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Magnetic—Fluorescent Colloidal Nanobeads:
Preparation and Exploitation in Cell
Separation Experiments®

Riccardo Di Corato, Philomena Piacenza, Mariarosaria Musaro,
Raffaella Buonsanti, Pantaleo Davide Cozzoli, Massimo Zambianchi,
Giovanna Barbarella, Roberto Cingolani, Liberato Manna, Teresa Pellegrino*

Nanostructures displaying fluorescence and magnetic properties at the same time are poten-
tially useful for achieving simultaneous bio-separation and bio-sensing (e.g., magnetic
separation coupled with multiplexing optical detection of different tumour cell populations).
Spherical nanobeads that display both fluorescent
and magnetic features are reported; they are fab- Al

ricated by grafting fluorescent oligothiophene . .
molecules to an amphiphilic polymer that is then

used to enwrap iron oxide nanoparticles, which

acts as the magnetic domain. By tuning exper-
imental conditions, control over the number of
magnetic nanoparticles per bead and over the
bead diameter (30-400 nm) was achieved. A cell
separation efficiency of the level required for cell
sorting applications is also reported.

Introduction

The success of cancer therapy depends on multiple factors,
among which an early and accurate diagnosis is funda-
mental. Often the cancer lesion is identified only at an
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advanced stage of the disease, mainly due to the absence of
a highly sensitive technique capable of detecting low levels
of tumour cells and/or markers in biological samples.
Scientists are tackling this issue by reducing the probe size
down to the nanoscale, which is expected to increase the
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detection sensitivity due to the higher surface-to-
volume ratio.™*?

A nanosystem designed for bio-separation must satisfy
thebasicrequirement of being able to accumulate promptly
via a magnet (so that a pre-accumulation step is possible),
while its size must be small enough to ensure a high
sensitivity. Also, it must be easily dispersible in the medium
in which it has to be exploited and to interact with cells or
markers. A system designed for multiplexing detection
must additionally include code molecules (i.e, fluoro-
phores) within its structure so as to be able to distinguish
in parallel various analytes and/or tumour cells in the same
biological sample. Multifunctional nanotools able to per-
form detection and separation tasks simultaneously, which
have been reported recently, have been based mainly on
assemblies of magnetic nanoparticles and quantum dots >~
Although most such nanostructures can be prepared with
sizes smaller than 200 nm, the fabrication methods by
which they are made do not allow systematic tuning of
their dimensions down to a few tens of nanometers and/or
the control over the resulting bead morphology (for
instance the number of iron oxide nanoparticles incorpo-
rated in each bead, which in turn affects their feature of
being magnetically attracted). Simultaneous control over
the bead morphology and size would allow design of
magnetic beads with well-defined magnetic properties for
application both in vivo, such as for drug delivery, and
in vitro, as for instance in cell sorting experiments.

Here, we report the fabrication of magnetic—fluorescent
nanobeads (MFNBs) in a size range between 30 and 400 nm.
They are based on aggregates of iron oxide (y-Fe,Os)
nanoparticles (IONPs) enwrapped within an amphiphilic
polymer, [namely poly(maleic anhydride-alt-1-octade-
cene), Pcig] to which oligothiophene fluorescents (OTFs)
are grafted. We demonstrate fine control over the solution-
phase clustering of IONPs and Pc;g, which enables us to
prepare MFNBs for which we can tune both the size and the
radial distribution of IONPs in their interior.

We chose OTFs because they represent a viable
alternative as fluorescent labels to traditional organic dyes
in biomedical applications. Indeed, OTFs are characterized
by structure-dependent emission spectra (closely related to
the number of thiophene rings and to the type of
substituents thereon), high photochemical stability, and
low toxicity. In addition, OTFs exhibit broad excitation
spectra, similar to quantum dots,'®°! which potentially
allows for easier multiplexing analysis due to the
possibility to excite various types of OTFs (each emitting
at a different colour) with a single light wavelength.[*"!

IONPs were chosen as the magnetic material because of
their superparamagnetic properties and biocompatibility.
Several groups have assembled IONPs into clusters of a few
hundreds of nanometersinsize, and these displayed a faster
response to an external magnet than the starting individual
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IONPs in solution.***7*%) Clustering is desired as IONPs
smaller than 15nm exhibit low magnetization that
prevents both their accumulation within a few minutes
under application of moderate magnetic fields (i.e, < 0.3T)
and control of their motion when they are dispersed in
biological liquids, like blood. The polymer Pc;g used in this
work to prepare the beads has been recently exploited to
solubilize several types of nanoparticles in water!** and to
prepare quantum dot barcode nanobeads for multiplexing
detection.! Herein, we demonstrate that our newly
developed MFNBs prepared by employing the Pc,g polymer
displayed both a rapid response to a magnet and a highly
stable and tuneable fluorescent signal. Moreover, in cell
separation tests, the beads exhibited high efficiency (up to
100%) in the separation of tumour cells in suspension
within 30 min.

