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ABSTRACT

Several applications of nanoparticles rely on the internalization and accumulation of nanocarriers in specific cell compartments and tissues. However, the methods
currently employed for characterizing such processes, although well described, are time consuming and do not provide in vivo information, which is a crucial barrier
towards translational applications. Here, we hypothesize that the AC Biosusceptometry technique can be employed to assess cell internalization of magnetic na-
noparticles, with possible applications in screening assays to track specific biomarkers and cell types. We tested a simpler and easier alternative to study cell
internalization and tissue accumulation after perfusion. We utilized citrate coated, manganese ferrite nanoparticles and evaluated the internalization process in
mouse macrophages cells (J774.A1) and in an embryonic neural stem cell culture (E14.5) after differentiation in astrocytes and neurons, to assess internalization
specificity. Respecting the particles toxicity limits, we tested different concentration of particles, in different incubation times. Sequentially, we imaged the cell
cultures to confirm internalization and nanoparticles localization, labeling nucleus and cell body to assure that the particles were inside the cells. Our results showed

a linear behavior on internalization for different doses and an optimum incubation time of 2 h.

1. Introduction

Magnetic nanoparticles (MNPs) have been extensively employed on
biomedical applications, either for diagnostic or therapeutic approaches
[1,2]. Regardless their objective, one main step to be overcome is the
cellular internalization process. There are many studies focused on
understanding and surpassing this barrier. Successful, and possibly
specific, internalization of particles by cells allows for cell tracking and
separation, while it’s translation to tissue samples can predict tissue
growth, differentiated biodistribution, among other properties [3-5].
From the nanoparticle perspective, such quantification can assess
toxicity, optimum incubation time and dose, and possibly internaliza-
tion pathways.

However, the process for detecting and quantifying internalization
is usually complicated, time consuming due to sample preparation,
several steps in the protocol, and sometimes indirect, since it can de-
pend on binding to fluorescent markers [6]. Thus, there is a logic de-
mand for a technique that allows for simple, fast and non-destructive
assessments without the need for sample preparation.

In order to access cell internalization of MNPs, some magnetometry
techniques have been employed. Mazuel and co-workers studied the
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intracellular biodegradation of MNPs using magnetic methods such as
magnetophoresis and vibrating sample magnetometry [7]. In this study,
the authors claim the simplicity, low cost and high temporal resolution
of the magnetophoresis technique to monitor the MNPs in situ. Also,
they stated that magnetometry can access the magnetic moment of the
MNPs and their size distribution. AC susceptometry and SQUID sensors
also were employed in this task. The use of SQUID sensors allowed the
magnetization saturation study of magnetic nanocubes in a lysosome-
like environment [8]. In this way an AC susceptometer was used to
study the Brownian and Néel relaxation of MNPs in live cells before and
after the cell lysis indicating different relaxation mechanisms when the
MNPs were within the cells [9].

The AC Biosusceptometry (ACB) is a biomagnetic system and has
been employed on several studies to monitor magnetic nanoparticles in
animal models in vivo [10] and also tissue samples, for biodistribution
studies [11]. Here, we tested the sensitivity limits of the technique to
employ the sys tem on an internalization assay. The main objective of
this study was to create a protocol to assess cell internalization of
magnetic nanoparticles by AC Biosusceptometry. In this study, we uti-
lized Citrate-coated, superparamagnetic manganese ferrite nano-
particles (Cit-MnFe,O,) and tested the internalization process in
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cultures of macrophages and neural-stem cells. The success of both
protocols might enable the creation of an optimum device, which al-
lows to perform evaluations on particles distribution, from cell culture,
to tissue perfusion and further animal models. Compared with others
systems, the ACB system has some equal characteristics as the high
temporal resolution, low cost, portability and simplicity, but differently
from the others, has potential be employed in the entire chain of MNPs
biological applications, from the cell internalization to the in vivo
monitoring.

2. Methods
2.1. AC Biosusceptometry

The ACB system works as a magnetic material detector. The system
is composed by two identical excitation coils and two identical detector
coils. One pair, composed by one detection and one excitation coil, is
called detector system and is placed near the sample. The other pair,
called reference, is placed far from the sample. Using a Lock-in ampli-
fier and an audio amplifier, we applied an alternate current in the ex-
citation coils, which in turn generate an AC magnetic field.
Simultaneously, the detector coils are used to detect this magnetic field
generated and a second one, generated by the magnetic material im-
mersed in the first one. The detector and reference systems were built in
a first order gradiometric configuration that enables the subtraction of
the signal referent to the excitation field and the environmental noise,
remaining only the signal from the field generated by the magnetic
material excited. As described before, the system is sensitive to the
material magnetic susceptibility and the distance between the sample
and the sensor [12-14].

