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Aimed at utilizing high-magnetization nanospheres for magnetic field-enhanced cellular labeling, core-

shell structured sandwich-like magnetic mesoporous silica nanospheres were developed. While the

magnetite cluster core can provide a high magnetic response for overcoming Brownian motion in cell

culture media, the layered silica shell facilitates an efficient fluorescent dye labeling. However, the

problem of particle aggregation in cell media, which is strongly enhanced under a magnetic field,

significantly impeded the uptake by cells, resulting in difficulties in the precise analysis of the degree of

particle internalization by fluorescence-based techniques (flow cytometry and confocal microscopy). To

overcome this, reflection-based assessment was employed. Further, emphasis was put on utilizing the

unique role of surface-hyperbranched polyethylenimine (PEI) in efficient prevention of particle

aggregation prior to cell internalization in the presence of an external magnetic field. The interparticle

attraction forces originating from magnetic dipole-dipole interactions are hereby balanced by the steric

and electrostatic repulsion forces provided by the PEI functionalization, which leads to dispersed

nanospheres in cell culture media during the magnetic-field induced cell labeling. As a consequence, PEI

functionalization and the presence of the magnetic field synergistically enhanced the efficiency of MRI-

fluorescence dual-mode labeling and tracking of cells.

Introduction

Numerous biomedical applications have emerged for
superparamagnetic iron oxide nanoparticles (SPIONs),' as they
can be easily manipulated by a magnetic field and show great
promise for imaging,”® magnetic separation,” magnetic targeting
and drug delivery.'*'? Especially for magnetic resonance imaging
(MRI), these particles have already made a significant impact,"
where labeling of stem cells is a promising application to
noninvasively monitor the distribution and fate of transplanted
stem cells.'"*'® After the intracellular uptake, SPIONs are
metabolized in the lysosomes into a soluble form of iron, that
becomes part of the normal iron reservoir in the cells.'™®
Magnetite nanoparticles are commercially available as clinical
contrast agents, approved for MR imaging of bowel and liver.
The main contrast-enhancing effect of SPIONs originates from
the modulation of the transverse relaxation time weighted (T2%*)
relaxation and thus MR imaging is usually performed using
T2/T2* weighted sequences.'” Even if MRI has a lower
sensitivity compared to optoacoustic and fluorescence methods,
the advantage of MRI is that it does not suffer from penetration
depth issues, and is thus suitable for imaging in large animals and
humans."’

It has been demonstrated that an external magnetic field can
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enhance the cellular uptake of magnetite nanocrystals.?>** Thus,
mostly smaller magnetite particles with sizes below 100 nm in
size have been studied. It is conceivable that larger particles
(crystal aggregates), with a higher total magnetic moment and
thus a stronger magnetic separation force in the presence of a
magnetic field, could overcome the Brownian motion more
efficiently for an improved affinity towards cell membrane.
Clustering of superparamagnetic particles may also provide a
significantly enhanced relaxivity in comparison to individual
magnetite nanoparticles.”*® However, the application of a
magnetic field to suspensions of magnetic particles, particularly
those with relatively large particle sizes, can result in the
generation of linear aggregates, or chains.?” The applied magnetic
field aligns the magnetic moments of the nanoparticles, and the
local dipolar fields they generate cause an attraction between
nearby particles leading to the generation of chains or linear
aggregates of particles aligned along the applied field direction.?®
It has also been reported that the system attains an equilibrium
state, depending on the local conditions of the particle
suspensions (the strength of the magnetic field, the size and
polydispersity of the particles, etc.), after a transient period of
chain formation.”” The magnetic interaction is what accounts for
the inherent instability of the particle system without surface
modification and, consequently, its rapid aggregation
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characteristics.

In order to increase the biocompatibility and biofunctionality
of magnetite particles, different methods have been used to coat
the particles. The resulting core-shell particles are highly
functional nanoparticles with distinct properties arising from the
core and the shell layers. Silica is the most widely used coating
for inorganic nanoparticles,* since it is biocompatible, allows for
easy further functionalization, and protects the magnetite against
oxidation by an acidic environment, and thus may improve the
shelf-life of the magnetic cores.’! If the cores are coated with
mesoporous silica, the porous shell can also be utilized for
incorporation of drugs, to obtain a so-called theranostic probe.*
In addition to drugs, also fluorescent entities may be
attached/loaded for multimodal imaging, creating two-in-one
fluorescent-magnetic nanocomposites.> However, a problem
when designing these kinds of nanocomposites is the risk of
quenching of the fluorophore by the magnetic core, since the
magnetite strongly adsorbs the transmitted light.** Here, a silica
coating can thus also be utilized as an effective barrier between
the magnetic core and the fluorophores, which may also be
controlled by the thickness of the silica shell.

