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ABSTRACT: This work aims at learning how the size of gold
nanocarriers influences the transport of DNA-alkylating
antitumoral drugs. For this purpose, we devised conjugates of
mercaptoethylmitomycin C (MEMC), a DNA alkylating agent,
with gold nanoparticles of different sizes (2, 5 and 14 nm), and
studied how size affects drug cytotoxicity, tumor penetrability,
cellular uptake and intracellular localization using two-
dimensional (2D) and three-dimensional (3D) cell models. We
show that only small, 2 nm nanoparticles can transport MEMC
efficiently to the cell nucleus, whereas MEMC cell uptake is
much lower when delivered by these small nanoparticles than
with the larger ones. 3D cellular models showed that smaller
nanoparticles can transport MEMC towards deeper areas of
tumor spheroids as compared to larger nanoparticles. We
discuss the insights of this work towards the efficient delivery
of DNA-targeting drugs.

INTRODUCTION

One of the current strategies toward improving therapeutics
for cancer treatment involves the use of nanoparticles as
carriers to selectively deliver anticancer drugs to tumor cells.!
Drug-delivering nanoparticles can increase the intracellular
concentration of drugs in cancer cells relative to normal cells,
thereby reducing the extent of side effects, while enhancing
anticancer properties with respect to the free drug.
Additionally, drugs delivered on nanoparticles usually present
longer circulation times than the free drug, a property that
improves the efficacy of drugs that are metabolized quickly.
Among various drug delivery platforms, gold nanoparticles (Au
NPs) offer several advantages as carriers, as they are non-toxic,
non-immunogenic, and present long circulation times.?-> Other
attractive features of Au NPs include their tunable
physicochemical properties, high stability in buffer solutions
when a proper coating is included, narrow size distribution and
useful optical properties.® As evidence of the therapeutic
viability of drug delivery by Au NPs, PEGylated Au NPs
conjugated to a tumor necrosis factor (TNF) are currently
undergoing clinical trials.”

It has been reported that the size of Au NPs influences their
intracellular localization, which may have important
consequences in drug delivery efficiency.811 Of particular
interest, Hu and Liang showed that only nanoparticles with a
hydrodynamic size smaller than the 9 nm diameter of the
nuclear pore complex, can be transported to the cell nucleus.®
For PEGylated nanoparticles attached to a fluorescent ligand,
this size restriction meant that only small nanoparticles with a
2 nm core diameter could reach the nucleus. Gold nanoparticles
linked to doxorubicin, a DNA intercalating agent, by a non-
excisable amide bond, were shown to reach the nucleus only
when their size was smaller than 2.7 nm.'?

Based on the reports discussed above, we hypothesized that
size should have a significant effect on the biological activity of
nanoparticles carrying antitumor drugs that exert a cytotoxic
activity through DNA modification. These include DNA
alkylating agents (nitrogen mustards, nitrosoureas, aziridines)
and those from the platinum family, which together constitute
a significant portion of the chemotherapeutic options used in
the clinic.!®> DNA alkylating agents are (or can be activated to
be) electrophiles and, therefore, they can be rapidly inactivated
in the cytoplasm by reaction with water or with thiols, such as
glutathione.'*

Therefore, the cytotoxic activity of DNA-alkylating agents
should be improved when these agents are delivered by
nanoparticles that are small enough to reach the cell nucleus.
The alkylating agent would then be unloaded from the small
NPs close to DNA, its target nucleophile, thereby producing a
high level of cytotoxic lesions. On the other hand, larger Au
nanoparticles would release the drug in the cytoplasm, and
only a small fraction of the cargo would be able to reach the
target in the nucleus, thereby decreasing their efficacy as drug
delivery systems. To test this hypothesis we selected 7-
mercaptoethylmitomicyn C (MEMC, 3), a mitomycin derivative
that contains a sulfhydryl group (Scheme 1B), as a DNA
alkylating agent. Mitomycins are a family of antitumor
antibiotics'® that form covalent monoadducts and crosslinks
with DNA upon activation by reduction of the quinone ring
(Scheme 1A).1* One member of the mitomycin family,
mitomycin C (MMC, Scheme 1A and Scheme S1) is currently
used clinically in the chemotherapy of several cancers, but still
with a modest efficacy,'®> mainly because of a short half-life in
humans around 45 min.!” That DNA is the major biological
target of is illustrated by the fact that the formation of one
single MMC-induced crosslink lesion is enough to cause the
death of a bacterial cell.'® In order to alkylate DNA, mitomycins
must be activated by reduction, a reaction that generates a
short-lived intermediate, in the range of microseconds for MMC
semiquinone radical (one-electron reduction) and 15 seconds
for MMC hydroquinone (two-electron reduction).!® The
intermediate that alkylates DNA is derived from the
hydroquinone form of MMC, but this compound is mostly
converted to a non-cytotoxic metabolite.?® Therefore, if the
reduction of mitomycins occurs in the cytoplasm, a
detoxification pathway is activated but if the drug is delivered
to the cell nucleus, then the detoxification pathway should be
reduced, increasing its cytotoxicity. It has been shown that cells
overexpressing mitomycin-activating enzymes in nuclear
localizations are more sensitive to the cytotoxic effects of MMC
than those overexpressing the enzymes in the endoplasmic
reticulum?! or in mitochondria,?? evidence for the potential
benefits of transporting mitomycins to the nucleus.
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Scheme 1. A) Mechanism for the bis-alkylation of DNA by
mitomycin C to form DNA crosslinks. B) Schematic
representation of MEMC pro-drug nanoformulation, to be
validated in 2D and 3D cellular models (C).

We report here the synthesis and biological activity of gold
nanoparticles bearing MEMC, covalently linked to the
nanoparticles by an excisable disulfide bond. The glutathione-
triggered reduction of the disulfide bond should allow selective
drug release after cell internalization (Scheme 1B). We
assessed how the size of Au NPs conjugates affects cytotoxicity,

ACS Paragon Plus Environment

Page 2 of 12



Page 3 of 12

oNOYTULT D WN =

drug uptake, tumor penetrability and cellular localization,
using both 2D and 3D cell culture models (Scheme 1C).