Experimental Part

Preparation of Beads

We describe here the general procedure devised to prepare
magnetic nanobeads. To 8 uL of a solution of Pc;g in tetrahydro-
furan (THF) (50 x 10> m, this concentration is expressed in terms of
polymer monomer units), 20 uL of a 2 x 10~ °m solution of IONPs
(13 nmin diameter) in THF was added. An amount of THF was then
added to this solution toreach a final volume of 200 p.L. The mixture
was shaken for 30 min on a vortex system at 1000 rpm (we avoided
use of a magnetic stirrer bar since the beads tended to stick to it).
Subsequently, 800 p.L of acetonitrile (ACN) was added at a rate of
0.25mL-min~*. Alternative solvents, such as water, acetone,
methanol, N,N-dimethylformamide (DMF), or dimethyl sulfoxide
(DMSO), could be used. In such cases, a solvent volume of 800 wL
was added atarate of 0.25 mL- min~*. After the beads were formed,
amagnet (NdFeB, 0.3 T) was positioned close to one side of the vial,
which led to quantitative accumulation of the beads to that side of
the vial. The mother solution in the vial was then replaced with a
borate phosphate buffer (50 x 10 % m, pH 9) and the beads were
redissolved in the buffer upon removal of the magnet. The beads
prepared by addition of ACN were composed of a core of aggregated
particles encased by a shell of polymer. The thickness of the
polymer shell in these beads (Figure 1c) was related the volume
of Py polymer solution (50 x 10~ m in THF) added to the solution
of IONPs, which could be 4, 8, 12, or 16 p.L.

In general, the critical parameters that controlled bead
formation were the speed at which the polymer and the IONPs
were mixed, the mixing time needed before the addition of the
solvent of different polarity, and the rate at which such solvent was
added.

NH,—-OTFs and NHS-OTFs Functionalization

To equip the magnetic nanobeads with OTFs, two approaches were
followed. In the first approach, we employed OTF derivates based
on amino-functionalized molecules (NH,—~OTF1) (Figure 2a), which
were grafted to the Pc;g polymer. In detail, to a solution of NH,—
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9 Poly(maleic anhydride-ait-1-octadecene)
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Figure 1. a) Sketch of the procedure devised to synthesize the beads. Adding a solvent like acetonitrile (ACN) to a solution of Pc,g and
hydrophobic iron oxide (y-Fe,0;) nanoparticles (IONPs) in THF, at a controlled flow rate, promotes formation of the beads. b) Beads prepared
by addition of water (left) and acetone (right). c) TEM images of single beads of different diameters obtained by addition of acetonitrile, at
increasing concentrations of polymer (1, 2, 3, and 4 x 103 m, respectively). d) Corresponding low-magnification TEM overviews of beads

shown in panel c.

OTF1°) in THF (5 x 103 m) a solution of Pc;g in THF (50 x 10~ m)
was added. Then an amount of THF was added to reach a final
volume of 200 pL and the solution was shaken at room temperature
overnight. The resulting mixture was added to a dried powder of -
Fe,0; nanoparticles (obtained by drying 20 pL of a 2x 10 °m
solution of IONPs) and shaken at 1000 rpm for 30 min, after which
800 pL of ACN was added at a rate of 0.25 mL-min ™. In a series of
experiments, different volumes of the NH,-OTF1 solution (1, 10, 20,
50, and 100 pL, respectively) were mixed with 10 pL of the Pcig
polymer solution in order to reach well-defined ratios of NH,—OTF1
molecules added every 100 polymer units (1, 10, 20, 50, and 100,
respectively).

In the second approach, we employed OTF derivates bearing an
N-hydroxysuccinimidyl group (henceforth referred to as NHS—OTFs
or NHS-OTF1 and NHS-OTF2).'% These were also grafted to
the Pcig polymer. First, 20 uL of a NHS-OTF solution in THF
(5 x 102 m) were mixed with 20 p.L of a solution of bis(hexamethyl-
ene)triamine in THF (5 x 10> m). Then an amount of THF was added
to reach a final volume of 190 pL and the solution was vortexed
overnight. The resulting mixture was reacted with 10 uL of Pcyg in
THF (50 x 10 ®m) and left under vortexing for an additional 12 h at
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room temperature. The reaction mixture was finally added to a
dried powder of IONPs (prepared by drying 20 pL of a 2 x 10" °m
solution of IONPs) and to this solution 800 pL of ACN was added ata
rate of 0.25mL- min .