In this study, the cell labeling efficiency of magnetite-silica
core-shell nanospheres has been investigated. Core-shell
nanospheres with a 120 nm magnetite cluster core and additional
non-porous and porous silica layers have been produced, and
further studied for magnetically enhanced cellular uptake. The
importance of the non-porous silica shell as a barrier between the
magnetic core and fluorophore has also been demonstrated.
Parallel to the effect of an external magnetic field on cellular
labeling efficiency, surface PEI functionalization of the core-shell
nanospheres was also considered for aiding the cellular uptake. In
addition to this, limitations and shortcomings related to
measurements based on fluorescence were observed due to the
influence of particle aggregation especially in the presence of a
magnetic field. Thus, reflection-based techniques for determining
cellular internalization were studied, as a means to overcome the
problems associated with fluorescence. Noteworthy, the actual
situation of cellular uptake, where PEI functionalization greatly
enhanced cell internalization by protecting particles from
aggregation, was explored. Finally, the difference in cellular
uptake efficiency could also be discerned using MR-imaging of
labelled cells, simultaneously demonstrating the suitability of the
produced core-shell nanospheres as MRI contrast agents.

Results and discussion

Design of magnetic core-shell nanospheres for -cellular
labeling

To facilitate an efficient magnetically-aided nanoparticulate
cellular labeling system, core-shell nanospheres with a 120 nm
magnetite cluster core and additional non-porous and porous
silica shells, Mag@nSiO,@mSiO,, were produced. The size of
the magnetic core was chosen both with respect to an effective
magnetic-induced enhancement of cellular uptake, due to the
increase in magnetization with increased cluster core size;
whereas in order to obtain a high contrast in MRI, since it has
been demonstrated that a too large core size (>>100 nm)
decreases the transverse relaxivity (r,).® Thus, the size of the
magnetic core plays a significant role and has to be chosen
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according to the requirements for the specific study.

Scanning  electron  microscopy (SEM) image of
Mag@nSiO,@mSiO,, as shown in Fig. la, reveals an average
diameter of almost 300 nm. Typical transmission electron
microscopy (TEM) image of Mag@nSiO,@mSiO, (Fig. 1b)
indicates that the nanospheres exhibit a layered sandwich-like
core-shell structure. The thickness of the nonporous and
mesoporous silica shell is about 60 nm and 30 nm respectively
(Supplementary Fig. S1). A typical nitrogen isotherm measured
for Mag@nSiO,@mSiO, indicates a type-IV isotherm for
mesoporous materials and a pore size distribution with a peak
value of 7.3 nm (Fig. 1c). The BET surface area was determined
to be 89 m” g”! and the pore volume to 0.19 cm® g™,

The non-porous silica shell was first deposited on the
magnetite cores in order to provide a protective layer between the
cores and the fluorophores subsequently labeled on the silica
surface, considering the possibility of fluorescence quenching by
the magnetic core via an energy transfer process and a strong
absorption of the emitted light by the iron oxide particles.** To
demonstrate the role of this protective silica shell, the
fluorescence intensity of magnetite cores before and after the
coating of the 60 nm thick nonporous layer was compared (Fig.
1d). The Mag and Mag@nSiO, nanospheres were labeled with
same amount of FITC with respect to the mass of the magnetite
core. The fluorescence was measured at a particle concentration
of 0.5 mg ml™" (with respect to the magnetite core) in HEPES
buffer (pH 7.2) in order to avoid self-quenching from a too high
concentration of particles.*® The pure magnetite cores (Mag) were
already coated with a very thin silica shell in order to protect the
core and keep the core surface hydrophilic, but this thin layer was
not sufficient for protecting the fluorophores from quenching by
the magnetic cores, resulting in a low fluorescence intensity at
520 nm. A 1.5 fold increase in fluorescence intensity could be
obtained when increasing the thickness of the nonporous silica
shell (Mag@nSiO,). The intensity was further greatly enhanced
after the coating of a porous silica shell on the particles
(Mag@nSiO,@mSi0,). A porous silica shell helps in keeping the
fluorescent molecules more apart due to the large surface area
and porous structure, and as a result, the possible self-
quenching® of the fluorophores upon close contact on the particle
surface decreases drastically which promotes the high increase in
intensity.

The particles were fully dispersible in water (Fig. le), with a
hydrodynamic size peak centered at 550 nm (z-average) with a
PdI of 0.15. The discrepancy between the size of the dried
particles measured from SEM images and the hydrodynamic
diameter measured by DLS is a known phenomenon due to
drawbacks with the DLS technique which can be ascribed to large
scattering and absorbance of the particles which may give rise to
errors in the size calculation.’”*' However, given the high quality
peak and low polydispersity indexes (PdI) we can conclude that
the particles were readily dispersible in aqueous solvent after all
production steps, whereas the particle sizes are more accurately
derived from electron microscopy and thus concluded to be 300
nm on average.

