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Abstract

Magnetic nanoparticles coated with protein-specific molecularly imprinted polymers (MIPs) are
receiving an increasing attention thanks to their binding abilities, robustness and easy synthesis
compared to their natural analogues also able to target protein, such as antibodies, or aptamers.
Acting as tailor-made recognition systems, protein-specific molecularly imprinted polymers can be
used in many in vivo nanomedicine applications, such as targeted drug delivery, biosensing and tissue
engineering. Nonetheless, studies on their biocompatibility and long-term fate in biological
environments are almost non-existent, although these questions have to be addressed before
considering clinical applications. To alleviate this lack of knowledge, we propose here to monitor the
effect of a protein-specific molecularly imprinted polymer coating on the toxicity and biodegradation
of magnetic iron oxide nanoparticles, both in a minimal aqueous degradation medium and in a model
of cartilage tissue formed by differentiated human mesenchymal stem cells (MSC). Iron oxide
nanoparticles degradation with or without the polymer coating was monitored for a month by
following their magnetic properties using vibrating sample magnetometry, and their morphology by
transmission electron microscopy. We showed that the MIP-coating of magnetic iron oxide
nanoparticles do not affect their biocompatibility or internalization inside cells. Remarkably, the
imprinted polymer coating does not hinder the magnetic particles degradation, but seems to slow it
down, although this effect is more visible when degradation occurs in the buffer medium than in
cells. Hence, the results presented in this paper are really encouraging and open up the way to future

applications of MIP-coated nanoparticles into the clinic.
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Introduction

Protein-specific molecularly imprinted polymer (MIP) particles have unique physical and chemical
properties allowing them to specifically bind a define biomolecule. They are an innovative, cheap and
robust alternative to their natural counterparts such as antibodies, aptamers™® or chromobodies®*
when protein targeting is required. Indeed, these molecules are difficult to obtain, often depending
on either animal hosts>® or time-consuming synthetic pathways’?. In the meantime, MIP can be
produced by simply polymerizing functional monomers in presence of template proteins. After
template removal, cavities perfectly complementary to the target biomolecule in terms of size, shape
and interaction points remain®. They are the so-called protein-specific imprints. Over the past few

"2 "and interest recently

years, numerous synthetic pathways were developed to produce them
focused on their potential applications for biomedicine. Among remarkable applications, growth
factors were imprinted either to increase the selectivity of a drug-delivery platform® or to simply
entrap them and thus acting as an inhibition system™. Another interesting system having biomedical
applications was recently developed by coupling an imprinted polymer to maghemite nanoparticles
(y-Fe,03) and taking advantage of their hyperthermia properties to actively release entrapped
drugs®. Indeed, when submitted to an alternative magnetic field, magnetic iron oxide nanoparticles
will dissipate energy as heat and thus locally increase temperature®"’, leading to the breaking of
hydrogen bonds between molecules and polymer. It must be underlined that these nanoparticles
also have other interesting properties, such as being employed as contrast agents in magnetic
resonance imagingls.

However, the biocompatibility and long-term fate of protein-specific imprinted nano-objects remain
unknown. To the best of our knowledge, only a small amount of paper deals with the toxicity of

13,14,19-21

imprinted polymer , but none records the effect of magnetic MIP on cell survival or its

degradation in a bio-environment. Considering their potential applications for protein targeting and



inhibition, these information are mandatory to predict their clinical safety and consider their medical
applications.

The objective here was thus to palliate this lack of data, by studying the effect of an imprinted
polymer coating on the toxicity and degradation of magnetic iron oxide nanoparticles, well

referenced in the literature®®**

. To do so, we synthesized y-Fe,0;@MIP nano-objects using a
“grafting from” polymerization approach and assessed the effective synthesis of the imprinted
polymer coating. Magnetic nanoparticles transformation was then monitored over time under
conditions of increasing complexity. The first one was a minimal biomimetic degradation medium,
namely an aqueous acidic buffer solution containing iron chelating molecules to mimic lysosomal
environment, as it is now a common observation that most nanomaterials interacting with cells end
up confined in intracellular compartments, the lysosomes****. After assessing the cytotoxicity of the
particles, their degradation in a model tissue being a spheroid of human mesenchymal stem cells was

26,27
d

monitore . The degradation kinetics was determined using the loss of magnetic properties during

iron oxide nanoparticles dissolution, and confirmed by transmission electron microscopy.

