm) and point B was converted as a percentage of A to measure distance 

travelled into the gel (x mm). This was done for each individual image and plotted as 

distance from magnet vs time to determine vexp. 
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2.3 Results & Discussion 

2.3.1 Synthesis of iron oxide nanoparticles 

Synthetic protocols adapted from the Pinna method19 were used to synthesise iron 

oxide NPs where the aim was to identify a synthesis protocol that yielded small, 

monodisperse MNPs. This chemical route of synthesis uses benzyl alcohol as a 

capping agent to control the rate of iron crystallisation into magnetite. The benefits of 

using a non-aqueous phase method are that the resulting MNPs are not covered in 

undesirable surfactants. Three different synthesis protocols were used according to 

the methods section – referred to as reflux, acid bomb and microwave digestion 

protocols. The resulting iron oxide cores were functionalised with a PEG1000 polymer 

and characterised by DLS to determine dhyd and PDI values (Figure 2.7). This was 

done to determine if aggregates were present as the presence of aggregates would 

an indicate that iron was converted to magnetite and not crystallised further to hematite 

or maghemite. 

 

 

Figure 2.7 Size distribution profiles of PEG1000-MNPs synthesised by (A) reflux, (B) 

acid bomb and (C) microwave digestion protocols. The tables (right) show the 

measured dhyd values and corresponding PDI values, n=3. 
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All protocols resulted in unimodal size distribution profiles with a PDI value of under 

0.2. The reflux protocol is the most challenging synthesis, as a constant temperature 

is needed to ensure uniform crystallisation of the iron acetylacetonate. In the case of 

the reflux protocol, there may have been temperature fluctuations potentially leading 

to the formation of hematite which was observed in some earlier syntheses where red 

residue formed on the glassware. Hematite is antiferromagnetic, meaning its 

magnetisation can never be zero due to the odd number of electrons, meaning they 

will be attracted to magnetite or maghemite crystals. The major difference between 

these two protocols is the time required for synthesis, the acid bomb method takes 48 

h, while microwave digestion takes 4 h. In the interest of time, the microwave digestion 

protocol was used to synthesise all MNPs in this work. The MNPs synthesised by 

microwave digestion were imaged by TEM to confirm core size (Figure 2.8). MNP 

samples were sent to UCD for TEM imaging. The core size was calculated as an 

average of 208 MNPs, chosen from several TEM images of the same MNP batch, and 

was found to be 8.9±0.8 nm. 

 

 

Figure 2.8 TEM image of synthesised MNPs (microwave digestion) at X150K 

magnification. TEM imaging was carried out by PhD student Eoin McKiernan in 

University College Dublin (11/10/2019). 

 

To characterise the magnetisation behaviour of the synthesised MNPs, magnetometry 

was performed. The magnetometry data passes through zero, showing that in the 

absence of an external magnetic field the MNPs are not magnetic, showing that they 
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are superparamagnetic. The saturation magnetisation was found to be 63.34 emu/g 

(3.2x105 A·m-1, assuming a mass density of 5000 kg·m3 for iron oxide) indicating 

strong magnetic responsiveness (Figure 2.9). 

 

 

Figure 2.9 Magnetometry data for synthesised MNPs from -1500 mT to 1500 mT. 

Magnetometry was performed by Prof. Gun’Ko (Trinity College Dublin). 

 

2.3.2 Characterisation of PEG1000- and citrate-MNPs 

MNPs were functionalised with PEG1000 and citrate chemistries according to 

Sections 2.2.4.1 & 2.2.4.2, respectively. Both surface chemistries are linked to the 

surface of the magnetite core through covalent bonds. PEG is a biocompatible 

polymer, which possesses a near neutral surface charge and is stabilised as a MNP 

functionalisation via steric hindrance24. Citrate is also biocompatible, has a smaller 

chemical footprint and exhibits a strong negative surface charge25. DLS data for the 

functionalised MNPs is given in Table 2.1; core size was determined by TEM to be 8.9 

nm. 
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Table 2.1 Tabulated DLS data for PEG1000- and citrate-MNPs. 

Surface 

chemistry 

TEM Core 

(nm) 

dhyd 

(nm) 

PDI ζp 

(-mV) 

PEG1000 8.9 24.1 0.16 -9.5 

Citrate 8.9 12.1 0.18 -27.3 

 

The dhyd for PEG1000-MNPs was reported to be 24.1 nm, 15.4 nm greater than the 

iron oxide core dhyd. The PDI was 0.16 which was the same as that of the core. This 

was expected as PEG is known for its stability. A ζp of -9.5 mV was measured for the 

PEG1000-MNPs, showing it to be weakly negative. (A value of approx. ±5 mV 

indicates stability whereas a value of ±15 mV indicates a strong negative or positive 

charge). The weak negative charge observed in this case may be possibly due to the 

hydroxyl groups generated during the epoxide ring opening reaction21. Citrate-MNPs 

had a significantly lower dhyd (12.1 nm), as would be expected. The PDI increased 

slightly after citrate functionalisation indicating a slight decrease the overall colloidal 

stability of the MNPs. The citrate-MNPs exhibited a strong negative charge (-27.3 mV) 

attributed to the negatively charged citrate ions. 

To further verify functionalisation had occurred, Fourier transfer infrared spectroscopy 

(FTIR) was performed (Figure 2.10). FTIR confirmed that GLYMO had bound to the 

MNP surface forming stable GLYMO-MNPs as a pre-cursor for the PEG1000-MNPs. 

The GLYMO-MNPs exhibit Si–O, Si–O–R stretching modes at 1107 and 1052 cm−1, 

respectively, in addition to the C-H asymmetric stretching modes at 2861 cm−1. The 

most notable features of the GLYMO-MNPs are the epoxide ring stretching modes at 

864, 916 and 1295 cm−1, which were not observed after the coupling reactions. 
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Figure 2.10 A) FTIR of GLYMO-MNPs and B) FTIR of PEG1000-MNPs. 

 

A spectrum obtained for the PEG1000-MNPs confirmed that the epoxide ring from the 

GLYMO opened via amide linkage. The PEG-MNPs exhibit Si–O stretching modes at 

1088 cm−1, respectively, in addition to the C-H asymmetric stretching modes at 2869 

cm−1. After the epoxide ring was broken, the associated C-N stretching and N-H 

bending modes were observed in the region of 1643 cm−1. C–O–C stretching 

vibrations were observed in region of 1043-1080 cm−1. FTIR confirmed the PEG 

functionalisation process for the MNPs was successful. 

Citrate functionalisation could not be confirmed by FTIR, as the two defining bonds 

are below the wavelength accessible by the FTIR used. In order to confirm 

functionalisation of citrate-MNPs, thermogravimetric analysis (TGA) was used. MNP 

samples were sent to CREST in the Focas Institute in Dublin. 100 mg of each MNP 

sample was dried in the oven at 110 °C to evaporate off any water in the sample. TGA 

analysis was performed on citrate- and PEG1000-MNPs. For the citrate-MNPs, there 
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was a two-step degradation observed (Figure 2.11 A). In the first step, the water 

molecules are coordinated to the MNP surface, leading to a higher boiling point. The 

weight change between 120 and 170 °C was evidence of the loss of coordinated water, 

which was only present in a coordination bond between the citrate and the iron oxide 

core surface. The second step observed the citrate molecules decomposing as 

expected from 300 °C. This step accounted for a weight loss of 30 %. The weight loss 

stabilised completely at approx. 400 °C, indicating all organic matter had combusted. 

In order to calculate the estimated number of functional groups on a MNP, the core 

surface area and grafting density were required. The surface area for an 8.9 nm sphere 

is 248.85 nm2. The grafting density was calculated to be 1.78 nm-2. Therefore, the 

estimated number of functional groups was calculated per MNP was 443.  

 

 

Figure 2.11 TGA analysis of A) citrate-MNPs and B) PEG1000-MNPs ramped to 500 

°C. TGA analysis was carried out externally at the Focas Research Institute by Drs 

Power and Duffy. 

 

For PEG1000-MNPs, TGA analysis was carried out to further characterise the material 

(Figure 2.11 B). An initial weight loss was seen up to 120 °C, as water evaporated. A 

significant weight loss of 29.5 wt% occurred between 280 and 378 °C, corresponding 

to the decomposition of the GLYMO and PEG groups. The GLYMO and PEG groups 

have a boiling point of 299 and 290 °C respectively and so the decrease in weight over 

this range was representative of these groups decomposing. Weight loss began to 

stabilise at 380 °C. In order to calculate the estimated number of functional groups for 

a PEG-MNP, the core surface area and grafting density were required. The surface 
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area for an 8.9 nm sphere is 248.85 nm2. The grafting density was calculated to be 

1.99 nm-2. Therefore, the estimated number of functional groups was calculated per 

MNP was 495. 

The effect of the ionic strength (IS) of the MNPs environment on population stability 

was also studied. PEG- and citrate-MNPs were dispersed in PBS of varying IS and 

DLS measurements after 30 min were taken (Table 2.2). It can be seen that dhyd values 

for PEG1000-MNPs were not significantly affected by changes in IS. Indeed 

PEG1000-MNPs remained colloidal disperse in high IS environments for at least 21 

days. This is explained by the fact that PEG1000-MNPs are stabilised by steric 

hinderance as opposed to stabilisation via electrostatics. On the other hand, the 

citrate-MNPs are electrostatically stabilised, so increases in IS would be expected to 

diminish the diffuse layer of a charged MNP. However, this was not what was observed 

for citrate-MNPs. This was most likely due to a weakening of the Stern layer, which 

lowers the ability of the particle to repel other like-charged particles. When there is not 

a sufficiently strong charge on a particle to repel another particle, this could lead to 

some minor aggregation. As well as this, in high IS, citrate MNPs lose responsiveness 

to a magnetic field and precipitate out of solution within minutes. 

 

Table 2.2 Tabulated DLS data for ~1mg/mL PEG1000- & citrate-MNPs dhyd in PBS 

with varying IS. 

Surface Chemistry 

dhyd 

(nm) 

IS – 0 

dhyd 

(nm) 

IS – 0.007 M 

dhyd 

(nm) 

IS – 0.014 M 

dhyd 

(nm) 

IS – 0.140 M 

PEG1000 24.0 24.1 24.1 24.6 

Citrate 12.0 12.2 12.7 19.3 

 

2.3.3 Characterisation of agarose for magnetophoresis 

Agarose gel is regularly used as mimic for soft tissue and other biological systems 

including the vitreous humour of the eye or brain ECM models26–28. Agarose is cost 

effective, safe to use and its physical properties such as bulk viscosity and pore 

diameter range can be easily tailored as required. In this research, it is being used as 

a mimic for the skin tissue-based ECM. Based on literature, concentration ranges of 

0.3 – 0.6% agarose are typically used to mimic this enviroment14,29,30. The bulk 

viscosity of agarose is dictated by controlling the agarose concentration per weight 
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volume. Agarose is a polymer; its hydrogel form is a biphasic medium comprising 

agarose fibres and an aqueous component. Together, these two components form the 

porous agarose gel. As with bulk viscosity, the mesh size is directly proportional to the 

concentration of agarose31,32,33. Agarose-H2O gels with varying % w/v agarose were 

prepared and their viscosities were measured using a rheometer (Figure 2.12). 
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Figure 2.12 Measured bulk viscosity values for agarose-H2O with varying % w/v 

agarose, n=3. 

 

Agarose-H2O gels prepared with a % w/v < 0.3% were found not to solidify fully and 

were thixotropic in nature. Above 0.6% w/v, the agarose appeared opaque most likely 

due to the agarose fibres clumping together and not fully dissolving. For these 

reasons, only the range from 0.3% to 0.55% w/v was investigated. Overall, a linear 

increase in bulk viscosity was observed as a function of increasing % w/v agarose. 

 

2.3.4 Magnetophoretic transport of MNPs through agarose 

To investigate the behaviour of MNPs in external inhomogeneous magnetic fields 

through hydrated gel networks magnetophoretic transport of PEG1000-MNPs through 

agarose-H2O gels was investigated. To perform these studies, agarose-H2O gels were 

prepared according to Section 2.2.5. Aliquots of MNP dispersions were dropped onto 

the top of the gels and a neodymium alloy magnet was then placed under the base of 
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this glass vial to generate the field gradient. The movement of MNPs through the 

agarose-H2O was tracked by digitally imaging the MNP front as it moved through the 

gel. The distance the front travelled was measured over time (Figure 2.13) whereby 

was possible to determine the front position to a precision of 0.001 mm. The initial data 

point (t=0) was omitted for all experiments here as turbulent behaviour was associated 

with the migration front settling and passing through the upper gel surface. Linear 

behaviour of the front position from 30 min was observed demonstrating a terminal 

velocity was reached quickly and maintained over the time course of the experiment. 

A value for the experimental velocity (vexp) of the MNPs was obtained by calculating 

the slope of the linear regression line fitted to the data. A vexp of 0.374 mm/h was 

achieved in the case of the PEG1000-MNPs. It can be concluded that the magnetic 

field gradient exerted is constant over the distance measured and the agarose medium 

is homogenous over the measurable length scale of the optical image.  

It was important to investigate if in the absence of a magnetic field, whether the MNPs 

can migrate via diffusion through the agarose-H2O and in what timescales. To 

investigate this, two experiments were carried out (Figure 2.13). In the first experiment 

(blue), the PEG-MNPs were placed on top of the agarose gels as before but in the 

absence of a magnetic field and it was observed that no movement of the particles 

through the gel occurred over the timescale investigated. In the second experiment, 

magnetophoresis of the PEG100—MNPs was carried out as before, but where the 

magnetic was removed after 4 h (red). In this case, it can be observed that the 

transport of the MNPs is arrested after removal of the magnet. These results show 

that the MNPs are only transported through agarose-H2O in the presence of a 

magnetic field, as expected. The absence of an external magnetic field resulted in no 

significant transport of the PEG1000-MNPs beyond minor diffusive interactions with 

the gel surface over the 8 h period of the experiment.  
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Figure 2.13 Magnetophoretic transport of ~1 mg/ml PEG1000-MNPs (dhyd 24.1 nm 

(0.16)) through agarose-H2O (0.3% w/v) under varying magnetic field conditions. 

 

The geometry of a magnet will also impact the strength and direction of these field 

gradients. Therefore, it is important to examine the effect of positioning of the agarose 

gel vial on the magnet for magnetophoretic experiments. The outer corners of a square 

or rectangular magnet will have the strongest field gradient, due to the overlapping 

gradients projecting from the magnet’s edges. In order to investigate this, vexp values 

for PEG1000-MNPs were measured at six different positions (4 corners, centre and 

side mid-way points) on the magnet (Figure 2.14). There were no significant 

differences observed in vexp at the four corners (1-4). There were noted decreases in 

vexp values for positions 5 and 6 (centre and side mid-way points, respectively), on 

account of weaker magnetic field gradients. It is interesting to note, that MNP vexp does 

not vary as its distance from the magnet changes which is consistent with what was 

observed already. Linear regression models applied to the data show that the 

regression lines for data generated at Positions 5 and 6 are offset from other data, 

which may be due to the initial penetration of the gel surface being dependent on 

magnetic field gradient. This data shows that the field strength and field gradient will 

have a direct effect on penetration time and vexp as expected. 
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Figure 2.14 A) Magnetophoretic transport of ~2.0 mg/mL PEG1000-MNPs (dhyd 24.1 

nm (0.16)) in DI H2O through agarose-H2O (0.3% w/v) as a function of time (n=3) for 

6 different vial positions on the magnet. Inset is schematic showing vial position. R2 > 

0.994 for all linear regression. B) Table showing measured vexp values for PEG1000-

MNPs in relation to magnet position with standard deviation, n=3. 

 

2.3.5 Optimisation of agarose for magnetophoresis 

The bulk viscosity of agarose was shown earlier to increase linearly with concentration 

in the range of 0.3% to 0.55% w/v. To investigate the effect of agarose viscosity on 

MNP velocity, the movement of the MNPs was tracked via imaging as they moved 

through the gels with varying agarose concentrations (w/v) in this range. Constant 

velocities were observed across all agarose concentrations (data not shown) and vexp 
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was seen to decrease with increasing % agarose (Figure 2.15). This demonstrates 

that in the range of bulk viscosity studied, gel mesh size does not influence MNP 

velocity. 0.3% w/v agarose has a bulk viscosity that is consistent with that of the skin 

ECM14,34 and using it as a medium results the highest MNP velocity. Because of this, 

all subsequent experiments used 0.3% w/v agarose as the magnetophoretic medium, 

unless stated otherwise. 
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Figure 2.15 vexp values for ~1 mg/ml PEG1000-MNPs (dhyd 24.0 nm (0.16)) in DI H2O 

through agarose-H2O gels with different agarose concentrations, n=3. 

 

A study was undertaken to study the impact of gel depth on magnetophoretic transport. 

By changing the gel depth, the field strength will also change as it a function of 

distance. Agarose-H2O gels of various volumes corresponding to various gel depths 

between 6 and 24 mm were solidified in glass vials. Citrate-MNPs were 

magnetophoretically guided through these media for 8 h and imaged every 30 min. 

Linear transport behaviours were observed at all gel depths over the time, indicating 

that the field gradients remained constant for each gel depth. vexp values were 

calculated and plotted as a function of the square root of gel depth (Figure 2.16). 
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Figure 2.16 vexp values of ~1 mg/ml citrate-MNPs (dhyd 12.1 nm (0.17)) in DI H2O in 

agarose-H2O (0.3% w/v) of varying gel depths (6,9,12,18 & 24 mm). The square root 

of each of these gel depths is plotted against vexp, n=3.  

 

A linear relationship was observed between vexp and gel depth. The MNPs did not 

travel the full depth of the higher gel depths and it is likely that at a point after the 8 h 

of the experiments, the gradient would change and vexp would increase. It can be 

concluded that the greater the distance between the magnet and the MNPs, the slower 

the velocity. It would appear that when the gel depth is scaled by a factor of 4, the vexp 

is halved. This phenomenon is likely due to the change in magnetic responsiveness 

of the MNP in relation to the changing field strength and gradient. Testing this 

hypothesis in more gel depths would highlight the ratio between gel depth and vexp. 