Fig. 1 Characterization of the magnetic core-shell nanospheres. (a) SEM

115 image of the Mag@nSiO,@mSiO, nanospheres, revealing an average size

of approximately 300 nm. (b) TEM image showing the morphology and
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structure of the magnetic cores coated with non-porous and porous silica
layers, Mag@nSiO,@mSiO,. (c) Nitrogen sorption isotherm of
Mag@nSiO,@mSiO, nanospheres, with corresponding pore size
distribution as determined by the DFT method. The peak at 7 nm
corresponds to the average pore diameter. (d) Fluorescence intensities, of
similarly FITC-labeled magnetic core particles or magnetic core-shell
particles with increasing number of silica layers, were measured in
HEPES buffer (pH 7.2) between 510 and 610 nm using 488 nm
excitation. The importance of the thicker non-porous silica barrier,
towards the magnetite core, on the fluorescence intensity was
demonstrated.  (¢) Hydrodynamic size distribution of the
Mag@nSiO,@mSiO, nanospheres in H,O. The peak is centered at 550
nm with a Pdl of 0.15. (f) Zeta potential of Mag@nSiO,@mSiO, and
Mag@nSiO,@mSiO,@PEI nanospheres measured in HEPES buffer,
affirms a successful PEI-functionalization with a high positive charge for
the PEIl-functionalized particles and a negative charge for the non-
functionalized particles.

In order to compare the effect of surface functionalization on
the cellular labeling efficiency of the core-shell nanospheres, the
produced core-shell nanospheres were amino-functionalized with
a surface-grafted hyperbranched poly(ethylene imine) (PEI) layer,
as this kind of surface coating has shown to be especially
facilitative in promoting cellular uptake of silica particles.*>#***
Electrokinetic ~measurements (zeta potential) confirmed
successful PEI-functionalization (Fig. 1f). The PEI-functionalized
nanospheres, Mag@nSiO,@mSiO,@PEI, obtained a high
positive charge (+32 mV), while the plain core-shell nanospheres,
Mag@nSiO,@mSiO,, presented a typical negative surface charge
for silica surfaces (-35 mV). Notably, the employed type of thin
porous coating can significantly enhance the degree of surface
functionalization, which we have shown previously.*> FITC-
labeling of the particles did not alter the zeta potential of the
particles notably (Supplementary Fig. S2).

Fig. 2 Evaluation of the cytocompatibility of the particles. Cell viability
measurement of HeLa cells, incubated with different concentrations of
Mag@nSiO,@mSiO, and Mag@nSiO,@mSiO,@PEI particles, and
determined by WST-1 assay revealed sufficient cytocompatibility.

Role of surface functionalization and magnetic field on
cellular uptake

The cytocompatibility of the produced Mag@nSiO,@mSiO, and
Mag@nSiO,@mSiO,@PEI nanospheres was evaluated by the
WST-1 assay at different concentrations of particles in HeLa
(human cervical cancer) cells (Fig. 2). No obvious negative effect
on cell viability could be discerned at the studied concentrations,
regardless if the particles were surface-functionalized or not.

Due to the large size of the magnetic cores and a high
saturation magnetization (Supplementary Fig. S3), the
Mag@nSiO,@mSiO, nanospheres can be utilized for efficient
magnetic field-aided cellular labeling (Fig. 3). Thus, the influence
of a magnetic field on the cellular uptake, during a short
incubation time of only 1 h, was studied for both plain and PEI-
functionalized particles by flow cytometry. HeLa cells were
incubated with particles for one hour while subject to an external
magnetic field (0.3 T), and subsequently the extracellular
fluorescence was quenched by trypan blue.*® The result is
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presented in Fig. 4a, where ‘internalization’ corresponds to the
fluorescence intensity (FL-1) per cell multiplied with the fraction
of positive cells. The graph shows apparent higher uptake of the
plain nanospheres Mag@nSiO,@mSiO, (III, +magnet IV) than
the positively charged functionalized nanospheres
Mag@nSiO,@mSiO,@PEI (I, +magnet II), which is
contradictory to what was expected since it is well known that
positively charged silica particles are more extensively taken up
by HeLa cells.** This conflicting result was then further
investigated by microscopy (Fig. 4b), without extracellular
quenching, to study how the nanospheres “behave” on the cell
surface. These images clearly show that the plain core-shell
nanospheres are aggregated on the cell surface, and form even
larger aggregates when a magnetic field is applied. On the other
hand, the positively charged PEI-functionalized nanospheres are
well dispersed on the cells, also when the magnetic field is
applied, which also readily enhances the cellular uptake, as seen
from Fig. 4a. Since the plain nanospheres form large aggregates
on the surface of the cells, we believe that these aggregates
cannot be effectively quenched by trypan blue, and false high
fluorescence intensity, from nearly 100% of the cells, is detected
by flow cytometry.

Fig. 3 Schematic illustration of the study. The effect of surface
functionalization and an external magnetic field on cellular labeling of
magnetic core-shell particles was studied. The cellular uptake of the
surface functionalized particles could readily be enhanced by a magnetic
field, while the non-functionalized particles aggregated on the cell surface
which in turn gave rise to false positive fluorescence based signal when
measuring the uptake.