RESULTS AND DISCUSSION

For DNA-targeting drugs, the transport events that occur after
a drug carrier is administered to an organism can be
summarized in 5 stages: (1) plasma circulation and
accumulation in tumors; (2) transport through the tumor blood
vessels to the interstitial matrix where proliferating cells are
located; (3) diffusion through the interstitial space; (4) cellular
internalization and (5) transport from the cytoplasm to the cell
nucleus. The ideal size for efficient delivery of drugs by NPs
varies for the multiple stages of nanoparticle transport that
take place in the organism after they are administered.?®* We
want to analyze how size affects the three latter stages of the
transport of MEMC, a DNA-alkylating agent, by gold
nanoparticles.

Design of a MEMC prodrug incorporating a glutathione-
sensitive linker

Three reasons weighed in selecting MEMC (compound 3) as the
mitomycin derivative for the synthesis of Au NP conjugates: (i)
it contains a thiol group, which facilitates the synthesis of
releasable drug conjugate; (ii) it is highly cytotoxic, as
demonstrated by the pharmacological activity of several
prodrugs of MEMC (e.g. KW-2149 and BMS-181174, EC0225,
Figure $1);%428 (iii) it has been shown to form DNA crosslinks
with no need for an enzymatic reduction, likely because it can
be activated by an internal redox reaction between the thiol
and the quinone.?® This latter property renders MEMC
especially interesting for this work because, should successful
delivery to the cell nucleus be achieved, then the activation of
the drug into a DNA-alkylating intermediate would not depend
exclusively on the presence of reducing enzymes at that
specific cellular location.

Linking drugs onto carriers by disulfide bonds is a well-known
strategy toward thiol-activated intracellular drug release,?
because thiol concentrations are dramatically higher inside the
cell than at extracellular locations (in the case of glutathione,
1,000 - 10,000 fold higher).? Therefore, the disulfide bond in
Au NP-MEMC conjugates should be stable in the extracellular
environment, but efficiently cleaved upon internalization of the
nanoparticles by cells, thereby releasing the free drug (Figure
1B). This strategy has been previously demonstrated for Au
NPs linked by a disulfide bond to the fluorescent dye HSBDP.3!
In our synthetic design we decided to couple amino-terminated
gold nanoparticles with the carboxylate-substituted MEMC
derivative 5 (Scheme 2), rather than the reverse alternative (an
amino-substituted mitomycin with carboxylate-terminated
nanoparticles). The main reason for this choice was that the
required amino-terminated mitomycin derivative is unstable.33
An added advantage of this coupling approach is that the
cellular uptake of cationic nanoparticles is more efficient than
the uptake of anionic ones.3?

Synthesis of Au-MEMC conjugates and characterization of drug
release

Au NPs were prepared with three different average core
diameters (2.2+0.7, 4.7+0.7 and 14.7+1.6 nm), using
established methodologies3*3¢ (see Experimental). The NPs
were capped with self-assembled monolayers of HS-PEGzq00-
NH,, using a sufficient excess (>20 fold) of the thiolated ligand
to ensure surface saturation and the same PEG densities for all
the conjugates. The resulting amino-functionalized Au NPs
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were then washed to remove non-bound ligands. Amine-
modified Au NPs are known to display enhanced cellular
uptake and NP penetration and allow further conjugation,3”
while the PEG component is expected to reduce serum protein
adsorption.?® MEMC was then incorporated through derivative
5 (Scheme 2), which bears a terminal carboxylate group that
can be used to create an amide bond with the amine groups at
Au@PEGNH; NPs. Compound 5 was synthesized following a
method previously used to prepare other mitomycin C-(N7)-
substituted disulfides.?® In short, mitomycin A was treated with
2-(2-pyridyldithio)ethylamine hydrochloride in MeOH to yield
the mixed disulfide 4, which was then treated in situ with
sodium thioglycolate, to obtain 5 (see Figures S2-S5), with a 55%
overall yield for the two steps (Scheme 2).
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Scheme 2. Synthesis of Au nanoparticles conjugated to MEMC.

The carboxylate group of 5 was activated by treatment with a
carbodiimide and N-hydroxysuccinimide, and the resulting N-
hydroxysuccinimidyl ester was then coupled to Au@PEGNHS,.
Purification by centrifugation was monitored by analyzing (UV-
vis) the presence of the characteristic chromophore in 5 (Amax
376 nm) in the filtrates. We found that non-covalently bound 5
could be efficiently removed from Au5@MEMC and
Aul4@MEMC by repeated washing with water. Although
uncoupled 5 remained tenaciously bound to AuZ@MEMC NPs
when washing with water, it could be removed by using 50%
methanol in water.

The recorded UV-Vis spectra correlate with the size and
monodispersity of the Au@MEMC NPs, featuring a red-shift
with increasing NP size (Amax 507, 518 and 522 nm).
Representative TEM images for all three NPs with different
diameters are shown in Figure 1. Drug payload in Au@MEMC
conjugates was determined by differential UV-Vis spectroscopy,
using the characteristic absorption band of 5, centered at 376
nm (SI, Figure S6), to determine the concentration of MEMC
loaded onto the Au NPs. The resulting UV-Vis spectrum for
Au2@MEMC was essentially identical to that of 5, whereas for
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AuS5@MEMC and Aul4@MEMC the subtracted spectra were
distorted due to the stronger contribution of the nanoparticle
cores to the absorbance, but they clearly showed an
absorbance band with a maximum at 376 nm that could be used
to calculate the drug payload (SI, Figure S7). The presence of
this chromophore indicates that the mitomycin core remained
intact after the coupling reaction, as potential side reactions of
mitomycins would result in aromatization to an indolequinone
ring, causing a hypsochromic shift in A, of about 50 nm. All
Au@MEMC NPs were water-soluble, colloidally stable, and
with no signs of aggregation. Importantly, all nanoparticles
were positively charged, with zeta-potential values ranging
between +10 and +16 eV (Table S1). Although MEMC
conjugation resulted in partial neutralization of cationic amino
groups, zeta potential was still positive for Au@MEMC NPs.
Thus, the main difference between the various conjugates used
in our study was the particle size.
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Figure 1. (A-C) Representative TEM images of Au@MEMC NPs,
with average core diameters of 2 nm (A), 5 nm (B) and 14 nm
(C). (D-F) UV-Vis spectra of Au@MEMC NPs (2, 5, 14 nm for D,
E, F) showing the characteristic mitomycin peak at 376 nm and
the corresponding surface plasmon resonance band for the
larger NPs.

