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The use of nanomaterials to improve medical diagnostics and therapeutics has been rapidly increasing.
Among these materials are gold nanoparticles, which can be functionalized to target specific cells, acting
as nanovectors for drug delivery, enhanced contrast agents as well as other targeted therapies. Au
nanoparticles are very useful as they selectively accumulate in tumour sites due to the enhanced
permeability-retention effect. There is however little information about the spatial distribution of the
nanoparticles within tumours, which might hinder efficient therapies. In this study, X-ray fluorescence
was used to investigate the diffusion of gold nanoparticles in cancer cell spheroids mimicking true
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Accepted 22nd July 2021 tumour growth. Functionalization of the nanoparticles has the effect of allowing better diffusion into and
out of the spheroid, while those nanoparticles that are only partially covered rapidly formed aggregates.

DOI 10.1039/d1ra05446e This clustering led to size exclusion during transport within the tumour, changing its distribution profile
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1 Introduction

Nanomaterials hold great promise to revolutionize current
therapeutic strategies due to their unique physical-chemical
properties that allow for innovative therapeutic and imaging
approaches (e.g. photothermy, enhanced contrast agents), and
improved solutions for drug delivery systems.' In the past
decades, increasing efforts to develop better-targeted therapies
have led to the development of nanoscale formulations capable
of improving drug distribution to the designated biological
niche, many of which are progressing towards clinical trials.*
One such example is Caelyx, a poly(ethylene glycol)ated (PEGy-
lated) liposomal formulation of Doxorubicin.> Nano-
vectorization offers advantages, such as the possibility to target
delivery towards selective tumour accumulation, reducing side
effects when compared with to the free drug. This is particularly
true for nanoparticles (NP), which have been demonstrated to
accumulate at tumour sites due to the enhanced permeability
retention effect.®* However, this passive targeting might be less
effective in non-vascularized tumours. In such cases, the
capacity of the particulates to penetrate through the tumour
extracellular matrix (ECM) plays a key role in their effective-
ness.>* The ECM is a mesh of collagen proteoglycans,
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while greatly increasing the nanoparticle concentration.

glycosaminoglycans forming a viscous and negatively charged
barrier, bathed by an extracellular fluid.” These components are
believed to hinder the diffusion of molecules to the core of the
tumour. There is limited information in the literature about
how ECM influences nanoparticle penetration into tumours.*”
This is partially due to the fact that most studies rely on complex
animal models, especially human tumour xenografts. These
models are expensive, time-consuming, and have been raising
more ethical concerns. As such, in vitro 3D cell models have
been gaining popularity as a means to bridge the gap between
standard cell culture and the 3D environment, closer to the in
vivo.'** These models can recapitulate the tumour microenvi-
ronment, forming proliferative gradients, hypoxia, and
necrosis. However, few studies employ tumour spheroids to
understand NP diffusion in tumours.*>**

Micro X-ray fluorescence (u-XRF) imaging is an interesting
tool to investigate the elemental distribution within biological
tissues due to their versatility and low cost of operation. In the
last decade there has been a rise in the use of XRF facilities to
investigate toxic metals concentration distribution in biological
tissues such as plants™®*” and animals,*?*° among which are
human tissues.”** Due to the difficulty in access to large
facilities such as synchrotrons and free electron lasers,
researchers started moving towards the use of bench-top micro-
XRF spectrometers to perform hyperspectral images of
elemental distribution in tissues previously exposed to
contaminants.** There is however a scarcity of papers in the
literature regarding the use of bench-top p-XRF imaging to
study the distribution of nanoparticles in human tissues,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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especially tumours.”*** In this study, we have used micro X-ray
fluorescence (u-XRF) to study the penetration of AuNPs into
a cancer cell spheroid. We used two percentages of PEG func-
tionalization on AuNPs (30% and 100% coverage) to show the
different patterns in spheroid accumulation of both particles.
Our ultimate goal is to show that bench-top u-XRF is a suitable
tool to study the penetration of nanomaterials in cell spheroids.