Materials and methods

Chemicals

Sodium citrate, pronase, glucosidase, lysozyme, PBS, dexamethasone, sodium pyruvate, 2-phosphate
ascorbic acid, L-proline, RPMI (Roswell Park Memorial Institute), FBS (fetal bovine serum), Penicillin-
Streptomycin, glutaraldehyde, and Epon were provided by Sigma. DMEM (Dulbecco’s modified Eagle
medium) and trypsin were purchased at Gibco. Citric acid was provided by Carlo Erba, chlorhydric
acid (37%) by Merck, nitric acid (68%) by VWR, MSCBM (Mesenchymal Stem Cell Basal Medium) by

Lonza, ITS Premixby BD Biosciences, TGF-f3;by Oncogene, PC3 cells (Human prostate



adenocarcinoma) ATCC®CRL-1435™, AlamarBlue by Invitrogen, uranyl acetate by Fisher Scientific and

human mesenchymal stem cells (MSC) originated from bone marrow donations.

Magnetic nanoparticles and hybrid nano-objects
Maghemite nanoparticles and magnetic imprinted polymers were prepared and characterized

following a synthetic protocol previously described® (see Supporting Information).

Lysosome-like buffer solution

In vitro degradation experiments were carried out in 20mM citric acid at pH=4.55. The citrate buffer
was prepared by mixing 4.4mM of citric acid (CgHgO;, Carlo Erba) and 5.6mM of sodium citrate
tribasic (CgHs;Na3;0,.2H,0, Sigma-Aldrich) in 500mL of purified water. Some experiments were also

performed in a lysosome-like buffer solution modified with glucosidase (Sigma) at 0.5mg/mL.

Cell culture and nanoparticles internalization

Human mesenchymal stem cells (MSC, from bone marrow donations) were cultured until 90%
confluence in T75 flasks at 37°C with 5% CO, in mesenchymal stem cells basal medium (MSCBM)
(Lonza). They were labelled with bare and MIP-coated maghemite nanoparticles for 30 minutes at
the iron concentration of 0.05, 0.1 and 0.2 mM in serum-free Dulbecco’s modified Eagle medium
(DMEM, Gibco). At the end of the labelling the cells were rinsed with serum-free DMEM and then
incubated in complete MSCBM for 3 hours chasing in order to get rid of any particles stuck on the

cells membrane.

Spheroid formation and maturation
After incubation with the various nanoparticles, the cells were detached by means of trypsin-EDTA

solution (Gibco). Cells were counted, centrifuged and suspended in specific (chondrogenic-like)



media for spheroid formation, composed of serum-free DMEM containing dexamethasone (Sigma
Aldrich, final concentration 0.1 uM), sodium pyruvate (Sigma Aldrich, final concentration 1 mM),
ascorbic acid-2 phosphate (Sigma Aldrich, final concentration 50 uM), L-proline (Sigma Aldrich, 0.35
mM), ITS Premix (BD Biosciences, 1/100 dilution) and TGF-B; (Oncogene, final concentration 10
ng/mL). The cells were divided in several suspensions of same cell number (220 000 cells in 15 mL
tubes), centrifuged at 1200 rpm for 4 minutes and placed at 37°C. After 24 hours, the pellets started
to shrink and form a three-dimensional cellular spheroid with tissue-like features. The medium was
renewed every 3-4 days. At day 0, 3, 9 and 21 of maturation, the spheroids were collected, fixed in
5% glutaraldehyde and kept in phosphate-buffered saline (PBS, Sigma) for further characterization

(VSM and electron microscopy imaging).