We next investigated the reduction-triggered drug release
from Au@MEMC conjugates. Release of MEMC (or its
metabolites) was confirmed under reducing conditions
(dithiothreitol (DTT), glutathione (GSH), or tris(2-
carboxyethyl)phosphine (TCEP)), using liquid
chromatography coupled to mass spectrometry (LC-MS). Two
major compounds were observed in the chromatograms
obtained from samples of the three different nanoparticles
treated with DTT (SI, Figure S8), which were identified as
oxidized DTT and MEMC (S], Figures S9, S10). Unfortunately,
released MEMC could not be used to quantify drug payload due
to its instability (Scheme S2), as revealed from control
experiments using 5 and DTT. Interestingly, the amount of
oxidized DTT detected in the HPLC chromatograms correlated
with the relative drug payloads, as previously determined by
UV-Vis analysis (SI, Figure S11, Table S2). This was an
unexpected result because, in the presence of air, DTT should
have oxidized to a similar extent in all samples. The presence of
Au NPs thus appears to inhibit DTT oxidation, an observation
that was not further investigated in this work. MEMC-
conjugated Au NPs treated with GSH or TCEP yielded complex
HPLC chromatograms (SI, Figures S12, S13), as was also the
case in control experiments where 5 was reduced with either
GSH or TCEP. We tentatively propose structures for several
compounds, which are compatible with ESI-MS data for some

of the peaks observed (SI, Figures S13, S14). The presence of an
indolequinone core in these compounds indicates that MEMC
forms active metabolites upon release from the NPs by
treatment with GSH or TCEP, thus demonstrating that MEMC
does not require an enzymatic reduction to be converted to an
alkylating species. Also, the formation of MEMC derivatives
substituted by GSH or TCEP at the alkylating carbons (C1 and
C10) after the reduction reactions discussed above evidences
that the coupling reaction used to prepare Au@MEMC
conjugates did not affect aziridine and carbamate groups in
MEMC.

Cytotoxicity, uptake and cellular localization of Au@MEMC NPs
in 2D cell cultures

We first investigated the cytotoxic efficacy of MEMC, either as a
free drug (in the form of MEMC disulfide) or bound to Au NPs,
against cells grown in standard 2D cultures. We used human
dermal fibroblasts (HDF) and a human breast adenocarcinoma
cell line (MDA.MD.231). As expected, Au NPs not carrying
MEMC were non-toxic to both cell lines, within the tested range
of concentrations (SI, Figure S15). Only a small decrease in
MDA.MB.231 cell viability was noted upon exposure to the
highest concentration of Au2@PEGNH,. For Au@MEMC
nanocarriers, concentration-dependent cytotoxicity was
observed, but we could not determine a clear effect of NP size.
MDA.MB.231 cells were found to be more sensitive than HDF
cells, at all Au@MEMC concentrations and Au NP sizes, with cell
death reaching 70% of the total cell number when exposed to
2.5 uM of Aul4@MEMC (SI, Figure S15). This was only a
marginal increase (3%) over (MEMC)2, the disulfide form of
MEMC (Figure S1), as a control compound.

At first glance, the negligible effect of nanoparticle size on the
cytotoxicity of MDA.MB.231 cells appears to invalidate the
original hypothesis of this work. However, a different picture
emerges when the size-dependent uptake of MEMC is taken
into consideration. We studied the relationship between
cytotoxicity and MEMC uptake in order to learn how NP size
influences the cytotoxicity of Au@MEMC conjugates after they
enter the cell. The cellular uptake of MEMC was determined by
factoring in the number of nanoparticles internalized per cell
and the average number of MEMC molecules carried by
nanoparticles of different sizes. Cell uptake of Au NPs was
assessed by determining Au concentration in the cells by
quantitative ICP-MS measurements, as previously reported.*?
The results indicate a direct correlation between the number of
internalized nanoparticles and their size (SI, Figure S16). This
outcome agrees with previous reports that showed an
increasing uptake efficiency of cationic gold nanoparticles for
larger particle sizes.32*! Also ICP-MS analysis of healthy HDF
cells treated with Au@MEMC showed higher uptake for the
larger Aul4@MEMC nanoparticles than for smaller conjugates
(SI, Figure S17). For both cell lines, NP uptake could be
inhibited by using chemical endocytosis inhibitors (Figure S18).
The results collectively revealed that multiple endocytic
pathways are involved in the uptake of the different sized NPs
and that these inhibitors worked more efficiently with the
MDA.MB.231 cancer cell line. The average number of MEMC
molecules per nanoparticle was calculated by deconvoluting
the UV-Vis spectra of each Au@MEMC conjugate into two
components: gold core and MEMC. With this data in hand, we
determined the uptake of MEMC that each NP size provides,
finding that it increased by roughly one order of magnitude
with each particle size increment (Table 1 and Table S3). We
then calculated the quotient between the cytotoxicity and the
amount of MEMC internalized by the cells, and the results were
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normalized to determine the relative cytotoxicity per
internalized MEMC (Table 1).

Table 1. Relative cytotoxicity of differently sized
nanoparticles in MDA.MB.231 cells, normalized to MEMC
uptake. An arbitrary value of 1 was assigned to 14 nm
nanoparticles. The number of MEMC molecules internalized
was calculated using the measurements of nanoparticle cell
uptake by ICP-MS (Figure S16) and the calculation of drug
payload (see Experimental). IC50 was determined from data
shown in Figure S15.

Core MEMC internalized ICsy Relative cytotoxicity

size per cell (nmol) (uM) per internalized
(nm) MEMC

2 0.56 4.0 21

5 6.25 2.4 3

14 47.7 1.0 1

The marked influence of nanoparticle size on MEMC uptake
does not translate into a reciprocal effect on cytotoxicity: while
MEMC uptake rises by 10-fold with each NP size increment,
cytotoxicity only increases by 2-fold (Table 1). To summarize
these observations when the cytotoxicity is normalized to
MEMC uptake, 2 nm nanoparticles are 20 times more potent
than 14 nm nanoparticles. The most plausible explanation for
the observed discrepancy between uptake and cytotoxicity is
that 2 nm nanoparticles are able to reach the cell nucleus,
whereas larger 14 nm Au larger nanoparticles are not. In order
to confirm this we measured the nuclear and non-nuclear
fractions of endocytosed NPs via ICP-MS, and supported the
findings with TEM observations. Quantitative ICP-MS data on
the localization of Au2, Au5 and Aul4 NPs in MDA.MB.231 cells
showed that Au2 NPs can effectively reach the cell nucleus,
representing approximately 25% of all NP found in the cell
(Figure 2). The slightly larger Au5 NPs can also reach the
nucleus albeit in lesser amounts. We were unable to detect
Aul4 nm in the nucleus. This peri-nuclear or cytoplasmic
location of Au5 and Aul4 NPs was also observed via TEM
imaging, although unfortunately we could not detect Au2 NPs
due to limitations in the resolution of our TEM (SI, Figure S19).
However, by applying a silver growth technique commonly
used for the detection of small Au NPs in immunostaining
techniques, we could successfully image the presence of 2 nm
NPs in both nuclear and cytoplasmic locations (SI, Figure S19).