It has been reported that the magnetic field overcomes the
Brownian motion of the particles resulting in their separation
from the suspension and an accelerated sedimentation of
magnetic iron oxide onto the cell membrane.*’” The employment
of larger magnetic particles rather than small iron oxide
nanocrystals would therefore increase the collision frequency
between the particles and the cell membrane, resulting an
enhanced affinity toward the cells for being taken up. However,
the typical internalization pathways for nanoparticles are greatly
dependent on the actual size of the particles.*” It is conceivable
that the aggregation of particles before cell uptake would
handicap the uptake and lead to a low labeling efficiency of
particles. Hence, it is quite crucial to avoid aggregation during
cellular uptake/labeling, especially for our Mag@nSiO,@mSiO,
nanospheres with an average diameter of 300 nm.

In order to investigate the aggregation of the particles under
cellular  conditions, both  Mag@nSiO,@mSiO, and
Mag@nSiO,@mSiO,@PEI nanospheres were dispersed in cell
media and the autocorrelation function of the particle suspensions
was measured and compared by dynamic light scattering (DLS)
before and after being placed in a magnetic field (0.3 T) for one
hour. Considering the distortion of the hydrodynamic diameter by
light adsorption of the magnetic core, the autocorrelation function
decay, which is related with particle diffusion rate in solution, is a
useful tool to study the aggregation behavior of particles.*®*
Since larger particles diffuse slower by Brownian motion than
smaller particles, the correlation function decays at a slower rate.
Fig. Sa presents the comparison of typical correlation functions
for the particles. As the time at which the correlation starts to

This journal is © The Royal Society of Chemistry [year]
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decay is an indication of the size of the particles, both the
Mag@nSiO,@mSiO, and Mag@nSiO,@mSiO,@PEI have the
same hydrodynamic size in the beginning. After the particles
were placed in a magnetic field for one hour, the correlation
curve for the non-functionalized Mag@nSiO,@mSiO,
nanospheres is significantly shifted to the right with remarkably
longer decay time (t, 10° us), compared to the curve for the PEI-
functionalized nanospheres (10° ps). This indicates large
aggregates of the non-functionalized nanospheres has formed,
since the signal will decay more slowly if the particles are large
and the correlation will persist for a longer time before decaying.
The additional plateau in the decay time range from 10* ps to 10°
pus before the correlation reaches zero, further affirms the
presence of large aggregates. Fig. 5b shows that the
Mag@nSiO,@mSiO, nanospheres sedimented within a couple of
seconds after the same magnetic field was applied, again
confirming a rapid aggregation of these nanospheres which, in
turn, resulted in a higher magnetization and a faster sedimentation
and separation rate by the magnetic field. The sterically stabilized
Mag@nSiO,@mSiO,@PEI nanospheres kept stable in the
magnetic field for longer time, before slowly starting to sediment
towards the magnet. When no magnetic field was applied to the
particles, they were both stable and no aggregation and/or
sedimentation occurred (Supplementary Fig. S4).

Fig. 4 Cellular uptake of particles, based on fluorescence measurements,
showing false high uptake due to aggregation and non-efficient quenching
of extracellular fluorescence. (a) Cellular uptake of Mag@nSiO,@mSiO,
(IlI, +magnet IV) and Mag@nSiO,@mSiO,@PEI (I, +magnet II)
nanospheres, as determined by flow cytometry. The cells were incubated
with 10 pg ml' particles for 1 h, with or without an addition of a
magnetic field. The extracellular fluorescence was quenched by trypan
blue. An addition of a magnetic field can greatly enhance the uptake of
the particles, but contradictory to what was expected, higher uptake can
be seen for the negatively charged particles. Denotation of the samples are
shown in figure b. (b) Microscopy images of corresponding samples as
presented in figure a. No extracellular quenching was used in order to
show the distribution of particles on the cells. These images clearly show
aggregation of the negatively charged particles. We believe that these
aggregates cannot be efficiently quenched and give rise to a high
fluorescence signal in flow cytometry.

Fig. 5 Magnetically induced aggregation of Mag@nSiO,@mSiO; in cell
media as compared to Mag@nSiO-@mSiO-@PEI (a) Autocorrelation
function, measured by DLS for Mag@nSiO@mSiO, and
Mag@nSiO,@mSiO,@PEI before and after being in contact with a
magnetic field for one hour. A clear plateau at higher time points, which
indicates large aggregates, could be detected for the Mag@nSiO,@mSiO,
particles.  (b) Mag@nSiO,@mSiO,@PElI  (left, “PEI”) and
Mag@nSiO,@mSiO, (right, “no PEI”) as freshly dispersed in cell media
and after being in contact with a magnetic field for 2 s and 20 s,
respectively. More rapid sedimentation can be seen for the
Mag@nSiO,@mSiO, particles due to magnetically induced aggregation
to larger clusters with, as a result, faster sedimentation.

Recent experiments show that the electrostatic and steric
stabilization strongly influence the aggregation behavior.”® The
electrostatic and steric forces have to be substantial enough to
overcome the attractive forces, such as van der Waals and
magnetic interactions, to maintain stability.’’ Magnetic particles
can form chains or linear aggregates,””>>** as well as thicker
lateral aggregates™ aligned along the applied magnetic field. The
magnetically induced aggregation phenomena have been
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extensively studied both experimentally’> and theoretically>,
where the magnetic interaction has been included into the DLVO
theory. It has been reported that the mechanism underlying fast
magnetophoretic separation times is reversible magnetically
induced aggregation of magnetic particles, taking advantage of
the magnetic gradients generated by the particles themselves.™
Thus, the phenomenon is also dependent on the particle
concentration.’ The particle size has also been shown to have an
effect on the overall stability of dispersions.”!

