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ecently, there has been remarkable
progress in the synthesis of colloidal
nanoparticles and in their exploita-
tion for various applications. > Examples
are monodisperse superparamagnetic na-
noparticles, which are finding applications
in magnetic resonance imaging, magnetically
guided drug delivery, hyperthermia and cell
separation,* ®and semiconductor core—shell
nanostructures, also known as quantum dots
(QDs) with tunable optical properties and
high fluorescence quantum yield,>'° for ap-
plications in biological and medical imag-
ing."" ™' In addition, a new trend in material
science has emerged in the last years, which
focuses on the development of multifunctio-
nal nanostructures by packing together the
attractive properties of both magnetic and
fluorescent nanoparticles into single nano-
objects, which are often made of polymeric
(nano)beads."” %2 In this regard, when the
targeted application is bioseparation and
detection, the system should be properly
designed in order to meet a large set of
challenges.?*27
Inorganic superparamagnetic nanoparti-
cles offer the potential advantage of exhibiting
an induced magnetic moment whenever an
external magnet is positioned close to them,
while they do not retain any residual magne-
tization upon removal of the external field, and
thus in the absence of the magnet they do not
aggregate.?® While this is a desirable property
in biomedical applications, the magnetization
associated with each individual nanoparticle is
quite small, and therefore the nanoparticles do
not accumulate on the magnet within a rea-
sonable time frame, which is a clear limitation
for applications involving magnetic separation
of cells. Controlled clustering of multiple super-
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ABSTRACT Trifunctional polymer nanobeads are prepared by destabilization of a mixture of
magnetic nanoparticles, quantum dots, and an amphiphilic polymer, followed by functionalization
of the bead surface with folic acid molecules. The distribution of the nanoparticles within the
nanobeads can be tuned using either acetonitrile or water as destabilizing solvent. The luminescence
of the resulting beads can be tuned by varying the ratio of quantum dots per magnetic
nanoparticles. The application of an external magnetic field (such as a small static magnet
of 0.3 T) to the magnetic—fluorescent nanobeads allows the quantitative accumulation of the
beads within a few hours depending on the total size of the beads. Furthermore, specific targeting of
cancer cells overexpressing folate receptors is achieved thanks to the folic acid decorating the surface
of the as-synthesized nanobeads. Folate receptor mediated cellular uptake of the folic acid-
functionalized nanobeads is proven via both confocal imaging and transmission electron microscopy
characterization. Cell sorting experiments performed with trifunctional nanobeads show quantita-
tive recovering of targeted cells even when they are present at low percentage (up to 1%).

KEYWORDS: magnetic nanoparticles - quantum dots - magnetic—fluorescent nano-
structures - magnetic clusters - cell sorting - tumor labeling

paramagnetic nanoparticles into nanoscale
superstructures, as in the case of polymeric
nanobeads, has on the other hand the advan-
tage to retain the superparamagnetic behavior
of the individual nanoparticles, while resulting
in a faster accumulation on the magnet, due to
the cumulative magnetization effect of several
magnetic nanoparticles entrapped within the
same nanostructure.?’

Considerable efforts have been under-
taken by several groups in devising procedures
for the controlled synthesis of polymer nano-
beads encasing in their interior magnetic
nanoparticles.”*° % One challenge in this
direction is to be able to control the size of
the bead at the nanoscale, in order to preserve
a high surface to volume ratio available for
specific functionalization and consequently
to achieve high sensitivity toward specific
targets.>> Additionally, providing the magnetic

*Address correspondence to
teresa.pellegrino@unisalento.it.

Received for review October 14, 2010
and accepted December 22, 2010.

Published online January 10, 2011
10.1021/nn102761t

©2011 American Chemical Society

VOL.5 = NO.2 = 1109-1121 = 2011 ‘A@L%\\K)

www.acsnano.org



beads with fluorescent tags allows for multiplexing
detection in combination with cell separation capabil-
ities. QDs are ideal candidates as fluorescent tags for
this purpose, due to their broad absorption spectra,
their narrow emission band (which allows the use of a
single light source for exciting at once various QDs
emitting at different wavelengths), their high fluores-
cence quantum yield, and their robustness against
photobleaching.*®

The clustering of nanoparticles into an appropriate
nontoxic polymeric bead is an appealing approach to
multifunctional nanovectors for biomedical applications,
also because the encapsulation of QDs within the polymer
matrix preserves the QDs' fluorescence over a prolonged
time®’ 32 and at the same time the toxicity effects of the
QDs are mitigated by their encapsulation layer.***" Ad-
ditionally, the polymer molecules can be easily functiona-
lized with desired ligands for specific cell recognition.

We report here a procedure for fabricating multifunc-
tional magnetic—fluorescent nanobeads (MFNBs) made
of poly(maleic anhydride-alt-1-octadecene) by embed-
ding both superparamagnetic manganese iron oxide
nanoparticles (MNPs) and core—shell CdSe/ZnS nano-
crystals (QDs), and we demonstrate a control over bead
diameter from 70 to 160 nm. The nanobeads are formed
by adding a destabilizing solvent to a starting solution of
polymer and nanoparticles, which induces controlled
aggregation of the components. A careful choice of this
solvent allows tuning both the total bead size and the
geometry of the beads in terms of nanoparticle distribu-
tions within the polymer, while the fluorescence signal of
the nanobeads can be tuned by varying the relative ratio
of fluorescent to magnetic nanoparticles added (QD:MNP).

Furthermore, we have chosen to decorate the surface
of these MFNBs with folic acid molecules, which repre-
sents the third functionality in our system fulfilling the
biorecognition task toward cell lines overexpressing
folate receptors. To link such molecules, we have ex-
ploited the carboxyl groups present at the surface of the
beads to bind folic acid (FA) bearing an amino spacer
attached to it. The specificity of the FA-functionalized
MFNBs toward human nasopharyngeal epidermal carci-
noma (KB) cells was proven by detecting the fluores-
cence signal of the QDs embedded within the bead via
confocal microscopy. Additionally, the high transmission
electron micrograph (TEM) contrast of inorganic ma-
terials has allowed imaging with high precision of the
localization of the FA-functionalized MFNBs on a TEM
section of KB cells. Quantitative separation experiments
of cells targeted via FA-functionalized nanobeads have
been carried out in order to evaluate the efficacy of the
FA-functionalized MFNBs in cell sorting applications.