I Nucleus

Cytoplasm

NP localization
within cell (%)

Figure 2. Localization of AuZ, Au5 and Aul4 NPs in the nuclear
and non-nuclear fractions of MDA.MB.231 cells. Cells were
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exposed to the NPs (0.5 uM) for 6h, followed by treatment with
the NE-PER Nuclear and Cytoplasmic Extraction Kit and ICP-MS
analysis. Statistical testing (1-way ANOVA with Tukey post-test)
shown is representative for both nuclear and cytoplasmic
fractions (***p=<0.001, ****p<0.0001).

Our findings are in agreement with previous research on cell
nuclear penetration as a function of NP size. For example, the
DNA-intercalating agent doxorubicin!? and a triplex-forming
oligonucleotide® were attached to the NPs by a non-excisable
amide bond and, therefore, the DNA-targeting compounds
could only hit their target when attached to NP conjugates
capable of entering the nucleus. We can therefore assume that
the ability of the AuZ@MEMC nanoparticles to enter the
nucleus will result in release of their DNA-targeting payload in
close proximity to its target. This would explain why they show
a level of cytotoxicity comparable to larger Aul4 NPs, despite
their strongly reduced cellular drug uptake. Larger
Aul4@MEMC nanoparticles dramatically increase drug uptake
but, being unable to transport their payload to the nucleus, will
release MEMC in the cytoplasm, where most of it will be
inactivated by reacting with cytoplasmic nucleophiles or being
converted into inactive reduced metabolites.?

Cytotoxicity, penetrability, uptake and localization of
Au@MEMC in 3D spheroids

We next used multicellular tumor spheroid models to analyze
the influence of nanocarrier size on the activity of Au@MEMC
conjugates. Spheroid tumor models are spherical aggregates of
tumor cells designed to reproduce the architecture of tumor
tissue in vivo.#243 Tumor spheroids are considered as a more
accurate antitumor drug evaluation platform because they may
allow us to test the capacity of the drug to navigate the
interstitial space prior to reaching the proliferating cancer cells,
a factor that cannot be analyzed when monolayer cell cultures
are used. Testing the tumor penetrability of nanomedicines is
particularly relevant because particle size may affect their
ability to reach the inner, hypoxic regions of the tumor where
proliferating cells are located.** Spheroids are regarded as a
bridge between monolayers and animal models,*? or even as a
potential substitute for the latter.*?

We used a 3D heterologous spheroid culture comprising both
HDF and MDA.MB.231 cells. The incorporation of fibroblasts in
spheroids has been shown to produce a more realistic in-vivo
tumor model, as they support the growth of cancer cells via
production of soluble factors and improving tumor-stroma
interactions.***5 We used low cell attachment round-bottomed
plates, resulting in spheroids exhibiting sizes that could be
controlled by varying the initial cell number and/or the
incubation time (Figure S20). As noted in previous studies,*®
the use of such plates produced spheroids with a suitable size
for microscopy studies.

MDA.MB.231:HDF spheroids (~350 pm?) were exposed to
Au@MEMC conjugates, at a final drug concentration of 0.5 uM,
for 48h. This concentration was chosen because it did induce
some cytotoxicity in the 2D cell culture, but not so much that
differences between formulations would go unnoticed. The
extent of cytotoxicity caused by the Au@MEMC conjugates was
determined by means of a live/dead fluorescence microscopy
kit and a luminescence cell viability kit (see Experimental for
details). Confocal fluorescence microscopy images of live/dead
stained cells allowed us to calculate a corrected total
fluorescence (CTF) value (Figure 4A, Figure S21A),
representative of the fluorescence intensity in the spheroid for
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a given fluorophore and at a given z-height in confocal mode.
We analyzed the CTF of the “dead” cell marker at the same z-
height for all spheroids and confirmed that exposure of
spheroids to Au NPs without MEMC did not cause any increase
in cell death, as compared to control spheroids (Figure S21A),
showing CTF values in the range between 3x107 and 5.5x107
a.u. In contrast, addition of Au@MEMC or (MEMC)2 caused an
increase in the detected values of the “dead” cell marker, and
CTF values increased to 9.5 - 17x107 a.u. To ensure that the
increase in fluorescence signal was not due to differences in
spheroid size, the area at the given z-height was measured and
shown to be similar for all samples (see SI, Figure S21B). The
experiments were repeated using the luminescence cell
viability kit, with similar results. Exposure of spheroids to
drug-free nanoparticles did not affect cell viability, as indicated
by high luminescence values, whereas Au@MEMC and
compound 5 significantly decreased the luminescence readout
(Figure 3B). Whilst in this instance a moderate but non-
significant size-dependent behavior was noted, when we
repeated the experiment with larger spheroids of
approximately 600 um this size-dependent effect was more
pronounced (SI, Figure S22).

>

Without MEMC

W without MEMC

Bl Without MEMC With MEMC

Luminescence (RLU, x10%)

Control Au2 Au5 Au14

Figure 3. (A) Live/dead staining of MDA.MB.231:HDF
spheroids showing the penetration of cytotoxic MEMC,
delivered with or without NPs (final MEMC concentration was
0.5 uM with a 48h exposure to spheroids). Images were taken
at the same z-height in the spheroid. Dead cells stain red due to
the uptake of “dead cell fluorophore”. Live cells stain green due
to the presence of a cell permeable “live cell fluorophore”,
which is not expressed in dead cells. (B) Cell viability of
spheroids incubated with nanoparticles, with and without
MEMC, measured using the 3D-Glo luminescence viability
assay (Promega). Statistical testing (2-way ANOVA with
Bonferroni post-test) showed all MEMC-containing conditions
to be significantly different (p<0.0001) to their non-MEMC
containing counterpart.

