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The impact of nanoparticle surface chemistry on cell interactions and especially cell uptake has become evident over the

last years in nanomedicine. Since PEG polymers have proved to be ideal tools to attain stealthiness and favor escape from

the in vivo mononuclear phagocytotic system, accurate control of their geometry is of primary importance and can be

achieved through reversible addition-fragmentation transfer (RAFT) polymerization. In this study, we demonstrate that the

residual groups of the chain transfer agents (CTA) introduced in the main chain exert significant impact on the cellular

internalization of functionalized nanoparticles. High-resolution magic angle spinning *H NMR spectroscopy and fluorescence

spectroscopy permitted by the magneto-fluorescent properties of the nanoassemblies (NAs) reveal compaction of the PEG

comb-like shell incorporating CTAs with a long alkyl chain, without changing the overall surface potential. As a consequence

of the capability of alkyl units to self-assemble at the NA surface while contributing to hardly more than 0.5 % to the total

polyelectrolyte weight, denser PEGylated NAs show notably less internalization in all cells of the tumor microenvironment

(tumor cells, macrophages and healthy cells). Interestingly, such differentiated uptake is also observed between pro-

inflammatory M1-like and immunosuppressive M2-like macrophages, the latter phagocytizing more efficiently NAs coated

with a less compact PEGylated shell. By contrast, the NA diffusion inside multicellular spheroids, used to mimic solid tumors,

appears independent on the NA coating. These results provide a novel effort-saving approach where the sole variation of

the chemical nature of CTAs in RAFT PEGylated polymers strikingly modulate the cell uptake of nanoparticles upon

organization of their surface coating, and open the pathway toward selective addressing of macrophage populations for

cancer immunotherapy.

1. Introduction

The production of nanometer-sized multifunctional nanomaterials
has stimulated tremendous attention for their ability to provide
reliable diagnostics upon crossed bioimaging techniques, reduce
treatment side-effects upon selective targeting, and combine
chemotherapeutic agents with tracers to finely track or stimulate
drug delivery.’* In order to face the complexity of biological media,
various synthesis guidelines, based on thorough physicochemical
investigations, have emerged regarding the nano-object size,>”
shape,®10 surface functionalization,! elasticity’?>?® and surface
charge,’® known to rule the nanoparticle-cell interactions. In this
respect, the surface charge of nanoparticles was found to
considerably impact their cell entry capability and in vivo fate due to
activation of the mononuclear phagocytic system, conducting to fast
clearance from the bloodstream.> For this reason, neutral coatings
provided by hydrophilic poly(ethylene glycol) (PEG) chains,'®17 as
well as zwitterionic ligands,”1820 have been developed and are
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nowadays indisputably recognized to provide long circulation time by
repelling from their surface opsonins, facilitating phagocytosis for
fast nanoparticle clearance. Numerous investigations have thus been
carried out to rationalize the effect of the PEG chain length and
morphology on the shell compacity to cite only a few.17.21-23 |Indeed,
the latter regulates the adhesion of proteins from serum and
blood,?*27 controls the rate of internalization in cancer cells,?8-30 and
impacts the contrast efficiency in magnetic resonance imaging by
influencing the diffusion and retention time of water molecules near
the paramagnetic or superparamagnetic nanomaterials.31-33 In this
context, controlling the polymer structure has become of utmost
importance, which can be achieved by adopting controlled radical
polymerization reactions. Among them, the reversible addition-
fragmentation transfer (RAFT) process has appeared particularly
attractive for its easy access to amphiphilic polymers using water-
soluble macromonomers with a high structural control.3* RAFT
polymerization usually implies vinylic monomers as well as a chain
transfer agent (CTA) whose chemical nature is chosen as a function
of the reaction solvent, the monomer reactivity and the possibility of
cleavage for ulterior (bio)functionalization (Fig. 1).3° A large panel of
RAFT CTAs is thus available and all generic structures incorporate a
labile R group contributing to reinitiating the chain growth and a
fixed Z-activating group.3® Both groups are located at the terminal
ends of the polymer chain, namely R at the a position after a multiple
sequence of addition-fragmentation steps, and Z at the ® position
through a fixed C-C bond. Surprisingly, the potential influence of their
chemical nature on cell interactions has aroused very little
consideration. This is in strong contrast with the specific care taken
to vary the charge of the monomeric units by incorporating anionic
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or cationic units, which induces the formation of distinct protein
coronae due to the differentiated adsorption of proteins present in
the plasma or cell cytofluid.3”-38 And yet, a recent report showed
distinct behaviors in terms of MRI contrast and cell uptake for two
series of anionic magneto-fluorescent superparticles, displaying both
a comb-like PEGylated outer shell but differing by their synthesis
process (classical versus RAFT polymerization) and the presence of a
Z group comprising a long alkyl chain.?® To go a step further, we want
to show herein that fine structural tuning of the hydrophobic Z group
can induce noteworthy differences in the dynamics of cellular
internalization not only by cancer cells but also by cells from the
tumor microenvironment including macrophages and primary
healthy cells, which represents a high stake due to the considerable
regulation role played by macrophages on cancer development.*®
With this aim in mind, two models of thoracic cancers were
employed comprising malignant pleural mesothelioma (MPM), a
particularly aggressive cancer related to asbestos exposure facing
terrible therapeutic standoff, and lung adenocarcinoma, a leading
cause of death worldwide.***2 Structural investigations of the
polymer coating permitted by *H NMR and high-resolution magic
angle spinning (HR-MAS) protocols shine light on the spatial
organization in water of the PEGylated polyelectrolytes at the nano-
object surface. Besides quantitative assessment of the coating
density, such studies will help to establish tight relationships
between the microscopic arrangement of the polymers at the
nanoparticle surface, and the macroscopic biological behaviors of
the nanoparticles, by taking advantage of their fluorescent and
magnetic properties. We will especially study the differentiated
internalization efficiency of nanoparticles in malignant cells, grown
as monolayers and as 3D multicellular tumor spheroids mimicking
solid tumor, and their long-term fate. Finally, with the prospect of
systemic injection for cancer treatment, a commonly applied
protocol in clinical transfer, we push forward the nanoparticle
internalization evaluation in monocytes and lymphocytes, largely
present in blood, and in macrophages and primary mesothelial cells,
present in the tumor microenvironment. All these unified studies
should open attractive pathways toward cancer treatments based on
cleverly designed drug nanocarriers with discriminating capabilities
of cell internalization.

2. Results and discussion

2.1 Modular synthesis of magneto-fluorescent nanoassemblies
with distinct RAFT polyelectrolyte coatings

Magneto-fluorescent nano-architectures**%¢ have showed to be
particularly attractive to evaluate or manipulate®’-*® the biological
interactions of nano-objects with low-radiation risks and high-
resolution imaging tools like fluorescence microscopy imaging and
magnetic resonance imaging (MRI).#52 Their bimodality enables
easily implementable cellular and in vivo investigations, facilitating
the transfer from bench to animal studies. In this context, for several
years, we have developed core-shell nanoassemblies (NAs) that
advantageously comprise a bright organic core made of self-
assembled hydrophobic fluorophores, surrounded by a compact
magnetic shell of superparamagnetic iron oxide nanoparticles
(SPIONs).#453 Simultaneously, the high magnetic payload creates
large surface magnetic inhomogeneity, generating a tenfold increase
in MRI contrast compared to those recorded with single isolated
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magnetic nanoparticles.>* The modular and strajghtforward
synthesis of these bimodal nanoassemblies i&B4AsEd!fiFsY BH\HETIAZA
nanoprecipitation of fluorescent organic nanoparticles (FONs) in an
acidic dispersion of SPIONs that spontaneously cover the FON
surface thanks to the chelating phosphonic moieties of the
precipitated fluorophores endowed with high affinity toward iron
oxides.>>>” In a second step, the addition of carboxylate
polyelectrolytes anchoring the outer magnetic shell affords NAs with
large colloidal stability in water and saline media, insignificant
toxicity effects, as well as access to further bioconjugation when
required.> Thus, the “onion-like” NA construction allows us to easily
vary the nature of the added polyelectrolytes, and explore the
incidence of their chemical structure on cell uptake efficiency and
kinetics over a large panel of cells that intervene in the blood
(monocytes and lymphocytes) as well as in the tumor
microenvironment (tumor cells, macrophages and primary healthy
cells). In order to probe the biological effects caused by fine
structural changes at the nanoparticle interface, two anionic
PEGylated polyelectrolytes P2 and P3 were synthesized by resorting
to RAFT controlled radical polymerization process, highly praised for
the production of biocompatible polymers with narrow size
distributions (Table 1, Fig.1).