Alamar Blue test

Human prostate adenocarcinoma PC3 cells (ATCC® CRL-1435™) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM high glucose, Gibco) supplemented with 10% Fetal Bovine Serum (heat
inactivated FBS) and 1% Penicillin-Streptomycin (5000 U/mL) at 37°C with 5% CO,. Patient-derived
mesenchymal stem cells (MSC) were cultured until 90% confluence in T75 flasks at 37°C with 5% CO,
in complete MSC Basal Medium (MSCBM, Lonza). Cells were plated (2x10° PC3 and 0.5x10° MSC per
well) in 48 multi-well culture plates 24 hours prior to the incubation with the nanohybrids. Bare and
MIP-coated maghemite nanoparticles, corresponding to 15, 62 and 250 uM of Fe, were dispersed in
serum free RPMI medium at the concentration of 0.05, 0.1 and 0.2 mM of Fe and incubated with cells
for 30 min. As control, non-magnetic MIP (see Sl for experimental data on their synthesis) was also
incubated at the equivalent concentration corresponding to 6.1, 12.2 and 24.4 ug/mL of polymer. At
the end of the incubation, the cells were thoroughly washed 3 times with PBS and incubated with
their respective complete media. After 24h, the metabolic activity was measured using the Alamar
blue reagent (Invitrogen). After one PBS rinsing, cells were incubated with Alamar Blue solution (10%

in serum-free DMEM) without phenol red for 2h. Then this medium was transferred in 96 well plates



and their fluorescence due to the reduction of resazurin (oxidized form) to resorufin by cell activity
was quantified with a microplate reader (excitation 570 nm, emission 585 nm). The results were
normalized with respect to untreated controls in same conditions. All measurements were

performed in quadruplicate.

Free iron concentration determination

At each time point during degradation, 1 mL of lysosome-like buffer solutions containing bare or
MIP-coated magnetic nanoparticles was filtered to remove non-dissolved nanoparticles from the
liguid solution containing the free iron (originating from the dissolved nanoparticles). The iron
concentration [Fe] of these solutions was determined by atomic absorption spectroscopy using a
Perkin Elmer Analyst 100 system after dilution with filtered ultrapure water (in 2% HNOs;, VWR).

Measurements were performed in triplicate.

Magnetic measurements

At each time point, fixed spheroids were introduced in sample capsules for vibrating sample
magnetometry (VSM) analysis (Quantum Design, Versalab). Field-dependent magnetization curves
were measured at 300 K as a function of the external field, in the range 0 to 3 T (step rate of 30 mT/s)
to obtain saturation magnetization and in the range of —-150 to +150 mT, with a step rate of 10 mT/s,
for more precise measurements. The magnetic moment thus recorded (in emu) can directly be
converted into grams of iron per spheroid, due to the magnetization at saturation of each material

(expressed in emu/g of iron). Measurements were performed in triplicate.

Analysis of magnetization curves: log-normal size distribution of the nanoparticles

The magnetization curve M(H) of a suspension of monodisperse iron oxide nanoparticles can be

described by a Langevin formalism:



M(H) = mgp(coth§ = D) (1)

where € = pom,VH/KT is the Langevin parameter, g, the vacuum magnetic permeability, m, the
saturation magnetization of the magnetic material, H the magnetic field, k the Boltzmann constant, T
the temperature, V the particle’s magnetic volume, and ¢ the volume fraction of particles in the
suspension. For a polydisperse sample, M(H) can be adjusted by weighting the Langevin expression
by alog-normal distribution of particle diameter d:

1 in? (d'rrlliag)
Tiroa &P (-2 ) ()

P(d) =

and the fit of the magnetization curves by eq. 1 combined with eq. 2 leads to the mean magnetic

diameter d,,; and the polydispersity index o.

NMR relaxation time measurements
NMR transverse relaxation times T, of bare and MIP coated magnetic nanoparticles in lysosome-like
buffer solutions were recorded on a Minispec mq20, BRUKER at 20MHz and 25°C. T, were measured

29,30

using a CPMG sequence™”" with 4 scans of 500 echoes separated by 40 us and 5 s recycle delay.

Magnetization decay was mono-exponential and measurements were performed in triplicate.

Transmission Electron Microscopy

The TEM analysis of bare nanoparticles and hybrid nano-objects was performed using a JEOL-100 CX
TEM, while high resolution transmission electron microscopy (HRTEM) was performed on a JEOL
2100F microscope. A droplet of diluted nanoparticles suspension in water was deposited on a carbon
coated copper grid and the excess was drained using a filter paper. Size analysis was achieved on
TEM images using Image) software.

The spheroids used for TEM were fixed for 1 h at room temperature with 5% glutaraldehyde in 0.1 M
cacodylate solution, and included in Epon resin after dehydration. Slices 70 nm thick were colored

using uranyl acetate and observed with a Phillips Tecnai 12 electron microscope.