2 Materials and methods
2.1 Sample preparation

2.1.1 AuNP synthesis, funtionalizaton and characteriza-
tion. AuNP were synthesized by the citrate reduction method
described by Lee and Meisel.*® Briefly, to a boiling aqueous
solution of tetrachloroauric acid (100 mL, 1 mM), a hot aqueous
solution of trisodium citrate (5 mL, 2% w/v) under rapid stirring
was added. Once a deep red colour, indicating the formation of
nanoparticles, was observed, the solution was continuously
stirred for 15 min and afterwards allowed to cool to room
temperature. AuNPs were sterilefiltered using a 0.2 um syringe
filter and stored at 4 °C until further use.

AuNP were characterized by ultraviolet-visible (UV-vis)
absorption spectroscopy, dynamic light scattering (DLS), Zeta
potential and transmission electron microscopy (TEM). UV-
visible absorption spectra were recorded at room temperature
on a UV-vis spectrophotometer in the range 400-800 nm with
1 cm path quartz Suprasil™ cuvettes. Nanoparticles' hydrody-
namic diameter and Z-potential was determined by DLS
resorting to a Nanoparticle Analyzer SZ-100 at 25 °C, with
a scattering angle of 90°. The AuNP formulations were diluted in
MilliQ water to a final concentration of 2 nM prior to analysis. A
total of three measurements were performed for each sample.
For TEM analysis, AuNP were prepared by depositing 10 pL of
the gold colloidal solution on carbon copper grids, washing
twice with Milli-Q water, and air dried. TEM results showed
a bare AuNP diameter of 13.6 & 1.8 nm, while the corresponding
DLS diameter was of 15.3 £ 0.2 nm.

Polyethylene glycol (PEG) is commonly conveyed in nano-
particles to enhance their stability, confer functional groups
and increase their biocompatibility. In general, PEG is
attached to AuNP via a thiol group. Au has high affinity to
thiol, forming a quasi-valent bond. In this case, an AuNP
solution (10 nM) was incubated with 0.028% (w/v) SDS, and
PEG 0.003 mg mL ™' (AuUNP@PEG30%) or 0.01 mg mL '
(AUNP@PEG100%) for a period of 16 h under agitation at
room temperature. The excess of PEG chains and SDS was
removed by washing the AuNPs twice at 14 000xg for 30 min
at 4 °C. The average diameter of the AuNP after functionali-
zation were of 16.4 = 1.2 nm and 16.8 = 1.1 nm for the
AuNP@PEG30% and AuNP@PEG100%, respectively. AuNP
concentration was calculated using the mass of a 13.6 nm
diameter gold sphere ¢ = 2.33 x 10° M~ em™".

2.1.2 AuNPs agarose samples. A series of dilutions of
AuNPs were immobilized in an agarose matrix. Agarose 2% was
dissolved in water at 60 °C and mixed with a 13 nM solution of
AuNPs to achieve a final concentration of 1% agarose and 0.5, 1,
2,4, 6, 8,10, and 25 nM of AuNPs. The mixtures were placed in
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a 96 well place and let cool down and solidify. The formed
cylinders were removed from the plate and sliced with a scalpel
with =4 mm in height. The slices were then analysed by p-
EDXREF.

2.1.3 3D cancer spheroid preparation. Spheroids were
formed based on Baek et al.>” and Roma-Rodrigues et al.”® and
following the ultra-low attachment 96-well culture plate
(Nunclon™ Sphera™ Microplate, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) manufacturer's recommenda-
tions. Briefly, HCT116 cells were seeded at 5000 cells per well in
ultra-low attachment 96-well culture plate, and incubated at
37 °C in a 99% humidity and 5% (v/v) CO, (Sanyo CO, Incu-
bator, Osaka, Japan). Cells were cultured in DMEM medium and
observed regularly for a period of 72 h. After this time, cell
medium was replaced by DMEM with 10 nM AuUNP@PEG30% or
AuNP@PEG100%. After 24 h, the medium was replaced by PBS
1x to remove the excess of AuNP and spheroid samples were
prepared and analysed by XRP at different time points.