A RAFTCTA
5 z HOOC SCqaHzs
R
T 758
PEG
P1
n

CO;H CN 72 g (SJPEG

B NA-P1

D, =167 (0.18) nm Dz = 154 (0.12) nm

D; = 221 (0.31) nm

Fig. 1 A) Generic structure of RAFT charge transfer agent with R and Z designating the
labile and activating groups, respectively, and structure of the polyelectrolytes P1 and
P2-P3 serving as external coating of the magneto-fluorescent nanoassemblies (NAs)
through their carboxylic acid units existing as carboxylate in water. B) Schematic
structures of the nanoassemblies NA-Px (x = 1, 2, 3) and hydrodynamic diameter D, (PDI)
on the basis of *H HR-MAS spectroscopic, DLS and photophysical analyses (for sake of
clarity, the PEG chains are not represented at the front of the nanoassemblies; the
extension of the solvation shell provided by DLS measurements is depicted as a blue
disk).

The length of the targeted poly(methacrylic acid) (PMAA) main chain
was chosen close to that of the polyacrylate P1, serving as a relevant
biocompatible model to evaluate the stealthiness conferred by the
presence of comb-like PEG chains on P2 and P3 (see Supporting
Information — part 3). Their PEGylation density was kept identical.
Hence the P2 and P3 structures only differ in their terminal units as
a result of the incorporation of distinct RAFT transfer agents, namely
a trithiocarbonate comprising a dodecyl chain, and a dithiobenzoate
comprising a phenyl unit respectively. The choice for both these RAFT
CTAs was motivated by their purely hydrophobic character and their
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similar reactivity toward the water-soluble MAA monomer and
MAPEG macromonomer. The presence of the trithiocarbonate and
dithiobenzoate Z groups was confirmed by UV-vis absorption
spectroscopy in water, evidencing their typical mr* transitions
around 300 and much weaker nzt* transitions around 450-500 nm,
the latter being responsible for the pale yellow and pink colors
noticed for P2 and P3 respectively (Fig. S1).

Table 1 Structural parameters of the polyelectrolytes Px (x = 1, 2, 3) coating the surface
of the magneto-fluorescent nanoassemblies NA-Px.

M

Polyelectrolyte (g.monl'l)a ne p¢ y
P1 1.8x103 n.a. 24 0 1
P2 3.99x10* 1.30 30 43 0.8
P3 2.87x10*  1.20 25 43 0.8

2 Determined by SEC analyses using DMF as the solvent; D designates the polymer
dispersity determined by SEC. ® n = theoretical degree of polymerization, with n =
(IMMA], + [MAPEG],) / [CTA]o. ¢ p = degree of polymerization calculated from the
molecular weight of the commercially available PEG macromonomers. ¢ y = molar
fraction of MMA and MAPEG monomers used in the synthesis and theoretical molar
fraction for quantitative conversion, with y = [MMA], / ((MMA], + [MAPEG],).

Here, the formation of RAFT homopolymers can be ruled out. On the
one hand, if poly(methacrylic acid) were formed, its low average
molecular weight would be incompatible with SEC characterizations.
On the other hand, the formation of pegylated poly(methacrylate)
could not lead to complexation of the magneto-fluorescent NAs due
to the absence of chelating carboxylate moieties.

All resulting NA-Px (x = 1, 2, 3) showed a raspberry-like architecture
with a hydrodynamic diameter D, (also called intensity Z-averaged
hydrodynamic diameter) around 150-230 nm as measured by
dynamic light scattering. Due to the loss of the hydration sphere
under vacuum, smaller dry diameters Dy, around 70-80 nm are
systematically measured by transmission electron microscopy (TEM)
(Fig. 2, Table 2).3° The lower negative ¢ surface potentials measured
at-12 mV for NA-P2 and NA-P3 compared to -44 mV for NA-P1 stems
from the lower amount of methacrylate units on the main chain due
to the incorporation of PEGylated macromonomers in a 20 % ratio
with regard to the methacrylate monomers. As reported later, such
values do not prevent the nanoassemblies from being internalized in
cells, although a longer time (6 to 24 h) was required than that
usually reported (~1 h) for positively charged nanoparticles. This also
ensures low cytotoxicity effects due to weak electrostatic
destabilization of the cytoplasmic membrane that occurs in the
presence of a large flow of positively charged nano-objects.>8 For all
NA-Px assemblies, such values as well as the PEG chains ensured
colloidal stability in various media like Millipore water, saline
solutions of various ionic strength (150 and 300 mmol.L?), and PBS
buffer (Fig. S2, Table S1). Interestingly, the fluorescence signal
underwent a pronounced hypsochromic shift from 614 nm for NA-
P1, to 603 nm for NA-P3 and eventually 591 nm for NA-P2 (Table 2,
Fig. 3). Since the larger structural discrepancy between P2 and P3
relies on the chemical nature of the Z activating group of the RAFT
CTAs, we suspect that the latter may be responsible for the change
in the NA absorption maximum. From previous studies, we know that
a hypsochromic shift features less polar surroundings.*® This suggest
an orientation of the alkyl terminal ends in the P2 PMAA main chain

This journal is © The Royal Society of Chemistry 20xx
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toward the nanoassembly surface. Therefore, water, melesules
would be repelled and form a remote hydraticR-ShEliPaYR&GIREY
earlier to explain relaxometry differences.?® Unlike phenyl groups
present in P3, dodecyl chains are known for their propensity to
provide stiff self-assembled layers through London interactions.®° It
seems reasonable to consider that such self-organization of the
dodecyl chains in P2 could impact the PEG chain distribution in
water. Interestingly, the consideration of polydispersity index (PDI)
shows a slightly higher value (0.23) for NA-P3 whereas the PDI values
are very similar in the dry state (0.15-0.22) (Table 2). This lets us
suggest that NA-P3 coating is more mobile, less organized, and
consequently less dense, thereby enabling larger dynamics of the
solvent shell.
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Fig. 2 A) TEM imaging of NA-P1, NA-P2 and NA-P3 dispersions deposited on holey
carbon-coated copper grids (80 keV imaging voltage). B) Size distribution from counting
200 NA-Px (x = 1,2,3).
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Fig. 3 Absorption spectra continuous line) and emission spectra (dotted line; A = 450
nm) of NA-P1, NA-P2 and NA-P3 dispersions in Millipore water. All stock solutions were
diluted by a factor of ten for the spectroscopic measurements.

To test this hypothesis and gain insight in the structuration of the NA
outer coating in water, nuclear proton relaxation of the
polyelectrolyte would represent an ideal tool. However, the
presence of superparamagnetic species like SPIONs causes an
additional magnetic field, which is highly detrimental for high-quality
NMR spectra and prohibits classical NMR investigations on organic
ligands grafted at the SPION surface.