In both approaches described above, for purification of the
MFNBs from excess OTF derivates, the bead solution wasloaded in a
10% sucrose solution and centrifuged at 3000g for 2h in 12-mL
tubes. The OTF derivates lay in the upper part of the sucrose
solution, while the beads were recovered from the bottom of the
tube by applying a magnet to the vial wall. The sucrose solution
was replaced with a solution of 50 x 10> m borate buffer (pH 9).

Results and Discussion

To prepare the beads, surfactant-coated IONPs, which were
synthesized by a non-hydrolytic route based on modified
literature protocols!*®! (see Supplementary Information for
more details), were suspended in THF and mixed with a THF
solution of Pc;s under vigorous shaking. To the latter
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Figure 2. a) Scheme of the magnetic-fluorescent nanobead (MFNB) formation by exploiting NH,-oligothiophene fluorescents (NH,—OTFs).
The NH,—OTF1s (left) are grafted to the polymer chain via reaction with the anhydride groups. b) Scheme of MFNB formation by using N-
hydroxysuccinimidyl-OTFs (NHS-OTFs). The first step involves the reaction of NHS-OTF1 (right) to diamino linker, followed by grafting of
the amino linker-OTF conjugate to the polymer. c) PL spectra of MFNBs functionalized with different amounts of NH,—OTF1. By increasing
the number of molecules of NH,~OTF1 grafted to the polymer, an increased fluorescent signal for MFNBs was recorded. d) Confocal study of
the influence of the magnetic field on the assembly of MFNBs. A drop of MFNBs was dried on a glass slide in the presence of a NdFeB magnet
(left). A control experiment was performed by drying a drop of sample in the absence of the magnet (right).

mixture, a solvent was added in which the IONPs were not
soluble and the solubility of Pc;5 was altered, such that a
controlled aggregation of the nanoparticles and wrapping
of the polymer chains were simultaneously induced,
yielding polymer beads with IONP aggregates inside
(Figure 1a). The beads were temporarily attracted to a
magnet, allowing for removal of the mixture of solvents in
which they were dissolved, following which they were
redissolved in borate buffer solution (50 x 10~ m, pH 9). We
investigated the parameters that induce the formation of
the beads and that regulate their size and the radial
distribution of IONPs at their interior. The latter was
dictated mainly by the solubility of the polymer Pc;5 in the
solvent added to the THF solution and by the concentration
of polymer (Figure 1b,c). Adding a solvent in which the
polymer is completely insoluble (i.e., water) yielded small
beads (32 &+ 8 nm), each embedding a few IONPs (Figure 1b,
leftimage). Onthe other hand, adding a solventin which the
polymer is fully soluble (e.g., acetone) yielded beads
embedding a higher number of IONPs (Figure 1b, right
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image). In the latter case, however, we achieved a poor
control of the size distribution of the beads (average size
139 £62nm). Similar results were found when adding
DMF, a solvent in which the polymer has solubility similar
to that in acetone (see Supplementary Figure S1).

On the other hand, the addition of a solvent in which the
polymer is partially soluble, such as ACN or DMSO, led to the
formation of magnetic beads in a broader range of
conditions. When adding ACN, the beads were character-
ized by a nucleus of aggregated particles encased by an
outer polymer shell (Figure 1c,d). A thicker polymer shell
was formed at higher concentrations of polymer in the
starting THF solution (Figure 1c). Interestingly, an outer
shell was observed even at the lowest concentration of
polymer used (1 x 107> m, Figure 1c, first image from the
left). The total bead size (core of aggregated parti-
cles + polymer shell) could be varied between 100 and
400nm, and the size of the core of aggregated particles
could be varied between 100 and 170 nm (see Supplemen-
tary Figure S2). In general, we observed that a thicker
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polymer shellled to the resulting beads being more stablein
water (the most stable beads did not precipitate even in a
NaCl concentration as high as 0.5 x 10> m, in a pH range
between 4 and 10).