2.2 p-EDXRF measurements

All of the X-ray fluorescence measurements were made using
the micro-energy dispersive X-ray fluorescence (u-EDXRF)
system (M4 Tornado™, Bruker, Germany). This commercial
spectrometer consists of an air-cooled micro-focus side window
a Rh-anode X-ray tube, powered by a low-power HV generator.
The system features poly-capillary X-ray optics, that allow
a beam spot size of around 22 pm for Rh K,."” In all of the
measurements, the X-ray generator was operated at 50 kV and
600 nA with a combination of 100 pm Al, 50 um Ti and 25 pum Cu
filters, whose goal was to enhance the signal-to-background
ratio around the L-lines of the Au nanoparticles. Detection of
the fluorescence radiation is performed by an energy-dispersive
silicon drift detector, XFlash™, with a 30 mm? sensitive area
and an energy resolution of 142 eV for Mn K,.

Because in this work we are dealing with biological samples,
and one of this work's goals is to approximate the experimental
conditions to those in vivo, measurements were taken at
atmospheric pressure, in air, immediately after the sample
preparation, in order to maintain the sample properties, namely
the hydration level. The maps of the 3D cell cultures were per-
formed with a pixel spacing of 15 um, with a measuring time of
10 ms per pixel, in order to increase statistical significance of
the elemental maps. The final images were created with the
built-in software from the M4 Tornado™, ESPRIT.

3 Experimental procedure
3.1 Quantification calibration

In order to quantify the penetration processes of AuNPs inside
the cell aggregates one has to make a correspondence between
the detector counts in a given region of the 2D X-ray fluores-
cence map and the actual concentration of the elements within
the sample. This can be achieved through a calibration of the
experimental setup through the use of a set of Standard Refer-
ence Materials (SRM). Due to the fact that there are no
commercial SRM for the typology of the samples under
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investigation in this work, there was a need to develop some
standards for this purpose. Due to the similarity in X-ray
absorption coefficients between the cells and agarose gel, the
quantification calibration was performed using a set of AuNP
spiked agarose samples described in Section 2.1. Each sample
was measured 3 times in different locations at 50 kV and 600 pA
with the same combination of filters that were later used in the
maps of the 3D cell cultures in order to correctly quantify the
AuNPs within the cell aggregates. All of the point measurements
were acquired during 200 seconds. In Fig. 1 the plot of the peak
area as a function of the nominal elemental concentration of
the reference samples is presented ((a) is the curve excluding
the 25 nM data point and (b) is the full data set). As can be seen,
the quantification curves for both the raw and normalized peak
areas are very similar, with the normalized case being only
slightly better (R*> of 0.99754 versus 0.99467). The quantification
curve for the normalized case (full region (b)) results in the
expression

¢ =(0.02586 £ 0.0005) x PA + (5.4 + 2.9), (1)

where ¢ stands for the concentration of Au in the sample and PA
is the peak area normalized to the Rh K, X-ray peak intensity.
This expression can now be used to quantify the presence of
gold in any sample with a matrix similar to agarose, provided
that all the measuring conditions are the same (voltage, current
and filters). The intercept value in the quantification curve
expression, 5.4 & 2.9 provides us with a fairly good estimation of
the lower quantification limit (LQL) of this technique.