Poly(ethylene imine)-functionalized silica particles, where the
polymer is grown by surface hyperbranching polymerization have
high suspension stability under biologically relevant conditions.*
Thus, the chemical environment, in this study, the hyperbranched
PEI layer acts to slow down and/or prevent aggregation of the
nanospheres also under the influence of a magnetic field as was
seen in Fig. 5.

We then decided to revisit the fluorescence-based methods for
evaluation of the cellular uptake. It is well known that there is a
considerable list of problems to be taken into account when
following internalized particles based on fluorescence techniques,
especially when the extracellular fluorescence signal cannot be
completely quenched. However, Stringer et al.>* established a
semi-quantitative flow cytometric method, by measuring the
change in side scatter (SSC) intensities of alveolar macrophages,
to study the uptake of actual environmental particulates without
addition of fluorescent molecules. Other research groups>>® have
later suggested that SSC-based flow cytometry measurements
might be used as a convenient and fast tool to evaluate the
cellular uptake of nanoparticles. Busch et al.>’ have compared
changes in cellular granularity between different cell and particle
types and concluded that the differences were greater between the
different particles than between the cell cultures.

Thus, to further study how the particle aggregates affect the
results of the cell-uptake measurements, the evaluation of cellular
uptake was carried out based on scattering intensities from the
cells (forward scattering, FSC, and side scattering, SSC) in flow
cytometry. FSC and SSC parameters indicate the size and the
intracellular density (granularity) of the cells, respectively, hence
FSC additionally elucidate the viability of the cells.® The cells
did not show any change in the FSC channel (Supplementary Fig.
S5), indicating that the particle uptake did not affect the viability
of the cells. Fig. 6a presents the cellular internalization of
particles, where internalization corresponds to the fraction of
positive cells, in terms of reflection (increased granularity),
multiplied with the mean reflectance per cell. Lower uptake of the
plain Mag@nSiO,@mSiO, nanospheres was observed by SSC
analysis, regardless of whether the magnetic field was applied. In
comparison, an approximately 5 times higher uptake of
Mag@nSiO,@mSiO,@PEI nanospheres was found and the
internalization was further increased by a factor of ~2 when a
magnetic field was applied.

The cellular uptake was also investigated by reflection-based
confocal microscopy, after one hour of incubation (Fig. 6b).
Since the extracellular reflection signal cannot be quenched, thin
confocal slices were imaged with the focus set in the middle of
the cell nucleii As seen from the images, the
Mag@nSiO,@mSiO, nanospheres are mostly distributed outside

120 the cells, and no significant difference can be found when a
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magnetic field has been applied. The positively charged
Mag@nSiO,@mSiO,@PEI nanospheres, on the other hand, are
much more extensively taken up by the cells, and the particles
have accumulated close to the cell nuclei. Moreover, a
significantly increased reflection signal from the inside of the
cells was found in the presence of the magnetic field. Hence,
these results are in good agreement with SSC-based flow
cytometry data. Fig. 7 shows the same series of samples in
reflection-based confocal microscopy after a longer incubation
time (3 h). Noteworthy, the difference in cellular uptake between
the functionalized and the plain nanospheres is even more

pronounced, as can be seen from the greatly enhanced
intracellular  reflection signal in the case of

Fig. 6 Cellular uptake of particles by means of reflection as a comparison
to the fluorescence-based measurements. The same samples,
Mag@nSiO,@mSiO, (IlI, +magnet IV) and Mag@nSiO,@mSiO,@PEI
(I, +magnet II), as measured by fluorescence and presented in Fig. 4, are
here presented in terms of reflection. The cells were incubated with 10 pg
ml"! particles for 1 h, with the addition of a magnetic field for the
”+magnet” samples. (a) Flow cytometry data analyzed by side scatter of
cells (SSC). Higher uptake of the positively charged particles can be seen
here, as was expected. . Denotation of the samples are shown in figure b.
(b) Confocal microscopy images of corresponding samples, as presented
in figure a, based on reflection from the magnetic particles confirm the
flow cytometry data. The cell nuclei were stained with DAPI (blue).

The time-dependency of the magnetically induced cellular
uptake of particles was further investigated with the well-
dispersable Mag@nSiO,@mSiO,@PEI nanospheres (Fig. 8).
HeLa cells were incubated with particles and analyzed by flow
cytometry after various internalization times. The external
magnetic field could greatly enhance the cellular uptake
especially after short incubation times. Nevertheless, even after
three hours of incubation, the effect of the magnetic field was
significant. After 24 h of incubation, no difference owing to the
magnetic field could be detected, since the amount positive cells
even without a magnetic field reached 100%. It is also worth to
notice, that when no extracellular particle aggregation occurred,
measurements based on fluorescence and reflection could be
directly compared.

