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Abstract

Engineered nanoparticles, such as Super Paramagnetic Iron Oxide Nanoparticles (SPI-

ONs) offer significant benefits for the development of various diagnostic and therapeutic

strategies. These include the targeted delivery of drugs, hypothermia treatment and con-

trast enhancement in magnetic resonance imaging (MRI). However with the increased

growth in production and the therapeutic benefit SPIONs offer, there is a paralleled in-

crease in concerns associated with exposure. It is critical to improve the understanding

of the interactions that occur following cellular exposure to these particles to ensure the

safe and efficacious use of these particles within biomedicine in the future.

The limitations of existing imaging methodologies in the study of NPs, such as the ef-

fects of fluorescent labeling and diffraction limited resolution, and the advantages that

visualization of spatial localization can offer in studies, increases the demand for new and

optimized imaging routines. Within this thesis, existing Reflectance Confocal Microscopy

(RCM) methods were optimized and Reflectance Structured Illumination Microscopy (R-

SIM) was introduced, offering a two fold increase in resolution - particularly advantageous

for NP quantification and localization studies. Analysis routines were developed to enable

the automated quantification of NP presence within cells via the different methodologies.

Correlative procedures were also established for imaging the same sample with different

reflectance methods and TEM, maximizing the information attainable from a single sam-

ple and allowing comparisons between the techniques for specific applications.

These aforementioned optimized techniques were then applied to the determination of NP

uptake in four different cell lines, and, in combination with siRNA, to ascertain proteins

that are involved in the uptake process. Preliminary work aimed at the translation of

these studies into 3D culture models, and confirmation of the applicability of reflectance



for imaging these 3D spheroid cultures was achieved. Reflectance imaging methods were

applied to SPION and cerium trafficking studies, and analysis methods were extended to

include fluorescent segmentation and quantitative colocalization measures, determining

the eventual fate of SPIONs and cerium dioxide NPs within cancer cells. Mock dissolution

studies were performed in a fluid that simulated the lysosomal compartment within cells.

These studies aimed to model the degradative process of SPIONs within this mock fluid

as measured by the analytical technique Inductively Coupled Plasma Mass Spectrometry

(ICP-OES). This thesis thus provided several important tools for the future assessment

of the efficacy and safety of NPs for clinical use, enabling quantitative analysis of uptake

route, sub-cellular localization and NP intracellular fate.



SUMMARY

The fields of Nanomaterial (NM) research and nanomedicine have erupted over the last

few decades. Nanoparticles (NP)s are currently incorporated into a larger number of ev-

eryday items. Initially it was assumed that NP properties would resemble those of the

bulk material which, in some cases, have been previously defined and intensively char-

acterized. However it is becoming increasingly apparent that NP do not behave in the

same way as materials of the same composition with different dimensions. Additionally,

modifications are often made to the core material to manipulate the particles to fulfill the

different needs within the application area, altering their physical properties and effects.

Magnetic particles have received much attention in part due to their inducible magneti-

zation, which can enhance MRI images to aid the diagnosis of disease, allow magnetic

targeting to a particular region and allow magnetic field modulated drug release, or field

modulated heating to selectively kill cancer cells. This permits an increase in therapeutic

effect and drug action at the site of interest, and decreases the off-target toxicity. Despite

all the apparent advantages displayed by such NPs, clinical phase trials often do not result

in the expected outcomes.

NPs interact with a variety of different constituents within the body, and these inter-

actions are often ill-defined. This not only leads to a lack of efficacy, but also raises

concern over the safety of these particles. This has led to an increased drive for thor-

ough characterizations of NPs and their effects within biological systems. Including the

physical characteristics that change upon and during exposure to various bodily fluids to

the interactions that occur within different cell populations. One problem is the lack of



effective and standardized means of quantifying the uptake, localization and fate of NPs

both in vitro and in vivo. Transmission electron microscopy provides the gold standard

method for evaluating and quantifying the presence and localization of particles within

cells and determining sub-cellular characteristics such as size. However TEM has several

limitations for these studies. It is a destructive technique that is performed under vac-

uum, and it cannot provide temporal information unless samples are prepared and imaged

separately at different time points. Therefore investigations into new methodologies to

allow characterization of these particles and their effects is an area of high priority and

investment.

A subset of NPs provide high levels of contrast using reflected light microscopy meth-

ods, and these provide opportunity to visualize the particles, both live and fixed, in

conjunction with fluorescent labeling This provides a cost and time effective method to

facilitate NP investigations. However reflectance methods are not well defined or opti-

mized at present, and there is a lack of superresolution reflectance methods. Additionally

NP are not the only cellular constituents that reflect light, therefore the resultant image

is comprised of high level background signal arising from cellular constituents and high

intensity reflectance signal associated with NP. Images therefore require a preprocessing

step to facilitate the extraction of meaningful information from within. Manual based

image analysis of any type is often user dependant, time consuming and easily biased.

There is therefore a focus on the automation of such processing and analyses to increase

result consistency and quality, in addition to decreasing processing times.

This thesis introduces new methods for the visualization and quantification of intracellular

NPs as a means to support translation from lab to clinic in a responsible manner to under-

stand the fate of particular metallic oxide NPs and their impact on a range of cell types.

This includes the optimization of reflectance confocal microscopy for the acquisition of

high quality reflectance images, and the development of superresolution reflectance mi-



croscopy to facilitate high resolution nanoscale investigations. Computational work-flows

for the preprocessing of reflectance (and fluorescence) images are described within, facili-

tating the automated removal of background effects and segmentation of reflectant signal

of interest. These imaging and preprocessing methodologies have been applied to the

characterization of cellular effects following metallic NP exposure, including the uptake

amount and route in four different cancer cell types, the cell-specific trafficking of the NPs

and their eventual fate. This is important to facilitate the safe, efficacious and selective ap-

plication of these NP to the diagnosis and treatment of disease. Computational work-flows

have been devised to quantify these different experiments automatically, leading to an un-

biased quantification of signal. Automated analysis methods give increased confidence in

the observed effects, improving reproducibility and greatly improving throughput. This

is crucial for making accurate conclusions in a time efficient manner that can facilitate

future developments in the clinical applications of these NP.
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CHAPTER 1

INTRODUCTION

Parts of this chapter are published as part of a multi-author mini-review paper (Guggen-

heim et al. Int. J. Biochem. Cell Biol. 83. pg 65-70.).

1.1 Nanomaterials and nanotechnology

A Nanomaterial (NM) is commonly defined as a material with at least one dimension on

the nanoscale (1-100 nm). A nanoparticle (NP) is defined as a material with all three

external dimensions on the nanoscale [1]. However the definition is not formally agreed be-

tween international bodies such as International Organization for Standardization (ISO)

and Organization for Economic Co-operation and Development (OECD). The term ’NP’

encompasses a broad range of particles and applications including natural, incidental, en-

gineered and manufactured NPs. Naturally occurring NPs arise through an array of en-

vironmental processes including volcanic eruptions, dust storms and weathering. In some

cases these NPs are central to natural processes such as in the nano-sensing of the earths

magnetic field by certain bacteria [2]. NPs are also released as incidental by-products of

industrial processes such as coal, oil and gas boilers, and through diesel exhaust [3, 4, 5].

The effect these NPs have on the complex systems they interact with following release

depends largely upon the NP’s physicochemical properties. These same properties also

provide a great potential for manipulation in a variety of commercial and medical fields.
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There is a growing realization of the opportunities offered by nanotechnology within areas

such as electronics, environmental remediation, diagnostics and therapeutics. Therefore

recent years have seen an increase in the quantity and diversity of NMs and NPs that

we are concurrently exposed to [6, 7]. NPs are now regularly incorporated into a range

commercial goods, including sun screen, chewing gum, tennis rackets, and iron free shirts

[8, 9, 10]. The increasing use of NPs has subsequently driven the need for an in-depth

understanding of the associated biological behaviors, effects and fate following release and

exposure.

1.1.1 Potential risks and regulations associated with NP pro-
duction

NPs have the potential to cause short term effects from direct exposure, but they also

carry risk of long term toxicity. The consequences of bodily, environmental and eco-

logical exposure is largely unknown and therefore a cause for concern. Although NPs

and their potential for toxicity is a fairly new concept, the basic principles stem from

well-established particle toxicity studies. These studies originated from the occurrence of

toxicity following human exposure to two hazardous materials, alpha-quartz and asbestos,

and the study of particle toxicity associated with air pollution [11]. These particular cases

highlighted that although sometimes the mechanisms of toxicity are not fully elucidated,

measures must still be taken to ensure that substances with potential to cause harm are

regulated. This is particularly true for those NPs that are considered as potential di-

agnostic or treatment tools for use in humans. These NPs must be held to the highest

safety standards and thoroughly characterized with the potential deleterious interactions

understood. This includes their potential for bio-accumulation and slow release.

It is assumed that as particle diameter decreases and surface area increases, the associated

potential toxicity can increase [12, 13]. However, currently there is a lack of definitive

epidemiological evidence for the causal relationship between exposure to NPs below 100
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nm and different pathologies. There is, however, an increasing number of studies that

are beginning to link particular effects to NP exposure in vivo and in vitro [11]. Several

studies have determined links between, for example, NPs in diesel exhaust and increased

risks of coronary disease, however the mechanisms were unclear [14, 15]. There is also

significant concern regarding the environmental impact of engineered NPs. The short

and long term toxicity of NPs to complex organisms is largely unknown. Studies have

found correlations between NP (silver) uptake / degradation and deleterious cellular ef-

fects in aquatic organisms such as Daphnia Magna [16]. Therefore it is imperative to

determine the potential risk posed by different NMs. One of the major problems with

ascertaining these risks associated with non-biomedical NP exposure is the inadequate

information available regarding the exposure quantity. The amount of NPs included in

different products and released during specific processes at various stages of production

and use into the environment is not necessarily readily available. This is partly because

there is currently no requirement to disclose particular quantities of NPs within prod-

ucts. There has also been a distinct lack of regulatory requirements introduced for NP

containing products. The safety regulations applied to the NP form of a material can

be identical to those given for the bulk material, and the NP form is not classified as a

’new’ material. Large particles can simply be replaced by NPs with no additional studies

or disclosure. Although EU REACH regulations do not have explicit requirements for

NMs, they are currently developing additional requirements for both NPs and NMs. This

involves discussing the best practices for assessing and managing the safety of NMs, and

funding research projects to assess the impacts of NP [17, 18]. The issues with regulatory

aspects of nanotechnology have been reviewed [19].

1.1.2 Nanoparticles for use in biomedicine

The use of man-made NPs for diagnostics and therapy is a key application area of nan-

otechnology. In order to be of use within biomedical applications NP must fulfill particular

criteria, for example they must outperform the conventional method, have minimal tox-
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icity, reach the target site of interest and avoid non-specific unwanted effects. NPs offer

unique properties to aid fulfillment of these criteria; their small size allows them to be

targeted to and accumulated at particular areas of interest. Their large surface area to

mass ratio also provides a platform for the conjugation of small molecules to the NP’s sur-

face. These small molecules can include therapeutic drugs, targeting molecules or imaging

probes.

Chemotherapeutic drug delivery

The non-specific action of drugs in non-target tissue is a major limiting factor during

chemotherapy treatment. NPs have received considerable attention for use as directed

nanovectors, either loaded with, or conjugated to therapeutic agents. NPs aim of fulfilling

the two most important criteria for successful treatment: temporal delivery and spatial

placement [20]. Currently around 80% of NPs in clinical phases focus on anti-cancer

strategies [21]. Several drugs have been combined with NPs for cancer therapy, including

paclitaxol, doxorubicin and methotrexate [22, 23, 24]. NPs that are between 10-100 nm

can be passively targeted to, and accumulated at, solid tumor micro-environments by

exploiting the surrounding ’leaky’ vasculature in a phenomena known as the Enhanced

Permeability Retention Effect (EPRE), depicted in Figure 1.1 [25, 26, 27]. This effect can

be manipulated and augmented by the induction of hypertension which causes an increase

in blood flow to the tumor due to the lack of smooth muscle in the defective vasculature,

thereby enhancing the drug accumulation at the target site [28]. Furthermore, under

the hypertensive state the accumulation of NPs at other sites is decreased. This in turn

decreases the associated off-target toxicity increasing the potential for this technique for

chemotherapeutic delivery [28].
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Figure 1.1: Enhanced permeability retention effect. Angiogenesis in tumors, stimulated
by the release of Vascular Endothelial Growth Factor (VEGF), leads to the formation of vascu-
lature surrounding the tumor, however they are normally irregular in shape, leaky or defective,
lack organized structure. Often the basement membrane or smooth muscle layers are absent.
This leads to the extravasion and accumulation of NPs (between 10-100 nm in size). Due to
poor lymphatic drainage these are often retained for longer periods of time than molecular drugs
which are subject to diffusion across concentration gradients

Active targeting

Not only must nano-therapeutics reach the desired tissue location but then they must

also be successfully internalized within the cells of interest, and localize to the required

sub-cellular destination. There are therefore two stages of targeting required for success-

ful therapy - biodistribution to the region of interest (such as a tumor site by EPRE),

and accumulation within the desired cell populations (such as the particular cancer cells

using active targeting). The latter will be revisited in more detail in Section 1.2.1 and

Chapter 5. Despite the potential they appear to hold, NPs often exhibit an unexpectedly

low targeting specificity. This can lead to a high false positive rate in diagnostics, lack of

drug efficacy in therapeutics and product withdrawal [29, 30].

The specificity of NPs can be amplified through surface modification, such as the at-

tachment of targeting moieties directed towards tumor specific markers. This offers the
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potential for unique personalized therapies that direct the nanocarriers to particular cell

types, in addition to aiding evasion of clearance via the Mononuclear Phagocyte System

(MPS) [31, 23, 24]. A host of different targeting methodologies have been employed. These

include attachment of receptor ligands, attachment of antibodies and magnetic targeting

[32, 33, 31, 34]. Magnetic NPs conjugated with HER2/nu targeting ligands displayed

accumulation within cancer cells over-expressing the Her/nu receptor were visualized by

MRI. These NPs, in combination with paclitaxol, led to the in vivo tumor cell killing in

mice [35, 36]. Specific cancer cells have also been targeted by folate conjugation. This

facilitated the successful tumor accumulation both in vitro and in vivo [24, 37]. Compre-

hensive reviews published in the literature regarding the specific cellular targeting and

subsequent internalization of NPs based on surface ligands are available [38, 39]. One

important factor to consider in NP targeting is the formation of a protein corona around

NPs within biological media [40]. The protein corona will be discussed in more detail in

Section 1.2.1 and Results Chapter 3. NPs acts as scaffolds for attachment of biological

proteins that bind and alter the NPs surface considerably. This leads to modification of

the biologically ’perceived identity’, introducing a new layer of complexity with regards to

the accumulative potentially and toxicity of these NPs. It is therefore crucial to consider

this ’corona’ effect in terms of subsequent protein interactions, targeting and clearance

when designing particular engineered particles with a desired function [40].

Accumulation at target site

Not only can NP delivery systems provide opportunity for delivery to the desired site

but they also may help to retain them at the target by bypassing Multi-Drug Resistance

(MDR). MDR is a major factor in the failure of conventional therapeutics [41]. Tumors

are normally heterogeneous with some populations sensitive to certain chemotherapeutics

and some populations that are resistant. Chemotherapy removes those that are sensitive,

leaving behind those that are resistant which then expand. This leads to the formation of

a tumor that is completely insensitive to the previous treatment. MDR is characterized by
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an increase in specific efflux pumps in the cell membrane. Most notably increases in the

MDR1 gene product, p-glycoprotein, and MDR-associated protein (MRP) [41, 42]. NPs

loaded with drug molecules can accumulate within the cell through receptor mediated

endocytosis and travel through the endo-lysosomal system. It is theorised that this may

allow the complex to evade removal by p-glycoprotein and related efflux pumps, resulting

in increased accumulation in previously resistant tumor cells [43].

Figure 1.2: Example of a multi-functional SPION that could be applied for diag-
nostic and therapeutic applications. Various bioactive molecules can be attached at the
surface of the NP, such as targeting moieties, imaging probes and therapeutic agents.

Advantages are clearly offered by the incorporation of drugs, targeting ligands and imag-

ing molecules in so called ’multi-functional NP’ (depicted in figure 1.2). However, issues

exist with the paralleled increase in NP size, due to the number of conjugated functional

groups. This can lead to altered clearance of NPs, increased bioaccumulation potential,

decreased aqueous solubility and limited increase in specific localization at the target site.

NPs with drugs grafted to the surface can also experience the burst release effect. The
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burst effect occurs when the diffusion of the drug from the NP occurs at a faster rate than

the degradation of the matrix leading to significant premature drug release [44]. The burst

rate was found to be reduced by 21% by using cross-linkable tamoxifen NPs compared to

non-cross-linked [45]. It has been suggested that the protein corona, (see Section 1.2.1),

can decrease the burst effect and alter the drug release profile of nano-carriers [46].

In addition to the interest in NPs for cancer therapy, there is also a significant interest

in the utilization of special characteristics exhibited by certain NPs in other areas of

biomedicine such as diagnostic imaging. Examples include the use of gold NPs for use as

contrast enhancement agents with Computerized Tomography (CT) scanning, magnetic

NPs for Magnetic Resonance Imaging (MRI) and the use of quantum dots for cancer cell

labeling [47, 48, 49]. The following section will introduce magnetic NPs and their use as

MRI contrast agents and therapeutic tools.

1.1.3 Super-paramagnetic iron oxide nanoparticles

Super-paramagnetic iron oxide NPs (SPIONs) typically consist of an iron oxide core with

a central moiety of Fe2+ or Fe3+ and a polymer coating [50]. The polymer coating can

prevent agglomeration of particles, decrease the potential for toxicity or confer a specific

function. For example, the use of Polyethylene Glycol (PEG) coatings can lead to the

evasion of opsonization and macrophage recognition, whereas coating with bio-compatible

dextran can lead to increased uptake by endocytosis [51]. The effect of coatings on the

biological identity of NP is discussed in more details later on in Section 1.2.1. Follow-

ing Intravenous (IV) injection SPIONs are rapidly taken up by circulating macrophages

leading to accumulation in organs rich in reticulo-endothelial cells. Thus, current and pre-

vious biomedical applications of SPIONs involve the ’imaging’ of macrophage phagocytic

activity (or loss thereof). The liver and spleen are the organs that generally dominate

removal of SPIONs from the blood stream, but in high doses SPIONs can accumulate

in other macrophage rich tissues (Table 1.1) [52]. The biodistribution of SPIONs can be
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manipulated by the size of the SPION itself, some examples are shown in Table 1.1 [53].

Table 1.1: Biodistribution of various sizes of clinical SPIONs used with MRI. This
table summarizes the biodistribution of some clinically used SPIONs based on their size, gen-
erated based on the associated references shown in the table. Smaller SPIONs accumulate in
bone marrow and pass renally, slightly larger SPIONs accumulate in the lymphatic system, and
as size increases they are preferentially accumulated moreso in the liver. Those larger than 300
nm accumulate in the bowel following ingestion [54, 55, 56, 57, 58, 59, 60].

Magnetic NPs, such as SPIONs, have attracted large amounts of attention within biomedicine

as they fulfill some of the criteria necessary for use. Firstly they are assumed to be fairly

biocompatible due to their iron core and dextran coating, which is discussed later in

Chapter 3 and Chapter 5). Secondly, due to their magnetic properties, they can be

spatially placed using external magnetic fields and visualized non-invasively by MRI in

vivo [61, 62, 63, 64, 34, 65]. This magnetic property is termed super-paramagnetism

[66]. Ferromagnetic iron oxides such as maghemite and magnetite lose their permanent

magnetization when they are smaller than 30nm in diameter. Therefore, SPIONs do not

exhibit spontaneous magnetic moments in the absence of an applied field, but exhibit

high magnetic susceptibility [20]. This is due to the small size of the NPs. Unlike their

larger counterparts, they contain only a single magnetic domain that orients randomly

[59]. Upon application of an external magnetic field, magnetization can be induced [67].

Following removal of the magnetic field the particles no longer show magnetization, which
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is important for the prevention of SPION agglomeration and subsequent embolization of

vessels. This makes SPIONs particularly attractive candidates for use in diagnostic imag-

ing such as MRI for contrast enhancement, hypothermia tumor therapy and directed

drug delivery systems [68]. SPIONs have also been employed in a variety of other areas

that cannot all be introduced within this thesis, therefore the most relevant biomedical

applications (diagnosis with MRI, magnetic hyperthermia and magnetically guided drug

delivery) will be discussed. Other applications, for example, within the fields of electron-

ics and environmental remediation fall outside the remit of the thesis and are reviewed

elsewhere [69, 70, 71].

1.1.4 MRI imaging

Basics of MRI imaging

The first biomedical application of SPIONs was to enhance tissue contrast in Magnetic

Resonance Imaging (MRI). MRI is a non-invasive, non-destructive technique widely em-

ployed in medical imaging to investigate internal structures within the body, particularly

soft tissues, in health and disease. Within the field of cancer diagnostics, MRI aims to

provide early cancer detection with the eventual aim of improved prognosis [72].

Figure 1.3 shows a schematic explaining signal generation using MRI. When placed in

a strong magnetic field, B0, unpaired protons (1H) align to the magnetic field; giving a

net magnetization in the direction of the applied field (Figure 1.3B). Upon application of

an oscillating radio-frequency at the Larmor frequency, orthogonal to the magnetic field,

tilts the net magnetization, which was along B0 (Z axis) into the transverse (XY) plane

where the signal is detected (Figure 1.3C) [73]. Upon removal of the radio-frequency sig-

nal the protons begin to relax back to equilibrium with B0, and in doing so release their

own radio-frequency signal, referred to as the Free Induction Decay (FID) response signal

(Figure 1.3D). It is this signal that induces a corresponding oscillating voltage in the
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receiver coil surrounding the sample, this detected signal gives information regarding the

proton environment. The net magnetization recovers mainly through two processes. T1

spin-lattice relaxation is the rate at which the longitudinal magnetization of the magneti-

zation vector recovers towards its thermodynamic equilibrium. T2 or spin-spin relaxation

is the irreversible exponential decay of the transverse or X-Y component of the magnetiza-

tion vector. The relaxation process consists of another component that arises due to loss

of phase between protons caused by field inhomogeneities (called the inhomogeneous con-

tribution to relaxation). The homogeneous contribution to T2 relaxation can be measured

using a spin echo (SE) sequence, which re-phases the protons, removing the contribution

from inhomogeneities [74]. Conversely gradient echo (GRE) sequences do not eliminate

the dephasing therefore relaxation is a combination of both true relaxation (T2) and re-

laxation due to field inhomogeneities, this is called (T2*) [75]. The localization of signal

in 3D space can be obtained by varying three gradients (slice, phase and frequency) in

the three spatial directions (X Y and Z); each voxel can therefore be matched to a signal

that is characterized by its frequency and phase (X and Y)[76]. Acquisition gives rise to

a matrix (slice) of spatial frequencies termed ’K-space’ in the Fourier domain, where each

signal S(x,y) represents one voxel within the imaged slice; the 2D inverse Fourier transform

(FT) converts the K-space matrix from the frequency domain into the spatial domain [76].

Contrast agents for MRI: SPIONs

Hydrogen protons are abundant in water and lipids of tissue. Since the relaxation time

is directly linked to the environment of the protons, different proton environments in

different tissues will lead to varied relaxation times, providing image contrast, allowing

differentiation between tissues. However the intrinsic MRI sensitivity is low in comparison

to other optical imaging techniques, due to the relatively small difference in the low and

high energy states of protons. Often selective contrast agents are employed in order to ma-

nipulate the relaxation processes, amplifying the MR signal and thus providing increased

contrast [77, 35]. These contrast agents typically fall into two categories: paramagnetic
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Figure 1.3: Schematic of how proton (1H) MRI uses magnetic fields and radio-
waves to produce spatial images of tissue. MRI utilizes the directional magnetic field
associated with charged particles in motion. Hydrogen atoms have an odd number of protons
(1) and therefore have a characteristic ’precession’. (A) In the absence of a magnetic field,
nuclei are randomly aligned. When placed in a strong magnetic field (B0) (such as within a
superconducting electromagnet) protons become aligned with the magnetic field inducing net
magnetization in the direction of the field; the nuclei then ’precess’ about the field at the
Larmor frequency (B). A radio-frequency pulse (Brf) is applied perpendicular to the magnetic
field, with a frequency equal to the Larmor frequency, this disturbs the aligned nuclei causing
the net magnetization (Mxz) to tilt away from B0(C). Upon removal of Brf the nuclei return to
equilibrium and realign in parallel with B0, in a process called ’relaxation’ (D). A radio-frequency
signal is produced as the protons return to their aligned positions during the relaxation process.

species, which includes gadolinium chelates, and super-paramagnetic agents, such as SPI-

ONs. Gadolinium agents have commonly been used for cell and molecular imaging with

MRI, and they act to decrease the T1 relaxation time of surrounding protons therefore

leading to hyper-intensive regions [78]. However, in addition to having a comparatively

low magnetic moment, gadolinium is not bio-compatible and the free ion is extremely

toxic. Chelation with various ligands can greatly reduce this toxicity, but the potential

release of gadolinium from its chelate within the body gives cause for concern; the poten-

tial for toxicity from gadolinium based contrast agents is reviewed [79, 80]. Conversely,

SPION-based contrast agents mainly effect the T2 and T2* relaxation of surrounding pro-

tons particularly in Gradient Echo (GRE) techniques, introducing a hypo-intensive region

at their location [77]. The alteration in T2 relaxation, and consequently signal intensity

between different SPIONs depends on a variety of factors, including size, composition and

crystallinity; however SPIONs have significantly increased relaxivity when compared to

gadolinium [81, 82]. Generally larger SPION cores have increased relaxivity, however the

core is constrained to below 20 nm to retain the super-paramagnetism [82]. Ultra-small

(U)SPIONs, such as resovist, have an increased effect on T1 weighted images, due to their
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smaller size [81].

The first clinical application of SPION enhanced MRI was for hepatic lesion imaging

[83]. This was due to the excellent uptake of SPIONs by macrophages, particularly in

the liver. Specialized liver macrophages, called Kupffer cells, rapidly take up SPIONs;

however Kupffer cells will not be present at sites of liver damage. SPIONs will therefore

cause hypo-intensive regions at the location of normal healthy liver, whereas at a diseased

or liver tumor site the intensity will remain the same, providing excellent T2/T2* con-

trast, resulting in increased lesion visibility and detectability [77, 84]. Reimer et al found

SPION enhanced MRI to be more accurate than other non-enhanced MRI and spiral CT

for the detection of lesions [84]. Two particle formulations were introduced specifically

for liver imaging, ferumoxide (Feridex - USA, Endorem -Europe; 120 - 180 nm Hydrody-

namic Size (HDS - the important of which is discussed in Chapter 3) and Ferucarbotran

(Resovist - HDS 60 nm), shown in Table 1.1 [81]. However, Resovist was withdrawn from

the market in 2009 and ferumoxide in 2008, due to commercial reasons and possible safety

concerns [81].

SPIONs smaller than 50 nm (USPION) are cleared though the lymphatic system and

transported to lymph nodes. Lymph node status is an important part of clinical staging

for a variety of cancer types, and evaluation of lymph node metastasis can provide the

basis for therapy decision and prognosis. In healthy nodes, macrophages will internal-

ize SPIONs, introducing contrast. In neoplastic nodes, where tumor cells have replaced

healthy cells, macrophage activity will be lost leading to a loss in hypo-intensity [85, 86].

USPIONs are therefore ideally suited to lymphography [85, 86]. MRI was previously rel-

atively insensitive for the detection of lymph node metastases, however one study found

that USPION-enhanced MRI increased the sensitivity of metastasis detection, on a person

to person basis, from 45.4% up to 100% [85]. Choi et al found that USPION-enhanced

MRI led to increased diagnostic accuracy in lymph node metastasis when compared to
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PET/CT (in rabbit models) [87]. One USPION, ferumoxtran, (Combidex / Sinerem; HDS

20 - 40 nm) was in development for lymph node imaging, however production was ceased

due to the lack of additional clinical trials, and controversy regarding the risk/benefit of

these SPIONs [30]. Other types of SPIONs include those larger than 300 nm (such as

GastroMark), for bowel MRI contrast, and below 20 nm for bone marrow and perfusion

imaging [88].

Other diseases that are characterized by an increase, or decrease, in macrophage activity

have the potential to be imaged with SPION-enhanced MRI. In this way, the technique

has been used for the detection of macrophage activity in kidney nephrotoxicity, en-

cephalomyelitis, arthritis, macrophage recruitment to atherosclerotic plaques and graft

rejection monitoring [77, 89, 81]. There are numerous methods of NP modification for

contrast in a variety of MRI applications; these are reviewed [90, 91]. Several SPIONs

were approved for use with MRI imaging, however subsequent concerns over the safety and

efficacy led to Sinerem, Feridex and Resovist being withdrawn from the market [92, 93].

1.1.5 SPIONs for magnetic hyperthermia

Magnetic hyperthermia is a promising new cancer therapy in clinical phase trials that

relies on local heat induction at the site of a tumor. Magnetic NPs can be introduced

at the site of tumor, either targeted systemically or inserted as an implant. External

electromagnetic energy is then converted by the particles to heat (41-46 �) at the tumor

site, delivering toxic amounts of thermal energy to cancer cells. This causes successful

selective cancer cell death and tumor shrinkage in in vivo models of cancer [94, 95, 96,

97, 98]. Zhao et al demonstrated that head and neck cancer cells in rodent models were

killed within 30 minutes of hyperthermia treatment, while delivering no damage to healthy

cells [99] Hyperthermia treatment has been particularly successful when used adjuvant

to radiotherapy. In radiotherapy the limiting factor is the effects of damage to healthy

tissue [100]. Hyperthermia sensitizes the cells to death by radiotherapy in a variety of
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mechanisms that are not fully understood. The effect has been partially attributed to

the fact that heat alters protein structures and decreases the cells DNA damage repair

response [100].

SPIONs for other uses

SPIONs have also been used in conjunction with a hand held magnetometer, which is a

detection device for use in sentinel lymph node biopsy [101, 102]. SPIONs offer a promising

alternative to the current gold standard, radioisotope guided localization, which carries

obvious drawbacks due to the reliance on radioactive material [101, 102]. Other uses for

SPIONs include magnetofection, a method of deliberately introducing genetic material

into cells, gene delivery, stem cell labeling and tissue engineering to allow monitoring of

cell delivery in vivo [103, 104].

1.1.6 Magnetic targeting

As previously mentioned, targeting is an important aspect of successful NP based thera-

pies, and NP based diagnostics. One physical targeting method, first proposed by Freeman

et al, utilizes the magnetic properties of NPs such as SPIONs [34]. SPIONs can be guided

to a pathological site by an applied external magnetic field, ensuring significant accumu-

lation of a conjugated drug without the need for targeting ligands; the applied field can

then be altered to modulate drug release, or drug release can be initiated enzymatically

by changes in physiological conditions such as pH [105, 106, 34, 20, 59]. Kumar et al

successfully showed that use of an external magnetic field was capable of delivering a

target drug to its specific site of action [65]. The removal of the field leaves no remaining

magnetization, reducing the chance of particle agglomeration, decreasing risks of throm-

bosis and increasing biological half-life [59]. Issues remain with using magnetic fields to

target deep into the body; currently only areas at the surface can be targeted due to the

need for sufficient magnetic field strength at the desired site [59]. Concerns exist over the
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directed delivery of a large concentration of NPs to a localized area. This can lead to iron

overload and high levels of Fe ions which can lead to cellular toxicity including Reactive

Oxygen Species (ROS) induction, and DNA damage [107]. This could be particularly

problematic in areas such as the heart, where RES cells are less abundant, leading to

slower clearance of NPs and therefore increased potential for accumulation, iron overload

and toxicity [108]. If these NPs are to be safely used in biomedicine every effort needs to

be made to establish the potential effects associated with their use, and the metabolism

and clearance of the NPs in the target, and non-target, tissues.

1.2 SPIONs in biological systems

Numerous potential benefits and problems have been highlighted with the use of NPs,

such as SPIONs, in different areas of biomedicine. Lack of efficacy and specificity led to

the withdrawal of some SPIONs following clinical trails, and other issues exist regarding

the possible clearance, toxicity and side effects. This is particularly true if the target

tissue is not well equipped for the removal of these NPs. Underlying all of these issues is

the inadequate understanding of NP-cell interactions and the post-internalization fate of

the NPs. These crucial factors limit the successful use of NPs in biomedicine. This section

will aim at introducing the interactions that occur between NPs and specific bodily fluids,

and the subsequent cellular uptake that may occur. NP are often very efficiently inter-

nalized within a variety of cell types through a combination of uptake routes. However

it is the specific discrimination between cell types and cell pathways that is required to

provide successful diagnosis and treatment and mitigate unwanted side effects. There are

a combination of factors that determine if NPs gain entry into cells and by what mecha-

nisms. The outcome is largely dependant upon the intrinsic NP properties themselves, the

properties of the media they are exposed to and the internalization properties of the cell

populations being targeted or exposed. This offers the great advantage of tailoring design

to suit the need, but also provides a vast landscape of potential interactions and effects

16



that are largely unknown and unpredictable without thorough investigation. Therefore

it is crucially important that the physical properties of NP’s are extensively studied and

characterized, in order to understand the subsequent biological effects and make accurate

conclusions within nanoscale investigations. Some of the most important factors that

modulate cellular uptake will be discussed and the different cellular mechanisms that can

be exploited for selective entry will by introduced; these will be discussed in more detail

in the relevant results chapter, i.e. Section 5.

1.2.1 NP properties and protein corona formation

When NPs enter a biological system, they come into direct contact with bodily fluids

containing various biomolecules; blood plasma alone contains several thousand different

proteins [109]. Some of these biomolecules will adsorb rapidly to the surface of the NP’s

forming a dynamic protein corona [110]. Proteins bound tightly at the NP surface are

termed the ’hard corona’. These proteins form strong bonds with the NP surface and

exhibit a slow exchange rate with other proteins. The hard corona also interacts weakly

with other proteins, forming the ’soft corona’. The exchange kinetics of the soft corona

are much faster, leading to a dynamic NP surface. Proteins that exist in the corona will

be dependant, at least in part, on the availability of proteins in the fluid. Therefore the

corona composition will vary according to the exposure environment providing an op-

portunity to modify the NP surface composition. Grafe et al saw that by changing the

concentration of FBS in the NP exposure media, the molecular weight (MW) of proteins

present in the NP corona could be modified. Increasing the concentration of FBS increases

the fraction of low MW proteins present in the corona [111]. It was initially thought that

the protein corona changes in composition over time, an effect described as the ’Vroman

Effect’. According to the Vroman Effect, high abundance, low affinity proteins first bind

to the surface with weak interactions and then over time these are replaced by lower

abundance higher affinity proteins [112]. However it has also been suggested that these

changes may be quantitative, rather than qualitative [112, 113]. Some studies have found
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a lack of detectable Vroman effect, such as in the protein corona of USPIONs [114].

Figure 1.4: Depiction of the formation of a protein corona around an NP and the
nano-bio interface when the NP is ’seen’ by the cell. A NP exposed to biological media
experiences adsorption of proteins to the NP surface. These proteins effectively mask the NP
surface, including any targeting ligands unless specific steps are taken to prevent this, providing
a new interface that the cell will ’see’. This can lead to interactions at cell membranes, and
subsequent internalization and biological effects. Adapted from [115].

The intrinsic physical properties of NP’s, at least partially, determine the formation of

the protein corona. Properties such as size, surface charge and surface functionalization

all have been shown to effect the constituents of the corona [116, 20, 117]. Therefore
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it is vital that these different properties are characterized fully before, during and after

exposures. Common methods used to characterize NPs include Transmission Electron

Microscoy (TEM) to investigate the size, shape, monodispersity and agglomeration state

of NP solutions, dynamic light scattering (DLS) to investigate the hydrodynamic size and

size distribution, and zeta potential to measure surface charge. These methods have there-

fore proven indispensable for monitoring NP suspensions and protein adsorption during

exposure experiments (Discussed more during Section 3). As an example, different sized

NPs will have different extents of surface curvature, leading to the preferential binding of

different proteins. The coronas of smaller NPs have been found to have a higher percent-

age of low MW proteins when compared to larger NPs which have a larger percentage

of high MW proteins. It is likely that at a certain amount of surface curvature protein

adsorption will cease completely [110]. Deng et al found that particularly small NP (7

nm) bind specifically to proteins, rather then proteins to them; facilitating cooperative

binding of multiple NPs to a single protein molecule [118]. This leads to different possibili-

ties of the NP-protein conformation, illiciting different cellular responses in each case [118].

Surface coatings are also an important determinant in protein binding. The surface coat-

ing can alter the stability of the NPs, and change the interactions that occur between

biological components and the NPs. Often the coating stabilizes the suspension prevent-

ing agglomeration, weak interacting forces that occur between NPs that are broken apart

easily by mechanical forces, and aggregation, the stronger bonds that form between NP

which are more difficult to break apart. A huge range of surface coatings are available

for NPs and can be used to modulate, to an extent, which proteins bind following im-

mersion in protein containing fluids [119, 120]. Zeta potential provides a measure of the

magnitude of surface charge or attraction between NPs in solution [121]. This provides

a measure of the colloidal stability of the NP formulation, facilitating the determination

of potential interactions, including agglomeration, repulsion and protein binding. Briefly,

the environment surrounding an NP in a colloidal solution follows a double layer model
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as depicted in Figure 1.5, comprised of a strongly bound inner layer (Stern Layer) and a

loosely bound outer layer (Diffuse Layer). The zeta potential is a measure of the charge or

membrane potential (mV) at the ’Slipping Distance’ (the boundary between the double

layer and surrounding ions in solution) from the NPs surface [122]. A strong negative or

positive (<-30 mV / >+30 mV) indicates electrostatic stabilization, due to the strong

repulsive forces that will occur between particles, preventing interactions. A more neu-

tral charge can indicate steric stabilization or, alternatively, instability of the colloid if

there is nothing present that could provide steric stabilization. Although it has been sug-

gested that negatively charged NP may attract positively charged proteins, other studies

have suggested that the corona is negatively charged regardless of initial surface charge

[113, 109].

The protein corona that forms is unique to each NP and the exposure environment. This

leads to a new ’biological identity’ of the NPs, with different size, charge, and surface

properties. All of these properties must therefore be characterized post-protein adsorp-

tion, in addition to prior. This newly formed corona constitutes the primary point of

interaction between the NPs and biological components, such as cell membranes. This

point of contact is known as the nano-bio interface, depicted in figure 1.4. Therefore the

interactions that occur at this interface ultimately influence the biological response to

the NPs, and the eventual outcome [115]. Several thorough reviews have been published

regarding the protein corona formation, and the impact this has on cellular interactions

[115, 123]. A complete understanding how the properties of NPs modulate the corona for-

mation will aid advancements for NP targeting immensely and be crucial in understanding

and predicting the biological effect and fate of the NPs. This will facilitate the intelligent,

rational design of selective NPs that will have the required properties and desired cellular

outcome in vivo. For example, if a specific high MW protein was required on the NP

surface to allow selective uptake by particular cell types, and was known to adsorb to

positively charged SPIONs, then a SPION of a larger size and positive charge would be
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Figure 1.5: Depiction of the measurement of zeta Potential. The charge at a NP surface
follows a double layer model (indicated on figure). A rigid layer of charge will form adjacent to
the NP surface, called the stern layer, and a second layer forms, that is slightly further from the
surface but still attracted to and associated with the NP. The boundary between the electric
double layer and the ions in equilibrium is called the slipping plane. Zeta potential is defined
as the potential that is measured in mV at the slipping plane distance from the NP surface.
Adapted from [122]
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used. Not only does the adsorption of biomolecules lead to alterations in the NPs cellu-

lar effects, when proteins bind to the surface of an NP they can undergo conformational

changes. This can lead to irreversible inactivation of the protein. For example SPIONs

have been shown to irreversibly alter the conformation of transferrin. If necessary cellular

proteins are damaged through NP modification or by NP interaction, cellular function

may be restricted, changed or inhibited [124].

Protein binding and surface effects on cellular uptake

Following interactions at the nano-bio interface, NPs may become internalized within the

cell they interact with. The eventual extent of cellular accumulation depends upon the in-

ternalization mechanism utilized and the properties of the NPs and cells themselves. The

protein corona has been shown to reduce the uptake of NPs into some cells when compared

to the bare NP core. Smith et al saw a 20-fold reduction in the cellular internalization of

polystyrene NPs into HeLa cells in the presence of proteins when compared to serum free

conditions [5]. This is likely due to a reduction in the non-specific cell surface interactions

that occur between NPs and the cell membrane. Experiments performed in the absence of

proteins is not a biologically relevant condition. Bare, uncoated NPs will not be present in

biological fluid in vivo, as protein adsorption occurs almost instantaneously. The protein

corona can modulate cellular internalization, and lead to increases or decreases in uptake

in a cell specific manner. Vogt et al saw an increase in NP uptake by macrophages when

the protein corona was present in Silica coated SPIONs [125]. This is presumably due to

opsonization of the NPs with proteins that are recognized by macrophages. If the protein

corona contains proteins that reduce macrophage recognition, termed dysopsonins, such

as serum albumin or IgA, the circulation time can be increased and macrophage uptake

reduced [126].

Alternatively if the proteins bound at the surface of the NPs are recognized by cell surface

receptors, NPs may be taken up through the specific protein or receptor internalization
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pathways, introduced in Section 1.2.2. Many of the so far identified proteins within

NP coronas are of the lipoprotein family, which have comparable nanoscale size. These

lipoproteins are often involved in the cellular process of cholesterol metabolism. This

could determine a route of NP entry within certain cell populations [127]. Lipoprotein

E, for example, is known to be involved in the trafficking of PEG coated NPs to the

brain. This gives an opportunity for the delivery of NPs through the Blood Brain Barrier

(BBB) but also raises the potential neurotoxicity [127]. Proteins at the cell surface can

also mask targeting ligands, leading to loss of selectivity. The transferrin receptor is over-

expressed in a variety of cancer cells, and is often associated with poor prognosis, and

therefore transferrin is often incorporated at the NP surface to target these cells specif-

ically for drug delivery [128]. However, Salvati et al observed that transferrin coated

NPs lost their specificity following protein corona formation [129]. It is clear that the

ultimate fate and effect of NPs in biological systems is a complex interplay between the

NP properties and the environments it is exposed to and the specifics of the targeting site.

NP surface charge and coating were found to be influential in governing the extent of NP

uptake; extensive reviews have been published on the effects of various surface function-

alisations and modifications of SPIONs [130, 131, 132, 133, 59, 134]. Modification with

certain coatings alters the surface properties and therefore the behavior of the NP, such

as reducing agglomeration and aggregation, or altering their uptake kinetics in different

exposed cells. NP coated with neutral coatings such as polyethylene glycol (PEG) dis-

play reduced agg and reduced opsonization therefore they exhibit reduced non-specific

macrophage internalization, facilitating NP evasion of circulating macrophages and in-

creased blood circulation time [135]. Cationic (positively charged) NPs tend to show

good cellular internalization, even if coated with opsonins, thought to be due to the in-

teraction between the positively charged particle and the negatively charged cell surface

[126]. However, anionic NP have shown better distribution than cationic NP through tu-

mors. This provides a rational for creation of a negatively charged NP, that can distribute
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through tumor cells, with the incorporation of a surface coating that becomes positive at

low pH (i.e. in the tumor micro-environment) facilitating enhanced cellular uptake by the

induced cationic NP [120].

1.2.2 Mechanisms of cellular internalization

The two main mechanisms for extracellular material, such as NPs, to be transported into

a cell can be broadly classified as phagocytosis and pinocytosis. These processes exist

within cells to tightly control the response of the cell to its extracellular environment.

In general, first the cargo is engulfed in membrane invaginations that are ’pinched off’

to form intracellular endosomes or phagosomes that are subsequently internalized and

trafficked to various different target locations within the cell [136]. Phagocytosis, first

discovered by Ilya Mechnikov, is involved in the uptake of large particles (up to 20 µm)

by professional phagocytic cells, such as macrophages following opsonization with proteins

[136]. NPs present in the blood stream are phagocytosed by circulating cells of the MPS

and tissue specific macrophages. This leads to an accumulation of NPs in macrophage

containing organs, notably the liver, spleen, bone marrow, lymph nodes, lungs and brain

[52, 81, 85]. Most non-specialized cells do not perform phagocytosis. Rather, they rely on

pinocytosis to internalize extracellular materials. Pinocytosis can be further split into sub-

groups according to the specific proteins involved in the internalization process. NPs can

hijack these pathways to gain entry into cells, either non-specifically through fluid phase

endocytosis, or through association with ligands that interact with cell surface receptors

[137, 138, 5, 139, 140]. NPs have also been seen to directly permeabilize membranes [141].

Clathrin mediated endocytosis (CME) was the first endocytosis pathway discovered and

is by far the most well studied. CME relies on the Clathrin triskalial comprised of three

Clathrin Heavy Chains (CHC) for internalization events [142]. CME is involved in a

plethora of different cellular functions, including turnover of membrane lipids and pro-

teins, uptake of extracellular nutrients, polarized cell migration and neurotransmitter re-
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lease. The first stage in CME is the recruitment of different proteins or cargo molecules,

such as Adaptor Protein 2 (AP2), to Clathrin coated pits [143]. These pits are formed

due to the polymerization of Clathrin to form Clathrin coated vesicles (CCVs), roughly

100 nm in diameter. The subsequent CCVs are released intracellularly by the action of

the GTPase, dynamin. Dynamic pinches off the CCV in an energy dependant process.

The vesicles and their cargo are then trafficked in an actin dependant manner to their

specific sub-cellular destinations. Usually the vesicles lose their Clathrin coat and fuse

with early endosomes, where they can be sorted for the lysosomal pathway, recycling to

the plasma membrane or to the golgi network [144, 136]. Many different receptors/ligands

are internalized through CME, including transferrin, which is often used as a marker for

CME. The presence of transferrin in the NP protein corona has been suggested to lead to

a CME route of internalization for that NP [138].