We finally carried out a detailed investigation of the ability of
Au NPs with different sizes to penetrate into the cell spheroid

volume. We therefore quantified confocal reflectance
microscopy images (see details in SI, Figure S23) and
supported our findings with transmission electron microscopy
of ultramicrotomed sections from the spheroids. Spheroids
were incubated with Au@MEMC nanocarriers for 48h and a
confocal microscope in reflection detection mode*”48 was used
to obtain confocal images of the spheroids at the same z-height.
A 633 nm laser line was used, and light reflected by the
presence of Au NPs was captured by the detector, which could
be treated and quantified in the same way as fluorescence
intensity or darkfield microscopy images usually are. We used
a self-developed macro in Image]© to calculate the distance
from the outer edge in which the reflection intensity decreases
significantly, based on Gaussian Curve fitting (see
Experimental for further details). As can be seen in Figure S23B,
we registered a size-dependent effect on the penetration depth,
the smallest nanoparticles reaching a depth of approximately
70 um from the spheroid outer edge, whereas the larger 14 nm
nanoparticles could penetrate down to approximately 40 pm.

To validate these results, we measured the maximum
nanoparticle penetration distance within the spheroids using
TEM analysis. The limited resolution and contrast of the
technique for this type of samples allowed us to obtain a
reliable analysis for the spheroids exposed to the 14 nm and 5
nm NPs, but not for the ones exposed to 2 nm NPs. For the
largest NPs (Aul4@MEMC) we can readily detect the presence
of Au NPs inside cells located in the outer 30 um rim, but as we
move further inside the spheroid a lower number of
nanoparticles was detected (Figures 3A, S24, S25). These
results are in good agreement with our reflection
measurements (Figure S23) and previously reported data.’ In
this work we used cationic NPs bound to the DNA-alkylating
drug by an excisable bond that is cleaved after the NP
conjugates enter the cell, releasing the free drug. As a result,
NPs of any size can be cytotoxic, even if they release the drug
only in the cytoplasm, as it can then diffuse toward the nucleus
in free form.

For spheroids exposed to 5 nm nanoparticles we were only able
to detect small aggregates of nanoparticles due to the limited
resolution and contrast of the TEM analysis. Notwithstanding,
by scanning the spheroid from the outer edge we were able to
detect aggregates of 5 nm nanoparticles up to a distance of 60
- 80 um, in agreement with the results obtained via reflection
microscopy (SI, Figure S25).

s

Figure 4. (A) TEM image of an ultramicrotomed spheroid slice,
indicating cells which show (green ticks) or not (red crosses)
the intracellular presence of Aul4@MEMC. Images in the lower
panel show higher magnification views of the cells. High
magnification images of all indicated cells are shown in the SI.
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(B) TEM image indicating approximate NP penetration
distances from the outer spheroid edge.

Quantitative ICP-MS analysis confirmed a higher content of Au
NPs inside spheroids for the smaller A u2Z@MEMC (SI, Figure
S26). The data obtained in the 2D model revealed that the
cellular uptake of NPs is proportional to their size (Figure S16),
therefore the ICP-MS results obtained with 3D models must be
considered as an indication of the higher tumor penetrability of
the smaller NPs, rather than a measurement of cellular uptake.
In fact, by comparing the cellular uptake of MEMC in 2D models
and 3D models, we can get a rough quantification of the size-
dependent penetrability. This comparison (Figure 5) indicates
that the tumor penetrability of Au2Z@MEMC is 5-fold greater
than 14 nm NPs and 4-fold better than 5 nm NPs.

A B 2D @& 3D B

ke

60 [} Relative (uptake in
— 50 uptake of 3D model)
g 40 MEMC / (uptake in
£ 20 p— - 2D model)
% model model
& 157 2 1 1 1
3
g 101 v 5 11 3 0.27
w
= 59 : 14 86 17 0.20

Au2 Au5 Aul4

\Figure 5. (A) Size-dependent uptake of MEMC (nmol) in
MDA.MB.231cells, determined from ICP-MS analysis in both 2D
and 3D models. (B) Relative uptake of MEMC in both cell
culture models. An arbitrary value of 1 was assigned to the
uptake of 2 nm nanoparticles in both models. 2-way ANOVA
with Bonferroni post-test was used to determine any
significant differences which, unless shown otherwise, were
calculated against the equivalent Au14 NP condition (2D or 3D)
(*p< 0.05, ***p< 0.001, ***p< 0.0001).

The ICP-MS data obtained in the 3D model, together with the
cytotoxicity data, also allowed us to determine the size-
dependent cytotoxicity adjusted for internalized MEMC, in
analogy with the analysis discussed above for the 2D model
(Table 1). The results from the 3D model are in excellent
agreement with those obtained previously in the 2D model.
They confirm that, after internalization, MEMC bound to 2 nm
NPs is about 20 times more cytotoxic than MEMC bound to 14
nm NPs (Table 2).

Table 2. Relative cytotoxicity of differently sized nanoparticles
in 3D spheroids composed of MDA.MB.231 and HDF cells,
normalized to MEMC uptake. An arbitrary value of 1 was
assigned to 14 nm nanoparticles. The uptake of MEMC was
calculated using the measurements of Au uptake by ICP-MS
(Figure S26) and the calculations of drug payload (see
Experimental and Table S4). The relative cytotoxicity was
determined from data shown in Figure 3B.

Core MEMC Relative Relative Relative
size internalized Cytotoxic cytotoxicity cytotoxicity
(nm) per cell ity per per
(nmol) internalized internalized
MEMC MEMC
(3D model)) (2D model)
2 0.92 1.6 24 21
5 2.74 1.0 5 3

Bioconjugate Chemistry

14 15.91 1.1 1 1

By using 3D tumor models we showed that the smallest NPs can
penetrate more deeply in tumor spheroids than larger Au5 and
Aul4 NPs, confirming previous observations of an inverse
relationship between size and tumor penetrability.®4° Spheroid
penetrability was determined by using a label-free technique,
reflectance imaging, developed during this work to map the
distribution of Au NPs within the spheroids. In the next
transport event, after the NPs penetrate deep into the tumor,
their cellular uptake takes place. We found that MEMC uptake
increases with size, so that the largest NPs (14 nm) internalize
84-fold more drug than the smaller ones, in agreement with
previous research showing that optimum cellular uptake of
cationic NPs is achieved with sizes ranging from 10 to 50
nm.324050 [n the final transport event, NPs must transport their
payload to the nucleus where DNA, their biological target, is
located. We compared the amount of internalized drug with the
cytotoxic effect for each NP size, finding that 2 nm NPs are 20
times more efficient than 14 nm NPs in this transport event. We
attribute this higher efficiency to the known ability of 2 nm NPs
to reach the cell nucleus, a property that was confirmed by
visualizing the intracellular location of the different NPs using
TEM.