2.2 Microscopic studies of the polyelectrolyte coating using *H HR-
MAS NMR spectroscopy

J. Name., 2013, 00, 1-3 | 3
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Fortunately, high-resolution Magic Angle Spinning (HR-MAS) NMR
spectroscopy has been developed and proved to be very successful
in investigating the 'H NMR signals of functionalized shells of
magnetic nanoparticles.®® HR-MAS eases off the detrimental
broadening caused by the presence of paramagnetic entities or
viscous media by combining a specific set of parameters
characteristic of NMR spectroscopy in solution with magic angle
spinning (namely spinning the sample at a 54.7° angle with regard to
the external static magnetic field) that is typical of solid-state NMR
experiments. 'H HR-MAS NMR experiments were performed to
confirm the polyelectrolyte anchoring, infer the organization of the
polyelectrolyte and especially PEG chains at the NA surface, and
finally quantify the PEG grafting density, amenable to influence the
surface interactions ruling cellular uptake. With this aim, systematic
comparisons between free polyelectrolytes and functionalized NAs
in D,0 solution were carried out. We considered for P1 the protons
of the acrylate chain (H, and H,) resonating between 1.5 and 2.5

ppm. For P2 and P3, two sets of protons were.scritinized:
methacrylate chains (H.) resonating betwe@¥ dRd2 21 ppas74Rd
protons of the terminal methoxy (OMe) and methylene groups
(OCH,) of the PEG chains, resonating at 3.4 and 3.6 ppm respectively.

No change in the ratio for the H, and H, signal integrals was observed
when comparing the NMR spectra of P1 and NA-P1 (Fig. S3). By
contrast, the I(H.)/I(OCH,) integral ratios of the methacrylate
protons to the PEG protons notably decreased, namely by 11 and 16
% when evolving from the free polymers P2 or P3 respectively to the
corresponding nanoconstructs NA-P2 or NA-P3 (Fig. S4 and S5). Such
a decrease was even more discernable for the integral ratio
I(Haer)/1(OMe) that was reduced by 31 and 38 % when comparing the
signals between P2 and NA-P2, and P3 and NA-P3 respectively.
Finally, the larger diminution of the integration ratio is worth noting
for P3 as compared to P2, suggesting substantial differences in the
polyelectrolyte organization at the NA surface.

Table 2. Structural and photophysical characteristics of magneto-fluorescent NA-Px (x = 1, 2, 3) dispersions in water (except for TEM measurements).

Amax(a@bs Amax(€M

NA-Px D, (nm)? PDI2 Dieng (nm)P £ (mV)e (abs) em) @ (x102)°
(nm) (nm)¢

NA-P1 167 +71 0.18 78 (0.22) -40.2+0.9 423 614 0.47

NA-P2 154 + 53 0.12 75 (0.15) -13.0+1.1 429 591 0.20

NA-P3 234 +£112 0.23 67 (0.13) -12.3+0.7 428 603 0.32

2 Determined from DLS measurements in diluted dispersions from algorithms providing Z-average sizes; PDI designates the polydispersity index based on DLS intensity measurements.
b Determined from TEM measurements and lognormal mathematical modelling after statistical counting of 200 nano-objects; o designates the standard deviation. ¢ Data from three

independent measurements using zetametry. ¢ Excitation performed at 460 nm. © Referred to coumarin 540A in absolute ethanol (@ = 0.38).

Hence, the systematic reduction in the integration signals and the
slight but reproducible +0.8 ppm downfield shift of the H,, protons
(highlighted with an asterisk on Fig. S4 and S5) in NA-P2 or NA-P3 as
compared to those in P2 or P3 advocate for the firm attachment of
P2 and P3 polyelectrolytes through the methacrylate units of their
PMAA main chain, causing a loss of mobility of the latter. This also
suggests extension of the PEG chains in water. This appears as a
logical consequence of the large PEG hydration shell, contrarily to the
hydrophobic and chelating main chain, trying to minimize solvation
and extension in water by tightly wrapping the NA surface. The larger
ratio decrease for P3 with regard to P2, after coating the
magnetofluorescent NAs, reasonably lets us assume a less compact
PEGylated shell for P3 at the NA surface and the corresponding
structures depicted in Fig. 1B. This assumption nicely matches the
larger mean hydrodynamic diameter D, observed for NA-P3 at
around 234 nm against 154 nm for NA-P2, namely below that found
for NA-P1 at 167 nm despite the absence of PEG chains. In order to
gain insight in the comparative density and “compacity” of grafted
Px chains at the nanoassembly surface, the number of grafted
polyelectrolytes was estimated through quantitative 'H HR-MAS
measurements.

2.3 Quantification of the polyelectrolyte coating

Assessing the number of non-functional ligands anchored at the
nanoparticle surface is wusually performed using microscale
thermogravimetry.®2 However, the herein investigated NA-Px are
fabricated using a flash nanoprecipitation procedure that yields quite

4| J. Name., 2012, 00, 1-3

diluted systems and precludes the use of classical weight analyses.
We resorted again to the highly sensitive *H HR-MAS technique and
supplemented each NA-Px solution with a known amount of a
deuterated 2,2,3,3-d,(trimethylsilyl)propanoic acid (TSP), serving as
an internal reference and a quantification standard. Thanks to the
highly controlled structure of P2 and P3 achieved by RAFT
polymerization, a quite accurate estimate of the number of grafted
polyelectrolytes could be obtained, based on the integration of the
TSP proton and PEG chain proton (OMe and OCH,) signals that are
less sensitive to iron oxide nanoparticles than those of acrylate
protons. Considering a concentration of about 10 NA per mL
obtained from atomic force microscopy counting analyses
performed on diluted dispersions, we calculated that around 3.4x107
P1 chains, 2.5x10° P2 chains, and 2.0x10° P3 chains were coating the
surface of NA-P1, NA-P2 and NA-P3 respectively. Such values nicely
match former quantitative measurements performed on similar NAs,
involving magnetic sedimentation and electrospray charge detection
mass spectrometry.>* A shell of 10* maghemite nanoparticles was
then found, indicating that about one hundred polyelectrolyte chains
surround each iron oxide nanoparticle composing the magnetic shell
of NA-P2 and NA-P3, which corresponds to a density of 0.16 and 0.12
chain per nm? for P2 and P3 respectively, if one considers the rough
approximation of half of the SPIONs coated by the polyelectrolyte
chains in the nanoassembly. The fact that the amount of P1 chains
per iron oxide nanoparticle for NA-P1 is multiplied tenfold compared
to that for P2 and P3 agrees with the much smaller polyacrylate
chains, less subjected to steric crowding in the absence of PEGylated

This journal is © The Royal Society of Chemistry 20xx
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brushes. Finally, given the very similar number of polyelectrolyte
chains anchored at the NA-P2 and NA-P3 surface and the larger D,
hydrodynamic diameter and PEG chain mobility for NA-P3, we could
finally conclude from the above-conducted microscopic
investigations that P3 forms a less compact shell around the
nanoassemblies than that displayed by P2. Since the latter comprises
a slightly higher hydrophobic RAFT chain transfer agent through its
alkylated end, larger structuration and segregation of the comb-like
PEGylation shell would then be induced.

