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Abstract

The next generation of therapeutic nanoparticles in treatment of cancer incorporate specific
targeting. There is implicit importance in understanding penetration of targeted
nanomedicines within tumour tissues via accurate and quantitative temporospatial
measurement. In this study we demonstrate the potential of state-of-the-art synchrotron X-ray
Fluorescence Microscopy (XFM) to provide such insights. To this end, quantitative mapping
of the distribution of transferrin-conjugated gold nanoparticles inside multicellular tumour
spheroids was achieved using XFM and compared with qualitative data obtained using
reflectance confocal microscopy. Gold nanoparticles conjugated with human transferrin with
a narrow size-distribution and high binding affinity to tumour cells were prepared as
confirmed by cellular uptake studies performed in 2D monolayers. Although the prepared
100 nm transferrin-conjugated gold nanoparticles had high targeting capability to cancer
cells, penetration inside multicellular spheroids was limited even after 48 hours as shown by
the quantitative XFM measurements. The rapid, quantitative and label-free nature of state-of-
the-art synchrotron XFM make it an ideal technology to provide the structure-activity
relationship understanding urgently required for developing the next generation of immuno-

targeted nanomedicine.
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Introduction

Accurate and quantitative determination of the spatial distribution of nano-sized materials
within tissues is of high importance towards understanding their interactions with biological
entities and fate in biological systems. Ultimately this knowledge is required to establish their
safety profile as well as to optimize therapeutic or diagnostic efficacy of nanomedicine agents
currently under development. Of particularly high importance is the understanding of the
penetration of nanoparticles within interstitial tumour tissues. Limited drug penetration
within tumour tissues and inhomogeneous interstitial distribution plays a major role in the
resistance of metastatic cancers to standard chemotherapy.'™ Penetration of chemotherapeutic
drugs in cancerous tissues is mostly controlled by their intrinsic physicochemical properties
such as molecular weight and lipophilicity.” Not surprisingly, the physicochemical properties
of nanoparticles control to an even greater extent than for chemotherapeutics their ability to
penetrate tumour tissues.” © Nanoparticles functionalized with biological ligands of high
binding affinity to tumour cells are widely expected to be the next generation of therapeutic
nanoparticles, and are currently undergoing pre-clinical validation. Recent studies
endeavoured to elucidate the transport of such immune-constructs within tumour tissues.””
However quantitative technology able to accurately map the distribution of nanoparticles in
tumour tissues is lacking, which is a serious obstacle to obtain the required understanding.

Gold nanoparticles are of high interest in nanomedicine owing to their optical properties such
as the ability to support localized surface plasmon resonance (LSPR) and their excellent
Rayleigh scattering efficiency in the visible range. These unique optical properties have been
exploited towards the development of a number of biodiagnostic and therapeutic
applications.'®” ' Beside their intrinsic properties and well-established biocompatibility, the
use of gold nanoparticles as a model in mechanistic studies is advantageous due to the

existence of well-established synthetic routes providing excellent control over their size and
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shape. Using in vitro 3D tumour models that recapitulate the physicochemical and biological
aspects relevant to nanomedicine transport, the effect of nanoparticles hydrodynamic size on
penetration has been studied.'? Similarly, gold nanoparticles used as a model provided
mechanistic information on the effect of surface charges on tumour tissue penetration in an in
vitro tumour spheroid model."”” The predominance of plasmonic scattering effects over
absorption ones for gold nanoparticles above 20 nm in diameter enables their direct
observation in the reflectance mode of confocal microscopy, providing efficient visualization

14
.

in biological systems at the single nanoparticle leve > Confocal microscopy-based

imaging remains however poorly quantitative, especially in heterogeneous tissues.