Fig. 7 The difference in cellular uptake after 3 h of incubation time.
Confocal microscopy images of Mag@nSiO,@mSiO, and
Mag@nSiO,@mSiO,@PEI particles after 3 h of incubation with and
without addition of a magnetic field. An even clearer difference in cellular
uptake between the positively and negatively charged particles was
discerned, with an additional enhancement by the magnetic field.

On the basis of the results obtained above, it is apparent that
magnetic field-induced particle aggregation led to the erroneous
determination of cell internalization in the case of
Mag@nSiO,@mSiO,. Aided by PEI functionalization,
Mag@nSiO,@mSiO,@PEI nanospheres can maintain a good
dispersibility in cell culture media for cellular uptake in the
presence of a magnetic field. At the same time, we cannot rule
out the effect of the PEI coating on the enhanced uptake by its
strong interaction with the cell plasma membrane, which has been
observed in previous studies.>>*** Hence, in the present case, the
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surface PEI functionalization possesses a dual functionality for
the cellular labeling of the particles.

The efficiency of cellular labeling of the core-shell
nanospheres as investigated by magnetic resonance imaging

In order to evaluate the efficiency of the produced
Mag@nSiO,@mSiO,@PEI nanospheres as magnetic resonance
imaging (MRI) contrast agents, HeLa cells after particle labeling
for different time periods with/without the presence of an external
magnetic field were measured and compared on a clinical 3 T
MRI instrument. T2-weighted phantom images (Fig. 9a) clearly
show the T2 shortening effect (signal loss) in the samples where
cells were treated and/or labeled with particles at a concentration
of 10 pg  mlh This  demonstrates  that  the
Mag@nSiO,@mSiO,@PEI nanospheres were efficiently taken
up by HeLa cells and served as a contrast agent for the labeled
cells being visualized by MRI. Moreover, the extent of T2
shortening shows the same trend of dependency on the treatment
time and the magnetic field, as already demonstrated with flow
cytometry. This is reflected in the measured 1/T2 values as
shown in Fig. 9b. A 2.5-fold increase in 1/T2 value, for the
labeled sample compared to the control sample, is seen after 30
min. When a magnetic field was applied, 1/T2 was further
increased by more than 2-fold as compared with the sample
labeled in the absence of the magnetic field, which in total gives
almost a 6-fold increase compared to the control cells, indicative
of the magnetic enhanced uptake of particles. After further
increase of 1/T2 after 1 h of labeling to almost 7-fold compared
to control cells, no significant further enhancement caused by the
magnetic field can be observed at the 3 h time-point, revealing a
saturated enhancement of MRI signal at a concentration of 10 ug
ml”'. An incubation time of 24 h was most often presented in
similar MRI studies where cell labeling were involved.*">*** This
further confirms the significant advantage of a magnetic field for
efficiently enhancing the cellular uptake and decreasing the
incubation time in our Mag@nSiO,@mSiO,@PEI system.

Fig. 8 Time-dependency of the magnetically induced cellular uptake of
Mag@nSiO,@mSiO,@PEI nanospheres, determined by flow cytometry
both based on fluorescence and reflection. A magnetic field can readily
enhance the uptake of the particles. The magnetically enhancement is
more pronounced for short time intervals, but even after 3 h of incubation
a clear difference is seen. This simultaneously demonstrates that results
obtained from fluorescence and reflection based measurements are
comparable if no particle aggregation occur.

Fig. 9 MR imaging comparison of labeled cells as a function of treatment
time with/without the presence of an external magnetic field. (a) MRI
phantom  images of cells labeled with 10 pg ml’
Mag@nSiO,@mSiO,@PEI nanospheres for different time intervals with
and without magnetically-enhanced uptake. The same concentration of
Hela cells were used (1.5*10° cells per tube) for comparison. (b) The 1/T2
values, derived from the corresponding images, as a function of various
labeling time points. The trend, which these results show, confirms the
positive effect of the magnetic field on the cellular uptake. When a
magnetic field was applied for 30 min, an almost 6-fold increase in 1/T2
was found compared to the control cells.

This journal is © The Royal Society of Chemistry [year]
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Experimental
Reagents and materials

Aziridine (98%) was purchased from Menadiona. Tetraethyl
orthosilicate (TEOS, >98%) and toluene (99.8%) were obtained
from Fluka. 2-propanol (99.5%), N,N-Dimethylformamide
(DMF, >99.9%), ammonium hydroxide (NHj3, 33 wt%) and
polyoxyethylene(20)-sorbitan monolaurate (Tween 20) were
purchased from Sigma-Aldrich. Sodium chloride (NaCl, 99.7%)
was obtained from J. T. Baker and absolute ethanol (99%) from
Altia. Fluorescein isothiocyanate (FITC, 90%), 3-aminopropyl-
triethoxysilane (APTES, 99 wt%) and poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (P123)
were obtained from Aldrich. Acetone (>99.8%) and acetic acid
(CH;COOH, >99.8%) were purchased from Merck. All chemicals
used for the study were of analytical grade and Milli-Q water
(18.2 MQ cm) was used throughout the study.