X-ray Diffraction

X-ray diffractograms were recorded using a PANALYTICAL X’pert Pro MPD diffractometer with the Cu

K, radiation (K, =1.54 A).

Statistical analysis

All values are reported as means and standard deviation (error bars). Student-t test (unpaired) was
used to determine whether results were significantly different. A confidence level of 95% was

considered significant; *** corresponds to p<0.001, ** to p<0.01 and * to p<0.05.

Results and discussion

While biocompatibility and intracellular degradation of iron oxide nanoparticles have been

extensively monitored in the past few years®

, o study highlighted the effect of the polymer. This
coating being extremely porous to allow the diffusion and adsorption of proteins, it should not
hinder degradation of hybrid nano-objects magnetic core but it remained to be proved. In order to
assess the influence of imprinted polymer coatings on magnetic nanoparticles degradation, we chose
to work with magnetic GFP-imprinted polymer nanoparticles, also called y-Fe,0;@MIP, GFP being
the green fluorescent protein. This protein was chosen because it is not expected to be present in
the cells or in the culture media, so the effects observed will only be due to the presence of the
imprinted polymer and not to the binding of particles to any cellular structure.

Imprinted nano-objects (Figure 1A) were synthesized according to a method described in a previous
publication®. Briefly, y-Fe,0; nanoparticles were produced using a co-precipitation method, followed
by an oxidative step. Particles were then functionalized to ensure their coupling with the imprinted

polymer, formed using a controlled radical polymerization (see S| for experimental details). The

obtained nano-objects are composed of a magnetic core made of several maghemite nanoparticles

9



and an imprinted polymer shell. Transmission electron microscopy (TEM) displays what seemed to be
aggregates of magnetic nanoparticles, with a size ranging from 100 nm to 200 nm (Figure 1, B1 and
B2). Aggregation of maghemite can be related to the poor solubility of the functionalizing agent in
aqueous media, hence leading to a poor stability of the functionalized-particles suspension. High-
resolution TEM evidences an amorphous coating around these aggregates identified as the polymer
coating (Figure 1 B3). Infra-red Fourier transform spectroscopy and thermogravimetric analysis
confirms this amorphous phase to be the polymer coating (see Figure S1, ESI'). Coating thickness
varied between 1 nm and 10 nm as measured on TEM images (Figure 1 B3), which is enough to
potentially contain imprints, green fluorescent proteins having a size of approximatively 4.2 nm x 2.4
nm>*. Imprints presence was assessed using a rebinding experiment as extensively described in the
literature®®. This experiment showed that y-Fe,O;@MIP nano-objects were able to adsorb more
than twice the quantity of proteins than their non-imprinted counterparts, demonstrating the
effectiveness of the imprinting process.

Finally, magnetometry measurements using a vibrating sample magnetometer were performed to
prove that y-Fe,0;@MIP nano-objects were able to respond to magnetic field (see Figure S1C, ESI").
The imprinted polymer does not hinder the magnetism of the maghemite nanoparticles®’, and

characterization methods based on this property could be applied to follow iron oxide degradation.
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Figure 1: Description of magnetic imprinted polymers used in this study. (A) Schematic representation of the synthesized
nano-objects. The black spheres represent iron oxide magnetic nanoparticles (y-Fe,03;) embedded inside the polymer matrix
(blue). The white shadows stand for the protein imprints, being either two-dimensional on the surface or three-dimensional
inside the polymer. (B) Transmission electron microscopy of magnetic imprinted polymers with different magnification. B1:
scale bar: 100nm, B2: scale bar 20 nm, B3: high-resolution TEM, scale bar: 6 nm. Polymer coating thickness varied between

1 nmand 10 nm.