CONCLUSIONS

By dissecting the size effects into three transport stages (3D
interstitial, cellular and nuclear transport), we provide
evidence that, even though conjugates of all sizes are similarly
cytotoxic, different effects are behind the cytotoxicity for each
NP size. Cellular uptake of MEMC from Aul4 cationic NPs is
significantly more efficient than from smaller Au2 and Au5 NPs,
but as these Au14 NPsare unable to reach the nucleus, they can
only unload the drug in the cytoplasm. Only a fraction of this
load will reach the nucleus, but efficient uptake ensures that
enough MEMC reaches the DNA target. Smaller cationic Au2
NPs provide lower MEMC uptake, but as it is partly unloaded in
the nucleus, local accumulation of free drug close to the target
DNA occurs which results in a higher level of cytotoxicity than
what would be expected for their limited drug uptake.

EXPERIMENTAL

Materials and Methods. Mitomycin C (in NaCl) was from
Sanofi-Aventis and was desalted by liquid-liquid extraction
(CH,Cl,/H,0) before use. Other chemicals were purchased as
reagent grade from Sigma-Aldrich and used without further
purification. NE-PER Nuclear and Cytoplasmic Extraction Kit
were purchased from Thermo. Mitomycin A5! and (MEMC),*°
were prepared as reported. UV-Vis spectra were measured in
an Agilent 8453 UV-Vis diode-array spectrophotometer.
Transmission electron microscopy (TEM) images were
obtained in a JEOL JEM-2100F electron microscope, at an
acceleration voltage of 200 kV. Samples for TEM analysis were
prepared by adding a single drop (2 puL) of the aqueous solution
(ca. 0.1 mg/mL in milliQ water) of gold nanoparticles onto a
copper grid coated with a carbon film (Electron Microscopy
Sciences). The grid was left to dry in air for several hours at
room temperature. Zeta potential measurements were
performed in a Malvern Zetasizer 3000 HS particle size
analyzer (Malvern Instruments, UK). Cell microscopy
experiments were carried out using a Zeiss 880 Confocal
Fluorescence microscope using Ibidi clear-bottomed 96-well
microscopy plates. Milli-Q water (resistivity 18.2 MQ-cm at 25
°C) was used in all experiments. ICP-MS measurements were
performed on a Thermo iCAP Q ICP-MS (Thermo Fisher
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Scientific GmbH, Bremen, Germany). A ASX-560 autosampler
was coupled to the ICP-MS (CETAC Tech, Omaha,NE, USA).

Synthesis of N-(2-
((carboxymethyl)disulfanyl)ethyl)mitomycin C (5).
Triethylamine (4 pL, 29 mg 0,03 mmol) and 2-(2-
pyridinyldithio)ethanamine - HCl (5 mg, 0.024 mmol) were
added to a solution of mitomycin A (7 mg, 0.020 mmol) in
MeOH (0.5 mL). The mixture was stirred at 25 °C, following the
conversion of mitomycin A to a blue compound of lower
retention factor (Rf) by thin-layer chromatography (TLC) (SiO,
5% EtOH in CH2CI2). When the disappearance of mitomycin A
was observed (3 - 4 hours), sodium thioglycolate (3 mg, 0.025
mmol) and triethylamine (3 uL, 2 mg, 0,02 mmol) were added
to the reaction mixture and stirred for 15 min. The mixture was
poured over 15 mL of 0.1 M phosphate buffer (pH 7.1) and
extracted with CHCl3; (2 x 10 mL) to remove 2-
mercaptopyridine. The aqueous phase was concentrated by
rotary evaporation to remove residual organic solvents. The
resulting blue solution was purified in two batches using 500
mg C-18 cartridges (Sep-pak, Waters). The cartridges were
pre-washed with ACN and water, the aqueous extract of the
reaction mixture was then loaded, washed with water and the
compound eluted with 10% ACN in water. The solution was
lyophilized to yield 5 as a blue solid (5.5 mg, 0.011 mmol, 55 %
overall yield). 'THNMR (D;0) & (ppm): 2.00 (s, 3 H, CH3-C7); 3.01
(t, 2 H, J=6.4 Hz, CH,CH,S); 3.04 (m, 1 H, C(2)H); 3.08 (m, 1 H,
C(1)H); 3.26 (s, 3 H, OCH3); 3.40 (s, 3 H, SCH,COOH); 3.60-3.64
(m, 1 H, C(9)H); 3.65 (app. dd, 1 H, J=4.6, 10.7 Hz, C(3)H,); 4.02
(t, 2 H,]J=6.4 Hz, CH,NH); 4.25 (app d, 1 H, J= 13.9 Hz, C(10)H.,);
4.39 (app t, 1 H,J=11.0 Hz, C(10)Hy); 4.63 (app. dd, 1 H, ]=4.3,
10.6 Hz, C(3)H,) (Figure S2 and S3). HRMS (ESI+) 485.1103
([M+H]*, calcd 485.1165) 507.1039 ([M+Na]*, calcd 507.0984)
4241008 ([M- NH0CO7]*, caled 424.0926) 991.1971
([2M+H]*, caled 969.2251) 991.1891 ([2M+Na]*, calcd
991.2071) (Figure S4 and S5). UV-vis (H;0) A max (€) 376
(20000 M-tcm!) and 593 nm (Figure S6).

Synthesis of Au@PEG-NH; Nanoparticles. Au2@PEG-NH;: A
solution of SH-PEG3000-NH; (22 mg, 10.8 umol, 3 equiv) in H,0
(1.2 mL) was added to a solution of tetrachloroauric acid (1.4
mg, 3.6 umol, 1 equiv). An aqueous solution of NaBH, (38 mM,
90 uL, 3.42 pumol) was added in small aliquots under rapid
stirring. The dark-brown suspension obtained was further
stirred for 2 h and incubated at 4 °C overnight. Purification was
performed by centrifugal filtration with Amicon filters (10 KDa
MW(CO), washing with water until Au NPs were free of starting
material (absence of signals from PEG moieties in 'H-NMR
spectroscopy in the washings). Au NPs were finally
concentrated to a volume of 0.5 mL of water to be used for
conjugation with mitomycin C derivative (5). AuS@PEG-NH;
and Aul4@PEG-NH, were prepared by surface
functionalization with the bifunctional ligand SH-PEG¢9o-NH;
from the corresponding Au5@citrate NPs®2 and Aul4@citrate
NPs.3¢ Briefly, 167 pL of a 10 mg/mL aqueous HS-PEG-NH,
solution was added to 5 mL of an aqueous dispension of
AuS@citrate or Aul4@citrate nanoparticles (0.46 mM). The
reaction mixture was vortexed immediately and subsequently
incubated at 4 °C overnight. AuS@PEG-NH; and Aul4@PEG-
NH;, were washed and purified by filter centrifugation (10 KDa)
three more times and then used for conjugation with
mitomycin C derivative (5).