Agarose gel depths of 6 and 12 mm were the optimum depth for maximising vexp. An 

agarose gel of 6 mm depth was used for all further studies. 

 

2.3.6 Optimisation of magnetic nanoparticles for magnetophoresis 

Up to now, it has been shown that it is possible to track bulk MNP transport through a 

hydrogel under the influence of an external magnetic field using digital imaging. 

Agarose concentration, depth and magnet positioning have been studied to observe 

their impact on magnetophoretic transport. Parameters relating to the MNPs were 
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studied here, to understand the impact of concentration, batch to batch variation and 

whether or not the MNPs damage the agarose during transit. 

If MNPs are superparamagnetic they have a single magnetic moment, and should act 

independently of each other35. In this case, the MNPs used have been shown to be 

superparamagnetic (see Figure 2.9) and therefore, vexp in this case should not be 

influenced by MNP concentration. To prove this, vexp for different MNP concentrations 

(0.5, 1, 2 mg/ml) were measured (Table 2.3). 

 

Table 2.3 Tabulated vexp values of PEG1000-MNPs of different concentrations in 

agarose-H2O (0.3 % w/v), n=3. 

[MNP] 

(mg/ml) 

vexp 

(mm/h) 

0.5 0.369 ± 0.003 

1 0.372 ± 0.002 

2 0.373 ± 0.003 

 

It was observed that the concentration of the MNPs does not significantly affect vexp, 

validating their superparamagnetic behaviour observed in Figure 2.9. This result 

highlights that the MNPs do not aggregate during magnetophoretic transport 

independent of concentration. The concentration of the MNPs will also influence 

contrast and hence quality in the digital imaging of the gels. 1 mg/ml was deemed to 

have maximum contrast and so chosen as the optimum concentration. 

The consistency of vexp for different batches of PEG1000-MNPs was investigated. 

Three different batches of PEG1000-MNPs were synthesised over the course of two 

weeks. The MNPs were measured by DLS and shown to have a consistent dhyd of 

24.1±0.4 nm. To investigate the reproducibility of the MNPs across different batches, 

transport was studied through agarose-H2O (Table 2.4). The consistent vexp values for 

the PEG1000-MNPs demonstrates good reproducibility across the three independent 

MNP batches.  
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Table 2.4 Tabulated vexp values of ~1 mg/mL PEG1000-MNPs (24.1±0.1 nm, (0.16)) 

of different synthesis batches in agarose-H2O (0.3 % w/v), n=4. 

Batch 
vexp 

(mm/h) 

1 0.371 ± 0.002 

2 0.370 ± 0.001 

3 0.369 ± 0.002 

 

The final MNP study examined if the MNPs were causing damage to the agarose fibre 

phase during transit. To investigate this, aliquots of PEG1000-MNPs were 

magnetophoretically transported through a single gel sequentially to see if previous 

transits impacted vexp values (Table 2.5). There was a slight increase in vexp after the 

initial run indicating that that the drag force experienced by the MNPs may have been 

slightly reduced by causing damage to the agarose fibre network. However, given that 

the increase is very small, this provides evidence that the MNPs are predominantly 

being transported in the aqueous phase of the gel (i.e. the water filled pores) as 

opposed to tunnelling through the polymer fibres. The expected pore diameter range 

for 0.3% agarose is between 300-600 nm26,36, an order of magnitude greater than MNP 

dhyd, which explains why any fibre damage induced during MNP transit is not 

significant. 

 

Table 2.5 Tabulated vexp values of PEG1000-MNPs through the same agarose-H2O 

gel (0.3 % w/v), n=3. 

Run 
vexp 

(mm/h) 

1 0.375 ±0.003 

2 0.381 ±0.003 

3 0.383 ±0.005 

 

2.3.7 Impact of MNP functionalisation on magnetophoretic transport 

A final study was undertaken to measure magnetophoretic velocities of PEG1000, 

citrate and other surface chemistries through the agarose gel. The magnetophoretic 

transport of PEG1000, citrate, arginine, DS and boronic acid (BA) were functionalised 
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according to Section 2.2.4. Magnetophoretic transport experiments were carried out 

on each of these MNP dispersions and vexp values were calculated (Figure 2.17). 

 

 

Figure 2.17 A) Magnetophoretic transport of ~1.0 mg/mL MNPs (various surface 

chemistries) in DI H2O through agarose-H2O (0.3% w/v) as a function of time (n=4). 

B) Tabulated vexp values for each of the different MNP surface chemistries used. 

 

vexp values were observed to vary dramatically as a function of surface chemistry, 

PEG1000- and arginine-MNPs were observed to be the slowest, BA-MNPs were 

approx. 30% faster while DS- and citrate-MNPs were found to be fastest. There are 

various differences between the functionalised MNPs used, e.g., charge, size. These 
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characteristics of a MNP are likely having an effect on magnetophoretic transport 

behaviour potentially due to interactions with the agarose gel. dhyd values are reported 

in the table above but it can be seen that these values do not alone explain the 

differences in vexp values observed. More detailed studies are undertaken in 

subsequent chapters to understand how significantly MNP characteristics and their 

interactions with the medium can modulate magnetophoretic transport. In the next 

Chapter, a subsequent set of experiments were performed to understand what was 

influencing the velocity at which the MNPs migrate through the agarose gel. Charged 

MNPs are known to interact with their environment depending on the magnitude and 

affinity of their surface charge. The magnetophoretic transport of PEG-, citrate- and 

arginine-MNPs through agarose will be examined. 
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2.4 Conclusion 

In this chapter a digital imaging method was developed to measure magnetophoretic 

velocities of MNPs through a hydrated gel network. MNP synthesis was carried out 

whereby three different synthesis protocols based on the Pinna method were 

compared for iron oxide core synthesis. Microwave digestion was found to yield small 

uniform MNPs (dhyd 8.9 nm, PDI 0.16). The MNPs were functionalised with a range of 

surface chemistries including PEG1000 and citrate.  

The optimised PEG1000-MNPs were transported through agarose-H2O using a 

magnetic field and it was shown that linear behaviour occurred in all magnetophoretic 

studies. This enabled the calculation of vexp for magnetophoretic transport. For the 

magnetophoretic study method development, various important parameters were 

investigated for their impact on MNP transport through agarose-based media. 

Investigation of certain effects including magnet position, gel depth, bulk viscosity, 

surface chemistry etc. It was found that viscosity has a direct effect on vexp, as well as 

the depth of the gel.  

The magnetic field gradient was found to be strongest at the corner of the magnet. 

The agarose gel depth studied showed that the further the distance between the MNPs 

and the magnet, the slower the measured velocity. The MNPs were independent of 

concentration effects, indicating the synthesised MNPs were superparamagnetic. This 

chapter investigated magnetophoresis using functionalised MNPs in an agarose 

hydrogel acting as a mimic for the ECM. This method was able to obtain reproducible 

and precise results for magnetophoresis of functionalised MNPs in agarose-H2O.  

In the next chapter, an equation is used to estimate the velocity at which a MNP will 

travel through a medium of defined viscosity under the influence of an external 

magnetic field. The electrostatic interactions between a medium containing negative 

residues and charged MNPs will also be investigated. Understanding the interactions 

and behaviour a MNP will have in a biological microenvironment is critical for various 

in vivo applications.  
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Chapter 3 

 

Theoretical Study and Electrostatically-Modulated Magnetophoretic 

Transport of MNPs Through Hydrated Polymer Networks 
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3.1 Introduction 

Detailed understanding of the magnetophoretic transport of MNPs, through biological 

matrices such as the ECM or other collagenous materials1,2 is a key factor in enabling 

the realisation of responsive transdermal drug and gene delivery systems, in-vivo 

target capture3 and hyperthermic cancer treatment4. Particle transport in general in a 

hydrated polymer matrix such as ECM is influenced by both the physical and chemical 

nature of the network in several ways; (i) direct electrostatic interactions with matrix 

fibres for charged particles5, (ii) direct steric interactions, and (iii) indirect 

hydrodynamic interactions, i.e. on approaching fibres the restricted motion of water 

molecules slows particle diffusion. This picture is anticipated for particle motion though 

any porous network including the ECM and also other polymer structures including 

hydrogels. Hydrogels can serve as basic physical models of tissue6,7, for instance as 

surrogates for brain tissue for infusion studies8 or mimics of lung or liver tissue for 

needle insertions studies for surgery9. 

In the case of iron oxide MNPs, inhomogeneous magnetic fields exert a force on the 

particle proportional to its magnetic volume, to the field strength, and to the gradient 

of the field10. MNPs migrate up the field gradient region, with the opposing drag force 

governed by properties of the matrix and scaling with the particle (average) dhyd. 

Significant magnetic forces are required to manipulate movement of MNPs11, and 

neodymium alloy or electromagnets can induce sufficient forces over several cm. 

Hence, as magnetic fields permeate cells and tissue, these fields can be used to guide 

MNPs through biological tissue. For in vivo and in vitro applications 

superparamagnetic particles are favoured; their small sizes are likely to minimise 

tissue damage, the absence of bulk magnetisation at zero field improves colloidal 

stability and hence shelf life12. Magnetophoretic transport of MNPs through porous 

gels or tissue will be affected by local interactions with polymer chains or ECM, 

respectively. Specifically, the influence of electrostatic interactions between the 

surrounding network and the MNPs during magnetophoresis has not yet been 

described for either hydrogels or ECM to our knowledge. Given the complexity and 

highly ionic nature of the ECM tissue environment (collagen type I is the most 

abundant fibrillar protein in connective tissue ECM has ∼15–20% ionisable peptide 

residues)13, assessment of the electrostatic impact on magnetophoretic motion in 

simpler charged porous media is required for development of more advanced matrices 

for magnetophoretic applications.  
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By equating the magnetic and drag forces, theoretical terminal velocities of MNPs in 

biological tissue mimics moving in a magnetic field gradient have been previously 

calculated to support experimental findings. For example, a study based on measuring 

and predicting the terminal velocity of MNPs through purified ECM matrix was carried 

out by Kuhn et al14, and was discussed in detail in Chapter 1. An earlier study by 

Holligan et al.15 also studied magnetophoretic transport of iron oxide MNPs in agarose 

gels (a model for vitreous humour) using magnetic forces18 and was also discussed in 

Chapter 1.  

In the previous chapter, the motion of functionalised MNPs moving through an agarose 

gel medium under the influence of an external magnetic field was studied. All MNP 

suspensions exhibited linear displacements with time under the conditions tested, 

confirming the attainment of a terminal magnetophoretic (experimental) velocity, vexp. 

vexp values were measured with high reproducibility. In this chapter, an equation based 

on relating magnetic and drag forces derived from previously reported literature was 

used to predict theoretical velocities (vth)14,15 for MNPs undergoing magnetophoresis 

according to the method developed in Chapter 2. The vexp values were found not to be 

consistent with vth values, according to this equation which was based on a simple 

model using the viscosity experienced by the MNPs during transport through the 

aqueous phase of the polymer network. In this work, a factor was introduced, φ, to 

account for the tortuous path provided by the polymer network that MNPs experience 

during magnetophoresis. This modified equation was then used to assess the effect 

of electrostatic interactions on magnetophoresis. It was found that in the absence of 

the influence of electrostatic interactions, a single tortuosity value could be used to 

account for a given agarose content. Critically, MNP surface charge was found to 

modulate magnetophoretic velocity, with positively charged MNPs travelling faster and 

negatively charged MNPs travelling slower than predicted. A model for particle 

transport through porous networks comprised of hydrophilic polymer chains in water 

is proposed wherein interactions at the pore constrictions (entrances and exits) 

determine the electrostatic contribution to magnetophoretic velocity. The implications 

of electrostatic modulation for magnetophoretic-driven movement of particles in 

porous polymeric networks such as tissue are discussed. 
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3.2 Materials & methods 

3.2.1 Materials 

Iron acetylacetonate (14024-18-1), benzyl alcohol (100-51-6), GLYMO (2530-83-8), 

PEG MW400, MW1000, MW2070 (25322-68-3), acetone (67-64-1), sodium citrate 

tribasic(III) (6132-04-3), chloroform (67-66-3), THF (109-99-9), potassium hydroxide 

(1310-58-3), hydrochloric acid (7647-01-0), agarose (9012-36-6) (low 

electroendosmosis (EEO)) (0.09-0.13), agarose (medium EEO) (0.16-0.19), agarose 

(high EEO) (0.23-0.26), aqueous ammonia (1336-21-6) and PBS tablets (78392) were 

all purchased from Sigma-Aldrich. L-arginine (74-79-3) was purchased from 

Biochemika Int. A 50 mm x 25 mm grade N52 neodymium magnet (F335-N52) was 

used for all magnetophoresis studies and was purchased from 

www.first4magnets.com. 

 

3.2.2 Instrumentation 

Details as described per Section 2.2.2. 

 

3.2.3 MNP functionalisation 

Details as described per Section 2.2.4 

 

3.2.4 Agarose gel preparation 

Details described as per Section 2.2.5. For agarose gel with differing EEO content, the 

necessary agarose was substituted. High EEO agarose needed twice the required 

time to fully dissolve. 

 

3.2.5 Experimental determination of MNP magnetophoretic velocities (vexp) 

Details described as per Section 2.2.6. 

 

3.2.6 Theoretical calculation of magnetophoretic velocities (vth) 

The forces that determine MNP dynamics in homogeneous media of defined viscosity 

are FD and FM. When these two forces are equal, and no other forces are present, a 

constant or terminal MNP velocity is achieved. Agarose-H2O gels used in this study 

are biphasic materials comprising hydrated porous polymer networks with the mesh 

size dependent on the agarose concentration. Hence, the appropriateness of applying 

a continuum model for the forces operating to interpret transport in these 

http://www.first4magnets.com/
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circumstances is not certain. Nevertheless, relations have been proposed to describe 

MNP transport through a viscous medium in an external magnetic field gradient14,15.  

Based on previous studies14,15, Equation 3.1 is proposed to calculate vth, of the MNPs 

through agarose-H2O gels of known viscosity under the influence of an external 

magnetic field gradient.  

 

                                     vth =
χvVm

2rhyd
.

B∇B

µ0
.

1

3πƞ
                             (3.1) 

 

In this equation, the contributions are grouped (from the left) into those relating to the 

MNPs, the magnetic force, and the medium/matrix. χv is the volumetric magnetic 

susceptibility (0.281 determined by magnetometry), Vm is the volume of 

superparamagnetic material in a particle (3.69 x 10-25 m3 determined by TEM, rhyd is 

the hydrodynamic radius of the MNP (m) taken here from DLS; B is the magnetic field 

strength (specified to be 0.55 T by the distributor), ∇B is the gradient of the magnetic 

field (45 T m-1)14, µ0 is the permeability of free space (4π x 10-7 T m A-1) and ƞ is the 

viscosity of the surrounding fluid, in this case water (0.00089 Pa.s). 

 

The % difference (%D) between vexp and vth can be calculated according to Equation 

3.2. 

                             %D = 
vexp−vth

vth
 x 100                               (3.2) 

 

This equation will enable the comparison of vth with the magnetophoretic velocity of 

the MNPs as they move through the agarose. In theory, the vth should match the vexp 

if all factors that could influence magnetophoretic transport of the MNPs have been 

considered. If the %D value is positive or negative will be key in the understanding of 

what possible interactions may be causing this difference.  
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3.3 Results & Discussion 

3.3.1 Magnetophoretic transport of PEG1000-MNPs in agarose 

Magnetophoretic transport of PEG1000-MNPs through agarose-H2O gels was studied 

under specific conditions and a vexp value of 0.374 mm/h was measured previously 

(Section 2.3.4). Using Equation 3.1, a vth value was calculated to be 0.0149 mm/h. It 

was assumed transport of the MNPs is limited to the aqueous phase and thus 

experiences only the local viscosity of water. However, using this equation, the vth 

value calculated is approx. 25 times lower than the vexp value. This was initially 

surprising, as all parameters in the equation have been measured and accounted for. 

In Equation 3.1, no parameter accounts for the polymer chains present that would be 

expected to provide a resistance to MNP transport. Agarose gel comprises a fibre 

network (defining a bulk viscosity) and an aqueous phase present in the pores of the 

fibre network (defining a local viscosity). The combination of these two phases result 

in a tortuous pathway that the MNPs must traverse, when migrating in a magnetic field. 

This tortuous pathway will be inversely proportional to vexp. The tortuosity is defined 

as the ratio of effective path length to linear path length. It is dependent in this instance 

on agarose concentration, which correlates directly with average mesh size. The 

expected mesh size in this range of agarose is 300-600 nm. Holligan et al.15, proposed 

a scaling factor to account for this tortuous pathway (φ) of the agarose hydrogel. A 

tortuosity value of 0.4 was given to signify the pathway that the MNPs must traverse 

in a 0.6% w/v agarose gel. 

Given that Equation 3.1 did not account for this tortuosity, vth would be faster than 

expected. However, this was not what was observed in this work. In this work, equation 

3.3 is proposed as a modification of equation 3.1 to include a factor describing the 

tortuosity of the system φ, whereby φ increases for highly tortuous paths (one might 

consider that 1/φ→0 for increasingly tortuous paths and 1/ φ →1 for free diffusion). 

 

                                     vth =
χvVm

2rhyd
.

B∇B

µ0
.

1

3πφƞ
                             (3.3) 

 

Using equation 3.3, reasonable agreement was possible between vexp and vth using φ 

= 0.04. This value was set as the factor required to equate vexp to vth for PEG1000-

MNPs which are assumed to be transported solely through the aqueous phase of the 

network, with no interactions with polymer network. The combination of ƞ and φ can 
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be used to account for the impact of the matrix on magnetophoretic transport. This 

product reflects an effective viscosity representing the averaged restriction to MNP 

motion through a connected tortuous pore path. While the two contributions, ƞ and φ, 

cannot be separated by magnetophoretic measurements, we suggest that the choice 

of ƞH2O, suggesting a bulk-like drag force for MNPs within the pores, is useful as it 

provides a φ value that is reflective of the pore connectivity. 