The other major cellular method of endocytosis involves caveolae and is defined by its

dynamin dependence and Clathrin independent mechanism [145]. Caveolae are a subset

of lipid rafts and were first identified as membrane invaginations around 60 - 80 nm in

diameter [145]. Caveolae are important in a number of processes including virus entry

to host cells and regulated signal cascades. There are three caveolin proteins, of which,

caveolin-1 (cav-1) is the most abundant in caveolae. Depletion or removal of cav-1 leads

to the formation of few to no caveolae in cells, this can be rectified by the reintroduction

of cav-1 into the cell [146]. This is indicative of the requirement for cav-1 in caveolae

formation [139, 146]. Cav-1 forms oligomers and co-assembles with cavins, these struc-

tures are stabilized by fatty acids and cholesterol [147]. Depletion of cholesterol leads to

flattening of these caveolae structures, therefore caveolae is suggested to be involved in

cholesterol and lipid homeostasis and metabolism [148, 143]. The mechanism of caveolae

endocytosis is less well studied than CME, however studies suggest that caveolae are static

structures, and budding is thought to be triggered by ligand binding to cargo receptors,

and regulated by various phosphatases and kinases [147]. The GTPase dynamin releases
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the caveolae vesicle into the cytoplasmic side of the cell. This pathway was once thought

to have a distinct endocytotic sorting compartment, termed the ’caveosome’. This was

later retracted due to insufficient evidence, and the caveolae vesicles have now been shown

to converge with the Clathrin pathway at the early endosome, where they can be sorted

[149, 150].

It has been suggested that caveolae internalization takes longer than CME, and has the

ability to bypass the lysosome pathway [136]. Fewer known cargo exist for caveolae medi-

ated endocytosis, some specific cargo include pathogens and sphingolipid binding toxins

such as shigatoxin and Cholera Toxin Subunit B (CTxB) [151]. The dysopsin albumin is

also a cargo that requires interactions with its receptor, gp60 to facilitate internalization

via caveolae [151]. Albumin is known to promote evasion of macrophages, and its pres-

ence in the protein corona of NPs could lead to a mechanism of internalization through

cavaolar endocytosis [126]. The abundance of lipoproteins in the coronas of NP may also

indicate a mechanism for caveolae in the internalization of some NP. Caveolar endocytosis

has been determined as the route of entry for silica coated SPIONs into HeLa cells [152].

Other Clathrin and caveolin independent pathways exist within cells including the less

well studied Arf-6-dependent, flottilin-dependant, cdc42 dependant and RhoA-dependant

[136]. All these pathways appear to be dependant upon cholesterol, and are likely dy-

namin dependant. They also seem to bypass Rab5 trafficking, however the sub-cellular

trafficking and fate of these pathways is not well studied or elucidated [136].

Internalization can also occur through macropinocytosis, and its morphology which was

first observed in 1931 [153]. Macropinocytosis normally occurs through growth fac-

tor stimulation that causes extensive actin-mediated membrane ruffling, which extends

around large regions of extracellular fluid that is subsequently internalized. Therefore

uptake by macropinocytosis is often non-specific fluid phase uptake. Due to the actin

involvement, it has been suggested that macropinocytosis plays a role in motility, and
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potentially tumor metastasis [154]. Macropinosomes are generally larger than 200 nm,

and can be up to 10 µm in diameter, and are therefore much larger than CCV or caveolae

vesicles [154]. Following internalization macropinosomes mature and recruit Rab7, a late

endosome marker and then eventually fuse with the lysosome, or recycle to the plasma

membrane. However the macropinosome maturation process has been found to be distinct

in different cell types [154]. Macropinocytosis can be investigated using markers such as

high MW dextran, and is sensitive to some forms of the Cytochalasin drugs [136]. It

is likely that macropinocytosis can play a role in NP internalization, due to the lack of

specificity required.

Various NPs have been found to utilize a variety of mechanisms to enter different cell

types, including membrane permeabilization and dynamin dependant pathways, Clathrin

mediated endocytosis and caveolae mediated clathrin-independant endocytosis [155, 137,

138, 5, 139, 140, 156]. However there is still no clear factor that determines which route is

preferentially employed. Various properties have been suggested to be key in determining

this uptake route, including size, shape and surface coating [139, 157, 158, 152]. The route

of polystyrene NP uptake was size specific and NP smaller than 200 nm were preferentially

internalized through CME [139]. Dos Santos et al found that NP pathway utilized by

polystyrene NPs of size 40 nm and 200 nm was cell line dependant [159, 160]. Inhibition

of CME in HeLa cells led to similar inhibition of both 40 nm and 200 nm NPs (around

∼25%), however with inhibition in A549 cells, the entry of 200 nm NPs was inhibited

to a greater extent (∼50% compared to ∼25%) [159, 160]. The inhibition of caveolae

endocytosis led to a stronger inhibition of 200 nm NPs entry into A549 cells (∼50%) and

in HeLa cells (∼30%), compared to the smaller NP (∼24% and ∼7% respectively). Larger

polystyrene NPs (up to 500 nm) also appeared to rely on caveolae mediated endocytosis

[139]. These examples are interesting as caveolae are normally reported to be small

invaginations of around 60 - 80 nm. Another study by Zu et al found that small NP (55

nm) internalize through CME, caveolar endocytosis and dynamin independent pathways
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[140]. Computation modeling was performed to determine size limits for internalization

via CME. The outcome indicated that NPs below and above two specific critical sizes

(10 nm, 1000 nm respectively) would not be internalized via this route [161]. Charge

also appears to have an effect on internalization. Positively charged particles appear to

preferentially accumulate within cells via CME and macropinocytosis whereas negatively

charged particles however have been found to utilize other internalization routes, possibly

explaining the slower uptake observed [162]. It is therefore likely that complex interplays of

the NP characteristics, exposure medium and the active cellular internalization machinery

and surface protein expression modulate the entry of NPs into cells.

1.2.3 Fate and toxicity of internalized NPs

Following internalization, little is known about the subsequent biotransformation steps of

the core and coatings of particular NPs. Suggested mechanisms include distribution to

daughter cells during mitosis (only applicable in dividing cells), potential exocytosis and

intracellular degradation [157, 163, 164]. Uptake pathways can converge to a common

transport system regulated in part by Rab proteins, which will be introduced in more

details later in Section 6. Vesicles recruit Rab-5 proteins and fuse with other vesicles to

form late endosomes, with the ultimate fate of degradation in the acidic lysosomal com-

partment. Mono-crystalline iron oxide has been shown to accumulate within perinuclear

vesicles which may represent terminal lysosomes [165]. NPs may also escape a degradative

fate if they are recycled back to the plasma membrane in Rab11 positive vesicles or if

they are released from the endo-lysosomal system into the cytoplasm. Particular surface

coatings can lead to escape from the endo-lysosomal system following uptake in a process

termed ’cationic-endosomal swelling and escape’. The integration of the amine PEI can

illicit the ability to free the NPs from the endosomal system, which could be advantageous

for some applications such as the release of drugs or siRNA into the cytoplasm [120, 166].

Once NPs are within the lysosome degradation may occur. It has been suggested previ-
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ously that surface coatings of dextran are not very firmly attached at SPIONs surfaces.

Therefore dextran coatings are prone to detachment. This could lead to potential ag-

glomeration of the iron cores following dextran removal during degradation [91]. The

effect of this has been seen to result in similar toxicities to those associated with the

uncoated SPIONs. Indeed this was observed in studies where both coated and uncoated

SPIONs led to cell death in fibroblasts [91]. The iron core is thought to be metabolized

by the innate iron metabolism pathways [167]. Arbab postulated that the NPs may dis-

solve in the lysosome via metallic chelates (such as citrate) leading to release of iron into

the cytoplasm through divalent cationic transport. This degradation is associated with

subsequent release of Fe3+ into the cytoplasm, followed by storage aided by ferritin and

hemosiderin, increasing total cellular iron content by 1.25-5% [157, 168, 167].

An increase in Fe3+ or Fe2+ ions within the cell is associated with problems, including

iron overload and disturbed iron homeostasis. This may lead to symptoms of iron toxicity.

This is particularly relevant in the case of targeting NPs, where the local concentration

is expected to be exceptionally high. A variety of investigations have indicated that

cells treated with SPIONs go on to later exhibit characteristics resembling that of iron

overload, the effects of iron overload have briefly been discussed [169]. Iron ions them-

selves can interact with a variety of cellular components, can alter DNA, induce ROS and

lead to epigenetic change; iron overload has also long been associated with carcinogenesis

[107, 170]. For example an increase in free iron can lead to the production of reactive

oxygen species (ROS) via fenton reaction with oxygen and hydrogen peroxide, leading

to protein damage, membrane damage, formation of reactive mutagenic compounds and

DNA damage [168, 170, 107, 59, 135, 171]. However it has been suggested that, with

successful specific targeting, the production of ROS at a desired target (i.e. cancer cells -

which are more sensitive to ROS) can be therapeutically advantageous, enhancing cancer

cell death [171].
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Some In vitro studies have indicated that below 100µg/mL SPIONs show low toxicity

[107, 62]. Although other groups have reported that SPIONs with different coatings are

toxic at this concentration in specific cell lines [172, 173]. In contrast, Lunov et al stud-

ies the effect of Resovist treatment on human macrophages for longer time periods and

noticed toxic responses. Within the first 24 hours no cytotoxic effects were observed,

but following the degradation of the dextran coating, ROS induction occurred leading to

delayed apoptosis and loss of viability [174]. Macrophages may be particularly susceptible

to iron overload following high levels of internalization, due to their limited differentiation

capacity. These results indicate the cell and NP specific effects of various NP preparations

and highlight the importance of thorough evaluation in different cell types and conditions.

There exists controversial information regarding the toxicity of NP’s, in part due to the

lack of specific endpoint assessments for toxicological response particularly in in vivo

studies [175, 176]. No obvious signs of toxicity were observed following a long term

SPION clearance study in mice [176]. There has also been an apparent lack of side

effects observed in the few patient trials that have been carried out. It appears that

the administration of SPIONs was well tolerated by most patients with only very mild

side effects [63, 64]. There has however been reported cases of dextran itself causing

anaphylactic shock [177]. Therefore it is not only the NPs themselves that must have

safety testing - most NP suspensions are a combination of ingredients and the dispersing

agents must also be considered. Teratogenicity in rabbits and rats has also been observed

[178]. The measure of biocompatibility in such studies often focuses on observed effects in

vivo. It is likely that different toxic effects are associated with different surface coatings,

which as indicated above can lead to quite different fates in terms of uptake and retention

by different tissues and cells. It is clear from in vitro studies that there needs to be clearly

defined criteria and end points for measuring and describing the occurrence and extent of

toxicity associated with various NP. This will allow the standardization of toxicity testing

to properly ascertain the hazards, risks and benefits of particular NPs.
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1.3 Quantifying NP uptake and localization

There is obviously a complex interplay of factors that determine the uptake, trafficking

and toxicity of different NP preparations. More investigations are required to thoroughly

understand the cellular interactions that occur during and following NP uptake in order

to facilitate safe and efficacious use in biomedical applications. It is clear that rather

than being one entity, each NP preparation with different characteristics exhibit different

interactions within cellular systems and therefore biological outcomes. These outcomes

must be completely characterized to facilitate progression of NP-based therapies to ensure

efficiency and reduce the risk of subsequent product withdrawals from the market. One

common factor in all of these necessary investigations is the requirement for reliable, fast

detection and quantification of NP internalization within different cell types. There is

therefore an increasing drive for the development of robust and implementable methods

and algorithms with resolution and throughput sufficient to facilitate these investigations.

These could then be used as part of clinical developing and testing strategy to enable NPs

to deliver their full potential as diagnostic and therapeutic agents.

A variety of methods are available for the detection and characterization of NPs. NPs

have distinct physico-chemical characteristics such as size, shape, charge, composition and

refractive index that can be manipulated to facilitate characterization and identification.

A subset of techniques revolve around the interaction of NP samples with Electromag-

netic Radiation (EMR). DLS, for example, is based on light scattering by NP in solution.

Therefore, the size and size distributions of these NPs can be determined by intensity

fluctuations that occur due to Brownian motion [179]. Spectroscopic methods are often

employed, mainly for quantitation purposes. These methods generally have very sensitive

detection limits, but are often limited in terms of the spatial resolution or localization

information. The range of NPs that these methods can be applied to is also limited.

Imaging strategies are particularly popular for studying the localization and effects of

NPs. Light (fluorescence and reflectance), X-ray and electron microscopies all offer dif-
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ferent advantages and disadvantages in terms of sample preparation time, imaging time,

cost and resolution. A simplified decision tree is depicted in Figure 1.7 to indicate where

elemental analysis may be preferred over microscopical examination and vice versa.

The method of choice will therefore greatly depend on the hypotheses in question. Figure

1.7 gives an example of the methods that may be employed under certain situations.

Reviews exist that discuss the most popular detection and imaging methods [181]. For

the purpose of this discussion, the focus will be on the detection of NP within biological

matrices, and the localization of the NP within cellular systems. A brief overview of the

main analytical techniques and label-free microscopic approaches available is provided

subsequently. The resolution of these are summarized in Table 1.2 [182, 183, 184, 185,

186, 187, 188]. These values however can vary with parameters and values given are

rough guides due to their large variability in available configurations for experimental

procedures.

Table 1.2: Summary of the resolution capabilities of different imaging tools. Different
techniques offer different capabilities in terms of resolution. These are summarized within the
table and are given as rough guides based on references [182, 183, 184, 185, 186, 187, 188], due
to the variability in instrumental set-ups these may vary slightly.
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1.3.1 Spectroscopy techniques

Spectroscopy involves the measurement of a specific wavelength of EMR emitted, scattered

or absorbed by a sample. Spectroscopy encompasses a wide range of different measure-

ments and instruments. Inductively Coupled Plasma (ICP), in combination with either

Mass Spectrometry (MS) (separation by mass) or Optical (atomic) Emission Spectroscopy

(OES separation by light emission), is one of the most utilized techniques for elemental

detection and quantification. Both OES and MS are capable of the rapid, simultane-

ous multi-elemental quantification of trace Parts Per Billion (ppb) or µg/mL amounts of

metallic, and some non-metallic, elements. ICP-MS, however, is more sensitive for ultra-

trace Parts Per Trillion (PPT) or ng/mL detection limits. ICP-MS also provides mass

and isotopic information [189]. Some cellular constituents can complicate analysis, or are

not compatible with particular instruments. For example in conventional ICP-OES and

MS you cannot introduce a solid biological sample directly into the mass spectrometer.

Therefore sample digestion is necessary, such as enzymatic digestion of a biological tissue,

and acid digestion for solid NPs prior to analysis. These types of analyses cannot distin-

guish the NPs from the elemental ionic form, a limitation that can be overcome in Single

Particle (sp)ICP-MS. The cellular matrix also contributes a complicating factor. Com-

plex matrices often have several different components within and this can lead to spectral

overlapping and spectral interferences. New techniques that can overcome this type of

problem are emerging, including Single Cell (SC)-ICP-MS which allows the introduction

of whole cells in suspension into a MS, revolutionizing the way cellular uptake is quanti-

fied. One limitation of these techniques is the loss of any sub-cellular spatial information.

Additionally, NP on the cell surface and those that are intracellular cannot be distin-

guished. To combat these problems, isolated cellular fractions can be lysed and digested

in concentrated HNO3 acid. Thus, elemental quantification can be obtained to indicate

the localization of particles within different compartments in this way [190, 191, 156].
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1.3.2 Spectroscopy imaging

Although traditionally spectrometry methods provide information regarding the concen-

tration and elemental compositions of the constituents in digested fluids, they can be

used for imaging purposes when combined with particular spatial acquisitions that usu-

ally involve the destructive removal of consecutive small sample regions. This allows the

acquisition of particular regions, building up an image map of constituents. The spatial

resolution therefore usually depends upon the size of the sampling area (such as a laser or

ion beam) [192, 193] An example of this is Laser Ablation (LA) which can be coupled with

ICP-MS providing a quantitative method of imaging or mapping the elemental distribu-

tion within tissues and tumor sections with microscale resolution at trace concentrations

[194, 193]. This can also be applied to the imaging of the distribution of NPs in single

cells [182]. Drescher et al successfully demonstrated this technique for the imaging and

quantification of the uptake of silver and gold NPs within human fibroblasts, determining

their cellular localization [182]. One disadvantage is the complex cellular matrix within

which the imaging takes place, leading to a lack of accepted reference standard and com-

plicating the identification of different constituents [182]. Other techniques include the

use of secondary ion mass spectrometry (SIMS) using MS-Imaging(I) and Laser Desorp-

tion Ionization (LDI)-MS [191, 195, 196]. Not all spectroscopy imaging techniques are

destructive however; X-Ray Fluorescence (XRF) allows acquisition of elemental maps of

individual cells. XRF, which detects the emission of secondary X-rays following bom-

bardment with high energy gamma or X-rays, has been used to quantify the distribution

of uptake of TiO2 NPs in single cells [190].

1.3.3 Raman spectroscopy imaging

Raman scattering is capable of providing highly resolved vibrational information regard-

ing a sample. Raman detects the inelastic scattering of EMR by NP; the effect of this

can be enhanced by the use of a metal surface also known as Surface Enhanced Raman
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Spectroscopy (SERS) increasing the Raman intensity. This is thought to be due to the

particular scattering interactions that certain NPs, such as gold and silver, undergo with

certain wavelengths of light. This effect is termed Localized Surface Plasmon Resonance

(SPR) [197]. SERS has therefore been used extensively to characterize preparations of

gold and silver NPs [198]. SERS has also facilitated the differentiation between different

sized NPs of the same composition, enabling the simultaneous detection of sub-cellular

structures differentially labeled by the two different AuNPs [198, 199]. Raman can also be

applied in vivo for the detection of NP contrast agents. Raman scattering using SERS of

gold NP with a silica shell has been shown particularly useful for tumor imaging in mice

liver tumor models [200]. Another, related technique termed ’Four Wave Mixing’ (FWM)

is also based around SPR of gold and silver NPs [201]. Three pulsed incident laser fields

illuminate a sample to generate a new signal field that is detected [202]. This technique

can be sensitive to electronic transitions and vibrational properties of the sample. This

renders FWM a versatile technique with a variety of applications, particularly in NP and

NM studies, especially when combined with spatial sampling and imaging [202]. FWM

has also recently been optimized to provide superresolution information, with a spatial

resolution of 130 nm [203]. CARS is a subset of FWM techniques, where the difference

in frequency of two illuminating lasers matches a Raman transition in the metal, increas-

ing the FWM mixing signal [202]. This CARS technique has been shown useful for the

3D imaging of large intracellular iron oxide microparticles (1 µm) with both on and off

resonant CARS imaging, confirmed using bright-field [204].

1.3.4 Magnetic resonance and electron paramagnetic resonance

As previously mentioned, some NPs, such as SPIONs, have particular super-paramagnetic

properties that give rise to signal using resonance based techniques such as MRI. As pre-

viously described in Section 1.1.4, this is the basis for their use as in vivo MRI contrast

agents for use in diagnostics. MRI and related techniques can also be used for the in vitro

detection of NP in solution or single cells. Magnetic Particle Imaging (MPI), first intro-
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duced by Gleich and Weizenecker in 2005, is rapidly gaining significant interest [205, 206].

Although it has similar concepts to MRI and NMR it has a distinct physical signal gen-

eration process. A sensitive focal point is created by two magnetic fields, called the Field

Free Point (FFP), and only SPIONs at this location will induce a response signal [205].

As with MRI, no depth attenuation occurs, and no background signal is observed, This

renders MPI a powerful, high contrast method for monitoring of cells and NPs localized

within cells, such as stem cells, in vivo and in vitro [205].

Electron Paramagnetic Resonance (EPR) is an emerging technique that selectively and

directly measures the magnetization of SPIONs allowing absolute quantification. It is

a spectroscopy method based, again, on similar principles to those of MRI and Nuclear

Magnetic Resonance (NMR). EPR involves the application of a radio-frequency (RF) at

the resonant frequency, and the retrieved signal indicates the amount of SPIONs present

in the sample. However in EPR it is the electron spin, rather than the proton spin that are

excited. This provides a much greater sensitivity due to the high gyromagnetic ratio (γ),

which is the ratio of the magnetic moment to the angular momentum [207]. This technique

can be used to quantify NPs, such as SPIONs in vitro and ex vivo [207, 208]. Danhier

et al compared EPR to fluorescence for the detection of SPIONs following uptake into

different cell lines [207]. EPR was shown to be able to discriminate between endogenous

and exogenous iron offering advantages for the detection and quantification of SPIONs

over fluorescence and ICP-OES. EPR could therefore be a useful technique following MRI

scanning to confirm the hypo-intensity is observed due to NPs and not endogenous iron,

thus reducing the false positive rate in clinical applications [209, 207].

1.3.5 Microscopy

Microscopy remains one of the most utilized techniques for NP imaging, particularly for

in vitro investigations. This is due to the resolution achievable and the ability to directly

visualize signal in context with other cellular components when coupled with labeling or
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staining. Although other microscopy methods are available, including XRD and Atomic

Force (AFM), this intro will focus particularly on Light Microscopy LM and EM as these

are the approaches utilized extensively within subsequent chapters.

1.3.6 Electron microscopy

Transmission-EM (TEM) remains the current gold standard for NP imaging. Electro-

dense NPs, such as gold, have often been used to increase contrast within TEM micro-

graphs, such as in immunogold labeling of proteins of interest [210, 211]. TEM provides

ultrahigh resolution capable of distinguishing individual mono-disperse intracellular NPs

with a resolution of 2-4 nm depending on the core material. Therefore TEM provides

a means of quantifying NP number inside cells and this has been applied to multiple

NP types including SPIONs, silica, zinc and gold [212, 213, 214, 215, 216]. When used in

conjunction with counter staining, such as lead citrate and uranyl acetate, the localization

of NPs to sub-cellular compartments can be determined. Despite the advantages that

TEM offers, conventional sample preparation is extensive. This leads to the alteration of

cellular structure and morphology during the dehydration and resin embedding processes,

restricting investigations to fixed samples [217]. TEM is therefore limited in it’s capacity

to provide the high throughput studies necessary for the investigation of NP cellular

interactions, and data interpretation can be complicated due to poor contrast arising

from soft materials [218].

1.3.7 Light microscopy

Transmission LM employs a white light source that illuminates through a sample, pro-

jecting an image based upon inherent contrast that is determined by differing Refractive

Indices (RI). Fluorescence imaging involves the excitation of fluorophores, often attached

to a particular sub-cellular protein, lipid or structure of interest, with specific wavelengths

of light and the collection of the subsequent emitted light. Fluorescent NP labeling and
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subsequent imaging can be used for investigation of NP internalization and sub-cellular

location of intracellular NPs. This method requires little sample preparation; however

the use of fluorescent tags has known limitations, including low sensitivity, difficult bio-

conjugation, low quantum efficiency and photo-bleaching effects, in addition to potential

alteration of NP surface chemistry if the label is surface-attached, a factor known to influ-

ence biological activity [219, 220, 221, 222, 223]. Fluorescent tags can also dissociate from

the NP following uptake, complicating the experimental analysis and results [224]. An

alternative technique that can be used in conjunction with fluorescent imaging is reflected

light imaging, in which metallic NPs give rise to significant contrast [225].

1.3.8 Reflected light imaging

Reflectance imaging, like transmission microscopy, exploits the inherent RIs within sam-

ples, providing label free contrast. There are a large number of interfaces with differing RIs

in biological samples. Therefore the scattering of light is inevitable, generating contrast

within reflectance images. The tissue or cellular structure and spatial distribution of RIs

is linked, and RI is known to depend on the local macromolecule density. Therefore, imag-

ing the light scattered provides a tool for interrogation of the cell or tissue architecture.

NPs act as light reflective probes, akin to fluorescent labeling, enhancing the scattering

of light and introducing strong contrast at their location within samples [226]. The use of

reflectance imaging therefore obviates the need for NP fluorescent labeling, and provides

an alternative platform for visualizing NPs [225]. Reflective features are not affected by

photo-bleaching and therefore remain constant throughout imaging, unlike fluorescence

signal which degrades over time. Detecting the reflected signal offers advantages over

the detection of transmitted light. Transmitted light microscopy involves the collection

of light passing through a sample, leading to a large amount of signal detection. The

detection of slight alterations in the transmitted light signal arising from small features

in the sample can therefore be obscured. Collection of only reflected light increases the

detection of small changes in light scatter [227].
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The reflected signal can be generated and detected in a variety of modalities, including

standard epi- illumination, or using contrast enhancement measures such as a confocal

pinhole configuration, oblique angle illumination or interferometry [228, 229, 230, 231,

225]. Other methods focus on selective illumination of a thin region close to the coverslip

in order to provide high contrast information regarding interactions at the membrane,

or use structured illumination to double the spatial resolution [232, 233]. Reflectance

Confocal Laser Scanning Microscopy (CLSM) has proven indispensable in in vivo and ex

vivo diagnostics, and may eventually facilitate eradication of some invasive surgical biopsy

procedures, enabling earlier, more accurate diagnosis and staging of disease progression;

however this will not be discussed in detail for the purpose of this thesis [234, 235, 236,

237].

1.3.9 Interference reflectance microscopy

Reflectance imaging was first applied to the interrogation of cellular structures closely

opposed to a glass surface, and was termed Interference reflectance microscopy (IRM)

[230, 238]. In IRM the interference between light reflected from different interfaces is

imaged. The intensity within the IRM image increases with separation distances between

the cell and the coverslip up to a depth of 100 nm (Figure 1.8). This allows quantita-

tion of the separation distance of cell contacts and the coverslip directly from the pixel

intensities [239]. Therefore, IRM can identify areas of attachment sites such as focal ad-

hesions, which will appear dark in the IRM image due to close contact with the coverslip

[239]. Curtis first applied this to imaging the contacts between chick heart fibroblasts

and a glass substrate. IRM has since been applied extensively to imaging of the contacts

between cells and a substrate [238, 230, 240, 241].

These investigations have provided information relevant to the understanding of many

different cellular processes including the maintenance of the cell cytoskeleton, cell motility
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Figure 1.8: Schematic of the sample illumination and collection of reflected light
using IRM. Depiction of the reflected rays generated from incident light hitting a biological
sample. R1 is generated at the glass medium interface. R2 is generated at the medium-cell
interface. The length of d (path distance) dictates the phase in which the light hits the detec-
tor, thus influencing the intensity of the image due to constructive (d = 100 nm or more) or
destructive(d approaching 0) interference. Regions in close contact of the coverslip therefore
appear dark and intensity increases with distance from the coverslip.

(which is important in wound repair, immune response, tumor formation and metastasis)

and multicellular structure and function in organs such as the liver and the vascular

network. Different methods have been employed to try and reduce the stray reflections

that arise due to other cellular constituents in IRM, including the use of an anti-flex

immersion objective that circularly polarizes light and as well as an annular to block

90% of the illumination light creating an oblique incident angle [242]. These methods

allow selective collection of light reflected from the sample reducing stray reflections.

Alternatively, some recently developed IRM techniques specifically rely on the collection

of all the available light including background scatter. An optimized interferometric

microscope setup, called iSCAT, utilizes this configuration to facilitate single molecule

detection and tracking of nanoscopic lipid domains [243, 244].

1.3.10 Dark-field microscopy

Dark-field (DF) microscopy utilizes wide-field oblique angle illumination to enhance re-

flectance image contrast by selectively capturing only the light scattered by the specimen.

Oblique angle illumination is achieved using a specialized condenser which contains a light
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block comprised of an annulus with a narrow aperture [245]. If a sample is present a por-

tion of the illumination the light will be scattered back into the objective. This introduces

contrast against a dark background leading to the characteristically high Signal to Noise

(SNR) DF image with reduced potential for artifact. However, sample preparation must

be rigorous as dust on the coverslip can lead to unwanted reflections. High intensity illu-

mination light is often necessary due to the low intensity signal, which may cause sample

damage. DF is mainly used for the interrogation of semi-opaque samples that are unable

to be imaged via transmitted light microscopy. DF is also well-suited for the visualization

of reflective NPs, and has been combined with CLSM (DF-CLSM) for the detection and

characterization of NP uptake in cultured cells [231]. NPs serve as light reflective probes

and AuNP labeling (so-called immuno- labeling) of NPs targeted towards the HER2 re-

ceptor showed sufficient NP accumulation within target cells to facilitate thermal therapy

[236]. DF can be coupled with a specialized condenser that improves the SNR up to 7-fold

compared to conventional DF. This enhanced DF has been applied in numerous investi-

gations, including the identification and localization of metal oxide NPs within different

anatomical regions of rat organs following inhalation studies [246].

1.3.11 Confocal microscopy

Confocal microscopy utilizes a conjugate pinhole system to block out of focus light al-

lowing collection of light from a plane of interest. This allows contrast and resolution

enhancement (compared to epi-illumination) in biological imaging of cells or sub-cellular

structures. Conventional Fluorescence Confocal Microscopy (FCM) can provide a maxi-

mum X-Y resolution of 250 nm; Reflectance Confocal Microscopy (RCM) is reported as

higher at 200 nm [247]. Due to the removal of out-of-plane signal by the pinhole system,

confocal microscopy allows optical sectioning through a sample which is advantageous for

3D imaging. Operating in confocal reflectance mode, rather than fluorescence, requires

only the addition of a transmission / reflectance dichroic to facilitate collection of reflected

incident light. This makes RCM an accessible technique that can provide information re-
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garding a sample either alone or in combination with fluorescent imaging. No additional

labeling is necessary providing sufficient contrast is generated from the endogenous RI

mismatches within biological samples. For example, the lipid droplets in the developing

drosophila primordia provide a good example of inherent contrast with RCM [248].

NPs, such as those made of metals or metal oxides, can be used to label cells or sub-

cellular components such as specific proteins or biomarkers of interest from a variety of

tissues for imaging with RCM [225]. Alternatively, the NPs can be the subject of inves-

tigation. RCM can be employed in conjunction with other labeling methods to provide

insight into the cellular entry, trafficking, fate and toxicity of these NP [249, 5, 250]. It

is important to note, most studies conducted on NP trafficking utilize only fluorescent

labeling, rather than fluorescent label free RCM. Quantifications can be obtained from

the resultant images. RCM can also be used in conjunction with other techniques to

provide absolute quantitative information at a single cell level, including with spectro-

scopic methods such as ICP-MS [251]. RCM was used in conjunction with ICP-MS to

quantify the uptake of gold NP within the endo-lysosomal system and an apparent linear

relationship between reflectance intensity and particle size was established [251]. Deter-

mining the exact relationship between reflectance data and elemental NP quantification is

essential for the translation of in vitro experiments into efficacy within a clinical setting.

The short and long term toxicity of NPs to complex organisms that may be exposed as

a result of increased NP use and release is largely unknown. RCM is ideal for assess-

ing such toxicity associated with this NP exposure in whole organisms, such as the model

aquatic organism Daphnia Magna, as it is non-destructive and capable of 3D imaging [16].

Two-photon fluorescence, using Near-Infrared (NIR), offers superior tissue penetration,

lower photo-toxicity and suppressed background when compared to confocal imaging, and

therefore is often employed for in vivo studies [252]. Collection of the backscattered laser

light from in vivo investigations allows visualization of haemodynamic events and pro-
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vides structural information to contextualize fluorescent signal [252, 253]. This emerging

combination of two-photon and RCM imaging can be employed to visualize blood flow

and anatomical tissue structure in regions such as the brain cortex [253]. Axonal myelin

gives rise to contrast in the reflectance image, providing a means of monitoring axonal

de-myelination, a critical event in a host of neurodegenerative pathologies [252]. A novel

methodology, termed in vivo microcartography, also employs this combination method to

visualize the architecture and haemodynamics of in vivo tumor angiogenesis [254].

Figure 1.9: The resolving capability of diffraction limited imaging. The Point Spread
Function (PSF, airy disk) represents the intensity distribution of sub-diffraction emitting sources
(left). We can resolve a pair of sources (middle) if the central peak of the diffraction pattern is
no closer than the airy disk; this is known as the Rayleigh criterion. If two point sources are
closer than the Rayleigh Criterion together their airy disks (center of the airy pattern to the
first minimum) will overlap (right) and will not be resolved.

Despite the advantages RCM methodologies provide, the resolution is fundamentally con-

strained due to the finite wavelength of the incident light [255, 256]. Therefore NPs and

NP clusters appear as blurred spots, this effect is depicted in Figure 1.9 [250]. Diffraction

prevents the resolution of two objects if their separation distance is less than the Full

Width at Half Maximum (FWHM). FWHM is therefore often quoted as the resolution
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limit. Light microscopes, such as RCM, can resolve objects laterally that are separated

by roughly 250 nm, and axially by approximately 600 nm. This, however, relies on per-

fect experimental conditions and the concept of an infinitely small pinhole. Therefore

these resolutions will not be achieved in practice, particularly in fluorescence microscopy

where light intensity is a limiting factor [247]. Therefore structures separated by less than

the resolution limit of the system will not be resolved. To overcome this limitation, novel

superresolution methods are necessary for accurate NP studies under label free conditions.

1.3.12 Structured illumination microscopy

All the aforementioned reflectance techniques, despite having distinct advantages for cer-

tain applications, lack the superresolution afforded by some fluorescence techniques. Su-

perresolution methods break the diffraction limit and bridge the gap between light and

electron microscopies [257, 258, 259]. One method, first proposed by Neil et al called

Structured Illumination Microscopy (SIM) falls into the category of ’Optical Transfer

Function’ (OTF) modulation methods [258, 257]. SIM was first developed collaboratively

between the labs of John Sedat (University of California, San Francisco) and the late

Mats Gustafsson (formerly of HHMI Janelia Research Campus) [257]. In SIM, a physical

grid is used to structure the illumination light to effectively increase the resolution limit

imposed by diffraction [258]. In an entire SIM acquisition, the grid projects illumination

structures onto the sample in several different orientations. The spatial emission pattern

of the sample at the grid positions can interfere with the excitation light, producing Moiré

fringes. A Moir pattern, depicted in Figure 1.10, is a secondary, visually evident superim-

position pattern created when two identical patterns are overlaid while displaced/rotated

(i.e. phase shifted).

When the grid structures are applied in several directions, high frequency variations in the

light emitted / reflected from a sample occur as a function of grid position and time. As

the grid pattern is known, the resulting Moir interference pattern contains otherwise non-
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Figure 1.10: Example of moiré fringes. Depiction of Moiré fringes that result from the
interference of two patterns (in SIM this is the structure in the sample and the grid).

resolvable sub-diffraction structural information about the sample. In a single acquisition

typically 3 different grid orientations and 3 to 5 different positions together generate the

final SIM image. Image reconstruction takes place in reciprocal space to separate sharp

image signals and generate the Fourier transform (FT) the inverse of which is the super-

resolution image. The theory of SIM reconstructions is described in detail in references

[258, 257]. If there is a large amount of unfocused light, the reconstruction may be un-

successful. The Fast Fourier Transform (FFT) of the image can give an indication of a

successful reconstruction. SIM can increase resolution two-fold, enabling the identification

of previously unresolvable cellular structures such as individual nuclear pore complexes

[260, 261]. SIM is generally only associated with superresolution fluorescence imaging.

There are a limited number of examples of superresolution reflectance methodologies, all

involving the use of structured illumination. Chang et al used a custom built SIM mi-

croscope to image the light scattered by gold AuNPs using 3D-SIM, to obtain optical

sections with nearly double the lateral and axial resolution achieved with conventional

reflectance techniques [233]. Similar imaging methods using two frame acquisitions with

just two grid positions have been used successfully with reflectance mode to increase the

depth resolution when deep tissue imaging [262].
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1.3.13 Summary of reflectance methods

Other modalities exist that use reflected light, including Total Internal Reflectance Mi-

croscopy (TIRM) and Optical Coherence Tomography (OCT). These will not be discussed

in detail in this thesis, but are reviewed [263]. A summary table of the major reflected

light methods is presented (Table 1.3). Each reflectance technique offers different ad-

vantages and disadvantages, in terms of resolution and imaging capabilities for different

types of investigations within a host of different biomedical applications. Therefore, for

different types of biological investigations, different modalities would be more appropri-

ate. Collectively reflectance offers a wide range of experimental opportunities to probe a

variety of different sample types in a label free manner.

Table 1.3: Summary of the capabilities of the most commonly used reflected light
methods. Different techniques offer different capabilities in terms of resolution, penetration
depth, and sample type. These are summarized within the table.

1.3.14 Correlative microscopy

Recently there has been a drive for the development of sequential methodologies that allow

the acquisition of multiple data types (quantification, high resolution, live images) from a
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single sample. Reducing the error introduced by variable cell culture experiments and de-

creasing the number of samples required to obtain various information. Correlative Light

Electron Microscopy (CLEM) can encompass a wide range of experimental techniques.

CLEM can include microscopical investigations that are either acquired sequentially on

separate instruments, or as completely integrated solutions [264, 265, 266]. CLEM often

involves FLM to capture the occurrence of a rare event, followed by ultra-structural in-

vestigation at high resolution with TEM. CLEM has been successfully applied in multiple

fields of cell biology. This includes the ultra-structural characterization of Golgi carriers,

the discovery of the invadopodia organelle in metastatic cells, and characterization of en-

dothelial cells involved in angiogenesis sprouting [?, ?, 267]. CLEM has also been used

to investigate gold and iron nanoparticle internalization within cells [224, 268, 214]. Böse

et al imaged the uptake of gold NPs with a fluorescent coating using FCM, followed by

imaging of the gold core with SEM and TEM. This enabled them to determine that some

of the fluorescent tags were detaching from the NP following and during uptake, indicat-

ing a clear limitation of the technique for fluorescent NP imaging [224]. Difficulties arise

in CLEM protocols; they are often complex, time consuming and technically demand-

ing. A single CLEM experiment involves the treatment of a biological specimen, imaging

by light microscopy, lengthy EM preparation, EM imaging and image realignment. EM

preparation often leads to changes in cell morphology, and alteration of cell orientation,

increasing the complexity of cell relocation and co-alignment [269]. Various techniques

have been developed to increase accessibility and ease of performance in CLEM inves-

tigations. This includes integrated systems released to perform all imaging steps, and

software that bridge the two modalities including Corr Sight, MAPS and iCorr, are now

emerging. The integrated techniques are used to provide a faster and more accurate ap-

proach to CLEM, however these are often costly and are mostly applicable only to SEM

and/or employ low magnification/Numerical Aperture light microscopes without optical

sectioning or super-resolution capabilities. New computational measures could facilitate

higher throughput methodologies, more accurate cell relocation methods, in addition to
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increasing the accuracy of image alignment. This would be beneficial to assist the complex

CLEM work-flows and would reduce the cost associated with buying integrated platforms

[270].

1.3.15 Summary of detection methods

There are numerous detection methods each with their own advantages and caveats for

specific applications and investigations. Spectroscopic methods offer absolute quantifica-

tion for sample elemental compositions, but often at the expense of spatial resolution.

When spatial resolution is required, it typically involves destruction of the sample to

attain sub-cellular resolution, normally not approaching the resolution achievable with

microscopic methods. Microscopy, particularly TEM, provides high resolution informa-

tion, but again is limited to destructive, lengthy sample preparation and imaging of fixed

cells. Reflectance imaging, such as RCM, provides resolution sufficient to distinguish dif-

ferent cellular compartments and NP clusters, and facilitates semi-quantitative analysis.

Despite the advantages offered by RCM, such as fast acquisition of large sample areas

with optical sectioning capabilities, the resolution is not as high as superresolution tech-

niques, and there is a distinct lack of information regarding the optimization of RCM for

NP investigations. Superresolution is a necessity for accurate internalization and colo-

calization studies to determine the precise uptake, localization and trafficking routes of

NPs. Often combinations of techniques, such as in CLEM methodologies, can offer the

maximum information regarding a sample.

A drawback of microscopy compared to analytical methods is the lack of absolute quanti-

tation. In microscopy, often the quantification of a specific signal of interest from images

involves the manual delineation of a region followed by the measuring of mean inten-

sity of a signal. This methodology has associated problems, particularly for reflectance

microscopy. When utilizing reflectance microscopy to detect small optically reflective

objects, a high level of unwanted, non-uniform background signal can occur. This is es-
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pecially problematic within highly scattering environments such as within a cell; optical

elements within the microscope can also generate reflectance patterns [227, 271]. Opti-

mization of the imaging procedure is therefore necessary but this is not well documented

in the literature. This background also leads to associated problems when attempting to

quantify relative signal intensities, which compared to noise components, is a relatively

small portion of the total signal [227]. This is documented in Results Chapter 4. The

mean signal across an entire cell is therefore skewed by the contribution from the cellular

background. Manual processing is time consuming, user dependent, and contains inherent

natural bias. In reality, to make accurate (relative) quantitative conclusions about signal

the analysis must first be optimized both during the acquisition and in the processing

stages to allow a non-biased, user independent and automated analysis to facilitate more

accurate, reproducible quantifications to allow high throughput investigations. This will

be introduced and discussed more in Chapter 4, however a brief introduction of image

analysis is discussed below.

1.3.15.1 Introduction of image analysis

Often the quantification of a specific signal of interest from microscopy images involves

the manual delineation of a region followed by the measuring of mean intensity of a signal.

This mean signal is skewed by the high level of background present in the image, there-

fore even when using a manual method, some form of pre-processing is necessary. This

process also tends to be time consuming, user dependant, and contains inherent natural

bias. In reality, to make accurate relative quantitative conclusions about a specific signal,

the work-flows must first be optimized during the acquisition and processing stages. This

allows non-biased, user independent, automated analysis to facilitate more accurate, re-

producible quantifications in high throughput investigations.

An image is made up of an array of pixel values corresponding to different regions. Mi-

croscopy images are inherently noisy, therefore, the associated pixel values can loosely be
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Figure 1.11: Example of the manual analysis of reflectance intensity The CTO cyto-
plasmic stain can be segmented manual by drawing around the plasma membrane, this can then
be overlaid onto the NP channel to obtain intensity measurements.

split into different types of signal. The signal of interest (normally high intensity, low

frequency signal), unavoidable background signal (mid to low intensity signal correspond-

ing to cellular reflectance) and noise (low intensity, high frequency signal: predominantly

shot noise in confocal microscopy images). Sheppard et al have summarized the main

types of noise in confocal microscopes [227]. Image filtering can be used to remove the

effects of noise prior to segmentation where necessary. Noise removal is often used in

fluorescent image analysis. This is partly due to the low laser powers used and short

acquisition times in an attempt to reduce photobleaching. Morphological filters can be

used prior to segmenting cellular regions. Image convolution, or filtering, is a popular

method for removing noise effects within fluorescent images. There are a large variety of

filters available and often a simple Gaussian filter or mean / median filter on a fluorescent

cell stain is sufficient to smooth the noise components allowing subsequent segmentation

of cells due to the high intensity signal offered by the CTO stain (Figure 4.17A). That

being said, noise from photons can be modeled by a Poisson distribution, whereas noise

from the equipment can be modeled by a Gaussian distribution. For this reason there are
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a number of sophisticated noise reduction algorithms that accommodate for both types

of noise [272].

One of the most important processing stage involves the successful detection and segmen-

tation of objects of interest from the background, which can be thought of as assigning

or grouping the pixels based on specific characteristics (more often than not, the pixel

intensity). Efficient segmentation ultimately determines the eventual success of any au-

tomated analysis procedure. As such there are a number of available options depending

upon the intended purpose and image type. Comparisons of the main methods used for

detection in fluorescence images are available [273, 274]. Although many routines exist

for fluorescent images, reflectant image analysis protocols are not so readily available.

The development of analysis procedures is therefore discussed further in later Chapters

(Chapter 4 and 6).

1.4 Thesis Structure

Following the discussion of the relevant literature regarding man-made NPs, in terms of

their impact, uses and detection, a brief outline of the remainder of the thesis is presented.

The main aims of this thesis are to: 1) Develop existing and new label free methods to

visualize NPs using inherent properties, rather than using modifying labels, such as fluo-

rescent tags; 2) Develop computational tools to increase the throughput of investigations

using these methodologies including computational image processing and analysis and 3)

Apply these techniques in combination with existing tools, such as fluorescence labeling,

to investigate the cellular uptake and processing of NPs, particularly the clinically rele-

vant, SPIONs.

Chapter 2: Materials and methods section

A complete list of all reagents and description of the experimental protocols used within
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this thesis.

Chapter 3: Nanoparticle characterizations

NP characterization is an often overlooked but important predecessor to investigation of

the cellular effects of NPs. Therefore this chapter aims to characterize different properties

of the NP, including the core size, dispersity, hydrodynamic diameter and surface charge,

with and without the presence of serum proteins. This chapter also aimed to characterize

the proteins that bind to the NP surface.

Chapter 4: Development of label free microscopy methods and analysis rou-

tines for the detection and quantification of intracellular NPs

Most imaging methodologies rely on the use of additional fluorescent probes tagged to

NP surfaces for visualization inside cells. This chapter aims to optimize existing label-

free imaging methodologies (RCM) and develop new label-free imaging tools (R-SIM and

CREM) to increase the information attainable from cell samples labeled with NPs. Use

of the same sample for each technique can minimize the effects of inconsistencies in sam-

ple preparation. Reflectance image analysis work-flows have also been developed and

validated within this chapter, that aid the consistency, reliability and throughput while

decreasing the effect of human bias during result generation. Comparisons between the

techniques applied will also be enabled by the investigation of computational cell realign-

ment strategies.

Chapter 5: Determining the cellular uptake of SPIONs

Cellular uptake of clinically relevant SPIONs by non-macrophage cell lines is not well

established. Studies previously done have generally relied on labeling methodologies that

alter the surface properties of NPs. We will apply label-free methods, along with analysis

work-flows, to determine the extent of cellular SPION accumulation in a variety of cancer

cell models. SiRNA inhibition studies, in combination with pharmacological inhibitors,
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will be used to indicate pathways that are instrumental in the accumulation of SPIONs

within specific tumor cell models. Extension of these methods into 3D multicellular stud-

ies is a key step in the assessment of the potential for NP-therapies in subsequent animal

and clinical trials. Therefore we aim to demonstrate the use of RCM for investigating NP

uptake in multicellular spheroid assays, to provide a starting point for further develop-

ment and continuation of cellular assays in a 3D environment.

Chapter 6: What happens next?