2.4 NA stealthiness toward blood cells

PEGylation is well known to reduce nano-object opsonization,
consisting in the adsorption of blood proteins at the nanoparticle
surface that promote their clearance by the mononuclear phagocytic
system (MPS) and prevent long-term circulation.®® Since the
administration of nanomedicine is usually done intravenously, the
first cells in contact with nano-objects are blood cells. Among them,
lymphocytes and monocytes which possess a high phagocytic
activity, represent important circulating populations involved in
immune response. Therefore, the efficacy of NA PEGylation was
assessed by measuring the rate of NA uptake by monocytes and
lymphocytes using flow cytometry. Weak internalization of all NAs by
lymphocytes was observed (RMFI values were found to be around
1.5, which corresponds to cell autofluorescence background) (Fig.
4A). In monocytes, internalization of NA-P1 was twofold higher than
that observed for the PEGylated NAs, namely NA-P2 and NA-P3 (Fig.
4B). No significant difference was observed between 6 and 24 h of
incubation, which suggests fast NA uptake by cells. As expected,
surface PEGylation of NAs reduced internalization by circulating
monocytes, independently of their structure. This result suggests
that PEGylated NAs like NA-P2 and NA-P3 could be appropriate for
in vivo experiments and offer passive targeting by exploiting the
enhanced permeability and retention effect (EPR) described in
tumor.%*

A B -
s =L o — o en
Bl 24h B 24h
4 4
[re e
= =
[4 (4
2 2
] 0
NA-P1 NA-P2 NA-P3 NA-P1 NA-P2 NA-P3

Fig. 4 Internalization of NA-P1, NA-P2 and NA-P3 by monocytes and lymphocytes from
blood. PBMC from blood were incubated with NA-Px (x = 1,2,3 for 6 h or 24 h; then cells
were analyzed using flow cytometry. Internalization of NA-Px by: A) lymphocytes, B)
monocytes. Graphics represent the average ratios of mean fluorescence intensity (RMFI)
+/- SEM obtained with PBMC from three different healthy donors. *p < 0.5.

2.5 Differentiated internalization of NAs by tumor cells

The absence of toxicity of NAs is the first crucial criteria to be
considered for any further clinical transfer. In a previous study, NA-
P1 and NA-P2 were found to be non-toxic for tumor cells®®
Interestingly, similar results were obtained with NA-P3 on
mesothelioma cell line Meso 11 and on adenocarcinoma cell line
ADCA117, all derived from patients (Fig. S6), as a consequence of the
seemingly structural similarities with NA-P2. Thanks to the NA

This journal is © The Royal Society of Chemistry 20xx
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bimodal imaging properties, permitted by the fluoresgept, careand
SPION shell, studies of the NA internalizatid¥ ihte el PeBrREed 0
experimental methods involving fluorescence measurement or
nanoparticle tracking. We first performed a kinetic evaluation of NA
internalization in Meso 11 and ADCA 117 cell lines using flow
cytometry. NA detection started after 6 h of incubation. A plateau
was reached for both cell lines after 24 to 39 h of incubation for all
tested NAs (Fig. 5A-5B). Whereas the levels of internalized NA-P1 and
NA-P2 were found to be similar, a threefold higher RMFI was
obtained with NA-P3, which could not originate from a higher
fluorescence quantum yield @ that was actually measured for NA-P3
and found to be between those of NA-P1 and NA-P2 (Table 2). The
influence of the surface charge, observed for negative/neutral and
positive nanoparticles,® to explain differentiated internalization has
also to be ruled out in our case for two reasons. First, the {'potential
values were measured to be equal for NA-P2 and NA-P3. Second,
even though NA-P1 and NA-P2 have different {'potential values (-44
mV and -12 mV, respectively), their internalization kinetics were
found to be similar. Since the NA sizes are in the same range and their
surface potential exerts no effect, we can reasonably consider that
surface structural parameters could play a major role in the NA ability
to enter cells. A recent study has evidenced the neat reduction of cell
uptake for PEGylated gold nanoparticles comprising terminal dodecyl
units at only a 0.2 % mass fraction.® In our case, the contribution of
the thioalkyl chain in P2 represents a quite similar mass fraction at
0.5 %. Nevertheless, the herein reported architectures display PEG
chains that are 10 times longer (~14 nm) than the dodecyl unit (~1.4
nm) of the incorporated RAFT CTA. Moreover, the comb-like P2 and
P3 architectures favour PEG exposure around the NA surface,
preventing the hydrophobic Z group from directly interacting with
the cell membrane. Following the above-mentioned spectroscopic
analyses evidencing neat structural differences between NA-P2 and
NA-P3, we are prompted to propose the existence of a more
compact PEGylated shell in NA-P2 as a possible explanation of the
lesser cell uptake of NA-P2 compared to that for NA-P3. Hence,
higher structural reorganization energy of the NA shell upon
interacting with the cell membrane would be required, decreasing
their uptake.3%¢7 This result points out the fact that simply evoking
hydrophobic effects when comparing the influence of RAFT CTAs
may not be sufficient and requires more accurate description of the
chain arrangements.%8 This echoes a recent study concluding that not
only the hydrophobicity, but also the distribution of monomers in
RAFT polymers, and the resulting structuration have to be thoroughly
regarded to interpret their effect on cell uptake.®®

Finally, in order to prove NA cell internalization, confocal
fluorescence microscopy was performed and showed the exclusive
presence of NAs inside both thoracic tumor cell lines (Fig. 5C-5D).
Orthogonal projections additionally pointed out the absence of NAs
in the cell nuclei, which agrees with the absence of significant cell
toxicity. TEM investigations were performed to prove the
internalization of the whole core-shell NAs and gain insight into the
subcellular NA localization inside cells. NA-P2 and NA-P3 were found
localized into endocytic vesicles after 24 h of incubation (Fig. 6A-6B),
following the same subcellular localization as that already reported
for NA-P1 in earlier studies.?® Here, no particular fate difference as a
function of the RAFT CTAs could be noticed after uptake, letting
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suggest that membrane crossing would represent a crucial
determining step. The organization of SPIONs following a raspberry-
like architecture thus suggests that the NA structure was maintained
in the subcellular compartments after 24 h of internalization.”®

ADCA 117

SIS S 1

A Meso 11 B

RMF1
RMFI1
ot

Incubation time (hours)

NA-P1

Fig. 5 Internalization of NA-P1, NA-P2 and NA-P3 by thoracic tumor cell lines. MPM (A-
C) and lung ADCA (B-D) cells were incubated with NA-Px (x = 1,2,3. A) and B) kinetic of
NA-Px internalization analysed using flow cytometry. Graphics represent the average
ratios of mean fluorescence intensity (RMFI) +/- SEM obtained from three independent
experiments. C) and D) Confocal fluorescence microscopy.

To conclude, the exploitation of the multimodal imaging properties
of NAs allowed to demonstrate the conservation of their MRI
properties as dark contrast agents after cell internalization. Whereas
Mesol1 and ADCA117 cells serving as control cells appeared white,
pellets of cells incubated with NAs appeared black due to a high
contrast induced by the presence of iron oxide nanoparticles in cells
(Fig. 6C-6D).

2.6 Self-disassembling of NAs for short-term accumulation

Any novel nanomedicine development requires today the strict
absence of bioaccumulation either through kidney clearance for
ultra-small nanoparticles or biodegradation and assimilation for
larger nanoparticles. Moreover, for further drug delivery,
nanoparticle erosion or disassembling stimulated by enzyme,
chemicals or physical stimuli, is a high pre-requisite. At the beginning
of the internalization process, we observed the presence of
yellow/orange dots for all tested NAs in both Meso11 and ADCA117
cell lines, indicating colocalized NAs (red) and lysosomes (green).
These observations are in line with the endocytotic internalization
pathways generally involved in nanoparticle internalization. Indeed,
nanoparticles usually undergo active endocytosis through
pinocytosis, involving or not clathrin receptors, and mostly resulting
in localization in lysosomes.”'72 After a 24 h-long period of cell
incubation and several washing steps, we noticed a progressive shift
of the fluorescence intensity at 670 nm corresponding to the spectral
range where the fluorophores self-assembled in NAs mostly emit.

6 | J. Name., 2012, 00, 1-3

The hypsochromic emission shift, measured by using flow, gyteraetry
at 530 nm, results from NA disassembling 26 iRdRAMRINSIHIIARS
that are solvated by lipid surroundings.’374 Hence, NA degradation
could be tracked by the ratio of 530 to 670 nm intensities that
decreased as soon as NAs disintegrate. The initial ratios were found
to be quite different for NA-P2 due to the fact that the NA emission
spectrum shifted to lower wavelengths (Table 2).