In order to perform a quality assessment of the calibration
curve we have normalized each Au peak area to the scattering
Rh peak area from the anode of the X-ray tube. This scattering
intensity is correlated to physical properties of the sample such
as the effective atomic number and density, which are similar in
all of the prepared agarose slices. The only factors that could
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change between measurements are the flux of X-ray photons
from the tube or a slight misalignment of the beam with the
sample. These two factors would influence in the same way both
the fluorescence radiation from the elements of interest and the
scattering x rays, thus this normalization allows us to effectively
get rid of the influence of these external factors. Another way to
check the quality of the standard agarose samples and their
corresponding measurements is by checking the peak areas of
the elements that are part of the agarose matrix and that should
not change with the Au concentration from the spiking proce-
dure. Zn and Cu are present in both the agarose matrix and in
the water that was used to prepare the samples. Fig. 2 shows the
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Fig. 2 Integrated peak areas of Zn and Cu K, lines of all the Au spiked
agarose samples. Both the raw areas and the Rh K, normalized areas
are shown. The vertical error bars correspond to the quadrature sum of
the standard deviation with the fitting uncertainty. The horizontal error
bars are obtained by error propagation of the instrumental uncer-
tainties during sample preparation.
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Fig. 1 Quantification curve for the agarose spiked NP excluding the higher nominal concentration, 25 nM (a) and including all data points (b).
Each point is an average of 3 measurements on different sites of the sample to account for heterogeneity. The vertical error bars correspond to
the quadrature sum of the standard deviation with the fitting uncertainty. The horizontal error bars are obtained by error propagation of the

instrumental uncertainties during sample preparation.
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Table 1 Lower quantification limits of Au for the X-ray fluorescence
measurements of AuNP spiked agarose matrices. The uncertainty
associated with the LQL values represent a statistical confidence
interval of 68%

Nominal concentration (ugg™ ') N, VNo LQL

3.83 £0.80 80 £ 30 1194+ 04 54+1.6
7.65 £+ 0.80 196 + 13 11.3£0.2 43+04
15.31 £ 0.82 350 £ 90 11.7+04 50+1.3
38.27 £ 0.92 1040 £ 100 13.0 04 4.7 £0.5
76.54 £ 1.22 1580 £ 90 13.1+04 6.2 +0.5
114.81 + 1.60 2730 £160 12.6 £0.6 6.9 £ 0.6
Weighted average 5.3 £0.5

integrated peak areas of Zn and Cu K, lines and the areas that
were obtained after normalizing to the Rh scattering X-ray lines.
Since the cell spheroids were initially bathed in a 10 nM AuNP
solution, it was not expected that the measured Au concentra-
tion in the cell cultures exceeded that value. However, besides
having made a set of samples in the range of 0.5 to 10 nM,
a standard sample with 25 nM AuNP concentration was also
manufactured. Looking into Fig. 2 we can see that the high
concentration agarose sample features a peak area which is
around 15-25% higher than the average of the other data
points. This might be due to the fact that the initial AuNP
solution had a concentration of only 13 nM, and thus the
amount of solution that was added to the agarose to make
a 25 nM sample was much higher than in the other samples.
This solution might have a Zn content that was slightly higher
than the water that was used to make the agarose matrix.
Another possibility, which is more likely, has to do with the
secondary excitation of the Zn atoms in the water by the Lo, , X-
rays of Au whose line energies are 9713.44(34) eV and
9628.05(33) eV, just above the Zn K-shell ionization threshold of
9660.755(30) eV.” In this way, the increase in the number of Au
atoms in the samples would increase the Zn peak areas due to
the high cross section for ionization of Zn from the Lo,
characteristic X-rays of Au, with this increase not being related
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to the true concentration of Zn in the samples. Taking into
account all of the data points, the obtained slopes for the Au X-
ray counts as a function of the nominal concentration were, for
Zn; 0.14 £ 0.05 and 0.31 £ 0.11, respectively for the raw and
normalized data set, while for Cu the slopes were; —0.054 +
0.042 and —0.056 + 0.038, respectively for raw and normalized
data. If we only take into account the lower mass fraction values,
for which we expect the Au concentration inside the spheroids
to be low enough not to enhance the Zn signal through
secondary ionization, the slopes are much more close to zero, as
expected. In fact, the obtained slopes were, for Zn; 0.057 £ 0.114
and 0.130 £ 0.250, respectively for the raw and normalized data
set, while for Cu the slopes were; —0.041 £ 0.101 and —0.041 +
0.090, respectively for raw and normalized data. As can be seen
from the fitting results of the low concentration range, the
slopes are consistent with zero which means that the spiking
procedure did not artificially change the concentration of these
elements except for the 25 nM sample for the reasons described
above. However, as stated before, if the range of the concen-
tration of Au measured in this work is within the 0.5-10 nM
range, the calibration curve should provide an excellent method
for assessing the true Au mass fraction.