The importance of the solubility parameters of the
polymer, not only for the formation of the beads, but also
for controlling their size, was assessed by control experi-
ments in which the beads were prepared in the absence
of IONPs. It was found that polymer beads were formed
if a solvent like ACN was used, in which the polymer is
nearly insoluble, which indicates the rearrangement of
the amphiphilic polymer in solution promoted by the
change in polarity of the starting solution (see Supplemen-
tary Figure S1 and S3). Similar results were found with
solvents having similar solubility parameters for Pcisg,
such as DMSO or methanol (see Supplementary Figure S1).
The beads were formed even in water, in which Pcqg
is completely insoluble. The beads did not form either
in acetone or DMF, in which Pcqg is indeed soluble (see
Supplementary Figure S1 and S4). Control experiments
were also carried out using only IONPs in the absence of
polymer.In this case even if the IONPs started to organize in
small two-dimensional clusters, as seen by transmission
electron microscopy (TEM) (see Supplementary Figure S5),
these aggregates were neither stable nor soluble in water,
and therefore no beads were observed.

Taken together the results above highlight the important
role of the amphiphilic polymer in the reaction mixture. The
change in polarity of the solution upon addition of the
solvent induces a conformational rearrangement of Pc;g
and simultaneously promotes hydrophobic interactions
among surfactant-coated IONPs, as well as between the
alkyl chains of Pc; g polymer and the organic-capped IONPs.
These concerted interactions lead to the formation of the
beads. Furthermore the polymer equips the bead surface
with carboxylic groups, derived from partial hydrolysis of
the anhydrides present on the polymer chains (determined
by FT-IR, see Supplementary Figure S6). The negative
charges introduced at the bead surface make them soluble
in polar solvents like ethanol or water. The prepared beads
moved to the magnet within a few minutes depending on
their sizes (e.g., 5min for 120 nm beads).

A further step in designing the beads concerned their
functionalization with fluorescent molecules, which makes
them suitable for both separation and detection. To this
aim we first grafted the OTFs to the Pc;s polymer and
subsequently applied the procedure described above to
prepare the beads. For coupling of the OTFs to Pc;g we
exploited the anhydride groups of the polymer chain, which
were opened upon reaction with NH,—OTF1s (Figure 2a).
After mixing Pc;g with a solution of NH,—OTFs in THF and
stirring overnight at room temperature, the reaction
products were characterized by gel electrophoresis, which
indicated the successful grafting of the OTFs to Pcy5 (see
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Supplementary Figure S7). This mixture was then added to
dry IONPs and the beads were prepared following the
procedure described above. In this case, to ensure removal
of free OTF derivates, a centrifugation step in a sucrose
solution was performed (see Supplementary Figure S8).

Different ratios of OTF molecules per polymer chain were
tested, and the photoluminescence (PL) spectra of the
cleaned beads were recorded. A higher fluorescent signal
was observed by increasing the number of OTFs per 100
polymer monomer units (Figure 2b and see Supplementary
Figure S9). The fluorescent peak of the conjugates was red-
shifted with respect to that of the free OTFs, and the higher
the number of OTFs added to the polymer, the larger the
shift was. Even the absorption spectrum at higher
concentrations of OTFs in the polymer bead was modified
with respect to that of free OTF (see Supplementary Figure
S10). Both features are likely to be a consequence of a
structural conformation change of the OTFs in the beads.
TEM analysis indicated that the shape of the beads was
governed by the number of OTFs incorporated per bead, and
that the beads had narrow size dispersions (see Supple-
mentary Figure S11). These findings were supported by
dynamic light scattering (DLS), by which we identified size
dispersions below 20% (see Supplementary Figure S12).

The procedure was also successful for OTFs bearing an N-
hydroxysuccinimidyl group (NHS-OTFs) as a functional
group. In this case, an earlier amino functionalization of the
OTFs was required (Figure 2b). A diamino linker was first
bound on one side of the NHS—OTF; then on the other side it
was reacted with the anhydride ring of Pc;s, as described
above. In this case, PL and TEM analyses confirmed the
formation of the beads and the retention of the fluorescence
(see Supplementary Figure S13), while the successful
reaction between the OTFs and the diamino linker and
finally with the polymer was proven by gel electrophoresis
(see Supplementary Figure S14).

To check at the same time the fluorescence of the MFNBs
and their response to a magnetic field, a drop of the
sample was deposited onto a substrate and allowed to dry
in the presence of a magnet, after which it was imaged by a
confocal microscope. The MFNBs were organized in
fluorescent stripe patterns aligned along the magnetic
force lines, indicating that the beads could move on the
substrate during evaporation via a strong interaction with
the magnetic field (such patterns were obviously not
observed in the absence of a magnet) (Figure 2d).