Nano-objects degradation within the lysosome-like buffer solution

Before working in a highly complex medium being a model tissue composed of human mesenchymal
stem cells, degradation of magnetic nanoparticles embedded inside an imprinted polymer was first
assessed in a lysosome-like buffer medium, being an aqueous buffer medium at pH=4.7 containing

citrate ions to mimic iron chelating agents.
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Figure 2: Degradation of hybrid nano-objects in lysosome-like

buffer solution. (A) Camera images of maghemite

nanoparticles dispersed in the buffer during degradation. From day O to day 21, nanoparticles are dissolved by the medium
resulting in a change of the dispersion color. Transmission electron microscopy of the dispersion on day 0 is shown as inset
(scale bar 50 nm). (B, C) Camera images of y-Fe,0;@MIP nano-objects dispersion in lysosome-like buffer solution containing
(C) or not (B) a glucosidase enzyme, during degradation from day 0 to day 21. Transmission electron microscopy of the
nano-objects in the different buffer at the beginning and the end of the degradation are shown as inset (scale bar 100 nm).
(D) Free iron concentration in the lysosome-like buffer medium over time. (E) NMR transverse relaxation time during

degradation.

The kinetic of iron oxide nanoparticles transformation was assessed in the lysosome-like buffer
medium proposed by Arbab et al.*® using several analytical methods, such as free iron concentration

determination, TEM imaging and NMR transverse relaxation time measurements. Pristine or MIP-
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coated iron oxide nano-objects were immerged in the buffer medium for a month and the
nanoparticles evolution was probed at various time.

In the lysosome-like medium, maghemite transformation was synonymous to their complete
dissolution. Indeed, color of particles suspensions changed over time, from the dark orange
characteristics of maghemite nanoparticles, to a pale yellow corresponding to a solution of ionic iron
(see Figure 2A, B and C). Note that suspensions of MIP-coated nano-objects are darker and more
turbid than the one of pristine nanoparticles due to the presence of the polymer. Objects are
therefore bigger and polymer will scatter light differently than bare iron oxide, opacifying the
solution. Interestingly, polymer coating seems to be able to slow down the degradation process of
iron oxide nanoparticles, as at least 21 days are needed to induce a complete change of color, while
only 9 days are needed for bare nanoparticles. A macroscopic following of the suspensions thus
highlights the degradation of the magnetic nanoparticles, but a more thorough follow-up is needed
to assess its mechanism, and microscopic analysis are carried out.

Morphology of different hybrid nano-objects was monitored during degradation using transmission
electron microscopy. Suspensions were observed at day 1 and day 21. Without enzyme, MIP-coated
particles with a mean diameter between 500 nm and 750 nm are observed both at the beginning and
the end of the immersion in the lysosome-like buffer medium, as displayed in the inset on Figure 2B.
Polymer was not affected by the degradation medium, which is confirmed by the absence of
significant evolution of the nano-objects mean size (see Figure S2, ESI'). Small holes with a mean
diameter of approximatively 10 nm are clearly visible on TEM images of MIP-coated nano-objects
after 21 days in the lysosome-like medium. This holes are the cavities left by the maghemite
nanoparticles inside the polymer matrix, corroborating the hypothesis of their dissolution. In the
presence of glucosidase, one can observe small polymeric particles without maghemite inside, 21
days after the beginning of the degradation (TEM image on Figure 2C). This observation, coherent
with the recorded evolution of the nano-objects mean size, evidence the role of enzymes (see Figure

2C and Figure S2, ESIT). Glucosidase is able to cleave the polymer, facilitating access to nanoparticles
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surface for chelating agent, and therefore explaining the faster color change of the suspension. Note
that mean hydrodynamic diameter of pristine nanoparticles showed no significant evolution,
suggesting an all-or-nothing degradation mechanism?.

Evolution of free iron concentration in the degradation media confirmed the nanoparticles
dissolution over time, as concentration reached a plateau of 9 mM, equivalent to the initial iron
concentration in nanoparticles, as displayed on Figure 2D. Indeed, at the beginning all iron was
contained inside the maghemite nanoparticles. During their dissolution, iron is chelated by
degradation agents and freed in the lysosome-like medium, therefore increasing the free iron

concentration®>*

. The increase of free iron concentration being slower for solutions containing MIP-
coated nanoparticles than for the one containing only pristine maghemite nanoparticles, it evidenced
the influence of the polymer. Nevertheless, the dissolution is not completely hindered by the MIP
coating revealing that the polymer is porous enough to allow solvent accessing the nanoparticles
surface. The dissolution of maghemite nanoparticles seems a little faster when glucosidase is present
in the degradation medium as both revealed by NMR relaxometry and free iron concentration
measurements (see Figure 2D and E, red and green curves). The enzyme, by cleaving the imprinted
polymer, facilitates the access of degrading agent to the iron oxide nanoparticles surface and
consequently the dissolution of the latter.