A Meso 11 B ADCA 117
¥s, :
) RO " . ;;’_’ h% ‘
¥ NA-P2 __35‘&
i ‘
« .‘.\.‘.
250 nm
o % &
£ ,;u‘\ o LY
NAP3 A !.57}‘ NA-P3 ne |
250m ¥
D
cT
NA-P1
NA-P2
NA-P3

Fig. 6 Visualization of the iron oxide nanoparticles of the internalized NA-Px (x = 1,2,3).
MPM (A-C) and lung ADCA (B-D) cells were incubated with the different NA-Px. A) and B)
TEM pictures of Meso 11 control cells (CT) and cells incubated with the magneto-
fluorescent NA-P1, NA-P2, and NA-P3 for 24 h. C) and D) T2* map of MRI images.

In both cell lines, all ratios decreased progressively over time, thus
suggesting slow NA degradation which appeared to be independent
of the NA structure (Fig. 7).
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Fig. 7 Intracellular localization and degradation of NA-P1, NA-P2 and NA-P3. MPM (A-C)
and lung ADCA (B-D) cells were incubated with NA-Px (x = 1,2,3). A) and B), pictures
obtained using confocal microscope. Red: NA-Px; Green: lysosome; blue: nuclei; and
yellow/orange: colocalization. C) and D), degradation of NA-Px over time, evaluated by
calculating the ratio of RMFI of fluorescence at 670 nm to RMFI of fluorescence at 530
nm measured using flow cytometry. Graphics represent ratio of mean fluorescence
intensity (RMFI) +/- SEM obtained from three independent experiments.

This observation is actually compatible with the delivery kinetics of
doxorubicin observed in a previous study using fluorescent NAs.>®
Indeed, labelling of cell nuclei by doxorubicin was delayed by 24 h
compared to free molecule in accordance to the kinetics of NA
degradation recorded in this study.

2.7 NA diffusion in 3D cell culture models ruled by cell compaction

In the pathophysiological situation, tumor cells are organized in three
dimensions, which generates physical barriers and constraints for the
free-diffusion of therapeutics, including nanomedicine, inside the
structure. To reproduce these constraints, cells were grown in non-
adherent conditions and round bottom wells to induce the formation
of multicellular spheroids (MCTS) (Fig. S7). Considering MCTS of
various sizes illustrates the natural heterogeneity encountered in
patients’ tumors. Using confocal microscopy after clarification of
MCTS, we observed the presence of NAs at the center of Meso 11
MCTS (Fig. 8 left panels), whereas all NAs appeared located only at
the periphery of ADCA 117 MCTS (Fig. 8 right panels). We expanded
the former experiments to a second model of MPM forming compact
MCTS, Meso 13 (Fig. S7 and S8). Interestingly, as observed for ADCA
117, NAs did not diffuse at all inside Meso 13 MCTS (Fig. S8). An
explanation could be the compaction of the 3D structures which
depend on cell interactions and matrix production. These results
point out the important fact that fibrotic tissues, mimicked by MTCS,
can face hampered nanoparticle diffusion, and become
inappropriate models to assess the efficacy of nanomedicines.

This journal is © The Royal Society of Chemistry 20xx
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Hence, careful choice of cells is to be considered for.therapsutic
approaches based on nanomedicines requiritg:deép-dragNdiffusion
into tissues. This in turn opens questions on the structural
characteristics of nanoparticles that need to display large diffusion in
complex environment cancer 2D-3D.7>

2.8 Privileged internalization of NAs as a function of the
macrophage subtype of the tumor microenvironment

Tumor tissues are complex and composed of different cell types.
Macrophages are usually observed in the tumor microenvironment
and contribute to tumor progression. They are classically divided in
two main subtypes, M1 macrophages with antitumoral activity and
M2 macrophages with immunosuppressive and protumoral
properties.”’®77 First, we aimed at evaluating the behaviour of all
three NAs on M1-like and M2-like macrophages, phenotypically
characterized by measuring CD14 and CD163 expression using flow
cytometry (Fig. SO9A-S9B). All NAs were found to be more efficiently
internalized by M2-like macrophages compared to Mi1-like
macrophages (approximately 2 fold) (Fig. 9A), which reflects the
expected high phagocytic ability of M2-like macrophages.”® We thus
focused our analysis on M2-like macrophages which have recently
appeared as a very promising therapeutic target in oncology. 7°

Meso 11

ADCA 117

100pm

Fig. 8 Internalization of NA-P1, NA-P2 and NA-P3 by cells cultured as MCTS. MPM (Meso
11) and lung ADCA cells (ADCA 117) were cultured as MCTS and incubated with NA-P1

(A) or NA-P2 for 24 h. Pictures were obtained using confocal fluorescence microscopy.
Blue: nuclei, pink: NA-Px.

NA-P1

NA-P2

NA-P3

While internalization of all NAs after 24 h was proved by confocal
fluorescence microscopy (Fig. 9C), kinetic studies showed a regular
increase in NA accumulation in M2-like macrophages over time
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before reaching a plateau after 39 h of incubation (Fig. 9B). Similarly
to the results obtained in tumor cells, NA-P3 was found to be the
most internalized compared to NA-P2 and NA-P1 (7- and 2-fold
higher amounts respectively) (Fig. 9B). The lower internalization rate
of NA-P2 displaying a more compact PEGylated shell agrees with the
reduced phagocytosis reported for chitosan nanoparticles coated
with a low density of long PEG ligands, allowing for a smaller
hydrodynamic diameter and enhanced compacity.?3

Contrary to the latter study where reduction in the surface potential
promoted low nanoparticle uptake by macrophages, no charge
effects could be advocated in our case since the zeta potentials of
both NA-P2 and NA-P3 were found very similar at around -13.0 and
-12.3 mV respectively. This reinforces our assumption that structural,
rather than purely electrostatic effects underpin the microscopic
interactions between the nanoassemblies and macrophages. Along
these lines, recent studies have indeed evidenced that 9 nm-large
SPIONs coated with cyclic PEG ligands, forming dense brushes,
repelled serum proteins, like albumin, very efficiently compared to
linear PEG ligands, which in turn ensures low phagocytosis.®® This
was also demonstrated with 200-300 nm large ovalbumin
nanocapsules whose stealth properties and phagocytotic inhibition
toward immune cells are considerably improved by surface
functionalization with densely packed PEG brushes.®! Interestingly,
M2-like macrophages display higher internalization rates of
PEGylated NAs than those obtained with MPM cells as revealed by
flow cytometry. Indeed, macrophages compared to tumor cells
display a 2-fold, 4-fold and 3-fold higher RMFI signals for NA-P1, NA-
P2 and NA-P3, respectively. To confirm the higher capacity of M2-
like macrophages to engulf NAs, MPM cells were co-cultured with
M2-like macrophages and added with NAs for 24 h.

A k% B
3 70 + NA-P1
g k% % 60
L) 50
; E 40
- @® 30
"
P
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0 o " . . .
0 10 20 30 40 S0
NA-P1 NA-P2 NA-P3 Incubation time (hours)
C
NA-P1 NA-P2 NA-P3

Fig. 9 Internalization of NA-P1, NA-P2 and NA-P3 by macrophages. A) M1-like and M2-
like macrophages were incubated with NA-Px for 24 h and analyzed using flow
cytometry. M1 vs M2: *p < 0.05; **p < 0.001; ***p < 0.0001. B) Kinetics of NA-Px
internalization by M2-like macrophages. Graphics represent the average ratios of mean
fluorescence intensity (RMFI) +/- SEM obtained from three independent experiments. C)
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Confocal fluorescence microscopy images, with orthogonal prOJectlons of M1- and M2-
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like macrophages incubated with NAs for 24 h. Green: mg@?ra}r@aiﬁ@ LN eé’yg_gm
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Confocal fluorescence microscopy nicely confirmed our assumptions
with a higher amount of NAs and in particular NA-P3 internalized in
M2-like macrophages (Fig. 10).