For the in vitro studies, HeLa (cervical carcinoma) cells were
seeded in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 2mM L-glutamine,
100 U ml" penicillin and 100 pg ml™" streptomycin. DMEM,
Dulbecco’s phosphate buffered saline (PBS) and Mowiol® were
obtained from Sigma. Paraformaldehyde (PFA) and trypsin
(0.25% trypsin, 0.02% K-EDTA) were purchased from Fluka,
trypan blue (TB) from Sigma-Aldrich, Vectashield® containing
DAPI from Vector, and WST-1 reagent from Roche Applied
Science.

Synthesis of magnetic core-shell

Mag@nSiO,@mSiO,

nanospheres,

Magnetite cores (Mag) with an average diameter of 120 nm and a
thin nonporous silica shell synthesized based on a well-
established approach,®® were provided by Shanghai AllrunNano
Science & Technology Co. Then, a thicker non-porous silica
coating was deposited on the magnetite cores. Typically, 40 mg
magnetite cores was separated by a magnet, washed with water,
and redispersed into 20 ml of tween 20 solution (0.5 wt%) by
sonication for 20 min. Afterwards, 40 ml 2-propanol was added
under mechanical stirring at 350 rpm. 0.8 ml 33 wt% NH; and 0.3
ml TEOS were added and the stirring continued for 48 h. The
particles were separated with centrifugation and washed 3 times
with ethanol. The as-obtained product was denoted as
Mag@nSiO.,.

The procedure described by Rosenholm et al.*! was used with
slight modifications to coat the particles with a large-pore
mesoporous silica shell. Typically, 0.05 g P123 and 0.29 g NaCl
were dissolved in a mixture of 40 ml water and 16 ml ethanol by
ultrasonicating for 15 min. Subsequently, 25 mg silica coated
magnetite was added and the dispersion was left for stirring at
350 rpm at 35 °C for 30 min. Then, 0.22 ml TEOS was added and
the stirring continued for another 24 h. The template was
extracted from the shell by sonication in acetone for 30 min and
this step was repeated 3 times. The final product was denoted as
Mag@nSiO,@mSiO,.

Amino-functionalization and fluorophore labeling on the
core-shell nanospheres

The Mag@nSiO,@mSiO, nanospheres were PEI-functionalized
according to the procedure described by Rosenholm et al.®? In a
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typical functionalization procedure 10 mg Mag@nSiO,@mSiO,
were washed with toluene and then dispersed in 20 ml toluene,
afterwards 1 pl acetic acid and 10 pl aziridine were added
successively and the reaction mixture was sonicated at 75 °C for
5 h, afterwards the mixture was left standing in 75 °C for 20 h.
The Mag@nSiO,@mSiO,@PEI nanospheres were finally washed
with acetone.

Different procedures for FITC-labeling were used depending
on the surface groups of the particles. The synthesis of FITC-
labeled Mag, Mag@nSiO,, and Mag@nSiO,@mSiO, was
performed by a silane mediated conjugation process. In brief, a
FITC-solution containing 4 mg FITC, 2.4 ml ethanol and 10 pl
APTES was first prepared. This mixture was stirred for 2 h under
inert gas. Subsequently, 10 mg particles were dispersed in 10 ml
toluene and 0.5 ml FITC-solution was added and left for stirring
for 24 h. The particles were separated by centrifugation and
washed with toluene and ethanol.

For the FITC labeling on the Mag@nSiO,@mSiO,@PEI, the
preparation was carried out by conjugation of FITC to amine
groups in the surface-polymerized PEI. Typically, 5 mg particles
were suspended in 1.5 ml DMF, and 25 pl FITC dissolved in
DMF (Ilmg ml') was added. The reaction continued under
stirring for 4 h after which the particles were separated by
centrifugation and washed with DMF and ethanol.

Characterization methods

The size distribution of the nanospheres was determined by
scanning electron microscopy (SEM) using a Zeiss DSM 962 at 5
kV. High-resolution transmission electron microscopy (TEM)
was used to determine the morphology of the nanospheres with
an aberration-corrected JEOL-2200FS microscope, operated at
200 kV. Zeta potential measurements were carried out to
determine the net surface charge of the core-shell nanospheres
before and after PEI-functionalization. Dynamic Light Scattering,
DLS, was used for measuring the dispersability of the particles.
For zeta potential and DLS measurements the instrument Malvern
ZetasizerNano ZS was used. The intensity of the fluorescent
samples was measured with a PerkinElmer LS50B luminescence
spectrometer.