Synthesis of Au@MEMC nanoparticles. A solution of 5, NHS
(150 mol%), and EDC (150 mol%) in 50 mM MES (pH 6.4) was
stirred at 25 2C, for 15 minutes. The final concentration of
activated 5 was 3 mM. A two-fold molar excess of activated acid
5, relative to the theoretical amount of NH, groups present in

the H,N-PEG-S-NP solution, was used for the coupling reaction.
The solution of activated 5 was added to the NP solution and
the resulting mixture was stirred for 24 h. The modified NPs
were purified using centrifugal filters with a MWCO of 50 kDa
(for 5 nm and 14 nm NPs) or MWCO 10 kDa (for 2 nm NPs), as
follows: The reaction mixtures were diluted to 4 mL with water
(for 5 nm and 14 nm NPs) or MeOH/H,0 1:1 (for 2 nm NPs),
loaded onto the filter and centrifuged until the volume was
reduced down to 200 - 400 pL. The concentrated NP solutions
were diluted again to 4 mL and centrifuged. This process was
repeated until the filtrate showed no presence of the
mitomycin chromophore when analyzed by UV-vis
spectroscopy (usually five washes were needed). The yields of
the coupling reaction were 12% for of A uZ@MEMC, 15% for of
Au5@MEMC and 10% for of Aul4@MEMC, as calculated from
the drug payload determined by UV-vis spectroscopy (vide
infra).

Quantification of drug payload. The amounts of drug loaded
onto Au@MEMC were quantified using UV-vis spectroscopy
and HPLC. Quantification by UV-vis was performed by
subtracting the spectrum of Au@PEGNH, from that of
Au@MEMC. The concentration of MEMC was calculated from
absorbance measurements at 376 nm, using an extinction
coefficient of 20000 M-lcm.

Quantification of the concentration of nanoparticles. The
concentration of Au@MEMC nanoparticles was quantified
using UV-vis spectroscopy. This measurement was performed
with the UV spectrum of Au@PEGNH2 used as subtracted in the
experimental protocol described above. The concentration of
nanoparticles was calculated using the absorbance at 506 nm.
The extinction coefficients were calculated with a function
generated from published data,>® and they were as follows: ¢
(Mtcm) 4.74-10% (2 nm), 9.96-10° (5 nm) and 3.05-108 (14
nm).

Quantification of the number of MEMC molecules per
nanoparticle. The data from the two quantification
experiments described above was used to calculate the number
of MEMC molecules per nanoparticle. The results were as
follows: (number of MEM molecules) 30 (2 nm), 224 (5 nm),
1400 (14 nm).

Release of MEMC or its metabolites from Au@MEMC. A
solution of Au@MEMC was treated with disulfide-reducing
agents (DTT, GSH or TCEP), incubated for at least 2 hours, and
analyzed by LC/MS. The identity of some of the peaks observed
in the chromatograms was determined by UV-vis spectroscopy
and ESI-MS. Samples treated with DTT showed the release of
MEMC (5). Samples treated with GSH gave MEMC (5): HRMS
(ESI+) 395.1051 ([M+H]*, calcd 395.1389) 417.0854 ([M+Na]*,
calcd 417.1209) 334.0915 ([M- NH20CO]*, calcd 334.1220)
302.0665 ([M - NH20CO - CH30H]*, calcd 302.0958) 811.1819
([2M+Na]*, caled 811.2520). UV-VIS (H20) Amax 376 nm; (11)
HRMS (ESI+) 611.1942 ([M+H]*, caled 611.1958). Samples
treated with TCEP gave 4 major peaks. Data for the peak at 2.4
min (12 or 13): HRMS (ESI+) 570.1852 ([M]*, calcd 570.1670).
Data for the peaks at 8.0 and 8.3 min (14). HRMS (ESI+)
552.1744 and 552.1760 ([M]*, calcd 552.1569).

Analysis of NP cytotoxicity in 2D cell cultures. The human
breast cancer cell line MDA.MB.231 and human dermal
fibroblasts (HDF) (purchased from ATCC and Invitrogen
respectively) were grown in DMEM media supplemented with
10% fetal bovine serum (FBS) (both Invitrogen). Cells were
routinely checked for mycoplasma presence using the
MycoAlert assay (Lonza). 10,000 MDA.MB.231 and HDF
cells/well were plated separately in 96-well plates and allowed
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to adhere. The following day the cell media was replaced with
100 pL of serially diluted solutions of NPs, with (Au@MEMC
conjugates) and without MEMC (Au@PEGNH,), added at a
starting highest MEMC concentration of 2.5 uM MEMC or
equivalent Au concentration in samples without MEMC.
Samples were incubated for 24 h at 37 °C and the cell viability
determined using the MTT assay (Roche), reading the
absorbance at 550 nm.

Cell uptake Inhibition Study. MDA.MB.231 and HDF cells
lines were plated at 1x10* cells/well (1x10° cells/ml) and
allowed to adhere overnight. Chloropromazine (30mM stock,
added at a final concentration of 7.5 pM), Cytochalasin D (4 mM
stock, added at a final concentration of 1 pM), and Methyl-beta-
cyclodextrin (stock 100 mg/ml, added at a final concentration
of 2 mg/ml) inhibitors were added to cells in FBS-free DMEM,
100ul/well. After 30 min, 50 pL of each inhibitor was removed
and replaced with the different sized Au NPs (1 uM solution in
FBS-containing DMEM). The final concentration of NP with the
cells was therefore 0.5 pM, once the dilution with the inhibitor
was taken into account. NPs were left in contact with the cells
for 4h, followed by removal of the supernatant, washing with
PBS, and cell dissociation from the plate using trypsin. Both the
cell supernatant (containing non-uptaken NPs) and the cell
pellets (containing uptaken NPs) were analysed using ICP to
determine the amount of AuNPs present.