Finally, we examined the interactions of primary healthy mesothelial
cells (MC) with NAs surrounding MPM tumors which is paradoxically
often overlooked despite its utmost importance when considering
preliminary cell tests. Indeed, MPM tumors arise from the pleura and
grow in the pleural cavity. Thus, as a prospective treatment,
injections in this cavity could naturally be envisaged in order to have
direct access to tumor cells and gain efficacy.8? MC and two MPM cell
lines (Meso96 and Mesol1) serving as controls, were thus been
exposed to NAs during 24 h. NA internalization was then monitored
and analyzed using flow cytometry and confocal fluorescence
microscopy (Fig. S10). NA-P3 appeared again to be the most
internalized NAs by cells. However, the differences between both
healthy and malignant cells are not statistically significant enough
(Fig. 11).

Tumour cells

Nuclei

NAs

Merge

Fig. 10 Internalization of NA-P1, NA-P2 and NA-P3 by tumor cells and macrophages in
co-culture. Meso 34-Ruby cells were co-cultivated with M2-like macrophages and
incubated for 24 h with NA-P1, NA-P2 or NA-P3. Pictures were obtained using confocal
microscope. Red: tumor cells; blue: nuclei; and yellow: NA-Px (x = 1,2,3).

The tendency for all PEGylated NAs to address more specifically MPM
cells comparatively to primary mesothelial cells nevertheless casts
no doubt. This control, rarely performed with healthy cells, reveals
the need for targeting ligands or proteins at the nanoparticle surface,
that are specific to tumor cells, in order to improve the efficacy of
nanomedicines.83-84

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 13


https://doi.org/10.1039/d1nr06769a

Page 9 of 13

Published on 21 March 2022. Downloaded by INIST - CNRS (Chemistry) on 3/28/2022 10:20:50 AM.

NS 5 P
GCF'OQ‘(@QOQ‘\Q
; v
C 4@" & o & «° o<
ocﬂ\ 0 \&‘cﬁ “00"" el e
&Q(\\\;‘(\Q \\0"’ ‘&? ,b(\a \&'\' i

NA-P1

NA-P2

NA-P3

Fig. 11 Comparative uptake of NA-Px (x= 1,2,3) by blood, healthy, cancer and immune
cells. The darker the color, the higher the endocytotic capability of the cells.

3. Experimental section
3.1 Polymer synthesis and characterizations

3.1.1 Materials. Azobisisobutyronitrile (AIBN; Sigma-Aldrich; 98 %)
was recrystallized twice from methanol prior to use. Poly(acrylic acid)
(PAA) (average Mn 1800 g.mol?) (P1), poly(ethylene glycol) methyl
ether methacrylate (average M, 2000 g.mol? at 50 wt. % in H,0)
(MAPEG,000), methacrylic acid (MAA; 99 %), and 2-cyano-2-propyl
benzodithioate (CPBDT; 97 %) were purchased from Sigma-Aldrich
(St Quentin Fallavier, France) and used as received. The synthesis of
P2 using 2-cyano-2-propyl dodecyl trithiocarbonate as a RAFT
transfer agent was earlier reported in literature.3®

3.1.2 Synthesis of P3 poly(MAA-stat-MAPEG 500). The targeted molar
fraction in MAA was 80 %. 5.1 mg of AIBN (3.1x102 mmol, 0.25 eq.),
27.4 mg of CPBDT (1.24x10! mmol, 1 eq.), 215 mg of MAA (2.49
mmol, 20 eq.), 2.503 g of the solution of MAPEG;pg at 50 wt. % in
water (0.50 mmol, 5 eq.), and 634 mg of water were placed in a
Schlenk flask. Note here that a higher AIBN/CPBDT ratio than usual
was used to get rid of the inhibitors present in the monomer
solutions, reacting first with AIBN. The solution was thoroughly
deoxygenated by three freeze-pump-thaw cycles. The flask was filled
with nitrogen gas and placed in an oil bath maintained at 85 °C for 5
h under magnetic stirring. The time reaction was chosen so as to
avoid undesirable termination reactions or uncomplete MAA
monomer consumption. The sample was dried upon solvent removal
under reduced pressure.

3.1.3 Polymer characterizations. Analysis by 'H NMR (Varian
Mercury, 300 MHz) provided the number average molecular weight
M,. Monomer conversion, molecular weights and dispersity were
determined by size exclusion chromatography (SEC) in DMF
containing LiBr at a concentration of 10 mmol.Ll. Solutions of
samples with concentrations around 5 mg.mL?! were prepared and
filtered (PTFE membrane; 0.20 um) before injection. The flow rate
was 0.9 mL.min (50 °C). The following Agilent 1260 Infinity (Agilent,
les Ulis) series setup was used: a G1310B isocratic pump; a G1322A
degasser; a G1329B auto-sampler; a G1316A thermostated column
compartment equipped with a set of Polymer Laboratories PLgel
columns (nominal particle size: 5 um) composed of a guard column
(50%x7.5 mm) and two MIXED-D columns (300x7.5 mm); a G1314B
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variable wavelength detector; and a G7800A multidetector. sHite
equipped with a MDS refractive index deéttdP.lCaHBIHITIP RS
performed using a set of EasiVial polystyrene PS-M standards
purchased from Agilent and served for determining the molecular
weight distributions. Monomer conversion was assessed from SEC
titrations implying MAPEG,qg solutions with varying concentrations
and integration of the corresponding eluted peaks.

3.2 Fabrication and structural characterizations of magneto-
fluorescent nanoassemblies

3.2.1 Nanoassembly synthesis. A solution of phosphonic acid
fluorophores® in THF (50 L, 0.1 wt. %) was added under vortex
mixing to a diluted nitric acid solution of maghemite nanoparticles
(2.5 mL, pH = 1.2, 0.006 wt. %). Then, the resulting magneto-
fluorescent NAs were subsequently stabilized with the retained
polyelectrolyte and the solution pH raised to neutral. With this aim,
the corresponding polyelectrolyte was added as a powder (5 mg for
P1, 17 mg for P2, 17 mg for P3), and the pH of the solution adjusted
to 9 by adding dropwise an ammonium hydroxide solution (1.3 mol.L-
1). The resulting dispersion was allowed to stir for a further 30 min
and dialyzed using a Spectra Por membrane (standard grade
regenerated cellulose; 8-10 kDa MWCO for P1, and 300 kDa MWCO
for P2 and P3) against Millipore water (600 mL) for over 24 h to
remove excess polymers and reach neutral pH. The resulting solution
was divided in 2 mL fractions into small vials and lyophilized. The vials
were finally stored at -18 °C until solution reconstitution (total
volume 2 mL) with water, phosphate-buffered saline (PBS), or a cell
culture medium depending on the planned biological investigations.

3.2.2 Size measurements. Dynamic light scattering measurements
were carried out at 25 °C by means of the Vasco 3 size analyzer
(Cordouan Technologies, Pessac, France), equipped with a 40 mW
laser diode operating at 658 nm. All data were collected in a
backscattering mode at an angle of 135°. For each sample, intensity
measurements were carried out in a multi-acquisition mode implying
automatically adjusted correlograms and averaged measurements
on six acquisitions. Z-averaged hydrodynamic diameter (DZ) and
polydispersity index (PDI) were obtained by fitting each correlogram
with a Cumulant-based algorithm provided by Cordouan
Technologies. Measurements of surface potential {; were carried out
by means of a Zetasizer Nano ZS ZEN 3600 (Malvern, Orsay, France).
The samples were placed in disposable folded capillary cells
(DTS1070). Three measurements were performed for each sample
and the zeta potential was calculated from electrophoretic mobility
dispersion fitted by the Smoluchowski model. TEM analyses were
performed using a MO-Jeol 1230 operated at 80 kV. All
nanoassembly solutions were deposited onto holey carbon-coated
copper grids (300 mesh). The mean diameter (D7) and standard
deviation (o) were assessed by fitting with a lognormal distribution
the histograms issued from counting 200 nano-objects using the free
Image) software. The quality of the sample and especially the
possibility of aggregation in the case of NA-Px can be due to the
sample concentration, rate of the drying process, and interactions on
the surface after drop-casting on the carbon-coated grids.