Recent progress in efficiency of X-ray fluorescence detectors (XRF) '® 7

coupled with
synchrotron radiation sources has given rise to ultra-fast XRF mapping; generating images on
time scales up to three orders of magnitude faster than previously possible for comparable
pixel number. This new capability is revolutionizing the ability to acquire biologically and
statistically relevant quantitative data. Specifically X-ray fluorescence microscopy (XFM)
can image metal (e.g. Au, Fe, Gd) distributions in biological materials with high sensitivity
over large sample areas/numbers and therefore is ideal to study distributions of unlabelled
nanoparticles as a function of multiple variables.'® XFM has been used to map 2D projected
elemental distributions over length scales ranging from under 1 um to tens of millimetres,
covering cells, small multicellular organisms, and larger sectioned specimens. The specific
aspects of synchrotron based XFM include a high sensitivity, enabling elemental mapping at
ppm — ppb concentrations, and a very rapid acquisition potential due to the large detector
solid angle, resulting in high experimental efficiency, and the high intensity of the probe
beam. The excellent potential of XFM to provide mapping of platinum drug distribution in

spheroids has been demonstrated.'!
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We report here for the first time on the use of synchrotron XFM to achieve quantitative
mapping of the penetration of gold nanoparticles targeted to the transferrin receptor inside
tumour tissues. To this end, 3D multicellular tumour spheroids were prepared and treated
with the nanoparticles for various times. The quantitative XFM data are qualitatively in good

agreement to that obtained using reflectance confocal microscopy.

Materials and Methods

Materials

Chloroauric acid (HAuCls-3H,0), sodium citrate, N-hydroxysuccinimide (NHS), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), Phosphate Buffered
Saline (PBS), human holo-transferrin were obtained from Sigma-Aldrich and used as
received from the manufacturer without further purification. Water used in the experiments
was purified with a Millipore water treatment system (organic content less than 5 ppb).
Polyethylene glycol thiol (HS-PEG-CH3) with an average molecular weight of 5000 g/mol
was purchased from Rapp polymer Gmbh. Short chain length PEG thiol acid (molecular

weight 458.6) were purchased from Polypure.

Gold nanoparticle synthesis and surface modification

Gold nanoparticle synthesis and surface modification with PEG and targeting ligands have
been carried out using the methods reported in our previous study.'> ** Briefly, gold
nanoparticle seeds (~18 nm) were prepared using the standard citrate method. Larger gold
nanoparticles (~100 nm) were prepared from the gold nanoparticle seeds (51 ul) by adding
1% citrate solution (22 pL) and 0.03 M hydroquinone solution (100 pL) as reducing agents to
the 1% HAuCly solution to reach the final volume of 10 mL.** To prevent irreversible

aggregation and increase the shelf life of nanoparticles, as-synthesized 100 nm gold
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nanoparticles were treated with a small amount of 0.05% (v/v) Tween 20 for 30 min. Tween
20, which is weakly physisorbed on gold nanoparticles, provides steric stabilization and can
be gradually displaced by organothiols (e.g. thiolated PEG). After purifying the gold
nanoparticles, mixed thiolated PEG molecules comprising carboxylic functionalized short
chain length PEG molecules (Fw 458.6) and longer chain length PEG (Fw 5000) with the
ratio of 1:4 were used to stabilize the gold nanoparticles and enable optimal bioconjugation of
monoclonal antibodies to the nanoparticles. The mixed PEG solution (1 mg/mL) was added
to the gold nanoparticle solution under vortex and left to react for at least 6 hours at room
temperature. After purification by centrifugation, the carboxyl groups on the PEGylated gold
nanoparticles (1.0 mM, 1 mL) were activated using 100 uL of NHS (20 mg/mL) and EDC
(15 mg/mL) for 5 min. The nanoparticle suspensions were then quickly centrifuged and
resuspended into PBS (900 uL). Human holo-transferrin or bovine transferrin (0.5 mg/mL,
0.1 mL) was added rapidly to the activated gold nanoparticles and left to react at room
temperature and stored at 4 °C after reaction. The transferrin-conjugated nanoparticles were

washed with PBS twice at 4 °C to remove unconjugated transferrin prior to use.