Following uptake there are classical models of the cellular processing of NP. These intracel-

lular trafficking and degradative pathways can be visualized using correlative fluorescence

and reflectance imaging of labeled compartments and NP respectively. Using this method-

ology, the trafficking and fate of NP was determined in HeLa cancer cells. Subsequently

the degradation of NP in a solution that mimics that of the respective intra-endosomal /

lysosomal fluid was partially determined, in preliminary experiments that indicate subse-

quent areas for experimental optimization.

Chapter 7: Final conclusions and future work

This section summarizes the key findings within the thesis, contextualizing this within the

field of nanoresearch and nanomedicine. This includes a discussion of future directions

that arise as a result of the work done within this thesis.
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CHAPTER 2

MATERIALS AND METHODS

Routinely used experimental methods are detailed here. Other methods are included in

Appendices, including bacterial transformation, western blotting protocol in detail with

buffers and solutions and in depth correlative workflow summary and analysis MATLAB

routine.

2.1 Nanoparticle characterization

2.1.1 Nanoparticle Suspensions

Sienna+ SPIONs (Endomagnetics, Sysmex UK) and cerium dioxide (synthesized and char-

acterized as previously described [275]) were employed within this thesis. Nominal sizes of

the NPs were 60 nm and 70 nm (core and coatings), respectively. NP stock solutions were

sonicated (XUB18; Grant Instruments, Shepreth, UK) for 15 minutes prior to use and dis-

persed in SCM at the specified concentrations in the relevant experiment. Particles were

vortexed and applied to cells immediately upon preparation. The main physicochemical

characteristics are summarized in Table 2.1.
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Table 2.1: Summary of the physical properties of Sienna+ SPIONs and cerium
dioxide. The measured size (TEM and DLS), manufacturer (nominal) given size
and the zeta potential of the Sienna+ SPIONs and cerium dioxide NPs are given
in the table.

2.1.2 Dynamic light scattering

Average sienna+ SPION size (hydrodynamic diameter) measurements were performed us-

ing a Zetasizer Nano ZS ZEN 3600 (Malvern Instruments Ltd, Malvern United Kingdom).

SPION stock solutions of 28 mg/mL (Sienna+ Endomagnetics, Sysmex, UK) were pre-

pared as previously in Section 2.1.1, diluted in Serum Containing Media (SCM) (10%

Fetal Bovine Serum (FBS) 1% Penicillin (P) and Streptomycin (S)), SCM is also known

as complete SCM, or Phosphate Buffered Saline (PBS). SPIONs were diluted to the

required concentrations in PBS or culture media that replicate those used for cellular ex-

periments that aligned with the large EU-FP7 NanoMile project (280 µg/mL, 112 µg/mL,

56 µg/mL). Solutions were vortexed, and 800 µL of solution was pipetted into a dispos-

able DLS glass cuvette. Diameter was measured using an Standard Operating Procedure

(SOP) for iron oxide: Refractive Index (RI) 2.42, absorption 0.5, 37 ◦C and water stated

as a dispersant. Measurements were taken a minimum of three times.

2.1.3 Zeta potential

Surface charge measurements were acquired with a Zetasizer Nano ZS ZEN 3600 (Malvern

Instruments Ltd, Malvern, U.K.). SPION solutions (Sienna+, Endomagnetics, Sysmex,

UK), were prepared as previously in Section 2.1.1 at the required concentrations (280

µg/mL, 112 µg/mL, 56 µg/mL) diluted in SCM (10% FBS 1%P/S) or PBS prior to mea-

surements. The prepared solution (1 mL) was injected into a disposable folded capillary
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cell and the zeta potential was measured using an SOP for iron oxide; RI 2.42; Absorption

0.5; 37 ◦C with water stated as the dispersant. Cells were first run with a zeta potential

transfer standard at -42 mV +/- 4.2 mV in aqueous buffer (pH 9) prior to first use for

quality control. Measurements were taken a minimum of 3 times.

2.2 Dissolution studies

Test tube dissolution studies were performed for up to 144 hours in dH2O and Artificial

Lysosomal Fluid (ALF). The full composition of ALF is listed in Appendices B.1.2. At

time 0, solutions (200 mL) containing different concentrations of SPIONS (70 - 7000 ppb)

SPIONs were aliquotted into glass bottles and incubated at 37◦C. At each time point,

T=0, 1 hr, 6 hrs, 24 hrs, 48 hrs, 72 hrs, 96 hrs, 120 hrs and 144 hrs different measurements

of the properties were acquired. The DLS and Zeta potential were taken as previously

described in Section 2.1.2 and 2.1.3 and the pH of solution noted. An additional 10

mL was retained and subject to sample preparation for subsequent ICP-OES elemental

analysis as detailed below.

2.2.1 Inductively coupled plasma - optical emission spectrome-
try

Samples were prepared at each time point (from 24 hrs) during dissolution studies for

subsequent elemental analysis with ICP-OES to detect the level of Fe ions present within

the sample. At each time point 10 mL of solution was transferred into 3kda Millipore

centrifuge tubes (Satorious, UK) and subjected to centrifugal ultrafiltration at 5000 g

for 50 minutes. These samples were then acid digested by the addition of (HNO3 to a

concentration of 0.2 %) (5 mL) as detailed below, and stored at 4◦C for analysis.

Upon completion of the dissolution study, the samples were analysed with ICP-OES in

bulk. Prior to analysis, in order to construct a calibration curve, iron standard solutions
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were prepared using a serial dilution of 1000 ppm in 2% nitric acid. The final concentra-

tions used were as follows: 1000 ppb, 500 ppb, 100 ppb, 50 ppb, 25 ppb and 12.5 ppb.

Samples were analysed using a Perkin Elmer ICP-OES Optima 8000 platform. Prior to

acquisition, the instrument torch was aligned (radially and axially) using the Mn wave-

length. Four wavelengths for iron detection (238.204 nm, 239.562 nm, 259.939 nm and

302.107 nm) were assessed for peak intensity. The wavelength with the highest peak

intensity, and therefore sensitivity, Fe 259.939 nm, was selected for sample analyses. A

delay time of 60 seconds was implemented before each sample infusion and samples were

analysed in triplicate; read outs were given as a mean of the three triplicates. Initially

the calibration standards were analysed followed by a blank prior to samples. A flow rate

of 1 mL/min was implemented with flush time of 10 seconds. In between samples a 30

second wash of 2% nitric acid was applied to eliminate any carry over.

2.3 Cell culture and maintenance

All cell culture techniques were performed under a sterile tissue culture hood (Gelaire

BSB 4a laminar flow hood; Gelaire Pty Ltd, Australia or SterilGard, The Baker Company,

Sanford, Maine). Cancer cell lines were cultured at 37� in a humidified CO2 incubator

(MCO-17AIC; SANYO, Osaka, Japan (UK) or Nuaire NU-5100 E/G Air Jacketed Auto-

matic CO2 Incubator; Minnesota (USA)) at 5% CO2. All solutions and equipment were

bought sterile or sterilized by autoclave when required.

A549 alveolar cells, HeLa carcinoma cells (PHE), MDA-MB231 breast cancer cells (Pur-

chased from Public Health England Culture Collections (PHECC), London UK) and

THP-1 leukemia cells (Health Protection Agency Culture Collections (HPACC),UK) were

cultured at 37� in 5% (v/v) CO2 atmosphere in T75 culture flasks (Invitrogen, UK) con-

taining Dulbeccos Modified Eagles Medium (DMEM, Lonza) or Roswell Park Memorial

Institute (RPMI) 1640 media (Lonza) supplemented with 10% Fetal Bovine Serum (FBS)
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(v/v) (BioSera Ltd., Boussens, France) (FBS) and 1% P/S (100 µg/mL, Invitrogen, UK).

Adherent cells were grown to confluence and passaged using a standard trypsin-EDTA

(0.25%:0.2%) protocol (Invitrogen, UK). Briefly, the trypsin-EDTA protocol consists of

removal of the cell culture media by aspiration, washing of the cell monolayer with PBS,

removal of PBS and the addition of 1-2 mL trypsin into the container. The culture is then

incubated for 2-5 mins at 37� in 5% (v/v) CO2 until cells are rounded and in suspension.

The trypsin reaction was halted by the addition of fresh media and cells were diluted as

necessary for experiments and maintenance - generally a 1:5 split ratio. Suspension cells

were maintained at 2x105 cells/mL and passaged by media splitting.

2.4 THP1 differentiation

Cells, 4 x 104 were plated per well of a 24-well glass bottom MatTek plate (MatTek

Corp, Maryland, USA) or 24 well plastic dishes containing 13 mm coverslips in complete

RPMI containing 200 nM phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, UK)

for 72 hours. Following PMA treatment, differentiation of THP-1 cells was enhanced by

replacement of PMA containing media with normal SCM without PMA; this is known as

the PMA rest phase (PMAr); and incubated for a further 48 hours in this PMAr phase

[276].

2.5 Transfection

2.5.1 DNA transfection

For cDNA transfection, 1x105 cells were plated in each well of a glass bottom 24-well

MatTek plate (MatTek), or 24 well plastic bottom dishes containing 13 mm coverslips, 24

hours prior to transfection to give approximately 70-80% confluence. Per well, one tube

containing 0.5 µg cDNA with 50 µL of Opti-MEM media (Thermofisher, UK) solution and
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a second tube containing 1.5 µL lipofectamine 2000 (LF2000; Invitrogen) with 50 µL Opti-

MEM media were prepared. Following a 5 minute Room Temperature (RT) incubation,

the tubes were combined and incubated for a further 15 minutes at RT. The mixture

was then added drop-wise to the cells. Cells were then incubated for 3 hours before the

media was replaced with fresh SCM. A second round of transfection was carried out 24

hours post initial transfection to increase transfection efficiency. Assays were performed

48 hours post initial transfection.

2.5.2 SiRNA transfection

Prior to siRNA inhibition studies, a test transfection and inhibition experiment was per-

formed using Lipofectamine 2000, lipofectamine RNAiMAX and Dharmafect to determine

which reagent offered superior knockdown ability (Appendix Figure B.20). RNAiMAX

showed highest transfection efficiency and was therefore used in subsequent experiments.

For siRNA transfection 2 x 105 cells were plated per well of a 6-well plate 24 hours prior

to transfection. Culture media was replaced with Opti-MEM media just prior to transfec-

tion treatment. Per well, one tube containing 7.5 µL Lipofectamine RNAiMAX with 150

µL OptiMEM medium and a second tube containing 3.75 µL (or 25 pmol) of siRNA with

150 µL Opti-MEM medium were prepared. Following 5 minutes RT incubation, the tubes

were combined and incubated for a further 15 minutes at RT. The mixture was then added

drop-wise to the cells. Media was replaced with fresh SCM 24 hours post transfection to

maximize efficiency and cell viability. A second round of transfection is often necessary to

increase transfection efficiency of stable proteins such as AP2, we ascertained that double

transfection led to better knockdown efficiency (Appendix Figure B.19) [277]. 24 hours

post transfection cells were detached and re-plated into 24 well plates using a standard

trypsin EDTA protocol. A second round of transfection was then carried out 48 hours

post initial transfection. Assays were then performed 72 hours post transfection.
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2.6 DNA constructs

The Rab5-mRFP construct was a gift from Ari Helenius (Institute of Biochemistry, ETH,

Zurich). The Rab11-mRFP construct was a gift from Prof. Thomas Kirchausen (Harvard

Medical School, Boston, USA).

2.7 siRNA constructs

A non-silencing control (NSC) siRNA (ON-TARGETplus NON-targeting siRNA; Dhar-

macon) designed for use with rat, mouse or human cell lines was employed as a negative

control. The α-adaptin (AP2 inhibition) siRNA was custom made with target sequence: 5-

AAGAGCAUGUGCACGCUGGCCA-3 as used in previous studies [278]. The caveolin-1

siRNA was a SMARTpool of 4 siRNAs (ON-TARGETplus Human Cav1 siRNA; Dhar-

macon) targeted to caveolin-1. The P21-protein activated kinase (PAK-1) siRNA was

custom made with target sequence: 5-UGAAUGUCUAGGCCGUUAU-3. The Wiskott-

Aldrich syndrome protein family member-2 (wave2) siRNA was a SMARTpool of 4 siRNAs

(ON-TARGETplus Human Wave-2 siRNA; Dharmacon) targeting to wave-2.

2.8 General NP uptake experiment procedure

HeLa, A549, MDA or THP-1 cells were cultured in appropriate dishes (35 mm Mat-

Tek dishes; 24-well MatTek cell culture imaging plates; gridded MatTeks for correlative

studies) and incubated overnight. Cells were treated with Sienna+ SPIONS prepared as

previously described (Section 2.1.1) to final concentrations of 280 µg/mL, 112 µg/mL or

56 µg/mL in SCM (detailed in the relevant experiments) for either 1 hour, 15 mins and 5

minutes (detailed in the relevant experiments). Nanoceria (stock 10 mg/mL) prepared as

previously described in Section 2.1.1 were diluted to a final concentration of 500 µg/mL.

Following completion of incubation, cells were washed with PBS (x3) and then treated

with CellTracker Orange (CTO) diluted 1:1000 using the standard protocol (Invitrogen,
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UK) for 30 minutes. CTO passes freely through cell membranes into the cytoplasm,

where it is thought that the chloro- groups react with thiols (mediated by Glutathione-

S-Transferase (GST)) giving a cell-impermeant fluorescent dye-thioether adduct reaction

product, thereby staining the cytoplasm. Although CTO reacts mildly with thiol groups,

it is reported by the manufacturer to not effect cell viability or function. However the

CTO concentration is kept as low as possible to minimize overloading effects. The effect

that CTO has on ROS levels in the cells could be investigated in future experiments.

Cells were then washed twice with PBS followed by SCM incubation for 30 min. Cells

were washed twice with PBS and then fixed as described in Section 2.9.1.

2.9 Chemical fixation

2.9.1 Fixation for routine cell culture experiments

Following treatment, cells were washed with 3 x PBS, and fixed with a 4% Para-formaldehyde

(PFA) (Electron Microscopy Sciences, Hatfield, PA) solution for 15 minutes. Cells were

then washed with 3 x PBS. Experiments performed in MatTek dishes were then stored at

4oC in a refrigerator. Prior to imaging, PBS was replaced with Vectashield (VS) mounting

media containing 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Vector Labo-

ratories Ltd, Peterborough, United Kingdom). Coverslips were removed from wells using

tweezers and mounted cell side down with VS containing DAPI, with excess mountant

removed, Coverslips were held in place with nail varnish. Slides were stored at 4◦C in a

refrigerator prior to imaging.

2.9.2 Correlative fixation

Fixation for correlative experiments differed to that used for general cell culture fixation;

this is discussed further in Section 4.2.6. Immediately following NP exposure and fluores-
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cent labeling with CTO, cells were washed with 3 x 0.1 M Cacodylate Buffer (CB) and

then subsequently fixed with either 4% PFA alone or 2% Gluteraldeyhyde (GA)/ 4% PFA

(EMS, Hatfield, Pennsylvania) in 0.1 M CB for 60 minutes, followed by 0.1 M CB wash

(X3). CB was then replaced with VS containing DAPI prior to imaging. Following Light

Microscopy (LM) cells were post-fixed with 2% GA / 4% PFA in 0.1 M CB for 60 mins

overnight, and subsequently processed for TEM as described in Section 2.14.

2.10 Cell growth assay

HeLa cells were grown in a 24-well plastic cell culture dish for 24 hours in 1 mL of

SCM. Cells were then incubated in SCM containing 1% NP solution, made as described

in Section 2.1.1, for 60 minutes at 37◦C, washed with PBS and counted at T = 0 or re-

incubated in SCM for a further 24 hrs or 48 hrs and then counted. For counting, cells were

then rinsed twice with 1 mL PBS and incubated in 50 µL trypsin for 5 mins. SCM (500 µL)

was added to stop the digestion and 10 µL of the solution was put into a Hawksley counting

chamber (AS1000 Improved Neubauer Double Cell Standard; Hawksley, Sussex, UK). Cell

number was counted directly after treatment and at 24 and 48 hours post incubation in

all adherent cell lines used in subsequent experiments, to indicate the growth rate of the

cells over 48 hours.

2.11 SYTOX green viability assay

HeLa cells were cultured on 22 mm coverslips in 6 well plates and incubated overnight.

Cells were treated with SCM containing 1% NPs, or SCM alone (treatment media) for 60

mins. Particle solutions were made as previously described in Section 2.1.1. Following the

1 hr treatment, media was replaced with fresh SCM (2 mL) and incubated for a further 24

hrs. All wells were then treated with SYTOX Green (0.01%) (Invitrogen, Grand Island,

NY) for 15 minutes prior to fixation, except the positive control groups. Positive controls
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were treated with SYTOX green, saponin (0.05%) and FBS (2%) in PBS post-fixation.

An NP treated well was also used as a second positive control to test the potential NP

interference with saponin and the effect this has on the SYTOX green intensity, post-fix

treated as per other positive controls. Sytox green is a membrane impermeant dye. Where

membrane damage has occurred, SYTOX can pass freely into the cell, and binds to DNA

with high affinity. Sytox binds DNA by intercalating cooperatively with a 3.5 bp binding

site [279].

2.12 Endocytosis assays

2.12.1 Pinocytosis control experiments

Endocytosis assays were conducted in HeLa, MDA, A549 and THP-1 cells to confirm

the effects of AP2 knockdown, caveolin-1 (Cav1) knockdown, protein-activated-kinase-1

(Pak1) knockdown and Wave2 knockdown. Prior (96 hrs) before the assay, 2 x 105 cells

were plated per well of a 6-well plastic culture dish and then transfected with siRNA

as detailed in Section 2.5.2. A pre-assay incubation with Serum Free Media (SFM) was

carried out for 30 mins. After which cells were incubated for a further 30 mins with

Transferrin (TF; Alexa Fluor 488 conjugate; Tf-AF488; Invitrogen) at 10 µg/mL in 2 mL

SFM, Cholera Toxin Subunit B (CTxB; Alexa fluor 488 conjugate; CTx-AF488; Invitro-

gen) at 1 µg/mL in 2 mL SFM or FITC-Dextran 500,000 kda at 1 mg/mL (Invitrogen,

UK). After incubation cells were washed twice with SFM followed by a PBS wash. Cells

were fixed with PFA as detailed in Section 2.9.

2.12.2 Phagocytosis control experiments

THP-1 macrophages were first differentiated as previously described in Section 2.4, then

pre-incubated with SFM for 30 minutes. Phagocytosis was inhibited in THP-1 derived

macrophages using Cytochalasin-D (CytD) at a concentration of 10 µg/mL for 30 mins.
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Cells were then treated with 1.2 µm fluorescent polystyrene NP (stock concentration 10

mg/mL; Sigma-Aldrich, UK) at a concentration of 100 µg/mL in SCM for 30 mins and

then washed with SFM (X2) and PBS (X2) then fixed as detailed in Section 2.9.

2.12.3 Route of NP uptake experiments

Endocytosis assays were conducted to assess the route of NP uptake in A549, HeLa, MDA

and THP-1 cells. Inhibition was as follows: AP2 siRNA for the inhibition of CME, Cav1

siRNA for inhibition of caveolae mediated endocytosis and Pak1/Wave2 siRNA for the

inhibition of macropinocytosis; all used at a concentration of 25 pmol. Following the

72 hrs siRNA transfection treatment performed as described in Section 2.5.2, cells were

treated for 1 hour with 280 µg/mL SPIONs prepared as previously described in Section

2.1.1, followed by a further 30 min incubation with CTO. Cells were then washed with

PBS (X3) and fixed as previously described in Section 2.9 and stored at 4◦C for imaging.

Cyt-D was used to assess the contribution of phagocytosis for NP uptake in THP-1 derived

macrophages. Cyt-D was used as previously described in Section 2.12.2, following this

THP-1 derived macrophages were treated with 280 µg/mL SPIONs followed by 30 min

CTO incubation. Cells were then washed with PBS (X3) and fixed as detailed in Section

2.9.

2.13 NP trafficking experiments

Cells (1x105) were plated into 24-well MatTek, or 24-well plastic cell culture dishes con-

taining 13 mm coverslips and incubated overnight. Cells were then either transfected with

cDNA for Rab5a, Rab7 or Rab11a as described in Section 2.5.1 or left untransfected for

treatment with Lysotracker DND-99 (Invitrogen, UK). Following 48 hr transfection, cells

were treated with NPs diluted in SCM, made as previously described in Section 2.1.1,

for one hour. For the lysosomal colocalization studies, 15 minutes before the end of the

incubation cells were treated with Lysotracker to stain acidic lysosomal compartments.
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Following treatment cells were washed with PBS (X3) and fixed as described in Section

2.9.

2.14 TEM processing

TEM processing was performed after LM for correlative experiments. The protocol of

which is discussed in more detail in Section 4.2.5 and Appendix B.1.4. The brief protocol

for TEM processing was performed as follows.

Following the post LM imaging fixation with 2.5% gluteraldehyde / 2% paraformaldehyde

(EMS, Hatfield, Pennsylvania) in 0.1 M CB then washed with 0.1 M CB buffer (X3). Cells

were then stained with 2% Osmium Tetroxide (OsO4; EMS, Hatfield, Pennsylvania) for

1 hr followed with 3 x dH2O washes. Cells were then fixed with Uranyl Acetate (UA) for

1 hr, followed by washing with dH2O (X3). Cells were then dehydrated with a series of

ethanol washes (each X2) (50%, 60%, 70%, 80%, 90% and 100%) before infiltration with

50:50 % absolute alcohol:EmBed 812 for 1 hr. EmBed 812 was made up as per the standard

protocol for hard resin (EMS, Hatfield, Pennsylvania). Two subsequent infiltrations were

performed for 45 min each with EmBed 812 alone, before inverting and mounting the

MatTek dishes on resin-filled embedding BEEM capsules (EMS, Hatfield, Pennsylvania)

with care taken to remove all bubbles from within the capsule. Samples were then baked

overnight at 60◦C in an oven (Thelco Laboratory Apparatus by Precision Scientific Co.,

India). Coverslips were separated from BEEM capsules by plunging into liquid nitrogen,

and samples were then allowed to re-equilibrate with room temperature. The area of

interest (0.5 mm2) was visualized, marked, trimmed and isolated with a sharp single

edge razor blade (EMS, Hatfield, Pennsylvania) under a light microscope (Leica UltraCut

UCT, Leica Microsystems Inc., IL, USA). Following trimming, 70 nm or 150 nm serial

sections were cut using a Diatome diamond knife (EMS, Hatfield, Pennsylvania). Sections

were then collected onto 200 mesh copper (Cu) grids or slotted grids (EMS, Hatfield,
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Pennsylvania) that had been pre-treated with alcohol. Samples were then stored for

staining. Grids containing sections were stained by inverting on top of small blobs of

2% UA for 10 mins (EMS, Hatfield, Pennsylvania) inside petri dishes; grids were then

washed with dH2O and air dried before repeating this step with Reynolds lead citrate.

Calcium Carbonate (CaCO3) crystals were used to remove moisture from the air within

the chamber/petri dish). Grids were washed with dH2O and air dried before storing for

TEM imaging.

2.15 Polyacrylamide gel electrophoresis and western

blotting

Western blotting was used to quantify relative protein levels following specific treat-

ments;knockdown following siRNA transfection and identification of proteins present in

the protein corona following isolation from SCM. All solutions and reagents used for west-

ern blotting are listed in the appendices. Following the specific treatment described where

necessary, cells were lysed in 1% Triton X-100 (Sigma, UK) in PBS containing protease

inhibitor cocktail (Roche, UK). Laemlli buffer (3X) was added in a 2:1 ratio to the lysate.

Western blots were performed using the Mini-Protean Tetra Electrophoresis System (Bio-

Rad). All acrylamide gel details, running, transfer and Tris-Buffered Saline with Tween

(TBST) buffer recipes are as listed in Appendices Section B.1.3. Briefly proteins were

separated by Sodium Dodecyl Sulfate (SDS) Polyacrylamide Gel Electrophoresis (PAGE)

on a 12.5% acrylamide resolving gel with a 4% acrylamide stacking gel at 100 mV.

2.15.1 Protein corona isolation

Following protein separation with PAGE, coomassie and silver stain were employed to

identification of protein corona constituents. Gels were first washed with dH20. Gels were

then stained coomassie brilliant blue R-250 (Thermo Fisher Scientific) at RT for one hour

as per manufacturers protocol. Gels were then de-stained overnight at RT to visualize

68



bands, again as per standard manufacturers protocol. Following coomassie staining, silver

staining was performed using Proteosilver Staining Kit (Sigma-Aldrich, UK) as per the

manufacturers protocol to identify proteins of low concentration (sensitivity 0.1 ng/mm2).

Briefly, gels are washed with ethanol, sensitized with silver stain sensitizer, washed with

dH2O, then developed with developer solution. The reaction is stopped when bands

become visible.

2.15.2 Western blotting to assess protein knockdown

Following electrophoresis separation, gels for western blotting were transferred onto Im-

mobilon FL membrane at 350 mA. The membrane was then blocked in 5% milk solution

for 1 hr at RT and subsequently probed with the relevant primary antibody in 5% milk

over night at 4◦C. The next day the membranes were washed and probed with the relevant

secondary antibody for 2 hours at RT. Primary antibodies used were polyclonal anti-AP2

(Santa Cruz Biotechnology), polyclonal rabbit anti-Cav1 (Abcam), polyclonal anti-Pak1

(Abcam), polyclonal anti-Wave2 (Santa Cruz Biotechnology) and monoclonal mouse anti-

Tubulin (Tub) (Sigma). Secondary antibodies used were goat anti-rabbit IRDye 800 and

goat anti-mouse IRDye 680 (Li-Cor) for use with an Odyssey detection system. Quantifi-

cation of knockdowns was done relative to Tub and Non-Silencing Control (NSC) using

ImageJ/FIJI software.

2.16 Microscopy

Microscopy images were acquired at two facilities, The Birmingham Advanced Light Mi-

croscopy (BALM) facility at the University of Birmingham, UK, and The Centre for

Advanced Microscopy (CAM) and Nikon Imaging Centre (NIC) at Northwestern Univer-

sity, Feinberg School of Medicine in Chicago, IL, USA.

The instruments and objectives used are listed:
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BALM: Nikon A1R inverted confocal microscope (Nikon Corp, Japan), 10X 0.3 NA, 40X

1.3 NA, 60X 1.4 NA, 100X 1.4 NA.

CAM/NIC: Nikon A1R inverted confocal microscope (Nikon Corp, Japan), 10X 0.3 NA,

40X 1.3 NA, 60X 1.4 NA, 100X 1.4 NA 100X 1.49 NA. Nikon N-SIM (Nikon Corp, Japan)

100X 1.49 NA. FEI Tecnai G2 Spirit at 80 KeV (FEI, USA)

The general imaging procedures are described below, the detailed acquisition instrumen-

tation, parameters and settings are described in detail in the relevant sections in Chapter

4, 5 and 6.

2.16.1 Confocal Microscopy

Cells immersed in Vectashield or PBS were imaged using a Nikon A1R inverted confocal

microscope (Nikon Corp, Japan). To set up the reflectance optical configuration in NIS

Elements, the first dichroic mirror was set to B520/80 to facilitate light transmission and

reflectance, the fourth channel was set up for reflectance imaging using the 488 nm laser,

and all channel light paths were set to through. The CTO stain was excited using the

561 nm laser, DAPI nuclear stain was excited using the 405 nm laser. Red fluorescent

protein (RFP) and lysosomal stain were also excited using the 561 nm laser. CellTrace

FarRed (CTR) was excited using the 636 nm laser.

2.16.1.1 Structured Illumination Microscopy

Cells mounted on slides or immersed in PBS or Vectashield in MatTek dishes were imaged

using reflectance Structured Illumination Microscopy (R-SIM) (Nikon Corp., Japan) with

an EM-CCD camera iXon3 DU-897E (Andor Technology Ltd.). For correlative studies

reflectance SIM followed RCM imaging in the developed workflow (supplementary meth-

ods). To facilitate reflectance SIM image acquisition a half mirror (50% transmitted /
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50% reflected) filter cube was placed into the light path. The 488 nm or 405 nm laser

was used to illuminate the sample using 2D-SIM imaging. The 561 nm laser was used

to excite cytoplasmic CTO stain in wide-field mode. The 561 nm laser was also used to

excite RFP and lysosomal stain in 3D-SIM acquisitions.

2.16.1.2 Transmission Electron Microscopy

TEM was employed in the characterization of SPIONs (Sienna+ or Sigma Aldrich). SPI-

ONs (8 µL) were dropped onto 200 mesh Formvar film copper grids (Agar Scientific, UK).

Following blotting, grids were left to dry for 24 hours prior to imaging with TEM. TEM

images were recorded on a LaB 6 filament JEOL1200 TEM operating at an accelerating

voltage of 80 keV at a 50,000X magnification. Images were recorded by a Gatan wide-

angle CCD camera.

Correlative TEM imaging was carried out on an FEI Tecnai G2 Spirit operating at 80 keV

(FEI, Center for Advanced Microscopy, Northwestern University, Chicago, IL). Images

were taking with a Gatan imaging camera. 200 mesh Formvar coated copper TEM grids

were loaded into the TEM and cells of interest, that were previously imaged during RCM

and R-SIM experiments, were located on low (690X) magnification, and then imaged at

higher magnification (up to 49,000X) to visualize individual and clusters of NPs.

2.17 Image processing and analysis

Image processing and analysis was conducted with FIJI (ImageJ) or MATLAB 2011b or

2016a. For all cell experiments, cells were segmented manually or automatically using

either platform as detailed in the relevant experiments and described and validated in

Chapter 4. Results were calculated as an average over the specified number of cells. For

NP uptake experiments, NP regions were also segmented (MATLAB). This is detailed

and discussed further in Chapter 4, Section 4.2.9.
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2.17.1 Uptake Assays

2.17.1.1 NP uptake and endocytosis assays

Images were acquired using Nikon A1R (BALM, UK) with a 40X objective and employing

optical zoom. For all uptake experiments, cell segmentation was achieved using MATLAB

2016a, using the workflow described in Section 4.2.9. All NP segmentation was achieved

using the workflow described in Section 4.2.9. Quantification of various parameters was

performed using MATLAB on a per-cell basis. Automated quantification was validated

against manual methods as shown in Section 4.2.9.

2.17.1.2 Endocytosis control assays

Images were acquired using BALM Nikon A1R (BALM, UK) with a 60X objective and

employing optical zoom. For all fluorescence uptake experiments, cell segmentation was

achieved using ImageJ manual delineation of each cell region. Total mean fluorescence

intensity was measured. In the case of FITC-dextran control experiments, a background

subtraction was performed prior to quantification.

2.17.2 Colocalization analysis

2.17.2.1 Colocalization with fluorescent markers

Images were acquired using BALM Nikon A1R with a 60X objective with Nyquist sam-

pling. Colocalization between fluorescently labeled cellular compartments and NP re-

flectance signal was assessed using manual and automated methods in FIJI and MATLAB.

Maximum intensity Z-projections of 3 adjacent planes (totaling 600 nm) were created us-

ing ImageJ or MATLAB. Prior to colocalization analysis, image misalignment was char-

acterized using reference images taken with beads that are both fluorescent and reflectant,

as described in more detail in Chapter 6. Transformation was then applied to the images

using MATLAB ”imtranslate” function to facilitate alignment. In the manual analysis,
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cell segmentation was achieved using manual delineation in FIJI. Fluorescent signal was

isolated using smoothing, background subtraction and wavelet transform spot detection

(courtesy of Dr. William Pitkeathly) in FIJI. NP signal was isolated by smoothing, back-

ground subtraction and thresholding in FIJI. The Coloc2 plugin can then give different

parameters of colocalization between the processed images. Number of segmented regions

were ascertained by counting. In the automated MATLAB analysis, cells were segmented

using cellular autofluorescence. The image was first denoised by smoothing with a Gaus-

sian filter kernal, and setting all pixel values above the mean equal to the mean. K-means

was then used to segment intracellular and extracellular regions, followed by a watershed

segmentation (described in finer detail in Section 6.2.2). Fluorescent endosome signal

was segmented by convolution with a Gaussian kernal, and background subtraction that

involved morphological image dilation and subtraction of the resultant dilated image from

the original. This was followed by segmentation using the image mean intensity (described

in detail in Section 6.2.2)) [280]. Reflectance signal was detected using methods described

in detail in Section 4.2.9. The following parameters were then calculated to determine

the most representative measure of colocalization: Pearsons correlation coefficient and

Manders signal overlap coefficients, The M1 and M2 coefficients. This is described in

more detail in Chapter 6, Section 5.

2.17.2.2 Colocalization and comparisons between RCM and R-SIM

Correlation existing between RCM and R-SIM images of the same cells were performed

using MATLAB. Maximum intensity Z-projections were created with MATLAB from Z-

stack multi-plane acquisitions from both systems. Cell segmentation was achieved using

Gaussian smoothing followed by K-means clustering (nClusters=2) of CTO stain. NP

segmentation was achieved as described using smoothing, background subtraction and

K-means clustering as detailed in Section 4.2.9. Comparisons were then made between

matching cells, in terms of the number of spots detected and the resolution (in terms of

the FWHM), the information was then visualized graphically using MATLAB.
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The resultant segmented binary images created from SIM and RCM NP segmentations

were analyzed The binary image gave the total number of connected components; using

the ”bwconncomp” function in each image. The images were then multiplied together

and the number of connected components that appear in both images was computed, and

subsequently the percentage of the total detected (number in multiplied image divided by

number in the initial binary image) that correlate was calculated.

2.17.3 Line intensity profiles: Colocalization and FWHM

Line intensity profiles to determine colocalization between signal, in reflectance modalities,

and between reflectance and fluorescence signals, were created using ImageJ/FIJI. The

FWHM of different modalities (RCM and R-SIM) was also measured using the same line

plotting tool in ImageJ/FIJI. A line was drawn on images (single or overlaid; FWHM and

colocalization experiments respectively), and the intensity originating from both channels

was plotted.

2.17.4 Image registration

2.17.4.1 Image registration of RCM and R-SIM images

For the reflectance image co-alignment (R-SIM and RCM maximum intensity Z-projections),

between 3 and 6 points pairs were selected on corresponding images. Following user selec-

tion of points, MATLAB calculates the transformation matrix that best aligns the pairs,

using rigid registration. Alternatively, MATLAB has a built in function called imregister.

This can be initialized using the multimodal configuration setup. imregister can automate

the alignment of RCM and R-SIM images using an intensity based method. However, in

order to be successful, images must first be smoothed and background subtracted, to

negate the contribution of background reflectance to the intensity registration. Overlays

were created using MATLAB, however pseudocolour was created in ImageJ.
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2.17.4.2 Image registration of adjacent TEM sections

TEM image scales were equalized using the ’imscale’ function and subsequent co align-

ment of adjacent TEM slices was achieved using the intensity based registration function

’imregister’. The parameters were initialized with ’multi-modal’ configuration, and it-

eration was increased to facilitate alignment. Transformation was a rigid alignment to

prevent deformation.

2.17.4.3 Image registration of reflectance and TEM images

Co-alignment of TEM and reflectance images was performed in MATLAB. Co-alignment

was achieved using the ”cpselect” function with between 3 and 10 matching points. The

transformation matrix was then calculated that re-aligns the selected points. This could

then be applied as an affine transformation, to cope with cell shrinkage. The Coher-

ent Point Drift (CPD) algorithm was explored for the fully automated realignment of

matching slices based on nuclear segmentation from light and electron microscopy.

2.17.5 Statistical analysis

Statistical analysis was done wherever possible. In each case the significance levels were:

***=p=<0.001; **=p=<0.01; *=p=<0.05. Statistical methods implemented throughout

the thesis are students T-Tests unless otherwise stated in the relevant sections and figures.
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CHAPTER 3

NANOPARTICLE CHARACTERIZATION

Parts of this chapters are published as part of a multi-author mini-review paper (Guggen-

heim et al. Int. J. Biochem. Cell Biol. 83. pg 65-70.).

3.1 Chapter summary and introduction

A large number of studies investigate the biological impacts of NP exposure, however

important physicochemical characterizations are often not considered [281]. This can

significantly reduce the impact of these studies and undermine conclusions. It is well

established that the physico-chemical properties of NPs in solution, including the surface

area, surface functionalisations, charge, size, size distribution and agglomeration state

may lead to different cellular interactions and effects in vitro and in vivo as discussed

in Section 1.2.1 [282, 283]. It is also established that preparations are rarely homoge-

neous suspensions of mono-disperse NPs. As previously discussed in Section 1.2.1, upon

exposure to biological media, proteins interact and bind to the NPs surface leading to

alterations of the surface properties and therefore the biological ’identity’ and effects of

these NPs [284]. This effect is partly driven by the physicochemical properties of the

NPs themselves and partly driven by the environment and composition of the exposure

medium [116, 119]. Therefore, during exposure, it is highly unlikely that the NPs will

encounter the cell in its native, or synthesized form. It is critically important that the
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characterization of these NPs encompasses both the intrinsic properties of the NPs itself

(including size, composition, coatings at synthesis) and the extrinsic properties that are

acquired following exposure to biological media containing serum proteins (protein ad-

sorption, increases in diameter) in order to relate specific observations back to particular

properties.

The aim of this chapter was therefore to characterize the physical properties of Sienna+

SPIONs, used in subsequent studies within this thesis. Characterizations were performed

in PBS and protein containing cell culture media. v, were first developed for use as an

MRI contrast agent, but the current clinical use is as a tracer for the magnetic detection

of Sentinel Lymph Nodes (SLN) in SLN-biopsy procedures. SLN biopsy is a procedure

used to determine if cancer has spread beyond a primary tumor into the lymphatic system

[285]. Sienna+ consist of an iron oxide core containing magnetite (Fe3O4) and maghemite

(γ-Fe2O3), coated in carboxydextran. The iron and carboxydextran exists in a 1:1 ratio.

The carboxydextran aids biocompatibility and is designed to prevent and reduce agglom-

eration of the NPs, which can occur naturally on bare un-coated NPs due to attractive

forces (mainly van de Waals) between NPs [286, 20]. The coating increases the stability of

the NPs preparation. It is critically important that NPs for applications in biomedicine,

such as these SPIONs, are stable against agglomeration both in biological fluid and, for

magnetic particles, within a magnetic field [131]. Although it is not specifically stated,

Sienna+ resemble Ferucarbotran (Resovist TM) based upon characterizations of both

SPIONs displayed in the literature [287]. Characterizations that were carried out within

this chapter include visualization of the metal-oxide core using TEM (JEOL 1200), quan-

tification of NP diameter, the hydrodynamic size / diameter (HDS), surface charge and

dispersity of preparations measured using the Zetasizer ZS Nano (Malvern Instruments).

These characterizations were done in the presence of 10% serum, or in PBS, over a 2 hour

time course. The proteins directly attached to the SPION’s surface following exposure to

protein containing media were isolated using standard protocols, and then identified using
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MS [288, 289]. Further characterizations in intracellular mimic fluid (Artificial Lysoso-

mal Fluid (ALF)) media were also conducted as part of a dissolution study; presented in

Section 6.

3.2 Results and discussion

3.2.1 NP core size

TEM was used to examine the Sienna+ stock solution. TEM is thought of as the gold stan-

dard for NP visualization and characterization, as individual NP can be resolved and their

shape, core size and agglomeration state determined [290]. TEM requires that samples

are imaged under vacuum on a metallic grid. Sienna+ in aqueous solution (280 µg/mL)

were dropped onto Formvar coated copper mesh grids, left to dry and then imaged using

a JEOL 1200 TEM as detailed in the methods section (Figure 3.1A). Another SPION

from Sigma-Aldrich was also imaged in the same manner as a standard, non specialized

SPION for comparison (Figure 3.1B). Sienna+ SPIONs appeared to have a diameter of

around 4 nm (Figure 3.1).

Figure 3.1: TEM of Sienna+ and Sigma SPIONs and nanoceria dropped onto grids.
NP suspensions were dropped onto TEM grids and imaged at high resolution. A) Carboxyl-
coated Sienna+ SPIONs in saline solution, B) Dextran coated SPIONs (Sigma-Aldrich) in dH2O
and C) Uncoated nanoceria in dH2O [275]. Inserts show an enlarged region from the main image.
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Figure 3.2: Distribution of the Sienna+ core diameter measured from TEM. MAT-
LAB was used to segment TEM images, the area of each connected component was then cal-
culated. Each area was converted from pixels to nm, and the histogram of 902 detected NPs
is displayed on the distribution histogram. A mean of 4.49 nm +/- 2.7 is determined, and a
median of 4.06 nm.
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Their morphology strongly resembled that of Resovist, which has been previously deter-

mined to have a core of 4.2 nm (Supplementary Figure B1) [291, 287]. An estimation

of the core size diameter in nm was determined by automated detection of NP from the

TEM image and plotted as a distribution histogram (Figure 3.2A). This was done using

MATLAB. Briefly, image filtering was performed (filter size 4; sigma 2), and objects were

detected using thresholding. The boundaries of the regions detected in the original image,

Figure 3.2B, are shown in red in Figure 3.2C. Once the objects were detected, the area

of each object was computed as a pixel area, and then be converted into a diameter (in

nm) by using πr 2 and pixel size. This calculation was based on the assumption that NP

cores are circular, which is not the case, however it gives an approximation.

The mean of the 902 detected regions or NP cores was 4.49 nm +/- 2.69; the median value

is 4.06 nm. This is very close to the stated core size of 4.2 nm. However, slight variations

may well be caused by the spherical assumption of the detected regions. The core size is

important as it, in part, dictates the magnetic properties of SPIONs; NP with core sizes

below 15 nm will exhibit super-paramagnetism, previously discussed in Section 1.1.3).

Sienna+ and Resovist look to be slightly agglomerated in some areas (Figure 3.1A, 3.2B)

and Supplementary Figure B1). This was evidenced in the distribution plot in Figure 3.2,

where a small percentage of NP agglomerates are observed with a diameter of >10 nm,

the maximum diameter observed it 25.99 nm. In comparison, the Sigma-Aldrich SPIONs

in aqueous solution have a spherical core of 10 nm stated by the manufacturer. The ac-

tual measured diameter was averaged at 8.2 measured by detection software courtesy of

previous PSIBS student Lyndsey Van Gameren. Cerium NP, previously synthesized and

described by Chen et al are also shown (Figure 3.1C), as they were used in subsequent ex-

periments as a positive control due to their ability to efficiently reflect light in microscopy

experiments [275]. Subsequent characterizations presented in this chapter were performed

only on Sienna+ SPIONs, as these are the main focus of this work.
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3.2.2 Measuring NP hydrodynamic size using Zetasizer ZS Nano

The size distribution, dispersity and surface charge of SPION suspensions was determined

using the Zetasizer ZS Nano, which has DLS and zeta potential capabilities, to guide

experimental conditions for subsequent investigations. DLS is often employed for assessing

NP size distributions. The z-average size or z-average mean peak intensity represents the

cumulative mean and provides the most stable parameter produced by this technique,

providing only one peak is present in the sample [292]. However if one or more peaks

are present, the largest peak (peak-1) gives a more representative measure. DLS detects

the light scattered by dispersed particles undergoing Brownian motion over time. The

random changes in the intensity of the scattered light is used to determine the diffusion

coefficient of the NPs in solution. The diffusion coefficient depends upon the size of the

NPs, the viscosity of the solution and temperature. The Stokes-Einstein equation links

the diffusion coefficient to NP diameter and applies for non-interacting spherically shaped

particles. For this reason the reported value is an estimation based upon an equivalent

sphere. Therefore, DLS cannot always provide absolute values for NP diameters [293].

The ZS Nano instrument also provides a measure of the breadth of the size distribution

within the colloidal solution, termed the Polydispersity Index (PDI) [293]. This PDI gives

an indication on the range of sizes present within the solution. A low PDI is indicative of a

mono-dispersed solution. A high PDI indicates a large size distribution or polydispersed

sample. If sample sizes are non-uniform it is likely that the NPs will elicit a range of

confounding effects. Size is known to play a role in the cellular effects of NP [294]. Larger

agglomerates can elicit a less toxic response in vitro, partly due to reduced cellular uptake

[294].

3.2.3 Method of SPION dilution

When NPs are dispersed in an aqueous solution over time they have a tendency to form

interactions with their surroundings. This can lead to agglomeration into larger structures
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which will exhibit different characteristics and biological effects to their smaller counter-

parts [295]. Although these agglomeration interactions are relatively weak and reversible,

Brownian motion does not have sufficient energy to separate them. Sonication is therefore

often employed to disperse these agglomerates as it provides enough energy to break the

van der Waals forces between NPs [296]. Before characterizations for subsequent experi-

mental conditions were performed, the effects of performing a sonication prior to SPION

dilution were assessed using DLS measurements. Aqueous SPION suspensions were either

subjected to a 15 minute sonication immediately prior to dilution in biological 10% SCM,

or the SPIONs were diluted directly to the SCM, to the final concentration of 280 µg/mL,

followed by vortexing. The size, surface charge and dispersity of both preparations was

then assessed to determine the best protocol for SPION dilution in future experiments

and characterizations. The size distribution by intensity curves indicate that sonication

increases the reproducibility between measurements, as qualitatively there seems to be

less variation between replicates (Figure 3.3A and 3.3B). The peak-1 average diameter

was significantly larger in the non-sonicated preparation, with an average diameter of

133.7 nm +/- 9.9 nm compared to the sonicated solution with an average of 78.6 nm +/-

4.3 (p= 0.0012), (Figure 3.3C). The standard deviation is also higher in the non-sonicated

sample (Figure 3.3A, Figure 3.3B and Figure 3.3C). The z-average significantly decreased

from an average of 84.6 +/- 0.2021 nm in the non-sonicated solution to 64 nm +/- 3.22

in the sonicated solution (p<0.001). The peak-1 diameter is more representative in this

case due to the appearance of a larger peak in the non-sonicated preparation, most likely

arising due to NP agglomerates. The PDI decreased significantly from an average of 0.389

+/- 0.0076 to an average of 0.207 +/- 0.002 (p <0.001), (Figure 3.3D). There was a slight

but insignificant change in zeta potential, the non-sonicated solution had a surface charge

of -6.8 +/- 1.12 mV compared to the sonicated solution which was -6.4 mV +/- 0.6 mV

(Figure 3.3E). The surface charge greatly depends on the DLS measurement, so this may

lead to alterations in the measured potential. Nevertheless, these results clearly indicate

that sonication leads to alterations of the physical properties of NPs in solution, including
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a reduction in the polydispersity and a reduction in the peak-1 and z-average diameter of

NP in the preparation. It is necessary to ensure that the solution is as uniform as possible

to maximize the accuracy of nanoscale investigations. Therefore sample sonication should

be implemented prior to dilution in the relevant media for NP exposure and cellular up-

take experiments (shown in Section 5 and 6). A similar conclusion was reached for the

preparation of other NP suspensions for biological experiments [296]. However, sonication

can have negative effects on NP suspensions. These negative effects can include heat in-

duced agglomeration, therefore the effects of sonication should always be quantified prior

to conducting NP exposure experiments.