 

3.3.2 Effect of agarose concentration on magnetophoretic transport 

MNPs functionalised with PEG are known to have weak interactions with hydrated 

polymer matrices due to repulsive steric effects and their near neutral surface 

charge16. To study the effect of the network density on PEG1000-MNP transport, vexp 

values were measured for different agarose concentrations. In all cases the MNP front 

moved linearly over the same distance range as before. As agarose concentration was 

increased, vexp was found to decrease approximately linearly for more dense networks, 

as expected. Using the extracted vexp values and the measured viscosity for each gel 

the tortuosity factor, ϕ, was determined for each sample (Figure 3.1). It is found that 

ϕ increases with agarose concentration (more tortuous paths) as expected. 
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Figure 3.1 vexp and corresponding φ values obtained for ~1.0 mg/mL PEG1000-MNP 

dispersions (dhyd 24.0 nm (0.16)) in DI H2O, when magnetophoretically transported 

through agarose-H2O (n=4) of varying % w/v. 
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Over the agarose content range studied, average pore diameters are anticipated to be 

300-600 nm17–19, which is at least an order of magnitude greater than the dhyd values 

of the MNPs. It is clear that path tortuosity and/or particle graft/network chain 

entanglement effects are significant for all the gels studied, suggesting that the size of 

the open pores is not limiting. Previously reported agarose-based ECM mimics used 

agarose content between 0.3 and 0.6% w/v15,20. To maintain a high pore volume (to 

minimise any pore volume effects on transport) and to maintain high vexp, (so that 

changes in velocity are more easily measured) for the remainder of the current study 

0.3% w/v agarose gels were studied. 

In order to observe the physico-chemical factors that influence magnetophoretic 

motion; MNPs were grafted with PEG of increasing chain length (400, 1000, 2070 

MW). The dhyd value was observed to increase with increasing chain length (in the 

range of 21 – 28 nm) and it was found that vexp decreased with chain length (Table 

3.1). This confirms that hydrodynamic size is a primary factor determining transport; 

we can infer that the magnetic force is similar in each case as there is a single core 

per particle. The ϕ value extracted for these three suspensions was found not to vary 

significantly, as expected, hence a value of 0.04 can be taken as representative of the 

path through 0.3% w/v agarose-H2O (using ƞ of 0.00089 Pa.s) for suspensions of 

particles that are not electrostatically stabilised. There may be a small change in the 

φ value extracted on increasing the chain length. This is difficult to confirm given the 

precision of the experiments. However, it is correlated with a slight increase in ζp 

(Table 1), which suggests the need to fully assess the effect of MNP surface charge 

on magnetophoretic transport. 

 

Table 3.1 Magnetophoretic parameters for transport of ~1.0 mg/mL PEG-MNPs 

dispersions in DI H2O through agarose-H2O (0.3% w/v). 

PEG 

mw (Da) 

dhyd         

(nm) 
PDI 

ζp 

(mV) 

vexp 

(mm/h) 

vth 

(mm/h) 

𝛗 

400 21.5 0.17 ± 0.01 -8.6 ± 0.1 0.41 ± 0.01 0.0171 0.041 

1000 24.0 0.16 ± 0.01 -9.2 ± 0.4 0.37 ± 0.02 0.0149 0.040 

2070 28.0 0.19 ± 0.02 -9.7 ± 0.5 0.32 ± 0.01 0.0128 0.040 
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3.3.3 Electrostatic effects arising from biphasic network on magnetophoretic 

transport 

The effect of ζp on MNP magnetophoretic transport through agarose-H2O gels (0.3% 

w/v) was investigated by varying the surface coating of the MNPs. PEG1000-, 

arginine- and citrate- functionalised MNPs were prepared, see Section 2.2.4. The 

PEG1000-MNP suspensions were anticipated to be sterically stabilised and were 

found to have a weakly negative ζp (-9.0 mV at pH 7.4), arginine-MNPs were found to 

have a strongly positive ζp (+30 mV), while citrate-MNPs had a strongly negative ζp (-

27 mV). This data is summarised in Table 3.2. 

 

Table 3.2 Magnetophoretic parameters for transport of ~1.0 mg/mL PEG1000-, 

arginine-, and citrate-MNP dispersions in DI H2O through agarose-H2O (0.3% w/v). 

Colloidal properties of the same dispersions are included. 

Surface 

chemistry 

dhyd 

(nm) 
PDI 

ζp 

(mV) 

vexp 

(mm/h) 

vth 

(mm/h) 
%D 

PEG1000 24.0 0.16 ± 0.01 -9.3 ± 0.1 0.37 ± 0.02 0.37 +0 

Arginine 28.0 0.17 ± 0.01 +30 ± 1.0 0.35 ± 0.01 0.32 +8.5 

Citrate 12.0 0.18 ± 0.01 -27 ± 1.4 0.63 ± 0.02 0.75 -19 

 

For arginine-MNPs (ζp > 0), taking the tortuosity, φ, to be unchanged a %D in the 

experimental velocity of +8.5% was determined (equation 2), i.e. arginine-MNPs move 

significantly faster than predicted when compared to PEG1000-MNPs (ζp ≤ 0) of similar 

dhyd, demonstrating the influence of surface charge. In the case of the citrate-MNPs 

(ζp < 0), %D was negative (-19%). Note that citrate-MNPs had a lower dhyd than 

PEG1000 or arginine equivalents and vexp was observed to be greater, but by 

significantly less than is predicted by equation 1. In all cases, as noted above, a single 

core per particle is assumed and the measured dhyd value used for calculating vth. 

Hence, we can attribute the negative %D for citrate-MNPs to surface charge as 

opposed to size effects, an interpretation we confirm below. In summary, significant 

positive or negative %D values are associated with large positive or negative ζp values, 

respectively, demonstrating the importance of electrostatic interactions between the 

MNPs and the network chains. 
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In order to confirm that the functionalised MNPs remained and acted as individual 

particles during transport, the MNPS were analysed by DLS (Table 3.3). MNPs were 

extracted from the bottom of the gel after full transit had taken (>12 h) and washed 

with DI H2O before being analysed by DLS. The lack of significant change in dhyd 

shows that partial clustering or aggregation is not occurring for any of the 

functionalised MNPs. It is also likely that clustering is not taking place during transit as 

no significant change in vexp is observed. 

 

Table 3.3 DLS measurements for PEG1000-, citrate- and arginine-MNPs suspensions 

before and after transit through the agarose gel.  

 
 

Before transit 

through agarose 

After transit 

through agarose 

Surface 

chemistry 

dhyd 

(nm) 

ζp 

(mV) 

dhyd 

(nm) 

ζp 

(mV) 

PEG1000- 24.1 -9.3 24.0 -9.2 

Citrate- 12.2 -27.2 12.1 -27.1 

Arginine- 28.0 +30.1 28.0 +29.9 

 

3.3.3.1 Effect of agarose anionic residues on magnetophoretic transport 

Agarose gels are formed from polysaccharides with the same basic structure but with 

different substituting groups. The EEO content of the gels is related to the 

concentration of anionic residues, ester sulphate and pyruvate, present21. To further 

investigate the role of electrostatic interactions between MNPs and the hydrated 

network during magnetophoresis, three different agarose-H2O gel classes were used. 

The EEO was varied and classed as low, medium and high (Aga/Low, Aga/Med, 

Aga/High, see Section 3.2.4. The magnetophoretic response of three MNP 

suspensions (PEG1000-, arginine- and citrate-) were tested using each of the three 

agarose classes. Again, linear transport, the attainment of terminal velocity over the 

range studied, was observed in all cases. The data is summarised in Figure 3.2, in this 

case the velocities are normalised with respect to dhyd of the relevant suspension 
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(vexp*dhyd) to correct for size effects. Note that in all cases dhyd for the recovered 

suspensions was found to be unchanged after passing through the gels. 

 

 

Figure 3.2 Normalised magnetophoretic velocities, vexp*dhyd, for PEG1000, citrate-, 

and arginine-MNP suspensions through the different classes of agarose-H2O 

(Aga/Low, Aga/Med, Aga/High) (0.3% w/v). Error bars are included for all 

functionalised MNPs. The vth/dhyd values are represented as black bars.  

 

The normalised velocities (vexp*dhyd) for each of the functionalised MNPs in Aga/Low, 

Aga/Med and Aga/High were seen to have similar charge dependence to the 

suspensions shown in Table 2; arginine-MNPs moved faster and citrate-MNPs moved 

slower than PEG1000-MNPs, irrespective of the network charge density. Interestingly, 

at the highest concentration of fixed anionic charges the normalised velocities of all 

MNPs decreased, suggestive of an increase in electrostatic interactions between the 

MNPs and the agarose.  

 

3.3.3.2 Effect of IS on magnetophoretic transport and particle interactions 

For agarose-H2O, the Debye length (λD), of the charges along the network chains is 

anticipated to be at a maximum. Increasing IS of the medium will reduce λD for the 

charges on the network chains and the MNP bound ligands and so should influence 

magnetophoretic transport. Magnetophoretic velocities were measured for transport 

of PEG1000-, citrate-, arginine-MNPs through Aga/High gels prepared at different IS, 

again terminal velocities were measured and the results are summarised in Figure 3.3. 

Note that the dhyd values of the MNP suspensions were independent of IS across the 
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range studied. It was found that on increasing IS the velocity of the almost neutral 

PEG1000-MNPs remained unchanged, consistent with minimal electrostatic 

interactions with the network irrespective of IS. The velocity of negatively charged 

citrate-MNPs, which was lower than vth in agarose-H2O, was found to progressively 

increase with increasing IS, and the velocity of positively charged arginine-MNPs, 

higher than vth in DI H2O, was found to progressively decrease. For both 

electrostatically stabilised suspensions the normalised velocities approach vth (fixed φ 

of 0.04, corresponding to the path tortuosity observed for PEG-MNPs) at higher IS, 

presumably as electrostatic interactions are largely suppressed. 

 

Figure 3.3 Normalised magnetophoretic velocities, vexp*dhyd, for PEG1000-, arginine- 

and citrate-MNP suspensions through agarose-PBS (Aga/High, 0.3% w/v). MNP 

suspensions and agarose gels were prepared in PBS buffer to give IS of 0, 0.0014, 

0.007 and 0.014 at pH 7.0. The vth/dhyd values are represented as a black bar. 

 

We suggest that during magnetophoresis, negatively charged citrate-MNPs are 

located predominantly towards the centre of the pores in the agarose-PBS gel due to 

electrostatic repulsion with the pore entrances and walls. The presence of a depleted 

free void volume close to the pore walls reduces the MNP concentration (and hence 

flux) and/or reduces the free path, as a result vexp is found to be lower than expected 

(negative %D, Table 3.2 and Figure 3.4). On increasing IS, λD is decreased and these 

electrostatic effects are reduced, increasing vexp for citrate-MNPs (Figure 3.3). For 

arginine-MNPs the relative magnetophoretic velocity was greater than expected 

(positive %D, Table 3.2 and Figure 3.4) and decreased with increasing IS. When 

moving through the network, positively charged arginine-MNPs should undergo 
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attractive interactions with the pore walls. Again, on increasing the IS, these 

electrostatic effects are reduced, decreasing vexp for arginine-MNPs. Given the large 

mesh sizes it is likely that these effects, which modulate vexp significantly, occur at the 

pore constrictions (entrances/exits). 

 

3.3.4 Effect of polymer chain residue manipulation on magnetophoretic 

transport 

The observation that repulsive interactions impede citrate-MNP transport and 

attractive interactions enhance arginine-MNP transport through the pores is 

reminiscent of the exclusion enrichment (EE) effect previously described12,13, for 

molecular motion in charged nanofluidic channels. For example, Plecis et al.22, 

reported that for channels with dimensions ranging from 2-250 nm, the permeability 

for small anions and cations undergoing purely electrophoretic transport depends on 

channel charge as well as the IS of the medium, with reduced motion for anions which 

are constrained to the channel centre, and enhanced motion for the counter-cations22, 

largely due to the concentration dependence of the flux. Both effects were found to be 

suppressed at higher IS.  

A similar picture emerges for magnetophoretic transport of charged MNPs though 

negatively charged agarose pore networks; a schematic representation of pore 

transport is shown in Figure 3.4. It is suggested that the electrostatic effect is more 

pronounced at the pore entrances/exits, where the physical constriction is more 

comparable to those in nano-channels. Electrostatic effects in soft materials such as 

polymer gels can be greater than those observed for rigid materials23, due to their 

dynamic nature allowing the charges to be flexible forming mobile electrostatic 

clouds22, and hence would be expected to exert a strong effect at the constrictions. In 

the scheme the electric double layer (EDLs) of the anionic charges of the pore walls 

form an electrostatic cloud at the entrance of the pore. For negatively charged citrate-

MNPs at low IS (A) repulsive electrostatic forces slow particle movement through the 

pore. At high IS (B), the EDLs on both the charged MNPs and at the pore entrances 

are decreased, reducing repulsion and increasing flux through the pore under the 

influence of the magnetic force. Essentially this is due to an increase in the free void 

volume of the pore. For positively charged arginine-MNPs at low IS (C), attractive 

electrostatic forces between the particles and the fixed negative sites enhance MNP 
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transport through the pore, effectively the EE effect. At high IS (D) reduced EDL 

overlap weakens this effect reducing MNP velocity. 

 

 

Figure 3.4 Schematic representation of transport of citrate- and arginine-MNPs 

through a pore in agarose-PBS gels in low and high IS media. 

 

It is important to note that in smaller pores, these electrostatic effects may not be 

observed. This has been observed where the channel is similar in size scale to the 

moving particle. A study by Bruno et al.24, investigated the effect of channel size on 

charged particles moving through a microfluidic system. When the channel size 

decreased to 5 nm, an abrupt drop in diffusion through the channel was observed for 

all molecules. They state that this result is due to a charge-independent transport only 

observed in small channels. There is also another consideration to take into account, 

that in smaller porous networks in agarose. It is known that MNPs can deposit 

themselves on the fibre structure of the polymer phase. This is regardless of charge 

of the MNP, although some functionalisation’s may help avoid this behaviour. 

Finally, the magnetophoretic transport of positively charged arginine-MNPs through 

Aga/Low and Aga/High gels in both low and high IS media were measured. The data 
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is summarised in Table 3.4. The differences in velocity are small in this case, so it is 

difficult to draw strong conclusions. However, for both EEO types increasing IS 

reduced vexp, as before, this is again consistent with weaker favourable interactions at 

the constrictions. However, for both IS values reducing EEO, which should suppress 

favourable interactions, resulted in an increase in vexp. This suggests the two effects 

are not strictly additive, but that IS as the more dominant factor for arginine-MNPs, 

perhaps because higher IS leads to a reduction in λD on both the MNPs and the fixed 

anionic residues. 

 

Table 3.4 Magnetophoretic parameters for transport of ~1 mg/mL arginine-MNP 

dispersions in agarose-PBS of varying IS through the different classes of agarose 

(0.3% w/v) (Aga/Low, Aga/High). 

Experiment No. IS 
Agarose 

class (EEO) 

vexp 

(mm/h) 

vth 

(mm/h) 
%D 

1 Low (0.0014) Low 0.35 ± 0.01 0.32 +8.5 

2 High (0.014) Low 0.32 ± 0.02 0.32 0 

3 Low (0.0014) High 0.33 ± 0.01 0.32 +3 

4 High (0.014) High 0.31 ± 0.01 0.32 -3 

 

 

Similar data recorded for citrate-MNP suspensions supports the suggestion that IS is 

predominant factor (Table 3.5). High EEO and low IS increased vexp, consistent with 

weaker unfavourable interactions at the constrictions. The increase in IS leads to a 

direct increase in vexp, whereas the addition of more anionic residues in high EEO 

decreases vexp. These results are a mirror of the trend observed for the positively 

charged arginine-MNPs. This indicates that electrostatics in a charged medium can 

be manipulated to enhance or hinder a MNP depending its charge. 
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Table 3.5 Magnetophoretic parameters for transport of ~1 mg/mL citrate-MNP 

suspension in agarose-PBS of varying IS through agarose gels (0.3% w/v) of different 

EEO. 

Experiment 

No. 
IS 

Agarose 

class (EEO) 

vexp 

(mm/h) 

vth 

(mm/h) 
%D 

1 Low (0.0014) Low 0.63 ± 0.01 0.75 -19 

2 High (0.014) Low 0.66 ± 0.02 0.75 -12 

3 Low (0.0014) High 0.65 ± 0.01 0.75  -13.3 

4 High (0.014) High 0.68 ± 0.01 0.75  -9.3 
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3.4 Conclusion 

A detailed study into magnetophoretic transport of charged MNPs through agarose 

hydrogels was undertaken. The equation used to calculate theoretical velocities, a 

factor was proposed to account for the tortuosity of the agarose hydrogel, φ and 

allowed for vth values to be in agreement with vexp values (Equation 3.3). It was 

possible to focus on the response of the gel, which is parameterised by the product 

ƞφ. This provided a measure of the matrix influence on MNP transport. This product 

represented the averaged restriction to magnetophoretic transport through a 

connected tortuous pore path. While the two contributions, ƞ and φ, cannot be 

separated by measuring magnetophoretic transport it was suggested that the choice 

of water viscosity, demonstrates a bulk-like drag force for MNPs within the pores, is 

useful as it provided a φ value that was reflective of the pore connectivity15. This view 

is supported by the monotonic increase in φ with agarose % w/v (Figure 3.1), by the 

single φ value extracted for 0.3% w/v agarose when only dhyd is varied, and by the 

collapse of the velocities measured for arginine- and citrate-MNP suspensions back 

to close to this value when the charge interactions (associated primarily with passage 

through the pore constrictions) are sufficiently suppressed. 