3.2 Lower quantification limits

The sets of developed agarose reference samples also provide us
with a very good way to measure the lower quantification limits
(LQL) of the NP X-ray signal. In order to find the LQL, we use the
standard formula

9CV/ N,

LQL =3 xLDL =
QL=3x N

(2)

where LDL stands for lower detection limit, C; is the concen-
tration of the element j, N, is the counting rate of the corre-
sponding peak, calculated through the net integral of the peak
and Ny, is the counting rate for the background, obtained by
calculating the area below the peak. In Table 1 we present the
LQL average values for each set of three measurements of the
agarose samples for all nominal Au concentrations.

Fig. 3 Elemental distribution maps of the control sample. (a) Potassium map. (b) Gold map. Because potassium is part of the cell matrix, its signal

can be used to pinpoint the spheroid in the hyperspectral map.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The uncertainty associated with the detection limit calcula-
tion was obtained through error propagation, using the quan-
tification uncertainties and the peak fitting uncertainties as well
as the statistical variation between the three measurements of
the same sample. As can be seen, the difference between the
obtained LQL results from eqn (2) and from eqn (1) is less than
2%, once again showcasing the robustness of the method.

4 Results and discussion
4.1 Quantification of 2 dimensional maps

All of the map's quantification was performed by normalizing
the acquisition time of a given region of pixels to the same time
as the point spectra (200 s). In this way, the total counts
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obtained in any given region of the maps are consistent with the
quantification coefficients calculated from Fig. 1. The use of
a normalized curve that takes into account the scattered radi-
ation from the X-ray tube makes it even possible to quantify
regions of the map without correcting for the acquisition time.
This is possible because both the X-ray line intensity of the
element of interest and the scattering lines scale linearly with
the acquisition time. Nevertheless, because each pixel in the
map has a measuring time of only 10 ms, which is not enough to
get good statistics for single pixel spectra deconvolution, we
cannot obtain quantification information with high lateral
resolution. This means that the 2D intensity maps reflect the
number of counts of a given X-ray line and its corresponding
background, for

rather than the element

each pixel,

Fig. 4 Au elemental maps of the 3D cell cultures. The AuNP used in this set of measurements were fully covered with PEG. (a) Sample

AuNP@PEGI100%PEG_1, (b) AuNP@PEG100%PEG_2, (c)
AuNP@PEG100%_6, (9) AuNP@PEG100%_5.

26348 | RSC Adv, 2021, N, 26344-26353

AuNP@PEG100%_7, (d)

AuNP@PEG100%_3, (e) 1AUNP@PEG100%_4, (f)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration as a function of its position. One drawback of this
effect is that the number of counts is slightly biased towards the
background radiation which is a function of the density of the
sample. This means that regions of the map which feature
higher density will also present higher counts in the elemental
map, regardless of the element being present or not. However, it
will only be a problem when trying to interpret images from
samples with elemental concentrations very close to the detec-
tion limit of the technique.** In Fig. 3, a 2D map of the
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potassium (a) and gold (b) content of a cell spheroid is pre-
sented. Note that one could be misled into thinking that there is
some gold distributed, somewhat evenly, throughout the
spheroid, although the quantitative analysis of the Au concen-
tration results in values that are far below the lower detection
limit shown in Table 1. What we are seeing is just the back-
ground noise due to scattering from the X-ray tube, which
should be fairly homogeneous if there are no holes within the

—
300 nm

f) | 2

Fig. 5 Au elemental maps of the 3D cell cultures. The AuNP used in this set of measurements were only partially (30%) covered with PEG. (a)
Sample AUNP@PEG30%_1, (b) AUNP@PEG30%_2, (c) AUNP@PEG30%_7, (d) AUNP@PEG30%_3, (e) AuUNP@PEG30%_6, (f) AUNP@PEG30%_4, (g)

AuNP@PEG30%_5.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 26344-26353 | 26349


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05446e

Open Access Article. Published on 02 August 2021. Downloaded on 4/21/2026 2:23:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

cell aggregate. This effect is even more striking when compared
to the K elemental map, (a), as K is part of the cell matrix.