Fragmentation of Cell Nuclei and Cytoplasm and ICP
quantification. MDA.MB.231 cells were plated in 24-well
plates at a concentration of 8x10* cells/mL, 500 pL/well. Cells
were allowed to adhere overnight. Media was replaced with
300 pL of NPs (final concentration 0.5 pM). After 6h,
supernatants were removed and stored on ice, and cells were
dissociated with Trypsin from the plate and each NP containing
well was pooled with a non-NP containing well to increase the
cellular mass. The cells were washed with PBS (500 g, 4 °C,
5min) and then the initial part of the NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo) was followed. Briefly, the
cell cytoplasm and nucleus were separated using the
aforementioned commercial reagents with centrifugation at
16,000g. Samples were stored on ice between washes. Both
nuclei and cytoplasm were processed for ICP-MS analysis.

Quantitative analysis of NP cytotoxicity in 3D cell cultures.
Spheroids were produced using round-bottomed ultralow
attachment 96-well microplates (Corning). MDA.MB.231 and
HDF cells were suspended in DMEM media containing 5% FBS
and combined at a ratio of 1:2 (cancer:fibroblast). 200 puL of
mixed cells were seeded in the microplates (3120 cells/well),
and the spheroids were left to form undisturbed over 48h. To
add the Au@MEMC conjugates NPs, media was replaced with
100 pL of NPs in 5% FBS/DMEM, added at a final MEMC
concentration of 0.5 uM or equivalent Au concentration in
samples without MEMC. Spheroids were left undisturbed for 48
h at 37 °C. To determine the cell viability, spheroids were
gently washed with media and transferred to white walled
microplates. An equal volume of CellTiter-Glo 3D cell viability
solution (Promega) was added and the plate shaken for 5 min
followed by a 25 min period without shaking, at RT. The
luminescence was read using a 1 s integration time.

Fluorescence microscopy of NP treated spheroids. Visual
determination of the cell viability was conducted using
spheroids grown and treated with NPs as described above.
After a 48 h incubation period, spheroids were washed and
stained with Live-Dead Cell Staining kit (Abcam; a mix of
Propidium iodine and propriety live marker). The spheroids
were observed using a confocal fluorescence microscope (Zeiss
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880), with excitation lasers at 488 nm and 561 nm (live and
dead fluorophores respectively). All images were taken at the
same z-height (80 pm) using a 20x objective (0.8 N.A). The area
of the spheroids at this z-height was calculated to control for
differences in fluorophore penetration that may occur due to
the spheroid diameter. Image acquisition and post processing
was identical for all spheroids and included a 3-pixel median
filter. To quantify penetration of propidium iodide in the
spheroids a region of interest (ROI) was drawn from that raw
images and the corrected total fluorescence (CTF) calculated.

Quantification of NP uptake by spheroids. ICP-MS,
reflectance microscopy and TEM were used to quantify NP
uptake in spheroids, as described below.

Reflectance Microscopy: The same live-dead stained spheroids
were used (see above). After taking images showing the
penetration of dead-stain into spheroids, the spheroids were
fixed using 4% formaldehyde (15 min RT) and mounted on a
glass slide with double sided sticky tape to create a small
chamber. Samples were viewed using a Zeiss 880 confocal
scanning microscope equipped with a 10x objective (NA, 0.45)
and reflectance images obtained using 633 nm excitation with
a 38 um pinhole, and a 23 nm detector window set from 622 to
645 nm. Images taken at the same z-height were compared (to
do this we selected images of the same z-height from the
maximum reflection obtained, relating to the reflection of the
glass slide). All images were acquired using the same settings
(1024x1024 pixels, 4985 pm x 4985 um, 16-bit,
10.07s/frame). Images were then processed using self-
developed routines for the NIH free provided software
Image]©.5* To do so, radial profiles of reflection signal intensity
vs. pixel distance from the center of the spheroid were acquired
at 52 intervals. The radial profiles for each spheroid where
averaged together; the approximate radius of each spheroid
was measured and background values lying outside of the
spheroid were removed (usually ~ 300 pixels measured from
the center). Assuming a normal distribution of the particles, the
values were fitted to a Gaussian curve (see equation below),
and based on the distribution, the initial 10 - 20 pixels (relating
to the center of the spheroid) were removed if they did not fit
with the curve. Formula: y = a + (b-a)*exp(-(x-c)"2)/(2*d"2))
The value of c - d (center of the peak, ¢, minus the standard
deviation, d), subtracted from the average spheroid radius, was
assumed to represent the average maximum distance that the
NPs had penetrated from the spheroid edge. These values were
translated into microns using the scale in the original image
(1024 pixels = 498.46 um). Due to differences in the maximum
intensity of the reflection between spheroids, all samples were
normalized to the change in the minimum and maximum
intensity of the non-NP containing spheroids.

TEM: Spheroids were also analyzed by TEM to determine the
ability of the different sized NPs to penetrate inside the
spheroids. For ease of handling, larger spheroids were made
with 4 times larger number of cells (12,500 cells/well). All
other conditions remained the same (spheroid growth time, NP
concentrations, incubation time, etc.). After 48h incubation of
spheroids with Au NPs, with (Au@MEMC conjugates) and
without MEMC (Au@PEGNH,), spheroids were washed with
Sorensen’s buffer (0.1 M) and fixed with a 2% formaldehyde /
2.5% glutaraldehyde solution in Sorensen’s buffer, initially for
10 min at RT, followed by replacement of the fixing solution
and incubation at 4 °C for 4h. Samples were washed with
Sorensen’s buffer, stained with 1% 0sO4, dehydrated and
embedded in Spurr’s resin. Once polymerized, 80 nm slices
were cut using an ultramicrotome. Samples were imaged using
TEM (JEOL JEM-1400PLUS, 40-120 kV). In order to detect 2nm
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Au NPs in cells, silver enhancement was used on post-
embedded samples following the manufacturer’s protocol
(Aurion R-Gent SE-EM; Aurion, The Netherlands).

ICP-MS: ICP-MS analysis was conducted using spheroids made
using the same method described above for 2D uptake studies.
Spheroids were left to form undisturbed for 48h, followed by
replacement of the existing medium with NP-containing
medium. NPs were added at a final concentration of 5 uM and
incubated for 48 h. To process the samples, free NPs were
removed by washing the spheroids with PBS, and the spheroids
were transferred to Eppendorf tubes containing 200 pL PBS
and frozen overnight. These cell samples were then digested in
aquaregia (3:1 HNO;3 / HCl, v/v) for 24 h, diluted with 2% HNO3
and then subjected to ICP-MS analysis.
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