3.2.4 Characterization in PBS and biological media

Aqueous Sienna+ SPIONs (280 µg/mL) were diluted in PBS and DMEM-SCM to differ-

ent final concentrations: 56 µg/mL, 112 µg/mL, 280 µg/mL and 520 µg/mL. Subsequent

measurements were taken for the size, surface charge and dispersity of the different sus-

pensions. Resovist has previously been reported to have an average hydrodynamic size of

59-62 nm in aqueous solution [297]. According to the manufacturer, the average size of

Sienna+ SPIONs is 60 nm, this appears to be in agreement with our results obtained in

PBS solution; where no proteins were present to bind to the NP (Figure 3.4A). Only one

peak was obtained in the DLS data, therefore the z-average provided a stable measure-

ment. A z-average diameter of 57 +/- 0.4 nm was observed when the NP solution in PBS

was measured at the lowest concentration tested (56 µg/mL). This average size remained

roughly the same (up to 59 +/- 0.4 nm) until a concentration of 280 µg/mL. Above

this concentration, the z-average diameter appeared to increase significantly (p<0.001)

(Figure 3.4B). The peak-1 intensity also remained stable between 56 µg/mL (70.16 nm

+/- 0.25 nm) and 280 µg/mL (74.16 nm +/- 3.9), however above this concentration the

measured diameter increased significantly (p<0.001). The PDI was consistent (0.18 +/-

0.005 to 0.22 +/- 0.006) increasing insignificantly as concentration increased up to 280

µg/mL. The PDI then increased significantly (P<0.001) when the concentration increased
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above 280 µg/mL indicating an increase in the polydispersity of the solution (Figure 3.4C).

Despite NPs displaying certain size characteristics at synthesis, following exposure to

fluids of different compositions, NP size, HDS, and other properties may be altered due

to agglomeration or protein corona formation. This can alter cellular responses. Therefore

it is important to monitor NPs physicochemical changes due to this protein adsorption

to facilitate accurate predictions of the subsequent ’biological’ properties the NPs will

have. If the HDS of the NPs were to change following immersion in biological media, then

the results would be irrelevant to the characterizations performed in water or PBS. DLS

was therefore employed to determine the HDS of the NPs in solution following protein

adsorption in SCM (DMEM + 10% FCS) at different concentrations. DLS data for the

suspension media alone, shown in Figure 3.4D, gives rise to two peaks at ∼10 nm and ∼70

nm of similar magnitude, which likely correspond to protein and lipid aggregates from

the serum. The results presented demonstrate that upon exposure to biological SCM the

HDS of the NPs increased (Figures 3.4A and B). This indicates protein adsorption to

the surface of the NPs. This is in agreement with other studies that have demonstrated

an increase in the HDS of NP when exposed to biological media [298, 125]. Previously

dextran coated SPIONs, after exposure to serum proteins, increased in measured diameter

from 82 nm to 111 nm [298, 125]. The PDI of the NP preparation also increased (Figure

3.4C). This may be expected, as protein adsorption to the NP surface can lead to changes

in the HDS. This protein adsorption may or may not be homogeneous [125]. If it is

not homogeneous then the PDI measurement will be expected to increase as there is a

larger range of sizes as proteins begin to adsorb. The measured z-average diameter of

the SPION solution at a concentration of 56 µg/mL was 63.85 nm +/- 1.63 nm and

the measured peak-1 diameter was 89.14 nm +/- 4.7 nm. Increasing the concentration

of SPIONs led to a slight increase in the measured diameter, seen as a shift of peak-1

to the right in the DLS graph in Figure 3.4C. This coincided with an increased peak

intensity and contribution to the total signal. There was also a relative decrease in the
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observed 10 nm peak intensity indicating a decrease in the contribution of free protein

in the media. Although the assumption is made here that the decrease in the 10 nm

peak is due to protein binding, if larger particles are forming due to protein binding

and / or agglomeration, relatively smaller peaks, such as the 10 nm peak, could become

masked due to the nature of the sizing measurement technique by DLS. Similarly to the

PBS-NP characterizations, above 280 µg/mL the z-average diameter of the DMEM-SCM

NP preparation increased significantly to 83.92 nm +/- 4 nm and the peak-1 diameter

increased to 111.4 nm +/- 8 nm. This peak is where >95% of the intensity arises and

an HDS above 100 nm is observed. Although it seems likely that protein adsorption is

responsible, at least in part, to the increase in size observed, there are other properties that

can lead to size increases such as agglomeration, discussed further in the next section. Size

is one of the vital properties that determine the success of NPs for cellular internalization

within biomedical applications, be it MRI contrast enhancement or therapeutic targeting,

for this reason 280 µg / mL was determined as the maximum permitted concentration for

subsequent experiments. A summary table is included of SPIONs diluted in PBS, two

types of SCM (DMEM-SCM; RPMI-SCM) at this maximum concentration (280 ppb; 280

µg / mL).

Table 3.1: Summary of characterization of Sienna + SPION suspensions at T=0
in PBS and SCM and ALF. Summary of characterizations of Sienna + SPIONs in different
types of media. All suspensions are concentration of 280 ppb / 280 µg / mL at T = 0).

3.2.5 Characterization in biological media over time

Properties of NP suspensions can also change over time. Therefore NP suspensions di-

luted to the established maximum concentration of 280 µg/mL, were measured using the
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Zetasizer ZS Nano. These were measured over a 2 hour exposure time-course at 60 minute

intervals (T=0, 60 and 120 mins) to determine time courses to be used in later exper-

iments (i.e. Chapter 5). The SPIONs properties were characterized in both DMEM +

10% FCS (DMEM-SCM) and RPMI + 10% FCS (RPMI-SCM). This is because different

cell lines require different growth media. Both types of SCM, RPMI and DMEM were

used in subsequent experiments. The FCS used to make the SCM was consistent between

the two different media, however the differing composition of amino acids and nutrients

in the media may lead to slightly different observations. Figure 3.5 shows the results

in RPMI-SCM and DMEM-SCM. The HDS does not increase significantly during the

2-hour exposure in both types of media tested. In DMEM-SCM the z-average diameter

was initially measured as 65 nm +/- 5 nm, and increased to 74.3 nm +/- 7.2 nm. In

RPMI-SCM the z-average diameter was initially measured as 65.8 nm +/- 3.6 nm and in-

creased to 69.1 nm +/- 2.4 nm. These changes in the Z-average size were not calculated to

be significant using MATLAB ANOVA1 function followed by multiple comparisons using

the MULTCOMPARE function. This change in diameter is unlikely to be a result of NP

agglomeration or interaction between the SPIONs in solution as the increase is marginal

(between 5 and 10 nm). This is supported by the PDI measurements which do not change

significantly in either DMEM-SCM or RPMI-SCM, over the 2 hour time course. There-

fore the slight increase in HDS may represent changes in the protein layer surrounding the

NPs. Changes in the surface-adsorbed proteins can occur due to the previously mentioned

’Vroman Effect’ whereby higher affinity proteins replace those that adsorbed initially but

with a lower affinity. The result of this is constant dynamic changes occurring between

proteins and the NP surface [112]. Proteins may also undergo conformational changes

over time following adsorption which can contribute to the observed changes in the SPI-

ONs diameter. This alteration in protein conformation has been suggested for NPs of

various core and ’at synthesis’ size [299, 300]. These physicochemical alterations can lead

to modulation of biological effects, such as mechanism of cellular uptake and sub-cellular

processing of the NPs [?, 5, 301].
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The pH did not alter significantly over the time course. This is important as pH can alter

the charge of the NPs if it drops below or increases above the isoelectric point due to acidic

or basic side groups present on the surface coatings (e.g. COOH). Even so, it is important

to monitor the surface charge of SPIONs in the solution over time, as this can influence

the cellular interactions. Zeta potential provides a measure of the magnitude of surface

charge or attraction between NPs in solution. It describes the electric potential of the

NP’s surface at the slipping plane (interface between the solution and diffuse surface later)

as discussed previously in 1.2.1 [121]. It can be used to determine the colloidal stability

of the NP preparations and provide insight into potential interactions that occur follow-

ing NP exposure [302, 303]. Differing charges can lead to different cellular interactions

following cellular NP exposure [302, 303]. For example, cationic (positively charged) NPs

have been seen to internalize more efficiently then anionic (negatively charged) particles,

but distribute poorly through tumors; mathematical modeling also supports this theory

[158, 303, 120]. Negatively charged SPIONs appear to show a less efficient rate of uptake

when compared to cationic NPs, as in the case of 2,3-Dimercaptosuccinnic Acid (DMSA)

coated SPIONs [303]. Interestingly, the internalization rate of negatively charged SPIONs

increased when co-incubated with positively charged SPIONs [158]. However, it has been

suggested that in most biological scenarios that the protein corona will consist of a net

negative charge [113].

The observed zeta potential underwent different changes upon dilution in the different

SCM medias over the time period measured. SPIONs diluted in DMEM-SCM led to an

observed zeta potential of -8 mV +/- 0.15 mV initially, decreasing to -9 mV +/- 0.7 over

the two hour period. SPIONs diluted in RPMI-SCM gave rise to a similar initial charge

of -8.2 mV +/- 0.65 mV, however the potential did not change significantly over the 2

hour time course. The zeta potential of the solution, regardless of conditions was not

large enough to indicate electrostatic stabilization (observed at >+30mV or <-30 mV).
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Figure 3.5: Comparison of size, surface charge, pH and PDI of 280 µg/mL Sienna+

SPION solution over a 2 hour incubation time in different media (SCM-DMEM
and SCM-RPMI). A) The diameter increases by 5-10 nm over the two hours, presumably
due to protein binding. The zeta decreases slightly in SCM-DMEM and remains the same in
SCM-RPMI. The PDI (C) and pH (D) do not alter significantly in either media during the two
hour time course.
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The determined zeta potential is similar to those reported for other SPIONS (silica and

dextran coated) in other studies (-11.24 mV +/- 0.86 mV and -9.79 mV +/- 0.4 mV

respectively) [125]. Given that the Sienna+ SPIONs are coated in carboxydextran, it is

likely that steric effects are the main initial stabilising forces within these NP suspensions,

a conclusion also made by Sonvico et al based upon the observed stability of dextran-

coated SPIONs in solution [304]. As previously stated it is important that NPs for

use within biomedicine are stable against agglomeration both in biological fluid and, for

magnetic particles, within a magnetic field [131]. These results indicate that, due to

the steric stabilization by dextran, these NP preparations can avoid agglomeration at

these exposure conditions and times. It has been reported that coating with hydrophilic,

biocompatible surface coatings such as dextran facilitates the evasion of opsonization and

therefore clearance by macrophages allowing increased circulation and increased potential

for cellular uptake [305, 91, 306, 307]. This is promising for the application of NPs to the

delivery of drugs as it may facilitate their escape of the RES, improving circulation time

of these NPs and therefore increasing the potential for accumulation at a target site [304].

One potential issue arises due to the suggestion that dextran is not very firmly attached at

the SPIONs surface and therefore prone to detachment. This could potentially facilitate

agglomeration of the iron cores and similar toxicities associated with uncoated SPIONs

[305]. The results presented indicate that the Sienna+ SPION suspensions are stable at

the concentration of 280 µg/mL for the duration of 2 hour time course. However zeta

potential measurements rely on the accuracy of DLS measurements, and therefore in some

cases where the preparation is polydispersed, the measurement of surface potential may

not be accurate thus limiting the technique.

3.2.6 Characterization of protein corona constituents

The aforementioned properties of NPs are postulated to modulate aspects of the protein

corona that is formed following immersion in biological media [119, 116]. This biological

corona, as previously discussed in section 1.2.1 can lead to different subsequent cellular
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interactions, dependant upon composition. Protocols such as magnetic separation can be

used with NPs, such as SPIONs [117]. Sakulkhu et al used this technique to compare

the isolated coronas of SPIONs with different surface coatings and charge. Composition

and quantity of proteins isolated from the coronas is strongly dependant on size, charge

and coating material [117]. Unfortunately, the corona of the Sienna+ SPIONs could

not be isolated through magnetic separation This may be a result of the small Sienna+

SPION core size. Although magnetic separation of small, 4 and 12 nm, SPIONs has been

documented, the actual separation of very small SPIONs is debated [308, 309]. Brownian

forces have been shown to be far stronger than the force exerted by a magnet, which

prevents magnetic separation of SPIONs <50 nm in diameter [309]. Therefore standard

centrifugation was used to separate the SPIONs and subsequently isolated the corona

using centrifugal seperation [289]. The protocol involved the sequential washing and

centrifugation of pelleted SPIONs to remove unbound proteins. However, the protocol

was modified so as not to include the sucrose cushion, as this led to the isolation of

proteins in the absence of NP. The proteins present in the supernatant following each

wash were visualized by PAGE (Figure 3.6). The number of washes necessary to remove

visible unbound proteins was found to be 4 (Figure 3.6).

SPIONs were incubated with DMEM-SCM, with or without previous exposure to cells in

a step known as media ’conditioning’ (C-SCM)), SFM or in PBS (Figure 3.6 and 3.7).

Proteins isolated from the NP surface were visualized and separated using PAGE (Figure

3.7). Following separation no protein bands would be expected in PBS columns, regard-

less of the inclusion of NPs in the solution. Although there does appear two faint bands

in these lanes (50-70 kda) (seen in Figure 3.6), this is likely the result of keratin contami-

nation of the sample buffer / running buffer, or from contaminants in the reducing agent,

2-mercaptoethanol. Both are common reasons for this band artifact between 55 kDa and

65 kDa [310, 311, 312]. Replacement of 2-mercaptoethanol with DTT has been suggested

to alleviate some artifact problems when using silver stain. Aside from this apparent

band, there appears to be no other detected protein in the PBS samples as expected. In
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Figure 3.6: Silver staining of PAGE gels to detect the presence of protein in the
hard corona isolation protocol. The lanes marked ’wash’ correspond to the supernatant
taken during the PBS washing phase of the corona isolation. After the first wash (Wash 1),
maybe proteins are recovered, indicating that the first wash removed a significant portion of
unbound protein within the solution. Subsequent washes (2,3 and 4) show less protein recovery,
and therefore indicated that the washing steps are successful in removing a large amount of the
unbound protein. After four washes, protein present in the supernatant appears undetectable.
The gel on the right shows control samples whereby NP were incubated in PBS and the ’corona’
isolated to indicate the lack of proteins binding when no proteins are present. However, in these
samples, some bands are present, these may in fact belong to components of the SDS buffer, or
keratin contamination (58 kDa) from human skin.
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Figure 3.7: Silver staining to detect proteins present following corona isolation un-
der different conditions. Silver staining highlights proteins present in each solution following
isolation procedure. Proteins visualized in SCM and C-SCM appear consistent between repeats.
Unfortunately on occasion the ladder runs through into the nearby lanes and confounds results.
The bands in the C-SCM-NP lane show the bands sent for MS-analysis from this group.

DMEM-SCM and C-SCM alone, a band is observed just above the 58 kDa marker protein.

This likely indicates a small portion of albumin was being pelleted during the isolation

procedure, as no NPs were present in this condition. This highlights that the method

needs more optimization to ensure that no proteins are mis-identified as being part of the

NP corona. A variety of other MW proteins appear to be separated in the NP containing

lanes, mostly in the upper end of the marker size range (>58 kDa). However after multiple

repeats, the proteins isolated and separated with PAGE in the SPION containing lanes

were fairly consistent across samples, therefore proteins were quantified MS. All visible

bands in one sample (C-SCM + NPs) were quantified, and then a portion of corresponding

bands from other samples. The other two groups analyzed were coronas isolated 24 hours

post cell-treatment and SCM + NPs). The percent of proteins identified in each sample

(Figure 3.8A) and the percent of proteins that overlap between different groups (Figure

3.8B and C) are presented. A large proportion of proteins identified in the coronas of

SCM-NP group were also identified in the coronas from the C-SCM-NP group and the

coronas isolated from treated cells. The identified proteins that are found across the differ-
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ent groups in at least two MS-analysed samples are presented (Figure 3.8D) (Figure 3.8).

The full list of identified proteins from each group is listed (Appendix Tables B.2 and B.3).

Figure 3.8: Identification of proteins isolated in the coronas of SPIONs incubated
under different conditions (SCM, C-SCM, and recovered from cells). The number of
proteins found in each group is shown in a pie chart (A), 23 of these identified proteins were
found in more than one sample (B) and the percentage of the proteins that overlap with other
groups is shown in pie chart (C). D) Shows the identified common proteins, and where the
overlap between groups exists.

Previously, MS has been combined with bioinformatics to identify the corona composi-

tion of dextran and silica coated SPIONs of roughly equivalent size [125]. Dextran and

silica coated SPIONs were found to have different corona compositions indicating that
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surface coating is a determinant of corona identity [125]. This is further supported by

another study where modulation of the size and coatings of polystyrene NP’s were found

to modify protein adsorption patterns [116]. Two particular proteins were identified in

all samples analyzed; alpha-2HS glycoprotein (fetuin a) and serum albumin (Figure 3.8),

that have previously been reported present in the corona of a variety of NPs [313, 138].

Serum albumin and fetuin a are known to enter cells via caveolae mediated endocytosis

and micropinocytosis respectively, and their presence in the NP corona could be investi-

gated as a means of cellular entry for these NPs [138]. Serum albumin may be present

due to insufficient washing identified in the PAGE silver stain (Figure 3.7) and it has

been suggested some charged and neutral SPIONs need up to 8 washing steps, which

could be incorporated into an optimized washing protocol [117]. However, Sakulkhu et al

found that a subset of proteins present in high abundance in the exposure media, includ-

ing serum albumin and transferrin, were present in the corona of all SPIONs they tested

(Dextran and PVA coated, positive, neutral and negative charged) [117]. Indeed multiple

NPs have been found to contain serum albumin in their corona following serum exposure

[116, 117, 314, 113, 313]. Under high ionic strength washing solution, serum albumin was

the only protein still isolated in all the SPIONs tested [117]. This indicates that serum al-

bumin may also be found in the corona of these dextran coated, Sienna+ SPIONs; however

those used in the study by Sakulkhu et al are smaller than the Sienna+. Serotransferrin

was also found in each sample, except for that isolated post cellular uptake, indicating

that this protein may be lost during the uptake process, or following internalization. Sero-

transferrin has also been found in the protein corona of multiple different NPs including

cerium dioxide, SPIONs, polystyrene and silver NPs [138, 117, 313]. Serotransferrin is

internalized via CME and may provide a mechanism of entry in specific cell types which

should be investigated further. Previously it has been shown that the binding of trans-

ferrin and serum albumin to SPIONs leads to changes in the protein conformation. In

the case of transferrin this was found to be an irreversible change from a compact, to an

open structure, thought to be related to the release of iron from the transferrin [315, 316].
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Changes in the secondary and tertiary structures of serum albumin were also observed

following binding to gold NPs. The effect that this has on these proteins, and others, in

relation to their function should be investigated [316].

Functionally diverse proteins are found in the NP corona, including proteins from comple-

ment activation, coagulation, lipoproteins and many others. Future studies that identify

which proteins are bound at the hard corona, and which are dynamic and loosely bound

in the soft corona will aid the interpretation of uptake and effect data. Attempts have

been made to classify the various proteins that are found in NP coronas, and to determine

their singular contribution to the fate of the NPs in a protein fingerprinting methodology

[317]. Certain proteins that were previously classified as promoters of cellular associa-

tion by using computational modeling were found only in the corona of NPs exposed to

C-SCM in these studies, such as inter-alpha trypsin inhibitor heavy chain 1 [317]. Al-

though the studies in this chapter give an indication of proteins that are present in the

isolated corona in this particular media, it is necessary to perform corona assessment

studies with other types of biological media, such as human in the presence of human

serum, for different lengths of time to determine the dynamics of protein corona evolution

over time. NP surface coating and functional chemistry have been suggested as influen-

tial in determining the protein adsorption patterns of NPs [125, 314, 113, 317]. Charged

particles appear to form more protein associations than neutral NPs, presumably due to

electrostatic interactions. Smaller NPs have also been found to adsorb a higher density

of proteins due to increased surface curvature and therefore less steric hinderence [317].

However protein density has not been found to enhance the capacity of NPs to associate

with cells [317]. It seems likely that this is conferred more so by the identities and abun-

dance of key receptor-binding proteins present in the corona [317]. Elucidating the links

between different NPs, surface properties and protein adsorption will be instrumental in

predicting the corona formation and constituents of different NPs in silico, whether this

is in terms of the protein identities, or the protein functionality [125]. This in turn can
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then be used to model the subsequent cellular interactions and effects before in vitro and

in vivo studies are performed. Understanding the interplay between these factors in dif-

ferent conditions in a corona fingerprinting strategy will help to predict critical proteins

that shape certain cellular interactions. This type of framework has been established

for a library of functionalised gold NPs and has been shown to more accurately predict

the cellular association of these gold NPs when compared to using other physicochemical

characteristics combined [317]. However, this same determined model did not work when

applied to NPs with a different core composition [317]. Different NP core materials, de-

spite having the same surface ligands, are suggested to lead to substantial differences in

the fingerprint of the protein corona. The core properties will modulate the arrangement,

conformation, density and other properties of the attached surface ligands, which there-

fore can confer different protein binding fingerprints, implying tailored models would be

required. Clearly the interplay between physicochemical characteristics and corona for-

mation is very complex. Therefore it would be beneficial to use NP libraries to modify

single parameters, such as same core different coating, or same coating different core, to

determine the relative contributions of each physical property to overall corona formation.

Ideally creating libraries and models of different properties, protein binding and effects

will allow better predictions of clinical outcomes and aid the rational design of future NPs

for specific applications.

Protein corona studies require several rounds of identification from multiple samples,

therefore more repetitions would be beneficial to determine proteins that are consistently

isolated with a high level of certainty to determine the NPs protein corona constituents.

Furthermore, the proteins that are detected likely depends on the degree and success

of the corona isolation and separation (and which part of the corona is intended to be

isolated: i.e. hard or soft corona). The soft corona is particularly challenging as it is

lost during most purification processes [318, 289]. There are a variety of methods that

can be used to isolate the proteins within the hard corona, including that used within
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this thesis. Other methods include equilibrium dialysis, size-exclusion chromatography

and microfiltration, however each different method has its own advantages and limitations

[319]. It is likely that variations will be detected using different methods and therefore it

would be interesting to investigate these thoroughly by comparing the identified proteins

using these different isolation procedures.

3.3 Conclusion

The characterization of NPs before and throughout experimental procedures is critical

in nanoscience, as the properties of NPs are dynamic and constantly evolving dependant

upon their surrounding environment. Factors that can effect the properties of NPs include

concentration, the exposure time, and composition of the exposure media. Indeed it has

been suggested that NP studies do not provide reliable conclusions regarding the ’biologi-

cal NP’ if adequate characterizations are not performed in the correct exposure conditions

[320]. Therefore NPs must be characterized fully both in their synthesized form and in

the media in which they will be exposed to (cells for e.g.). Critical parameters of Sienna+

NP suspensions that were assessed include the size, surface charge (zeta potential) and

dispersity of the solution over the maximum exposure duration to determine experimental

parameters for future investigations. This included the the effect of sonication during the

preparation of suspensions. Immersion in biological SCM led to the adsorption of proteins

to the NPs surface, and sonication prior to dilution in this SCM was shown to lead to

more uniform NP suspensions with more consistent properties. The NP’s diameter was

seen to increase upon exposure to SCM (DMEM and RPMI), the expected result given

the current understanding of NP-protein adsorption. Above 280 µg/mL the properties of

the NP preparation begin to alter significantly in terms of the z-average size, largest peak

size and PDI. A similar conclusion that was true for exposure times approaching 2 hours.

These results indicate that these NP preparations are likely to be stable at the highest

concentration of 280 µg/mL and for one hour incubations. These provide the conditions
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employed in subsequent chapters in the exposure experiments. The corona constituents

were also identified, to indicate potential points of interaction in future cell studies as fur-

ther investigated in Chapter 5. It would be interesting to identify and quantify proteins

present at different stages of cellular uptake, and over different time courses in biological

media, and relate this back to the observed properties of NPs.

3.4 Key findings

1. Sienna SPIONs have a core diameter of 4.5 nm as measured from TEM images, and

a HDS of 60 nm, however this increases upon protein adsorption in complete media con-

taining proteins.

2. Above 280 µg/mL SPIONs start to increase in diameter and polydispersity. Therefore

subsequent experiments will not employ NP concentrations higher than this.

3. Sonication decreases the z-average size and PDI of the sample significantly, therefore

NP stock suspensions will be sonicated before every experiment for 15 minutes prior to

dispersion in SCM.

4. Over the time course of the experiments the properties measured (size, pH, PDI, Zeta

potential) appear to be stable.

5. Corona constituents are different in conditioned and unconditioned media. More

experiments are necessary to determine relationships between physicochemical properties,

adsorbed proteins, and cellular effects.
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CHAPTER 4

DEVELOPMENT OF LABEL FREE
MICROSCOPY METHODS AND ANALYSIS
ROUTINES FOR THE DETECTION AND

QUANTIFICATION OF INTRACELLULAR NP

Parts of this chapters have been published in a multi-author paper (Guggenheim et al.

PLoS One. 2016.11(10)).

4.1 Chapter introduction and summary

Detection and quantification of intracellular NPs is a challenge associated with investiga-

tions into the toxicity and efficacy of NPs, such as those with biomedical applications. No

single method is, as of yet, capable of delivering adequate spatial and temporal resolu-

tion of intracellular NPs with satisfactory throughput to combat the challenges associated

with increasing NP use. As discussed in section 1.3.6, TEM is often considered the gold

standard for NP visualization due to the ultrahigh resolution it can offer. However TEM

imaging is restricted to ultra-thin, fixed samples that must be imaged under high vacuum

[321, 181]. Fluorescent tagging in conjunction with fluorescence microscopy is also regu-

larly employed. Fluorophore conjugation, however, is difficult and often alters the NP’s

surface properties [223, 222]. Fluorophores have also been seen to dissociate following

uptake and photobleaching limits lifetime studies [224]. The method of NP visualization
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should, where possible, not alter the surface properties and potential interactions that

occur between the NPs and their surroundings.

Reflectance imaging methods, such as RCM, that offer label-free visualization are available

in several different illumination and light collection techniques that have been developed

and discussed over the years [322]. Despite this, reflectance imaging is often underuti-

lized when compared to its fluorescent counterpart. This leads to a lack of discussion in

the literature regarding sample preparation and image acquisition. Therefore within this

chapter the sample preparation protocols and image acquisition routines used have been

carefully optimized and discussed. Current reflectance methods are generally restricted to

diffraction limited investigations. Increases in the spatial resolution of available techniques

is necessary within nanoscience, due to the small size of the NPs in question. Therefore

within this chapter the collection of reflected light on a commercially available superreso-

lution instrument, the Nikon N-SIM platform, has been demonstrated. The methods were

validated and compared in terms of resolution and detection, for application to Sienna+

investigations.

Investigative research using these tools can still be limited by a lack of analytical power

to quantify NP uptake with sufficient throughput. Image quantification regularly involves

manual delineation of regions which can be error prone, time consuming and subject to

human bias. Reflectance images also suffer high levels of background intensity that can

confound results. Therefore extensive efforts have been made to facilitate automated

processing and quantification to enable high throughput analyses. This is particularly

true within fluorescence microscopy analysis, however these methods are rarely tailored

to the analysis of NP reflectance images. Therefore this chapter also introduces an anal-

ysis work-flow for the processing and quantification of reflectance images, both RCM and

R-SIM. This facilitates the detection and segmentation of NP signal which can be used

for fast, accurate, bias-free quantification within subsequent imaging experiments.
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The automatically isolated signal, either reflectance or fluorescence signal components,

can also be used to facilitate realignment of images taken of the same cells acquired us-

ing different imaging modalities. The combinatorial use of multiple modalities that offer

different advantages in such a way is a current focus area within nanoresearch. This

type of methodology maximizes the information that can be gleaned from a single pre-

pared sample limiting unavoidable experimental fluctuations but also reducing sample

number. Combinations of reflectance microscopy with other modalities, such as electron

microscopy, is documented rarely [323]. For this reason, a procedural work-flow based

on existing CLEM methodologies was developed, to allow cells that were imaged with

reflectance modalities to be subsequently imaged with TEM. This chapter therefore also

includes methodological detail of this process and a discussion that compares the infor-

mation available with TEM, RCM and R-SIM of metal oxide NPs including indications

of the strengths and limitations of each.

4.2 Results

4.2.1 Transmission electron microscopy

Initially TEM images were acquired of HeLa cells treated with two medically relevant

metallic NPs: cerium dioxide, and the Sienna+ SPIONs that were previously character-

ized in Section 3. Figure 4.1 shows images of these intracellular NPs imaged with TEM.

Traditionally, ultra-thin (70 nm sections) are imaged, to achieve the highest possible def-

inition and contrast at the boundaries of organelles present in the cell cytosol (Figure 4.1

top panel). Thick sections (150 nm) can also be obtained and imaged with high power

TEMs (Figure 4.1 bottom panel), leading to an effective decrease in Z-resolution. This

leads to acquisition of a TEM slice with increased density of particles in a particular

location, but additionally increased density of cellular constituents. Electro-dense NPs,
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such as SPIONs and cerium dioxide give rise to contrast within the electron micrograph,

alone or inside cells on both thick and thin sections (Figures 3.1 and 4.1). This can then

be used to benchmark reflectance methods against, in order to validate the suitability of

each technique for the detection and quantification of NP internalization in future studies.

Despite the ultrahigh resolution that TEM provides, there are significant disadvantages

associated with this imaging approach as mentioned in Section 1.3.6. The nature of the

transmission of electrons through a sample under high vacuum restricts TEM to specific

sample types. Samples must be ultra-thin / thin, and must be stable within the vacuum

itself. This means extensive sample preparation either through dehydration and resin

embedding, or cryo-freezing. Clearly this removes the possibility for dynamic imaging,

unless multiple sections and multiple time points are imaged sequentially. Imaging at

such high magnifications is a laborious process even after the sample preparation has

been performed. The field of view in TEM is also restricted, especially at ultra-high

magnifications (such as 30,000X) where only small regions of the cell can be observed.

While it is true that TEM can provide absolute quantification of NPs inside cells, provided

the NPs have sufficient electron-density, the restricted field of view limits the number of

cells that can be quantified. This renders the technique unsuitable for high throughput

investigations. Sampling only small amounts areas leads to inaccurate measurements of

the entire cell population, and complicates conclusions regarding different experimental

conditions. There is also significant potential for the incorporation of artifact, through the

processing steps, particularly heavy metal staining, and the loss of NPs from the sample

through diamond knife sectioning.

4.2.2 Reflectance confocal microscopy

Due to the limitations that exist with TEM, research is often focused toward the devel-

opment of alternative imaging strategies. RCM is one such tool that exploits the inherent

Refractive Index (RI) changes within samples to allow the visualization of intracellular
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NPs such as cerium dioxide and SPIONs. The basics of RCM have been previously intro-

duced in Sections 1.3.8 and 1.3.11. Reflectance background intensity is inherent to images

as these techniques do not selectively capture reflectance originating from NPs. There-

fore, the acquisition settings that maximize this signal to noise ratio (SNR) and minimize

unwanted background effects must be established. This is particularly important due to

the small amount of signal of interest generated, 10-8 - 10-6, relative to the incident light,

in reflectance images. When imaging the Sienna+ SPIONs in particular, a low level of sig-

nal was detected, when compared to other NPs, such as the slightly larger sigma SPIONs

(Appendix Figure B.2).The SNR between optical systems with different objectives will

vary and a detailed discussion of the SNR effects in confocal microscopy can be found here

[227]. The SNR of images acquired of medically relevant Sienna+ SPIONs, on both Zeiss

LSM 710 and Nikon A1R microscopes using high magnification objectives, were assessed.

Qualitatively the image quality and SNR appeared better on the Nikon A1R than the

Zeiss LSM 710 as shown in Figure 4.2A and B and in Appendix Figure B.3.

When quantified this translated into a higher SNR in the Nikon microscope for each objec-

tive tested. Interestingly, the highest SNR is seen with the 40X objective, likely due to the

lower contribution of background effects that appear to increase in severity with increas-

ing magnification (Figure 4.2A and B). The 40X also offers the advantages of a reduced

artifact presence and larger field of view. When compared using ANOVA the p=value

is 1.05 x 10-8, indicating significant differences within the groups. When compared using

”MULTCOMPARE” function in MATLAB, no significance is determined between the

Zeiss 63X and the Nikon 100X, and the Nikon 60X and Nikon 40X. All other comparisons

between objectives were found to be significant (p<0.001). Increasing magnification and

numerical aperture gave increased optical resolution and in turn facilitate higher detection

rate of NP signal as seen in Figure 4.3 and Appendix Figure B.5. This was assessed across

the same sample area (depicted as an insert in Figure 4.3C). When the zoom approaches

that of the Nyquist sampling rate, maximum reflective objects are detected. However,
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Figure 4.2: SNR across different available microscope systems and objectives.
Signal to noise ratio (SNR) will depend on the imaging system and the sample itself. The
Nikon A1R (A) led to increased SNR when qualitatively compared to the Zeiss LSM 710 (B).
C) Quantifying SNR from multiple microscope images (N=3) the SNR appeared highest on the
Nikon A1R using a 40X objective. No significance is determined between the Zeiss 63X and the
Nikon 100X, all other results were significant p<0.001 (***).
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increasing magnification decreases imaging throughput due to the decreased field of view.

The Nikon A1R suffers from ring artifacts within reflectance images caused by optical

elements within the microscope, depicted in Figure 4.3. This artifact effect is well docu-

mented [324]. The intensity and severity of the observed artifacts increase with objective

magnification, and different imaging configurations can lead to deterioration of image

quality due to this artifact [324]. For example, when image tiling is performed with

optical zoom on the 40X, the artifact is particularly obvious (Figure 4.3A) [325, 326].

Therefore imaging configuration must minimize this problem, such as reducing magnifi-

cation or increasing field of view. The artifact has a relatively high intensity compared to

the background signal (seen in 4.3A). Therefore false signal detection could occur when

imaging NP containing samples if the artifact was present.

To investigate this, the same NP treated sample was imaged multiple times at the exact

same location using different sized fields of view (using the zoom magnification control)

on the 40X. This was to determine the impact of the artifact intensity on NP detection

using these acquisition settings. These were performed using the full field view, upto the

Nyquist sampling rate for acquisition with this objective (Figure 4.3). For Nyquist sam-

pling, the pixel should be at least two times smaller than the smallest feature expected

in a sample (200 nm in confocal) to ensure maximum information is recorded. Using

Nyquist sampling rate, the image quality will be as high as possible in the resultant digi-

tal image, however the field of view will be extremely small (2-3 cells per view on the 40X

objective). Following acquisition, the detection rate of NP was compared across all the

acquired images. Manual assessment of each of the images (counting) determined that

65 regions of signal were present within the image. Then, MATLAB was used to detect

regions of intensity using methods discussed later on in Section 4.2.9. This determined

the number of isolated regions detected within each of images. As optical zoom increases,

there is an increase in the number of detected regions 4.3C. However, as the optical zoom
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increases, more than 65 (up to 40 more) regions were detected, indicating that the increase

in artifact may be leading to an increase in detected signal due to its intensity. Because of

this, it was concluded that the Nikon 40X objective with a 2X optical zoom and artifact

removed from the field of view gave a good compromise between accurate detection and

throughput. Therefore these settings will be employed for future experiments. However,

the 60X and 100X objectives provide increased resolution and therefore are advantageous

for use in colocalization experiments (Section 6.2.1). These analyses indicate the worth of

employing the 60X objective to maximize SNR trade-off with magnification within future

colocalization studies.

The laser line used can also effect the detected reflectance signal, and the amount of

artifacts present within a sample. This is due to the relationship between incident light

and reflected light. Reflected light depends on the loss of incident light through specimen

absorption. Shorter wavelengths are more easily absorbed into specimens, therefore are

paralleled by a loss of reflected light. However, when the specimen was visualized with

laser powers higher than 488 nm, there was a visible deterioration of image quality due

to the increase in ring artifacts from the optical elements within (Appendix Figure B.4).

Therefore the 488 nm laser line was employed for RCM imaging.

Imaging coverslips mounted onto slides in VS leads to varied background reflectance across

the image seen in Figure 4.3D. Uneven background illumination or high intensity back-

ground signals complicate analysis and lead to the false positive identification of signal.

Glass bottom petri dishes are advantageous for microscopy as they can be placed directly

onto an inverted microscope. These dishes, when imaging in reflectance mode, offer the

advantage of maintaining a flat surface and consequently providing a more even back-

ground signal (Figure 4.3E). The dishes also provide a useful platform if multiple imaging

methodologies are required, such as processing and imaging with TEM or SIM [322].

Therefore MatTek dishes were used whenever possible for reflectance imaging within this
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thesis. High intensity reflectance signal is evident when imaging at or close to the cover-

slip, a fact taken advantage of during the imaging of cell surface contacts [238]. However,

for the purpose of imaging inside cells, it is not advantageous to collect a high level of

light scattered from the coverslip as this would obscure the NP signal of interest. The

reflectance signal collected by the detector appears to decrease with increasing depth from

the coverslip (Figure 4.4). This loss of intensity with increased depth can be explained

due to the increased scatter of incident and reflected light through the sample, and there-

fore decreased backscattered light will reach the detector at increased sample depth [327].

Imaging within a region around 2.5 µm from the coverslip led to increased image quality,

and maximum separation distance between control signal level and NP treated signal in

Z-stack images (Figure 4.4F).

Imaging with VS, which has an RI of 1.44, rather than aqueous imaging medium such as

PBS, RI 1.33, within Mat-Tek dishes appears to decrease the cellular background signal

compared to imaging in dishes containing PBS (Figure 4.4). VS may lead to a weaker

backscattered signal at the media/cell boundaries and by intracellular organelles, due

to a slight change in RI between the imaging media and the cellular constituents [328].

Indeed when looking at control cells and treated cells under both PBS and VS imaging

conditions, the level of background signal from cellular components qualitatively appears

lower in VS (Figure 4.4A:D). Regions of bright intensity visualized in control cells appear

to decrease upon the addition of VS. Some regions of mid-intensity in treated cells also

appears to decrease (Figure 4.4A:D). This presumably indicates that some cellular con-

stituents reflect light more strongly than others and that the use of VS reduces this effect

and subsequently lowers their contribution to the final image. When visualizing intracel-

lular NPs whose size is below that of the diffraction limit of light, the detected signal is

visualized as a blurred unresolved object. This effect, described by the diffraction-limited

Point Spread Function (PSF) of the system, always occurs when imaging point sources,

such as small NPs. The PSF is modeled by a Gaussian distribution and is the response of
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Figure 4.4: Imaging in VS increases image quality compared to imaging in PBS in
MatTek dishes. Reflectance imaging of cells submerged in PBS within MatTek dishes (A and
C) leads to an increase in non-specific background signal and increased blurring of the NP signal
(C). This is particularly evident in the control cells where no amount of high level reflectant
intensity would be expected, as no NP are present. When performing reflectance imaging of cells
submerged in VS (in MatTeks), the use of VS leads to an apparent reduction in non-specific
background and cellular signal (B and D). In PBS control images (top) and treated images
(bottom) show increased level of background intensity, compared to VS imaged samples. E)
shows the quantification of the FWHM of NP signal in treated cells imaged in VS and PBS; A
decrease is observed in the FWHM when imaging in VS compared to PBS indicating an increase
in image quality. The line intensity scans show an example of signal in PBS (F) and VS (G).
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the optical imaging system to the point source. Properties of this Gaussian can be used

to determine the effective resolution of microscopy techniques (i.e. FWHM), to determine

the minimum separation difference of objects that can be resolved. The use of VS appears

to increase signal contrast and decrease the FWHM, leading to an ’apparent’ increase in

resolution (Figure 4.4E and F). Quantification was therefore performed to measure the

FWHM from line intensity scans in ImageJ. The FWHM of signal arising in PBS samples

is 405 nm +/- 95 nm, whereas with VS the FWHM is significantly decreased at 325 nm

+/- 50 nm. This indicates that VS does increase image quality and resolution.

Appropriate acquisition settings are crucial for obtaining meaningful and quantitative

data. Therefore numerous extensive reviews exist in terms of FCM settings [329, 330].

Similar principles apply for RCM. Briefly, when laser power settings are determined from

an untreated control sample (i.e. laser power is set so that no signal is observed in the

control) valuable signal may in fact be lost in the case of subsequent samples. Although

this technique removes unwanted contributions from noise, the dynamic range of the

sample is effectively clipped to a minimum and signal will be lost. Likewise, if laser

power and gain are too high the detector will be saturated. The intensity values are then

restricted to the detector maximum i.e. 4096 for a 12 bit detector. Settings should instead

lead to acquisition of images that utilize the entire detector dynamic range to maximize

the SNR, image contrast and signal detection. Therefore settings should be determined

by using an NP treated positive control. The laser power should facilitate the detection

of signal nearly up to the maximum attainable value, using the entire dynamic range. It

is crucial to retain the same laser power and gain settings across experiments that are to

be compared or quantified relative to one another, and to facilitate automated detection

of signal in subsequent processing stages.
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4.2.3 Reflectance structured illumination microscopy

As introduced in Section 1.3.12, conventional diffraction limited microscopy is restricted

to resolution capabilities of approximately 250 nm. An increasing number of superreso-

lution techniques are available and under continued development to improve the spatial

resolution of LM, however these almost always are paralleled by the sacrifice of temporal

resolution [257, 259, 331]. SIM, introduced briefly in section 1.3.12, is one such established

method that provides more than two-fold increase in resolution relative to conventional

light microscopes such as confocal [233, 257]. SIM requires no special sample preparation

and therefore is an ideal complement to other microscopical investigations [331]. SIM sac-

rifices less temporal resolution than techniques such as Stochastic Optical Reconstruction

Microscopy (STORM) / Photo-Activated Localization Microscopy (PALM) rendering it

particularly advantageous for live cell applications in terms of low laser power and short

imaging time.

Despite the widespread use of Fluorescence SIM (F-SIM), SIM in reflectance mode (R-

SIM) has only previously been documented on custom built microscopes [233]. In an

F-SIM acquisition, a filter cube is present within the light path consisting of an excitation

filter, emission or barrier filter and a dichroic mirror. This filter cube allows fluorescent

light emitted from the specimen to pass through and reach the detector, and blocks the

light used to excite the specimen. When collecting reflected light, this type of spectral

separation is not employed. In order to collect light reflected back from the sample in a

SIM acquisition, a filter cube that contains a half-mirror (partially silvered) in the place

of the dichroic, can replace the standard filter cube. This half mirror permits the passage

of reflected light (same wavelength as incident light) to the detector, rather than filtering

specific wavelengths. The sample is illuminated in the same manner as F-SIM using a

grating (grid) to structure the light incident to the sample to acquire multiple (9 or 15

in 2D or 3D respectively) Moiré fringe images due to interference. Superresolution image

reconstruction is performed in the Fourier (frequency) domain [331]. The Fast Fourier
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Transform (FFT) is a discrete Fourier Transform (FT) algorithm that mathematically

converts the observed signal in its acquired spatial or time domain into the Fourier fre-

quency domain [331, 332]. In the Fourier domain, the frequency content is restricted by

the Optical Transform Function (OTF), which is the FT of the PSF [331]. The Moiré

fringes contain higher frequency information than would otherwise have been possible to

capture, outside of the OFT of the objective. The effect of combining these different

Moiré fringes can be visualized on the FFT image, where the signal space is significantly

extended when compared to the central sphere that represents the OTF (Figure 4.5) [331].

Figure 4.5: Example FFT of R-SIM of Sienna+ SPIONs and cerium dioxide NPs.
The FFT indicates that the reconstruction was successful due to the 6-lobed flower structure
evident in the images.

The inverse of the reconstructed frequency space image (iFFT) then produces the final

SR-image in the spatial domain. Therefore the FFT image also gives an indication of

the success or failure to acquire SR image data in the spatial domain. Figure 4.5 shows

the FFT of 2D R-SIM images acquired of Sienna+ SPIONs and cerium dioxide NPs: the

characteristic 6 lobed petal structure indicates that the reconstruction was a success. Four

different NPs were successfully visualized using R-SIM (Figure 4.6A-F). This provides the

first example of a commercial SIM microscope being used for super-resolution imaging of
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intracellular reflectant (NP) structures, utilizing the half-mirror filter cube. This is advan-

tageous particularly for the imaging of non-fluorescent NPs, such as SPIONs and cerium

dioxide NPs, which would otherwise be undetectable using F-SIM. This therefore negates

the need for fluorescent modification and labeling. Two types of SPIONs, polystyrene

and cerium dioxide were imaged (Figure 4.6A-F), indicating the breadth of application

for this technique. The fluorescent polystyrene NPs provided the opportunity to visualize

NPs in both R- and F-SIM mode near-simultaneously. This determined that there was

not any major offset between the reflectance and fluorescence signal (Figure 4.6E and

4.6F). The fluorescent overlay also provided evidence that the detected reflectance signal

arises due to NPs in the sample and are not an artifact. The brightest fluorescent NPs

are visible with reflectance at the same location. Interestingly, the resolution in R-SIM

appears higher than that of F-SIM. This has also been noted between RCM and FCM,

where the resolution in RCM is roughly 50 nm higher [247]. The detection capacity,

particularly for polystyrene, appears lower in R-SIM compared to F-SIM (Figure 4.6E

and 4.6F). This is likely to be a product of the low reflectance, or RI, of polystyrene

and the high background inherent to reflectance images. This background is enhanced

during epi-illumination acquisition, such as in SIM, and can mask signal during Fourier

reconstruction.