Here, we employed a new ACB configuration, in which the sample
can be placed in the center of the detection coil, which increases sub-
stantially the sensitivity of the system. Fig. 1 illustrates the setup, in-
dicating the differences, specially related to signal amplitude, when the
sample is positioned on the surface of the sensor, as performed on
previous studies of our group. Following our previous studies protocols,
we built a calibration curve using different known concentrations of
MNPs to calculate the mass of MNPs in the samples from the ACB
system signal recorded [11].

2.2. Magnetic nanoparticles

We used a nanostructured manganese ferrite particle, coated with
citric acid (Ci-MnFe,0,4) and synthesized by coprecipitation method
described previously by Branquinho et al. [15] and applied to kidney
transit and perfusion studies on rats by Quini et al. [16]. Their physical
size and Zeta potential were also described previously and reported to
be 13 = 4nm and —27.8mV at pH of 7.4, respectively [11,16].
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Manganese ferrite was chosen as a tracer material due to its high
magnetic susceptibility, aiming the optimization of the ACB detection
system [11].

Before each experiment, we obtained a calibration curve using
known concentrations of the nanoparticles for further quantification of
all samples.

2.3. Experiments

We tested the internalization pattern for two different cell lines.
First, with the objective of validating the protocol developed, we tested
the internalization of Cit-MnFe,O4 by macrophages (mouse J774.A1
cells), under different doses and different incubation time. Sequentially,
we assessed the internalization process promoted by embryonic (E14.5)
neural stem cells. For this step, we tested only one concentration and
two different time points.

Additionally, we developed a protocol for tissue perfusion of na-
noparticles, followed by quantification of MNPs accumulation by ACB.
All of these protocols were developed with the objective of creating a
joint approach to study accumulation of nanoparticles in different
stages of research, from in vitro studies to in vivo experiments.

2.4. Cell culture

J774.A1 mouse macrophages were kept on 10 mm well plates with
high-glucose DMEM media (Dulbecco's Modified Eagle's Medium — 10%
Fetal Bovine Serum) and incubated with various concentrations of na-
noparticles and different incubation time. The purpose of this step was
to define the detection limits for the ACB system, the incubation time
necessary for the cells to internalize the particles and to test the ACB
sensitivity to differentiate such levels of internalization.

We selected five different doses that would still remain below
toxicity levels for the cells [17], with one control that received PBS
(Phosphate Buffer Solution). We also tested different incubation times,
considering the necessary time for these particles to be completely in-
corporated by the macrophages in an in vivo environment [11]. The
dose ranged between 1.8 ug and 18ug particles per cell in the well
plate, while incubation time was 30 min, 1, 2 and 4 h. After plating, we
waited for the cells to reach 75% confluence to start the MNP incuba-
tion protocol. After the respective time interval of each group, cells
were moved to a volume controlled flask for further nanoparticle
quantification by ACB. Fig. 2 illustrates this protocol.

Sequentially, we tested the specificity of the internalization process
by inducing differentiation of the neural stem cells in culture plates
before incubation with nanoparticles. The objective of this step was to
identify a preferable cell type for internalization and to employ a joint
approach between ACB and fluorescence imaging to assess inter-
nalization.
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Fig. 1. Comparison between the previous ACB configuration, with the sample positioned on the surface of the sensor, and the new one, in which the sample can be
placed in the center of detection coil, increasing the signal obtained from the sample.
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Fig. 2. Experimental setup, indicating steps of the experiment, from cell growth and plating, followed by incubation time (after cells reached 75% confluence in the
cell plates) and further quantification of nanoparticles internalized by the cells using the AC Biosusceptometry system.

We induced differentiation of the neural stem cells into astrocytes
and neurons by deprivation of Epidermal Growth Factor (EGF). As for
the biomarkers chosen for the immunohistochemistry assay, we utilized
DAPI (4, 6-diamidino-2-phenylindole) as a nuclear marker, GFAP (Glial
fibrillary acidic protein) for astrocytes.

Since neither neurons nor axons are expected to internalize as many
particles as macrophages, we selected higher doses of nanoparticles in
comparison to what was used for the previous step (1000, 2000, 3000
and 4000 particles per cell in the culture-plate) and defined a longer
incubation time (24 h). We separated wells for imaging, to attest the
low toxicity of the particles, the interaction between particles and the
well-plates, for microscopy (transmission electron microscopy and
confocal) and ACB quantification.