Characterization of gold nanoparticles

The morphology and size distribution of as-synthesized gold nanoparticles prepared on a
copper grid were analysed using a Philips CM100 transmission electron microscope (TEM).
Hydrodynamic diameter of the nanoparticles before and after the bioconjugation was
measured via dynamic light scattering (DLS) using a Zetasizer Nano ZS System equipped
with a 633 nm He-Ne laser (Malvern Instruments). UV-Vis spectra were determined using a

Varian Cary 5 UV-Vis-NIR spectrophotometer at room temperature.
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Cellular uptake of the transferrin-functionalized gold nanoparticles

To confirm the active targeting of human transferrin-functionalized gold nanoparticles, an in
vitro cellular uptake study was carried out using MCF-7 human breast cancer cells. MCF-7
cells were cultured in complete media Dulbecco's Modified Eagle's Medium (DMEM,
Invitrogen) supplemented with glutamine, 10% (v/v) fetal bovine serum (FBS), and 1% (v/v)
Penicillin/Streptomycin. Cells were cultured in T-75 flasks in a humidified incubator at 37
°C, 5% CO; and 100% humidity. Subculture was performed every week. MCF-7 cells were
harvested and cultured in a commercially-made silicone well chamber device (Sarstedt,
Germany) with a poly-L-lysine pre-coated glass surface. The seeding density of cells was
10,000 cells per well. After 24 h cell culture, the cells were washed with fresh DMEM
medium and incubated for 2 h at 37 °C with human transferrin-conjugated gold nanoparticles,
bovine transferrin-conjugated gold nanoparticles, or PEGylated gold nanoparticles as control
at a gold concentration of 0.04 mM. Cells were extensively washed in PBS, fixed in a
formalin solution (10% formaldehyde) at room temperature for 10 min, and then washed (3 x
1 mL). The cellular uptake of the nanoparticles was visualized using a Nikon inverted light
microscope operating in bright field under high magnification (100x objective, oil-immersion
bright field condensers) and reflectance confocal microscopy (LSM510, Zeiss) as described
previously.'> #* Triplicate samples were performed for each analysis and each test was

repeated three times.

Cell culture and formation of tumour spheroids

MCF-7 tumour spheroids were formed using custom-made polydimethylsiloxane (PDMS)
microwells. Briefly, the PDMS microwell devices were replicated from a microwell mould
after baking at 65 °C for 2 h. The surface of the PDMS microwells was passivated using the

Pluronic F127 (1 %w/v in water) treatment to repel cells from attaching to the surface. The
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devices were balanced with cell culture medium for 30 min before cell seeding. Cancer cell
suspensions of MCF-7 cancer cells (400 uL) were seeded into the devices and flowed into
each microwell. The cell sediment was assisted by vibrating gently. Medium was removed
every two days and refilled with fresh medium. The device was kept in an incubator for ten
days’ cell culture to obtain tumour spheroids with the diameter of around 500 um. The
growth of the spheroids was monitored using an inverted microscope (Nikon Eclipse TE,
Japan). The obtained spheroids were fixed with 4% formaldehyde for 1 h and permeabilized
with 0.1% Triton X-100 in PBS for 1 h. The F-actin and nuclei of the cells were then stained
with Rhodamine Phalloidin (50 pg/mL) and DAPI (1 pg/mL) in the dark at room temperature
for 1 h. After being washed with PBS to remove the extra fluorescent dyes, spheroids were
imaged with an inverted Nikon A1R laser scanning confocal microscope. The spheroids were
scanned in the z-direction with a step size of 2 um to identify the centre of the spheroids and

acquire images.

Gold nanoparticle treatment of the multicellular tumour spheroids

MCF-7 tumour spheroids with average diameter of 500 um were incubated with transferrin-
conjugated gold nanoparticles at a final concentration of 0.04 mM for 2, 12 and 48 h. The
treated tumour spheroids harvested from the microwell devices were transferred into a 1.5
mL centrifuge tube and washed thoroughly with PBS (3 x 1 mL). The spheroids were fixed in
a formalin solution (4% formaldehyde) at room temperature and washed (3 x 1 mL) with
PBS. The spheroids were embedded in optimal cutting temperature compound (O.C.T.,
Tissue-Tek) by snap-freezing. Cryosections were collected using a cryostat (Leica, Germany)
set to slices with 20 um thickness onto glass coverslip for confocal microscopic imaging or
onto Kapton film (7 pm) for XRF analysis. Spheroid tissue sections were freeze-dried at —45

°C for 16 hours and kept in dry conditions until imaging.
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Gold nanoparticle distribution imaging by reflectance confocal microscope

The distribution of transferrin-conjugated gold nanoparticles in spheroid tissue sections was
firstly scanned with reflectance confocal microscopy (LSM510) using the same settings
mentioned previously. Transmitted and reflectance images were acquired with a x10
objective. The penetration depth of the nanoparticles in the spheroid sections were obtained
from the intensity profiles of the reflectance channel after image acquisition. The largest
section of each spheroid was used for scanning. Three samples were measured for each

condition.