The use of VS imaging media led to a superior image quality when compared to images

taken in PBS, this is evident in Figure 4.7. The addition of VS, as with RCM, led

to a decrease in background signal, again presumably due to the increase in refractive

index. Thus, R-SIM can be performed with the same sample preparation conditions as

RCM, which is advantageous as samples can be imaged sequentially by both techniques.

This renders SIM a complimentary technique for high resolution investigations of specific

samples. Different laser lines can also effect the reflected signal. This is assumed to follow

the rule that as laser wavelength decreases, absorption increases, and therefore reflectivity

will decrease. It can therefore be expected that longer wavelengths of light will lead to
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Figure 4.7: Imaging in VS appears to increase image quality in R-SIM images.
Comparison of the signal detected when imaging in PBS (left hand images) and VS (right hand
images). VS decreases background signal and increases R-SIM image quality.
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increased reflectivity. A superior SNR was obtained with 488 nm incident light, seen

in Figure 4.8, as expected. The 488 nm laser led to an increase in the reflected signal,

therefore the 488 nm laser was used for R-SIM imaging.

Figure 4.8: R-SIM with the 488 nm laser appears to lead to increased signal detec-
tion. Comparison of the signal obtained when cells with or without NPs are imaged with 405
nm laser (middle panel) and a 488 nm laser (right panel). CellTracker Orange stain is used to
visualize the cell cytoplasm. Use of the 488nm laser appears to lead to an increase in reflection
signal.
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4.2.4 Comparison between R-SIM and RCM of NPs inside cells

Figure 4.9 shows the CLSM reflectance (NPs) and fluorescence (CTO and DAPI stain)

images of SPIONs and cerium dioxide NPs when using a 100X objective with Nyquist

sampling rates for maximal resolution. Both NPs provide a substantial RI difference

compared to the surrounding media and therefore provide excellent contrast. This allows

detection in cancer cell models indicating their applicability to subsequent studies (Figure

4.9). Figure 4.10 shows the R-SIM images of the NPs inside HeLa cells, using the same

100X objective. Raw images acquired from both RCM and R-SIM show evidence of back-

ground signal, which can be removed later using the post processing methods described

in Section 4.2.9.

Figure 4.10, middle and bottom panels, show the results of post processing of R-SIM im-

ages. The method uses image filtering followed by intensity clustering to segment signal.

This allows quantification of NP uptake relative to control cells. This procedure is de-

scribed in detail in Section 4.2.9 [322]. In order to make qualitative conclusions regarding

the advantages offered by R-SIM and RCM, cells were incubated with NPs and imaged

sequentially first with RCM, and then R-SIM. This process is detailed in the first part

of Appendix B.1.4. The increased resolving power of the R-SIM technique is evidenced

by the appearance of multiple smaller structures on the R-SIM image where RCM shows

single correspondingly larger structures at the same locations when using both the 60X

(Appendix Figure B.6) and the 100X (Figure 4.11) objectives for RCM. Thus, the higher

resolution allows separation of regions that would otherwise be non-resolvable using RCM

alone. This is also evidenced in the line intensity profile of the selected region on the raw

intensity image (Figure 4.11). The RCM line scan shows a single broad peak, where the

R-SIM line scan displays two peaks at the same location (Figure 4.11). The decrease in

the width of the detected R-SIM peaks indicates a decrease in the FWHM. The FWHM

for regions detected by RCM using the 100X 1.49 NA objective with Nyquist sampling is

345 nm +/- 83 nm averaged over 100 regions. The average FWHM for regions detected
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Figure 4.9: RCM images of SPIONs and cerium dioxide NPs inside HeLa cells. NP
uptake can be visualized in HeLa cells treated with cerium dioxide NPs or SPIONs compared
to untreated control cells. Images show maximum intensity Z-projections of cells stained with
Cell Tracker Deep Red (CTDR) (red), 4,6-diamdino-2-phenylindeo (DAPI) nuclear stain (blue)
and NP reflectance signal (grey). Control cells show no high intensity reflective spots. The raw
intensity reflectance images show background reflectance in both control and treated cells (top
and middle panel). Following post processing, regions of high intensity signal are segmented from
background signal (bottom panel). Overlay of fluorescence stains and segmented reflectance NP
signal (grey) are also included (top panel).
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Figure 4.10: R-SIM allows visualization of NP uptake at increased resolution. NP
uptake can be visualized in HeLa cells treated with cerium dioxide NPs (86 cells), SPIONs
(32 cells) or untreated (25 cells). Images show maximum intensity Z-projections. Fluorescence
images show conventional wide-field epi-fluorescence of cells stained with CTDR (red) and DAPI
nuclear stain (blue). Reflectance images show 2D SIM acquisition of reflectance NP signal
(grey). Control cells show no high intensity reflective spots. The raw intensity reflectance
images (top panel) show background reflectance in control and treated cells. Post processing
and segmentation can isolate regions of high intensity reflectance (NPs) from background signal
(middle panel). Overlay of cells stained with Cell Tracker Deep Red (CTDR) (red), DAPI
nuclear stain (blue), and segmented reflectance NP signal (grey) (bottom panel).
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by SIM reflectance is 115 nm +/- 21 nm averaged over 125 regions. This is substantially

better than the theoretical maximal X-Y resolution offered by confocal systems: 200-250

nm.

When comparing images obtained with RCM using the 100X objective to those taken

with RCM using the 60X, the 100X performs substantially better. Regions detected us-

ing the 100X objective with RCM align to those detected by R-SIM with little to no

offset (Figure 4.11 and Appendix Figure B.6). This indicates the advantage of utilizing

the same objective. R-SIM did not appear to reveal as many isolated regions as RCM.

This is evident in the image shown where the majority of regions detected with R-SIM

correspond to a region detected by RCM (Figure 4.11C and D). This can be quantified

as a percentage of total objects detected (Figure 4.11H). Pixel based methods are not

appropriate for this type of analyses due to the difference in resolution. Objects that are

detected within R-SIM images are also observed with RCM with an average of 74% across

27 analysed cells (Figure 4.11H). Conversely, 54% of regions detected on RCM correlate

to regions detected with R-SIM (Figure 4.11). Although volumes of approximately the

same regions were acquired with corresponding Z-step size, the identical volumes cannot

be directly compared which could lead to discrepancies. These variations occur due to

variations in the start or end points within the stack, number of Z-planes within the

stack and Z-resolution / optical section thickness of the modality. The perceived center

of the detected region is not perfectly aligned in all cases seen in Appendix Figure B.6

and Figure 4.11. This may, in part, relate to the different reflected rays that are collected

from irregular shaped NPs and agglomerates under the different illumination patterns.

Agglomerate shape, size and orientation with respect to the optical axis are all known

factors that contribute to the angle of reflectance, and therefore the perceived center of

detection [333, 334, 335]. Problems with centroid alignment may also arise from the dish

not sitting completely flat during acquisitions. Taken as a whole, the analyses suggest

that although SIM provides better resolution, RCM permits identification of more iso-
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Figure 4.11: Comparison of data obtained from RCM and SIM reflectance. Maximum
intensity Z-projection images of a HeLa cells treated with cerium dioxide NPs, acquired with
RCM and R-SIM using identical 100X, 1.49 NA objective. RCM imaging volume is 3.6 µm
and SIM is 4 µm. Images A) (RCM) and B) (R-SIM) show CTDR (red) cytoplasmic stain,
DAPI (blue) nuclear stain and NP signal (grey). Overlay of the cerium dioxide NP regions show
particles detected in RCM (blue) and SIM (grey) in both the raw (C) and processed (D) images.
White boxes display a sample of regions where RCM detects one spot and SIM detects multiple
spots, illustrating the enhanced resolution of SIM. Intensity line scans of RCM (E) and R-SIM
(F) show the decrease in peak width in SIM and the detection of two peaks where RCM detects
one. The average total number of regions detected via each technique was computed (47 and
68 for RCM and R-SIM, respectively) (G). The percentage of regions or connected components
visualized with each modality, RCM and R-SIM, that are also seen in the other modality (54%
and 74%, respectively), were computed automatically using MATLAB as detailed in the methods
section using 27 cells from multiple experiments performed on separate days (H). The means
and STD are plotted. Comparison of the size distribution of the FWHM of 100 / 125 regions
for RCM and R-SIM respectively are shown (I), with a fitted probability density function.
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lated NP positive structures. The total signal detected (isolated regions) when imaging

cerium dioxide NPs is increased in total number when analyzing R-SIM images when

compared to RCM 4.11. Despite the higher detection of ’isolated singular regions’ with

RCM, the perceived increase with R-SIM is expected due to the increase in resolution due

to the resolving of smaller structures previously detected as one with RCM. Interestingly,

the detection of SPIONs remains roughly the same, therefore it may be that R-SIM is

inferior to RCM for the investigation of particular types of NPs, such as SPIONs. It is

likely that the low intensity reflectance signal generation associated with these particular

SPIONs, possibly relating to the low density dextran coating, is being masked by the

increased background signal associated with SIM due to epi-illumination. The core size

of the SPIONs used in this study is small (4 nm) and irregularly shaped, as seen in the

TEM micrograph (Figure 3.1). These results indicate that particle material, size and

homogeneity, in part, determine their detection capacity with R-SIM and, therefore, may

dictate the imaging system preferred for NP visualization and quantification.

Intensity profiles of signal from Z-stacks were used to determine the Z-PSF in both RCM

and SIM (Figures 4.12A, B, D and E). The observed FWHM in the Z direction of RCM is

1077 nm (Figure 4.12). The optical slice for SIM is approximated by the measured Z-PSF,

and is larger than the theoretical optical slice thickness of RCM. However, the SIM recon-

struction algorithm will only successfully reconstruct high contrast (in-focus) signal near

the center of the plane, leading to a Z-FWHM that is smaller than the Z-FWHM of RCM

(685 nm and 1077 nm respectively) when measured over 20 regions (Figure 4.12C). The

effect this has on particle inclusion within the imaged plane was concluded by comparing

the number of consecutive planes that particles are present within on matching R-SIM

and RCM images. Particles appeared for an average of 7 consecutive optical slices with

0.2 micron increments in RCM, and an average of 4 consecutive optical slices with 0.2

micron increments in R-SIM (Figure 4.12F). This is logical given the FWHM measure-

ments, and indicates that the Z-PSF is smaller in SIM than RCM, leading to an increase
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in Z resolution.

RCM allows acquisition of large amounts of 3D data with apparent increased detection

sensitivity when compared to R-SIM. RCM can also be performed with live cells. R-SIM,

however, provides a substantial increase in resolving capabilities compared to RCM and

distinguishes between NP clusters with an average FWHM of 115 nm compared to 354

nm with RCM. This distinguishes clusters previously unresolvable by other reflected light

techniques, such as RCM, affording more accurate investigations and conclusions regard-

ing the presence and location of NP clusters within cells, and permits the superresolution

imaging of unlabeled NPs that would not be possible with current fluorescent SIM ac-

quisitions. The relatively long effective exposure time of SIM, 3 seconds, makes it less

compatible with living samples, however it is possible. Together, the combination of RCM

and R-SIM techniques can highlight important information regarding the cellular uptake

and localization of NPs, with no additional sample preparation needed to transition be-

tween the two modalities.

NPs with varied compositions appear to be detected with different efficiency using R-SIM.

SPIONs, for example, appear to be better detected by RCM than R-SIM. It would be

of interest to synthesize NPs of varying material, size, shape and homogeneity to subse-

quently systematically compare the detection of these with RCM and R-SIM. This could

be used to infer conclusions regarding the limitations of R-SIM in terms of NP physi-

cal properties. The difference in detection can somewhat be explained by the different

scattered light collection methods used in each optical sectioning technique. In RCM,

out-of-focus light is filtered by the conjugate pinhole system, resulting in an increase in

image quality, greater depth of field and increased particle detection. SIM, however, uti-

lizes wide-field illumination at multiple angles and phases, and therefore suffers from the

detection of outof-focus blur; only high contrast in focus signal will be successfully recon-

structed, leading to a narrower plane of particle inclusion [247]. The algorithm used for
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performing the reconstruction is part of proprietary Nikon software designed primarily for

fluorescence imaging, which cannot readily be replaced or modified by the user. Reflected

light images can include high levels of background scattering from cellular components,

which the reconstruction software is not designed to deal with. Thus, it is likely that this

background scatter leads to obscuring of signal, especially in the case of the smaller, ir-

regularly shaped SPIONs. This can limit particle identification. Potential future changes

to the image processing and reconstruction algorithm may lead to increased image quality

and increased detection. Despite this limitation, these analyses indicate the increased de-

tection power of RCM, relative to the significantly improved resolution of SIM, suggesting

that their combined application can provide maximal information in the investigation of

certain suitable NPs (such as cerium dioxide).

4.2.5 Correlative reflectance electron microscopy

Reflectance signal arises from a variety of cellular constituents in addition to signal from

NPs. Therefore it is beneficial to include comparisons to ensure that signal detected is

arising from NPs. As previously shown metallic NPs give rise to contrast with TEM, al-

lowing the visualization of NPs and NP clusters localized within the cell, thus confirming

that NP uptake has occurred. TEM images of HeLa cancer cells treated with cerium diox-

ide NPs and SPIONs were acquired following reflectance imaging, allowing visualization

of the preserved ultra-structural detail within the cell and intracellular NPs (Figure 4.15).

This is a methodology termed Correlative Reflectance and Electron Microscopy (CREM),

which falls into a sub-category of CLEM experiments. Different protocols were tried to

obtain the best possible quality and correlation and the main findings are summarized

below.
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4.2.6 Gluteraldehyde fixative provides ultra-structural preser-
vation

Generally for light microscopy investigations PFA provides sufficient fixation. However,

when cells must withstand the dehydration and infiltration steps of TEM processing,

Gluteraldehyde (GA) fixation is often necessary. The use of a short PFA fixation alone

can lead to coagulation of the cytoplasmic and nuclear constituents, also known as the

induction of cell death. For this reason, in CREM experiments, an initial fixation with

PFA was used, followed by a longer fixation in 4% PFA / 2% GA. This mixture of both

takes advantage of the fast penetrating PFA monomers, and the slower penetrating but

fast fixing GA monomers. This is advantageous as the speed and degree of cross-linking

are two important factors in adequate fixation. Initially, before reflectance imaging, cells

were fixed with standard 4% PFA. Following LM imaging, the cells were post-fixed for one

hour in 4% PFA / 2% GA. TEM imaging of these cells indicated that coagulation of the

cytoplasm had occurred in the majority of samples imaged (Figure 4.13A). This suggests

that the fixation was not adequate, or the imaging was too intensive. Therefore the use of

GA in the initial fixative was assessed at a concentration of 2%, and again, following LM

imaging, the cells were post-fixed for one hour in 4% PFA / 2% GA. This led to a well

preserved ultrastructure (Figure 4.13B). This indicated that in these CREM experiments

the first initial fixative should be carried out with 4% PFA and 2% GA, in addition to

the post LM fix, to facilitate the optimal ultra-structural preservation to allow accurate

conclusions regarding the investigations.

4.2.7 CREM protocol

Figure 4.14 shows a schematic of the protocol for acquisition of reflectance images and

subsequent TEM processing. The protocol is described in more detail in Appendix Figure

B.1.4. Briefly, cells were seeded on gridded MatTek dishes to facilitate relocation of spe-

cific cells across modalities. RCM was performed following the initial hour long 4% PFA /

2% GA fixation. RCM should normally be performed prior to R-SIM imaging to minimize
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Figure 4.13: Fixation with PFA or PFA/GA for LM followed by TEM. Initial fixation
prior to LM was in 4% PFA. A) Shows the resultant TEM images of cells fixed in PFA prior to
LM; coagulation of the cytoplasmic components is evident. B) Shows the preservation following
an initial fixation in 4% PFA / 2% GA. Ultra-structural preservation is clearly better when the
initial fixative includes GA. The effect of staining artifact is also visible in A.

photobleaching of fluorescent stains used to mark the cytoplasm, nucleus and lysosomes.

RCM Z-stacks of an entire grid square using the 100X objective at Nyquist sampling rate

should be performed. This procedure allows acquisition of maximal information. Fol-

lowing RCM imaging, individual cells were identified using the RCM grid square / map,

and R-SIM Z-stacks were acquired. Cells were then post-fixed with 4% PFA / 2% GA

for 1 hour and subjected to standard TEM processing (fixation, dehydration, infiltration,

sectioning and staining) as detailed in Appendix Figure B.1.4.

Acquiring data with different sample processing steps and using several modalities poses

significant problems in terms of cell identification and image registration, limiting the

widespread use of CLEM. Strategies have been developed and employed to circumvent

these problems. The approaches include the use of completely integrated imaging and

alignment systems, the use of fiducial / navigation markers to aid realignment and au-

tomated computational work-flows to realign post acquisition [265, 264, 336, 266]. The
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Figure 4.14: Depiction of the CREM protocol stages to obtain correlative images of
NP treated cells. A) Cells were seeded onto a gridded MatTek, 24 hrs later they were treated
with NPs for 1 hour and labeled with fluorescent dyes (CTO or CTR for cytoplasm stain, and
lysotracker for lysosomes). Cells were fixed in 4% PFA / 2% GA and imaged by RCM and
R-SIM. Following a second post-fix cells were processed for TEM. Cells were relocated using
the RCM grid map. B) Example of the process. Confocal and TEM of fixed A549 cells treated
with SPIONs. Cell outlines are highly preserved facilitating identification of the same cell. The
ultastructure of the cell is well preserved and the sub-cellular localization of NPs within vesicles
is evident. Individual NPs can be visualized distinctively at high magnification up to 30,000X.
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limiting factor in many of these procedures is cost, therefore computational realignment

post image acquisition was performed in this case. To maximize the accuracy of re-

alignments, roughly equivalent areas should be registered from the different modalities.

Table 4.1 summarizes the specifications that were determined for each technique. Dif-

ferent modalities will include different amounts of Z- information. Adjacent TEM serial

sections can be registered automatically using the MATLAB imregister function in ’multi-

modal’ configuration using optimized parameters. MATLAB automatically calculates the

intensity-determined rigid transformation between given sections. Following registration,

a minimum intensity (min) projection combines information from each image plane. This

resulting min-projection TEM image can be co-aligned with correlating RCM and SIM

optical slices. It is beneficial to include multiple optical sections from SIM, due to the

narrower Z-FWHM when compared to RCM, to ensure that information is consistent

between modalities.

Table 4.1: Comparison Table of the Achievable Specifications from each modality

The rigid ICP-algorithm can be used to aid identification of matching planes between

TEM and LM. Non-rigid registration would be unsuccessful in determining the co-aligning

planes because it would deform features in every plane to such an extent that the error

would be minimal and consistent. This would prevent distinction between the actual

matching slice, and other deformed slices. Segmentation of TEM and RCM cell outlines
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(in manners discussed in Section 4.2.9, with examples for TEM shown in Appendix Figure

B.8, and transformation of the RCM image by the ICP- algorithm determines planes that

align, i.e. the Z-stack plane with the minimum Least Squares Error (LSE). The accu-

racy of the ICP algorithm is dependant upon the number of iterations; as the number

of iterations increase so does the computational cost (Appendix Figure B.10.). Accurate

registration in CLEM protocols is hindered by alterations in cellular morphology, such as

shrinkage, that arise due to the sample preparation methods in TEM processing, such as

dehydration steps and sectioning. This imposes constraints on the resultant correlation.

Cells with irregular shapes or large sizes have areas that may experience shrinkage at

different rates compared to the bulk of the cell. Semi-automated methods, such as user

input of defined points on the images, such as on the cell cytoplasm or nuclear regions,

can facilitate accurate realignment using MATLAB built in functions, such as CPSelect

and imwarp, or ImageJ plug-ins such as TurboReg. MATLAB can compute the transfor-

mation matrix using these matching points. This however is open to bias, as it requires

user input of point pairs, and is therefore also time consuming. Alternative fully auto-

mated methods can also be employed that rely on the nuclear segmentation in reflectance

and TEM images to increase accuracy, and decrease realignment time and errors. Fig-

ures illustrating some of these segmentation and registration methods are displayed in

Appendix Figures B.9 and B.10.

The Coherent Point Drift (CPD) algorithm offers a promising solution. Appendix Figure

B.10 (bottom right) shows how the DAPI nuclear regions, segmented using fluorescent

stain, and TEM image can be compared and registered automatically. The DAPI region

on the TEM will shrink the most extensively, due to its intracellular location, and therefore

provides a landmark for registration. Appendix Figure B.10 (bottom left) shows the result

of the transformation calculated from the DAPI CPD realignment subsequently applied

to the NP channel. In this instance the automated transformation works well. However

this method is currently limited to images that contain distinct features (such as multi
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nuclear cells) Appendix Figure B.10 (bottom left) [337]. Realignment methods should be

explored further to increase the efficiency and accuracy of fully automated realignment

between modalities.

4.2.8 Correlation of reflectance image data to TEM

Following alignment, correlation between reflectance signal, both RCM and R-SIM, and

TEM signal can be visualized in HeLa cancer cells treated with NPs (Figure 4.15). The

signal detected with R-SIM appears to correlate with the TEM signal with increased

accuracy, in part due to the increase in resolution that allows the separation of nearby

clusters (Figure 4.15). The signal detected across all three modalities co-occurs with sig-

nal from fluorescent lysosomal stain, indicating the localization of the NPs within the cell

(Figure 4.15). The intracellular localization of NPs inside vesicular structures provides

additional information regarding the sub-cellular trafficking of these NPs within the en-

docytotic transport system (Figure 4.14). It is also clear that signal detected from the

reflectance modalities corresponds to multiple NP clusters (possibly agglomerates) rather

than single NP structures. In some cases reflectance signal does not co-occur with sig-

nal on the TEM image, this likely corresponds to TEM signal from neighboring sections.

This occurs because, despite the increase in TEM section thickness used in this study, the

volume is not exactly the same and particles from up to 7 optical slices may be included

into one RCM slice. Therefore, for further quantifiable correlative studies, imaging of

multiple serial sections in TEM would be beneficial to create an imaged volume. It would

be of interest, in such an experiment, to utilize 3D CREM to systematically evaluate the

number of NPs per reflectance spot, in order to evaluate the sensitivity of each technique.

Signal from cellular matter often resembles NP signal when assessing TEM images at

1900X magnification. However when magnification is increased to 30,000 it becomes

much more apparent which of these are signal from NPs and which are signal from cellu-

lar matter (Appendix B.11). This could be confused for discrepancy between TEM and
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reflectance images, if only low magnification was evaluated. In other cases, small NP

clusters may be masked by larger nearby clusters. The light scattered by an object within

a sample is dependent upon physical properties such as size and density [334, 335]. It is

therefore possible that regions not detected on SIM or RCM, but detected on TEM are

not sufficiently agglomerated or aggregated and therefore do not give rise to a detectable

signal in the reflectance techniques. It would be beneficial to combine the study with

TEM-EDX to determine if NP are present at specific locations within the sample. The

presence of cellular structures with increased inherent reflectance above or below NPs may

effectively mask the signal, in particular with SIM imaging. This effect could be examined

further by comparing reflectance and TEM images of cells treated with NPs coated in a

dispersing, non-toxic surfactant, thereby decreasing agglomeration, in order to identify a

potential decrease in correlation between the reflectance techniques and TEM. It would

be important to determine the extent of this masking effect, if it is indeed occurring, as

it could prove to be a limitation of this technique for translation to other samples, such

as within highly scattering tissue environments.

The combination of reflectance image acquisition and subsequent correlation to ultrahigh

resolution TEM imaging can increase the confidence that the signal detected by each

modality is originating from NP internalization within cells, and not an artifact from

processing and imaging. The combination of techniques also offers maximal information

regarding a single sample as each technique offers different advantages and disadvantages

in terms of the imaging specifications (resolution, optical thickness, live and 3D capabili-

ties), summarized in Table 4.1. TEM provides the superior NP detection capabilities and

remains uniquely able to resolve NPs and NP clusters. Whereas the use of reflectance

methods provides a relatively cheap, alternative technique, that is compatible with fixed

and live cell imaging through 3D samples with, in the case of R-SIM, super-resolution.

However, resolution of individual NP and absolute quantification of individual NPs inside

cells requires time consuming, ultrahigh magnification imaging with TEM and data inter-
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pretation is complicated with some materials due to low contrast [218]. New correlative

methodologies that combine spatial elemental analysis, such as ICP-MS at small intervals

using techniques such as laser ablation / desorption could provide a means of integrat-

ing absolute quantifications into different imaging protocols [182, 183]. This could prove

extremely beneficial for developing algorithms and models that can accurately determine

the relationships between microscopically observed signal and elemental NP concentra-

tions. Once determined, this could then be applied to enable the extraction of absolute

concentrations from either reflectance data, or TEM image data: this is discussed further

in subsequent sections (Chapter 6).

4.2.9 Image analysis protocol

Reflectance background intensity is inherent to images as these techniques do not se-

lectively capture reflectance originating from NPs. A high level of unwanted background

signal can occur particularly within the highly scattering environments such as cells. This

is due to the large number of interfaces of differing RIs that exist within most biological

samples. This high level of background can reduce the detection of NPs and lead to asso-

ciated problems when attempting to quantify relative signal intensities, which, compared

to noise components, is a relatively small portion of the total signal [227]. Figure 4.16

illustrates the issues with background scatter in RCM. Both images contain reflectance

signal from the cell itself, whereas the treated cell also contains regions of high intensity.

These regions presumably arise due to the NP treatment. However, when quantified, the

NP treated cell appears to have lower mean intensity (57.4) than the control cell (58). This

was a recurrent problem. Therefore preprocessing of images to remove this sort of cellular

auto-reflectance, along with any other artifact / noise is necessary. Unwanted background

noise (intensity) in reflectance images arise due to intrinsic photon noise (shot noise), de-

tector electronics (Gaussian noise), auto reflectance and artifact (Poisson noise) [327, 227].

The following image acquisition protocol was therefore developed for reflectance images
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involving computational post processing for the sequential segmentation of cells and in-

tracellular regions of interest (NP). Although the work-flow here is designed for RCM

images, the same techniques can be applied to SIM images, and to an extent, TEM im-

ages. Similar methods have been recently applied for the analysis of fluorescent, images

indicating the scope of the workflow [338]. These detected regions can then be analysed for

a host of parameters such as number, size or intensity values which can easily be applied

in 2D or 3D for specific studies. This method significantly reduces the time associated

with image processing and analysis providing an unbiased means of attaining consistent

results. The processing steps involve noise removal, signal segmentation and numerical

extraction of relevant values. Each of these will be described in the subsequent section

for both the fluorescent cell stain and the reflectance NP signal and then the workflow

summarized. The main stages include: 1) the automated cell-segmentation facilitated by

CTO staining, through a process of denoising (Gaussian smoothing) and intensity clus-

tering (K-means) and 2) NP segmentation, consisting of denoising (Gaussian smoothing),

background subtraction and intensity clustering (K-means). Different parameters, such

as detected spot area, detected spot size, number of spots present and cell intensity, of

the resultant segmented cell regions can then be collated to give a thorough picture of the

NPs behavior following cellular internalization.

4.2.10 Cell segmentation

Cytoplasmic dyes aid image segmentation, providing strong contrast at intracellular loca-

tions. Therefore CTO was used to stain the cellular cytoplasm. A variety of segmentation

algorithms exist, as introduced previously in Section 1.3.15.1 [274, 273]. A combination of

K-means clustering and watershed segmentation was performed to identify and separate

touching cells (Figure 4.17A). First, the image was smoothed by convolution with a Gaus-

sian kernal (radius of 4, sigma of 2) and normalized (to scale the values between 0 and

1). Then K-means clustering was performed to assign pixel values to clusters. K-means

clustering, also known as Lloyds Algorithm, is a simple unsupervised clustering method,
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originally proposed by Lloyd in 1957, and first used by MacQueen in 1967 [339, 340]. K-

means partitions ’n’ observations into ’k’ clusters, based on pixel intensity and distance

from the mean of the assigned clusters based on the Euclidean distance. This process is

then iteratively refined until the cluster means do not change [339]. Cluster means can

be initiated prior to segmentation to facilitate consistent segmentation groups. Other

methods are available that permit segmentation (Appendix Figure B.12). However, as

the CTO cytoplasmic stain is intense, K-means clustering is sufficient (Appendix Figure

B.12). The number of clusters that K-means will search for can be input into the al-

gorithm manually, and normally represent the number of different types of signal that

would be present, i.e. cell background, noise and signal (3 clusters). When assessed,

using 3 and 4 clusters resulted in segmentation of the boundary, indicating the robust

nature of the technique. Despite this, some differences were seen between using 2 and 4

clusters (Appendix Figure B.12) therefore 3 clusters were used. This effectively segments

foreground objects from background, however, cells that are touching will segment as

one object (Figure 4.17). Therefore a watershed transform was applied. The watershed

transform is a region based segmentation originally proposed by Digabel and Lantujoul.

The underlying principle is that of a gradient landscape being flooded by water, where

the watershed barriers are placed at partitions where regions would meet. This results

in barriers that constitute the watershed segmentation [341]. For this to be successful

constraints need to be placed on the energy minima. This can be done automatically

or by manually picking a threshold. In order to do this, the built in MATLAB function

’IMHMIN’ was performed, which suppresses minima to a value below a certain user set

threshold (in this case 2). When applied, touching cells were effectively separated, seen

in Figure 4.17.

4.2.11 NP segmentation

Before segmentation the inherent background reflectance originating from cellular con-

stituents must be removed. There are multiple ways of dealing with background effects.
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Control images provide a reference background intensity, however, laser fluctuations with

temperature and time can lead to changes in the intensity incident to the cells and this

can alter the actual effects on an image to image basis. Therefore the image itself can be

used to calculate the background in a method known as background subtraction. First the

image was normalized to scale values between 0 and 1, then morphological opening of the

image was performed to increase the size of elements within the image, using a level radius

value of 4 (which is assumed to be the size of the smallest element of interest within the

image - roughly equivalent to the PSF). This creates a background image that can then

be subtracted (Figure 4.17B). This dilation is performed with a radius of 4 pixels. Fol-

lowing removal of the cellular background, K-means clustering is performed with a cluster

number of 3. The cluster number represents the different groups of pixel intensities that

one might observe. In this case, for a treated cell, the expected pixel intensities arise from

image background, auto-reflectance and NP signal. K means clustering classifies these

pixels into three groups. However, if K-means clustering is to be performed on treated

and control cells, then the cluster means of the different signal groups would differ between

image types - and the expected number of clusters in control cells would be 2. This would

cause inconsistencies in the analysis and segmentation of information that is not compa-

rable across images groups. Therefore, prior to segmentation, the images were placed into

a n-(3)D matrix or stack. In this way, control and treated samples are segmented relative

to one another, simultaneously. In this way, segmentation is always occurring relative to

control cells within the group, increasing accuracy. An example of the segmentation is

shown in Appendix Figure B.14. This combination of background processing method and

segmentation of NP signal was determined to preserve the most signal when compared

to alternative processing routines (Appendix Figure B.13). An overview of the entire cell

and NP segmentation and analysis process is given in Appendix Figure B.16.
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4.2.12 Process of analysis in MATLAB

Once the segmentation routines were verified, the processing methods can be applied to

entire data sets sequentially using MATLAB for loops, to automate the procedure.Firstly

the images are loaded into a data struct into MATLAB using bfopen (from loci tools).

Each image is separated into its channels (CTO, DAPI, NP and Tranmitted light for

separate processing). First the CTO stain in the fluorescent 561 channel is used to segment

all the cell outlines in the entire data set, giving a binary image of segmented cells. Then

the reflectant image channel from each sample is combined into the 3D-stack, the stack

is normalized, background subtracted and segmented using K-means to give binary NP

images. Segmented cells and segmented NP are then multiplied together, this removes any

binary NP signal that is not intracellular. Then each image is looped through sequentially,

and each cell is assessed. Parameters can be automatically determined from binary images

in this way, including the number of isolated regions and the size of these isolated regions.

Additionally, the segmented cell and NP image can be multiplied by the original image

to get a segmented image that contains intensity values. This segmented intensity image

is used to generate the ’mean intensity value’. The mean intensity value across the whole

cell is measured for each and every cell that is detected across the image data set. These

results are linked using the number of the iteration (i) to the exposure concentration

and exposure time. Once the entire routine is performed on the data set, MATLAB can

generate graphs of the acquired data. This entire process is presented in Appendix Figure

B.16. The method of writing this process into MATLAB is also detailed in the Appendix

following Figure B.16.

4.2.13 Verification

The automated technique can be validated by comparing the results generated to those

obtained via manual methods for different parameters. In order to compare the number of

detected NP spots, the number of spots can be assessed by eye across a range of treated and
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control cells. This can then be compared to the number of connected components detected

using the developed work-flow (Figure 4.17D). This indicated that similar numbers of

regions are identified using either approach, with no statistical difference. To further verify

and assess the accuracy and success of the automated method, the outcome of the mean

intensity analysis of multiple sample groups can be compared to manual measurements.

Manual measurements were obtained using hand drawn ROIs of background subtracted

images using ImageJ. This was performed for a variety of concentrations in two cell lines,

HeLa and A549 cells, (HeLa shown - Figure 4.17). These results were then compared

to those generated by the automated method (Figure 4.17E). The same conclusions can

be drawn from both methods for the different data groups, with no statistical difference

between the numbers obtained (Figure 4.17E). Additionally both methods show similar

performance when analysed via Receiver Operator Characteristics (ROC) curves using

GraphPad Prism, which compares the sensitivity and specificity of different techniques

by analyzing the values of treated and control groups (Appendix Figure B.15). The area

under the curve, which is a measure of accuracy was slightly better in the automated

method (0.89 compared to 0.88) and the standard deviation was lower (0.013 compared

to 0.027). More spots are detected in control cells by the software when compared to the

manual method, this is likely due to random high intensity artifact or protein aggregates

within cells, which would not be counted during manual detection, but whose intensity

would allow inclusion into the detection software. Verification was also performed on

A549 cells however the data is not shown as conclusions reached were consistent with

the HeLa cell analysis. Speed of analysis is a limiting factor in some investigations. The

speed of analysis is much faster with the automated software, roughly 1200 cells can be

analysed in 120 seconds, whereas manually this would take several hours. The automation

of graph generation following information extraction is also very convenient for assessing

the results in a time efficient manner. A box explaining the stages in MATLAB is shown

in the Appendix Figure B.16. All code is available on the UoB data archive.
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4.3 Conclusions

Reflectance imaging is shown to provide a label free method for visualizing NP uptake.

Metal oxide NPs, such as cerium dioxide and SPIONs, introduce significant contrast into

reflected light images, providing opportunity to elucidate the cellular interactions that

occur during NP uptake [138, 322]. Reflectance imaging is a time effective investigative

method that requires little sample preparation and can readily be used in conjunction

with fluorescence imaging, offering significant advantages over TEM alone. The utiliza-

tion of a commercial N-SIM module to acquire reflectance imaging data offers a 2-fold

increase in resolution compared to RCM [322]. This allows clusters of NP separated by

∼115 nm to be detected and resolved. This is a necessary pre-requisite for subsequent

accurate colocalization studies to determine the precise localization and trafficking route

of NPs within cells, the elucidation of which is critical to the future success of NPs for

therapy vehicles in biomedicine. R-SIM as a method is validated by the comparison to

RCM and TEM, confirming cellular entry of electro-dense NPs and their sub-cellular lo-

calization. Together the combination of imaging techniques maximizes the information

that can be gained from a sample regarding NP uptake route, uptake form (single NPs

or NP clusters) and sub-cellular localization. In this chapter two different metallic NPs

of significant environmental and biomedical interest, SPIONs and cerium dioxide NPs,

were used. Cerium dioxide NPs are advantageous as they are slightly larger in core size

than Sienna+ SPIONs, as shown in section 3.2.1, and scatter light very efficiently. Both

NPs have been visualized through all three means, revealing information about the cellu-

lar uptake of these NPs in addition to insights into the relative merits of these different

imaging techniques.

While it is true that reflectance lacks specific labeling, when controls and TEM imag-

ing have been performed alongside the diffraction limited objects visualized in treated

cells and not control cells can be determined to be NPs. This is evidenced when com-

paring TEM and RCM images of the same samples. Correlative techniques provide the
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maximum amount of data within experiments, but the choice of imaging method or com-

binations of imaging methods used for each experiment will depend upon the nature of

the sample and type of investigation. For example where high resolution is not absolutely

necessary, such as determining if NPs are or are not inside cells, then RCM would be the

most advantageous as it can be done quickly across a large sample size. Likewise if the

composition of the NPs leads to a better detection with RCM, then RCM would be em-

ployed. R-SIM can provide additional information. If R-SIM detects the NPs efficiently,

and high resolution co-localization studies are required, then R-SIM will offer increased

precision and accuracy for the investigation. TEM will exhibit unrivaled resolution in NP

investigations provided that the NPs introduce contrast with TEM. However, due to the

limited throughput it cannot be employed in larger investigations with many samples.

Likewise correlative methods can be extended to the use of analytical techniques which

are rapidly being developed to facilitate spatial sampling of elemental or spectral informa-

tion. This could be employed when absolute quantifications are required and to establish

relationships between signal detected microscopically, and NP / elemental concentrations.

The reflectance image analysis work-flow that was developed and employed in this thesis

offers significant benefits for NP investigations. It provides an HTS, automated, consis-

tent, time efficient and robust solution for determining reflectance signal within treated

cells compared to control cells, crucial for the identification of specific factors involved

in NP uptake. The method would be applicable to a host of experiments that involve

the internalization of reflectant substrate, such as toxicity, endocytosis and mechanism of

uptake studies. The software can be extended to co-occurrence or colocalization analysis.

This can involve images from two modalities (as shown here with RCM and R-SIM) or can

include fluorescent compartment segmentation, including a quantification of co-occurrence

step for the NPs within labeled cellular compartments (Pearson correlation values, M1

and M2 coefficients, object-based), as exemplified later in Chapter 5. The image analysis

work-flow is applicable to other types of reflectance images. The same pre-processing and
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segmentation techniques can be carried out on R-SIM images (see Figure) 4.10 for quan-

tifying NP uptake. Correlative approaches that utilize both SIM and confocal reflectance

can therefore be overlaid and compared following automated analysis. These comparisons

can give insights into the differing detection and resolution capabilities of the instruments.

The examples presented so far demonstrate the method analysis for 2D images. However

due to the potential multi-dimensionality of the analysis methods, the procedures could

easily be extended for the 3D analysis of reflectance images (Appendix Figure B.17).

The method presented here will form the basis for automated assessment of nanoparticle

uptake, localization and impacts, both toxicological and therapeutic, and could become

an established part of regulatory decision making in due course, both for nanomedicines

and NPs in consumer products.

4.4 Key Findings

1. Metallic NPs, in this case CeO2 and SPIONs, give rise to significant contrast with

RCM, providing a cheap and quick method for visualizing NPs with a theoretical X-Y

resolution of 200 nm, but measured FWHM of 340 nm.

2. Metallic NPs, in this case CeO2 and SPIONs, and some non-metallic NPs, polystyrene,

give rise to signal with R-SIM, this provides an increase in resolution in X-Y up to 110

nm, which can be advantageous for specific studies.

3. The detection capabilities of R-SIM appear inferior to that of RCM in this case of

CeO2 and SPIONs.

4. Correlation of reflectance and TEM images indicates that reflectance modalities can

detect a large portion of NPs within cells and therefore can be used in subsequent studies
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to assess the uptake and effects of these NPs relative to control / untreated cells.

5. Automated processing of reflectance images facilitates removal of the strong reflectant

background that arises due to the highly scattering intracellular environment allowing

quantitation of signal.

6. Automated work-flows greatly reduce processing and analysis times from several hours

to just a few minutes, and can be designed to be applicable to a variety of different ex-

perimental work-flows and image types. Verification of these methods to manual analyses

provides assurance on the results obtained.
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CHAPTER 5

DETERMINING THE CELLULAR UPTAKE OF
SPIONS

5.1 Chapter introduction and summary

The increased exposure to NPs and their accumulation potential gives rise to an urgent

need for characterization of the NP-cell interactions that occur during exposure. NP with

different physicochemical properties can induce different cellular outcomes. Understand-

ing how specific properties lead to particular cellular internalization patterns of NPs is

necessary in order to tailor the design of NPs for specific purposes, such as localization

within target cells and reduction of off-target effects. The degree of internalization will

depend largely upon the properties of the NPs in the exposure medium, such as size and

agglomeration potential, and the previously discussed and characterized ’Protein Corona’

(Section 1.2.1 and Section 3). Another important consideration is the cell population it-

self. Different cell types are designed to carry out very different specific functions in vivo

and therefore have varied needs, including capacity for division and requirements for nutri-

ents leading to modifications of internalization potential. This leads to varied cell surface

protein / receptor expression, internalization mechanisms and detoxification processes.

Therefore the results obtained in studies using one particular cell type may not hold true

for all cell types. The specific uptake of SPIONs into macrophage cells is well studied, due

to their involvement in SPION clearance following in vivo administration [168, 163, 164].
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However, uptake of SPIONs into other cell lines is less well studied. Additionally, fol-

lowing exposure, the uptake processes, clearance and trancytosis potential are unclear.

Studies have suggested a variety of mechanisms for the internalization of carboxydextran

coated SPIONs, including caveolar endocytosis, CME and macropinocytosis in different

cell types [157, 173, 152]. Gu et al found that CME, caveolin and macropinocytosis were

all involved in the internalization of SPIONs in RAW267.4 cells [157]. Calero et al saw

that, in MCF7 cells, DMSA-SPIONs were internalized through both macropinocytosis

and CME dependant upon size [173]. Bohmer et al found that Caveolin, rather than

CME or macropinocytosis, was responsible for the uptake of sillica coated NP in HeLa

cells [152]. The clarification of NP uptake route in non-macrophage cells is vital if these

NPs are to be targeted specifically to cell populations to elicit therapeutic or diagnostic

aid. Understanding the internalization and trafficking pathways may also facilitate better,

more accurate predictions of the NP toxic potential following administration, which may

depend on the uptake pathways used. It is particularly important to study SPION uptake

in cancer cells due to their potential application within chemotherapeutics.

Investigation into the uptake of cargo within cell types often include the use of specific

inhibitors of internalization pathways or machinery using siRNA or drugs [249, 342, 164].

For example, Kuhn et al and Dos Santos et al used specific pharmacological inhibitors

to determine the differential route of uptake of polystyrene NPs in cancer cells and

macrophages [342, 160, 159]. In previous studies, SPIONs, including Resovist, were shown

to enter macrophages and neural progenitor cells through CME [343, 164]. Fewer stud-

ies have focused on non-phagocytosing cells, and of those performed, some had apparent

flaws. For example, SPIONs were often combined with uptake enhancing agents, such as

transfection medium or modified with peptides [344, 345]. Soenen et al used SPIONs in

conjunction with transfection agents, and the conclusions regarding uptake mechanism

were ascertained by colocalization studies with TF, a cargo for the CME pathway [164].

Two issues exist with this method. Firstly, it is possible that the route of uptake is
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influenced by the use of a transfection reagent, which is internalized through dynamin

dependent endocytosis and has been shown to escape lysosomal degradation [346]. Sec-

ondly, NP uptake mechanisms were deduced through subjective red/green image overlays

of NP signal with TF signal. These types of overlays are only truly representative when

the channel histograms are roughly equal, a scenario that is unlikely when different fluo-

rophores are used [164, 347, 348]. Alternative measures of colocalization can be performed

such as object or statistically based methods, which offer increased accuracy [348]. More-

over, although colocalization studies can be indicative of NP and labeled cargo residing

within a common membrane bound organelle, this does not necessarily implicate a com-

mon mechanism of internalization. Determining the method of internalization solely by

signal colocalization with a labeled pathway cargo is particularly confounding as differ-

ent endocytotic routes can converge into a common early sorting compartment. SiRNA

based approaches such as those used within this thesis circumvent some of these problems

by specifically inhibiting the internalization proteins, leading to knockdown of pathways,

rather than inferring the mechanism through association with cargo.

Uptake studies often involve the use of fluorescent NPs, which, as previously discussed,

can lead to an alteration in the NP surface properties. This can therefore lead to changes

in the uptake route and subsequent effects [164]. In this chapter, the aforementioned label

free methods (RCM and R-SIM) were used to visualize NPs without the use of fluorescent

tags. This allows us to visualize the Sienna+ SPIONs in the administered form. The

previously described analysis procedure was employed to limit bias in result generation

and interpretation, and to increase sample size and therefore confidence in the results

generated. A concentration and time dependent uptake of SPIONs in different cell types

is established, benchmarked against the well studied macrophage model. A variety of cells

were exposed, including HeLa cells, a well-established cancer cell model often used for in

vitro studies; A549 cells, often used to model the human lung, particularly well studied

in nanoscience to mimic airborne exposure; and MDA-MD-231 cells, a breast cancer cell
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line. A variety of studies were performed, including the potential membrane penetration of

SPIONs, which also serves as a marker for toxicity and the effect of SPIONs on cell growth.

Various uptake pathways were inhibited using siRNA and in some cases pharmacological

inhibitors (inhibition of phagocytosis) to determine the differential route of uptake in

different cell lines. Preliminary studies, that aim to overcome some known limitations of

2D cell culture, were also included that involve 3D spheroid models, providing the starting

point for continuation of uptake studies in a more physiologically relevant environment

[349].

5.2 Results

5.2.1 Effect of SPIONs on cell growth

Counting the number of cells over multiple days can give an indication of the effect of NP

treatment on cellular viability. Cell number is a measure of the ratio of cell proliferation

compared to cell death. Cell number can therefore give indications of cytotoxicity asso-

ciated with NP exposure and of effects on the cell cycle that may occur. However, this

is only a measurement of the ratio and therefore if cells both proliferate and die faster

then effects can be missed [350]. For these studies, cells were plated in 6-well dishes and

incubated with NPs or left as controls. Cells were counted 0 h, 24 hr and 48 hr post

incubation to assess any changes in the cell number. Cells treated with SPIONs appeared

to show a slight but insignificant increase in number by 48 hr in both MDA and HeLA

cells (Figure 5.1). Although this indicates that SPIONs do not increase cell growth, it

has previously been reported that SPIONs can enhance the G2/M phase of the cell cycle

and increase proliferation in human mesenchymal stem cells [45, 351].