2.5. Tissue perfusion protocol

The next step was to test the accumulation of the nanocarriers on
tissues of interest and to assess where in the tissue the MNPs would
accumulate. Using the perfusion setup, showed in Fig. 6, we perfused ex
vivo mouse brain slices sectioned at 400 um, cultured with high glucose
DMEM media and 1.5mg/mL Cit-MnFe,O4. We tested this protocol
with 6 tissue samples.

For the staining step, after perfusion, we fixed the tissue with 4%

paraformaldehyde (PFA). Tissue was frozen, embedded, and sectioned
at 40um on a cryostat. We utilized DAPI (4’, 6-diamidino-2-pheny-
lindole) as a nuclear marker, VWF (Von Willebrand Factor) as a vas-
culature marker, S100B (S100 calcium-binding protein B) for astrocytes
and MAP2 (Microtubule-Associated Protein 2) for neurons.

3. Results and discussion
3.1. Macrophages

Fig. 7 shows the results after incubating the macrophage culture
with Cit-MnFe,O,4, for all doses and the uptake over time.

Table 1 presents the statistical results obtained from Fig. 4. In
Table 1, is possible to see the differences between the time points for
the same amount of particles and the differences between accumulation
for same time point. In the first half-hour, there is no differences be-
tween the internalization for all the concentrations of particle. In the
first hour, it is possible to see that greater amounts of particles showed
greater internalization, which was expected, since there are more par-
ticles to interact with the cells. This pattern, besides some slight dif-
ferences, repeats itself for all time points. Regarding the time points for
the same amount of particles (columns), there is a pattern showing an
increase of internalization along time. Besides the 1.8 ug and 3.6 ug

Fig. 3. Perfusion setup, showing the heated container, with the nanoparticles diluted in the cell media, the perfusion pump and the cell plate with the tissue samples.
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Table 1
Incubation time and amount of particles statistical results.
Time (h) PBS 1.8ug 3.6ug 5.4ug 9.0ug 18.0ug
0.5 aA aB aA aB aB aE
1 aA aA bA bC bC bD
2 aA bBC cB cC cD cE
4 aA cB cC dc dD dE

“Different lowercase letters indicate a statistical difference (p < 0,01) between
rows in the same column. Different uppercase letters indicate a statistical dif-
ference (p < 0,01) between columns in the same row.
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Fig. 4. Mass of MNPs calculated from the ACB signal intensity registered for
each sample, with different doses administered and different incubation time.

MNPs groups, which presented no difference for some time points (i.e.
1.8 ug presented no difference up to the second hour and 3.6 ug pre-
sented no difference for the last two hours), all other quantities of
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particles showed difference between every time points. Although there
is a difference between almost all time points, the increase in value
observed from 1h to 2h is around one order of magnitude, while from
2h to 4h is much lower (Fig. 4). These results show a saturation pat-
tern, indicating that, after the second hour, the cells did not internalize
the same amount of particle as before. Our study suggests that there is
low internalization after two hours of incubation, which may be an
important consideration for other researchers before defining experi-
mental protocols, making the procedure faster and objective.

3.2. Neural stem cells

After validating the internalization process with the macrophage
culture, we tested the protocol in the neural stem cell culture, after
differentiation into astrocytes and neurons. Fig. 8 shows one example of
each group, which received different doses of particles. Bright field
images were acquired on a Leica (See Fig. 5).

Fig. 6 shows images from the group that received 1000 particles per
cell, stained for neurons, astrocytes and cell nuclei.

Fig. 6A shows the bright field image, which allows us to see the
particles near what seems to be the nucleus of the cells, confirmed by
the DAPI staining, in Fig. 6B. Fig. 6C shows GFAP staining for astrocytes
and Fig. 9D shows all images combined. Both Fig. 6A and B indicate
that particles were internalized, while the white arrows show that they
were trapped near the nucleus. Fig. 7 shows the ACB signal obtained
from the samples indicating the internalization of nanoparticles in each
group. All data is presented in average + standard deviation.

Fig. 7 suggests a linear behavior of the ACB signal in response to the
changes in the doses of nanoparticles that each group received. Such
behavior indicates that neither saturation of the internalization process
nor toxicity levels were reached, even for higher doses. Additionally,
the ACB system showed good sensitivity for all doses chosen.