Quantitative gold nanoparticle mapping using synchrotron X-ray fluorescence
microscopy

Gold nanoparticle distribution in the spheroid sections was mapped quantitatively at the X-
ray Fluorescence Microscopy beamline at the Australian Synchrotron.”* Quantitative gold
penetration data inside the spheroids at the different incubation time points were averaged
from 6 radial profiles randomly chosen. A Kirkpatrick-Baez mirror microprobe was used in
conjunction with the Maia 384 detector array.16’ 3 Excitation was performed using a X-ray
beam with flux of 2 x 10'® photons per second at 15.71 keV focused to 2 x 2 um? spot size.
Dwell times of 0.5-10 ms were used depending on the sample and the concentration of the
element of interest. Measurement of a Platinum XRF standard foil (Micromatter) was used to
establish elemental quantitation. Spectra from XFM maps were fitted using GeoPIXE and
elemental concentrations determined using a fundamental parameters approach,'® and a
standard cellulose matrix set to a thickness of 20 um.

While the fundamental parameters approach can be susceptible to substantial errors in
quantitation resulting from the extrapolation over a wide range of energy of small

discrepancies in modelled parameters, in this case the errors were minimised by using the Pt
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L-shell fluorescence for the quantitation of Au using L-shell emission. The energy difference
of these two emissions caused a negligible error relative to that of the real density of the Pt
reference foil, which was stated as 5% absolute accuracy. The use of foil standards is only
accurate when the absorbing matrix of the unknown specimen is negligible; in this case, the
20 um thick specimens (thinner when dried) are estimated to absorb no more than around
1.3% of the most intense of the gold L-lines, Au L-/alpha 1, at around 9.713 keV. We have
used the cellulose matrix (C¢H;9Os, density 1.5 g/cm3 to estimate the specimen absorption,
and the error of this assumption is likely to be below around 50%. We therefore estimate the

Au quantitation reported in this article to be accurate to around 5%.

Results and discussion

Synthesis and characterization of human transferrin-conjugated gold nanoparticles

Gold nanoparticles were used as a model system to understand the penetration of transferrin-
targeted nanoparticles inside multicellular tumour spheroids, taking advantage of their
scalable synthesis methods with tunable dimensions, the unique optical properties and good
bioco1npa‘cibili‘cy.26'28 In addition, gold is a xenobiotic element in tumour biological
environments, making it possible to accurately quantify the gold nanoparticles in cancer cells
and tumour tissue. Large gold nanoparticles were synthesized based on the citrate and
hydroquinone reduction method.” The size of the as-synthesized gold nanoparticles was
precisely controlled (around 95 + 3 nm), as confirmed by TEM measurement (Figure 1A).
This size of the nanoparticles is the range of most therapeutic nanomedicine agents approved
or under development. For instance, the FDA-approved anti-cancer nanomedicine Doxil has
an average diameter of 90-100 nm.”

The surface biofunctionalization of the gold nanoparticles has been well optimized in our