Various groups have reported a lack of significant cytotoxicity of SPIONs below 200

µg/mL, however viability has been shown to reduce as concentration and exposure time
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Figure 5.1: Growth of cells over 48 hours following NP treatment. The growth of
cells was measured at time 0, 24 and 48 hours post NP incubation in treated cells, and at the
same time points in untreated control cells. A) Growth of A549 cells, B) Growth in MDA cells
and C) Growth in HeLa cells. No significant difference was observed between the treated and
untreated groups in any cell line.

increase, highlighting a possible concentration-dependency of SPION-induced toxicity

[62, 352, 353]. Mueller et al, Wu et al, and Berry et al reported toxicity due to SPI-

ONs, including varied levels of cell death, cytoskeletal disruptions and vacuole formation

[354, 164, 91, 355, 356]. It has been suggested that assessing the cytotoxic potential of

such NPs requires incubation times of longer than 24 hrs post treatment and that short

duration studies may miss delayed effects [174]. This could relate to delayed changes in

protein expression, time scale for beginning of NP degradation, or cell doubling for exam-

ple. Lunov et al noticed no cytotoxic effects earlier than 24 hrs post SPION treatment,

but ROS induction occurred at later time points (+24 hrs) leading to delayed apoptosis

and loss of cell viability [174]. This ROS induction was similar to that seen with uncoated

NPs, therefore is likely related to the degradation of the carboxydextran coating. In line

with this theory, SPIONs with a thinner dextran coat (therefore more easily removed)

led to faster ROS induction and stronger cytotoxicity than those with thicker coats (sig-

nificance at 24 hrs compared to 48 hrs) [174]. The level of ROS production within cells

has been seen to correlate with NP exposure concentrations [353]. SPIONs, and therefore

excess iron, accumulation is a particular problem in cells such as macrophages, due to

their limited division potential, and therefore limited means of redistribution of the excess

iron [174].
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Cytotoxicity can lead to cell death. There are three types of cell death, including necrosis,

apoptosis and autophagy [357]. These modes differ in the cellular response, for example,

in necrosis, cell membrane integrity is lost, whereas in apoptosis the cell membrane in-

tegrity is preserved. The toxicity of NPs, assessed on the basis of membrane integrity, or

necrosis, can be assessed using membrane impermeant dyes such as SYTOX green [358].

Dyes such as this will not cross intact membranes in live cells, however if the membrane

becomes compromised it will enter the cell and bind tightly to DNA, emitting a green

fluorescent signal. Cells were exposed to SPIONs at a concentration of 280 µg/mL for 1

hr. SYTOX green was applied to the cells 24 hrs post incubation and cells were fixed and

mounted in Vectashield containing DAPI. In order to properly assess damage caused by

NPs, a membrane permeabilization agent was included. A positive control for membrane

damage (saponin) was therefore included. Saponins are steroid or triterpene glyocis-

des, and they selectively interact with membrane cholesterol, removing it and forming

membrane pores allowing SYTOX uptake within the cell [359]. Following treatment with

Sienna+ SPIONs, the characteristic yellow/green nuclei of permeabilized cells, seen in cells

treated with saponin, were not evident. NP treatment at this concentration of 280 µg/mL

therefore does not appear to have caused cellular damage or death (Figures 5.2 and 5.3).

There has been previous evidence suggesting that some NPs can bind to, or react with,

certain dyes and analytes of toxicity assays, limiting the results of this assay unless an

appropriate control is performed alongside, therefore a saponin + SPION treated control

was included [360]. Figure 5.2 shows example confocal images from HeLa cells depicting

the SYTOX green staining and cell cytoplasm stain. It is clear that no SYTOX intensity

is visualized in the negative control or SPION treated samples. These same trends were

seen in all other cell lines tested (MDA, A549 and THP-1 derived macrophages). The

toxicity, implied by the intensity of the SYTOX stain, can be quantified by measuring the

intensity of the 488 channel (SYTOX excitation), and plotted graphically (Figure 5.3).

No statistically significant difference was seen between the negative control cells and the
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Sienna+ treated cells in any cell line tested. Additionally, no significant difference was

seen between saponin treated cells and NP + saponin treated cells. There was however a

significant difference between the NP treated group / negative control and the cells that

included saponin in the treatment (Figure 5.3).

Figure 5.3: Quantification of SYTOX green fluorescence 24 hrs following NP treat-
ment in different cell lines. Graphs showing the quantification of SYTOX green fluorescence
in experiments performed in different cell lines. No statistically significant difference was seen
between NP treated (280 µg/mL) and control cells in any cell line. Likewise no significant dif-
ference was seen between positive controls and NP + saponin treated groups. Mean + STD is
plotted. Students T-Test gave significance of p<0.001 between saponin treated and non-saponin
treated samples in each cell line.

The addition of the positive control (saponin) plus NPs indicated that, although NPs do

appear to provide a small amount of protection from saponin induced toxicity in some
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cases (HeLa and A549 cells), that there is still a significant difference between the saponin

with NPs and the negative control/NP alone groups. However, Ong et al discussed the

fact that NPs may bind to certain dyes or components of assays, effecting the result. As

saponin is a surfactant known to disperse NPs it was important to test if saponin binds

SPIONs reducing its availability for cell permeabilization. However, as the SYTOX signal

in cells treated with saponin was not significantly different regardless of whether NPs were

present, this is not a great concern. Nevertheless, the size distribution of NP preparations

of the same concentration (280 µg/mL) with and without the addition of saponin was

measured by DLS. Following SPION incubation with saponin, the size distribution is nar-

rower, as seen by the size by intensity graph (Figure 5.4). Saponin containing solutions

have a significantly decreased diameter (nm) (p<0.05) and a significantly decreased PDI

(p<0.001). This supports the idea that saponin dispersed the SPIONs in suspension and

acts as a surfactant.

157



Figure 5.4: DLS size distribution data of SPION samples with or without saponin.
The size distribution of NP preparations is decreased following the addition of saponin. The
peak indicates a slight decrease in the calculated diameter (P<0.05), and the PDI indicates a
significant decrease in the polydispersity of the sample (P<0.001)
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5.2.2 Cellular uptake of SPIONs

The internalization of SPIONs into different cell lines was assessed using the conditions

previously ascertained in Chapter 3. Therefore the maximum concentration of 280 µg/mL

and maximum incubation time of one hour were used. Incubations were performed imme-

diately following sonication of the NP solution for 15 minutes and subsequent dispersion

in media, as detailed in the methods section (Section 2.1.1). As the uptake of SPI-

ONs by macrophages is the most well studied, a macrophage model is necessary against

which to benchmark findings. THP-1 cells are a monocytic cell line derived from an acute

leukaemia. Phorbal-12-myristate-13-acetate (PMA) and 1,25-dihydroxyvitamin D3 (VD3)

are often used to stimulate the differentiation of THP-1 monocytes into a macrophage-

like phenotype [276]. There are a variety of different protocols that exist regarding the

conditions for this differentiation; Daigneault et al compared the phenotype of differenti-

ated macrophages under various conditions [276]. They established that a modified PMA

differentiation protocol that consists of two phases, a PMA treatment phase, followed by

a PMAr (rest) phase led to enhanced differentiation and increased similarity to Monocyte

Derived Macrophages (MDM)s, both in their cytokine profiles and cellular characteris-

tics [276]. Following THP-1 differentiation using Daigneault’s established protocol, the

morphology of the THP-1 derived macrophages was assessed using confocal microscopy

and Fluorescence Activated Cell Sorting (FACS) (Figure 5.5). FACS utilizes laser light to

count and characterize single cells within a fluid based on fluorescence emission and light

scattered (forward and sideways) by the cells. FACS can be used to assess the changes in

the side and forward scatter of the cells pre and post differentiation.

Macrophage differentiation is characterized phenotypically by an increase in the cyto-

plasmic to nuclear ratio. The confocal images in Figure 5.5 clearly show an increase in

the cytoplasmic volume in the differentiated cells when compared to an image of pre-

differentiation monocytes, as previously seen [361, 276]. Adherence of the differentiated

cells to the bottom of the dish was also observed. The forward and side scatter can also
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Figure 5.5: Differentiation of THP-1 cells to macrophages. The images on the left show
THP-1 cells before (top) from [361] and after PMA differentiation (bottom). The increase in
cytoplasmic to nuclear ratio is evident following PMA-induced differentiation, visualized by the
red CTO stain and blue DAPI stain. Cells also become adherent and spread. FACS shows an
increase in the forward and side scatter of the cells as evident on the images on the right. The
expression of CDC36 also increases, seen on the FACS graph as an increase in FITC intensity
in differentiated cells
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be used to indicate the extent of differentiation [276]. An increase in the side scatter is

evident in Figure 5.5 (bottom right) when compared to the monocytes (top right). This

indicates an increase in granularity, which originates from the increase in the number of

membrane bound organelles in the differentiated cells. An increase in the forward scatter

is also observed, this indicates an increase in cell size compared to the monocytes. The

increase in the expression of CD36, a known macrophage marker used to assess differen-

tiation, is also indicative of the successful differentiation of the cells into macrophages.

Therefore FACS was employed to identify the expression of the macrophage marker CD36

(Figure 5.5). Taken together these results demonstrate that the protocol suggested by

Daigneault et al can be used to successfully differentiate THP-1 monocytic cells into

macrophages that resemble MDM cells; this is consistent with previous studies [276].

5.2.3 Quantification of uptake in cancer cell lines

Cell lines exposed in these experiments include THP-1 derived macrophages, A549, HeLa

and MDA cells. Cells were plated onto glass-bottom 24-well MatTek plates. The cells were

subsequently treated with SPION suspensions of 56 µg/mL, 112 µg/mL or 280 µg/mL

for 5 mins, 15 mins or 1 hr, 24 hrs post initial plating. Cells were then stained with

CTO, 30 mins prior to fixation, and counter-stained with DAPI present in the mounting

medium. Figure 5.6 shows an example of cells treated with 280 µg/mL SPION solution

for one hour. It is apparent from Figure 5.6 that SPIONs are efficiently internalized into

all cell lines tested at this exposure condition. Although qualitatively uptake is clearly

seen when comparing treated (Figre 5.6: top panel) and control cells (Figure 5.6: bottom

panel), it is very difficult to ascertain differences between the cell lines themselves. The

uptake of SPIONs into these different types of cells can be quantified using the previously

described analysis work-flow, whereby the cell outlines can be identified and then the NP

regions can be segmented. Different parameters can be assessed such as the number of

connected components and the intensity across the cell lines. Any number of parameters

can be assessed leading to collection of large amounts of data. However, this thesis mainly
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focuses on, and discusses, the intensity measurements (as this is a regular measurement

when using standard manual analysis) of NP uptake within the cell lines.

Figure 5.6: Example reflectance images showing SPION internalization into differ-
ent cell lines. The uptake of NPs can be visualized in different cell lines using RCM. Uptake
is evident in all cell lines. The images show cells treated with 280 µg/mL SPIONs for one hour
and shows only the reflectance channel, indicating NPs (examples highlighted with blue arrows)
in the SPION-treated case and nothing reflectant present in the untreated controls.

Another factor to consider in experiments such as these is the method for conducting

statistical analysis. The determination of such methods often relies on the underlying

distribution of the collected data and the model that best describes the data. The distri-

bution of data acquired using RCM was plotted and the data appears to follow a Poisson

distribution (Figure 5.7). A one-sample Kolmogorov-Smirnov test, when applied to the

data using MATLAB, also indicated the lack of normality. Regularly used non-parametric

tests include the Mann Whitney U test, which compares two independent samples, and

is therefore not relevant (9 samples in for each cell line: 3 time points x 3 concentra-

tions). Another is the sign test and the Wilcoxon Rank Test, which again compares two

samples: matched or paired. The Kruskal-Wallis test is the non-parametric equivalent of
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the ANOVA, and is ideal for the comparison of a continuous outcome in more than two

samples when conditions for an ANOVA are not met (such as the data being modeled by

something other than a normal distribution). An ANOVA can be considered conceptually

similar to a multiple two sample T-Test but has a reduced type 1 error rate (false posi-

tive). Despite the observed data distribution, the Central Limit Theorem (CLT) states

that when sample size is increased, the distribution tends towards the normal. Therefore

if the sample size is large enough (generally classed as above 50 events) the data can

be approximated by a normal distribution, and can therefore be assumed to fulfill the

criteria for parametric testing. This is because, although the raw data does not follow a

normal distribution, the underlying distribution of the means of randomly sampled data

tends toward normal. This can be proven by examining the distribution of the means

of randomly sampled data; the histogram of which can be seen to be modeled by the

normal distribution (Figure 5.7). Therefore, for the purpose of the analyses a multiple

comparisons ANOVA was used to assess the significance of observed differences to ascer-

tain conclusions regarding the NP uptake by different cell lines.

Figure 5.7: The distribution of reflectance image data and the central limit theroem
for the assumption of normality. A shows the non-normal distribution of the histogram of
the raw reflectance data. B shows the distribution of the randomly sampled means of reflectance
image data, and C shows the means of randomly sampled data (2000 samples averaged) itera-
tively 1000 times. Clearly the randomly sampled mean data follows a normal distribution, as
predicted by the central limit theorem

The analysis was performed and plotted to compare the mean cellular intensity post pro-

cessing and segmentation of the different treatment groups as indicated on the graphs
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(Figures 5.8 and 5.9). For each cell line, graphs present the data in concentration groups

and time point groups, as indicated in the legends. This was to indicate the significance

between different groups. The graphs indicate that increased SPION exposure time and

exposure concentration leads to increased cellular intensity in all cell lines tested (Figures

5.8 and 5.9) as expected, and indicating no evidence of saturation. Cells that exhibit a

higher intensity can be assumed to have internalized more NPs. Time and concentration

dependant uptake has previously been established for a variety of NPs / cell lines. The

time and concentration dependence of uptake has been previously described for NPs in-

cluding polystyrene and gold [5, 362, 363].

In this case (SPIONs in this thesis), the effect of increased exposure time appears to be

significant in most of the groups tested across the different cell lines. However, although

an increase in uptake is still observed that coincides with increasing SPION concentra-

tion, more often than not this is insignificant, potentially implying that the uptake is

limited by the number and availability of receptors. This is seen to be true for A549,

THP-1 and HeLa cell lines, aside from at the highest concentrations at the longest time

points. MDA cells however show significantly different uptake at the different concen-

trations tested, which may indicate an increased sensitivity to NP uptake. This could

indicate an increased amount of receptor availability at the surface, or could indicate that

MDA cells experience a certain level of membrane damage, leading to increased internal-

ization. There appears to be a slight increase in the intensity of SYTOX green staining

in MDA cells upon the addition of NPs, although this cannot be used to make conclu-

sions as the different is insignificant (Figure 5.3). The significance levels between time

and concentration increases indicate that uptake may be more dependant upon exposure

time than the exposure concentration in THP-1, HeLa and A549 cells, which implies that

a receptor mediated interaction may be responsible for the SPION uptake. The uptake

kinetics of various SPIONs (DMSA-coated, PEGylated, pullulan (PN-) coated, Dextran

coated) have previously been demonstrated to show time and concentration dependence in
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Figure 5.8: Analysis of SPION uptake in MDA and A549 cells using MATLAB.
SPION uptake in MDA and A549 cells shows a time and concentration dependence. Differences
between the different SPION concentration groups incubated for the same length of time are
more significant (A549). MDA cells display increased significance between all groups compared
to other cell lines. Significance *** = p<0.001.
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Figure 5.9: Analysis of SPION uptake in HeLa and THP-1 derived macrophage cells
using MATLAB. SPION uptake in HeLa and THP-1 cells shows a time and concentration
dependence. Differences between the different SPION concentration groups incubated for the
same length of time are more significant than differences between different incubation times at
the same SPION concentration (THP-1). HeLa cells display less significance between all groups
compared to other cell lines. Significance *** = p<0.001.
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different cell lines (MCF-7, MDCK, NIH-3 T3,CHO-K1, Brain Capillary Endothelial Cells

(BCEC), human Blood Outgrowth Endothelial Cells (hBOEC)), measured through a host

of methods including magnetization measurements, Prussian blue staining, AFM, TEM

and fluorescence imaging ([364, 134, 173, 365, 164]). However previous studies do not ap-

pear to have yet made use of label-free imaging to visualize the unmodified core; rather,

for light microscopic studies, fluorescent imaging was performed ([365, 364, 173, 164]).

Although the literature does not specifically state that Sienna+ SPIONs have been in-

vestigated, Resovist (Ferucarbotran) also displayed time and concentration dependence

of uptake in hBOECs and human Aortic Endothelial Cells (HAoECs), visualized by im-

munofluorescence and colorimetry [164]. However, the label-free visualization of SPIONs,

particularly Sienna+, has not been previously demonstrated. Therefore our studies mini-

mize problems associated with indirect measurements and labeling, providing a means of

quantifying observed signal generated directly from the SPION cores.

Although all the cell lines assessed exhibited a time and concentration dependent uptake,

there was little difference at the lowest concentrations and time points. Therefore the re-

sults obtained for each cell line at 280 µg/mL, and for one hour incubation was compared

(Figure 5.10). At all concentrations and time points compared, the THP-1 macrophages

internalize a significantly greater proportion of NPs when compared to other cell lines

(except at the lowest time point where no significant difference was seen). This is likely

due to the specialized function of macrophages to engulf foreign material; macrophages

have previously been established to internalize NPs at a faster rate than other cell types

[159]. The extent of uptake has previously been established to depend on the NP’s size,

a factor known to influence the employed internalization route [366]. It is possible that

the route of uptake within macrophages differs to that of other cell types, which has

previously been suggested [59]. When comparing the MDA, HeLa and A549 cells, similar

levels of uptake are observed, and no statistical difference between groups is seen, as mea-

sured by an ANOVA and multiple comparisons (Figure 5.10). This may imply a similar
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route of uptake in these cell lines, that may differ to that of macrophages. Not only

does it indicate promising results regarding the similarity of the NP uptake in these dif-

ferent cell lines, it also indicates that the analysis method used can offer consistent results.

Figure 5.10: Comparison of SPION uptake in HeLa, A549, MDA and THP-1 de-
rived macrophage cells at 280 µg/mL and incubated for one hour. The graphs show
comparisons between cell lines incubated with 280 µg/mL for different time points (left) and in-
cubated for 1 hr at different concentrations (right). Statistical significance was calculated using
MATLAB ANOVA and multcompare functions. Values between cancer cell lines did not appear
to be significantly different, however the THP-1 cells appeared to internalize NP significantly
more then the cancer cells. Significance *** = p<0.001

5.2.3.1 Value binning for data analysis

Analyses that assess the response of cell populations post-treatment by use of metrics

such as collective mean intensity of several cells are suggested to be somewhat inade-

quate for the assessment of subtle cellular changes, including the study of NP effects

[350]. Neighboring cells have been seen to undergo different responses to NPs and cell

averaging can mask subtle changes that occur in minority populations, an effect that is

applicable across most fields of biology. Manshian et al showed the value of binning data

to determine significant toxicity values in subsets of the population, rather than simply

averaging cell values when estimating the safe concentrations of NPs [350]. They showed
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that sub-populations of cells undergo different effects following NP treatments, including

a portion that undergo cyto-protective effects and some that undergo cytotoxic effects.

This was masked by a net-zero overall change in the cell population measured as a whole.

This has similarities to the use of flow cytometry which measures single cell responses,

rather than populations as a whole. Therefore the resultant data was further analyzed to

reveal the percentage of cells within different groups that have a high or low intensity of

signal. In this way the uptake can also be described in terms of the percentage of cells

that have a total intensity above or below a particular threshold.

The thresholds introduced were the same across the different groups within each specific

cell-line. For the high intensity threshold the mean of the highest concentration groups

was used and for the low intensity threshold the mean of the lowest concentration groups

was used. This allows the classification of the cells present in the specific treatment group

based upon their intensities. This provides a profile of the quantities of high intensity, mid

intensity and low intensity cells per group. This is shown for all cell lines tested (Figure

5.11). Indeed in these analyses it was observed that a portion of the cells internalize a

large amount of NPs, and some internalize very little, regardless of concentration (Figure

5.11). These values can be directly compared between cell lines as the same thresholds

used will differ according to the overall observed cellular intensities within the specific cell-

line. There is a clear trend shown between higher concentrations and time points, and the

increase in percentage of high intensity cells. This supports the idea that sub-populations

of cells respond differently, i.e. some cells internalize a large amount of NPs, and some cells

still do not internalize many NPs, regardless of the exposure conditions. This indicates

that different measures of toxicity may give very different profiles of NP effects, and

employing multiple analysis types may be necessary to make full conclusions regarding

the effects of NPs. The differences observed within each treatment group is interesting,

and highlights the heterogeneous nature of groups of cells from the same population. This

effect could relate to a number of things, including the actual dose received by each cell
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Figure 5.11: Intensity threshold analysis of SPION uptake in MDA, A549, HeLa
and THP-1 derived macrophage cells. Within each treatment group tested, the quantity
(%) of cells within that group that can be classified as ’high’, ’mid’ or ’low’ intensity is shown.
Within each group there exists populations of cells that internalize many, or few NPs. The
proportions of these cells that internalize many increases with increasing incubation times and
concentrations
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which may not be homogeneous across the population, or subtle differences across the

cell population due to their local environment. NP accumulation has also been shown to

depend upon cell cycle stage; cells can reduce their internal NP load using asymmetric

division and therefore the observed dose can depend upon the stage the cell is in during

exposure [367]). SPIONs themselves have previously been shown to alter the balance of

cell cycle regulatory proteins, favoring cell cycle progression and increased cell growth

and proliferation [107]. Flow cytometry could be performed, to collect fluorescent signal

from toxicity markers (i.e. SYTOX or ROS assay) in addition to light scatter (indicating

NP uptake) collected per single cell could be compared to imaging data of SYTOX and

reflectance intensity to indicate the similarities and differences across cells populations

and the two techniques.

5.2.4 Mechanism of uptake in different cells

5.2.5 Specificity of siRNA used in endocytosis assays

Endocytosis pathways are often characterized by their sensitivity to different pharmaco-

logical inhibitors. These inhibitors can be used to inhibit particular pathways in order to

ascertain the cellular internalization mechanisms employed by different substrates. How-

ever, the non-specific nature of these drugs, and the consequent unwanted side-effects is

often overlooked [368]. Silencing the expression of protein components within the endo-

cytotic pathways using siRNA offers an alternative more specific approach to investigate

the contributions of different pathways to the internalization of a substrate, such as NPs.

Even so, issues arise when inhibiting specific pathways, as it is likely that pathway com-

pensation occurs, leading to up-regulation of alternative internalization pathways [369].

SiRNA targeted to the most commonly used pathways that exist within cell lines were

assessed in order to elucidate the main uptake pathway of SPIONs. SiRNA targeted

toward AP2 was employed to inhibit the CME pathway. To inhibit caveolae, Cav1 is

targeted, and for macropinocytosis a combination of Pak1 and Wave2 are used. However
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following initial experiments, the knockdown of wave2 appeared to be irreproducible, and

therefore was not taken further (See Appendix). RNAiMAX gave superior transfection

efficiency when assessing Cav1 and AP2 knockdown (data not shown), therefore was used

in subsequent studies. The use of different transfection protocols was assessed, and it was

found that a 72 hour incubation and a double transfection (one 24 hours post plating,

and one 48 hours post initial transfection) gave rise to the best knockdown results (data

not shown).

To ascertain the specificity of protein silencing, control experiments were carried out using

cargo known to be internalized through the specific pathway being inhibited. Transferrin

is generally accepted as a ligand that is exclusively internalized via CME, and therefore

can be used as a model for CME investigation. To investigate AP2 inhibition, Alexa488-

tagged TF internalization was quantified, and to assess caveolae inhibition, Cholera Toxin

subunit-B-488 (CTxB) was used. Fluorescently labeled Dextran has often been used to

determine macropinocytosis in cell types. However there has been some confusion over

the most appropriate molecular weight Dextran to use. Li et al determined that 70kda

dextran was internalized specifically through macropinocytosis, whereas smaller (10 kda)

is also internalized through micropinocytic pathways; therefore 70kda dextran was uti-

lized for the macropinocytosis specificity assays [370]. Cells were treated as previously

described in the siRNA transfection methods section. Following 72 hour double knock-

down experiments cells were either lysed for WB analysis or imaged using FCM. Inhibi-

tion was observed in each case, as can be seen from the Western blot images (Figure 5.12).

Qualitatively, the inhibition of different components of the uptake machinery led to re-

ductions in the internalization of specific cargo (Figure 5.12). Quantitatively, in all cell

lines tested, transfection with Cav1 siRNA led to a decrease in the uptake of cholera toxin

B. Conversely with transfection of AP2 directed siRNA, a decrease in transferrin uptake

was seen (Figure 5.13). Interestingly in THP-1 cells, there was no detectable levels of
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Figure 5.13: Quantification of siRNA specificity for specific pathways based on
cargo internalized via that route. Quantifications are performed based on mean fluorescence
intensity of cells under different treatment conditions compared to the Non-Silencing Control
(NSC). The results indicate that siRNA to AP2 inhibits CME, siRNA to cav-1 inhibits caveolin
endocytosis and that siRNA to Pak1 inhibits macropinocytosis. T-Tests were performed between
treatment groups and NSC group. Bars with no stars indicate lack of significance. The table
summarizes the results, with + signifying inhibition of the specific pathway.
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caveolin-1. This led us to conclude that this protein was not expressed in THP-1 cells;

therefore this condition was not assessed further (Figure 5.12). The expression of caveolin

in monocytes and macrophage cell types is debated [371, 342]. Cav1 has previously been

detected in THP-1 derived macrophage cells using Western blotting [372, 373, 374]. Inhi-

bition of Pak1 led to a decrease in the internalization of 70 kda-dextran, indicative of the

successful inhibition of macropinocytosis (Figure 5.13). These results demonstrate that

the specific means of inhibition selected are suitable for use in subsequent experiments to

determine the mechanism of internalization of SPIONs into different cancer cell lines.

5.2.6 SiRNA inhibition highlights a role for caveolin mediated
endocytosis and macropinocytosis in NP internalization within
cancer cell models

The uptake of SPIONs into different cell lines was investigated following siRNA knock-

down of AP2, Cav1 and Pak1 to determine which pathway of internalization is being

utilized by SPIONs to enter these cells (Figure 5.15). Cells were treated as described

above and in Section 2.5. Cells were either lysed for WB analysis or treated with SPI-

ONs and imaged using 40X with optical zoom on the Nikon A1R using reflectance and

fluorescence configurations. The cell cytoplasm was stained with CTO and the nucleus

was counter-stained with DAPI. Qualitatively there appears to be a distinct decrease in

NPs present in A549, MDA and HeLa cells treated with Cav1 siRNA, indicating that this

pathway may be involved in their internalization (Figure 5.15). There are ambiguous ef-

fects on the NP internalization when AP2 is inhibited; the internalization does not appear

to have decreased visibly in MDA, HeLa and A549 cell lines (Figure 5.15). THP-1 cells

however, appear to efficiently internalize NPs under all siRNA inhibition conditions ex-

cept for when AP2 is inhibited, indicating a difference in the internalization mechanisms

in these different types of cells.

Quantifications are necessary to ascertain the extent of inhibition of internalization under
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the different treatment conditions. Quantifications of the Western blot protein expression

experiments were performed using ImageJ, protein expression levels were normalized to

the expression of the house keeping gene Tub, as shown in Figure 5.16 and labeled as

Tub in the WB images. Knockdown of the protein is then ascertained as a percentage of

the expression when using NSC siRNA. Introduction of NSC introduces siRNA into the

cell without specific targeting sequence, thereby ruling out effects that are irrelevant of

the specific target siRNA sequence, and compensating for any effect that is due to the

procedure or general siRNA introduction within cells. The WB results indicate that pro-

teins were successfully knocked down to a suitable extent in each cell line tested as shown

in Figures 5.16B and 5.17. Figure 5.17B shows the quantification of knockdowns from

multiple experiments (shown in Figure 5.16) in each cell line. The mean inhibition of each

pathway was >70% in each cell line and with each siRNA. Once again no expression of

cav-1 protein was detected in THP-1 derived macrophages, as seen from the Western blot.

Therefore no experiments were quantified to assess the effects of caveolin-1 inhibition in

THP-1 cells. Quantifications must also be performed on imaging data. Likewise these

quantifications were performed by normalizing the obtained mean pixel intensity values

to the NSC cells (therefore NSC was converted to 100% and the samples were calculated

as the percentage of 100%). This gives the percentage of SPION uptake compared to

NSC which is 100%. Alternatively the data could be pooled tog

The internalization of SPIONs into macrophage models has been widely studied compared

to non-macrophage cell types. In macrophage like RAW264.7 cells multiple endocytotic

mechanisms were found responsible for the internalization of SPIONs, including CME,

caveolae dependent mechanisms, and phagocytosis / macropinocytosis [157]. A study by

Yang et al found that CME was responsible for the uptake of 45-60 nm SPIONs in two

types of macrophage cells, so it appears entry mechanisms require more in depth investi-

gation and one single mechanism is not responsible for the uptake of all SPIONs in all cell

lines [157, 156]. However, the mechanism for SPION internalization within macrophage
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Figure 5.16: Quantification of SPION uptake following siRNA experiments in can-
cer cell lines. A) Quantification of the NP uptake (using MATLAB) indicating the inhibition
of NP uptake when specific pathways are inhibited in different cell lines. The graph on the right
shows quantification of average knockdown efficiency from WBs. A minimum of 238 cells were
analyzed per group, from experiments run on 3 or more different days. Mean + SEM is plot-
ted). B) Western blots showing the protein expression of the target proteins following siRNA
treatments compared to the housekeeping gene Tubulin (indicated as Tub). NSC samples show
the protein expression using control siRNA. NSC in this case does not have error bars due to
the normalization that scales NSC to 100% in each case.
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Figure 5.17: Quantification of protein expression using Western blot following
siRNA experiments in cancer cell lines. Quantification of average knockdown efficiency
from WBs (N=3 and STD is plotted in each case). Protein expression level was normalized to
tubulin in each case, and then calculated as a percentage of NSC treated cells protein expression.

cell types is often reported to be predominantly through the CME route and phagocytosis,

which is in agreement with our studies (Figure 5.16) [157, 343, 375, 376]. Similar studies

performed in macrophage cell lines with two types of SPIONs (Resovist and Supravist)

and polystyrene NPs, highlighted a role for CME and scavenger receptor A [366, 371]. TF

has been reported as a common component of the corona of various NPs [117]. Transferrin

was found to be present in the corona of the Sienna+ NPs in our previous studies in Section

3.2.6. The transferrin receptor, along with its ligand transferrin, is internalized through

CME and therefore may offer a mechanism of entry for corona coated SPIONs in these

cell types, although the scavenger receptor has been implicated in other studies [366, 168].

SPION surface coatings such as silica have been shown to lead to cellular accumulation via

caveolin mediated endocytosis in HeLa cells [152]. The quantitative analysis done here in

non-macrophage cells also suggest the importance of caveolin mediated endocytosis, along

with macropinocytosis in Sienna+ NP internalization. In HeLa and MDA cells the inhibi-
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tion of caveolin led to a significant decrease in the internalization of SPIONs (P<0.05). In

A549 there was a similar decrease, however this was not determined to be significant (P

= 0.08). There are limited identified cargo for caveolin mediated endocytosis, but other

NPs/QDs of similar size (60 nm) have been found to preferentially accumulate in cells

via caveolin mediated endocytosis [377, 152]. It has also been suggested that positively

charged NPs favor CME, whereas negatively charged NPs prefer caveolin-mediated inter-

nalization [377]. Albumin was found to be present on the surface of the NPs (Chapter 3,

Section 3.2.6). This is consistent with other studies of the corona composition of dextran

coated SPIONs with neutral, or nearly neutral charge [117]. Albumin is known to bind

to gp60 at the cell surface, which binds to Cav1 and forms vesicles, potentially providing

a mechanism for the internalization of SPIONs, although this is speculative [378].

The inhibition of macropinocytosis using the siRNA directed toward Pak1, a kinase di-

rectly involved in macropinocytosis, led to significant decrease in SPION internalization

in HeLa and A549 cells. Interestingly the inhibition of Pak1 in MDA cells did not lead to a

decrease in the detected reflectance intensity. However, following Pak1 siRNA treatment,

MDA cells appeared to have an increase in vacuole formation, that can be visualized in

reflectance mode (Appendix Figure B.21). Therefore the contribution of SPIONs to the re-

flectance signal could not be deduced and the experiment was deemed inconclusive. More

experiments would be necessary to determine the effect of Pak1 inhibition on SPION up-

take in MDA cells. A second siRNA targeted towards components of the macropinocytic

pathway, Wave2, was initially included in the assessment, as Pak1 inhibition altered the

cellular morphology in MDA cells.However the use of wave2 siRNA appeared to lead to

a decrease in cell viability, which can be seen in the WB Tub expression. Initially wave2

targeting appeared to lead to an efficient knockdown of wave2 protein expression (Fig-

ure B.18). However in subsequent experiments the knockdown that was first displayed

appeared irreproducible, this is shown and discussed in the Appendix (Appendix Figure

B.18).

181



Knockdowns experiments provide an indication of the mode of uptake employed by SPI-

ONs in these studies however the conclusions are not definitive, partly because only a

subset of cells experience a high level of inhibition. Therefore the pathways are still ac-

tive in some cells, as displayed by the knockdown WB results (Figure 5.16). There has

also been a suggestion that SPION treatment can lead to an inhibitory effect on the ex-

pression of the transferrin receptor, which, along with its ligand transferrin which can

bind to NP surfaces, is a cargo for CME internalization [138, 107, 168]. CME is often

suggested for its involvement in NP internalization. However controversy exists regarding

the NP properties that determine the NP’s route of uptake [139]. Size has been considered

as an important determinant in uptake route [139]. Rejman et al, suggested that when

NPs are above 200 nm, they become internalized by caveolar endocytosis, whereas those

smaller than 200 nm are predominantly internalized by CME [139]. These SPIONs are

determined to be 60-80 nm in cell culture media and do not appear to agglomerate under

the exposure conditions, but it cannot be ruled out. It is often suggested that no single

NP property can accurately determine the subsequent cellular effects, such as route of

uptake utilized in different cell populations. CME is also reported to occur at a faster

rate than caveolin mediated endocytosis [136]. This could, in part, explain the previous

differences seen between macrophage and non-macrophage cell lines at the same exposure

conditions, seen in Figure 5.10. It has also previously been demonstrated in this work

that different cells internalize NPs with different efficiencies (Figure 5.8 and 5.9) regardless

of pathway inactivation, and therefore cell to cell responses can vary considerably [350].

Therefore these factors will likely influence the measured phenotypes and responses. It is

possible, or even likely, that there is a complex interplay of pathways and compensation

occurring. Considering the variety of surface coatings and surface properties that are pos-

sible, and how the surface constituents modulate the NPs surface and therefore nano-cell

interactions, it is likely that changing the identity of surface adhered molecules will cause

different mechanisms to play a role in the internalization. Indeed, a variety of mechanisms
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have been indicated in the literature for the pathway utilized by SPIONs to gain entry

into cells, indicating the associated challenges with reaching definitive conclusions [157].

5.2.7 Effect of inhibition of phagocytosis in THP-1 cells

Macrophages are actively endocytosing cells, exhibiting fluid-phage pinocytosis, phago-

cytosis and receptor mediated endocytosis; other cell types do not exhibit phagocytosis.

Therefore when assessing the mechanism of uptake, the contribution of phagocytosis in

macrophage SPION internalization was also investigated. PMA treatment stimulates

ruffling and macropinocytosis in macrophages, both of which require a functional actin

cytoskeleton and therefore are sensitive to Cytochalasins [379]. Cytochalasin D is a potent

actin-depolymerising agent and can therefore be used for the inhibition of phagocytosis

[379, 380]. THP-1 derived macrophages differentiated as previously described were in-

cubated with two different concentrations of Cytochalasin D (5 µM and 10 µM). First

a control experiment was carried out using 1 µM fluorescent polystyrene NP, a cargo

that can be internalized through phagocytosis, to determine the inhibitory effect of the

Cytochalasin D. The results shown in Figure 5.18 indicate that, both qualitatively and

quantitatively, internalization of 1.1 µm beads was inhibited by both concentrations of

Cytochalasin D (5 µM and 10 µM). Therefore at the concentrations used a large propor-

tion (˜90% based on mean cellular intensity) of phagocytosis is inhibited, validating the

experiment for subsequent use to investigate the role of phagocytosis in SPION internal-

ization in THP-1 derived macrophages.

Experiments indicate that the inhibition of phagocytosis in THP-1 derived macrophages

leads to a decrease in the internalization of SPIONs through this route (Figure 5.19). This

may be expected as macrophages are phagocytosing cells, specialized for the non-specific

internalization of foreign material. There appears to be an apparent discrepancy between

the dose and effects used with the two concentrations of Cytochalasin D in the control

and SPION experiment. In Figure 5.18 it appears that even at the lower Cytochalasin
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Figure 5.18: Cytochalasin D inhibits phagocytosis of 1.1 µm beads at concentrations
5 µM and 10 µM. Differentiated THP-1 cells alone (A), NP treated (B) or treated with
Cytochalasin D + NP (5 µM (C) and 10 µM +NP (D) show a decrease in internalization
qualitatively and quantitatively, in terms of the intensity measurements and detected spots (E
and F) respectively. Means +/- SEM plotted. Red shows CTO, and Green shows the 1.1 µm
polystyrene beads
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D concentration, the uptake of 1.1 µM beads is inhibited to a high degree (Figure 5.18).

By contrast, the internalization of SPIONs appears to be inhibited in a concentration de-

pendent manner (Figure 5.19). The lower concentration of Cytochalasin does not appear

to effect the internalization of SPIONs to the extent seen with the higher concentration.

Cytochalasin D, like other pharmacological inhibitors or drugs, can cause various pertur-

bations of cellular functions due to the cell wide disruption of actin. Actin is known to be

involved in a host of cellular processes including internalization through CME. Therefore

the effect of Cytochalasin D treatment on the internalization of transferrin was investi-

gated, to see if perturbation of the CME route was effected.

Figure 5.19: Cytochalasin D decreases the internalization of SPIONs through the
inhibition of phagocytosis. Differentiated THP-1 cells alone (A), NP treated (B) or treated
with Cytochalasin D + NP (5 µM (C) and 10 µM +NP (D) show a decrease in internalization
qualitatively and quantitatively, in terms of the intensity measurements and detected spots
(E and F) respectively. Means +/- SEM plotted. Red shows CTO, and white shows Sienna
+ SPIONs. Increasing concentrations of Cytochalasin D increased the inhibition of SPION
internalization
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Cells treated with Cytochalasin D were exposed to fluorescent TF as in previous control

experiments in Section 5.2.5. Cytochalasin inhibition appeared to cause no decrease in

the internalization of TF (Figure 5.20). Only one concentration of Cytochalasin D was

assessed in this experiment. This was due to the lack of SPION uptake inhibition observed

at the lower Cytochalasin D concentration (Figure 5.19) and the potent inhibiting effect

of Cytochalasin D that was observed in control experiments (Figure 5.18). However it

could be beneficial to include more concentrations to assess the effects of this in a con-

centration dependent manner; such an approach may be more conclusive for elucidating

the role Cytochalasin D plays in CME inhibition / TF internalization. Lamaze et al have

previously discussed the effect of Cytochalasin D on actin de-polymerization and CME /

TF internalization [380]. There has been some confusion because of the different effects

that Cytochalasin D can have on different types of actin filaments [380]. Our studies are

therefore not conclusive on the effect of Cytochalasin D on TF internalization, and re-

inforce one of the important limitations of using pharmacological inhibitors in inhibition

experiments.

Figure 5.20: Cytochalasin D appears to decrease the internalization of TF in THP-
1 cells. Cytochalasin D has a non-statistically significant effect on TF internalization at a
concentration of 10 µM. Mean of n=3 experiments +/- STD is plotted. Statistical analysis was
performed using students t-test (p>0.05).
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5.2.8 Fluid-phase endocytosis

Some cell lines show evidence for the involvement of multiple mechanisms involved in the

uptake of SPIONs. This has been previously documented for various NPs including hy-

drogel particles, polystyrene NPs and SPIONs [381, 157]. One possible reason for multiple

pathways being involved in the uptake of NPs is fluid phase endocytosis. Some studies

have suggested that SPION uptake is non-specific, as they observed non-saturable uptake,

whereas others have assumed active processes due to the saturable nature of the observed

uptake, leading to obvious discrepancies [382]. In each of the pathways utilized, NPs

can form interactions with molecules on the cell surface, and be internalized specifically

(receptor mediated in active processes), or they can be internalized non-specifically in the

fluid encapsulated within these vesicles. Therefore it is important to determine which

of these mechanisms is occurring. Equations can be used to quantitatively estimate the

likelihood of NPs to enter cells through each pathway based upon their physical properties

(Equation 5.1 and Figure 5.21). The number of NPs / mL of media can be calculated

(Equation 5.1). The number of NPs / mL can then be substituted into the equations from

Figure 5.21, to calculate the likelihood of fluid-phase and receptor mediated endocytosis

occurring, as previously demonstrated by Smith et al [5].

N =
(6x1012)

(yπz3)
(5.1)

Equation 2: N = number of particles / mL; x = particle weight (g / mL); y = density; z =
diameter.

The number of NPs present in 1 mL of the stock solution (N) of 280 mg / mL is 5x1013.

As previously stated in the materials and methods (Section 2.1.1), the NP stock was di-

luted 1 in 100 for internalization experiments giving a final working concentration of 280

µg/mL. When substituted into equation 5.1 a total concentration of N = 5 x 1011 NPs/mL

is determined. When this is substituted into the equations in Figure 5.21 the number of
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Figure 5.21: Calculations to obtain the number of particles that can enter a cell
through fluid-phase endocytosis compared to receptor mediated endocytosis Figure
and equations adapted from [5]. The equations can be substituted to determine the most likely
means of NP cellular entry: fluid phase, or receptor mediated. The close circle packing density
(where all NPs are touching and attached at a flat surface) is 0.91. The curvature of the
membrane is neglected and therefore this will be an over estimation.

Table 5.1: Estimation of the number of particles that can enter a cell through different mech-
anisms based on calculations shown in Figure 5.21
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NPs that can internalize through specific routes is determined. The results are shown in

Table 5.1. In each quantification based upon different vesicle diameters, the cellular en-

try of NPs via receptor mediated endocytosis or surface attachment is more likely rather

than entry in the fluid phase within vesicle lumen. The diameters (nm) given are used to

roughly estimate the NP numbers based on vesicle size, as this can vary. A limitation of

the original equations used, which is based upon previously published work by Smith et al,

is that they assume a Clathrin coat. If, as previous data has suggested (Figure 5.16), this

process occurs through macropinocytosis / caveolin mediated endocytosis then the vesicle

lumen will be larger (due to the lack of Clathrin coat), and therefore the number of NPs

that can internalize via each route would increase. Calculations were performed whereby

the radius was estimated without the inclusion of the 22 nm Clathrin coat (Table 5.1).

Again similar trends were seen, although here the smallest vesicles exhibit the highest

likelihood of internalization through receptor mediated route, a scenario which would be

expected for smaller vesicles. However, in the case of the Clathrin vesicles, the very small

internal vesicle size seems to reduce the likelihood of the surface attachment routes. Even

so, internalization through NP receptor surface attachment still appears much more likely

than luminal internalization. To confirm this, for vesicles of even bigger size (such as

large macropinosomes which can be 0.2 - 5 µm in size), the equations were inputted into

MATLAB and the graph of the likelihood of uptake through surface attachment compared

to through luminal fluid internalization is plotted in Figure 5.22 for diameters between

0.15 µm and 5000 µm.

In each case presented, the calculation for NP attachment at the surface is likely to be

an over-estimation, partly due to the neglection of the membrane surface curvature. The

calculations are also based on the assumption that the entire membrane surface has the

capacity to be coated in NPs. Despite this, the analyses indicate that NPs are likely

to bind specifically to proteins or receptors at the cell surface and be carried into the

cell in this manner, rather than being taken up within the vesicular fluid as evidenced
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Figure 5.22: The relationship between likelihood of internalization through mem-
brane attachment compared to presence within the luminal fluid, as a function of
vesicle diameter. The graph clearly shows the it is much more likely that NPs will internalize
through membrane attachment, rather than in the lumen of the vesicle. As the vesicle size
increases, the likelihood decreases; however there is still a much higher chance of internalization
through membrane attachment then within the fluid in the lumen.
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in Table 5.1 and Figure 5.22. This is a favorable outcome for nanomedicine, which aims

at the manipulation of the NP surface components in order to modulate specific cellular

targeting and accumulation.

5.2.9 Translating studies into 3D cellular models

Flat, 2D cell culture techniques are regularly used in in vitro assays, however, there is a

need for more representative cell culture models, given that most cells within the body

reside in a 3D environment, critical for their growth and metabolism. Although 2D cell

cultures offer a useful tool for the investigation of NP uptake and effects (amongst other

things), it is generally recognized that they do not adequately represent this physiological

environment in vivo [349]. Multicellular functions, and cellular interactions are lost when

using simplified 2D culture systems. This leads to inaccuracies when assessing potential

toxicities and poor translation of effects into clinical treatments and outcomes [349]. Often

in vivo animal models are used, however with the increased pressure to reduce unnecessary

animal studies, 3D cell culture models offer an attractive intermediate stage that allows

screening of potential cancer therapies prior to animal studies and first studies in man. A

multitude of methods exist for the creation of 3D cell spheroids, using either rigid scaf-

folds (e.g. micro-patterned surfaces) or non-scaffold based methods (e.g. hanging drop)

to generate multicellular interacting environments. Traditionally these methods involve a

plastic substrate with organic matrices such as collagen or matrigel [383]. The refractive

properties of these organic matrix materials can lead to interference in microscopy stud-

ies challenging assessment of NP uptake. Methods such as SCIVEX NanoCulturePlate

(NCP) avoid these organic matrices. Therefore these NCP offer a promising, reproducible

method for spheroid generation that replicate in vivo conditions and overcome some of

the limitations of traditional 2D cell cultures by the introduction of cell-cell interactions,

oxygen and nutrient gradients, non uniform NP exposure conditions, altered enzyme ex-

pression profiles and drug reactivity [384]. The NCP plates have an inorganic micro-square

(depicted in Figure 5.23) or micro-honeycomb (not shown) scaffold pattern printed onto
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the synthetic resinous base of the plate [384]. This pattern enables reduced contacts be-

tween the cells and the surface of the well, therefore promoting uniform spheroid growth

in routine 2D cell culturing conditions, greatly reducing the steps needed to create the

multicellular spheroids [384]. The refractive index of the synthetic base closely matches

that of glass, and therefore renders the dishes compatible with microscopy methods such

as confocal; this is demonstrated with reflectance and transmitted light images at the

plate base in Figure 5.23.