RESULTS AND DISCUSSION

Synthesis of Magnetic—Fluorescent Nanobeads (MFNBs). For
the preparation of MFNBs, first the MNPs and QDs were
mixed together with the polymer in tetrahydrofuran,
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followed by the addition of a nonsolvent, such as acet-
onitrile or water, at a controlled flow rate. Figure 1a—c
displays TEMs of MFNBs prepared by keeping constant the
number of magnetic nanoparticles and by varying either
the ratio of QD:MNP added or the destabilizing agent
used. The ratio of quantum dots to magnetic nanoparti-
cles (QD:MNP) inserted was 20:1 for the sample displayed
in Figure 1a and 2:1 for the samples displayed in Figure 1b
and c. Also, the nanobeads shown in Figure 1a and b were
synthesized using acetonitrile as destabilization agent,
while the sample shown in Figure 1c was synthesized
using water as destabilization agent.

A closer look at the TEM images of the beads
revealed the structural differences of the beads obtained
by varying the preparation conditions. When acetonitrile
was used as solvent and a QD:MNP ratio of 20:1 was
employed (Figure 1a), the MNPs (with diameters around
9 nm) were clustered together and localized often in the
central regions of the beads, while the QDs (the smaller
dots with diameters around 3.5 nm) were more homo-
geneously distributed all over the volume of the beads
(under TEM, the difference in diameters between the
MNPs and the QDs helps to identify the distinct nano-
particles within the bead).

A similar distribution of nanoparticles inside the
beads was observed when employing again acetonitrile as
destabilizing solvent, but using a tenth of the amount of
QDs as in the previous sample (i.e., a QD:MNP ratio equal to
2:1, see Figure 1b), even if in this case much fewer QDs
were found per bead. More generally, by using acetonitrile
as destabilizing agent, the distribution of nanoparticles in
the beads did not depend on the QD:MNP ratios, and the
magnetic particles were always aggregated, while the QDs
were distributed homogenously inside the bead (Figure 2b
shows additional examples). In the case of acetonitrile-
destabilized beads, the beads were quantitatively
attracted to the magnet within three to six hours.

Alternatively, when water was used as destabilizing
agent (Figure 1c) and a 2:1 ratio of QD:MNP was chosen,
both the QDs and the MNPs were randomly distributed
inside the bead. However, in this case, only a few MNPs
and QDs were embedded within the same bead struc-
ture, with respect to the destabilization performed with
acetonitrile.

The fewer MNPs present per bead likely accounted for
the longer times needed for accumulation of the water-
destabilized nanobead when placed close to a magnet
(1—2 days). Additionally, the lower magnetic attraction of
the water-destabilized nanobeads accounted also for a
less effective magnetic separation: even after applying
twice the magnet for recovering the MFNBs and for se-
parating them from the side product of the reaction, free
additional QDs were always found on the TEM carbon grid.

It is also worth noting that due to the solvent evapora-
tion the nanobeads on the TEM grid appear close to each
other and in some cases the beads are connected to each
other through polymer filaments (Figure 1b and c). These
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Figure 1. Transmission electron micrographs (TEM) of magnetic fluorescent nanobeads (MFNBs) prepared by varying either

the ratio QD:MNP or the destabilizing solvent. The samples a and b were destabilized with acetonitrile, at QD:MNP ratios equal to
20:1 and 2:1, respectively. The sample c was destabilized by the addition of water and a ratio of QD:MNP equal to 2:1. In all the experi-
ments the initial amount of MNPs was 0.1 nmol. (For a TEM overview at low magnification of these samples, see also Figure SI 3, SI.)

Energy (€

Figure 2. Cryo scanning transmission (STEM) images of a single bead prepared by destabilization with acetonitrile. In a
and b two regions of interest, highlighted in aqua, one at the center (a) and the other on the bead shell (b), were selected
for the compositional mapping as shown in c and d, respectively.

images might be misinterpreted, as they could be con-
sidered as reflecting the status of the beads in solution.
However, the corresponding DLS sizes give a clear indica-
tion of the well-dispersed status of the beads in solution
(see Figure SI 3, SI).

In order to confirm the QDs and MNPs distribution, not
only based on the difference in size of the MNPs (9 nm)
with respect to the QDs (3—4 nm) on the low-resolution
TEM images, compositional profiling on a single bead pre-
pared by destabilization with acetonitrile was performed
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via spatially resolved energy dispersive X-ray spectroscopy
(EDS, see Figure 2). It was observed that in the bead center
the iron (Fe) and oxygen (O) were the main elements that
contribute to the bead composition. On the other hand in
the bead shell, Cd, S, Se, and Zn were detected: the Fe
peak, still present, was much less significant than in the
central region (Figure 2c and d and Table 1S of the SI for
compositional percentage summary).

The observed different morphologies of the nano-
beads prepared using respectively water or acetonitrile
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as destabilizing agents can be explained looking at the
stability of the individual components in the conditions
in which the beads are formed. The QDs were slightly
more stable with respect to addition of acetonitrile than
the MNPs, likely due to their smaller size and to the
presence of different surfactants at their surface (TOPO
and TOP on QDs with respect to oleic acid and oleylamine
for the MNPs). Thus, when the acetonitrile was added, first
the MNPs clustered together forming small aggregates,
followed by a relatively simultaneous condensation of the
QDs and of the polymer around these MNP aggregates.
When instead water was added to the system, the polarity
of the solvent increased drastically, and consequently the
polymer condensed so rapidly into nanobeads that the
MNPs did not have enough time to arrange in seed
clusters, as when using acetonitrile. This was likely due
to the poor solubility in water of the polymer, which
resulted in its fast shrinkage.>* Hence, in this case
many more (and thus smaller) nanobeads were
formed than in the acetonitrile case. During the
nanobead formation from water destabilization, the
polymer entrapped randomly both the QDs and the
MNPs, and these nanoparticles were spread relatively
homogeneously all over the nanobead. Control ex-
periments in which only QDs or MNPs or just polymer
was present confirmed the different behavior of each
component (data not shown).