previous work.'>?? Human holo-transferrin is selected here as the targeting ligand because it
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is a well-recognized ligand and has been used in human clinical trials for cancer targeting.’®”
3! Transferrin conjugation with gold nanoparticles was carried out by the covalent coupling of
the carboxylic moieties on the PEG adlayer with the primary amines of human transferrin via
carbodiimide chemistry. Gold nanoparticles were first PEGylated with an optimized layer of
mixed thiolated PEGs (molecular weight 5000 and 458.6 with the mixed ratio of 4:1). Long
PEG chains with molecular weight of 5000 and a —CHj; terminal are used to provide steric
stability to the gold nanoparticles under physiologically relevant conditions (i.e. high ionic
strength cell culture medium) as well as during the bioconjugation procedure, while the low
molecular weight PEG provide high density of conjugation sites.”” The nanoparticles were
characterized with DLS and UV-Vis to confirm their colloidal stability and successful surface
modification. There were no significant differences in localized surface plasmon resonance
peaks in the UV-Vis spectrum (Figure 1B), suggesting good colloidal stability after
conjugation. Using DLS, the hydrodynamic size shifts of the nanoparticles before and after
transferrin conjugation were determined as 12 nm diameter increase for 100 nm gold
nanoparticles. These results are in agreement with our previously published report.”? Surface
chemistry and stability in the biological environment is important for evaluating the
behaviour of the nanoparticles in tumour models. The well-defined functionalized gold

nanoparticles are suitable for the proposed mechanistic study.

Uptake of transferrin-conjugated gold nanoparticles by tumour cells

The in vitro cellular uptake of human transferrin-conjugated gold nanoparticles to the human
breast adenocarcinoma cell line MCF-7 was determined by both bright field and reflectance
confocal microscopic imaging. The percentages of cells positively labelled were quantified
by inverted light microscopic images (Figure 2A). Compared with both bovine transferrin-

conjugated gold nanoparticles and PEGylated gold nanoparticles used as controls, there were
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significantly higher amounts of cancer cells which bound and internalized human transferrin
gold nanoparticles (up to ~100% increase). On the other hand, minimal cellular uptake of the
bovine transferrin-conjugated gold nanoparticles and PEGylated gold nanoparticles (less than
10%) was observed, confirming the specificity and efficiency of the biofunctionalization
design used in this study. To obtain the three dimensional intracellular locations of the total
nanoparticles at the single cell level, cells were also imaged with reflectance confocal
microscopy which provided higher imaging quality and sensitivity. In agreement with bright
field microscopy, more transferrin gold nanoparticles were clearly observed on each single
cell in reflectance images (Figure 2B). These results indicated the high binding affinity of the
transferrin-conjugated nanoparticles, which was in good agreement with transferrin-enabled
clathrin-mediated endocytosis reported in different cancer cell lines which overexpress

transferrin receptors ** or using other transferrin-based nanomedicine systems. >~

Penetration of transferrin-functionalized gold nanoparticles inside tumour spheroids

The transport of nanoparticles inside tumour micro-tissues is controlled to a large extent by
their physicochemical properties. > 13.36.37 The poor penetration of anti-cancer drug inside
tumour tissues is associated with low therapeutic efficacy and recurrence of tumour. It is
therefore of paramount importance to understand the parameter controlling the tumour
penetration of nanoparticles towards designing nanomedicine agents with improved
therapeutic profiles. Here, we evaluated in an in vitro 3D model the transport of 100 nm gold
nanoparticles conjugated with human transferrin, a ligand strongly expressed on most tumour
cells. 3D tumour spheroid models mimic avascular interstitial tumour regions in solid
tumour.”™ %

MCF-7 tumour spheroids formed using custom made microfabricated concave microwells.

To verify their suitability for the proposed study, the spheroids were first stained for actin and
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nuclei with fluorescent dyes (Rhodamine Phalloidin and DAPI respectively). The confocal
microscopic images of the spheroids (Figure 3) confirmed the expected morphology and
closely packed cell structure with uniformly distributed actin filaments suggesting intact
cytoskeleton and cell-cell junctions. Next, the tumour spheroids were incubated with
transferrin-functionalized gold nanoparticles (100 nm) for 2, 12 or 48 hours. To precisely
map the distribution and determine the penetration depth of the nanoparticles, cryosectioning
was employed to obtain tissue sections with a thickness of 20 um. Tumour spheroid sections
were imaged using either reflectance confocal microscopy or XFM. Reflectance confocal
microscopy, which relies on the high scattering of gold nanoparticles, does not require
fluorophore labelling of the nanoparticles, which can potentially modify the nanoparticles
bio-interface and in turn influence their behaviour in contact with cells and tissues.