Figure 5.23: NCP plates have a thin film engineered with a micropattern to promote
spheroid growth and can be visualized using microscopy. The pattern can be visualized
using reflectance and transmission light microscopy when imaging at the base of the well.

Prior to spheroid studies, the best staining method for cell detection over long time pe-

riods had to be determined. Therefore cells were plated in standard dishes, 24 hrs later

these cells were treated for 30 mins with a variety of cytoplasmic dyes to ascertain their

stability and retention over experimental time courses. Following incubation for 72 hrs

and 96 hrs post dye treatment, cells were fixed and imaged using confocal fluorescence, to

determine which stain was successfully retained for the period of incubation. The CTV

dye was not retained well in the cytoplasm. The CTV is also excited using the 405 nm

laser which is regularly used for visualization of DAPI nuclear stains. Therefore this dye
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reason was not used (Figure 5.24). CTR and CTO were both still retained within the cell

at 120 hrs (Figure 5.24). Therefore CTO was used in subsequent experiments to increase

experimental consistency between 2D and 3D studies.

Different cells have different spheroid forming capacities, and this can vary with scaffold

micro-structure To determine the spheroid forming capacity of the different cell lines,

A549, HeLa and MDA were all plated on square patterned micro-plates. Cells were

detached, centrifuged and resuspended in 1 mL of media for CTO staining for 30 mins prior

to plating. After this cells were centrifuged for 5 minutes at 150 g and washed with PBS

(repeated 3 times). Cells were then plated onto pre-incubated (at 37◦C) media containing

NCP plates as detailed in the methods section. Care was taken to remove air bubbles

present at the base of each well using a pipette tip. Air bubbles are known to inhibit

spheroid growth. Different cell lines were plated onto the NCP plates at the recommended

density (6x104) and monitored over 120 hours to observe spheroids formation, which can

occur as little as 1 day post plating. Figure 5.25 shows images taken using an optical

microscope on each day following plating. MDA and HeLa cells both appeared to form

spheroids using the square patterned micro-plates. Spheroid generation was observed

as soon as 24 hours post plating in MDA and HeLa cells; these spheroids continued to

increase in size over the next 96 hours, however the size of the spheroids appeared fairly

non-uniform, indicating that further method optimization may be necessary for future

studies (Figure 5.25). A549 cells did not appear to form spheroids under these conditions,

and continued to display a 2D mono-layer appearance. Upon media change, MDA cells

seemed less stable; spheroids often detached from the base of the plate, despite the use of

extreme care and careful pipetting, therefore experiments were continued with HeLa cells.

Spheroid formation did not occur as effectively when using the honeycomb micro-pattern

plates, therefore experiments were continued in the square plates only.
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Figure 5.25: Spheroid growth in different cell lines over 120 hours. Spheroid growth
was monitored over 120 hours. After 24 hours HeLa and MDA cells appeared to start forming
small spheroids. Over the next 96 hours spheroids grew in size. A549 cells didn’t appear to
form spheroids for the duration of the incubations.
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5.2.10 Uptake studies in spheroids

Previously, the uptake and translocation of NPs in cell spheroids has been found to de-

pend greatly on the physical NP size. Gold NPs, for example, penetrate further into the

spheroid when they are below 6 nm in size, whereas larger gold NPs, of 15 nm, penetrate

less efficiently [385]. Small, sterically stabilized SPIONs have been shown by TEM to

penetrate up to 100 µm into DLD-1 colon cancer spheroids, facilitating the diffusion of

chemotherapeutic agents [386]. However the accumulation and localization was found to

greatly depend upon the surface properties of the SPIONs, particularly the charge [386].

The SPIONs used in this experiment have a core of 4 nm, however their hydrodynamic

size is 60 nm when coatings are taken into consideration, therefore the penetration into

spheroids may be significantly decreased compared to that in cell mono-layers. The surface

charge is also fairly close to neutral (slight negative charge), and cationic particles have

been found to penetrate spheroids and tumors more efficiently and to a greater extent than

neutral or negative NPs. To ascertain if these SPIONs can penetrate HeLa cell spheroids,

cells were plated as described in the previous paragraph and in the methods section. A

positive control was included due to the highly scattering intracellular environment which

complicates the assessment of SPION internalization within these spheroids. Therefore,

upon plating, additional wells that contained different concentrations of SPIONs were in-

cluded (1 in 100; 1 in 200; 1 in 300 and 1 in 400 dilutions leading to concentrations of 280

µg/mL, 140 µg/mL, 105 µg/mL and 70 µg/mL respectively). Interestingly, the addition

of SPIONs to the growth media led to the formation of larger and rounder spheroids when

compared to the control cells (Figure 5.26).

It is possible that cells preferentially migrate together to reduce the exposure to the NPs

surrounding them during growth. It is also possible that the SPIONs, over the 96 hr

time course, lead to increases in proliferation or migration of these cells. An increase

in free iron following partial SPION degradation, thought to occur as early as 24 hrs

post internalization, could lead to the favorable formation of bigger spheroids over the
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Figure 5.26: Spheroids form better in the presence of SPIONs. At 140 hours, spheroids
appear to be larger and better formed in positive control samples that are grown in the presence
of SPIONs (105 µg/mL) when compared to negative controls.

spheroid generation time-course [107]. Indeed, SPIONs have been shown to alter the

balance of cell cycle regulatory proteins, favoring cell cycle progression and increased cell

growth and proliferation [107]. However the mechanisms were not determined at this time.

High concentrations (280 µg/mL, 140 µg/mL) in the positive control groups led to a large

amount of cytotoxicity and cell death, and therefore these cell conditions were not imaged.

SPION penetration into the center of the spheroids was evident in some cases at longer

incubation time points (6 hrs, 24 hrs and 48 hrs), indicating that SPIONs can accumulate

within cells despite not being directly exposed (Figure 5.27). However the detection

of signal is greatly hindered by the reflectant signal arising due to cell debris within

or surrounding the spheroids (Figure 5.27). It is apparent that following an hour long

incubation, SPIONs do not appear to penetrate the spheroids very deeply (Figure 5.27) an

effect which has been noted previously, and is likely to accurately reflect the situation in

vivo, where the inner tumor layers are protected from NP exposure [387]. With increasing

lengths of time, SPIONs appear to penetrate the spheroids to a greater extent. However

197



Figure 5.27: Confocal microscopy images of SPION uptake within HeLa cell
spheroids. No reflectance from SPIONs is visualized in negative control cells, however some
areas of cells do lead to reflectance intensity. Following one hour treatment (280 µg/mL) the
intensity within the spheroid is clearly higher than in the control cells. When grown in the
presence of SPIONs, reflectance signal can be clearly identified
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uptake appears to be restricted largely to the peripheral cells. This indicates that the

translocation of NPs may not occur, or may occur slowly or to a lesser extent. Either

this or the detection of NPs is not sufficient in the spheroid samples, which is possible.

Although the results indicate that SPIONs are able to penetrate into the spheroids, the

extent of this could not be quantified at this time. The method has been demonstrated

here as suitable for use with NP studies using reflectance imaging, paving the way for

future experiments to determine the mechanisms, trafficking, translocation and toxicity of

NPs, within the 3D multicellular environment. This would allow comparisons to be made

between in vitro and replicated in vivo conditions. As the NCP plates allow spheroids

to be formed under normal culture conditions it is possible that siRNA inhibition studies

could be performed in a manner similar to those in 2D cultures. Careful optimization of

the siRNA experimental parameters would be necessary to ensure efficient siRNA delivery

to the center of the spheroids, and to ensure knockdown of the specific pathways. This

could be performed prior to spheroid plating, or during spheroid formation, for example.

5.3 Conclusions

The efficient localization and internalization of SPIONs at a target site (and limited un-

wanted uptake at non-target sites) is key to their success or failure as therapeutic or

diagnostic agents. The uptake potential of different cell lines can vary, and therefore the

understanding of cellular factors involved is crucial for translation into intelligently de-

signed nanocarrier systems. Accordingly the efficient internalization of SPIONs in phago-

cytosing cells cannot be assumed to represent the situation in other cell types in vivo, or

even in vitro [343, 157]. In the studies presented here an accumulation of 60 nm, dextran

coated Sienna+ SPIONs was observed in macrophage and non-macrophage (A549, MDA,

HeLa) cells. No statistically significant difference between the internalization of SPIONs

by the different cancer cell lines tested was observed at the highest incubation concen-

tration and exposure time. However, the macrophage cell line showed a significantly
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increased internalization capacity compared to the cancer cell lines, determined due to

the increase in observed reflectance signal at each concentration and time point. This

may be expected due to the specialized functions of macrophages for engulfing foreign

material. An ’intensity binning’ analysis was also conducted, as it is suggested this gives

a more representative overview of cellular activity, due to the heterogeneous responses

a cell population can show [350]. Various parameters could be assessed in this way in

future studies including cytotoxic responses and markers for various cellular effects (such

as ROS production). This may provide a better insight into the toxicological effects of

SPIONs post internalization, where other analyses that assess only global cell responses

(mean averaging) may result in masking of sporadic local effects that are not population

wide.

The results presented here have suggested the involvement of a variety of pathways in

SPION internalization. It would be beneficial to confirm these findings using multiple

target sequences where SMARTpool was not used, and extend the studies into knock-

out models rather than knockdown (such as with CRISPR/Cas9). Non-macrophage cell

lines appeared to use different mechanisms to internalize the SPIONs, depending upon

cav-1 (caveolin mediated endocytosis) and Pak-1 (macropinocytosis) activity. This dif-

fers from the typical macrophage model of internalization, which is often suggested to

occur predominantly through CME. Even so, regardless of mechanism, the likelihood of

SPIONs entering cells through an active, receptor mediated process, is much higher then

that of non-specific fluid phase uptake, as calculated. This is promising for the future

targeting potential of SPIONs to specific cell populations, as active processes can be more

easily manipulated than non-specific internalization events. Analysis and modification of

the protein corona constituents could shed light on the importance of surface proteins

in determining which pathway is preferentially utilized and could provide insights into

pathway modulation. If conclusions regarding the relationship between cellular receptor

expression, pathway activation and corona components could be established, this could
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be incorporated into models along with NP properties to more accurately predict the

internalization patterns of NPs in different cell lines. Such an approach is already under

development for certain NP compositions, and data from within this chapter could feed

into such models specific to SPIONs [317].

The studies shown here have provided mechanistic insight into the cellular internalization

patterns in 2D cell culture. However the translation of results from in vitro tests to in

vivo is often lacking. 3D models provide an intermediate between classical in vitro, animal

in vivo and in vivo clinical studies, facilitating the elucidation of SPION interactions in

a multicellular environment. Further development of the method for spheroid generation,

and subsequent addition of properties that mimic in vivo conditions will better predict

the clinical outcomes of engineered SPIONs vastly increasing the chances of successful

therapy. Challenges still exist in the uniformity of spheroids generated using these meth-

ods, and therefore issues exist with reproducibility. Spheroid studies, despite providing a

more representative model for in vivo studies, still often lack imitation of the leaky vascu-

lature surrounding tumors, which is another added complexity in the successful delivery

of nano-therapeutics to tumor sites. Spheroid culture models can be combined with an

endothelial cell coating, such as that used by Ho et al, to mimic the endothelial of blood

vessels surrounding the tumor, which can be used to model extravasion and penetration

[388]. The method used by Ho et al allowed the generation of uniform spheroids due

to the restriction by the endothelial cell layer, as well as providing a model system that

more accurately represents the in vivo physiological environment. It is crucial, prior to

translation of studies into animal models, that investigative studies of unlabeled NP are

performed to provide mechanistic insight into how NPs, such as these SPIONs, interact

with 3D tumor micro-environments This will, in theory, facilitate a better understanding

of the ability of these SPIONs, and other modified forms, to fulfill their potential within

the clinic.
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5.4 Key Findings

1. All cell lines tested internalize SPIONs in a time and concentration dependent manner

in 2D cultures.

2. Specialized cells such as macrophages internalize significantly more SPIONs under the

same exposure conditions when compared to non-macrophage cells types.

3. SPIONs appear to enter cells through a variety of mechanisms; in macrophages CME

appears to be the predominant mechanism, whereas in non-macrophage cell lines it ap-

pears that both caveolin mediated endocytosis and macropinocytosis played a role.

4. Internalization appears to be an active, not passive process based on calculations.

5. Spheroids can be generated using normal 2D culture conditions, and uptake of SPIONs

into spheroids is evidenced in preliminary studies supporting future work into these 3D

models.

6. Imaging of 3D spheroids using RCM and penetration of SPIONs into the outer layer

of spheroids was demonstrated, as a basis for future uptake, efficacy and toxicity studies.
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CHAPTER 6

WHAT HAPPENS NEXT?

Parts of this chapters are published as part of a multi-author mini-review paper (Guggen-

heim et al. Int. J. Biochem. Cell Biol. 83. pg 65-70.).

6.1 Chapter introduction and summary

When NPs enter cells via endocytosis they are encapsulated within vesicles that traffic

through the endosomal network. Following budding at the plasma membrane, the resul-

tant vesicles converge in the early sorting compartment (early endosome). Intracellular

sorting and trafficking pathways can lead to a variety of fates within the cell, including

the degradation of NPs, starting with the loss of protein corona and surface proteins.

NP degradation can be evaded by endo-lysosomal escape, or by recycling pathways [389].

The trafficking route can be investigated by determining the colocalization of NPs, such

as SPIONs, with particular compartment markers, as well as via the use of inhibitory

strategies specific to individual trafficking pathways e.g. the Rab proteins.

Various types of SPIONs have been found to localize to endo-lysosomal compartments in

in vitro. Most of these studies have been performed in macrophage models using fluo-

rescently tagged NPs [168, 169, 163, 164, 164]. However, it is particularly important to

examine cellular interactions of the unmodified Sienna+ SPIONs (i.e. without fluorescent
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tags) to better predict in vivo responses [181]. In the lysosome, the presence of chelates

with a high affinity for Fe3+ and an acidic environment could cause SPIONs to dissolve in

as little as 96 hours [168]. This could lead to the release of free iron into the cell cytoplasm

[168]. The deleterious effects of free iron release and iron overload have been discussed

previously in Section 1.2.3. It is therefore necessary to quantify free iron release following

this degradation.

ICP-OES is a technique that is able to quantify the elemental composition of solutions

and can be used to determine the concentration of iron ions in solution. This breakdown

process can be simulated using solutions with a composition that mimics the internal lyso-

somal environment [390]. After incubation within this Artificial Lysosomal Fluid (ALF),

free ions can be separated from the intact SPIONs by methods such as centrifugal ultra-

filtration. Following acid digestion the amount of free iron can be analytically quantified

[391]. This analysis can be combined with monitoring the physicochemical changes that

occur to these SPIONs in the suspensions over the degradative time courses using DLS.

This section investigates the cellular trafficking of the clinically relevant Sienna+ SPIONs

within a HeLa cancer cell model. RCM and R-SIM NP imaging along with fluorescent

compartment identification have been employed to determine the sub-cellular localization

of SPIONs. Quantitative information can be obtained through automated processing and

analysis to calculate signal overlap between reflectance (SPION) and fluorescent (com-

partment marker) channels. Microscopical studies performed within this chapter indicate

that cancer cells process Sienna+ SPIONs through the endo-lysosomal pathway, with a

large portion accumulating within lysosomes. Therefore, the conditions of the lysosome

were mimicked using ALF of pre-determined composition [390]. SPIONs were incubated

in this mimic fluid for a maximum duration of 140 hours to model the breakdown of SPI-

ONs in the lysosome over time. This dissolution was measured using multiple techniques

including microscopy, quantitative ICP-OES, DLS, Zeta potential, pH and PDI.
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6.2 Results

6.2.1 Trafficking of NPs following cellular uptake

The Rab family of proteins are highly conserved GTPases that are involved in the regu-

lation of endosomal trafficking. Fluorescently tagged Rab proteins can therefore be used

to identify specific compartments [147]. For example Rab5/5A regulates the kinetics

of membrane trafficking through early endosomes [392]. Rab5 helps to recruit Rab7A,

which is associated with maturation into the late endosomal compartment and the lyso-

some [392, 393, 147]. Rab11 is a marker for the recycling endosome which recycles cargo

back to the cell surface [394]. In order to determine the trafficking route and fate of Sienna

+, HeLa cells were transfected with Rab5a, Rab7 or Rab11 DNA (detailed in the meth-

ods Section 2.5). The day after transfection, cells were fixed at various times following

the addition of Sienna + SPIONs to ascertain their intracellular localization within the

endo-lysosomal transport system.

While extremely informative when properly conducted, colocalization studies are notori-

ously difficult and time consuming to quantify due to the lack of standardized analysis

procedures [348]. The use of reflectance and fluorescence optical configurations also gives

rise to the possibility of misalignment between modalities. This effect is particularly pro-

nounced at higher magnifications. Prior to colocalization analysis it is crucial to ensure

that any misalignment is corrected. To facilitate this, red polystyrene fluospheres (100

nm) were imaged in reflectance and fluorescent confocal mode (Figure 6.1A) and any

misalignment (Figure 6.1A) was corrected in MATLAB, post acquisition (Figure 6.1B).

The rigid transformation that aligns the images was determined using intensity based

registration (imregister function) with optimized parameters. This transformation was

then applied sequentially and automatically to each image. This was performed for each

experimental aquisition. The use of reflectance, rather than fluorescence, negates the

contribution of fluorophore bleed-through and crosstalk.
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Figure 6.1: Example raw and realigned confocal reflectance and fluorescent images
of polystyrene beads. A) Depicts the raw fluorescent (blue) and reflectance (grey) images of
100 nm red polystyrene beads showing considerable offset. B) Depicts the realignment results.

6.2.2 Analysis of colocalization

Despite the wide availability of quantitative alternatives, colocalization analysis often

relies merely on overlaid color merges and human judgment [395]. This overlay or ’judg-

ment’ method is very ambiguous and can confound results. The image display itself, and

the settings of the Look Up Tables (LUTs) can alter the perceived colocalization, in part

due to the varied SNR across images (e.g. Figure 6.2).

Visualization in this way tends to assume both channels have nearly equal intensity values,

which is an unlikely scenario in the case of reflectance and fluorescence images. Colocal-

ization images are often combined with scatter plots. These are of limited value in most

cases, unless significant processing is done to remove the high level of background re-

flectance signal that skews the observed correlation. Many different methods exists for

quantification of the colocalization between different image channels. This includes Pear-

sons Correlation Coefficient (PCC), Manders (M1 and M2) coefficients, object based and

statistical methods [395, 348, 396]. Each has its own significant advantages and disad-

vantages which are discussed and reviewed thoroughly [395, 396, 348]. PCC, for example,
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Figure 6.2: Example of the problems associated with overlaying unprocessed images
for determination of colocalization in samples. A) Shows an overlay with the LUT’s dis-
play increased, colocalization appears almost 100%. B) Example of the LUT’s being decreased,
and colocalization assessment is now a judgment call, and difficult to distinguish. C) Shows
processed and segmented image where white represents colocalization of objects, giving a more
definitive conclusion regarding colocalization

can be very difficult to interpret. However, in comparative studies, a change in PCC can

indicate an increase or decrease in colocalization. Due to the large contribution of back-

ground reflectance (previously demonstrated in Section 4.2.9) processing of the images is

highly desirable to achieve a quantification of the perceived colocalization. It is therefore

advantageous to first isolate the signal of interest regardless of the colocalization analysis

used.

6.2.3 Segmentation of cells and lysosomal regions

Lysotracker Red DND-99 comprises a conjugated multi-pyrrole ring linked to a weakly ba-

sic amine. It can pass freely through membranes at neutral pH and accumulates in acidic

compartments where it becomes protonated. In these experiments, cellular autofluores-

cence was used to segment cellular regions (Figure 6.3A). Segmentation was obtained by

image convolution with a Gaussian low-pass filter kernal with a radius of 5 pixels and

sigma value of 3. The radius indicates kernal width in pixels and the sigma value de-

termines the degree of smoothing. Image contrast was then increased using the built in

’imadjust’ MATLAB function and pixel values that are above the mean of the image are

set to the mean value. This gives an image that has signal intensity at intracellular lo-

cations and not in extracellular locations. The cells were then segmented using K-means
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clustering (nClusters= 2 or 3). The outcome of the segmentation is shown in red in Figure

6.3B, overlaid onto the cellular regions.

A variety of methods can be used to segment the endo-lysosomal regions. The lysosome

stain displays a high SNR, therefore many methods would provide sufficient segmenta-

tion of this signal. Global thresholding can sometimes prove difficult to implement in an

automated work-flow due to the variable nature of the fluorescence signal, and is often

only successful in a subset of images, unless preceded by processing such as noise removal

and background subtraction. The Difference of Gaussians (DoG) method is essentially

similar to a ’Mexican hat’ filter and simulates the Laplacien of the Gaussian (LoG) of

the image. DoG and LoG methods exert local filtering and can therefore overcome nat-

ural variation that exists across images. Signal is detected if intensity is greater then a

particular threshold. These methods generally require a manually set sigma radius value

that restricts the size of detected spots [280]. Oliver-Marin introduced a method based on

the Undecimated Wavelet Transform (UWT) [280]. UWT uses multi-resolution wavelet

decompositions where each level represents a different resolution, allowing more robust

detection of different sized signal areas. The use of the UWT transform led to a seg-

mentation of lysosomal regions that closely matched manual counting methods (Figure

6.3). The lysosomal stain was first de-noised using a Gaussian filter kernal (radius of 2

pixels, sigma 1) and the La Trous wavelet transform segmentation was performed using

iterative filtering. The result of the segmentation is displayed in red over the raw im-

age (Figure 6.3C and D). The segmentation leads to the separation of a similar number

of regions in each cell as a manual counting method. Different pairs of values for 20

cells are shown in the graph in Figure 6.3E. Blue spots represent detected lysosomes and

red display counted lysosomes. The results correlate well and therefore this segmentation

procedure was deemed suitable for the analysis of the lyosomal colocalization experiments.
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6.2.3.1 Segmentation of endosomal regions

The signal detected using fluorescently tagged Rab5a, Rab7 and Rab11 DNA constructs

often appeared less intense than the Lysotracker stains. The success of DNA transfections

can often be very variable. For this reason, multiple methods were assessed to achieve the

optimal segmentation of the signal. These methods included intensity thresholding, K-

means, and UWT. Images were first preprocessed using a Gaussian filter and background

subtraction. In contrast to the detection of lysosomal signal, the use of the La Trous

wavelet transform appeared to lead to over segmentation of the image, likely due to the

increased background signal and the decreased SNR of the images. As seen in Figure

6.4A, the wavelet transform detected many more endosomes than the manual method.

K-means clustering (in a 3D stack) led to a slight over estimation in some cases. It is

likely that the different intensities and different staining efficiencies across different sample

areas (and therefore acquired images) lead to a larger variety of image intensities, therefore

leading to over or under segmentation. The use of the image mean itself as a segmentation

threshold appeared to lead to a segmentation that more accurately represented the signal

distribution and the manually determined values. The image mean itself will be lower if

the stain is less intense, and therefore allows the successful segmentation of endosomes in

a variety of different image types (Figure 6.4A and B). The comparison of counted and

detected endosomes using the intensity threshold is plotted in Figure 6.4B. Therefore for

the segmentation of endosomes the mean thresholding approach was applied.

6.2.4 Colocalization with endo-lysosomal markers

6.2.4.1 Endosomal Colocalization

Colocalization is a general term that encompasses both co-occurrence and co-distribution.

There is not necessarily any reason why NP signal would correlate directly or co-distribute

proportionally to a compartment within which they reside, i.e. there is no reason why

every endosome or lysosome would have the same amount of NPs inside. Therefore, when
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Figure 6.4: Segmentation of endosomal regions with MATLAB. A) Comparison of the
different segmentation methods for different Rab DNA constructs. Mean +/- SEM is plotted,
p<0.01 = **; p<0.001 = ***. B) Paired detected numbers of regions for different images using
manual methods and intensity thresholding. C) Examples of the segmentation of each original
image (top), red is the boundary of the segmented regions (bottom).
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discussing colocalization in this thesis is it co-occurrence of the detected NP signal with

signal from a labeled compartment that is referred to. Images were segmented to isolate

the whole cell outline, the endosomal compartments, the NP signal, and DAPI nuclear

regions. The DAPI region was subsequently removed from the colocalization analysis.

The isolation of the endosomal signal can then be combined with isolated NP signal, us-

ing previously described methodologies for reflectance images (Section 4.2.9). The signal

overlap of the detected NP objects with the detected endosomes effectively represents the

Manders M1 coefficient. This was determined for SPIONs localizing to different compart-

ments over the maximum duration of 48 hours (2880 minutes) (Figure 6.5). However,

due to the diffraction limit and the limit in optical thickness of acquired planes, a certain

degree of colocalization would be expected, regardless of true colocalization. This is so

called random colocalization or false positives. Randomizations were performed at each

time point with each marker to compensate for this. This randomization consisted of

rotation of the SPION channel in 12◦ increments, this was repeated 10 times (10*12 ◦) for

each cell, and subsequently the average of these randomizations was used as a measure

of ’random’ colocalization between the two channels. The mean of the random values at

each time point was subtracted from the ’determined’ value, to give a ’true’ value. The

PCC was also determined using the segmented intensity images, and again the random

colocalization observed was subtracted from the original image.

SPIONs appear to colocalize with Rab5 positive compartments at early time points (0-6

hours) indicated by the analyses (Figure 6.5A, B and Appendix Figure B.22). Similar

results have been described for other NPs, including polystyrene [249]. This colocalization

increases up to 6 hours, thereafter it begins to plateau and decrease. This is expected

as no new NPs would be internalized following removal of exposure media containing

SPIONs at later time points. It is interesting that the colocalization is still increasing

noticeably as much as 5 hours post-incubation. This could indicate that NPs attach at

the cell surface and are internalized slowly. It could also be indicative of accumulation

212



F
ig

u
re

6
.5

:
C

o
lo

c
a
li
z
a
ti

o
n

b
e
tw

e
e
n

S
P

IO
N

s
a
n

d
d

iff
e
re

n
t

R
a
b

-p
o
si

ti
v
e

e
n

d
o
so

m
e
s

b
e
tw

e
e
n

0
a
n

d
2
4

h
o
u

rs
(2

8
8
0

m
in

u
te

s)
.

A
)

T
h

e
p

er
ce

n
ta

ge
of

si
gn

al
ov

er
la

p
of

S
P

IO
N

s
to

d
iff

er
en

t
R

ab
-p

os
it

iv
e

en
d

os
om

es
.

In
cr

ea
se

s
in

co
lo

ca
li

za
ti

o
n

w
it

h
R

a
b

5
a
n

d
R

a
b

7
a
re

se
en

in
it

ia
ll

y,
fo

ll
ow

ed
b
y

an
in

cr
ea

se
in

co
lo

ca
li

za
ti

on
w

it
h

R
ab

11
.

T
h

e
d

as
h

es
li

n
es

sh
ow

th
e

va
lu

es
o
f

th
e

ra
n

d
o
m

co
lo

ca
li

za
ti

o
n

a
n

d
th

e
so

li
d

li
n

es
sh

ow
th

e
ca

lc
u

la
ti

on
s

of
co

lo
ca

li
za

ti
on

in
b

ot
h

gr
ap

h
s.

B
)

S
im

il
ar

tr
en

d
s

ar
e

se
en

w
it

h
P

ea
rs

o
n

s
a
n

a
ly

si
s.

C
)

E
x
a
m

p
le

im
a
g
es

fr
o
m

th
e

6
h

ou
r

ti
m

e-
p

oi
n
t,

th
e

ti
m

e
p

oi
n
t

th
at

d
is

p
la

y
s

th
e

la
rg

es
t

in
cr

ea
se

in
co

lo
ca

li
za

ti
on

b
et

w
ee

n
a
ll

ch
a
n

n
el

s.
C

o
rr

es
p

o
n

d
in

g
li

n
e

in
te

n
si

ty
p
lo

ts
ar

e
sh

ow
n

b
en

ea
th

th
e

im
ag

e
w

h
ic

h
ar

e
p
lo

tt
ed

fr
om

th
e

m
ag

n
ifi

ed
re

gi
on

in
ea

ch
im

ag
e.

213



and transfer of NPs between different Rab5 positive compartments. A 2-hour time point

would be beneficial in future studies to determine the reason for this observation, and

find where the curve plateaus. Interestingly, the increase in colocalization of SPIONs

and Rab5 at early time points (such as 5 and 30 minutes) is fairly subtle, this reflects

difficulties in analyzing colocalization between the very few detected NPs, particularly at

5 minute time point. It has been previously described that caveolar internalization takes

longer than CME and therefore may explain, in part, the apparent delay in accumulation

in different compartments [136]. It is also possible that SPIONs are not densely localized

within these compartments until endosomal fusion occurs, which could lead to a decrease

in detection of SPIONs present within compartments at earlier time points. Some early

endosomes rapidly mature to late endosomes, however there is a subset that mature more

slowly and are often occupied by recycling cargo [397]. Interestingly, colocalization be-

tween Rab11 and SPIONs appears to increase at the 6 hour time point (Figure 6.5).

The degree of colocalization at this time point is shown in the overlay images and the

line intensity scan, where a proportion of NPs can be seen to apparently overlay with

the Rab11 stain. This may indicate that some of the SPIONs are destined to return to

the plasma membrane following internalization. This could mark the ability of SPIONs

to trancytose across the membrane to the external environment or neighboring cells. It

has previously been reported that Ferucarbotran (Resovist) can be extruded from the

cell. This was established by the identification of Rab11 associated Ferucarbotran and

extracellular membrane bound Ferucarbotran [398]. If SPIONs are being recycled to the

surface this could explain, in part, a continued level of association between Rab5 and SPI-

ONs at later time points due to re-uptake. Rab11 labeling suffered a poor transfection

efficiency compared to other DNA constructs. This restricted the sample size, therefore

it would be beneficial to test alternative methods for labeling the recycling compartment

and the results of studies involving this DNA construct should be interpreted with caution.

Colocalization of SPIONs with Rab7 positive compartments increases notably between 1
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and 6 hours (144 mins). This represents the accumulation of SPIONs within the more

acidic Rab7 late endosome compartments, which is a prerequisite for the degradation of

SPIONs. This is in accordance with other studies that have suggested this pathway for

SPION metabolism [163]. This colocalization remains high for the duration of the exper-

iment, with only a slight drop occurring at 24 and 48 hours. Rab7 also marks lysosomal

compartments. It is likely that during this time period Rab7 compartments fuse with

lysosomal compartments and therefore may be coupled to the beginning of SPION degra-

dation in the acidic lysosomal environment, which has been reported to occur as early

as 24 hours post incubation [399]. Another study determined an increase in colocaliza-

tion between various different SPIONs and late endosomes and lysosome markers at 6

and 24 hrs [158]. The data in Figure 6.5 appear to suggest that SPIONs are trafficked

to the lysosome through the endosomal system, utilizing Rab5 and Rab7 positive com-

partments, with a small fraction being released extracellularly through Rab11 mediated

recycling. However, both DNA transfections and colocalization studies are notoriously

difficult to quantify and interpret. One problem is the potential effect that DNA trans-

fection has on the cellular endocytosis and trafficking pathways. A decrease in SPION

internalization seemed to occur following DNA transfection. This complicates analysis,

especially at early time points (<60 minutes) - where patterns of colocalization between

markers are less clear, as evidenced by the graphs in Figure 6.5. It would be beneficial to

conduct these experiments using immunofluorescent staining, rather than DNA transfec-

tion, to try and reduce this apparent inhibitory effect on SPION uptake. Alternatively,

the computational methodologies tested and described here could be further optimized

and tested. For example, the Sienna+ SPIONs were particularly difficult to detect suc-

cessfully, when compared to reflectance NP such as the cerium dioxide or other types of

SPIONs with a larger core size (Appendix Figure B.2)
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6.2.4.2 Lysosomal Colocalization

Studies performed in macrophages, in vitro and ex vivo, indicate that the main fate of

SPIONs within these cell types is degradation within the lysosome [163, 169]. In those

studies colocalization was determined using fluorescence, TEM and EDX [163, 169]. In

this experimental section, the colocalization of SPIONs with the lysosome compartment

was investigated using label-free RCM and FCM. The lysosome compartment was visu-

alized using Lysotracker Red DND-99. Little colocalization was observed at the earliest

time points, however colocalization increased notably at 6 hrs, similar to the increase in

colocalization observed between SPIONs and Rab7 (Figure 6.6). This is not surprising

as lysotracker can also mark late endosomes, due to its pH sensitivity. Likewise, Rab7

has been determined necessary for fusion (in conjunction with other proteins such as

SNARES) of late endocytotic structures and the lysosome [400, 401]. Rab7 can therefore

also act as a marker for lysosomal compartments [400, 401].

Lysosomal accumulation of SPIONs reaches a maximum of 81%, but the curve appears

to plateau. This could be indicative of lysosomal saturation, a phenomenon which would

be interesting to investigate further by the concurrent exposure of cells to SPIONs for

longer periods of time. This could identify if the lysosomes continue to accumulate more

SPIONs, or if they reach a plateau or equilibrium. Similar studies were also performed

with MDA, A549 and THP-1 cells at the 24 hr time point. Although the only compart-

ment labeled was the lysosome in this case, each indicated a high degree of colocalization.

These colocalization studies indicate that the lysosome is the predominant destination

for SPIONs once internalized within these cells. This was confirmed in MDA, A549 and

THP-1 cells with a 24 hour time point following SPION treatment (Appendix Figure

B.13). This is in agreement with previous ex vivo studies that have indicated SPION

accumulation in lysosomes following injection, identified by TEM and EDX. Interestingly,

7 days post injection, some NPs were still visible, but so are electron dense patterns that

resemble endogenous iron storage proteins, characteristic of iron overload [169].
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Figure 6.6: Colocalization seen between the lysosomes and SPIONs over time. A
high degree of colocalization can be visualized at longer incubation time points (24 hours and
48 hours especially). This can be seen from the overlay (top left; SPIONs = grey, Lysosome
= red) and the line intensity profile (lysosome = blue, SPION = green). These images can be
computationally post processed and different parameters assessed (such as the degree of signal
overlap) and used to make quantitative conclusions about particle trafficking and fate. Plotted
points show the mean result for each time point, error bars show the standard error of the mean
(SEM).
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One problem with the previously applied quantification methods is the reliance of the

quantification on the denoising method used and on the PSF size [396]. If the denoising is

too harsh, colocalization will be missed. If denoising is not done to a great enough extent,

colocalization will be over estimated. Other methods for the analysis of colocalization

exist that do not count % of overlaps but rather work on a distance of detected region

centroids based method. However these methods, such as Monte-Carlo based simula-

tions, are computationally expensive and harder to implement. One method, the Ripley

K-function, determines the distance between identified centroids that permits statistical

quantification of colocalization [396]. Determination of statistical values using Ripleys

K-function could offer more conclusive results in subsequent analyses.

6.2.4.3 Superresolution analysis of colocalization of NPs with the lysosome

As discussed, one of the drawbacks of conventional diffraction limited microscopy studies

is the resolution limit [250, 255]. This limit is dictated by the finite wavelength of the

incident light and is much larger than the size of the NPs used in this study. Although

some lysosomes may reach up to, or even greater than, 1 µm in diameter, these too can

be substantially smaller than the maximum resolution attainable in a diffraction limited

system. Therefore two detected signals that appear to co-localize may actually be up

to, theoretically, 200-250 nm apart, and practically even further [247]. R-SIM, shown

previously in Chapter 4, offers a substantial (>2-fold) resolution increase compared to

confocal microscopy. This can improve the likelihood of observing true colocalization

between two detected signals. Figure 6.7 shows the lysosomal colocalization of two types

of metallic NPs. Sienna+ SPIONs (Figure 6.7A:F) and cerium dioxide NPs (Figure 6.7

G:L) were both imaged with RCM and R-SIM in conjunction with fluorescent imaging.

The resolution increase is clearly demonstrated in (Figure 6.7 G:L). This supports the

previous findings that a large proportion of the NPs do indeed colocalize with the lysosome
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Figure 6.7: R-SIM provides increased resolution for colocalization studies of metallic
(cerium dioxide and SPIONS) NPs with lysosomes in HeLa cells after an hour long
incubation. Confocal images of cerium dioxide (A:C) and SPIONs (G:I) indicate colocalization
with the lysosome. The same cells imaged with R-SIM (D:F and J:L), emphasizes the substantial
resolution improvement, and confirms the findings that a large proportion of NPs colocalize to
lysosomal compartments.
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following cellular internalization and uptake. A thorough investigation using R-SIM to

assess and quantify colocalization (with different markers and time points) would therefore

be beneficial. This could be combined with analytical quantification, either following

isolation or using elemental imaging techniques (i.e. MSI) [182]. Different compartments

could be isolated (Rab5 positive, Rab7 positive, lysosome etc.) from treated cells. The

presence of SPIONs (NPs and ions) could then be quantified by ICP-MS / ICP-OES or

sp-ICP-MS to determine relative proportions of ions / NPs. One study, in the literature,

took advantage of the magnetic nature of SPIONs, and their lysosomal localization to

magnetically separate and purify the lysosome compartment [191]. Otherwise specific

compartments can be isolated by centrifugation or Fluorescence Activated Cell Sorting

(FACS) [402, 403].

6.2.5 Dissolution of NPs in different fluids

The dissolution or degradation of NPs is an important property that can alter the avail-

ability, toxicity, localization and function of the NPs. Dissolution depends upon the NPs

properties and the properties of the surrounding media / solution. Surface properties can

greatly influence the dissolution of NPs [391, 404]. Dextran functionalization is one of the

most favored routes for the stabilization of SPIONs, however it is suggested that the dex-

tran coat is not firmly attached at the SPIONs surface. Dextran coated SPIONs may not

remain stable for long periods of time following lysosomal accumulation. The iron core

and it’s coatings are thought to be degraded by the acidic environment leading to the re-

lease of free iron into the cytoplasm [163, 174, 164, 168]. Test tube dissolution studies can

be performed to measure the changes in SPIONs over time. Test tube dissolutions were

performed in distilled water at pH 4 and pH 7, to ascertain if the SPIONs would dissolve

over time or if they are stable in dH2O, regardless of pH. The DLS, pH and Zeta poten-

tial were taken at 24 hour intervals following initial incubation of the SPIONs (Figure 6.8).

Some changes were observed in the SPION preparations (7000 ppm or 7 µg/mL) over the
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Figure 6.8: Test tube SPION dissolution study in dH2O at pH 4 and 7. At pH 4, the
diameter (nm) increased over the 144 hour time course, whereas at pH 7 the diameter remained
consistent (A). Changes were observed in the Zeta potential (B), at pH 7 and pH 4 the zeta
potentials become more positive over time. The PDI increased up to 1 at pH4 indicating an
increase in the polydispersity (C). pH remained stable through the time course.
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period of 144 hours when incubated at 37◦C in dH2O. The DLS peak intensity (of the

largest peak) increased considerably at pH 4. The diameter of this peak was measured to

be 75 nm +/- 4 nm at T=0, approaching a maximum at T=96 h of 911 nm +/- 181.5nm

(M = 652 nm +/- 272 nm over the entire time course). However at pH 7 little change

in the measured hydrodynamic diameter of the NP solution was observed over the time

course (M = 85 nm +/- 11 nm over the entire time course) (Figure 6.8). The zeta poten-

tial is greatly influenced by the measured diameter, at pH 4 the zeta potential fluctuated

between -4.7 mV +/- 0.95 mV and 9.8 mV +/- 0.4 (M = 5.9 mV +/- 5 mV over the time

course). At pH 7 this fluctuation was even larger, ranging from -32 mV +/- 0.15 mV,

to - 9 mV +/- 0.1.7 mV (M = -19.7 mV +/- 8.1 mV over the entire time course). The

pH appeared to remain fairly stable in both experiments. At pH 7 the average pH was

7.77 +/- 0.7, and at pH 4 the average was 3.7 +/- 0.2 over the time course. Although

there are changes in diameter recorded at pH 4, it is likely that the NPs in the solution

are agglomerating, not dissolving. This indicates that pH alone is not sufficient to induce

the dissolution of the SPIONs, in agreement with previous studies [168]. The parallel

increase in polydispersity at pH 4 also suggests that the SPIONs are agglomerating (Fig-

ure 6.8). The carboxydextran coating is linked to the NP surface via multiple hydrogen

bonds. At low pH, the carboxyl groups will become protonated [405]. The oxygen will

become electro-negatively charged, and the hydrogen electro-positively charged due to

the electron withdrawing effect of oxygen. Therefore electrostatic interactions between

neighboring molecules could lead to agglomeration of NPs in this condition, which would

explain the observed increase in diameter of the NPs within the solution (Figure 6.8).

Dissolution was also performed in the ALF using a pre-determined composition containing

citrate, (Full composition - Appendix Section B.1) [390]. Arbab had previously postulated

that after 96 hours SPIONs would have dissolved within lysosomal fluid [168]. Therefore,

SPIONs (70 ppb) were incubated in ALF for 96 hours. It is worth noting that this

concentration is significantly lower than that used in the experiments previously shown.
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This was largely due to the volume needed to reproduce the same concentration during

the experimental time courses. To reproduce 280 µg/mL concentration used in previous

cell studies, a volume of 1.8 mL NP stock solution would be necessary. Unfortunately, due

to the availability of the SPION stock solution (clinical SPIONs directly purchased from

endomagnetics) only a maximum of 20 mL available in total. Additionally, dissolution

studies are often performed in the range of 5 ppb - 1000 ppb, for this reason a value

in the upper half of this range was tested.The properties of the SPION solution at this

concentration was determined; including diameter of the NPs, and Zeta potential, the

PDI using the aforementioned techniques from Chapter 3. From Table 6.1, it can be seen

that regardless of the difference in concentration, the parameters appear fairly consistent

with those previously established in SCM and PBS from Chapter 3.

Table 6.1: Summary of characterization of Sienna + SPION suspensions at T=0
in PBS and SCM and ALF. Summary of characterization of Sienna + SPIONs in different
types of media. All suspensions are concentration of 280 ppb or 280 µg / mL at T = 0) except
the ALF which contained 7000 ppb or 7 mg / mL.

The DLS, pH, Zeta potential and PDI were taken at 24 hour intervals following initial

incubation (Figure 6.9). Decreases in the observed diameter were observed from T=0

(78.1 +/- 3.3 nm) to T=96 (30.5 +/- 4.4 nm) indicating dissolution of the NPs in solu-

tion (Figure 6.9). There was an observed increase in PDI from T=0 (0.18 +/- 0.0036) to

T=96 (0.32 +/- 0.1) which indicates an increase in size distribution range (Figure 6.9).

The zeta potential becomes more negative, from T=0 (-7.24 mV +/- 0.39 mV) to T=96

(-15.83 mV +/- 0.32 mV) indicating an increase in negative charge at the slipping plane

of the NPs. This could indicate a reduction in steric stabilization of the solution that

may coincide with breakdown of the surface carboxydextran coating. Within cells, the
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dextran coating is thought to be degraded by the enzyme α-glucosidase [163]. However

this enzyme is not present in the ALF, therefore Dextran could be broken down by acid

hydrolysis [406].

Cells were also grown in MatTek dishes, and treated with SPIONs for 1 hour. Dishes

were then fixed every 24 hours post incubation. Reflectance intensity was measured; this

process involved automatic background subtraction to remove cell signal, and manual

delineation. Manual delineation is necessary due to the high confluence of cells at later

time points, complicating segmentation. A decrease in reflectance intensity was observed

during the 96 hours (Figure 6.9). However, SPIONs and other NPs have been found to

distribute to daughter cells during mitosis, which may be the reason for the visual de-

crease in reflectance intensity [138]. In a future experiment, cells could be incubated with

a mitotic inhibitor, such as Vincristine, to negate this effect. Reflectance signal would

then change dependant upon SPION accumulation and dissolution over time. It would

be very interesting to try to monitor the loss of fluorescent dextran coating (or labeled

corona), alongside a loss of reflectance intensity within lysosomal compartments. Such a

study would have been investigated further had there been no time constraints for this

work.

Taken together, the initial studies to assess dissolution indicate that SPIONs may be

dissolving in the ALF solution which contains sodium citrate. It has been hypothesized

that the combination of low pH and metallic chelate presence in the solution increases

the dissolution of various NPs [168, 164]. Arbab et al saw evidence for the dissolution of

PLL-SPIONs over 96 hours in these exposure conditions [168]. They also observed some

undissolved SPIONs within membrane bound organelles in TEM images of treated cells.

The methods of measuring the dissolution used up to this point in our studies are not

definitive or quantitative. Therefore, dissolution studies were performed in conjunction

with an additional step to quantify ion presence. This involved the centrifugal ultra-

225



filtration of the incubated solution at each time point to separate ions from intact NPs.