Depending on the preparation parameters, the
overall diameter of the MFNBs could be varied, as statis-
tically determined by TEM (for size distributions see also SI
Figure SI 2). In the case of acetonitrile, the mean diameters
remained around 80 £ 40 nm for small ratios of QD:MNP,
while for high QD:MNP ratios, i.e., 40:1, corresponding to
larger amounts of QDs inserted into the bead structures,
the average bead size increased up to 120 4= 46 nm. In the
case of nanobeads prepared by water destabilization, the
mean bead diameters were significantly smaller, with an
average diameter tunable between 58 and 73 nm (with a
standard deviations of 10—20%) and still dependent on
the QD:MNP ratio used, as shown in Figure 1c (see also
Figure S2, SI).

The average size of the nanobeads, prepared in the
different conditions above-described, was also esti-
mated by DLS measurements (see Figure S3, SlI). As
expected, the mean diameters measured by DLS are
larger than those estimated by TEM since the nano-
beads in solution are hydrated (the peaks are centered
at values around 100 nm for the sample prepared by
using water as destabilizing agent and at 200 nm for
the sample prepared by using acetonitrile). Addition-
ally, the full-width half-maximum values (between 60
and 120 nm) together with the low polydispersity
indexes recorded indicate the absence of aggregates
in solution for the samples obtained by this method.

The photoluminescence (PL) spectra of the bead
samples prepared by acetonitrile destabilization, shown
in Figure 3a, were recorded at an excitation wavelength
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Figure 3. Photoluminescence spectra (a) of the acetonitrile-
destabilized MFNBs. The QD:MNP ratio was varied from 0:1
to 1:1, 2:1, 6:1, 10:1, 20:1, and 40:1. The amount of MNP was
kept constant at 0.1 nmol in all cases, whereas the amount
of QDs was varied from 0 nmol to 4 nmol. Higher magnified
TEM images of beads obtained with a QD:MNP ratio of 0:1
(left), 10:1 (center), and 40:1 nmol (right) are shown on the
bottom (b).

of 350 nm, and the concentration of the samples was
adjusted in a way that the optical density of all samples
was equal to 1.22 at 350 nm. In order to draw quantitative
conclusions from the emission spectra, the following
assumptions have to be made: (a) the photolumines-
cence quantum yield of the quantum dots remains
constant in all cases (which is reasonable, since the QDs
were treated completely equally in all cases); (b) the
influence of the magnetic particles on the emission is the
same in all samples (which is reasonable since the
concentration of magnetic particles is kept constant at
0.1 nmol; see also SI Figure SI 4); (c) the scattering
behavior of all samples is similar, which is reasonable
for all but less for the sample with the highest QD
concentration, since in all other samples the contribution
of the QD absorption to the optical density of the sample
is negligibly low and the optical density is the same for all
samples at the excitation wavelength.

Under all these assumptions, the emission signal
from the QDs (at 533 nm) is proportional to the
concentration of QDs in the sample. The emission
signal of the nanobeads significantly increases when
larger amounts of quantum dots are used in the bead
synthesis (Figure 3a), and the amount of quantum dots
incorporated into the nanobeads scales with the
amount of quantum dots used for the nanobead
synthesis, as found by TEM investigations (Figure 3b).

Additionally, in support of these results also ele-
mental analysis on these samples confirms the increas-
ing ratio of Se to Fe found whenever a higher QD:MNP
ratio was inserted (Table S2, SI).
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Furthermore, the luminescence signal at 533 nm
that is originating from the band gap luminescence of
the CdSe/ZnS QDs remains unchanged in position and
shape when comparing the spectra at different QD:
MNP ratios as well as when comparing the spectrum of
the original as-synthesized QDs in toluene with the
spectrum of the magnetic luminescent nanobeads.
This finding allows the conclusion that in the examined
systems QD—QD interactions as well as QD—MNP
interactions are negligible with respect to the optical
properties of the QDs.

Another finding is that the additional luminescence
peak, with its maximum around 420 nm (which is
attributed to luminescence of the polymer), decreases
with increasing amount of QDs inserted. One possible
explanation for this behavior might be attributed to
fluorescence energy transfer (FRET) between the QDs
and the polymer. Since the QDs have a high extinction
coefficient at the emission wavelength of the polymer
and are closely surrounded by the blue-emitting polymer,
a resonant energy transfer from the polymer to the QDs is
conceivable (FRET efficiency depends mainly on the
overlap of the emission spectrum of the donor and the
absorption spectrum of the acceptor and on the distance
between donor and acceptor). This would result in a
quenching of the photoluminescence of the polymer and
an increase of the PL of the QDs in the system, matching
the observed luminescence behavior shown in Figure 3a.
Indeed, FRET processes have been demonstrated from
dyes to QDs on various systems recently.*>~** It should be
mentioned that the relatively weaker luminescence from
the polymer at higher quantum dot concentrations might
also originate from an overall lower polymer concentra-
tion. The obtained nanobeads are slightly bigger when
higher amounts of QDs are inserted (see discussion in the
Sl) and thus have a larger scattering cross section per
volume. Since for the PL measurements all the samples
have the same optical density at the excitation wave-
length, this would result in a slightly lower polymer
concentration for the samples with more QD loading
(and thus a larger diameter). A lower polymer con-
centration would result in a lower PL signal from the
polymer (at 420 nm) even in the absence of a FRET
mechanism. However, if this is the case, the fluores-
cence intensity (and hence the concentration) of the
nanobeads (of the QDs as well as of the polymer) with
higher QD concentration would even have been
underestimated in our measurements. Summarizing,
the trend of the weaker fluorescence signal of the
polymer (420 nm) with rising QD concentration could
be assigned either to a FRET process from the polymer
to the QDs or to a systematic underestimation of the
bead concentration in the samples with higher QD:
MNP ratios.

Even for the samples destabilized by water it was
possible to tune the fluorescence of the beads by
varying the QD:MNP ratio (Figure SI 5, Sl). In this case,
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however, one should be aware that even for the twice
washed nanobeads it was not possible to exclude the
presence of free QDs, which were difficult to separate
from the nanobeads, and therefore a quantitative
evaluation of the recorded PL spectra is not ensured
(Figure SI 4, SI).

Furthermore, it should be mentioned that the ex-
tinction spectra of the nanobead samples obtained
by using either acetonitrile or water as destabilizing
agents, besides showing the typical absorption bands
of the QDs employed, additionally revealed a scatter-
ing component caused by Mie scattering of the nano-
beads (Figure S7, Sl), as expected for objects of this size
range.