For electrostatically stabilised MNPs we have observed a soft hydrogel equivalent of 

the EE effect that is established for transport of charged molecules through hard nano-

pores. Negatively charged MNPs are forced to the centre of the pore constrictions and 

travel slower than near-neutral MNPs. Positively charged MNPs are attracted by the 

chains at the constriction and travel faster. These effects can be suppressed by tuning 

the λD. IS adjustment allows vexp to be reduced by approx. 8%, for arginine-MNPs and 

to be increased by approx. 11%, for citrate-MNPs (for high EEO agarose). Detailed 

analysis of the interplay of fixed charge content and IS suggested that the latter is the 

critical factor in determining magnetophoretic transport through pore restrictions. 

The picture that emerged for magnetophoretic transport was a complex interplay of 

surface charge, pore volume and pore constriction factors combining to effect the 

magnetophoretic response32-35. It was demonstrated that it was possible to modulate 

terminal velocities during magnetophoretic transport significantly. 
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Chapter 4 

 

Magnetophoretic Transport of Functionalised Iron Oxide 

Nanoparticles Through Collagen-Based and Cultured ECM Gels 
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4.1 Introduction 

The ECM is the non-cellular component present in all biological tissues, providing a 

physical scaffold for other cellular constituents1. The ECM regulates the biochemical 

and biomechanical cues required for tissue morphogenesis, differentiation and 

homeostasis2. The ECM is of great interest for biodiagnostic applications, as 

biomarkers are found in higher concentrations when compared to other biological 

matrices3. The ECM is composed of two classes of macromolecules: fibrous proteins 

and a non-fibrous matrix composed of proteins (proteoglycans and other 

glycoproteins). Fibrous proteins in the ECM include collagen, elastin and fibronectin4. 

Collagen is the main structural protein in ECM, which provides tensile strength, 

regulates cell adhesion and aids in tissue development1. Elastin fibres provide recoil 

for tissues that undergo repeated stretching (muscles, skin)5. Elastin is tightly 

associated with the collagen fibrous network. Fibronectin is involved in the 

organisation of the interstitial ECM by regulating cell attachment and function6. 

Inside the collagen fibrous network, lies the interstitial space. This space is occupied 

by a non-fibrillar matrix formed by proteoglycans and interstitial fluid (ISF). 

Proteoglycans fill the interstitial space within the fibrous network to form a second 

structural network7. Proteoglycans have a variety of functions that use their unique 

buffering, hydration, binding and force-resistance properties for the ECM. ISF is the 

aqueous component of the ECM and plays an important role within the human body8. 

The interstitial space comprises approx. one-sixth of the body volume and mediates 

the exchange of oxygen, nutrients and waste products between the vascular system 

and cells9. The composition of the ISF varies by location within the body, containing a 

mixture of interstitial water, proteins and salts10,11, namely phosphate, lactate, 

sulphate, magnesium, calcium, sodium, potassium and albumin12,13. Considering the 

importance of the ECM and ISF to so many fundamental cellular processes, a myriad 

of tissue-culture models have been developed to study the interplay between its 

biochemical and biophysical properties, and to understand the molecular origins of 

cellular behaviours regulated by ECM ligation14. 

Hydrogels are used to mimic the ECM, whereby a variety of natural and synthetic 

polymers are used as these hydrogels15. Collagen, hyaluronic acid, fibrin, agarose and 

alginate are commonly used natural polymers for tissue mimics and engineering16–19. 

Commonly used synthetic polymers for ECM mimics include PEG, PVA and poly (2-

hydroxyethyl methacrylate). To fabricate the fibrous structures of the ECM, several 
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fabrications methods can be used including electro-spinning, phase separation and 

self-assembly. Electro-spinning uses an electric field to melt a polymer solution (e.g. 

polycaprolactone, PVA or polyacrylonitrile20,21), and generates a continuous charged 

jet stream that solidifies upon hitting a substrate to form a non-woven fibrous mat. 

These mats are often used as scaffolding for growth of cells21. The next approach is 

phase separation, whereby the separation of two phases (e.g. polymer and aqueous 

phase) can be triggered when a homogeneous dual-component system (e.g. dissolved 

polymer in solvent) becomes thermodynamically unstable under certain conditions 

(e.g. change in temperature) and separates into a biphasic system22. 

An example of this is whereby agarose is dissolved in an aqueous phase at an 

elevated temperature and when this solution is cooled to room temperature (20 °C), 

phase separation occurs to produce a polymer-rich phase (agarose fibres) and a 

polymer-lean phase (H2O)23. The polymer-rich phase is used to replicate the fibrous 

microstructures present in the ECM15,23,24. 

Self-assembly, the third method, is defined as the spontaneous organisation of 

components into patterns or structures by an external trigger. One such example is 

the self-assembly of collagen fibrils that structure themselves into fibres that form a 

network. Self-assembly is triggered by raising the temperature of an unorganised 

collagen solution to 37°C. The resulting self-assembled structures are maintained by 

non-covalent bonds25. Although non-covalent bonds such as hydrogen bonds, ionic 

bonds, and hydrophobic interactions are weak in isolation, in concert they govern the 

self-assembly of biological macromolecules26. 

The most abundant structural protein of ECM is collagen27,28. To improve biological, 

biophysical and mechanical characteristics of tissue mimics, combinations of polymers 

are often used, for example, collagen combined with agarose. Ulrich et al.29, reported 

an agarose/collagen hydrogel and investigated the effect of agarose concentration on 

collagen fibre network formation. The agarose/collagen gels were prepared by adding 

collagen (1.5 mg/ml), agarose (2% w/v) and a trace amount of sodium hydroxide to 

Dulbecco’s modified Eagle’s medium. This was incubated at 37°C to trigger collagen 

self-assembly followed by agarose gelation. It was found that increasing the 

concentration of agarose increased the elasticity of the collagen fibres, changing the 

way the fibril network formed. As such, a combination of polymers can mimic the 

multiple fibrillar microstructures present in the ECM. The agarose was then used to 

mimic the non-fibrillar matrix present inside the collagen networks within the ECM. 
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Another study by Lake et al.30, also investigated the structural effect that the non-

fibrillar material around the collagen network plays in the same agarose/collagen gels 

prepared using the same method29. It was found that agarose added to collagen 

formed a fine web-like matrix, which was interspersed among the collagen fibres. 

Agarose did not alter the formation or structural topology of the collagen network, nor 

did the self-assembly of collagen fibres disrupt agarose gelation. These two processes 

happen sequentially, the collagen self-assembly takes place, then the agarose 

network solidifies inside the established collagen network. The addition of agarose 

improved collagen mechanical and structural properties in this study.  

Collagen forms the base network that provides tensile strength to the ECM, while other 

fibrillar proteins in ECM form networks around the collagen. The use of collagen in 

ECM mimics enables good fibrillar microstructure formation, a distinct physical 

property of ECM. Agarose mimics the non-fibrillar matrix that forms within the 

interstitial space of the ECM. By combining polymers to mimic both the fibrillar and 

non-fibrillar structures, it allows for a more representative physical structure of the 

ECM in tissue (Figure 4.1). 

 

Figure 4.1 Scanning electron microscopy (SEM) imaging of collagen–agarose gels 

synthesised by a self-assembly process. Agarose forms a web-like network between 

the entangled collagen fibres that becomes progressively denser as the concentration 

of agarose is increased, agarose (0.5 % w/v) in a 0.5 mg/ml collagen gel (0.5 % w/v). 

Scale bar: 2 μm (main panels) and 500 nm (insets)29. 
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Manipulating NPs in ECM tissue can be challenging due to the presence of fibrillar 

and non-fibrillar proteins31-32. As demonstrated in Chapters 2 and 3, MNPs can be 

magnetophoretically guided through basic hydrated polymer networks whereby 

agarose acted as a basic mimic for the ECM network, whereby it is assumed that they 

are limited to the aqueous phase of the gels. However, one limitation of this 

experimental approach has been that the gels investigated did not incorporate an 

extracellular protein component, limiting their representation of the ECM environment. 

Another important factor for magnetophoretic studies for in vivo applications is the 

consideration of the strength of the magnetic field being used. The magnetic field 

strength will influence the gradient and susceptibility of the MNPs. Up to now, a 

neodymium magnet of strength 0.23 T has been used (N52) which is similar in strength 

to what has been reported in the literature. For instance, MNPs (starch, chitosan, lipid 

and PEG (dhyd 100-1000 nm)) were transported under an external magnetic field of 

0.4 T through excised rat tissue over a distance range of 5-7 mm33. It was shown that 

the chitosan-MNPs (dhyd 100 nm) penetrated the tissue the furthest in this study, 

attributed to their positive charge and their interactions with the tissue environment. 

Other studies have used similar field strengths of 0.23 T in ECM31 and 0.16 T in 

agarose34 to induce MNP motion. 

In previous chapters, magnetophoresis was carried out in agarose as a basic mimic 

for the ECM. In this chapter, collagen gels were investigated where the fibrillar 

structure by way of collagen protein is represented. Magnetophoretic transport of 

functionalised MNPs was studied in agarose/collagen gels and cultured ECM 

(prepared from Engelbrecht-Holm-Swarm murine sarcoma). Linear magnetophoretic 

transport was observed for agarose/collagen and ECM gels, MNP velocities were 

calculated and discussed in the context of our understanding of transport behaviour in 

earlier chapters. Furthermore, in previous chapters, a low magnetic field strength 

magnet (N52, 0.23 T) was used for motion studies. In the work here, a higher field 

strength magnet (Giamag, 1.1 T), was investigated to understand its impact on MNP 

magnetophoresis. 
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4.2 Materials & methods 

4.2.1 Materials 

Collagen Type IV from bovine skin (9007-34-5), Dulbecco’s Modified Eagle Medium 

(DMEM) (143-74-8), ECM gel liquid prepared from Engelbrecht-Holm-Swarm murine 

sarcoma (E1270), isopropyl alcohol (67-63-0) were purchased from Sigma Aldrich. All 

other materials used are listed in earlier chapters. 

 

4.2.2 Magnets 

A N52 neodymium magnet was used for low field magnetophoretic experiments and 

is referred to as N52 in this chapter. A customised magnet from Giamag Technologies 

(accessed through Prof. Brougham, University College Dublin) was used for high field 

magnetophoretic experiments and is referred to as Giamag in this chapter. The 

Giamag was comprised of several strips of neodymium encased in a diamagnetic 

material, causing the field gradient to be concentrated in a single area. This 

concentrated gradient is expressed at the top of the Giamag (Figure 4.2), which is not 

covered with diamagnetic material. It possesses a strong magnetic field (1.1 T) over a 

small concentrated field gradient.  

See Section 2.2.2 for details of all other instrumentation used in this chapter. 

 

 

Figure 4.2 Image of the Giamag (left) with dimensions shown (right). 

 

4.2.3 MNP synthesis and functionalisation 

MNP synthesis was performed as per Section 2.2.3.3. PEG1000-, citrate- and 

arginine- functionalisation protocols are described as per Section 2.2.4. 
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4.2.4 Extracellular matrix mimic preparation 

4.2.4.1 Agarose-interstitial fluid 

Agarose gels were prepared as per Section 2.2.5, whereby instead of dissolved 

agarose in DI H2O, synthetic ISF was used. To prepare synthetic ISF, calcium chloride 

(0.222 g), HEPES (2.383 g), glucose (0.99 g), potassium chloride (0.261 g), 

magnesium sulphate (0.084 g), sodium chloride (7.188 g), monosodium phosphate 

(0.179 g), and saccharose (0.31 g) were added to a 1 L volumetric flask, filled to the 

mark with DI H2O and stirred vigorously for 1 h to ensure all components had fully 

dissolved. The pH of the synthetic ISF was measured to be 7.4. 

 

4.2.4.2 Agarose/collagen 

Agarose was dissolved in DI H2O or synthetic ISF (Agarose/collagen-H2O or agarose-

collagen/ISF respectively) as previously described, and 600 µL of agarose solution 

was added to a glass vial (instead of 700 µL). Agarose solutions were kept in the oven 

for 2 h at 37°C. 100 µL of stock collagen solution (1 mg/ml) was then added to each 

vial and vortexed for 30 s. The glass vial was then placed back into the oven at 37 °C 

for 1 h to induce self-assembly of the collagen fibres29. The gel was removed from the 

oven and left to solidify for 1 h at room temperature. The vial was then refrigerated at 

4 °C until required. All gels were allowed to reach room temperature before use. 

 

4.2.4.3 In-vitro extracellular matrix 

Prior to handling ECM, all workplace surfaces were washed down with isopropyl 

alcohol to ensure a sterile environment. ECM liquid was removed from the freezer and 

thawed overnight at 4°C. 700 µL of the solution was transferred to a 7 mL glass vial. 

The vial was stored for 12 h at 4°C to allow release of trapped air. The ECM was then 

incubated at 37°C for 40 min to induce ECM polymerisation by self-assembly 

processes (Figure 4.3). ECM gels were used within 24 h of being prepared to avoid 

degradation. All glassware was treated with methanol to ensure sterility to avoid 

contamination. 
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Figure 4.3 Cultured ECM in glass vial placed on N52. 

 

4.2.5 Magnetophoretic studies 

A glass vial containing either agarose-ISF, agarose/collagen-ISF or ECM was placed 

directly in the centre of the Giamag or on a corner of the N52, as specified. MNPs 

were then transferred to the top of the gels to allow transport through the gels. In the 

case of the Giamag, the vials were removed from the magnet at specified time intervals 

and imaged to measure MNP front position. In the case of the N52, the vials were 

imaged in situ. 
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4.3 Results & Discussion 

4.3.1 Magnetophoretic transport studies in agarose-ISF 

In Chapter 3, the influence of electrostatic interactions on magnetophoretic transport 

of MNPs was observed in agarose. Briefly, the presence of the fixed negatively 

charged groups in agarose decreased the vexp of negatively charged MNPs and 

increased the vexp of the positively charged MNPs. By increasing the IS of the aqueous 

phase of the gel, the EDLs on both the MNPs and the agarose fibres decreased which 

led to relative increases in vexp for the negatively charged MNPs and relative 

decreases in vexp for the positively charged MNPs. 

In this study, it was investigated if the same behaviour would be observed using 

synthetic ISF (IS 0.16 M) as agarose solvent in place of PBS (IS 0.14 M). Experiments 

were performed and linear velocities were observed for all MNPs throughout the full 

agarose-ISF gel depths. vexp values were calculated and compared to vexp values for 

agarose-H2O (previously reported in Chapter 2) (Table 4.1). The EDLs of the fixed 

anionic charges on the agarose chains are expected to be similar in strength to those 

of agarose-PBS and weaker than those in agarose-H2O. 

 

Table 4.1 vexp values for ~1 mg/mL PEG1000- (dhyd 24.1 nm (0.16)), arginine- (dhyd 

28.0 nm (0.16)), and citrate-MNPs (dhyd 12.1 nm (0.17)), through agarose-H2O (0.3 % 

w/v), agarose-PBS (IS 0.14) and agarose-ISF (IS 0.16), n=4, R2>0.99 for all data sets. 

Surface 

Chemistry 

vexp in 

agarose-H2O 

(mm/h) 

vexp in 

agarose-PBS 

(mm/h) 

vexp in 

agarose-ISF 

(mm/h) 

PEG1000 0.374 ± 0.01 0.372 ± 0.02 0.371 ± 0.02 

Arginine 0.348 ± 0.02 0.311 ± 0.02 0.315 ± 0.01 

Citrate 0.632 ± 0.02 0.673 ± 0.04 0.684 ± 0.03 

 

The impact of using synthetic ISF was consistent with the results observed in PBS in 

Chapter 3 (Table 1). vexp of PEG1000-MNPs was not impacted by the presence of ISF 

when compared to PBS or H2O, while the vexp of arginine-MNPs decreased on account 

of high IS. Citrate-MNPs experienced an increased vexp in ISF compared to H2O, again 

fully consistent with what was observed previously for citrate-MNPs in agarose-PBS. 

This study shows, that the presence of synthetic ISF in agarose gels influenced vexp in 

the manner expected. It is attributed to a decrease in EDLs on the MNPs and the fixed 
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anionic charges on the agarose fibres compared to H2O, modulating the influence of 

the EE effect on both negatively and positively charged MNPs. 

 

4.3.2 Magnetophoretic transport studies in agarose/collagen-ISF 

Collagen was combined with agarose29 to assemble gels (agarose/collagen-ISF) 

comprising of the fibrillar network and the non-fibrillar matrix to more closely resemble 

the structure of ECM. In this case, the agarose component of the gel was at the same 

concentration as before (0.3%) but was solidified in the presence of self-assembled 

collagen fibres. Agarose/collagen-ISF hydrogels were prepared according to Ulrich et 

al.29, and as described in Section 4.2.4.2. Synthetic ISF was used as the aqueous 

phase, again to more closely resemble the ECM environment. The resulting gels were 

expected to be homogenous with a greater tortuosity when compared to agarose-ISF 

on account of the collagen fibres formed as the network. While no morphological 

characterisation of the gels was performed in this work, based on the literature, the 

diameters of the collagen fibres is expected to be in the range of 20-50 nm in diameter 

35–37. Within the aqueous phase of these gels, it is important to consider that there may 

be residual collagen oligomer present which could increase phase viscosity38. These 

change in viscosity and tortuosity of the gel compared to agarose alone would likely 

result in an increase in the product ƞφ in equation 3.3, relevant for calculating vth values 

for MNPs. 