These results indicate that the ACB protocol for MNPs quantification
may be a useful tool for in vitro analysis, providing quantitative in-
formation over nanoparticles internalization, under different conditions
and cell types.

Fig. 5. Examples of each group, which received respectively 1000 (A), 2000 (B), 3000 (C) and 4000 (D) nanoparticles per cell.
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Fig. 6. Fluorescence images of the neural stem cell culture, after differentiation, showing bright field image in A, DAPI in B, GFAP in C and all combined in D.
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Fig. 7. ACB signal intensity obtained from each group, with different doses.
Values are showed as average + standard deviation.
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Fig. 9. ACB Signal acquired from control samples, tissues that received nano-
particles, and cell media with MNPs.

Fig. 8. Fluorescence images showing pools of
nanoparticle accumulation (yellow arrows) with
DAPI for nuclei staining, VWF for vasculature,
S100B for astrocytes and MAP2 for neurons. A
shows a region with pools of nanoparticles, ac-
cumulated in specific regions while B shows the
edge of the tissue, which showed more accu-
mulation. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 10. Tissue samples in the cell plate after perfusion of MNPs, indicating
severe agglomeration, possibly flocculation, in the tissue and on the bottom of
the cell plate.

3.3. Tissue uptake

For ex vivo experiments, we utilized the method described in Section
2.5 and illustrated in Fig. 3 to perfuse magnetic nanoparticles through
unstained brain tissue. After 6 h of perfusion, all samples were washed 5
times with PBS and divided into 2 groups, imaging and ACB quantifi-
cation. Tissue for imaging was fixed for an hour with 4% PFA prior to
staining. Fig. 8 illustrates 2 regions of the tissue after perfusion,
washing and staining protocol.

Fig. 8A shows few specific sites with large concentration of nano-
particles, indicated by the yellow arrows. These regions do not match
the tissue vasculature, highlighted by the VWF stain. This indicates that
particles are accumulating in the tissue and not just being passively
trapped, as would be expected. Fig. 1B shows the edge of the sample,
where we can observe an expected more intense accumulation process.

Fig. 9 shows the ACB signal of the samples that received the na-
noparticles, in comparison with two other samples, namely control
(tissue that received only cell media) and “cell media + MNP” (sample
of media that was used in the experiment, with same concentration of
nanoparticles).

In Fig. 9, we combined all of the samples in one vial and then
performed the quantification in the ACB system. This step was neces-
sary in order to reach the detection limit of the sensor. In addition to the
detection limit of the sensor, the nanoparticles showed an expected loss
of colloidal stability when in contact with cell media. This process by
itself may interfere in the ACB signal obtained from the sample. Thus,
these results suggest the use of new conjugation of MNPs to ensure the
stability of the particles when in contact with biological media, such as
cell media or blood. Fig. 10 shows an example of the particles accu-
mulating in the tissue and the agglomeration process taking place at the
edges of the tissue and on the bottom of the plate [18].

Interestingly, this pattern was not observed in the previous experi-
ments with cells, which consisted of the same conjugation of nano-
particles (Cit-MnFe,0,), although in different concentrations. This data
also suggests more experiments to better understand the stability of the
nanoparticles in cell media and their relation with concentration.
Optimized coating strategies should also increase the stability of the
particles and thus enhance the accumulation process.
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4. Conclusions

Over the last few years, MNPs cell internalization and tissue per-
fusion have been extensively explored and studied, drawing significant
attention and growing as a research field. Determining the fate of the
MNPs in the microscopic scale is an important step to increase their
applicability and behavior in a biologic environment. Also, using the
MNPs as a probe, it is possible to determine tissue growth, regeneration
and degeneration, among other possibilities. There is still a need for
new magnetic instrumentations to quantify cell internalization and re-
tention of MNPs in perfused tissues. Here we created a protocol to
measure cell internalization and tissue uptake of magnetic nano-
particles by AC Biosusceptometry with future application on tracking
and quantification of specific biomarkers.

We successfully developed the entire protocol, with all necessary
modifications in the perfusion system and the combined strategy to
perform all the steps needed for the immunohistochemistry assay. This
study was the first step of a new ACB application, and all the initial
results suggest that the ACB system is a suitable tool to study cell in-
ternalization and tissue perfusion of MNP. Additionally, the data pre-
sented here suggests that the ACB system has the potential to be applied
in a new research line based on tracking specific markers that will
depend on the application of the study, based on the concept of bio-
sensors for early diagnosis of different physiological processes.
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