Finally, it should be pointed out that even after several
months of storage at room temperature (25 °C, in the
dark) the luminescence of the MFNBs was preserved (this
could be observed even by the eye; see Figure SI 8).

Preparation of FA-EBE-NH,. The surface of the as-
synthesized MFNBs is uniformly covered with carboxyl
groups deriving from the hydrolysis of the polymeric
maleic anhydride. These groups are highly reactive toward
nucleophiles and can be exploited to attach amine-func-
tionalized compounds, thus yielding very stable amide
bonds. In particular, in our case we decided to equip the
folic acid molecule with a biocompatible linker featuring a
terminal primary amine, which could be reacted with the
polymer. Folic acid already presents a primary amine in its
structure; however it is an aromatic amine and thus less
reactive toward nucleophiles. A common approach al-
ready reported in the literature involves the functionaliza-
tion of the y-COOH group of the FA molecule in order to
graft different groups suitable for further conjugations.*®
As highlighted in Scheme 1, our strategy was to prepare
an amine-modified folic acid by means of a short biocom-
patible linker, namely, 2,2'-(ethylenedioxy)bis(ethylamine)
(EBE). In order to reduce the amount of byproduct and
improve the total yield of the reaction scheme, one of the
two amines of the EBE molecules was temporarily pro-
tected with Fmoc, which could be subsequently removed
under mild basic conditions (Scheme 1B). Fmoc-Cl was
reacted with the diamine linker used to obtain the mono-
protection. The different solubility of the products in the
reaction mixture was exploited to purify the desired
compound by a series of acidic and basic washing steps,
after which both thin-layer chromatography (TLC) and
electrospray ionization mass spectrometry (ESI-MS) con-
firmed the preparation of pure Fmoc-EBE-NH, (see Figure
SI'9, S) and the removal of unreacted products. It should
be mentioned that traces of the bis-protected compound
were also observed by mass spectroscopy, even though
this compound does not interfere with the subsequent
reaction steps (the peak at 593 on the ESI-MS spectra; see
Figure SI 10, SI).

To activate the carboxyl group of folic acid for the
conjugation with the protected linker, the N-hydroxysuc-
cinimide ester of the folic acid was prepared (Scheme 1A),
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Scheme 1. Reaction Scheme for the Synthesis of Amine-Modified Folic Acid®
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9Starting with the preparation of NHS-activated folic acid (A) and monoprotected Fmoc-EBE (B) we reacted the FA-NHS
produced in reaction A with the NH,-EBE-Fmoc produced in reaction B to prepare Fmoc-EBE-NH-FA (C). Subsequently we
de-protected the amino group (D), which was then available for linkage to the nanobead surface.

following a protocol already reported in the literature.*®
The formation of a water-insoluble byproduct, the dicy-
clohexylurea, confirmed the successful reaction between
the carboxylic group and the free primary amine of the
linker, as also reported by Sonvico et al*®

After purification, the activated folic acid was reacted
with the as-synthesized Fmoc-EBE-NH, (Scheme 1C). The
reaction was carried out in dimethyl sulfoxide (DMSO)
without the need of any further coupling agent, due to
the high reactivity of the amine toward the hydroxysuc-
cinimide ester.

After several washing steps of the reaction product
with cold anhydrous diethyl ether, an oily product was
obtained, which corresponded to FA-NH-EBE-Fmoc, as
confirmed by mass spectrometry (see Figure SI 11, SI).

In order to obtain the final product, the amine-
functionalized folic acid, piperidine was added to the
mixture in dimethylformamide (DMF), thus removing
the Fmoc protecting group, and the amino-terminated
folic acid (FA-NH-EBE-NH,) was recovered ready for the
attachment to the nanobeads (Scheme 1D). Even in
this case the deprotection was further confirmed by
mass spectrometry (see Figure SI 12, SI).

Functionalization of the Nanobeads with Folic Acid. As
discussed above, the surface of the MFNBs was func-
tionalized, promoting the formation of an amide bond
between the carboxylic groups of the polymer and
the aliphatic amine of linker-functionalized folic acid
molecule via activation of the carboxyl group with a
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carbodiimide, namely, EDC. The functionalization of
the nanobeads was monitored by zeta-potential mea-
surements. Although the number of negative charges,
e.g., carboxylic groups, remained unchanged after
conjugation of each folic acid molecule grafted to the
nanobeads (after coupling reaction of the folic acid to
EBE, one of the two carboxyl groups of folic acid
contributes to the charge, while the other one is used
in the linking procedure), a new primary amine per
each folic molecule attached was added to the surface
of the nanobead, thus increasing positively the net
electrical charge of the derivative. This led to a sig-
nificant change of the dependence of the nanobead
surface charge on the pH. Indeed, while the as-synthe-
sized nanobeads had a net variation of charge at
almost pH 5.5 (likely assigned to the protonation of
the carboxylic groups when the pH is lowered), the FA-
functionalized nanobeads showed a charge shift at a
pH of about 7.5 (Figure 4) (in this case, this value might
likely be assigned to the protonation of the amino
groups of the folic molecules). Besides, both in the
protonated state and in the deprotonated one, the
overall charge of the FA-functionalized nanobeads (FA-
MFNBs) was always more negative than the corre-
sponding nonfunctionalized nanobeads. It is worth
noting that no significant change of the DLS diameter
of the nanobeads was observed after folic acid func-
tionalization, most likely due to the small size of the FA-
NH-EBE-NH,.
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Figure 4. Modification of the charge surface of the folic
acid nanobeads (FA-NBs) with respect to the starting non-
functionalized nanobeads. The surface potential versus pH
is plotted for the starting nanobeads (blue curve) with
respect to the FA-MFNBs (red curve).The pH at which a net
shift of the charge is recorded for the starting nanobeads
corresponds to 5.5, while that of the FA-MFNB:s is shifted
at pH 7.5 (the lines are drawn in order to guide the eyes).

In addition to the nanobead stability at the different
values of pH tested in the zeta-potential analysis, the
behavior of the FA-MFNB in cell culture medium (RPMI-
1640) was investigated by monitoring the hydrody-
namic diameter. The average DLS diameter was not
altered significantly over 90 min (Figure SI 13, SI).
Furthermore, the functionalized nanobeads could be
stored at 4 °C for months without exhibiting any
stability problems.