To investigate the effect of the presence of the collagen on magnetophoretic transport, 

experiments were carried out using PEG1000-, arginine- and citrate-MNPs (Figure 

4.4). It was observed that none of the MNPs penetrated the surface of the gels 

instantaneously as expected (as observed previously for all agarose-based gels), but 

instead remained on the surface of the gel within spherical droplets for a period of time 

before a front could be observed moving into the bulk gel. Collagen self-assembly is 

driven by the hydrophobicity effect and may thus be plausible that at the air-water 

interface, the self-assembled collagen has a greater hydrophobic character at the 

surface of the gel due to the absence of water, explaining the delayed penetration. It 

was noted that after ~1 h the spherical droplet began to collapse in all cases, 

overcoming the required surface energy to wet the surface. Time-based differences 

were observed for the penetration of the different MNPs (Figure 4.4). 
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Figure 4.4 Magnetophoretic transport of 0.5 mg/mL PEG1000-MNPs (dhyd 24.0 nm) 

arginine-MNPs (dhyd 28.0 nm), and citrate-MNPs (dhyd 12.0 nm) dispersions in DI H2O 

through agarose/collagen-ISF gels (0.3 %w/v, low EEO), n=4. R2 > 0.98 in all cases 

after penetration into the gel. 

 

PEG1000-MNPs took approx. 1.5 h to penetrate the gel, which was faster than 

arginine-MNPs by approx. 1 h but slower than citrate-MNPs by less than 0.5 h. Given 

that the dhyd of PEG1000-MNPs is close to that of arginine-MNPs, MNP size cannot 

fully explain the behaviour observed. PEG is less polar in nature than the charged 

MNPs, which may explain the earlier penetration time than would be expected based 

solely on size. 

Arginine-MNPs took longest to penetrate the gel (approx. 2 h) and are the largest of 

all the MNPs (dhyd 28 nm) (Figure 4.4). The combination of this large dhyd combined 

with surface hydrophobicity effects, this could explain arginine-MNPs taking the 

longest to penetrate the surface. 

Citrate-MNPs penetrate the agarose/collagen-ISF surface after 30 min. They are the 

smallest of the MNPs (dhyd 12 nm) and as such, may be the reason they penetrated 

the surface at the earliest timepoint. 

Linear regression was performed on the data in Figure 4.4 for each surface chemistry 

once penetration into the gel had taken place and a terminal velocity reached. vexp 

values in this agarose/collagen-ISF gel were compared to vexp values obtained 
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previously from transport in agarose-ISF (Table 4.2) whereby decreases in vexp values 

were observed for all surface chemistries. The addition of collagen to agarose is likely 

to change gel character, described by the viscosity and tortuosity (ƞφ), which could 

partly explain decreases in vexp observed39.  

 

Table 4.2 vexp values for ~1 mg/mL PEG1000- (dhyd 24.1 nm), arginine- (dhyd 28.0 nm), 

and citrate-MNPs (dhyd 12.1 nm), through agarose/collagen-ISF (0.3 % w/v) and 

agarose-ISF gels, n=4. 

Surface 

Chemistry 

vexp in 

agarose/collagen-ISF 

(mm/h) 

vexp in 

agarose-ISF 

(mm/h) 

vexp change 

(%) 

PEG1000 0.322 ± 0.02 0.371 ± 0.02 -13.2 

Arginine 0.155 ± 0.02 0.315 ± 0.01 -50.8 

Citrate 0.462 ± 0.03 0.684 ± 0.03 -32.5 

 

The vexp of PEG1000-MNPs decreased by 13.2% in agarose/collagen-ISF when 

compared to vexp in agarose-ISF. As PEG would not be expected to interact 

significantly with the network, this decrease was attributed to the increased ƞφ of the 

gel. It is plausible that there are weak interactions between the zwitterionic residues 

of the collagen and the charges on the MNPs taking place. Although collagen has a 

net charge close to zero, the individual charges on the collagen may interact 

electrostatically over short timescales with the positive or negative changes on the 

MNPs resulting in an equivalent impact on both the citrate and the arginine and no 

effect for the neutral PEG1000-MNPs. 

Taking this into account the arginine-MNP vexp decreased dramatically (-50.8%) 

compared to arginine in agarose-ISF. By subtracting the influence of ƞφ in 

agarose/collagen (-13.2%) from the vexp decrease, a -37.6% change is observed for 

the arginine-MNPs. The interactions between the individual charges on the collagen 

fibres and the arginine-MNPs work to slow their vexp. Studies have shown that collagen 

fibres interact with charged molecules even though it has an overall neutral 

charge32,33,38. This significant decrease in vexp could be due to the dhyd of the MNPs or 

the orientation of exposed charges on the collagen after fibril formation40. 

Citrate-MNPs also exhibited a decrease in vexp (-32.5%), in agarose/collagen-ISF 

compared to agarose-ISF, again most likely due to the increase in ƞφ of the gel. Given 
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that the difference is larger than what was observed for PEG1000, it is likely that there 

is also another factor at play, similar to the arginine-MNPs. By subtracting the influence 

of ƞφ (13%) from the vexp decrease, a -19.3% change is observed for the citrate-MNPs. 

This is consistent with the theory of the electrostatic interactions between the collagen 

fibre network and the charged MNP surface. 

It is important to note, that after the citrate-MNPs penetrate 1.5 mm into the agarose, 

a notable increase in vexp is observed. The vexp increases from 0.462 mm/h to 0.571 

mm/h for the citrate-MNPs. This is the first time this behaviour is observed for any 

MNP in any gel. The field gradient has shown to be constant in previous experiments, 

so it is assumed that this is still the case here. The agarose/collagen gels have shown 

to exhibit different properties at the gel surface, it may be possible that the gel is not 

homogenous. It is plausible that the gel further from the surface may be collagen-lean 

when compared to the initial gel area near the surface. 

Potential future experiments to confirm this theory involve measuring vexp of PEG1000- 

and arginine-MNPs over a longer timeframe to observe if they accelerate after 1.5 mm 

of gel has been traversed as observed for the citrate-MNPs. These experiments 

provide evidence that electrostatic behaviour from the presence of collagen modulates 

magnetophoretic transport in collagen-agarose networks. Further studies will be 

needed to fully understand why the individual charges on the collagen fibre interact 

more with certain surface chemistries than others. 

Another way to analyse the data for magnetophoretic transport through 

agarose/collagen gels is to eliminate the influence of the ISF observed in Table 4.1. 

This led to a -8% difference in vexp for arginine-MNPs and a + 8% difference in vexp for 

citrate-MNPs. If we account for this difference in Table 4.2 for arginine- and citrate 

MNPs, a %D between vexp and vth is -42% and -40% respectively. This data agrees 

with published literature that collagen will interact with charged species in an equal 

manner41. Irrespective of the details, the presence of collagen leads to a decrease in 

vexp for all surface chemistries. It is plausible to state that this is due to an increased 

ηφ and interactions between the collagen fibres and the charged MNPs. 

 

4.3.3 Magnetophoretic transport studies in ECM 

Cultured ECM represents a substantially different environment compared to agarose-

based gels. The ECM is mainly comprised of fibrillar proteins like laminin, collagen 

type IV and non-fibrillar proteoglycans including negatively charged proteoglycans 
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such as heparin sulphate5. Proteoglycans are responsible for maintain hydration within 

the ECM by the binding of counter-ions such as sodium38.  

The cultured ECM used for this work is derived from Engelbrecht-Holm-Swarm murine 

sarcoma. The collagen IV and other proteins in the ECM form the structural network, 

where the interstitial space is filled with peptides, non-fibrillar proteins and other 

biomolecules. These biomolecules include the negatively-charged bound and free 

proteoglycans (hyaluronic acid, dermatan sulphate, chondroitin sulphate and heparan 

sulphate for example)42. Once assembled, it is assumed to be homogenous and, given 

its composition will likely have a significantly different ƞφ when compared to previously 

studied agarose and agarose/collagen hydrogels.  

To investigate magnetophoretic transport in this cultured ECM media, MNPs (100 µL) 

were deposited on the ECM surface. The MNP dispersion droplet was observed to 

collapse immediately indicating the ECM surface had a higher surface energy (e.g. 

greater hydrophilicity) than agarose/collagen-ISF. All MNPs penetrated the surface 

immediately and were linearly transported magnetophoretically through the ECM, 

exhibiting the typical front profile observed previously in agarose (Figure 4.5). 
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Figure 4.5 Left: Image of cultured ECM in glass vial after 6 h of magnetophoretic 

transport of 1 mg/ml PEG1000-MNPs (dhyd 24.0 nm (0.16)) under the influence of the 

N52. Right: Magnetophoretic transport of functionalised MNPs (1 mg/ml) through 

cultured ECM, n=4. R2 > 0.98 in all cases. 
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From Figure 4.5, vexp values were calculated for PEG1000-, arginine-, and citrate 

MNPs and are tabulated below (Table 4.3), along with values for agarose/collagen-

ISF for comparison purposes. vexp for PEG1000-MNPs in ECM was calculated to be 

0.265 ± 0.03 mm/h, which was 17.7% slower than in collagen/agarose-ISF. This was 

the lowest vexp value measured for PEG1000-MNPs in any matrix. Given that 

PEG1000MNP should not interact electrostatically with its environment, it is proposed 

here that the main contribution to this change is a significantly greater ƞφ for the ECM 

medium compared to agarose-collagen. This is reasonable because the presence of 

multiple fibrous and non-fibrous networks and more complex components that form 

the ECM compared to the simpler agarose-based media. It may also be possible that 

during transit, some of the non-fibrillar proteins that are present in the interstitial space 

(Proteoglycans, albumin, etc.) may have adsorbed onto the surface. The protein 

corona that could form would lead to an increase in dhyd for the particles. Measurement 

of the MNPs after magnetophoretic transport by DLS as seen in Chapter 3 (Table 3.4), 

would confirm if protein adsorption has taken place in the ECM. 

 

Table 4.3 vexp values for ~1 mg/mL PEG1000- (dhyd 24.1 nm), arginine- (dhyd 28.0 nm), 

and citrate-MNPs (dhyd 12.1 nm), through ECM and agarose/collagen-ISF, n=4. 

Surface 

chemistry 

ECM  

vexp (mm/h) 

Agarose/collagen-ISF 

vexp (mm/h) 

vexp change 

(%) 

PEG1000   0.265 ± 0.03 0.322 ± 0.01 -17.7 

Arginine   0.222 ± 0.02 0.156 ± 0.02 +29.8 

Citrate   0.413 ± 0.02 0.462 ± 0.04 -10.6 

 

vexp for the arginine-MNPs in ECM compared to agarose/collagen-ISF was greater by 

29.8%. The increased ƞφ effect, it is suggested must be a significant factor influencing 

any change in vexp. By accounting for the influence of ƞφ (-17.7%, based on the 

PEG1000 data), a net +47.5% change in vexp is calculated for the arginine-MNPs. It is 

likely that the electrostatic environment in ECM is different to that of the agarose-

collagen gels, whereby it is expected that the presence of the negatively charged 

proteoglycans could be significant. These proteoglycans form the gel network inside 

the collagen and may be present as free or bound to collagen. The electrostatic 

attractive interactions between the negatively charged proteoglycans and the 
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positively arginine-MNPs could potentially enhance transport. However further studies 

are required to confirm this. 

Citrate-MNPs experience a 10.6% decrease in vexp in ECM when compared to 

agarose/collagen-ISF. Again, by subtracting the influence of ƞφ (17.7%) from the vexp 

decrease, a net +7.1% change is calculated for the citrate-MNPs. An increase in vexp 

on this scale was observed in Chapter 3 for these MNPs for an increase in ionic 

strength of the aqueous phase of agarose gels. This change in vexp indicates again 

that the electrostatic interactions are likely influencing transport in a manner consistent 

with the theory proposed for arginine-MNPs whereby, the negatively charged citrate-

MNPs velocity would be expected to be reduced.  

  

4.3.4 Effect of high field gradients on magnetophoresis in agarose gel 

Magnetophoretic experiments using the Giamag were carried out to investigate the 

effect of high magnetic field strength on MNP transport. All experiments up until now 

have used the N52 (field strength of 0.23 T). In the following experiments, an increased 

magnetic field strength (1.1 T) was applied using the Giamag to investigate the effect 

on vexp. PEG1000-, arginine- and citrate-MNPs were magnetically guided through 

agarose-H2O, using the Giamag to induce the magnetic field gradient (Figure 4.6). 

Linear transport behaviour was observed for all MNPs indicating that the magnetic 

field gradient was constant for the full depth of the gel. The vexp values were 4.691 ± 

0.37 mm/h for PEG1000-, 4.734 ± 0.15 mm/h for arginine- and 5.350 ± 0.07 mm/h for 

citrate-MNPs, all significantly faster than with the N52 (approx. 12.5-times) as would 

be expected given the increased field strength and gradient. 
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Figure 4.6 Magnetophoretic transport of ~1.0 mg/mL PEG1000-MNPs (dhyd 24.0 nm 

(0.17)) arginine-MNPs (dhyd 28.0 nm(0.16)), and citrate-MNPs (dhyd 12.0 nm (0.17)) 

dispersions in DI H2O through agarose-H2O (0.3 %w/v, low EEO) in a magnetic field 

gradient exerted by the Giamag (n=3). 

 

Based on this higher field strength of 1.1 T, the magnetic susceptibility of the MNPs 

(magnetisation obtained from the data in Figure 2.9) has changed from 0.289 to 0.137. 

Using this new value for χ, vth values were calculated for these Giamag experiments 

using equation 3.1. All other parameter values were based on the values used for the 

N52 experiments (Section 3.3.3). vexp for PEG1000-MNPs (Figure 4.6) was found to 

be 8.2% slower than vth with the Giamag, this difference would suggest that when using 

higher magnetic field strengths, the tortuosity that the MNP experiences changes 

(assuming all other parameters remain constant across the Giamag and N52 

experiments). Thus, the φ value calculated based on the PEG1000-MNPs in the N52 

experiments (0.040) was re-calculated for the Giamag and found to be 0.031. These 

different tortuosity values are likely a result of the role the electrostatic interactions 

play in the different field strengths. Weak electrostatic interactions will repel MNPs 

from the polymer phase as they travel through the agarose – this is likely the case in 

weaker magnetic field strengths. In higher magnetic field strengths, it is speculated 

that this no longer occurs and so the MNPs undergo direct physical contact with the 

fibres and potential penetration through the pore walls, resulting in a different pathway 

within pores.  
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Using this new φ value, %D values were calculated (equation 3.2) to quantify 

differences between vexp and vth for the MNPs for the N52 and the Giamag (Table 4.4). 

It can be observed that the %D values calculated for the Giamag were approx. double 

that observed for the N52 for the charged MNPs, arginine- and citrate-MNPs.  

 

Table 4.4 Magnetophoretic vexp and vth values for PEG1000-, arginine- and citrate-

MNPs through agarose-H2O (0.3% w/v, low EEO) under the influence of the Giamag 

and N52 magnets. A φ value of 0.031 was used for Giamag calculations, while a value 

of 0.040 was used for N52 calculations. 

 Giamag (φ = 0.031) N52 (φ = 0.040) 

Surface 

Chemistry 

vexp 

(mm/h) 

vth 

(mm/h) 
%D 

vexp 

(mm/h) 

vth 

(mm/h) 
%D 

PEG1000 4.691 ± 0.37 4.691 0 0.374 ± 0.02 0.374[ 0 

Arginine 4.734 ± 0.15 4.071 +16.3 0.352 ± 0.01 0.320 +10 

Citrate 5.350 ± 0.07 8.992 -40.5 0.635 ± 0.02 0.750 -18 

 

Based on these observations, a study was undertaken to observe if electrostatic 

interactions could be used to manipulate magnetophoretic transport as was shown for 

the N52 in Chapter 3. Experiments were performed with the Giamag whereby the EEO 

content of the agarose and IS of the aqueous phase of the gel were varied. PEG1000-

, arginine-and citrate-MNPs were transported through these media using H2O and 

PBS as the aqueous phases respectively, and vexp values calculated (Table 4.5). 

Interestingly, vexp values were likely not influenced by surface chemistry using the 

Giamag but their velocities were likely dictated by MNP dhyd. The increase in agarose 

EEO and IS was shown previously to reduce arginine-MNP vexp and increase citrate-

MNP vexp, but neither of these factors impacted on velocities here. Therefore, by 

increasing the magnetic field strength, the impact of electrostatic interactions is 

diminished significantly. This preliminary result would indicate that the higher field 

gradient produced by the Giamag is so great that electrostatic interactions can no 

longer modulate transport. More comprehensive experiments will need to be 

undertaken to examine the extent to which the Giamag can override electrostatic 

interactions. By increasing the bulk viscosity of the agarose to levels that would 
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decrease vexp, it may be possible to indicate a specific velocity at which electrostatics 

take effect. 

 

Table 4.5 vexp values ~1 mg/mL PEG1000- (dhyd 24.1 nm), arginine- (dhyd 28.0 nm), 

and citrate-MNPs (dhyd 12.1 nm), through agarose-H2O (0.3 % w/v low EEO) and 

agarose-PBS (IS 0.14 M, (0.3% w/v high EEO), n=4. 