The superparamagnetism of iron oxide nanoparticles induces a great enhancement of the NMR
relaxation*™, due to dipolar interactions between particles and H protons. During the degradation
of maghemite nanoparticles, NMR transverse relaxation time (T,) will be both influenced by magnetic
nanoparticles concentration and size and by free iron concentration. The NMR T, of coated
nanoparticles decreased to reach a plateau (100 ms) after approximately 18 days while for the bare
nanoparticles, the T, increased (Figure 2E). The behavior difference is due to the difference of
accessibility of the water to the relaxing agent (i.e. nanoparticle or iron ion). Indeed, the dipolar
interaction responsible of the NMR relaxation has an 1/r dependence, where r is the distance

41,43-45

between 'H protons and superparamagnetic nanoparticles . The polymer corona hinders

14



without preventing the water diffusion at the vicinity of the maghemite nanoparticles by modifying
the minimal approach distance of water to nanoparticles whereas no barrier exist for bare

#6749 At this magnetic field and for a given total amount of iron, the

nanoparticles or free iron ions
relaxivity order is bare nanoparticles >> free iron ion > MIP-coated nanoparticles (note that the
buffer T, is equal to 2000 ms). Hence, T, increases upon degradation in the case of bare
nanoparticles, and T, decreases in the case of MIP-coated nanoparticles. Interestingly, the value of
the plateau is the same for all samples demonstrating that the degradation is complete for all and
that the MIP-coating has no influence of the final degradation state.

Study of nano-objects degradation within the lysosome-like buffer solution thus suggests that the
different accessibility of iron chelating agent to iron oxide nanoparticles surface, tuned through the

presence of polymer coating and glucosidase enzyme, will impact degradation kinetics without

hindering it.

Nano-objects cytotoxicity assessment using a cell viability assay

As we hope for y-Fe,0;@MIP nano-objects to be internalized by cells, their short-time cytotoxicity
has to be assessed in vitro using a toxicological test, before forming spheroids and allowing them to
mature for up to 21 days. The biocompatibility of magnetic imprinted polymer nano-objects was
evaluated in prostatic cancer cells (PC3) and human mesenchymal stem cells (MSC). PC3 were chosen
as a model of tumor-derived cell line, and mesenchymal stem cells were chosen as a model of normal
(non-tumoral) primary culture. The MSC are a very good biocompatibility benchmark because they

are very sensitive to any toxic extracellular perturbation.
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Figure 3: Cell viability assay (AlamarBlue test) performed on both MSC and PC3 cells.

The AlamarBlue assay used as cell viability test relies on the measurement of the fluorescent pink
product (resorufin) formed after reduction of the blue compound resazurin by mitochondrial
dehydrogenase. Therefore, its activity adequately reflects the metabolic activity of the cells that
could be affected by the presence of foreign hybrid nano-objects in the cellular media. Three
concentrations of y-Fe,0;@MIP nano-objects were incubated with both MSC and PC3 cells
(equivalent in iron: 0.05, 0.1 and 0.2 mM / equivalent in polymer: 6.1, 12.2, 24.4 mg/mL), and in the
same way, equivalent concentrations of iron nanoparticles and non-magnetic polymer nanoparticles
were tested, while non-treated cells served as control. As displayed on Figure 3, after 24h the
metabolic activity of both cell lines was only slightly affected by the magnetic imprinted polymers, as
the y-Fe,0;@MIP nano-objects did only show a cytotoxicity between 10-15% at the concentrations
tested. The low cytotoxicity both of the maghemite nanoparticles and the imprinted polymer alone
are both displayed, and coherent with what is already described in the literature®>>*>%>*,

Overall, these results confirm the high biocompatibility of the hybrid nano-objects and are promising

for their future translation in the clinic. Furthermore, the low cytotoxicity of pristine and MIP-coated

nano-objects on MSC cells, validate the next results regarding their long-term degradation.
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Nano-objects internalization by mesenchymal stem cells

The next challenge was to assess iron oxides degradation in a more complex biological medium.
Spheroids of mesenchymal stem cells were recently developed as a model tissue to monitor
intracellular bio-transformations of nano-objects?®**”***%. We thus chose this tissue-like model to
determine whether the imprinted polymer coating impacted degradation of maghemite
nanoparticles. To do so, we first evaluated the internalization of y-Fe,O;@MIP nano-objects and the

subsequent spheroid formation.