Cellular Studies. In order to demonstrate the poten-
tial biomedical application of FA-MFNBs, first the up-
take experiments were carried out on a cancer cell
line, namely, KB, which overexpresses the a1 iso-
form of the folic acid receptor. To facilitate the
interaction between the FA-MFNBs and the cells at
very low nanobead concentration (32 ug/mL of Fe,
which corresponds to a concentration of 50 nM for
MnFe,0,4 nanoparticles of 8 nm in diameter), the
cells in suspension were shaken with FA-MFNBs at
37 °Cfor 1 h.

After incubation, a drop of the targeted cells that
were separated by a magnet was cast on a glass slide
and analyzed under a confocal microscope. Clear
evidence of the successful quantitative uptake of the
FA-MFNBs was observed (Figure 5a). By analyzing the
cell suspension along the z-axis, with a zeta step of 5
um, it was possible to confirm the intracellular localiza-
tion of the FA-MFNBs up-taken (Figure 5b and Figure S|
14 for TEM characterization as explained later). The FA-
MFNBs were mainly found in the cytoplasm of the cells,
as the fluorescent spots were evident in the sections in
which the nuclei were also well in focus and only
partially attached to the cellular membrane. Also,
competitive FA-MFNB uptake assays in the presence
of free folic acid have been performed. As observed by
confocal analysis, after 60 min at 37 °C the presence of
free folic acid in solution caused a significant decrease
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in the binding of the FA-MFNBs to the cells, thus
supporting the receptor-mediated endocytosis path-
way (Figure SI 17, SI).

As an additional control, when using polyethylene
glycol functionalized MFNBs (PEG-MFNBs), which
therefore did not carry folic acid molecules at their
surface, while keeping all the other experimental con-
ditions as in the previous experiment, no fluorescence
signal was observed in the cells after the same time
lapse (Figure SI 18, SI).

To further understand the intracellular uptake process
of FA-MFNBs, TEM analysis was performed on doped KB
cells at different time delays (Figure 6). After 20 min of
incubation at 37 °C, the MFNBs having a strong TEM
contrast (and thus appearing as black spots with respect
to the cell) were mainly localized at the cell membrane,
and only a few of them were already observed in early
endosome vesicles (Figure 6a). Indeed, after 60 min the
FA-MFNBs up-taken were identified in several early and
late endosomes (Figure 6b). Interestingly, as evidence
of the receptor-mediated endocytosis due to the folic
acid—folate receptors recognition, the FA-MFNBs were
arranged as a crown on the inner membrane of almost all
the endosomes (no beads were found in the center of the
endosome, but instead they were attached exclusively to
the endosome contour; see Figure 6b and c). Further-
more, the localization was exclusively cytoplasmatic, and
no FA-MFNBs were observed in the nuclei of the doped
cells (for an overview see Figure Sl 14, Sl), indicating once
more an endocytosis pathway. As an additional confirma-
tion of the endocytosis pathway followed by the FA-
MFNBs, in a control cell uptake experiment performed
at 4 °C after 1 h of incubation, we observed the beads
only at the cell surface, thus excluding other possible
cellular uptake pathways (Figure SI 15, SI). As ob-
served in a control experiment, the PEG-MFNBs were
not up-taken by the cells, as indeed no beads were
observed in the entire cell control (Figure SI 16, SI). It is
worth mentioning that under the incubation condi-
tions used no sign of cell suffering or morphological
changes was observed by TEM (see Figure 6 and
Figure SI 14, SI).

The TEM cell characterization also suggested the
possibility of reducing even the incubation time for achiev-
ing specific folate-mediated recognition, since within the
first 20 min of incubation the beads were already attached
to the cell surface. We also compared two distinct cell lines,
namely, the KB cells already mentioned and the MCF7,
which is a breast cancer cell line that does not overexpress
folate receptors but takes up folate at a basal level.*® After
20 min of incubation, we could identify qualitatively, by
confocal analysis, their different uptake of folate nano-
beads. The fluorescence signal was by far higher in KB cells
than in the corresponding MCF7 under the same imaging
parameters, thus confirming the selectivity achieved with
our FA-MFNBs (Figure SI 19, SI). In the control experiment,
namely, after incubating nonfunctionalized nanobeads
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Figure 5. Confocal images of KB cells targeted with folic acid functionalized nanobeads (FA-MFNBs). After 1 h of incuba-
tion at 37 °C with nanobeads at a Fe concentration of 32 ug/mL, the cells showed many fluorescent spots (panel A). The
zeta stack analysis (5 um slices) confirmed the internalization of the nanobeads in the cell cytoplasm (panel B).

0.5 pm

Figure 6. TEM images of KB cells doped with FA-MFNBs. The cells were treated with FA-MFNBs at 37 °C for 20 min (a) and
60 min (b and c), respectively. While after 20 min the nanobeads were more localized close to the cell membrane and
only a few early endosomes were present, after 60 min the FA-MFNB up-taken could be identified in several early and late
endosomes. By looking closer at the vesicles (c) the MFNBs were found to decorate the bead vesicle walls, thus confirming
the receptor mediated endocytosis process mediated by the folic acid.

(i.e., the EBE-MFNBs) for 20 min, we did not observe any
significant signal.

In a previous work,**> we have shown the accumula-
tion on a 0.3 T magnet of cells that had been doped
nonspecifically with magnetic beads (for 24 h at 37 °C).
Such incubation time was required in order to ensure that
the cells had up-taken by nonspecifically endocytosis
enough nanobeads to respond to the magnet. Further-
more, MTT proliferation assay confirmed the low toxicity
of the magnetic beads even when applied at the same
doping concentration as the one used in this work (32.5
ug/mL). Additionally, several works have shown that
although CdSe/ZnS QDs are made of toxic elements
and their toxicity is strictly related to the Cd ion release,
whenever the QDs are encapsulated within a matrix, their
toxicity is significantly reduced (at least on a short time
scale as the one used in our experiments) and the
florescence of QDs can be kept for a longer time 3414647
In the present study, besides having developed a system
that is at the same time magnetic and fluorescent (thanks
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|
TABLE 1. Summary of the Cell Sorting Assay Results?