4.2 Elemental imaging and quantification of cell spheroids

The Au elemental maps of the 14 (7 x 2) measured samples are
shown in Fig. 4 for the NP that were fully covered with PEG, and
in Fig. 5 for those whose coverage was only 30%.

The quantification of the 3D cell culture maps were made by
using the quantification curve of Fig. 1. The potassium signal
was used to hand-select the area to quantify as it forms part of
the matrix of the cell aggregates and is thus quite helpful in
locating the spheroid within the hyperspectral map. In Table 2
the concentration values of both Au and K in each of the 14
samples is presented along with the sample label and the time
that the cell aggregates spent in the PBS solution after being
removed from the AuNP solution and before being placed in the
sample holder for analysis. The placement of the samples in the
sample holder took less than 30 seconds in order to maintain
hydration of the cell culture throughout the X-ray
measurements.

4.3 Diffusion of AuNP

One of the goals of this work is to evaluate the diffusion
mechanisms of the AuNPs within the cell aggregates. The
cellular uptake mechanisms of nanoparticles have been
recently studied by Behzadi et al.** with special emphasis on
their journey inside the cells. Diffusion mechanisms, which are
driven by passive thermal motion as well as cellular uptake, that
in turn depend not only on the physical characteristics of the
NPs but also as their chemical funcionalization, are a very active
field of study. As is well known, internalization of NPs depend
on their size and shape and even on the configuration of the
cells sample holder, as stated by Cho et al* Given the
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experimental design of this work and the idiosyncrasies of the
experimental technique, we are not a priori able to distinguish
active from passive (thermal) diffusion.

As explained before, the 3D cell aggregates were left for 24
hours in a 10 nM solution of AuNP and then transferred to a PBS
solution for different time intervals in order to see whether
some thermal diffusion would occur from the AuNP enriched
cell aggregates to the PBS solution. From Fick's first law one
should be able to obtain the diffusion coefficient of the AuNP
and the tortuosity parameter that could then be related to the
cell cultures porosity.*® This would allow us to understand
whether the passive diffusion mechanisms, that consist of the
AuNP moving along the cell boundaries towards the interstices
that are created during the culture's growth, are more or less
pronounced than the cell internalization of the AuNP through
endocytosis.** In Fig. 6 the average concentration of Au and K
for each spheroid is presented as a function of the time spent in
the PBS solution after extraction from the AuNP solution. Each
spheroid spent a different amount of time in the PBS solution,
from those that were analyzed immediately after extraction or
those that were only washed in PBS and then underwent anal-
ysis, to those that spent around 30 min to 2 h 30 m in the
solution. If the diffusion of the AuNPs would occur in this time
span we would be able to see a decrease in Au concentration as
the time spent in PBS increases. However, as can be seen in
Fig. 6, the concentration of Au seems to follow the concentra-
tion of K which should be relatively constant if all the spheroids
had a similar density. The growth of the cell cultures is not
homogeneous, resulting in aggregates with different shapes as
can be seen in Fig. 4 and 5. In fact, from Fig. 4 one can see that
samples (d) and (e) present a very odd shape with the later
having a big hole in the center, which is consistent with them
presenting a lower concentration of K. The same can be said for
samples (a), (f) and (g) from Fig. 5.