A

Day 0 Day 3 Day 9 Day 21
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- Pristine nanoparticles
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Figure 4: Nano-objects internalization and spheroids formation. (A) Camera images of the formation and maturation of a
single representative spheroid. From day 0 to day 21, the spheroid matures and rounds up (scale bar: 2 mm, same on all
images). (B) Iron load of spheroids formed after internalization of bare or MIP-coated maghemite nanoparticles incubated

at different initial iron concentrations ([Fe] = 0.05, 0.1 and 0.2 mM).

Camera images of the spheroid formation and maturation process are displayed on Figure 4. On the
first maturation days, the cell pellet obtained after centrifugation compacts and rounds up to form a

26,52,53
d

spheroid, as already reporte , which is also indicative that the nanoparticles do not interfere

with the stem cell adhesion and maturation processes. Single spheroids magnetic moment could
then be measured by magnetometry, using a vibrating sample magnetometer, on the day of spheroid

formation. These magnetic moments directly relate to the spheroids magnetic iron load (in the ug
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range). Three initial iron concentrations (0.05, 0.1 and 0.2 mM) and two types of particles (pristine
and MIP-coated maghemite nanoparticles) were tested with stem cells. All conditions led to an
effective internalization of nano-objects by cells as all spheroids displayed an iron load over 100 ng
(see Figure 4B) and up to 1 pg, increasing with the initial nanoparticles concentration during
incubation.

Interestingly, MIP-coated nanoparticles entered more efficiently inside cells. Indeed, the same
initial maghemite concentration lead to an iron load almost two-times higher for the coated nano-
objects. As interest focused on the effect of the polymer-coating on magnetic iron oxide degradation,
we chose to compare nanodegradation within spheroids with same iron load, that is corresponding

to an initial iron concentration of 0.1 mM for pristine nanoparticles and 0.05 mM for MIP-coated

nano-objects.

Follow-up of magnetic properties of nano-objects during maturation of spheroids
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Figure 5: Magnetic follow-up of the maghemite nanoparticles (bare and MIP-coated) degradation process in the model
tissue. (A) Typical vibration curves obtained for a single spheroid on different days after spheroid formation using a vibrating
sample magnetometer. These particular curves were obtained with spheroids having internalized MIP-coated nanoparticles.
(B) Evolution of the saturation magnetization (normalized by its initial value) over time of spheroids after internalization of
bare or MIP-coated maghemite nanoparticles. Student’s t-test was performed each day between the values obtained for
bare and MIP-coated particles (*corresponds to p<0.05 and ** indicates p<0.01). (C) Renormalized magnetization curves
(left) obtained for the nanoparticles in spheroid at day 0 or day 21. Curves are quasi-identical and can be fitted by a
Langevin law pondered by log-normal size distribution (see Materials and methods for the equations). Analysis of each curve
provided the mean magnetic diameter d,,, of the maghemite nanoparticles (right plot) and the polydispersity index o

(shown in ESI, Figure S4).

The very small size of spheroids makes it impossible to measure reliable NMR relaxation times with
standard NMR relaxometer (see Figure S3, ESI'). By contrast, magnetometry is sensitive enough to
monitor the spheroids magnetization decrease over tissular nanodegradation. All single spheroids
magnetic moments were thus measured at different times of tissue maturation (days 0, 3, 9, and 21).
Typical magnetization curves obtained for a single spheroid on different days are displayed on Figure
5A. The spheroid magnetic moment, retrieved from these curves, clearly collapsed over time, losing
60% to 65% of its initial value depending on the nature of the internalized nanoparticles (see Figure
5B). It is noteworthy to mention that the imprinted polymer coating slowed down the spheroid
magnetic moment decrease, but did not hinder it, probably due to its high porosity.