% doped cells % sorted cells
50 476437
25 251437
10 10.1 £04
5 55406
25 23402
1 1.0+0.2

?0n 100 000 total cells the fraction of doped cells corresponds to the % reported in
the first column. The percentage of cells sorted to the magnet on such samples is
reported in the second column. Each data point corresponds to the mean value of
three independent experiments.

to the inclusion of magnetic nanoparticles and fluores-
cent QDs), the surface decoration of nanobeads with folic
acid yielded a trifunctional probe possessing enhanced
affinity toward tumor cells overexpressing folate recep-
tors. The resulting FA-MFNBs can accomplish in only one
hour (or even in 30 min) the specific targeting and sorting
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Figure 7. Confocal microscope analysis of KB cells doped with two FA-MFNB samples, prepared with different QD samples
(green- or orange-emitting nanocrystals). The acquisition was performed using the same argon laser source emitting at
488 nm, and the fluorescence signals were recorded in 525 &+ 15 nm (a) and 590 + 15 nm (b) windows.

of KB cells. In addition, in the present work we have
studied the recovery of small cellular fractions targeted
with FA-MFNBs from a pool of nontargeted cells. The
doped cells were mixed with control cells in defined ratios
(50%, 25%, 10%, 5%, 2.5%, and 1% of doped cells) and
were incubated at 37 °C for 60 min. A magnet was then
placed closed to one side of the vial for 30 min. Thereafter,
the cell suspension was removed and the portion at-
tracted by the magnet was resuspended in a fresh
phosphate buffer solution. By counting the fraction of
cells in the supernatant and that at the magnet, it was
possible to estimate the amount of doped cells that had
been recovered. The results are summarized in Table 1.
Remarkably, it was possible to recover with our system the
entire initial fraction of doped cells even when using the
lowest ratio (1% of doped cells). These results are in
accordance with the cell recovering percentage reported
in other studies using other magnetic systems on other
cellular lineages.”®>° These results open the opportunity
to use this nanosystem for the isolation of small popula-
tions in a cell pool. As a proof that only doped cells had
been recovered, in the 10% ratio experiment the two
recovered portions were reseeded after the sorting. The
adherent cells were analyzed under a confocal micro-
scope after 16 h (Figure SI 20, S). It was possible to collect
fluorescence signal only from the sorted cells, while in the
nonsorted cell sample there was no signal in the fluores-
cence window.

Finally, in order to investigate the feasibility of
multiplexing analysis using FA-MFNBs, two different
samples of QDs with different maximum emission
wavelengths were also used for the synthesis of the
nanobeads, thus obtaining two differently colored FA-
MFNB types of nanobeads.

Two suspensions of KB cells were doped separately
with the two MFNB-FA, emitting green and orange
fluorescence, respectively. Thereafter, the doped suspen-
sions were counted, and a solution was prepared by
mixing 50% of each sample. This solution was analyzed
by confocal microscopy, using a 488 nm argon laser
source. As shown in Figure 7, it was possible to collect
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simultaneously the two fluorescence signals from the
doped cells in the green and red channel, respectively.
By confocal microscopy, emission profile spectra of the
FA-MFNB taken up were recorded, with no significant
modification from the original photoluminescence spec-
tra (Figure SI 21, SI).

CONCLUSIONS

In summary, multifunctional polymer nanobeads
containing MNPs and QDs have been synthesized by
destabilization of a mixture of magnetic nanoparticles,
quantum dots, and an amphiphilic polymer, followed
by subsequent surface functionalization with folic acid.
The luminescence of the resulting beads increased
with increasing quantum dot concentration per bead.
The distribution of the nanoparticles within the beads
could be tuned using either water or acetonitrile as a
destabilizing agent. When choosing acetonitrile, the
MNPs were found clustered in the center of the bead,
while the QDs were uniformly distributed all over the
bead structure. Alternatively, by using water as desta-
bilizing solvent, both the MNPs and the QDs were
uniformly distributed all over the bead. The different
geometries obtained affected the magnetic response:
the acetonitrile-destabilized nanobeads reacted faster
to an external magnetic field applied with respect to
those obtained by using water as destabilizing agent.
Therefore, the first ones were chosen for the cell
sorting study carried out in this work.

The procedure developed for the preparation of mag-
netic—fluorescent nanobeads is fast and easy, since,
especially in comparison to the copolymerization synth-
esis procedures for nano- and microspheres,'®*>% it is
based on a one-pot synthesis and at the same time is cost-
efficient, as the polymer used is indeed commercially
available.

Furthermore, the surface of the nanobeads was
functionalized with folic acid. The enhanced uptake of
these nanobeads by cancer cells overexpressing folate
receptors was demonstrated. Due to the fast magnetic
accumulation and still high surface to volume ratio in
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these 100 nm beads, highly efficient cell separation was
possible, even at a low percentage of the targeted cells
with respect to nontargeted ones. Confocal measure-
ments of the separated cancer cells revealed the specifi-
city of the FA-functionalized nanobeads, and TEM charac-

MATERIALS AND METHODS

Chemicals. Milli-Q water (18.2 MQ, filtered with filter pore size
0.22 uM) was from Millipore. Acetonitrile was from T.J. Baker, Ultra
Gradient HPLC grade. Tetrahydrofuran anhydride was from Carlo
Erba, p.a. Poly(maleic anhydride-alt-1-octadecene), M, 30000—
50000, iron(acetylacetonate)s, manganese(acetylacetonate),, hex-
adecanediol, dodecylamine, dodecanoic acid, benzyl ether, 2,2'-
(ethylenedioxy)bis(ethylamine) (EBE), N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDCQ), folic acid (FA), triethylamine (TEA), DMSO, DMF,
diethyl ether, piperidine, Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS), glutamine, penicilline/strepto-
micine, glutaraldehyde, sodium cacodylate trihydrate, osmium
tetroxide, and epoxy resin were purchased from Aldrich. N-
Hydroxysuccinimide (NHS) was purchased from Pierce. RPMI-
1640 without folic acid was purchased from Euroclone.