Surface 

chemistry 

vexp  

agarose-H2O 

Low EEO 

(mm/h) 

vexp  

agarose-PBS 

High EEO 

(mm/h) 

PEG1000 4.691 ± 0.37 4.723 ± 0.02 

Arginine 4.736 ± 0.15 4.751 ± 0.02 

Citrate 5.351 ± 0.07 5.425 ± 0.06 

 

4.3.5 Effect of high field gradients on magnetophoresis in agarose/collagen  

Magnetophoretic experiments using the Giamag were also carried out in the 

agarose/collagen-ISF medium to investigate the effect of high magnetic field strengths 

on MNP transport in this network. In previous experiments using the N52, the 

hydrophobic nature of the surface of these gels was shown to delay MNP penetration 

into the gel for all surface chemistries. After transferring the MNP dispersion droplet to 

the top of the same gel in the presence of the Giamag, a similar behaviour was 

observed for the N52 experiments (Section 4.3.2) whereby all MNPs experienced a 

delay entering the gel. However, irrespective of surface chemistry in this case, all 

MNPs penetrated the gel surface after 1 h. However, once the MNPs entered the bulk 

gel under the influence of the Giamag, the MNP front profile was different from that 

observed in N52 experiments (Figure 4.7). Here, the MNPs moved through the gel as 

a narrow-elongated stream of dispersion, likely to minimise interaction of the MNPs 

with the network. This was unexpected and could be due to MNPs disrupting the self-

assembled collagen protein structures due to direct penetration of the polymer network 

on account of the stronger magnetic field. Disruption of this structure could expose 

hydrophobic moieties causing the MNPs to take on this different front profile, 

minimising interactions with the collagen. Clear irreversible damage to the 

agarose/collagen gels was observed after magnetophoretic transport had taken place 

(Figure 4.7). 
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Figure 4.7 Left: PEG1000-MNPs in agarose/collagen-ISF under the influence of the 

Giamag; t=2 h. Right: Damage caused to agarose/collagen-ISF gel taken after MNP 

transport through the gel. 
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4.4 Conclusion 

This chapter investigated a collagen-based hydrogel and cultured ECM for 

magnetophoretic transport under low and high field strengths. The agarose/collagen-

ISF gels exhibited surface hydrophobic properties, an increased ƞφ and enhanced 

electrostatic interactions (compared to agarose only gels), likely due to the addition of 

self-assembled collagen. Magnetophoretic transport studies in cultured ECM exhibited 

no observable surface hydrophobicity effects and vexp values observed were 

consistent with an increased ƞφ (compared to agarose/collagen) and enhanced 

electrostatic interactions, potentially arising from the fixed and mobile negatively 

charged proteoglycans present within the gel. The influence of electrostatic forces in 

ECM agreed with previous studies undertaken in Chapter 3 in agarose. 

The effect of a significantly higher magnetic field strength was also investigated in 

agarose and agarose/collagen gels. It was observed that, in agarose, vexp increased 

by a factor of 12.5 for all MNPs on account of increased susceptibility and gradient. 

%D values were found to increase two-fold for the Giamag when compared to the N52. 

It is theorised that the MNPs will take a different route through the same pathway in 

the gel, leading to an increased φ in agarose-H2O gels. Interestingly, electrostatic 

modulation of magnetophoretic transport, observed previously, was found to be 

significantly supressed in the presence of the higher field strengths. Magnetophoretic 

transport behaviour through agarose/collagen-H2O using the Giamag was observed 

to be different to that of agarose-H2O, whereby a linear chain profile of the MNPs 

during movement could be visualised. This was attributed to the greater magnetic 

force experienced by the MNPs which resulted in disruption or damage of the 

assembled collagen fibres. This damage to the gel would result in the exposure of 

hydrophobic moieties of the collagen. This may induce this very different linear chain 

profile in order to minimise MNP interactions with the exposed hydrophobic moieties 

of the collagen. 
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Chapter 5 

 

Biomarker capture from hydrated polymer networks and cultured 

extracellular matrix 
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5.1 Introduction 

During earlier chapters, magnetophoretic transport of MNPs has been explored in 

polymer networks and biological mimics to aid in the understanding of MNP motion in 

soft tissue. This research serves as a foundation for future in-vivo applications of 

MNPs as a vehicle for drug delivery, a platform for sensing or for the targeting of 

biomarkers in tissue. 

Magnetic capture methods have already been applied for targeting biomarkers in 

biological media and has been discussed in detail in Chapter 1. One such study1 

synthesised functionalised MNPs designed to target key biomarkers of osteoarthritis 

(OA) in a synovial fluid model. This model consisted of bovine serum mixed with 

hyaluronic acid to mimic the chemical and physical composition of rat synovial fluid. 

Iron oxide MNPs were conjugated to antibodies to target specific antigens in the 

synthetic synovial fluid. The MNPs were incubated in the synovial fluid for a period of 

time until equilibrium binding was reached for 40 min. A magnetic probe (1 x 1 mm 

N50 Neodymium, no field strength stated) was used to extract the MNPs from the 

synovial fluid. The MNP-bound antigens were detached from the MNP by heat (85°C) 

and quantified by an enzyme linked immunosorbent assay (ELISA). Building on this 

study, a subsequent paper was published by the same group a year later where the 

method was applied to an in-vivo study2. Antibody-functionalised MNPs were injected 

into the synovial fluid of rats immediately after euthanasia and the binding and 

extraction of a specific antigen biomarker was demonstrated. This new magnetic 

capture method was compared with the established lavage method to determine 

biomarker concentration in a knee joint of a rat post-mortem. Although no limit of 

detection was reported, the MNPs were able to target biomarkers for subsequent 

quantification in pg/ml concentrations. It was found that the magnetic capture method 

was able to capture ~twice the number of antigen biomarkers as the lavage method. 

Affinity-based binding can be achieved using antibodies as described above, but also 

with other biological molecules such as DNA and aptamers and chemical reagents 

such as cyclodextrins, boronic acids (BA) etc3. BA for example can undergo affinity 

binding with specific molecules such as sugars. BA is a Lewis acid and has a ~pKa=9. 

The pKa value is a measure of the strength of an acid (pKa is the negative log of the 

acid dissociation constant (Ka)). At a pH=pKa of BA, 50% of the acidic boronate 

groups are dissociated and ionised. At pHs below this pKa, BA will become 
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increasingly protonated and at pHs above this pKa, BA will become increasingly 

deprotonated and hence ionised.  

Lewis acidic BA reversibly binds to cis-1,2-diol or cis-1,3-diol substituents of molecules 

such as saccharides glucose, fructose or galactose via the formation of cyclic boronate 

esters (Figure 5.1) as mentioned earlier4,5. Under optimal pH conditions, typically 

between the pKa of the BA (~9) and the boronate ester (~6)6, the introduction of sugar 

will lead to strong binding. The formation of the boronate ester upon binding of cis-

diols will lead to an overall increase in acidity, i.e., decrease in pKa. 

 

 

Figure 5.1 The relationships between phenylBAs and diol esters7. 

 

Reversible covalent interactions of BAs with cis-1,2- or 1,3-diols to form five- or six-

membered cyclic esters, respectively, have proved efficient. The strength of the 

binding to saccharides is determined by the orientation and relative position of the 

hydroxyl groups8–10. The formation of the boronate ester results in an increase in 

acidity, i.e. a decrease in pKa, meaning the ester formation, and hence diol binding 

can be easily monitored. This has led to increasing interest in their use as saccharide 

sensors and drug delivery systems11–14. BA-MNPs have been used to capture many 

classes of molecules, including sugars15,16, antibodies17,18 and catecholamines19,20 for 

applications in capture, extraction or enrichment. 
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In order to functionalise MNPs with BA functional groups to target biomarkers such as 

glucose, careful consideration of the functionalisation approach is needed. BA will not 

bind to metal ions strongly and so ligand modification is often used to attach BA. 

Aminosilanes can be used to attach BA functional groups to iron oxide cores21, 

whereby surface silanization is used to provide strong silanol bonds. These 

aminosilanes can be modified to covalently bind the BA via epoxy-amine chemistry. 

Another approach is the use of silica oxide to functionalise the MNP to provide stability 

and allow further modification with an incoming BA ligand. Xue et al.22 for example 

used a silica oxide (APTES) and covalently modified it with 4-formylphenylBA. 

In order to bind a target molecule, BA-MNPs are typically incubated in media 

containing target until equilibrium binding is reached. One example21 used BA- 

functionalised MNPs for the quantification of dopamine (DA). MNPs were used to 

extract DA from tris-HCl buffer (pH 8.5) for 60 min and subsequently magnetically 

extracted (no magnet specifications are given). DA has an affinity for BA (K=448 M-

1)23. DA levels in solution before and after exposure to MNPs were quantified by 

measuring the change in fluorescent intensity arising from polydopamine. This 

fluorescence originated from the self-polymerisation of the DA under the alkaline 

conditions used. The maximal adsorption capacity of the BA-MNPs was 108.46 µg/g 

at pH 8.5 demonstrating the suitability of BA-MNPs for extracting compounds 

containing diols available for binding due to formation of boronate esters. 

Various quantification methods have been used to measure target binding to boronic 

acids and includes fluorescence24, surface plasmon resonance25 and colourimetric 

sensing arrays26. Traditional colourimetric enzyme assays can be used to quantify 

enzymatic substrates such as glucose due to high sensitivity and specificity27. Glucose 

oxidase is often used as the enzyme to catalyse the oxidation of glucose for 

subsequent UV analysis28 to allow for rapid quantification. Glucose oxidase catalyses 

glucose to yield gluconic acid and hydrogen peroxide (H2O2). The H2O2 that is 

produced is reacted with o-dianisidine in the presence of a peroxidase enzyme to form 

a pink coloured product (oxidised o-dianisidine). The concentration of glucose present 

is proportional to the amount of coloured product produced and is quantified using 

Beer’s Law. 

In this work, a non-invasive method has been proposed to magnetically capture 

glucose from biological tissue mimics using BA-MNPs. GLYMO-MNPs were 

functionalised via the base-catalysed epoxide ring opening reaction using 3-
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aminophenylBA. The BA-MNP ζp was shown to vary with solution pH, which, it is 

demonstrated here, is dependent on the ionisation state of the BA. Upon incubation 

with glucose, changes in BA-MNP ζp and size were observed, attributed to glucose 

binding. At specified pHs, the ζp of the BA-MNPs was shown to decrease in magnitude 

upon glucose binding, likely due to an increase in acidity due to the formation of 

boronate esters. Linear magnetophoretic velocities were measured for the MNPs in 

agarose in the absence and presence of glucose and the presence of glucose was 

shown to reduce MNP velocity. Finally, an investigation into the capture efficiency of 

the BA-MNPs of glucose from solution, agarose polymer networks and cultured ECM 

was assessed. This work is an initial proof of concept to demonstrate that magnetically 

guided BA-MNPs could be a potential viable candidate for minimally-invasive 

biomarker capture from tissue in the future. 
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5.2 Materials & methods 

5.2.1 Materials 

D-(+)-glucose (50-99-7), iron (III) acetylacetonate (14024-18-1), benzyl alcohol (100-

51-6), GLYMO (2530-83-8), THF (109-99-9), 3-aminophenylboronic acid (30418-59-

8), calcium chloride (10043-52-4), HEPES (7365-45-9), potassium chloride (7440-09-

7), magnesium sulphate (7487-88-9), sodium chloride (7440-23-5), hydrochloric acid 

(HCL) (7647-01-0) monosodium phosphate (53408-95-0) and saccharose (57-50-1) 

were purchased from Sigma. Chloroform (67-66-3) was purchased from Fisher 

Chemical (Geel, Belgium). Glucose (Hexokinase) assay kit (GAGO-20) was 

purchased from Sigma. 

 

5.2.2 Instrumentation 

See Section 2.2.2 for details of all instrumentation used.  

 

5.2.3 MNP synthesis 

The MNP cores were synthesised via the microwave digestion protocol as described 

in Section 2.2.3.3. 

 

5.2.4 Boronic acid–MNP functionalisation 

BA-MNPs were functionalised as per Section 2.2.4.4. Briefly, an initial ligand exchange 

with GLYMO formed the silanol bonds on the MNP surface. The epoxy ring was then 

opened via base hydrolysis, using 3-aminophenylBA to yield BA-MNPs. The chemical 

functionalisation of the MNP is shown below (Figure 5.2). 

 

Figure 5.2 Chemical structure of BA functionalisation group whereby the BA group is 

in trigonal form.  
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5.2.5 Boronic acid–MNP characterisation 

Synthesised BA-MNPs were characterised by DLS to determine their dhyd and surface 

charge. FTIR was then performed to confirm that surface functionalisation had taken 

place successfully.  

 

5.2.6 Media preparation 

Agarose-H2O gels (Section 2.2.5); agarose-interstitial fluid (ISF) gels (Section 4.2.4.1); 

cultured ECM (Section 4.2.4.3) were prepared as described previously except that 

plastic cuvettes were used in lieu of glass vials. The plastic cuvette was modified for 

MNP extraction by carefully cutting the base of the cuvette off. A square of masking 

tape was placed on the bottom of the hollow cuvette to prevent the agarose solution 

from leaking while it solidified. After solidifying overnight at 4 °C, gels were placed tape 

edge facing down onto one of the four corners of the N52 magnet. The tape was 

removed 1 h after full transit through the media had taken place. A magnetic tip (1 x 1 

x 2 mm, Neodymium N40 magnet) was used to extract MNPs from the bottom of the 

gel. The magnet was washed vigorously with water to detach MNPs for subsequent 

quantification, once dispersed in deionised water (DI H2O). 

 

5.2.7 Extraction and quantification of glucose from buffer solution 

BA-MNPs (200 µL) in DI H2O (2 mg/mL) were transferred to a 7 mL glass vial. Glucose 

(2 mL) in DI H2O was transferred into the same glass vial and the mixture agitated via 

plate-shaker for 90 min. NaCl (500 µL, 2 M) was then added and vortexed for 1 min to 

precipitate the MNPs from solution. The mixture was placed on a corner of the N52 

magnet for 1 min to allow for magnetic separation of the BA-MNPs from bulk solution. 

The solution was removed and the MNP material was washed with DI H2O 3 times to 

remove unbound glucose. The bound glucose was then quantified enzymatically. 

Briefly, the assay reagent (250 µL) containing hexokinase was added to the MNPs 

and incubated for 30 min. The vial was then placed on top of the magnet to precipitate 

out the glucose-bound MNPs, the absorbance of this solution was measured at 340 

nm.  

Standard glucose solutions were prepared in the range of 5-50 ppm and were 

quantified enzymatically in the same way as described above for the preparation of 

the calibration curve. All analysis was carried out in triplicate. 
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5.2.8 Extraction and quantification of glucose from agarose gels 

BA-MNPs (200 µL) in DI H2O (2 mg/mL) were transferred to the top of an agarose-

H2O or agarose-ISF gels containing known concentrations of glucose as specified. 

The cuvettes were placed on a corner of the magnet and capped to prevent 

dehydration and left overnight. Once the MNPs migrated through the full depth of the 

gels, the base of the cuvette was removed and a small magnet was used to collect the 

BA-MNPs for transfer into a glass vial. The BA-MNPs were washed 3 times with DI 

H2O to remove unbound glucose. Glucose quantification was performed as described 

in Section 5.2.7. 
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5.3 Results & Discussion 

5.3.1 Characterisation of BA-MNPs 

BA-MNPs were first characterised in PBS (pH 7.4) by DLS (Figure 5.3). ζp of the BA-

MNPs was measured to be -21 ± 0.2 mV, indicating stable, negatively charged 

particles which agrees with literature29. The PDI value of 0.18 is representative of a 

monodisperse population. The pKa of free aminophenylBA is in the region of 8.87,30 

and therefore the pKa of the MNP-bound aminophenylBA is likely to be in this region 

also, where the effect the surface attachment chemistry may have some small effect 

on the BA pKa. Nevertheless, it is reasonable to hypothesise that at a pH of 7.4, the 

immobilised BA may be partially ionised and so the negative surface charge observed 

here could therefore be attributed to this. There may also be a contribution from 

residual hydroxyl groups from the functionalisation process. It is also important to note 

that there is a basic ionisable amine group attached to the phenyl ring; however, this 

would not be expected to be charged at neutral pH. 

 

 

Figure 5.3 A) Size distribution profile of BA-MNPs measured (PDI 0.18) and B) ζp 

profile of BA-MNPs in PBS pH 7.4 (0.1 M). 

 

FTIR was used to verify the attachment of 3-aminophenylBA to the MNPs had taken 

place (Figure 5.4). This confirmed the covalent linkage between the BA and GLYMO 

precursor attached to the MNPs after the opening of the epoxy ring. Bands at 3212 

and 2932 cm-1 are indicative of C-H stretches in an aromatic ring, the band at 1600 
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cm-1 indicate N-H bonds, when combined with the absence of bands at 1200, 950 and 

800 cm-1, show that the epoxy ring of the GLYMO opened and 3-aminophenylBA 

successfully attached via covalent bonds. Bands at 1452 cm-1 show the Si-O bond that 

indicate binding between the iron and the aminosilane of the GLYMO. The phenyl ring 

can be seen in the region of 1300-1500 cm-1, the band at 1650 cm-1 shows a C=C 

stretch that is also present on the ring. 

 

Figure 5.4 FTIR performed on BA-MNPs to confirm functionalisation.  

 

5.3.2 Characterisation of BA-MNPs as a function of pH 

The ionisation state of the BA will be dependent on pH (Figure 5.1). The ionised 

tetrahedral form, which will dominate at higher pHs will carry a negative charge due to 

the deprotonated BA. This negative charge will increase the electrostatic stability of 

the BA-MNPs. To investigate the effect of pH on the colloidal stability and ionisation 

state, BA-MNPs were dispersed in mixed solutions of HCL (0.1 M) and NaOH (0.1 M) 

in the pH range 6-12. The effect of pH was monitored in relation to changes to dhyd 

(Figure 5.5 A), PDI (Figure 5.5 A) and ζp (Figure 5.5 B).  

In Figure 5.5 A, dhyd shows small diameter increases across the pH range 6-9, with 

dhyd increasing from ~29 to 32 nm. This increase observed in dhyd is not due to 

agglomeration effects as PDI values of <0.2 across this range suggests a 

monodisperse MNP population. The change in dhyd maybe due to changes in the EDL 

of the BA-MNP over this pH range and is consistent with the increase in magnitude of 
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the negative ζp observed as described below. Below ~pH 5, MNP dhyd was highly 

variable and had corresponding high PDI values (data not shown). This behaviour was 

likely on account of destabilisation due to iron oxide dissolution that takes place in 

acidic conditions31 leading to possible aggregation. The dhyd of the BA-MNPs 

increased sharply above ~pH 10 and was mirrored by a sharp increase in PDI. The 

formation of aggregates may be responsible for this increase in PDI. The high ζP would 

indicate presumed stability that should prevent aggregation formation. The high pH 

may cause a change in the surface chemistry of the MNPs that is not yet known. This 

remains to be verified with further experimentation. Despite this, the effect is clear that 

above pH 10, the BA-MNPs consistently aggregate and precipitate out of solution. 