From the magnetization curves, one can also retrieve the size distribution of nanoparticles within the
sample. Renormalized spheroid magnetization curves on different days after their formation
displayed the same allure (see Figure 5C) and could be fitted using the Langevin formalism as
explained in Materials and Methods, equations 1 and 2. This indicates that the nanoparticle size
distribution was not affected by the degradation, validating the all-or-nothing degradation

. . . 2
mechanism proposed in previous works®.
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Long-term imaging of bare and MIP-coated nanoparticles within the model tissue

ADayl- Pristille

200 nm

Figure 6: Bare and MIP-coated nanoparticles imaging within the model tissue. (A, B) Transmission electron microscopy of

spheroid tissues containing bare maghemite nanoparticles at day 1 (A) and after 9 days of maturation (B). (C, D)
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Transmission electron microscopy of spheroid tissues containing y-Fe,0;@MIP hybrid nano-objects at day 1 (C) and after 9
days of maturation (D). At day 1, nanoparticles are confined inside the endosomes (lysosomes) and no dark spots are visible
inside the cytoplasm (A, C). While at day 9, some endosomes are still filed with nanoparticles but most of them contain black

spots identified as iron-loaded ferritins (see enlarged B2 and D2, white arrows).

Transmission electron microscopy is the technique of choice to track intracellular nanoparticles
transformations at the nanoscale. Figure 6 displays TEM images of the tissue containing pristine or
MIP-coated maghemite nanoparticles after 1 day (A, C) or 9 days of maturation (B, D; additional
images are shown in Figure S5, ESI").

At day 1, all nanoparticles were located within the endosomes. Bare nanoparticles appear to fill
almost all the endosomes volume (see enlarged Figure 6 A2), while smaller aggregates embedded
inside light gray spots, being the polymer coating, are visible for MIP-coated iron oxides (see Figure 6
C2). At this early day, cytoplasm does not contain any nanoparticles-like objects.

At day 9, only rare maghemite nanoparticles were still detected inside the endosomes, may they be
pristine or MIP-coated nanoparticles. On the contrary, a large number of smaller electron-dense and
well defined spots appeared within the cytoplasm (see Figure 6, the white arrows on enlarged B2 and

456 and can be found either in

D2). These dark nanospots can be identified as iron-loaded ferritins
the endosomes or in the cytosol. As these spots labelled as loaded-ferritin are missing at day 1, they
can be outlined as characteristics of iron oxides degradation. On Figure 6D, one can also observe a
contrasted while not well-defined area on the endosome edge, which can be identified as the
remaining imprinted polymer.

These observations confirm the important magnetic iron degradation observed macroscopically
through magnetic measurements and the storage of the released iron ions by ferritins. Moreover,
these iron loaded-proteins being present in both tissues, containing initially bare nanoparticles or

hybrid nano-objects, they confirm the possible degradation of magnetic nanoparticles even when

they are embedded inside the imprinted polymer.
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Conclusion

The long term fate of intracellular magnetic imprinted polymers is still largely unexplored, while
these particles are promising tools in nanomedicine, and this knowledge will be imperative before
considering clinical applications. Although the future of imprinted polymer inside a biological
environment is not elucidated here, we have evidenced for the first time that this coating does not
strongly influence maghemite nanoparticles degradation in the long term. The monitoring of iron
oxide degradation in a lysosome-like buffer evidenced the potential shielding effect of the polymer
coating, but enzymes potentially present in the intracellular compartments modulate it. The polymer
coating slows down the degradation process of iron oxide nanoparticles from 9 days for bare
nanoparticles to 21 days for the coating ones.

MIP-coated magnetic iron oxide nanoparticles are biocompatible, with a cytotoxicity between 10-
15% at the concentrations tested (0.05, 0.1 and 0.2 mM), and are able to undergo cellular
internalization as well as pristine nanoparticles. Once inside endosomes, magnetic nanoparticles go
through a dissolution inducing a magnetization loss of the model tissue, and an intracellular release
of iron-loaded ferritins. Interestingly, polymer coating still seems to potentially slow down the
particles degradation without hindering it.

As the nature of the imprinted protein only modify the size and shape of the cavities inside the
polymer, the results presented here might be easily applied to other hybrid nano-objects, as could be

the monitoring methods employed, when using acrylamide as functional monomer.

Supporting information description
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Synthetic procedures and complementary details on materials characterization and degradation in
vitro and in the spheroid model (Figures S1- S6). This material is available free of charge via the

Internet at http://pubs.acs.org
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