Synthesis of Luminescent and Magnetic Nanobeads. For the pre-
paration of MFNBs, 0.1 nmol of manganese iron oxide nano-
particles (see Supporting Information, Figure $1),°1 0.1 nmol (or
0.2, 0.6, 1, 2, and 4 nmol) of cadmium selenide-zinc sulfide
core—shell quantum dots®*** (QDs) (Figure S1, Sl) and poly-
(maleic anhydride-alt-1-octadecene) (1.5 gmol monomer units)
were dissolved in 200 uL of tetrahydrofuran in an open 8 mL
glass vial. The mixture was shaken for 30 min (1000 rpm shaking
rate). Then, 0.8 mL of acetonitrile or water was added dropwise
at a flow rate of 250 uL/min. After the bead formation, the
sample was cleaned twice by placing it onto a permanent
magnet overnight, followed by redispersion of the beads in
fresh water (see also Sl for more details).

Photoluminescence Spectra. The luminescence spectra of twice
washed beads were recorded using a 1 mL quartz cuvette in a
CARY Eclipse (Varian) photoluminescence spectrometer after
adjusting the sample concentrations so that the optical den-
sities at the excitation wavelength were equal in all cases (1.22
and 0.98 for samples synthesized using acetonitrile or water,
respectively). This was performed in order to achieve similar
excitation conditions, since in the present samples the scatter-
ing of relatively similarly sized samples dominates over the
absorption of the quantum dots (assuming constant absorption
of the magnetic nanoparticles). For higher QD contents, how-
ever, the error due to this approximation is expected to be
larger, since not only the absorption of the QD becomes
significant but also the bead size increases, which again influ-
ences the scattering properties of the nanobeads. The excita-
tion wavelength chosen was 350 nm. In addition to the
excitation filter (250—395 nm), a UG11 (Schott) filter with a
transmittance of around 0.90 at 350 nm and very low transmit-
tance in the visible was inserted into the excitation beam.
Furthermore, the following setup parameters were chosen:
emission filter 360—1100 nm, emission slit 5 nm, excitation slit
10, 5, or 2.5 nm (comparison using a dilute rhodamine 6G
solution as a fluorescence standard), scan rate 120 nm/min,
average time 0.5 s, PMT detector voltage 850 V.

Dynamic Light Scattering. Dynamic light scattering (DLS) was
performed using a Zeta Sizer (Malvern Instruments) equipped
with a 40 mW He—Ne laser operating at 633 nm and an
Avalanche photodiode detector, in order to determine the
average size of the nanobeads (for DLS data please see the
Supporting Information).

Elemental Analysis. The concentration of the iron and sele-
nium content in the cleaned bead dispersions was determined
by elemental analysis using an ICP-AES spectrometer (iCAP
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terization of the cells suggested a receptor-mediated
uptake mechanism. Provided the proof of concept for
application of this trifunctional nanosystem in cell sorting
experiments, it will be significant to test it on clinical
samples in a further study.

6500, Thermo) (for ICP-AES data, see the Supporting Informa-
tion).

Mass Spectrometry. Mass spectrometry analyses were per-
formed on an Agilent 1200 Series HPLC, equipped with Agilent
6300 Series ion trap LC/MS systems. For the ionization of the
analyzed compounds, electrospray ionization (ESI) or atmo-
spheric pressure chemical ionization (APCI) sources were used.

Confocal Microscopy. Confocal microscopy images were ac-
quired by a Nikon Eclipse Ti microscope equipped with an
argon laser source (excitation at 488 nm).Images were recorded
using an acquisition window set at 525 £ 15 nm for the green-
emitting QDs and 590 £ 15 nm for the orange-emitting QDs.

Transmission Electron Microscopy and STEM/EDX CRYO Analysis. The
sample vitrification procedure was carried out by depositing
3 uL of the sample in water on a holey carbon film grid (200
mesh, HC200-Cu EMS) using a homemade cryo-plunger. Before
depositing the sample the grids were plasma-treated using a
Gatan Solarus 950 plasma cleaner in order to render them more
hydrophilic. The cryo scanning transmission electron micro-
scopy (STEM) images were acquired in a Jeol JEM 2200FS
equipped with a field-emission gun (FEG) operating at 200 kV.
A Gatan cryo-holder operating at —175 °C was used. The images
were recorded using a 1k _ 1k Gatan charge-coupled device
(CCD) camera.The Z-contrast STEM measurements were ac-
quired using a 0.2—0.5 nm probe size beam and recording
the images with a high-angle annular dark field detector
(HAADF) and a camera length of 50 cm. The data were gathered
using for both TEM and STEM analyses a low electron dose in
order to avoid beam damage of the sample and preserve the
vitrified aqueous film.

The chemical analysis of the nanostructures was carried out
with a JED-2300 energy dispersive X-ray spectrometer using a
0.5 nm probe size beam scanned on the samples (STEM) and
acquiring X-ray spectra at each point of the scan. The chemical
quantification was performed using the Cliff—Lorimer method,
which is considered as a good approximation for thin materials.

Preparation of Amine-Modified Folic Acid (FA-EBE-NH,). To func-
tionalize the nanobead surface with folic acid molecules, a short
linker, 2,2’-(ethylenedioxy)bis(ethylamine) (EBE), was used. In
detail, 0.4 mmol of EBE was dissolved in 8 mL of anhydrous
CHCl3 in a round-bottom flask under nitrogen. Then, in order to
temporarily protect one of the two amines, 0.2 mmol of
9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl) in 2 mL of
anhydrous CHCl; was slowly added over a time lapse of 20
min. The temperature of the mixture was kept at 0 °C for 1 h,
then at room temperature overnight. The resulting mixture was
transferred into a separatory funnel and washed with 20 mL of a
NaCl solution (5 M), 1 mL of NaOH (1 M), and again four times
with 20 mL of a NaCl solution (5 M). The complete removal of
byproduct after the washing steps was checked by thin-layer
chromatography (TLC) on silica plates (mobile phase: 10%
CH30H in CH,Cl,). The organic phase was extracted, the solvent
removed in vacuo, and the residue (the product Fmoc-EBE-NH,)
dissolved in fresh CHCl; to obtain a 50 mM solution (as deter-
mined via gravimetric analysis).