Thus, it is evident from these experiments, that strongly basic or acidic conditions 

cause aggregation and/or irreversible damage to the iron oxide core. 

In Figure 5.5 B, several distinct values for ζp were observed across the pH range. From 

pH 6 to 9, a steady increase in ζp for the BA-MNPs was observed, going from weakly 

stable (-15 mV) at pH 6 to strongly stable (-30 mV) at pH 9. This increase in magnitude 

of the negative surface charge and hence stability may be due to a decrease in 

ionisation of the secondary amine present and/or partial ionisation of the BA. It is also 

possible that there are additional effects playing a role on the functionalisation that 

have yet to be elucidated. 

At ~pH 9, the increasingly negative trend in ζp was disrupted and a sharp decrease in 

ζp was observed. This sharp decrease (-31 to -15 mV over pH range 9.0-9.6) is 

attributed to the ionisation of the BA which is likely becoming dominant in relation to 

dictating the overall surface charge at this point. This dramatic effect was also 

observed in a pH study of previously synthesised BA-MNPs33 (decreasing from -23 

mV at pH 7.4 to -14 mV over the pH range 9-10). 

At ~pH 9.6, a sharp increase in magnitude of the negative ζp was observed, which 

plateaus at ~pH 11. This negative ζp increase is attributed here to an increasing 

ionisation of the BA, expected at pHs above the pKa of the BA, on account of the 

conversion of the neutral trigonal form of BA to its ionised, tetrahedral form. From this 

data, it is reasonable to assume that from ~pH 9, the charge on the BA dominates the 

overall surface charge of the BA-MNP. From pH 9.6 upward, the data is seen to be 

sigmoidal in nature, likely representing a portion of a classical pH response curve for 

BA above its pKa. At a ~pH 11, ζp plateaus to reach a constant negative value (-60 

mV) likely due to the full conversion of the neutral BA to its ionised form. 
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Figure 5.5 A) dhyd and corresponding PDI values for BA-MNPs plotted as a function 

of pH 6-12, ionic strength 0.1 M. B) ζp of BA-MNPs (~1.0 mg/mL, PDI 0.18) as a 

function of pH 6-12 (n=4), ionic strength 0.1 M. Images of the BA functional groups in 

different ionisation state dependent on the pH are inset where appropriate. 

 

In Figure 5.5 B, the point at which the direction of change of ζp reversed (pH 9.6) is 

hypothesised here to be as a result of the ionisation state of the BA becoming 

significant and beginning to dominate the surface charge of the MNP. This point (9.6 

in this case) is taken here as a relative measure of pKa, and referred to herein as the 

experimental pKa (pKaexp). Above this pH, the data is sigmoidal in nature, representing 

a theoretical pH response curve. From theory, it would be expected that the inflection 
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point of this sigmoidal curve would represent the pKa of the BA. In our case, we are 

using pKaexp as an estimate of this inflection point. In Figure 5.5 B, pKaexp was taken 

as 9.6, close to the actual pKa of the free aminophenylBA (~8.8)7. The attachment of 

the aminophenylBA to the GLMO-MNP may cause the pKa of the BA to shift upwards 

and this shift has been reported to reach 9.233 previously. This study demonstrates 

that ζp can be used to track the surface charge of the BA-MNPs as a function of pH, 

where it is proposed that the surface charge measured correlates with the ionisation 

state of the BA at pHs>~9. At physiological pH 7.4, the BA-MNPs are demonstrated 

to be stable and slightly negatively charged, making them a viable targeting system 

for glucose in tissue. 

 

5.3.3 Effect of glucose binding on BA-MNP properties as a function of pH 

In the presence of glucose, BA binds to glucose and converts to a boronate ester 

(Figure 5.1) resulting in an increase in acidity and a decrease in pKa. In this section, 

dhyd and ζp of the BA-MNPs are measured in the presence of glucose to understand 

the effect of glucose binding on these parameters. The dhyd and ζp of the BA-MNPs 

were measured by DLS before and after incubation with glucose (1 min incubation 

time) across a pH range 6-12 (Figure 5.6). In Figure 5.6 A, dhyd increased by ~2-3 nm 

in the presence of glucose and was consistent across the pH range 6-10. (Above pH 

10 the BA-MNPs aggregate and precipitate out of solution). Free glucose molecules 

were measured here to have a dhyd of 1.1 nm (data not shown), and it is therefore 

realistic that dhyd of the BA-MNPs would increase by 2-3 nm upon glucose binding. 

This data supports that no aggregation is taking place in the presence of glucose and 

that the MNP hydrodynamic size increase observed was due to the onset of BA binding 

of glucose. 
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Figure 5.6 A) dhyd measurements for MNP suspensions (1.0 mg/mL), in the presence 

and absence of glucose (20 ppm) as a function of pH (n=4). B) ζp of BA-MNPs (~1.0 

mg/mL, PDI 0.18) in the presence and absence of glucose (20 ppm) as a function of 

pH (n=4). Incubation time for all experiments was 1 min. 

 

In Figure 5.6 B, it can be observed that the measured ζp value at pH ~6 in the presence 

of glucose was -26 mV, ~10 mV less than when no glucose was present. This increase 

in negative surface charge is likely due to the bound glucose which as a free species 

has a ζp of -11.1 mV in PBS (data not shown). Interestingly, the onset of a decreasing 

trend in ζp observed previously in the absence of glucose was also observed in the 

presence of glucose. However, the pKaexp shifted negatively to pH 9.2 (from pH 9.6 

without glucose). This shift is attributed to binding of glucose to the BA-MNPs which 
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leads to the formation of the more acidic boronate ester and hence lowering the pKa. 

This is consistent with theory explained earlier, whereby the formation of the boronate 

ester upon cis-diol binding is well-known to increase the acidity of the BA, and leads 

to a shift in pKa. The consistent changes in both dhyd and ζp qualitatively support the 

uptake of glucose by the BA-MNPs from aqueous solution after incubation. 

 

5.3.4 Effect of incubation time and binding affinity on pKaexp 

The incubation time is an important factor to consider in any process that involves 

affinity binding interactions whereby binding will progress as a function of time until an 

equilibrium state is reached between free and bound species. This incubation time 

required to reach equilibrium will depend the affinity binding constant of the target 

molecule (glucose in this instance) to BA but also other characteristics of the 

incubation medium (viscosity, IS, temp, etc.). In this study, the effect of incubation time 

on glucose uptake by BA-MNPs was investigated in relation to pKaexp. As incubation 

time is increased, (until equilibrium is reached), it would be expected that increasing 

amounts of boronate esters would form, increasing the acidity of the BA and therefore 

result in negative pKa shifts of the BA. Once equilibrium binding is reached, no further 

change in pKaexp would be expected. 

For these experiments, BA-MNPs were incubated in glucose solutions (20 ppm) for 

time periods 1-240 min. For each incubation time, a range of glucose solutions were 

prepared in the pH range 6-10 (0.2 pH increments) and the ζp measured. The ζp was 

then plotted as a function of pH for each incubation time (Figure 5.7 A). From this data, 

the pKaexp was taken as the point of directional change of the ζp as described earlier. 

It can be seen that increasing the incubation time results in an earlier onset of this 

directional change in ζp (i.e. a decreasing pKaexp) for incubation times up to 90 min. 

After 90 min incubation time, no further change in the pKaexp was observed indicating 

that at ~90 min, equilibrium binding between the BA-MNPs bound and the free glucose 

was reached (Figure 5.7 B). This is supported by a finding from Ni et al.34, which shows 

that initial binding of boronates to sugars proceeds quickly (<1 min) but can take up to 

~80 min to reach equilibrium depending on sugar concentration and type of BA34. 

Interestingly, the electrostatic stability of the BA-MNP population was also observed 

to increase upon glucose binding whereby the magnitude of the ζp minimum was taken 

as a measure of this stability. It was measured to be -16 mV prior to glucose binding 

and decreased to -20 mV after ~30 min glucose incubation times and longer. 
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Figure 5.7 A) ζp values for dispersions of BA-MNPs before and after incubation with 

glucose (20 ppm) for periods of time over the pH range 6-10 (sampling at 0.2 pH 

intervals). B) pKaexp values (estimated from data in A) plotted as a function of glucose 

incubation time. 

 

In order to investigate the effect of sugar type on pKa changes over time, fructose and 

galactose were incubated separately with BA-MNPs for different incubation times 

across a pH range and compared to glucose. These sugars have different binding 

affinities for BA (glucose: 110 M-1 8,35; galactose: 370 M-1 36; fructose: 4370 M-1 7). 

Studies were performed in a similar fashion to Figure 5.7 A, where individual ζp 

measurements were taken at 0.2 pH increments in the pH range 6-10 at each 



 

131 
 

incubation time. pKaexp values were extracted as already described (data not shown). 

and plotted as a function of incubation time for each sugar (Figure 5.8). 

 

 

Figure 5.8 Extracted pKaexp values for BA-MNPs incubated with different sugars 

plotted as a function of time (n=4).  

 

After an incubation time of 1 min, the pKaexp values shifted negatively for all three 

sugars as expected. The magnitude of these shifts correlated with binding strength 

where glucose has the lowest pKa (and smallest shift in pKaexp) and fructose the 

highest pKa (and greatest shift in pKaexp). At 90 min, both glucose and galactose have 

reached equilibrium, however fructose has not. By 120 min, fructose has reached 

equilibrium as the extracted pKaexp does not shift further after this timepoint. Glucose 

binding exhibited the smallest shift in pKaexp to 8.1, galactose pKaexp shifted to 7.8 and 

fructose exhibited the largest shift in pKaexp to 7.6. The theoretical pKa for a fructose-

binding to BA is 4.737 and for a galactose-bound boronate ester is 6.37. This significant 

difference in pKa values, show the limitation of using the point of ζp disruption as the 

pKa. It may also be plausible that some other factor besides time is acting as a limiting 

factor in the shifting of pKaexp values toward an acidic pH. In order to observe if sugar 

concentration was a limiting factor, a subsequent study was performed for glucose 

and fructose. 
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To test this hypothesis, a set of incubation experiments were carried out for glucose 

and fructose where the incubation time was fixed at 90 min. The concentration of 

glucose and fructose were varied from 0-500 ppm. Individual ζp measurements were 

taken at 0.2 pH increments in the range of 6-10 at each of the designated incubation 

times for each of the sugars (data not shown). The pKaexp values were again extracted 

as before and plotted as a function of sugar concentration (Figure 5.9). It is clear from 

the data that the concentration of sugar had a significant impact on the magnitude in 

which the pKaexp values shifted. The shift in pKaexp was shown to be dependent on 

sugar concentration up to a concentration of 250 ppm. At 250 ppm sugar, the pKaexp 

shifted to a pH of 7.6 for glucose and a pH of 6.6 for fructose. Both of these shifts in 

pKaexp values are greater than observed for 20 ppm of each sugar in Figure 5.8. At a 

concentration of 250 ppm, it appears that sugar in excess and is no longer limiting the 

amount of complex formed.  
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Figure 5.9 pKaexp for BA-MNPs plotted as a function of sugar concentration. The BA-

MNPs were allowed to bind with glucose or fructose for 90 min. 

 

5.3.5 Effect of glucose binding on BA-MNP magnetophoretic transport 

In earlier chapters, the magnetophoretic transport of functionalised MNPs was 

investigated and it was demonstrated that electrostatic interactions between the MNP 

and its environment can have significant effects on vexp. In all cases up to now, it was 

assumed that the functionalised MNPs (PEG-, arginine-, citrate-) remained stable and 
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unchanged over the transit through agarose. In this case, magnetophoretic transport 

of the BA-MNPs through agarose in the absence and presence of glucose is studied 

whereby the BA-MNPs in the presence of glucose would undergo binding of glucose 

in real-time and so their physiochemical characteristics would be expected to be 

dynamic over the agarose transit. It has already been shown that the BA-MNPs binds 

glucose which leads to increases in ζp and dhyd and that binding is dependent on 

incubation time up to 90 min in aqueous solution. Based on this, it was investigated 

here how real-time glucose binding would affect the magnetophoretic transport of BA-

MNPs. Given the earlier data relating to the increasing dhyd of the BA-MNPs in the 

presence of glucose as well as the changes in ζp observed (which could modulate the 

electrostatic repulsive interactions between the BA-MNPs and the agarose) as a 

function of glucose binding, it would be expected that the uptake of glucose by the BA-

MNP would have an impact on vexp.  

In order to carry out the experiments to investigate the effect of glucose on 

magnetophoretic transport, BA-MNPs were deposited onto the top surface of the 

agarose hydrogels (6 mm depth) which were prepared in DI H2O and synthetic ISF in 

the presence of glucose (20 ppm), and also in DI H2O in the absence of glucose as a 

control. Transport through the gels was induced by an N52 magnet (Figure 5.10). 

Linear velocity was observed in all cases, however the velocities differed across the 

different conditions. In agarose gels containing glucose, a notable decrease in vexp 

was observed (0.28 ± 0.01 mm/h) when compared to agarose with no glucose in DI 

H2O (0.33 ± 0.02 mm/h). Glucose binding in solution, even over short incubation 

periods has been shown to increase MNP size and the magnitude of the negative 

surface charge (Figure 5.5 A & B, respectively) and this is likely contributing to this 

decrease in velocity observed. The linearity of the data (R2>0.98, in the cases of ISF 

and DI H2O) would suggest that after 30 min, the binding of glucose to BA is occurring 

at a linear rate, or at least at a rate that can be approximated to be linear.  

It is interesting to note that the velocity of BA-MNPs is slowest when the agarose in 

prepared in DI H2O (compared to ISF 0.30 ± 0.01) containing glucose. This is expected 

as the electrostatic effects that would typically enhance velocity of negatively charged 

MNPs (Chapter 3) in DI H2O will be minimised. Coupling this with the fact that dhyd 

would be expected to be higher on account of the bound glucose could explain why 

this velocity is slowest of all conditions investigated.  
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Figure 5.10 Magnetophoretic transport of ~2 mg/mL BA-MNPs (dhyd 29.5 nm, (0.17)) 

through agarose-H2O (0.3% w/v) with and without glucose (20 ppm). R2 >0.98 for all 

data sets (n=4). 

 

5.3.6 Quantitative analysis of glucose- binding to BA-MNPs  

So far in this chapter, parameters that effect the formation of boronate esters related 

to glucose binding to BA-MNPs have been investigated. From this work, it is clear that 

the ζp of the MNPs can reflect the extent of binding of BA with sugars such as glucose. 

In this section, glucose uptake by the BA-MNPs from PBS solution will be examined 

quantitatively using an enzymatic assay approach. In order to quantify binding, the 

number of BA groups per mg of BA-MNPs was estimated. For this calculation, it was 

assumed that all GLYMO functional groups on the MNPs successfully coupled with an 

incoming BA. A grafting density of 1.99 GLYMO molecules per nm2 was taken 

(Chapter 2), which equates to 495 BA functional groups per MNP. Hence, there is an 

estimated 2.53x1018 BA groups per mg of BA-MNPs. 

Different masses of BA-MNPs were incubated with glucose solutions (50 ppm, 4 mL) 

for 90 min, at which point is was assumed that equilibrium binding was reached. MNPs 

were then magnetically extracted from solution, and the bound glucose quantified 

using a hexokinase (HK)-based glucose assay according to Section 5.2.6. The % 

glucose captured was plotted against MNP mass used (Figure 5.11). 
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Figure 5.11 % glucose captured from PBS (4 mL, pH 7.4, 50 ppm glucose) for different 

masses of BA-MNPs (dhyd 29.5 (0.17)) after 90 min (n=4). Glucose quantified using 

enzymatic assay. 

 

It can be seen that increasing the mass of MNP increased the % glucose uptake up to 

a mass of 2 mg. Above 2 mg BA-MNPs, no further increase in the amount of glucose 

captured was observed, indicating the glucose became limiting at this point. 

 

5.3.7 Glucose capture from agarose gel using BA-MNPs 

In order to investigate glucose extraction efficiency for BA-MNPs from agarose gels, 

BA-MNPs were magnetophoretically transported through agarose-H2O and agarose-

ISF gels spiked with glucose (20 ppm). After full magnetophoretic transit, the BA-

MNPs were extracted from the base of the gel (see Section 5.2.9). The glucose bound 

to the extracted BA-MNPs was quantified by colorimetric enzyme assay according to 

Section 5.2.7.  

The estimated bound number of glucose molecules per BA-MNP after transit in these 

experiments were calculated based on the following numbers. The number of available 

BA groups per mg of material was taken to be 2.53x1018 as calculated previously. This 

calculation is based on the estimated 495 BA groups per individual MNP, obtained 

from TGA data (Chapter 2). The number of total glucose molecules available for 
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binding is calculated by determining the mass of an individual glucose molecule. The 

number of glucose molecules per mg of glucose was calculated to be 3.34x1018. 

The total number of available glucose molecules was then divided by the % uptake by 

the MNPs to find the theoretical number of bound glucose molecules. The resulting 

number of theoretically bound glucose molecules is then divided by the number of BA 

sites to determine the number of bound glucose molecules per MNP in these 

experiments. 

From the data in Table 5.1, it can be seen that BA-MNPs captured 56.2 ± 2.8% of 

available glucose in an agarose-H2O gel under the conditions tested. This value is 

13.8% lower than glucose capture in PBS solution (data taken from Figure 5.11). 

Impeded mass transport of the glucose and the BA-MNPs in the polymer network may 

account for this decrease in % uptake. There is also a small decrease in % uptake of 

glucose from agarose-ISF (51.2%) by the BA-MNPs when compared to the agarose-

H2O gel. This could be due to the presence of saccharose in the synthetic ISF (1.2 

ppm) whereby competitive binding between the two sugars for the BA groups may 

have led to a decrease in glucose % uptake34. 