Cell viability measurements

HeLa cells were plated at a density of 5000 cells per well into the
96-well plates and incubated overnight. After that, the cell
medium was removed and replaced with 100 pl medium
containing different concentrations of either
Mag@nSiO,@mSiO, or Mag@nSiO,@mSiO,@PEI (5, 10, 25,
50 ug ml™). Four replicates were used at each concentration and
only cell media was added in the control group. After incubation
for 24-72 h, 10 pl of WST-1 reagent was added into the plate and
incubated for 90 min (standard incubation time) at 37 °C in 5%
CO,. The absorbance of the colored formazan was measured at
430 nm wavelength using TECAN ULTRA Microplate Reader
(Tecan Group Ltd.). To avoid any interference of the dark color
of the magnetite particles with the spectrophotometry readings,
the net readings were corrected with readings of the same amount
of particle-labelled cells which had not been incubated with the
WST-1 reagent. The relative cell viability percentage in each
group was calculated by comparison to the control group.
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Cellular uptake determination by flow cytometry

FITC-labeled nanospheres were suspended in cell media at a
concentration of 10 pg ml”, and sonicated for 15 min. The
particle suspension was added to the cells and incubated for
different time intervals with or without a magnet placed under the
cell plate. Fitted magnets, with a magnetic field strength of 0.3 T,
were used under the cell plates.”' After incubation the cells were
washed with PBS, detached by trypsinization, centrifuged down
at 2000 rpm for 5 min and again washed with PBS. The
extracellular fluorescence was quenched by re-suspending the
cells in trypan blue (200 ug ml™") and incubating them for 10 min
at room temperature. After washing once with PBS, the cells
were re-suspended in PBS and analyzed with a BD FacsCalibur
flow cytometer. The forward scatter and side scatter intensities,
indicating the size and intracellular density of the cells, were
simultaneous recorded with the mean fluorescence intensity
(MFI) of the cells at FL-1 channel (ex 488 nm, em 530/30 nm).
The data was analyzed with BD CellQuestProTM software. The
control peak (no particles) was subtracted from the sample peak,
whereafter the resulting fluorescence intensity (MFI) value was
normalized against the fluorescence intensity for particle
suspensions only, and further multiplied with the fraction of
positive cells as representation for internalization.

Confocal microscopy imaging

For the intracellular imaging HeLa cells were grown on cover
slips and incubated with nanospheres for different time intervals
as described above. Uptake was stopped by washing off most
non-internalized nanospheres with PBS and fixing of the cells
with 3% PFA for 15 min at room temperature. After washing
with PBS the cells were mounted on microscope slides (VWR)
using Mowiol® or Vectashield® containing DAPL. A Zeiss
LSM780 confocal microscope, equipped with a 20x/0.5 or
40x/1.2 water immersion objective, was used to record
fluorescence (FITC: ex 488 nm, em 500-550 nm; DAPI: ex 405
nm, em 410-500 nm) and reflection (ex 405 nm, em 387-410 nm)
images, using 68 pum pinhole size.

Magnetic resonance imaging

For magnetic resonance imaging of cells, HeLa cells were
incubated with nanospheres as described above. Uptake was
stopped by washing the cells 3 times with PBS, after which the
cells were trypsinized, centrifuged down and again washed with
PBS. Cells were then transferred to eppendorf tubes at a
concentration of 1.5%10° cells/tube and pelleted. Finally each
eppendorf tube was filled with 0.5 ml of 3% gelatin and then the
samples were left to harden before MRI measurements. MR
imaging was performed with a Philips Ingenuity TF 3 T
PET/MRI scanner (Philips Medical Systems). The scanner is
hybrid imaging system with Philips time-of-flight GEMINI TF
PET and Achieva 3T X-series MRI system. MR imaging was
performed using a dedicated small animal coil (Rat Whole Body
Coil, Rapid Biomedical GmbH), with a 2D T2-weighted spin
echo (SE) sequence (Echo Time TE = 15-180 ms, Repetition
Time TR = 1670 ms, 12 echoes, slice thickness 2 mm) for the
contrast agent phantoms. The T2 relaxation times were calculated
by an exponential fit of the region-of-interest signal amplitudes
versus TE.
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Conclusion

Core-shell structured fluorescent magnetic nanospheres with a
magnetite cluster core and additional porous and non-porous
silica layers have been produced and studied for magnetically
enhanced cellular labeling. The developed core-shell nanospheres
were further modified by surface hyperbranching polymerization
of poly(ethyleneimine) (PEI), in order to compare the effect of
surface functionalization with the magnetic field-induced effect
on the cellular labeling efficiency. Magnetically induced
aggregation  behavior of non-functionalized  magnetic
nanospheres was demonstrated under cell relevant conditions by
DLS and further confirmed under in vitro conditions. The
aggregation led to difficulties in correctly assessing the cellular
uptake behavior of these magnetic nanospheres by fluorescence-
based techniques, which were overcome by a precise
determination by using flow cytometry based on reflection
analysis instead. A synergistic effect of the magnetic field
together with the particle dispersability improved by PEI
functionalization could greatly enhance the cellular
internalization of particles, which further provided for a high
MRI contrast after a short incubation time. We expect that this
Mag@nSiO,@mSiO,@PEI nanosphere platform can serve as a
promising two-in-one fluorescent-magnetic tool for bimodal
imaging and cellular labeling for related biomedical applications.
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