To conjugate the folic acid molecule with Fmoc-EBE-NH,, FA
was activated by means of N-hydroxysuccinimide (NHS) by
following a protocol published by Sonvico et al.,*> with minor
modifications. Briefly, FA (100 mg, 0.22 mmol), TEA (48 uL, 0.34
mmol), and anhydrous DMSO (1.5 mL) were mixed in a round-
bottom flask under N,. A solution of NHS (52 mg, 0.45 mmol)
and N,N'-dicyclohexylcarbodiimide (DCC, 93 mg, 0.45 mmol) in
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anhydrous DMSO (0.5 mL) was injected, and the mixture was
vigorously stirred overnight at room temperature in the ab-
sence of light. The solution was filtered on a syringe membrane
(0.22 um cutoff size), thus removing the byproduct dicyclohex-
ylurea, and the product was recrystallized from cold anhydrous
diethyl ether (Et,0). The purified NHS-FA was dissolved in
anhydrous DMSO in order to obtain a 50 mM solution (gravimetric
analysis).

To obtain FA-EBE-Fmoc, 1 mL of 50 mM EBE-Fmoc in CHCl5
(0.05 mmol) was injected into a vial, and the solvent was
removed by a gentle nitrogen flow. Then, 1 mL of 50 mM
NHS-FA in DMSO (0.05 mmol), 4 mL of anhydrous DMSO, and
150 uL of TEA (1 mmol) were added, and the mixture was stirred
overnight at room temperature. The solution was washed with
cold anhydrous diethyl ether to yield the product as an oil.

To obtain the final compound FA-EBE-NH,, FA-EBE-Fmoc
was dissolved in piperidine (2 mL of a 20% solution in dimethyl-
formamide) and the mixture stirred for 1 h. The solution was
washed several times with cold anhydrous diethyl ether and
finally dissolved in anhydrous DMSO in order to obtain a 10 mM
solution (gravimetric analysis).

Functionalization of Magnetic Fluorescent Nanobeads with FA-EBE-NH,
(FA-MFNBs). To functionalize the surface of the as-synthesized
nanobeads with the amine-modified folic acid, a 10-fold batch
of magnetic fluorescent nanobeads was diluted in 2 mL of
sodium borate buffer (50 mM, pH 9) and mixed with 10 uL of TEA
(71 umol), 200 uL of 10 MM FA-EBE-NH, (2 umol),and 1 mL of 0.4
M N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide  hydro-
chloride (EDC) in sodium buffer borate. The solution was mixed
on an orbital shaker for 6 h at room temperature. The nano-
beads were washed several times by adding ultrapure water
and later removing it while attracting the nanobeads to the wall
of the vial with a NdFeB magnet. The purified sample was finally
dissolved to the desired concentration in phosphate buffer
saline (PBS).

Cellular Studies. To investigate the potential biomedical ap-
plication of FA-modified MFNBs, the KB cell line was used. This
line derives from an epidermal carcinoma of the mouth, and itis
well-known in the literature for overexpressing the alfa-1 iso-
form of folic acid receptor. KB cells were grown at 37 °C and
under 5% CO, atmosphere in folate-free RPMI-1640 medium,
supplemented with L-glutamine (2 mM), penicillin (100 units/
mL), streptomycin (100 ug/mL), and 10% heat-inactivated fetal
bovine serum.

To analyze the cellular uptake of FA-MFNBs by means of
confocal microscopy, KB cells were detached from the flask with
trypsin and counted. Therefore, 5 x 10° cells were dispersed in
0.5 mL of folate-free RPMI-1640, containing FA-MFNBs with 32.5
ug/mL metal ion concentration, and transferred into a glass vial.
The suspension was gently mixed at 90 rpm on an orbital shaker
at 37 °C for 20 min in one series of experiments or 1 h in the
other series. The cells were then centrifuged, washed three
times with PBS, and fixed with 4% paraformaldehyde for 10
min at room temperature. Finally, they were washed three
times and suspended in PBS. The confocal microscope anal-
ysis was performed by casting a drop of fixed cells on a glass
slide.

In the selectivity test also MCF7, a breast cell line down-
expressing the a-1 isoform of folic acid receptors, was em-
ployed. The cells were maintained in culture in DMEM medium,
supplemented with L-glutamine (2 mM), penicillin (100 units/
mL), streptomycin (100 xg/mL), and 10% heat-inactivated fetal
bovine serum at 37 °C and under 5% CO, atmosphere.

In the multiplexing assay, two FA-MFNB samples were
prepared by using two different color emitting QDs (green
emission, with an emission wavelength of 525 nm, and orange
emission, with an emission wavelength of 590 nm). KB cells
were doped separately with the two samples. The fixed cells
were counted and mixed to obtain an equal ratio of green and
orange doped cells. Then, the mixture was drop casted on a
glass slide for confocal microscope analysis.

For the cell sorting assay, 5 x 10° cells were doped as
described above. After the washing step, the cells were counted
and mixed with different ratios (50%, 25%, 10%, 5%, 2.5%, and
1% of doped cells) with control cells. The cell suspension was
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transferred into a vial, and an NdFeB magnet was placed nearby
for 30 min. Finally, the supernatant cells portion and the
attracted cells portion were collected and counted.

Preparation of Doped KB Cells for TEM Analysis. KB cells (1.5 x 10°)
were doped as described above in 1.5 mL of folate-free RPMI-
1640 containing 32.5 ug/mL of metal ions. After doping for 1 h,
the cells were washed three times in 0.1 M cacodylate buffer
and fixed with 2.5% glutaraldehyde in cacodylate buffer at 4 °C
for 30 min. The fixed cells were washed three times with
cacodylate buffer, and then 1% osmium tetroxide in cacodylate
buffer was added for 1 h at room temperature. After another
three washing steps in cacodylate buffer, the cells were dehy-
drated with 30%, 50%, 75%, 85%, 95%, and 100% (three times)
absolute ethanol. Thereafter, the cells were infiltrated with Epon
resin (two steps: 50% and 66% for resin in absolute ethanol, 30
min each one) and embedded in 100% resin at 60 °C for 48 h.
Ultrathin sections (70 nm thick) were cut on an Ultramicrotome
(Leika) stained with lead citrate and observed under a JEOL JEM-
1011 microscope operating at 100 kV.

Supporting Information Available: Additional experimental
details, size distribution graphs, dynamic light scattering, spec-
troscopic data, and confocal and TEM images of control experi-
ments with cells are available free of charge via the Internet at
http://pubs.acs.org.
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