For these 100 nm human transferrin-conjugated gold nanoparticles, penetration inside tumour
spheroids was dependent on the incubation time (Figure 4). At 2 h post-treatment, bright
spots in the reflectance images indicated a heterogeneous distribution of human transferrin-
conjugated gold nanoparticle in the out region of spheroids. The uptake of gold nanoparticles
in the spheroids at the 2 h time point was low and non-uniform. At 12 h treatment, there was
a clear uniform binding boundary formed around the spheroids, suggesting more homogenous
uptake. The penetration boundary in the outer region increased with prolonged incubation
time up to 48 h. The penetration boundary was approximately 50 um after 48 h nanoparticle
incubation. This indicated that as the incubation time increased, more human transferrin-
conjugated gold nanoparticles were binding on the cells in the outer region of the spheroids.
Importantly, the limited penetration observed in this work, in good agreement with related
previous studies, confirmed the validity of using avascular multicellular spheroid models
since the presence of hypoxic tissues with ill-defined characteristics such cellular densities is

not expected to influence the intratumoural transport.
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Although reflectance confocal microscopy provides useful mechanistic information
qualitatively, it is challenging to obtain quantitative data even in a spheroid model with radial
symmetry. In order to obtain quantitative information of the gold distributions within the
tumour spheroids, synchrotron based X-ray fluorescence microscopy was used. Synchrotron
XFM has an excellent elemental sensitivity and high spatial resolution, and large field of
view, and is therefore ideal for trace elemental mapping in biological tissues. Importantly,
using the advanced set up at the Australian synchrotron based on a Maia 384 detector array as
initially reported by Ryan et al.,” ultrafast mapping could be acquired. The possibility to
quantitatively map large tissue areas is a unique feature of advanced synchrotron XRF and a
significant advancement in the field over previously reported use of XRF, which were limited
to small areas. Gold distribution maps in the spheroids sections were correlated with the
Compton scattering channel used as reference for tissues (Figure 5A). Our previous studies
revealed that Compton map typically provides accurate information about the specimen
structure and in good agreement with that of phase contrast images.20 Quantification was
conducted in the GeoPIXE software after calibration with foil standards and it is estimated
that the Au mapping presented in this study is accurate to around 5%. In all the XRF images
of sections from spheroids treated at different time points, gold signals had an inward radial
symmetry from the edge of the spheroids. The penetration depth measured by XRM was
compared with that determined by reflectance confocal microscopy. In both cases,
penetration depth increased over incubation time (Figure 5B). However, even after 48 h
incubation, the penetration depth as determined by XFM was limited to less than 50 pm, in
good agreement with the qualitative confocal study (Figure 6).

Elucidating the transport of immuno-targeted nanoparticles in tumour tissues is of high
importance towards optimizing their therapeutic index and developing the next generation of

nanomedicines. This XFM study provides for the first time quantitative mapping of the
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distribution of such constructs in an advanced in vitro tumour model. The transport and
binding of immuno-nanomedicines within solid tumours is directly controlled by their
intrinsic physicochemical properties compounded by their binding affinity to tumour cells.
Nanoparticles with hydrodynamic diameters around 100 nm have poor transport in the dense
extracellular matrix of the interstitial space and consequently limited penetration within
tumour tissues.'> ** However, recent reports suggest targeting ligands on the nanoparticles
surface can promote their tumour tissue penetration.”  *! For instance, folate targeting was
shown in an in vivo model to lead to increased tumour accumulation, with endocytosis of the
targeted nanocarriers contributing to their enhanced tumour retention. Mechanistic
understanding about tumour penetration is however challenging considering the inherent
multifactorial nature of in vivo tumour uptake, which include extravasation from tumour
neovasculature. In order to obtain greater insights about intratumoural transport mechanisms,
studies in in vitro tumour models such as the one used here are useful. Using SKOV-3
multicellular spheroids and 100 nm silica nanoparticles targeted to the cell surface receptor
CD44 through a hyaluronan ligand, El-Dakdouki et al. reported significantly improved
penetration after 18 hours and related it to transcytosis.9 Although only one time point was
used in this qualitative study, our quantitative study is in good agreement with El-Dakdouki
et al. A clear time-dependant increase in spheroid penetration of transferrin-conjugated gold
nanoparticles was determined and comparable penetration in the tumour tissue mimics, in the
50 um range, was observed at the longer time point. At the molecular level, conjugation of
holo-transferrin (the form of human transferrin loaded with iron) to gold nanoparticles
enables strong binding to transferrin receptors overexpressed on tumour cells (Kg = 1—
10 nM). After a series of cellular vesicle activity, cells can release the apo-transferrin
nanoparticles and regenerate the transferrin receptors.*> ** We can therefore hypothesize that