3.3 Spectroscopic characterizations in solution

3.3.1 Photophysical properties. UV-visible absorption spectra were
recorded using a Cary 5000 spectrophotometer (Agilent, les Ulis,
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France). Steady-state emission spectra were recorded using a
Fluorolog 3 spectrofluorometer (Horiba, Longjumeau, France).
Correction for the emission spectra with regard to the spectral
response of the detector was automatically applied. Fluorescence
quantum yields were determined in solution, referred to coumarin
540A in ethanol (@5 = 0.38).

3.3.2 IH HR-MAS NMR investigations. Lyophilized NA-P1, NA-P2 and
NA-P3 samples were redispersed in D,0 (60 mL) and a 1.71 mmol.L?
TSP solution in D,0 (30 mL) was added. Solutions of free P1, P2 and
P3 were prepared at a 17.3, 7.6, and 5.0 mmol.L'! concentration,
respectively. 'H HR-MAS NMR spectra were recorded using Avance
Il-spectrometer (Bruker, Karlsruhe, Germany) working at 500 MHz,
with a spinning rate of 5000 Hz for all samples. The water peak
suppression was achieved through the noesyprld sequence.

3.3.3 Polymer chain quantification. Quantification of the polymer
chains around the nanoassemblies was performed using a TSP
solution in D,0 at a known concentration, mixed to a given volume
of NA-Px dispersion in D,0. By comparing the peak areas of TSP with
those of the -OMe groups of the PEG chains of P2 or P3 around the
nanoassemblies and taking into account the respective number of
protons for each entity, one could infer the concentration of PEG
chain, and the total concentration of the corresponding polymer
present in the NMR tube. As for NA-P1 coating, the acrylic proton
signals were integrated and referred to TSP ones to infer the
concentration of P1. The number of polymer chains per
nanoassembly was then directly calculated by dividing the known
number of moles of polymer chains in solution by the NA number of
found to be around 10 per mL from AFM measurements. Hence,
3.4x107 P1, 2.5x106 P2 and 2.0x10° P3 chains were found to coat NA-
P1, NA-P2, and NA-P3 respectively.

3.4 Cell culture

3.4.1 Malignant cell culture. The mesothelioma cell lines (Meso 11,
Meso 13 and Meso 96), and the lung adenocarcinoma cell line (ADCA
117), were established from pleural effusion of patients,®® and
belong to a validated biocollection (Ministere de I’Enseignement
Supérieur et de la Recherche n°® DC-2011-1399 and Commission
Nationale de I'Informatique et des Libertés (CNIL) n°: 1657097).
These cells were characterized for the mRNA expression of the usual
MPM markers used for immunohistochemistry and for their
mutational status using targeted sequencing. All cell lines were
maintained in RPMI 1640 medium (Gibco®, Thermo Fisher Scientific,
France) supplemented with 2 mmol.L? L-glutamine (Gibco®, Thermo
Fisher Scientific, France), 100 U.mL?' penicillin, 100 pg.mL?
streptomycin and 10 % of heat-inactivated fcetal calf-serum
(Dominique Dutscher, Bernolsheim, France) and cultured at 37 °Cin
5 % CO, atmosphere. Primary peritoneal mesothelial cells (MES-F)
were purchased from (Zen Bio®, UK) and maintained in culture with
Medium 199 (Sigma-Aldrich, St Quentin Fallavier, France)
supplemented with 100 U/mL penicillin, 100 pg.mL? streptomycin
and 10 % of heat-inactivated foetal calf-serum (Gibco®, Thermo
Fisher Scientific, France).

3.4.2 Three-dimensional (3D) cell culture — Multi cellular tumor
spheroids (MTCS). Cells were seeded in Nunclon Sphera 96-well
microplate (Thermo Fisher Scientific France) at a density of 2x10*
cells per well in 180 pL of culture medium. They were centrifuged at
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800 g for 1 min. After 72 h of incubation at 37 °C and 5% CQa.the,3R
structure was established. DOI: 10.1039/DINRO6769A

3.4.3 Differentiation of monocytes into macrophages. Monocytes,
obtained by elutriation (DTC platform, Nantes, France), were seeded
in 6-well plates at a density of 5x10° cells in 5 mL of culture medium.
To obtain M1-like macrophages, the medium was supplemented
with granulocyte-macrophage colony-stimulating factor (GM-CSF) at
20 ng.mL? (Cellgenix, Freiburg, Germany). To obtain M2-like
macrophages, the medium was supplemented with macrophage
colony-stimulating factor (M-CSF) at 50 ng.mL* (Isokine, Kopavogur,
Iceland)84 during 3 days at 37 °Ciin 5 % CO, atmosphere.® Then, M1-
like and M2-like macrophages were collected and labelled with anti—
CD14—fluorescein-isothiocyanate (FITC) (Beckman Coulter, Fullerton,
CA) and anti—CD163- allophycocyanin (APC) (R&D Systems®, Bio-
Techne, Lille, France) antibodies or 1gG2a-FITC (Beckman Coulter,
Villepinte, France) and IgG1-APC (R&D Systems) isotype controls
respectively. Viability was assessed using TO-PRO-3 lodide 642/661
at 1 umol.L! (Thermo Fisher Scientific France). Analysis of the cells
was performed using flow cytometry (FACSCalibur; Becton
Dickinson, Rungis, France). Expressions of CD14 and CD163 were
analyzed with FACS Flowjo Software (Tree Star Inc®, USA).

3.5 Cell internalization and fate of the nanoassemblies

3.5.1 Endocytosis by tumor cells. Tumor cells were seeded at a
density of 5x10* cells per well of 12-well plates (Falcon®, Dominique
Dutscher, France), primary mesothelial cells (MES-F) and
differentiated macrophages were seeded at a density of 1x10° cells
per well of 12-well plates (Falcon®) and incubated at 37°C during 24
h. Then, NA-Px solutions (40 pL, 4x102 NAs) after redispersion in the
appropriate medium (2 mL) were added on cells for the indicated
period of time. The wells were washed once with PBS. The cells were
harvested after incubation with Trypsin-0.05 % EDTA (Gibco®,
Thermo Fisher Scientific France) and centrifuged during 60 seconds
at 800 g in an Eppendorf Minispin (Thermo Fisher Scientific France).
They were resuspended in PBS and analyzed using flow cytometry
(FACSCalibur, Becton Dickinson, Rungis, France). Ten thousand
events were acquired and analyzed with Flowjo Software (Tree Star
Inc®, USA).

3.5.2 Internalization by monocytes and lymphocytes. Blood samples
were collected from healthy donors (EFS, French Blood Authority).
PBMCs were isolated using Ficoll gradient (Eurobio, les Ulis, France).
The cells were resuspended in RPMI 1640 medium (Gibco®, Thermo
Fisher Scientific France) supplemented with 2 mmol.L? L-glutamine
(Gibco®, Thermo Fisher Scientific France) 100 U.mL? penicillin, 100
pg.mL? steptomycin and 10 % of heat-inactivated feetal calf-serum
(Dominique Dutsher, Bernolsheim, France). PBMCs were seeded at a
density of 2.5x10° cells in 5 mL of culture medium in wells of 6-well
plates (Nunc, Dominique Dutscher, France). NA dispersions (40 pL,
4x108 NAs) were added for 6 or 24 h at 37 °Cin 5 % CO, atmosphere.
The cells were harvested and centrifuged during 5 minutes at 800 g.
The supernatant solutions were removed and the cells resuspended
in PBS. All samples were analyzed using flow cytometry (FACSCalibur,
Becton Dickinson, Rungis, France) after addition of 1 umol.L? TO-
PRO-3 lodide 642/661 (Thermo Fisher Scientific France). Monocyte
and lymphocyte populations were identified using FSC/SSC
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parameters. The results were analyzed with Flowjo Software (Tree
Star Inc®, USA).