 

Table 5.1 % uptake of glucose by 2 mg of BA-MNPs (dhyd 29.5 nm) in agarose gels 

(700 µL initial volume) in H2O and synthetic ISF spiked with 20 ppm glucose (n=6). 

Agarose solvent 

BA-MNP 

mass 

(mg) 

% uptake 

(20 ppm) 

Bound 

glucose per 

MNP 

H2O 2 56.2 ± 2.8 133 ± 14 

Synthetic ISF 2 51.2 ± 1.3 121 ± 6 

 

These experiments show that the BA-MNPs were capable of capturing glucose from 

agarose gels whilst undergoing magnetophoretic transport. In order to characterise 

the method analytically, a calibration plot was generated. A range of agarose-ISF gels 

were prepared with varying amounts of glucose (0-50 ppm). Each individual gel 

contained a specific concentration of glucose. BA-MNPs (2 mg) were transported 

through a gel under the influence of an external magnetic field. The BA-MNPs were 

extracted from the bottom of the agarose gel. The resulting MNPs were washed to 

remove any physiosorbed glucose. The bound glucose was then quantified via the HK 

kit as it will react with the bound glucose present on the MNP surface. The response 
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was linear across the full range and the method precision was good (R2 = 0.99) (Figure 

5.12). The theoretical limit of detection (LOD) was calculated based on this calibration 

curve (3s/m) and found to be 0.72 ppm. To quantify reproducibility, 10 agarose gels 

were prepared, all containing 10 ppm glucose. Glucose was extracted from each gel 

using the BA-MNPs and extracted glucose was quantified using the calibration curve. 

The glucose concentration measured was 10.0 ± 0.54 ppm, indicating excellent 

accuracy and precision for the method. 
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Figure 5.12 Calibration plot for quantification of glucose extracted from agarose-ISF 

using ~2 mg/mL BA-MNPs (dhyd 29.5 nm), y= 0.0615x + 0.9757, R2 = 0.9996, n=6. 

 

The developed quantification method is suitable for relevant glucose levels in 

biological tissue fluid, ISF. The glucose concentration in the ISF fluctuates, but is 

directly correlated with blood glucose levels and is in the range of 150-500 ppm38–41. 

In relation to diagnostics, there have been challenges with accessing ISF for glucose 

and other diagnostic markers. Magnetophoretically-driven functionalised MNPs may 

provide an interesting opportunity for providing access to ISF biomarkers in a 

minimally invasive fashion for new diagnostic platforms in the future.  

 

5.3.8 Effect of high field gradients on glucose capture 

In Chapter 4, high magnetic field strengths induced using the Giamag (1.1 T) were 

shown to enhance magnetophoretic transport. It was demonstrated that at these 
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higher field strengths electrostatic interactions between the BA-MNPs and the polymer 

network were ignored and influenced the MNPs to take a different pathway through 

the agarose compared to lower field strengths. In this experiment, the influence of a 

high field strength on glucose capture was studied. In order to investigate this, 

agarose-H2O (0.3 %w/v) was spiked with glucose (20 ppm) and BA-MNPs (2 mg/ml) 

were magnetically guided through the agarose using the Giamag. MNPs were 

extracted from the base of the gel (Section 5.2.8), and bound glucose quantified. The 

results are tabulated below (Table 5.2).  

 

Table 5.2 % uptake of glucose by BA-MNPs (2 mg, dhyd 29.5 nm) in agarose-H2O gels 

(700 µL initial volume) using Giamag and N52 magnets (n=6). 

Magnet 
Glucose 

(ppm) 
% Uptake 

Bound glucose 

per MNP 

N52 20 56.2 ± 2.8 132 ± 14 

Giamag 20 41.3 ± 1.8 97 ± 9 

 

It can be seen that there was a decrease in glucose uptake of ~15% when using the 

Giamag when compared to the N52. The BA-MNPs take ~72 min to move through the 

full depth of the agarose under the influence of the Giamag (~12 times faster than 

N52). This faster transit reduces the effective incubation time of the MNPs with 

glucose. Earlier studies showed equilibrium binding was reached after 90 min in 

solution. The time required to reach equilibrium binding may indeed be longer that this 

in the agarose hydrogel on account of a slowed mass transport due to the presence 

of the polymer network. The reduced incubation time may be the reason for the 

decreased % uptake observed. 

 

5.3.9 Investigation of glucose uptake by BA-MNPs in cultured ECM 

The ability of the BA-MNPs to capture glucose from cultured ECM was investigated. 

Studies in Chapter 4 showed that functionalised MNPs were able to be 

magnetophoretically transported through cultured ECM. Hence BA-MNPs were 

investigated here to capture glucose from this medium during magnetophoretic 

transport using the N52. The ECM was diluted with Dulbecco’s Modified Eagles 

Medium (DMEM) in a 1:1 ratio42 and spiked with sterile glucose (10, 20 and 50 ppm). 

MNPs were magnetophoretically guided through the glucose-spiked ECM, and 
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extracted from the base of the gel after a transit time of 10 h. Given the long transit 

time, it was assumed equilbrium binding was achieved in these experiments. The % 

uptake of glucose by the BA-MNPs in ECM is tabulated below (Table 5.3). 

 

Table 5.3 % Uptake of glucose (10-50 ppm) by BA-MNPs (2 mg, dhyd 29.5 nm (0.18)) 

in ECM and agarose-ISF (both 700 µL initial volumes) for comparison using the N52 

magnet, n=4. 

ECM 

[Glucose]  

(ppm) 
% uptake  

Bound glucose 

per MNP 

10 50.2 ± 1.3 59 ± 6 

20 49.2 ± 0.9 116 ± 4 

50 41.3 ± 2.4 243 ± 12 

 

Agarose-ISF 

[Glucose]  

(ppm) 
% uptake  

Bound glucose 

per MNP 

10 54.4 ± 1.1 64 ± 5 

20 51.2 ± 1.3 121 ± 6 

50 46.2 ± 1.7 272 ± 8 

 

It can be seen that the % uptake of glucose increases with increasing glucose 

concentration in solution which is what is expected as the maximum binding capacity 

(estimated to be 495 glucose molecules per MNP) was not reached in these 

experiments. Future experiments will involve increasing the glucose concentration to 

see at what point this mass of MNPs reach binding capacity experimentally. The % 

uptake decreased by ~5% in cultured ECM when compared to agarose-ISF. This 

decrease may be due to the increased tortuosity of the ECM, as it is a significantly 

more complex environment than agarose. It is also possible that the presence of other 

sugars in the ECM may competitively bind the BA. The low variance between samples 

and data sets demonstrates reproducibility of the developed extraction method. This 

study demonstrates the ability of functionalised MNPs to capture biomarkers whilst 

undergoing magnetophoretic transport in cultured ECM for the first time. It highlights 
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the viability of other functionalisation’s (e.g. antibody, aptamer, etc) to allow the 

capture of other biomarkers from biological tissue mimics and ultimately in vivo in the 

future.
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5.4 Conclusion 

In this chapter, BA-MNPs were investigated for their ability to bind glucose from 

polymer gels and ECM during magnetophoretic transport. BA-MNPs were synthesised 

and characterised. The effect of pH on colloidal stability and ζp were investigated. It 

was hypothesised that BA-MNP ζp values were directly linked to the ionisation state of 

the immobilised BA. Changes in dhyd and ζp in the presence of glucose were observed, 

which were attributed to glucose binding. pKaexp values, a measure of the pKa of the 

BA, were extracted from the ζp plots as a function of pH and shown to decrease upon 

glucose- and other polysaccharide-binding. 

Quantitative glucose uptake by the BA-MNPs from agarose gels was demonstrated. It 

was shown that glucose could be taken up by the BA-MNPs and quantified via 

enzymatic assay, demonstrating its usefulness for future in-vivo biocapture 

applications in tissue. 

The influence of a high magnetic field strength was show to decrease the glucose 

captured by the BA-MNPs. These findings support the earlier findings that 90 min is 

needed for optimum glucose binding. BA-MNPs were then used to capture glucose in 

varying concentration from cultured ECM. The promising results obtained lay the 

foundation for further functionalisation to target more complex biomarkers in vivo. 

To our knowledge, this is one of the first studies to use an understanding of 

magnetophoretic transport for the capture of glucose from an agarose gel under the 

influence of a magnetic field. The effect of glucose binding on BA-MNP 

magnetophoretic motion has not been studied previously. It opens up the possibility of 

extended biomarker capture using functionalised MNPs whereby BA can be used to 

target other biologically-relevant targets such as catecholamines and steroids. In 

addition, the MNPs can be functionalised with antibodies or aptamers to induce 

selectivity for different biomarkers.  
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6.1 Concluding remarks 

This thesis contributes to the understanding of magnetophoretic transport of magnetic 

nanoparticles and factors that influence movement in a magnetic field through various 

biphasic polymer network-aqueous environments that mimic the extracellular 

environment of tissue. This work is significant because it provides an in-depth analysis 

of the physical, chemical and electrostatic effects that can influence magnetophoretic 

transport through agarose hydrogels and the ECM. It is critical to understand how 

specifically functionalised MNPs will interact with their surroundings for any biomedical 

application. The electrostatics that are present on the surface of the MNP and in the 

environment will dictate magnetophoretic transport. By understanding the influences 

that affect magnetophoresis, it is possible to optimise the characteristics of the MNP 

to enhance transport for sensing, drug delivery, biotargeting, biodetection or 

hyperthermia. The following paragraphs set out the specific detailed conclusions from 

all experimental chapters. 

A review of relevant theory and literature in relation to the synthesis and 

functionalisation of MNPs for magnetophoretic-based bioapplications is presented. A 

detailed understanding of the potential for MNPs as a diagnostic platform for a 

multitude of in vivo applications was obtained. Synthesis of MNPs is well-established 

and enables tailored core sizes and magnetisation properties depending on desired 

application. MNP functionalisation chemistries are diverse and can be tailored 

depending on the desired properties needed. However, surface chemistry limitations 

still exist for MNP use in vivo including particle aggregation over time and subsequent 

recognition by the immune system. Manipulating MNPs in magnetic fields is broadly 

applied in MNP applications. However, there are only very few fundamental studies 

studying MNP velocity under magnetic field strengths and understanding the 

parameters that can impact on transport. Some initial studies have experimentally 

designed methods to measure particle velocities in media of defined bulk viscosities, 

including tissue mimics. Comparing these to theoretical velocity calculations and 

modelling of magnetic field gradients to explain certain phenomena have been done. 

The effects of certain parameters including intermolecular interactions of the MNPs 

with their environments, field strength, and tortuosity have not been yet been observed 

or fully elucidated to date. This thesis attempts to give further understanding of 

magnetophoresis of functionalised MNPs. 
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In Chapter 2, the synthesis of monodisperse superparamagnetic NPs was achieved 

with high reproducibility and low inter-batch variability. Functionalisation of the 

resulting MNP cores was carried out and resulting functionalised MNPs characterised. 

A method was developed to study magnetophoretic transport of these functionalised 

MNPs using an N52 magnet to generate the magnetic field gradient and biphasic 

agarose gel as the medium. This method was characterised and optimised by 

examining the impacts of parameters such as hydrogel dimensions, magnet geometry 

and an initial investigation into the impact MNP surface chemistry was carried out. Five 

surface functionalisation’s (PEG, citrate, arginine, boronic acid, dopamine sulphonate) 

were investigated and different experimental velocities observed in each case 

indicating that surface chemistry may have an influence on magnetophoretic transport, 

which was then further interrogated in Chapter 3. Overall, this chapter set out the 

methodology used in the thesis for studying magnetophoretic transport, demonstrating 

excellent consistency and precision of the optimised method. 

In Chapter 3, an equation derived from the balancing of drag and magnetic forces was 

used to predict theoretical velocities of MNPs moving through agarose gels which were 

then compared to the experimentally observed values. A tortuosity factor, φ, was 

proposed to account for the tortuous pathway that the MNPs must navigate through, 

given the biphasic nature of agarose. By comparing vexp and vth values, %D values 

were calculated. %D was shown to vary for the different surface chemistries indicating 

that an additional force was influencing magnetophoretic transport that was not 

accounted for in the velocity equation. Negatively charged MNPs moved slower than 

expected, while positively charged MNPs moved faster than expected. Electrostatic 

interactions between the fixed interactions on the agarose backbone and the charged 

MNP surface were proposed as the cause of this difference. The effect of these 

influences was investigated by manipulating the ionic strength of the aqueous phase 

and number of charged residues on the agarose polymer chains. It was observed that 

the electrostatics at the pore entrances and exits were influencing magnetophoretic 

transport and this was explained in the content of the electroendosmosis (EEO) effect 

observed before for molecular motion in fluidic channels. This study demonstrated 

strong evidence for the first time that electrostatic interactions at the particle level and 

its environment can influence magnetophoretic transport. 
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Magnetophoretic transport in more complex gels including agarose/collagen and in 

cultured ECM was studied in Chapter 4. The addition of collagen to agarose led to 

prominent hydrophobic effects at the gel surface and an increased tortuosity. The 

collagen fibres interacted with the charged MNPs, hindering their transport, further 

influencing magnetophoretic transport. The ECM possesses a significantly different 

environment, described by the ηφ factors in the velocity equation, compared to any of 

the agarose- gels previously studied. Initial magnetophoretic transport studies suggest 

the ECM is overall a negatively charged environment, which may relate to the 

presence of the various negatively charged proteoglycans within the non-fibrillar 

network of ECM. 

A second aspect of Chapter 4 was the study of magnetophoretic transport in magnetic 

field strengths significantly higher than that given by the N52 magnet. A Giamag was 

used for these studies (approx. 5 times greater field strength) and greatly enhanced 

velocities were observed on account of the higher field strength. When compared to 

theoretical calculations, no differences (% D values) were found which were explained 

by the different interactions of the MNP chemistries with the polymer network whereby 

electrostatic effects could effectively be ‘switched off’ in the presence of the Giamag. 

Transport through ECM has shown that functionalised MNPs (PEG1000-, citrate- and 

arginine-) are capable of being guided through such a complex environment and 

remain stable for time periods of 8 h.  

Chapter 5 investigated an affinity-based binding chemistry attached to MNPs for future 

in-vivo biomarker targeting in tissue. Biomarker targeting was demonstrated in this 

chapter using a boronic acid (BA) functionalisation chemistry. BA-MNPs were 

synthesised and then characterised (prior to polysaccharide binding) to understand 

the effect of pH on MNP surface charge. It was demonstrated that the ionisation state 

of the BA could be tracked as a function of pH by way of ζp. Upon binding of glucose 

to the BA, the ζp was observed to shift negatively toward an acidic pH in a consistent 

manner with the expected change in charge upon conversion of the BA to the boronate 

ester. Based on the data, experimental pKas (pKaexp), a measure of the pKa, were 

obtained. This is the first time to our knowledge that the ionisation state of boronic 

acids has been characterised via ζp. To explore the biotargeting (or sampling) 

capability of the BA-MNPs, magnetophoretic transport experiments demonstrates the 

binding of glucose during transport through agarose gels. After transport through gels, 

MNPs were extracted from the gels and MNP-bound glucose quantitatively assessed 



 

149 
 

via colorimetric enzyme assay to characterise capture efficiency. Analytical 

characterisation of this method demonstrated a capture efficiency of ~50%, 200 

molecules of glucose taken up per MNP under the conditions used and a LOD of 0.73 

ppm demonstrated the relevance of this sampling and analysis methodology for low 

concentration biomarker targeting in the extracellular matrix in the future. 

Overall, this thesis contributes to the understanding of magnetophoretic transport and 

proposes new insights into the factors that can influence magnetophoretic transport. 

MNP size, surface charge, the physical and chemical composition of the surrounding 

environment and the magnetic field strength all play influential roles in governing 

magnetophoretic transport. This work has highlighted the roles that tortuosity and 

viscosity play in transport for MNPs. This work lays the foundation for further studies 

in biomedical applications that use magnetophoresis as a potential method to achieve 

their aim.  

The advancements in magnetophoretic transport of MNPs through tissue and complex 

biological environments have opened up new ways to improve various biomedical 

applications such as site-specific drug delivery, specific tumour targeting or biomarker 

capture and detection. The various factors that can influence magnetophoretic 

transport have been studied in detail within this thesis. However, there remains more 

studies to be undertaken to realise in-vivo applications for this work. Further studies in 

human skin or tissue in vitro are required. There are still limitations to using MNPs for 

this use, mainly the safe delivery and extraction from tissue. The use of MNPs as a 

tool for minimally-invasive biomarker detection in complex media such as ECM could 

allow for the early detection of disease. This would present exciting opportunities for 

MNPs in clinical applications for example in the early detection of disease and in 

therapeutic drug delivery for the future.  



 

150 
 

6.2 References 

1. Plecis, A., Schoch, R. B. & Renaud, P. Ionic Transport Phenomena in Nanofluidics: 

Experimental and Theoretical Study of the Exclusion-Enrichment Effect on a Chip. 

Nano Lett. 5, 1147–1155 (2005). 

2. Starodoubtsev, S. G., Churochkina, N. A. & Khokhlov, A. R. Hydrogel Composites 

of Neutral and Slightly Charged Poly(acrylamide) Gels with Incorporated 

Bentonite. Interaction with Salt and Ionic Surfactants. Langmuir 16, 1529–1534 

(2000). 

3. Wei, W. & Wang, Z. Investigation of Magnetic Nanoparticle Motion under a 

Gradient Magnetic Field by an Electromagnet. J. Nanomater. (2018) 

4. Leong, S. S., Yeap, S. P. & Lim, J. Working Principle and Application of Magnetic 

Separation for Biomedical Diagnostic at High- and Low-Field Gradients. Interface 

Focus 6, 20160048 (2016). 

5. Liu, J. F. et al. Use of Oppositely Polarized External Magnets To Improve the 

Accumulation and Penetration of Magnetic Nanocarriers into Solid Tumors. ACS 

Nano 14, 142–152 (2020). 

 