dynamic transport events are involved in the penetration of functionalized nanoparticles
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inside tumour micro-tissues, although further studies are warranted to fully investigate the
mechanisms at play. If confirmed in vivo, limited penetration of nanoparticles inside tumour
tissue would be a major issue as delivery to hypoxic area deep inside solid tumour is of high
therapeutic importance. The data presented in this study demonstrate that synchrotron XFM
is an excellent technology to address these important questions and quantitatively map the

distribution of un-labelled nanoparticles in tumour tissues using.

Conclusion

In summary, this study demonstrates the ability of state-of-art synchrotron based X-ray
fluorescence microscopy to achieve high spatial-resolution and quantitative elemental
mapping of nanoparticles in biological tissues. Using 3D multicellular tumour spheroids as a
tumour tissue model, the intratumoural penetration behaviour of 100 nm transferrin-
conjugated nanoparticles was determined qualitatively by reflectance confocal and
quantitatively using synchrotron XRF microscopies. In agreement with previous studies, the
penetration of the 100 nm transferrin-conjugated gold nanoparticles was limited. With the
imminent emergence of immuno-targeted nanomedicines in clinical practise, this structure-
activity relationship urgently requires a more complete understanding and the rapid,
quantitative and label-free nature of state-of-the-art synchrotron XFM make it an ideal
technology to provide the desired mechanistic insights. Importantly, the high penetration of
X-rays suits them ideally to the mapping of trace elements in thick biological samples with
minimal specimen preparation, paving the way to reliable quantitative studies in tumour

tissues.
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Figure 1. Characterization of gold nanoparticles. (A) A TEM image of the as-synthesized
gold nanoparticles (AuNPs) and the corresponding solution (right). Scale bar is 100 nm. (B)
UV-visible absorption spectra of the as-synthesized, PEGylated, and transferrin-conjugated

AuNPs.
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Figure 2. Cellular uptake of 100 nm AuNPs by MCF-7 cancer cells. (A) Percentage of cells
with internalised nanoparticles for human transferrin-conjugated AuNPs, bovine transferrin-
conjugated AuNPs, and unconjugated PEGylated AuNPs. The data is calculated from 10
different images captured by light microscopy. (B) Confocal microscopic images (bright
field, reflectance and their overlay) of human transferrin-conjugated AuNPs, bovine
transferrin-conjugated AuNPs, and PEGylated AuNPs associated with a single cell. Scale

bars are 10 um.
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Rhodamine Phalloidin DAPI Overlay

Figure 3. High resolution confocal imaging of spheroids stained by Rhodamine Phalloidin

and DAPI after 10 days' culture. Scale bars are 100 um.
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Figure 4. Penetration behaviour of transferrin-conjugated AuNPs in ¢ MCF-7 tumour
spheroids using reflectance confocal microscopy at time points of 2, 12, and 48 h.
Nanoparticle treated spheroids were cryosectioned to 20 um sections on glass substrates.
Images were taken at different channels (bright field, reflectance and their overlay). Scale

bars are 100 pm.
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Figure 5. XFM analysis of Au distribution of transferrin-conjugated AuNPs in MCF-7
tumour spheroids after 2, 12 and 48 h. (A) 2D elemental mapping of gold and Compton
scattering. Maximal gold concentrations are displayed at the bottom left corner of each
element map. (B) Quantitative radial gold concentration profiles of the spheroids treated at

different time points.
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Figure 6. Comparison of penetration depth of transferrin-conjugated AuNPs treated spheroids

measured by confocal microscopy and synchrotron XRF imaging.
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