3.5.3 Degradation of the nanoassemblies in tumor cell lines. Cells
were seeded at the density of 5x10* cells per well of 12 well-plates.
After 24 h, solutions (40 uL, 4x108 NAs) of lyophilized NA-Px samples
redispersed in PBS (2mL) were added in wells and left for 1 day. The
wells were then washed once with PBS and 2 mL of new culture
medium were added before incubating the plates for an additional 2
to 5 days at 37 °C. At the end of each incubation time, the cells were
harvested after treatment with Trypsin-0.05 % EDTA (Gibco®) and
centrifuged during 60 seconds at 800 g. They were resuspended in
PBS and analyzed by flow cytometry (FACS Calibur, Becton Dickinson,
Rungis, France). Ten thousand events were acquired and analyzed
with Flowjo Software (Tree Star Inc®, USA).

3.6 Live cell imaging using confocal microscopy and MRI, and TEM
imaging of fixed cells

3.6.1 Confocal microscopy. Meso 11, ADCA 117, and primary
mesothelial cells (MES-F) cells were respectively seeded at a density
of 2x10% 1x10* and 10* cells per well of p-slide 8-well ibitreat
microscopy chamber (Ibidi®, Biovalley, llkirch-Graffenstade, France)
and incubated at 37 °C during 24 h. For co-culture experiments,
1.4x10* Meso 34-ruby cells and 0.6x10* M2-like macrophages were
seeded per well of p-slide 8-well ibitreat microscopy chamber (lbidi®,
Biovalley, llkirch-Graffenstade, France) and incubated at 37 °C during
24 h. Then, NA-Px dispersions (10 uL, 1x108 NAs) were added for 24
hours. For internalization experiments, cells were labelled using
wheat germ agglutinin (WGA)-AlexaFluor® 647 probes (Molecular
Probes®, Thermo Fisher Scientific France) at 5 ug.mL? for 10 minutes
at 4°C. For colocalization experiments, the cells were labelled using
Lysotracker Deep Red (Molecular Probes, Thermo Fisher Scientific
France) at 25 nmol.L'? for 1 h at 37 °C. The supernatants were
removed and new culture medium was added. The cells were fixed
during 20 min at room temperature using a solution containing
paraformaldehyde (PFA) 4% (EMS, Hatfield, PA, USA) and Hoechst
33342 (Sigma-Aldrich, St Quentin Fallavier, France) at 5 pumol.L? in
order to stain the nuclei,. They were washed with PBS and nucleus
fluorescence imaging was performed using a Nikon A1R Si confocal
fluorescence microscope, equipped with Ar* and He-Ne lasers as
excitation sources and a Plan Apo oil-immersion objective (60x; NA =
1.4, DICHI). For 3D structures, MCTS were fixed with PFA 4%
containing 10 umol.L'! Hoechst 33342 for 16 h. They were washed
once with PBS and permeabilized during 24 h with PBS containing 2
% Triton X100 at RT. This solution was removed and MCTS were
resuspended into a RapiClear solution (Sunlin Lab, Hsinchu City,
Taiwan) supplemented with 10 pmol.L’? Hoechst 33342 and
observed with a confocal microscope (Nikon A1R Si, 20x; NA = 0.7).

3.6.2 Magnetic resonance imaging (MRI). A scaffold was designed
according to a glass cylinder (54mmx27mm). The ghost background
was filled with 1 wt. % low-melting agarose gel (Sigma-Aldrich, St
Quentin Fallavier, France) and two rows of four wells were created
thanks to a 3D-printed plastic comb. Monolayer Meso 11 cells were
seeded on the first-row wells at a density of 2x10° cells per well in
PBS. Monolayer ADCA 117 cells were seeded on the first-row wells at
a density of 2x10° cells per well in PBS. The top of the scaffold was
filled with a 1 wt. % low-melting agarose gel. All MRI studies were
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performed with a Biospec Avance |l MR scanner (Byuker.Biospin,
Wissembourg, France) using a 20 cm bore 7 PRlaghé? & Qipped with
BGA12S gradient/ shim system capable of 675 mT.m™ maximum
gradient strength. A 35-mm-diameter volume coil was used.

3.6.3 Transmission electron microscopy (TEM). Meso 11 and ADCA
117 cell lines were incubated with NA dispersions (40 pL, 4x108 NAs)
during 24 h at 37 °Cin 5 % CO, atmosphere. Cells were collected and
fixed in Trump’s solution. They were post-fixed with 2 % osmium
tetroxide (EMS, Hatfield, PA, USA), dehydrated with a series of
increasing ethanol solutions, and embedded in Epon®resin (Sigma;
Steinheim, Germany). Ultrathin sections (90 nm) were stained with 2
% aqueous uranyl acetate and 1 % lead citrate (Merck, Darmstadt,
Germany). Images were acquired using a JEOL 1011 transmission
electron microscope operating at 100 kV.

3.7 Statistical analyses

For cytometry experiments, three independent experiments were
performed and the results were expressed as the average ratios of
mean fluorescence intensity (RMFI) +/- Standard Error of the Mean
(SEM). Comparisons were performed using unpaired t-test or ANOVA
followed by Tukey's multiple comparisons test for comparison of
more than 2 conditions. All statistical analyses were done using
GraphPad Prism (Prism V.6 for Windows).

Conclusions

In this study, we have designed various red-emissive magneto-
fluorescent nanoassemblies differing by their sole outer
polyelectrolyte shell issued from RAFT comb-like PEGylated
polymers, to assess the impact of the chain transfer agent on cell
uptake. Photophysical studies and *H HR-MAS NMR investigations in
solution were efficient tools to reveal distinct structuration of the
PEGylated chains around the nanoassemblies, leading to a more
compact shell for chain transfer agents incorporating an extended
alkyl activating group, amenable to self-assemble in close contact
with the NA surface. Systematic cell uptake experiments carried out
on different human cellular models from tumor microenvironment,
evidenced neat differences between the PEGylated nanoassemblies
despite the very slight changes induced by the activating group and
their identical surface potential. In a general way, the
nanoassemblies, displaying the denser PEG shell, were internalized
the less following a classical endocytosis pathway. Very interestingly,
while both PEGylated nanoassemblies kept being uptaken by
macrophages, at a significant higher rate than that of cancer cells due
to the high phagocytotic activity of the immune cells, significant
differentiation operated between M2-like and M1-like macrophages.
The former showed enhanced phagocytosis toward nanoassemblies
with a less compact PEGylated coating, which opens new routes to
perform differentiated treatment with immunomodulatory
molecules of pro-inflammatory and immunosuppressive M2-like
macrophages, actively participating in tumor growth. Finally, the
exposure of the PEGylated nanoassemblies to multicellular tumor
spheroids, serving as mimics of solid tumors, conducted to the very
slow diffusion of nanoassemblies, whatever their external coating,
despite their ability to spontaneously and progressively disassemble
in cells, which adverts on the necessary use of appropriate models to
assess the efficacy of nanomedicines. Overall, these pioneering
studies open the perspectives of time-saving construction of
nanoparticles by considering the impact of small hydrophobic units
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issued from the incorporation of RAFT CTAs. Depending on their
capability to self-assemble and tightly interact with the surface of
nano-objects, activating hydrophobic groups of RAFT CTAs can offer
control of the compacity of outer hydrophilic shells and
rearrangement thereof, following cellular engulfment. Simultaneous
exploration of the role of chemical inhibitors and investigations of
the rheological properties of the nanoassemblies and their
interactions with the serum proteins through fluorescence
correlation spectroscopy are under way to understand the
mechanical response and cell uptake dynamics of the
nanoassemblies with respect to their coating shell.
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