Table2 Concentration of Auand Kin each of the 7 x 2 samples as a function of the time they spent in PBS solution after being removed from the

AuNP solution

Time in PBS Au concentration

Sample label (h:m) (ngg™ K concentration (ug g~ )
AUNP@PEG100%_1 (a) 0:00 11.1 £ 0.6 14 500 + 700
AuNP@PEG100%_2 (b) 0:01 22.4 + 1.0 15 200 + 700
AuNP@PEG100%_7 (c) 0:25 254 £ 1.1 14 000 + 600
AuNP@PEG100%_3 (d) 1:06 10.9 £+ 0.6 12 800 + 600
AuNP@PEG100%_4 (e) 1:50 7.3+04 10 000 + 500
AuNP@PEG100%_6 ( 2:17 22.2 + 1.0 15 500 + 700
AuNP@PEG100%_5 (g) 2:24 18.1 £ 0.9 16 100 + 700
Average 16.8 14 014
Standard dev. 6.48 1919.4
AuNP@PEG30%_1 (a) 0:00 63 £3 13 300 + 600
AuNP@PEG30%_2 (b) 0:01 97 £4 12 700 + 600
AuNP@PEG30%_7 (c) 0:30 132+ 6 14 800 + 700
AuNP@PEG30%_3 (d) 0:58 160 + 7 17 000 + 800
AUNP@PEG30%_6 (e) 1:14 112 £ 5 14 900 + 700
AuNP@PEG30%_4 (f) 1:27 50 £ 3 10 300 + 500
AuNP@PEG30%_5 (g) 2:07 79+4 11 500 & 500
Average 99 13 500
Standard dev. 36 2098.3
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Fig. 6 Concentration of K and Au as a function of the time spent in the PBS solution after extraction from the AuNP enriched solution. (a)
Samples exposed to AUNP@PEG100%. (b) Samples exposed to AUNP@PEG30%.

4.4 Quantification calibration

One of the most important aspects when trying to characterize
the penetration of AuNP within a 3D cell culture is to be able to
correctly quantify the concentration of the NP in the spheroid.
We were able to do this by developing a series of samples whose
main composition is similar to the cancer cells from the point of
view of X-ray attenuation. These samples allowed us to
construct a calibration curve and thus be able to obtain the
concentration of gold within any region of the cell aggregates.
The Lower Detection Limit that was obtained from the cali-
bration curve is compatible with the standard way of calculating
this parameter (eqn (2)), and is low enough to investigate the
diffusion of the AuNP at the nominal concentration of the
solution that was employed in this work. From Fig. 1 we can
observe the linearity of the X-ray counts as a function of the
nominal concentration revealing that there are no saturation
effects and that we are able to make AuNP solutions with a given
concentration very accurately. From Fig. 2 we can see that up to
150 ug g~ the Zn and Cu signal from the agarose matrix is very
consistent, as expected, and for the highest concentration
sample it seems to deviate slightly, albeit within the error bars.
Although it is not completely clear why that occurs, one prob-
able explanation has to do with a secondary excitation of the Zn
atoms by the fluorescence radiation from the Au atoms, as the
Zn K-shell ionization edge is just a few eV below the X-ray line
energy of gold which makes the cross section for ionization of
Zn atoms very high.

4.5 Penetration of AuNPs in 3D cancer spheroids

The data gathered from the diffusion experiment shows that the
intrinsic variation between each spheroid regarding the accu-
mulation of Au in their matrices is larger than the diffusion
processes at play at least in the time span of the experiment. The
fact that the Au signal follows the K concentration as a function
of the time spent in the PBS solution, which in turn is correlated
to variations in the density of the spheroids, does not allow us to
make any kind of considerations regarding the diffusion

© 2021 The Author(s). Published by the Royal Society of Chemistry

coefficients either passive or active. We can, however, conclude
that for both the AuNP@PEG100% and AuNP@PEG30%
samples there seems to be an accumulation of the AuNP in the
center of the cell aggregate. In fact, for the AUNP@PEG30%
some ring structures around the center of the spheroid can be
seen except in the samples that are oddly shaped and/or present
holes in their inner regions. This ring structures can be seen in
Fig. 7 which features a microscope image of one of the
AuNP@PEG30% treated spheroids.