In order for the MFNBs to be applied in cell sorting
experiments, one needs to demonstrate their ability to
perform cell separation before any specific targeting
functionalization of their surface is done. To this aim,
magnetic beads of about 120nm in diameter at different
concentrations, measured as total amount of iron added
(6.5,16,32.5,and 65 pg- mL™Y, respectively), were added to
KB tumour cell cultures and cultured for 24h at 37°C.
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were accumulated to the magnet at 5, 10, 15, and 30 min. The counted cells are reported versus the incubation time. b) Cell viability test on

I Figure 3. a) Results of cell separation experiments. KB cells doped with four concentrations of MFNBs (6.5, 16, 32.5, and 65 p.g - mL~" of iron)

KB cells doped with increased amounts of MFNBs. c) Sections of KB cells doped with MFNBs based on OTF2.

Simple cell separation tests were performed on the doped
cells: the adherent cells were detached, counted and
redissolved in a known volume of medium. Subsequently,
a magnet was applied to the vial containing the cells for
different times (5, 10, 15, and 30 min, respectively), and
after the time lapse the cells close to the magnet were
collected separately from the fraction of cells in the
medium. The statistical results of cells counted at different
times, doped with different amounts of magnetic beads, are
reported in Figure 3a. When doping the cells withincreasing
amounts of MFNBs, a larger number of cells were collected
to the magnet, while for a given concentration of MFNBs in
the cells, increasing the time the magnet was applied
resulted in a larger number of cells being collected. In the
best case, cells doped with 65 g - mL™* of iron were almost
quantitatively separated (95%) from the solution within the
first 30 min. Even when the cells were doped with the
lowest concentration of iron (6.5 pg- mL?Y), a separation
efficiency of 65% was found after 30 min.

We compared our data on cell accumulation with those
reported in our previous study*® in which single IONPs
functionalized with OTFs on their surface and exposed to
the same magnet (0.3 T) were exploited. We found that, in
terms of the fraction of cells collected to the magnet and the
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time scale employed, the results obtained by using the
MFNBs are far more significant for a cell separation
application. With single IONPs functionalized with OTFs
in the previously developed system, in 24 h of incubation,
we could increase the ratio of the number of cells attracted
to the magnet to the number of cells in a control sample (no
magnet applied) to about only 2.5.*% This effect is due
mainly to the intrinsic features of the system, which are
clusters of IONPs in the nanostructure of this work and
single IONPs in the nanostructures of our previous work.[*"’

A complementary cell viability assay, based on the MTT
test (see Figure 3b), allowed us to show that the cytotoxicity
of the MFNBs on the cells was less then 20% for iron
concentrations equal to 16 p.g - mL~t, while it reached 40%
for the highest iron concentration of 65ug-mL *. This
suggested that with the isolated cells there is no need to
detach the MFNBs because negligible cell toxicity was
observed. The toxicity found with the beads was actually
slightly higher than that of single IONPs functionalized
with OTFs of the previous work.!*" These results are likely
due to a different surface functionalization of the two
materials. Both types of samples were coated with the same
polymer, but the IONPs had poly(ethylene glycol) molecules
on their outer surface.’”) In general, this reduced the degree
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of cell internalization of the IONPs and thus likely their
“apparent” toxicity (as also confirmed by preliminary
results of IONP internalization, not shown here). The uptake
of the MFNBs was confirmed also via confocal imaging, by
performing scans along the z-axis of doped cells (Figure 3c,
see Supplementary Figure S15), which showed clearly the
localization of the beads within the cytoplasm inside
perinuclear vesicles. A deeper study on the fate of
the MFNBs once taken up by the cell as a function of time
is currently in progress. Preliminary experiments indicate
that the cells once doped with the beads can respond to
the magnet even if the separation experiment is performed
48 or 72 h after the doping (see Supplementary Figure S16).

Conclusion

We have demonstrated that magnetic beads can be
prepared by wrapping IONPs within a polymer shell
Suitable choice of solvent allowed us to control the bead
size, the number of IONPs encapsulated per bead (as well as
their distribution in the bead), and consequently the
magnetic features of the beads. This included the time
needed to attract them to a magnet, which, depending on
their size, might be exploited in both in vitro and in vivo
applications. The magnetic beads have been further
equipped with fluorescent tags based on OTF dyes, making
them suitable for simultaneous cell separation and multi-
plexing detection. Preliminary cell separation experiments
have shown the viability of our system for isolating cells in
suspension within only 30 min, with a separation efficiency
of nearly 100%.
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