The solutions containing ions was then subsequently digested with HNO3 for elemental

analysis. Different concentrations of SPION suspensions in ALF were monitored over the

time course of 144 hours (or 7 days) from time 0, to Time = 144. The physicochemical

properties were measured using the Zetasizer ZS Nano (DLS, zeta potential and PDI),

and pH was measured. On each day, starting 24 hours post initial measurement, samples

were prepared as described for elemental ICP-OES analysis. ICP-OES analysis provides

quantification of the amount of Fe ions present in the sample. It is a powerful analytical

technique that provides detection limits as low as 1 ppb. However, higher concentrations

(7000 ppb and 700 ppb) were included to ensure dissolution of the SPIONs could be

detected. A standard curve was generated using different concentrations of iron standards

using the Fe 259.939 wavelength. This wavelength was selected as it resulted in the highest

peak intensity (Figure 6.10).

Figure 6.10: Calibration curve generated from ICP-OES analysis of iron standard
solutions. The calibration curve is constructed from the analyses of 12.5, 25, 50, 100, 500, 1000
ppb solutions. The R2 error is calculated to be 0.99 and the equation of the line is given.

Analyses were performed in triplicate, and the value given from the instrument repre-

sented an average of these repeats. The RSD% value was below 5% in all of the presented
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results, which is acceptable for ICP-OES studies. One sample, C=70 ppb, T=24 hours,

did not have a sufficiently acceptable RSD% value, (20.2%) and therefore was excluded.

The Limit of Detection (LOD) was calculated using the standard addition method, and

gave a value of 1.24 ppb. The Limit of Quantification (LOQ) was calculated based on the

assumptions that the LOD is 3 times the SNR and the LOQ is 10 times the SNR, this

gave a value of 4 ppb.

A time dependant increase in the amount of Fe ions present in the solutions was ob-

served at each concentration of SPIONs incubated in the same ALF solution (Figure

6.11) [390, 277]. However full dissolution did not appear to occur as the curve did not

plateau as would be expected at full dissolution. At 7000 ppb the curve started to plateau;

therefore a longer time course may be necessary to determine the equilibrium. Interest-

ingly in the study with 70 ppb starting concentration of SPIONs, the concentration of

Fe ions measured at T=140 was higher than the starting concentration. This indicates

that there may be some sort of spectral interference. Results obtained were normalized

using the blank solution, due to the unusual matrix in which the ions were measured (the

ALF solution) [390, 277]. However this solution contains numerous compounds, of which

some spectral overlap may be occurring. The presence of calcium, citric acid and nitric

acid could lead to spectral interference with the iron peak. It would be advantageous

to determine this source of interference, and to extend the experimental time course.

However, there is a clear increase in the presence of Fe ions over the time course in each

study, regardless of starting concentration. This supports the conclusion that SPIONs

are indeed dissolving in the low pH ALF solution. Subsequent isolation of lysosomal

compartments from SPION treated cells over the same time courses (or longer) could be

combined with elemental ICP-OES (or -MS) analysis and quantification. Isolation can be

done easily with existing kits or centrifugation methods, or, due to the magnetic nature

of the SPIONs, they could be isolated using magnetic separation [402, 403]. However,

quantifications from different organelles could be complicated by the release of Fe from
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Figure 6.11: SPION dissolution studies performed in ALF at concentrations of 70
ppb, 700 ppb and 7000 ppb. ICP-OES analysis of the experimental time course (left).
Increase in free iron is observed at all concentrations. The physicochemical properties for each
time points are displayed (right). The results of DLS and zeta potential display no clear pattern
between concentrations, indicating the complex nature of measuring NP dissolution. PDIs
display an increase in each case, indicating changes in the polydispersity of the suspensions.
The pH remains the same throughout. 228



the lysosomes into the cytoplasm, postulated to occur via divalent cation transport [168].

If organelles could be separated, and the rest of the cytoplasm retained, it may provide a

value for the relative amounts of SPIONs and iron released in different areas of the cell.

This could particularly benefit from techniques that discriminate between endogenous

and exogenous iron.

Measurements of the DLS diameter and PDI, and the pH and Zeta potential were per-

formed at each time point used for ICP-OES analysis (Figure 6.11). The corresponding

graphs for DLS, PDI, Zeta and pH are displayed to the right of the ICP-OES curve (Fig-

ure 6.11). The results were very varied in terms of the observed effects, and did not

display similar results to those in the first ALF experiment (70 ppb) in Figure 6.9. In

all cases the PDI tends to increase, which would be expected as the SPIONs begin to

dissolve, and the size distribution increases. The DLS diameter decreases in some cases

(7000 ppb) and increases in others (700 ppb). In the case of 70 ppb it appears to be quite

random. It is possible that the presence of different sized NPs leads to obscuring of the

signal from smaller NPs. It is also possible that the dissolution of ions can lead to an

increase in agglomeration of the exposed metal cores. The dissolution of SPIONs in these

complex media likely results in a mixture containing various forms of partially dissolved

SPIONs, ions and free dextran polymer, which can complicate results and invariably lead

to different cellular effects [391]. The DLS data also influences the zeta potential mea-

surement, as this is a measure of charge distributed across the SPION’s surface. These

studies indicate the complexity of dissolution studies, and the interplay between changes

in physicochemical properties, whereby change in one property can alter others. More

repeats of these experiments at longer time points will give a better indication on the

dissolution process within the lysosome. An important consideration is the toxic effects

of the intermediates formed during this dissolution process; not only the resultant free

Fe that is released. It is likely that there is a complex interplay between the dissolution

products and biological responses. Dissolution of the SPIONs in the exposure media, and
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media that represents other fluids (such as within the lung and within the gastro envi-

ronment) should also be investigated, to determine if dissolution occurs prior to cellular

uptake, and could therefore also modulate unwanted effects.

6.3 Conclusion

The cellular, and indeed multicellular, toxicity associated with SPION exposure is likely

linked directly to the concentration of the SPIONs internalized within the specific cell, the

localization (and therefore potential interactions), and the form of the NPs [350]. This

will in turn depend upon the processing of the NPs within the cell, the transport route

it takes, the duration that the SPIONs are intact within the cell and the degradation

timescale. Many drug delivery strategies require NPs to reach, or remain at, particular

sites within the cell, and therefore understanding of the trafficking and biotransformation

of NPs is important in ensuring success and safety. Sienna+ SPIONs appear to follow a

classical pathway that results in the lysosomal accumulation and subsequent degradation

into free iron. This could be advantageous for some strategies, such as those that employ

a pH modulated cleavage of drug bound cargo within the endo-lysosomal system [140].

Dissolution studies indicate that these SPIONs dissolve within citrate containing, low

pH solutions. Physicochemical measurements indicated that a complex interplay exists

between the different physical properties of these NP suspensions during the dissolution

time course, which requires further investigation. Full dissolution was not observed, and

spectral interference perhaps played a role in the resultant iron concentrations recorded by

ICP-OES. Further method optimization is therefore required to determine the time scale

for full dissolution in addition to determining the contribution of spectral overlap. Future

studies including the isolation of intracellular organelles and endosomes, and subsequent

quantification of iron would be interesting to confirm the localization of the NPs and

any released iron within these compartments. This could be combined with analyses that

can distinguish between exogenous and endogenous iron to give accurate conclusions [169].
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6.4 Key findings

1. Sienna+ SPIONs appear to traffic through the endo-lysosomal system, resulting in

accumulation in the acidic lysosome compartment as earlier as 6 hrs. A portion appear

to recycle to the cell surface.

2. Lysosomal accumulation is evident in MDA, HeLa, A549 and THP-1 cells.

3. Image processing can aid in determining the extent of SPION colocalization with vari-

ous compartments and elemental quantification would provide absolute values for SPION

presence.

4. SPIONs dissolve to free iron at low pH (4), in the presence of ALF. Citrate is suggested

to be an important component in the dissolution of SPIONs and other NPs.

5. Dissolution leads to various changes in the physicochemical properties of SPIONs which

requires further optimization and investigation.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 General conclusions

The field of NP research has exploded in recent years, due to the significant increase

in incorporation of these materials into various aspects of every day life. Metal oxide

NPs, such as SPIONs and cerium dioxide, have wide scale applications from investigative

research and the inexpensive in vivo detection and screening of diseases such as cancer,

to use in vehicle fuel efficiency (e.g. cerium dioxide NPs) [24, 407, 225]. Therefore the

characterization of these NP and their interactions / effects, both during unwanted and

intentional (medical) exposure, within organisms and the environment is a high priority.

Understanding the cellular uptake and potential for toxicity of NPs is critical to ensure

successful, effective and safe applications within these different fields.

NP can encompass a huge range of different preparation types, each with different prop-

erties that can lead to a variety of different effects within cellular systems and exposed

organisms. Therefore it is necessary to thoroughly characterize these properties using

standardized / harmonized methodologies, both in the synthesized form, and within po-

tential biological exposure fluids [116, 123, 316]. Chapter 3 included characterizations of

the relevant NP (Sienna+ SPIONs, and in some cases cerium dioxide) under exposure

conditions to determine properties such as surface charge, hydrodynamic size and disper-
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sity. Preliminary investigation into the protein corona constituents was also performed

following separation using a modified protocol involving the isolation stages suggested

by Docter et al, with the exception of the use of a sucrose cushion as this was found

to increase the isolation of proteins that were not associated with NP (i.e. in control

samples) [288]. Future work within this section would include repetition of studies using

different concentrations of FCS, and the inclusion of different types of serum, such as

human serum to identify differences that occur due to different protein compositions and

concentrations in media relevant to human exposure within biomedical applications. This

would include post-cellular internalization corona studies, to determine constituents of

the dynamic corona that evolves over time. Corona fingerprinting aims to identify the

protein corona constituents, and combine this with other NP property information to pro-

duce models that can predict the cellular targeting, uptake, localization and effects of NP.

Future intricate models that have multiple likelihood estimations including 1) fluid ex-

posure constituents 2) NP properties 3) corona formation 4) Likelihood of cellular effects

based on corona composition and physical properties, could aid in silico determination of

the biological effects and outcomes of NP therapies. These could be used in a screening

process to establish the likelihood of success or failure of drug candidates and therefore, if

established, would be an indispensable tool within nanomedicine. However, such models

would likely require extensive analysis of varieties of properties, and be specific to different

core materials, in addition to requiring computational expertise to enable the modeling

of various processes that may occur.

One primary aim within this thesis was to develop and optimize new tools for the visu-

alization of these example NPs without the need of labeling due to the aforementioned

problems with current methods such as fluorescent tagging. Reflectance imaging protocols

were optimized and developed to illustrate the benefits these methodologies offer within

the field of nanoresearch. Benefits include the relatively quick, inexpensive, label-free

visualization of NP, resulting in high quality images that can be subsequently analysed
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computationally as demonstrated in Chapters 4 and 5. In Chapter 4 metal oxide NPs, both

cerium dioxide and SPIONs, were shown to introduce significant contrast into reflected

light images; other NP that are not such good reflectors were also visualized (polystyrene

core). The use of multiple NP with both R-SIM and RCM imaging methodologies pro-

vided validation for each instrument in the study of NPs comprised of different materials.

Refinement of the imaging protocols, and the development of R-SIM as a complimentary

(or stand alone) tool for investigating single samples will facilitate label free imaging of a

wider range of NPs, improving throughput, technical capabilities and reducing time and

cost [322]. Although the resolution of R-SIM does not approach that of TEM, the combi-

nation of reflectance image acquisition and subsequent correlation to ultrahigh resolution

TEM imaging can increase the confidence in experimental conclusions and maximizes the

information gained from a single prepared sample, as demonstrated here. Subsequent

optimization of this correlative procedure would increase the range of NP that can be

imaged under label-free conditions, and harmonization of sample preparation procedures

could greatly simplify acquisitions (e.g. sample preparation routine to allow all imaging

to be performed on TEM slotted grids).

The applications shown within this thesis highlight the value of these optimized reflectance

methodologies to probe the important cellular interactions that occur during NP exposure

within biological samples in vitro as presented in Chapters 5 and 6. The time and concen-

tration dependence of uptake was established in multiple cancer cell types, benchmarked

against the widely studied macrophage model. Important proteins were identified that

may be instrumental in facilitating the internalization of these NP, particularly Cav1 and

Pak1 in cancer cell lines. Calculations were performed to determine whether this was a

result of internalization through fluid within the endosome (non-specific) or through mem-

brane interactions. The expansion of these 2D cell culture studies into model systems that

better represent multicellular organization is crucial to reduce unnecessary animal exper-

iments. Reflectance imaging of 3D multicellular spheroids was performed, validating the
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method for 3D exposure studies with these techniques. Continuation of these investi-

gations may ultimately lead to more accurate conclusions regarding the behavior of NP

within tissues, with the goal of ultimately improving the likelihood of success in subse-

quent translation to clinical trials and benefits. For example, despite increasing research

into NP based therapies, few of these realize their full potential within a clinical setting

[408, 409, 410]. In this way, reflectance microscopy may be influential in reducing the

number of experiments that are continued into in vivo studies that have a limited chance

of success in future clinical trials. These 3D spheroid models could act as a screening

process for suitable NP treatments, to find those that can translocate through spheroids

and localize to the desired organelle to highlight candidates for continuation into animal

studies and eventual clinical trials. Refinement of the experimental procedures utilized

in 2D cell cultures, such as siRNA inhibition or localization studies, to allow the appli-

cation in 3D culture models could prove indispensable in this process. Imaging of tumor

spheroids may be possible with R-SIM; this could be determined using correlative studies

with the inclusion multiple modalities (such as RCM and TEM). Some of the available

methods include slice and view technologies [411, 412]. Slice and view is a technique that

allows SEM imaging followed by serial block face sectioning of a resin embedded tissue

or cell sample within the microscope itself, allowing the acquisition of large amounts of

high resolution 3D data. This would be very informative in terms of determining the

localization of NP, and the sensitivity of reflectance imaging within tumor spheroids.

In Chapter 6, a relationship between intracellular NP location and the endo-lysosomal

system / lysosomes was also identified using colocalization studies; although the best

quantification method for these experiments are still often debated. The use of R-SIM

increased confidence in the conclusions that the NP are localizing to within lysosomes

following intracellular trafficking. Optimization of the imaging routines for R-SIM could

greatly enhance colocalization studies providing more definitive conclusions and facilitat-

ing quantification of the amount of NP per lysosome and differentiation of cell populations
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that internalize greater or fewer NPs. R-SIM, due to the increased resolution, could also

be used to indicate the nature of internalized NP; as agglomerates, or as single NP. Op-

timization of live R-SIM could be instrumental in following this process over time and

determining if NPs agglomerate due to the high internal lysosomal concentration following

accumulation, in addition to the potential for monitoring degradation of NP cores and

labeled coronas over time at high resolution.

Determination of these cellular interactions in Chapters 5 and 6 was greatly aided by com-

putational processing to provide increased throughput, sample size and therefore number

of experiments that can be performed (due to reduced analysis time). This enables relative

quantifications between measured groups, however the next step involves the expansion

into fully quantitative conclusions, in terms of internal NP concentration. Quantification

of NP within cellular systems, and within specific compartments, is vital to determine the

associated risk / benefits of NP within a biomedical context. Experiments can be corre-

lated to analytical quantifications using a variety of instruments, such as ICP-OES and

ICP-MS. ICP-OES was used in Chapter 6 to determine concentrations of iron in mimic

fluids over time to ascertain the dissolution of SPIONs in the acidic lysosomal environ-

ment. Organelle isolation could be combined with elemental quantification to complement

these examples of degradation and trafficking studies within the cell. Alternatively, the

field of elemental imaging (such as MSI) is expanding rapidly, and imaging with light

microscopy (and / or TEM) can be combined with studies that provide elemental image

’maps’ of cellular or tissue samples. Recent success in the use of LA-ICP-MS on fixed

cellular samples to gain quantitative insight into internalized NP highlight the potential

to incorporate this type of analyses into the imaging experiments [183, 182]. These are

exciting new directions towards NP characterization and detection. Identifying the same

cell with label-free imaging, TEM, elemental quantification and the subsequent overlays

could facilitate the development of NP-specific algorithms that can determine the absolute

cellular accumulation of these NP applied to uptake concentration and NP degradation
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over time. This would likely be a complicated task that would include a wide range of

parameters that estimate, for e.g., NP that are not detected using microscopy and esti-

mations of background from images. Series of validations using different concentrations

and time points (to model changes in reflectance due to degradation i.e. with spICP-MS)

could potentially facilitate complex, but accurate, analytical analyses from simple RCM

experiments.

Although the discussed applications within this thesis are mainly directed towards nano-

safety and nano-medicine, reflectance methods offer value for a broad range of investiga-

tions spanning multiple fields both in vitro and in vivo. RCM has been applied to the

imaging of the focal contacts formed by cells attached to a surface, the morphology of

red blood cells and the in vivo clinical diagnosis of a variety of pathologies, including

skin, oral mucosa and cornea diseases to name a few [413, 414, 240, 415]. RCM offers

non destructive methods to visualize live events and has been used to investigate the

vesicle transport system in developing drosophila oocyte providing a real-time imaging

method for innately reflective cellular constituents [248]. It is also well recognized that

reflectance imaging can provide additional information in a variety of diagnostic or clinical

experiments. Collection of the backscattered laser light from in vivo investigations has

also allowed visualization of haemodynamic events and provides structural information

to contextualize fluorescent signal [252, 103]. This emerging combination of two-photon

fluorescence and RCM imaging allows the visualization of blood flow and anatomical

tissue structure in regions such as the brain cortex [103]. Axonal myelin gives rise to

contrast in the reflectance image, providing a means of monitoring axonal demyelination,

a critical event in a host of neurodegenerative pathologies [252]. A novel methodology,

termed in vivo microcartography, also employs this combination method to visualize the

architecture and haemodynamics of in vivo tumor angiogenesis [254]. The availability of

superresolution reflectance (R-SIM) could provide valuable additional information during

many of these investigations involving reflective samples, providing higher resolution and
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more precision and detail. Structured illumination has been applied for in vivo imaging

investigations both in tissue diagnostics (using phantoms) and quality control [416, 417].

However widespread use of R-SIM will be increased with the appropriate modification of

the reconstruction algorithm to minimize backgrounds effects in tissue, to allow better,

more accurate signal reconstruction. This goal has been made more attainable in the

past year due to the emergence of free-source scripts / implementations of the algorithm

which were previously limited to commercial, non-modifiable software [331, 418]. Clearly

reflectance imaging has a lot to offer across a host of different investigations, not limited

to NP studies. Continued development of the imaging processes, particularly R-SIM, will

lead to improved detection capabilities and increase the widespread use of this technique

as a complimentary standard investigation.

7.2 Summary of thesis

The main aims within this thesis were to improve the methods available for the investiga-

tion of NP-cellular interactions, and to apply these in combination with existing method-

ologies to increase knowledge on NP interactions with cancer cell lines from both a safety

and therapeutic benefit perspective. Figure 7.1 indicates the different aspects of work

involved in each chapter and the techniques applied within and how these approaches

were combined to address key questions regarding SPION uptake, trafficking and fate in

different cell types. Chapter 3 focused on important characterizations of SPIONs based

upon routinely used techniques including physicochemical characterizations of SPION

solutions with the presence and absence of serum proteins (size, PDI, zeta potential),

imaging (TEM) and identification of proteins associated with SPIONs. The limitations

of existing imaging methodologies in the study of NPs, such as the effects of fluorescent

labeling and diffraction limited resolution, and the advantages that visualization of spa-

tial localization can offer in studies, increases the demand for new and optimized imaging

routines. In Chapter 4, existing RCM methods were optimized and R-SIM imaging was
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Figure 7.1: Flow chart showing the summary of work within each chapter of this
thesis. The summary flow chart shows the main sections of work within this thesis and how
they fit together into an integrated study advancing the state-of-the art.
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introduced, offering a two fold increase in resolution - particularly advantageous for NP

quantification and localization studies. Analysis routines were developed to enable the

automated quantification of NP presence within cells via the different methodologies.

Correlative procedures were also established for imaging the same sample with different

reflectance methods and TEM, maximizing the information attainable from a single sam-

ple and allowing comparisons between the techniques for specific applications. Chapters

5 and 6 then made use of these optimized techniques, with a focus primarily on RCM due

to its availability and high NP detection rates, utilizing the automated analysis presented

in Chapter 3. This was used to determine NP uptake in four different cell lines, and, in

combination with siRNA, to ascertain proteins that are involved in the uptake process.

Chapter 5 also included preliminary work aimed at the translation of these studies into 3D

culture models, and confirmation of the applicability of reflectance for imaging these 3D

spheroid cultures was achieved. In the final results chapter, reflectance imaging methods

were applied to SPION and cerium trafficking studies, and analysis methods were extended

to include fluorescent segmentation and quantitative colocalization measures, determin-

ing the eventual fate of SPIONS and cerium dioxide NPs within cancer cells. Chapter 6

also included mock dissolution studies that simulated the lysosomal compartment within

cells to model the degradative process of SPIONs within this fluid, utilizing analytical

techniques such as ICP-OES. This thesis thus provided several important tools for the

future assessment of the efficacy and safety of NPs for clinical use, enabling quantitative

analysis of uptake route, subcellular localization and NP intracellular fate.
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Photothermal microscopy of the core of dextran-coated iron oxide nanoparticles
during cell uptake. ACS Nano, 6(7):5961–5971, 2012.

[166] Maneesh Gujrati, Anthony Malamas, Tesia Shin, Erlei Jin, Yunlu Sun, and
Zheng Rong Lu. Multifunctional cationic lipid-based nanoparticles facilitate en-
dosomal escape and reduction-triggered cytosolic siRNA release. Molecular Phar-
maceutics, 11(8):2734–2744, 2014.

[167] Andrew Elias and Andrew Tsourkas. Imaging circulating cells and lymphoid tissues
with iron oxide nanoparticles. Hematology / the Education Program of the American
Society of Hematology. American Society of Hematology. Education Program, pages
720–726, 2009.

[168] Ali S Arbab, Lindsey B Wilson, Parwana Ashari, Elaine K Jordan, Bobbi K Lewis,
and Joseph A Frank. A model of lysosomal metabolism of dextran coated super-
paramagnetic iron oxide ( SPIO ) nanoparticles : implications for cellular magnetic
resonance imaging. (July):383–389, 2005.

[169] Michael Levy, Nathalie Luciani, Damien Alloyeau, Dan Elgrabli, Vanessa Deveaux,
Christine Pechoux, Sophie Chat, Guillaume Wang, Nidhi Vats, François Gendron,
Cécile Factor, Sophie Lotersztajn, Alain Luciani, Claire Wilhelm, and Florence
Gazeau. Long term in vivo biotransformation of iron oxide nanoparticles. Bioma-
terials, 32(16):3988–3999, jun 2011.

[170] Gayatri Bhasin, Hina Kauser, and Mohammad Athar. Iron augments stage-I and
stage-II tumor promotion in murine skin. Cancer Letters, 183(2):113–122, sep 2002.

[171] Byeongsu Kwon, Eunji Han, Wonseok Yang, Wooram Cho, Wooyoung Yoo, Junyeon
Hwang, Byoung Mog Kwon, and Dongwon Lee. Nano-Fenton Reactors as a New
Class of Oxidative Stress Amplifying Anticancer Therapeutic Agents. ACS Applied
Materials and Interfaces, 8(9):5887–5897, 2016.

[172] B Ankamwar, T C Lai, J H Huang, R S Liu, M Hsiao, C H Chen, and Y K Hwu.
Biocompatibility of Fe(3)O(4) nanoparticles evaluated by in vitro cytotoxicity assays
using normal, glia and breast cancer cells. Nanotechnology, 21(7):75102, feb 2010.

258



[173] Macarena Calero, Michele Chiappi, Ana Lazaro-Carrillo, Maŕıa José Rodŕıguez,
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APPENDIX B

B.1 Methods

B.1.1 Bacterial transformation

1 µL of the required cDNA construct was added to 50 µL MAX efficiency Escherichia

Coli (E.Coli) DH5α competent bacterial cells (Invitrogen, UK) and kept on ice for 30

mins. DH5α were then heat shocked at 42◦C for 45 seconds, followed by incubation on

ice for a further 2 mins. SOC (Super Optimal broth with Catabolic repression) media

500 µL was then added, and the E.Coli incubated at 37◦C in a shaking incubator for 1.5

hours. E.Coli (125 µL) were then spread onto agar plates containing Kanamycin (Kan)

or Ampicillin (Amp), dependant on specific resistance, using a disposable plastic spreader

under sterile conditions. Plates were then inverted and incubated overnight at 37◦C. On

the following day, a single colony was picked with a pipette tip and added to 2 mL Lutria

Broth (LB) containing Kan (50 µl /mL) or AMP (100 µg/mL) in 14 mL snap cap round

bottom tubes (Falcon, UK) and incubated at 37� for 8 hours in a shaking incubator.

200 µL of the bacteria was then added to 100 mL of antibiotic containing LB in a suitable

container and incubated for 12-16 hours at 37◦C in a shaking incubator. Bacteria were

centrifuged at 5000 rpm at 4◦C in 50 mL plastic centrifuge tubes (Falcon, UK) using a

bench-top centrifuge (3K10 Centrifuge, Sigma, UK). The pellet was then dried and lysed

immediately for purification with a Qiagen Plasmid Maxi-Prep Kit (Qiagen, UK) as per
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the manufacturers protocol. Eluted DNA was dissolved in 1 mL endotoxin-free ultrapure

water and stored at -20◦C. DNA concentration was ascertained using a U1800 model

spectrophotometer (Digilab Hitachi) prior to DNA transfections.

B.1.2 Dissolution studies

Full composition of artificial lysosomal fluid is listed in B.1.

Table B.1: Composition of artificial lysosomal fluid solution

B.1.3 Western Blot Buffers and Protocol

Buffers

Lysis buffer - 1% Triton X

Triton X (10%) (Sigma-Aldridge, UK) solution was made. This was made by addition

of 100 µL TritonX100 solution to 9ml of PBS, addition of a roche protease inhibitor and

vortexing thoroughly.

To make up 50mL of 12.5% solution of acrylamide gel, the following was combined. dH20,

(16.1mL); Tris HCl (12.5 mL); 10% SDS (0.5 mL) and Bis Acrylamide (20.8 mL). Just

prior to gel setting, APS (0.5 mL)and TEMED (0.075 mL) were added to solidify the gel.

0.5M pH Tris-HCL 60.57g of Tris (Fisher Scientific) dissolved in 1L distilled water. 5M

HCl was used to obtain the correct pH using a Basic Denver pH meter (Denver Instru-
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ments).

Ammonium Persulphate 10% Ammonium Persulphate (APS): 1 g of APS was dis-

solved in 10 mL dH2O frozen in 1 mL aliquots.

10% SDS

10% Sodium Dodecyl Sulphate (SDS) was made up by dissolving 10 g of SDS in 100 mL

of dH2O.

10X running buffer

10X Running buffer was made with 144 g of Glycine (Fisher Scientific), 30g Tris, 4g SDS

made up to 1L in dH2O.

1X running buffer

1X running buffer was made by diluting 100ml of 10X Running buffer in of 900 mL of

dH2O.

10X transfer buffer

10X Running buffer was made with 144 g of Glycine (Fisher Scientific), 30g Tris, made

up to 1L in dH2O.

1X transfer buffer

1X running buffer was made by diluting 100ml of 10X transfer buffer in of 900 mL of dH2O.

10X TBS

200 mL of 1M Tris-HCl (pH 7.5), 300 mL of 5M NaCl made upto 1L in dH2O - 5M HCl

was used to obtain the correct pH.
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5M NaCl

292.2g NaCl (Fisher Scientific, UK) dissolved dH2O.

TBST

1X TBST buffer was made by diluting 100 mL of 10X TBS with 900 mL dH2O with 1

mL of Tween20 (Sigma-Aldridge, UK). In order to pipette Tween20,a P1000 pipette tip

was used with the end cut off. The remnants of Tween20 were removed from the tip by

ejecting the tip into the solution after addition.

Marvil solution

To make up the 5% marvil solution, 10g Marvil skimmed milk powder was dissolved in

200 mL 1XTBST.

Sample buffer 3X

Tris (1M, pH 6.8, 8.8 mL;Fisher Scientific) was combined with 6g SDS, 15 mL βmercaptoethanol

(Sigma-Aldridge, UK), 30mL Glycerol with 100 mL hdH2O. Bromophenol blue was added

and sample buffer mixed thoroughly.

Western blot protocol

Western blots were performed using the Mini-Protean Tetra Electrophoresis System (Bio-

Rad). All buffers and solutions were made as described above. Prior to use, all equipment,

including combs, glass plates and mini-glass plates were washed with ethanol (70%). The

plates were inserted into the holder and placed in a casting frame (BioRad). Resolving

gel (12.5%) was pipetted into the cassette, ethanol was poured on top to ensure the gel
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set level, and then it was left to set for 15 minutes. Excess ethanol was blotted off using

blotting paper, then, approximately 4 mL of the stacking gel was added on top of the

set resolving gel, and the comb was inserted into the gel. This was left to set for 20

minutes. Then the gel cassette was placed inside the electrode chamber, with the wells

facing inward, and placed inside the gel running tank. The tank, and the inside of the

chamber was then filled with running buffer to the 2 gel or 4 gel line. In the first lane,

15 µL of ColorbandPlus protein ladder was added. Then 20 µL of sample was added to

each lane in the gel. The gels were then run at 180V for approximately 90 minutes using

a power pack (PowerPack Basic Supply - BioRad). Once the dye reached the bottom

of the gel, the electrical current was removed and the gels taken from the cassette The

stack was then removed. Gels were then set up to for transfer to PVDF membrane. The

PVDF membrane was first activated in a weighing boat using 100 methanol. The transfer

sandwich was then stacked as follows: Cassette clear plastic side down, sponge, 2x filter

paper, PVDF membrane, gel, 2x filter paper, and a sponge. A stripette was used to

flatten the sandwich prior to closing to remove any air bubbles. The casette was placed

in the transfer container and ice cold transfer buffer added to the 4 gel line in the tank.

The gel was then transferred for 90 minutes at 400mA. Following transfer, the membranes

were removed and blocked in 5% milk solution (20 mL). Membranes were then probed

overnight at 4oC with the specific primary antibody. Membranes were then washed 4x

with TBST, and probed with the secondary antibody. Following secondary antibody, the

membranes were blotted dry and imaged using the odysea IR-detection system.

Corona isolation

NP protein corona was isolated using a centrifugation protocol. First NP were incubated

with SCM, PBS or C-SCM. Following incubation, solutions were centrifuged for 20 min-

utes at 4 oC at 15,3000g. The supernatant was aspirated and the pellet resuspended in 1

mL of PBS. This procedure was repeated 3 more times. Following the final pellet, 100 µl
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SDS sample buffer was added. Samples were then heated for 5 mins at 95 oC to denture

the proteins and remove them from the NP surface. The NPs were then pelleted by a

final centrifugation of 15 minutes at RT and 15,300 g. The supernatant was transferred

to a new tube and stored at -20 until the gel was run.

B.1.4 Correlative Image Acquisition

Images were taken on a Nikon A1R inverted confocal microscope (Nikon Corp, Japan). To

set up the reflectance optical configuration in NIS elements the first dichroic mirror was

set to B520/80 to allow light transmission, the fourth channel was set up for reflectance

using the 488 nm laser, and all channel light paths were set to through. CTO was excited

using the 561 nm laser and the 405 nm laser was used for DAPI imaging. Where present,

lysosomal stain was excited using a 561 nm laser and cytoplasm stain (CTRD) replaced

CTO, and was excited using the 640 nm laser. Grid squares were visualized and located

using a 10X Plan apo 0.45 NA objective. Grid squares for imaging were picked based on

certain criteria including central location within the grid and sparse cell density. Z-stacks

from the coverslip to the top of the cell at a step size of 200 nm were acquired using a 60X

apo 1.4 NA or a 100X apo 1.49 NA objective. Entire grid squares were imaged using large

image capture (0.6mm squared) and stitching or single cells, picked based upon distinctive

features and shapes for identification in subsequent imaging modalities, were imaged.

Following, or prior to, RCM imaging cells mounted in PBS or Vectashield were imaged

with reflectance Structured Illumination Microscopy (SIM) (N-SIM, Nikon Corp., Japan)

with an EM-CCD camera iXon3 DU-897E (Andor Technology Ltd.). To facilitate R-SIM

a half mirror was placed in the light path by utilizing a filter cube that contains a half-

mirror in place of the dichroic. The 488 nm laser was used to illuminate the sample using

2D-SIM imaging. CTO was excited using a 561 nm laser. Where present lysosomal stain

was excited using a 561 nm laser and cytoplasm stain (CTRD) replaced CTO, and was

excited using the 640 nm laser. First, the grid square was located on a 10X Plan apo
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0.45 NA objective and the area of interest centered The objective was switched to the

100X apo 1.49 NA and images were acquired either as entire grid squares (by use of the

X-Y multipoint acquisition) or single cells were picked based on confocal location using

the previously acquired images. Due to the high magnification and small field of view,

acquisition of 0.5 mm2 in 15 focal planes using the N-SIM leads to acquisition, reconstruc-

tion and stitching times totaling over 24 hours; the final reconstruction provides a large

amount of high resolution data, but also regions of blank reconstructed space where no

cells are localized. Acquiring Z-stacks (200 nm Z-step) of individual cells provides a time

efficient data acquisition, allowing reconstruction parameters to be tailored on a per cell

basis, improving the finally reconstructed images. Z-stacks of the cells were therefore ac-

quired to facilitate alignment with the correct plane in other modalities (RCM and TEM)

with a step of 200 nm. Images were reconstructed using NIS elements SIM reconstruction

software.

Acquiring RCM data first minimizes photobleaching effects in the fluorescence channels

that can occur during SIM acquisitions. Glass bottom Petri dishes with an etched alpha-

numeric grid pattern allow successful cell relocation across modalities. A region of in-

terest can be located using a low magnification objective lens (10X), followed by a high

magnification acquisition of the specific region (RCM: 100X/100X. SIM: 100X). Z-stack

acquisitions provide 3D information from RCM and R-SIM; however, the optical thickness

of sections obtained will differ between modalities. The theoretical optical thickness in

RCM is 480 nm, whereas for SIM it is 685 nm. However, while RCM utilizes pinhole

optics to exclude out of focus light from optical sections, SIM suffers from out of plane

haze due to the wide-field illumination path employed. Acquiring Z-stacks (200 nm Z-

step) of individual cells provides a time efficient data acquisition, allowing reconstruction

parameters to be tailored on a per cell basis, improving the finally reconstructed images.
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B.1.4.1 TEM Processing

Following light microscopy, cells were washed with 0.1 M PB buffer before a second fixation

with 2.5% Gluteraldehyde / 2% para-formaldehyde (EMS, Hatfield, Pennsylvania) in 0.1

M Cacodylate Buffer (CB) (1h overnight) then washed with 3 x 0.1 M CB buffer. Cells

were then stained with 2% osmium tetroxide (OsO4) (EMS, Hatfield, Pennsylvania) (1

hour) followed with 3 x dH2O washes. Cells were then fixed with uranyl acetate (1

hour) followed by washing with 3 x dH2O. Cells were then dehydrated with a series of

ethanol washes x 2 (50%, 60%, 70%, 80%, 90% and 100%) before infiltration with 50:50

absolute alcohol:EmBed 812 (1 hour). EmBed 812 was made up as per the standard

protocol for hard resin (EMS, Hatfield, Pennsylvania). Two subsequent infiltrations were

performed (45 min) with EmBed 812 alone, before inverting and mounting on resin-filled

embedding BEEM capsules (EMS, Hatfield, Pennsylvania) with care taken to remove

all bubbles from within the capsule. Samples were then baked overnight at 60C in an

oven (Thelco Laboratory Apparatus by Precision Scientific Co., India). Coverslips were

separated from BEEM capsules by plunging into liquid nitrogen, and samples were then

allowed to re-equilibrate with room temperature. The area of interest (0.5 mm2) was

visualized, and trimmed and isolated with a sharp single edge razor blade (EMS, Hatfield,

Pennsylvania) under a light microscope (Leica Ultra-cut UCT, Leica Microsystems Inc.,

IL, USA). Following trimming, 70 nm or 150 nm serial sections were cut using a Diatome

diamond knife (EMS, Hatfield, Pennsylvania). Sections were then collected onto 200

mesh copper (Cu) grids or slotted grids (EMS, Hatfield, Pennsylvania) that had been

pre-treated with alcohol. Samples were then stored for staining. Grids containing sections

were stained by inverting on top of small blobs of 2% uranyl acetate (10 minutes) (EMS,

Hatfield, Pennsylvania) inside petri dishes; grids were then washed with dH2O and air

dried before repeating this step with Reynolds lead citrate (CaCO3 crystals used to remove

air from within the chamber). Following this, grids were washed with dH2O and left to

dry before TEM imaging.
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B.2 Supplementary results

B.2.1 Chapter 3
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B.2.2 Chapter 4

Figure B.2: Reflectance confocal images of Sigma SPIONs and Sienna+ SPIONs.
Sienna+ SPIONs do not generate as much reflectance signal as SPIONs with a larger, more
spherical core.
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Figure B.3: Comparison of reflectance images obtained using different objectives on
the Nikon A1R and the Zeiss LSM710. Different microscopes and microscope objectives
give rise to different levels of contrast in reflectance mode, this figure shows differences between
them and indicated the higher contrast on the Nikon A1R.
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Figure B.4: Example reflectance images acquired of NP inside cells when different
lasers were tested. Increasing wavelength of laser line used to acquire reflectance images leads
to increases in background reflectance and an apparent decrease in SNR.
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Figure B.5: The effect of optically decreased FOV on the 40X objective on the
Nikon A1R for the detection of NP. Qualitatively image contrast and resolution increase
with decreasing field of view towards the Nyquist criteria. However artifact increases, therefore a
trade-off is observed. When manually counted there appears to be 63 regions of signal determined
from the Nyquist image. This indicates the artifact might effect the detection of NP at very
small FOV.
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Figure B.6: Comparison of RCM (60X 1.4 NA) and R-SIM (100X 1.49 NA) .Max-
imum intensity Z-projection images of a HeLa cell treated with cerium dioxide NPs, acquired
with RCM (60X 1.40 NA) and SIM reflectance (100X 1.49 NA). RCM imaging volume is 8.4
m and SIM 6.8 m. Images show CTO (red) cytoplasmic stain, DAPI (blue) nuclear stain and
NP signal (grey). Overlay of the cerium dioxide NP regions shows particles detected on RCM
(blue) and SIM (grey). White boxes display a sample of regions where RCM detects one spot
and SIM detects multiple spots, illustrating the enhanced resolution of SIM.

Figure B.7: Figure showing slices through Z, Y and Z to indicate the internalized
particles within cells using confocal. This figure shows an example cell indicating that
particles are internalized and not present at the cell surface (A). The corresponding single
section and Z views of a cell shown in Figure 4.9 (B) indicating that no particles are present in
the nucleus and particles are present inside cells

.
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Figure B.8: Examples of the automated segmentation of TEM images for use with
realignment methods. Similar processing methods can be applied to those used for RCM
including smoothing, background subtraction and then K-means clustering
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Figure B.11: TEM images showing regions of electrodensity in HeLa cell treated
with cerium dioxide NPs.Images showing NPs within HeLa cells (A) and regions where no
NPs are detected but electron density appears to be observed at low magnification (B and C).

Figure B.12: Example of different methods for cell segmentation. Different methods
lead to different levels of segmentation with different associated advantages and disadvantages,
including accuracy of segmentation, and computational expense.
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Figure B.13: Example of different background subtraction methods for signal
preservation. Different background subtraction methods lead to different levels of signal loss
and preservation. The least signal is lost using background subtraction of the image itself fol-
lowed by k-means clustering
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Figure B.14: Example of the success of the K-means segmentation on an example
RCM image. Example of the success of the K-means clustering algorithm with a cluster
number of 3 for segmenting high intensity nanoparticle signal from low intensity background
reflectance.

Figure B.15: ROC curves for manual and automatic analysis methods. ROC curves
show similar sensitivity and specificity for both manual and automatic methods, and no statis-
tically significant difference is observed.
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Figure B.16: Instructions for the automated analysis in stages.

Setting up the analysis routine

Install bioformats (Loci tools) into a folder that is in your file path in matlab. Load im-

age data set with bfopen function. Bfopen is part of Loci tools and works for any image

file format. Critical Step: Channel order needs to remain the same across all images.

The channels will be located in the MetaData in the same order they were saved, so if a

channel was acquired first, it will be channel 1. Additionally, consistent labelling to allow

sorting of data for visualisation of groups graphically is helpful (i.e. 280 ug mL 60 mins
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001; 280 ug ml 60 mins 002; 280 ug ml 15 mins 001).

Create for loops for the following steps, to loop through all of the images in your dataset,

so that analysis can be performed on all images one after the other, to save repetitive

analysis steps that increase computational time (see example MATLAB code). Critical

step: All channels must be linked together by the index i. Large numbers of images will be

processed and they must all correspond to the same i to ensure correct images are recom-

bined in later stages and to get meaningful results.

1. CTO channel processing: Apply a smoothing filter to the image (we suggest Gaussian

[3 3], 05) to remove the effects of noise.

2. Normalize the image, then perform K-means clustering on the filtered image, this gives

N number of clusters (user selected N). The last or second to last cluster will give the

best binary outline for the cells dependent upon CTO stain intensity.

3. Post segmentation steps may be required, such as filling in black holes within the seg-

mented cell, using the imfill built in function, in addition to the removal of small objects

that are not cells, using the bwareaopen built in function. Critical Step: it is important

to check in the first few stages that the segmentations are providing accurate results. This

can be done by doing overlays of the segmented image outline onto the original image. 4.

Locate the nanoparticle image from the MetaData.

5. We suggest subtracting the background at this stage, prior to segmentation. Morpho-

logical dilation (using a disk with structuring element size 3) creates an estimate of the

local background, and then this background can be subtracted from the original image.

The result is the background subtracted image.

6. Segment the nanoparticles. We input the processed images into a 3D stack of all the
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images from our dataset. Load each 512 by 512 image into a different channel of the stack

(for e.g. 3Dstack(:,:,i)=NPImage). The stack should then be normalized as a whole and

the K-means clustering algorithm performed. The number of clusters generally refers to

the number of expected groups of pixels (for e.g. we except 1) nanoparticle signal, 2) cell

background signal and 3) noise/background that is not cell or nanoparticle, therefore we

adopt an nClusters=3.

7. The segmentation result is a binary image of areas that correspond to high intensity

regions (nanoparticles). This can be combined (multiplied) with the original (background

subtracted) NP image to give pixel intensity values to the image, leaving a segmented

image with no background effects.

Critical step: Controls must be included; this segments nanoparticles using controls as a

comparison, and also gives an indication of the success (i.e. nanoparticle spots should not

be detected in the controls.

8. Use the function bwconncomp to find the object details in the Cell outlines mask (cre-

ated in 22). CC=Bwconncomp gives the number of objects (CC.NumObjects) and the

pixel co-ordinates of these objects (CC.PixelIdxList). Use these co-ordinates to create a

new image of the same size with only one object (i.e. one cell). Another for loop can be

used here to loop through all the objects (using k=1:size(CC.NumObjects).

9. Create a new image using the co-ordinates of one of the objects in the cell. The function

NewImage=FALSE(M,N) creates an MxN matrix of zeroes (e.g. FALSE(size(CellTrackerImage)).

This image is currently blank, add the co-ordinates of the kth object (e.g. NewIm-

age(CC.PixelIdxListk)=true;). The NewImage now contains only one object.

10. Multiple this single cell image with the segmented nanoparticle image, to get a

single cell with segmented nanoparticle regions. This image still has pixel values out-
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side of the cell (despite them being 0, this will skew results). Using the NewImage, all

pixels that are NOT part of this object can be disregarded from this Image: (NewNPIm-

age(NewImage==0)=[];).

11. We now have single cell pixel values, with pixel values inside the cell only, and

containing segmented nanoparticle regions. Multiple parameters can be assessed at this

stage. These include: Cell area, Mean intensity, Number of connected components, Con-

nected component area, Connected component diameter. Caution: Increased parameters

increase computational time.

12. This is repeated for every cell, in every image, in every group of data. This can be as

fully automated as required (by the use of multiple for loops within for loops: see example

code).

13. Cell data can then be grouped based on sample. We use a naming system that is also

linked with i to sort the data into groups.

14. Data can be visualized graphically using the built in bar function. Other open source

visualized plot tools exist to allow error bars and significant stars.
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Figure B.17: Example of the use of the analysis method extended to 3D images..
Segmentation of both cell and NPs use exactly the same method, and overlays can be visualized
using MATLAB. The left hand image shows control HeLa cells and the right hand shows cerium
dioxide treated HeLa cells. Following this similar connected components and mean intensity
analysis can be applied to the data.
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B.2.3 Chapter 5

A titration was done at different concentrations of Wav2 siRNA. This titration indicated

that in wave2 siRNA treated cells the expression of Wav2, compared to Tub, increased

(Figure B.18). This increase in wave2 expression was also observed with the treatment

of cells with NSC siRNA (Figure B.18). This may reflect a cellular stress response to the

wave2 siRNA treatment, but more studies would be necessary to validate this conclusion.

For these reasons the use of wave2 in these experiments was ceased.

Figure B.18: Wave2 siRNA appears to lead to unpredictable expression levels of
wave2 protein. A) initially wave2 expression appeared to decrease upon treatment with wave2
siRNA. However subsequent studies were unable to reproduce this knockdown (B) At every con-
centration tested within the manufacturers identified range. Positive knockdowns done alongside
indicated the success of AP2 and cav-1 siRNA, validating the experimental procedure itself.
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Figure B.19: Protocol to achieve highest transfection efficiency. Double knockdown
with 72 hours led to an increased transfection efficiency in HeLa cells when compared to 72
hours single transfection, and reverse and forward transfection for 48 hours.
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Figure B.20: RNAi max gives superior transfection efficiency in HeLa cells.
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Figure B.21: Vacuoles appear to form in MDA cells treated with Pak-1 siRNA.
Vacuole formation appears to be induced following the siRNA inhibition of Pak1 in MDA cells.
This is an effect not observed when MDA cells were treated with AP2 or Cav1 siRNA, thus
invalidating conclusions from this condition. NSC and Pak1 images show NP treated cells, the
negative control is untreated.
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B.2.4 Chapter 6

Figure B.22: Example images of intracellular SPIONs and Rab5-mRFP stain show-
ing colocalization at different time points SPIONs appear to colocalize with Rab positive
structures at earlier time points, and less so at later time points.
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