Another interesting finding, is that the accumulation of the
AuNP@PEG30% leads to much higher concentrations of Au in
the spheroids when compared to their AuUNP@PEG100%
counterparts (Table 2 and Fig. 4 and 5). Both phenomena can be
explained if we take into account the aggregation of the AuNP
into larger size clusters. As it is well known, the coating of the
nanoparticles leads to their stabilization as it hinders the
formation of clusters,** which has a direct influence on the
internalization of the AuNPs into the cell aggregates as shown
by Cho et al.,** due to the sedimentation of the nanoparticles
leading to an accumulation near the bottom of the cell culture
holder and thus an increased internalization. This effect could
explain the difference of almost one order of magnitude
between the average concentration of Au in the
AuNP@PEG100% and AuNP@PEG30% samples, but it doesn't
fully explain the ring formations that can be seen in the
AuNP@PEG30% spheroids. These ring structures should arise
from a change in diffusion coefficients throughout the NP
transport within the porous 3D spheroids, similar to what is
seen in mobility studies of NP in porous media, specially in
environmental studies. Very recently, Babakhani** was able to
describe the NP collection profiles in extraction wells by
including NP aggregation in his theoretical model which led to
a diffusion profile that was no longer an exponential but rather
a non-monotonic distribution with a maximum at some
distance from the injection well. This is very similar to what we
observe in our experiment, as the AuNPs travel throughout the
porous 3D cell culture, they start to aggregate up to a point
where their mobility is reduced due to their size, being

RSC Adv, 2021, 11, 26344-26353 | 26351
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Fig. 7 Microscope image of a cancer spheroid that was treated with
the AUNP@PEG30% solution. The ring structure around the center of
the spheroid is easily seen as the AuNP clusters are several microm-
eters in size.

effectively trapped inside the spheroid. If the cluster formation
is slower, as is the case of the AUNP@PEG100%, this immobility
occurs deeper into the porous media. Another effect that might
be at play is the fact that the aggregation of AuNPs increases for
acid environments such as those that are found in the center of
the 3D spheroids. The decreasing pH as we move towards the
centre of the spheroid structure is associated to the difference
in metabolic state of the cells, which at the core are experi-
encing a considerable level of hypoxia and, thus, increasing
acidic species contributing to lower pH.*® Foroozandeh et al.*®
concluded in their study that the internalization through
endocytosis is enhanced for AuUNP@PEG100% when compared
to those that are not coated or only partially covered. This
means that if we were seeing only the internalized NP in our
maps, the AUNP@PEG100% samples would feature higher Au
concentration. This is not the case because, most of the Au that
we are seeing is from clusters of NPs that are outside the cell
membrane and in the interstices of between cells. From both
Fig. 4 and 5 we can conclude that for the AUNP@PEG100%, the
diffusion time to reach the center of the cell spheroid is lower
than the time that the AuNPs take to aggregate up to a size that
strongly hinders their mobility, while for the AuNP@PEG30%
NPs the aggregation is faster than the time it takes them to
reach the center of the spheroid.

5 Conclusions

In this work, we evaluated the diffusion mechanism of AuNPs
into tumour cell spheroids by X-ray fluorescence imaging. We
started by creating a standard curve between EDXRF detector
counts and the concentration of AuNPs in an aqueous matrix.
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We found that for concentrations up to 10 nM of AuNP the
correlation is linear. This allowed us to quantify the concen-
tration of AuNP that was retained inside tumour spheroids after
24H AuNP incubation. We showed that AuNP tend to accumu-
late in the core of spheroids for AuNP@PEG30% and
AuNP@PEG100%.

Interestingly AuNP@PEG30% seem to aggregate before
arriving at the core of the spheroid, creating a highly concen-
trated circular AuNP precipitate. The same effect is not observed
using AUNP@PEG100%, which are more stable, and tend to
accumulate deeper in the spheroid core. We believe this
differential aggregation pattern happens due to the acidic
conditions in the core of the spheroids, and lower stability of
AUNP@PEG30% over AUNP@PEG100%. We estimate that the
AuNPs enter the spheroid through the interstitial spaces of
adjacent cells and when arriving at the acid core, aggregate and
get trapped. This study shows the potential of using EDXRF as
a tool to track nanomaterial internalization in 3D spheroids.
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