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Abstract: Due to their special physicochemical properties, iron nanoparticles offer new
promising possibilities for biomedical applications. For bench to bedside translation of super-
paramagnetic iron oxide nanoparticles (SPIONs), safety issues have to be comprehensively
clarified. To understand concentration-dependent nanoparticle-mediated toxicity, the exact
quantification of intracellular SPIONSs by reliable methods is of great importance. In the present
study, we compared three different SPION quantification methods (ultraviolet spectropho-
tometry, magnetic particle spectroscopy, atomic adsorption spectroscopy) and discussed the
shortcomings and advantages of each method. Moreover, we used those results to evaluate the
possibility to use flow cytometric technique to determine the cellular SPION content. For this
purpose, we correlated the side scatter data received from flow cytometry with the actual cel-
lular SPION amount. We showed that flow cytometry provides a rapid and reliable method to
assess the cellular SPION content. Our data also demonstrate that internalization of iron oxide
nanoparticles in human umbilical vein endothelial cells is strongly dependent to the SPION
type and results in a dose-dependent increase of toxicity. Thus, treatment with lauric acid-
coated SPIONs (SEON™) resulted in a significant increase in the intensity of side scatter and
toxicity, whereas SEON™ with an additional protein corona formed by bovine serum albumin
(SEON4-B4) and commercially available Rienso® particles showed only a minimal increase in
both side scatter intensity and cellular toxicity. The increase in side scatter was in accordance
with the measurements for SPION content by the atomic adsorption spectroscopy reference
method. In summary, our data show that flow cytometry analysis can be used for estimation
of uptake of SPIONs by mammalian cells and provides a fast tool for scientists to evaluate the
safety of nanoparticle products.

Keywords: low cytometry, side scatter, intracellular superparamagnetic iron oxide nanopar-
ticles, quantification, spectroscopy

Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are becoming increasingly
important for various applications in technology and medicine. They are particularly
useful for many diagnostic applications, such as T2-weighted magnetic resonance
imaging of the lymph nodes, liver, intestines, and cardiovascular system, as well as for
the treatment of anemia.'* Consequently, these nanoparticles will not only be released
into the environment, but will also inevitably come in contact with the human body.**
In order to reliably estimate the possible effects of SPIONs on living organisms, it is
crucial to find appropriate models to determine the toxicity and biocompatibility of
these particles. In vitro models are reliable tools to investigate their effects on cells.
Apart from their physicochemical properties, the internalization and/or binding of
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nanoparticles to cells is an important determinant of nano-
particle toxicity.

Several existing techniques, including transmission electron
microscopy (TEM), cryogenic TEM, confocal microscopy, and
fluorescence microscopy, are able to visualize the localization
of particles within cells and enable us to understand the inter-
nalization process and track the fate of nanoparticles within
cells.” Although these methods are appropriate to detect
single particles or particle agglomerates, their drawback is the
lack of ability to efficiently quantify the amount of particles
within a sample of several hundred thousand cells, which is
required for a reliable quantification.

At present, several methods of SPION quantification
are in use, including ultraviolet spectrophotometry (UVS),
magnetic particle spectroscopy (MPS), and atomic adsorption
spectroscopy (AAS).!*!* However, those methods are time-
consuming, and in case of MPS and AAS, cost-intensive.
Hence, a method that offers simultaneous measurement
of the cellular nanoparticle content and a rapid estimation
of nanoparticle toxicity would be of great benefit. Flow
cytometry is a promising technique that might fulfill these
demands. This method allows simultaneous determination of
multiple parameters, so that information about cell number,
size, granularity, markers of cellular apoptosis and necrosis,
plasma membrane integrity, membrane potential, and DNA
content can be collected in parallel.'*!> Moreover, previous
reports have shown a correlation between flow cytometric
side scatter data and increasing cellular amounts of metal and
metal oxide nanoparticles.'*" Also, the parallel readout of
additional parameters (production of reactive oxygen spe-
cies, DNA damage) has already been reported.” Thus, this
approach can be very useful to simultancously assess the
direct relationship between nanoparticle uptake and cellular
toxicity. However, no trials to determine the absolute cellular
amount of different SPION types have been performed by
this method so far.

We therefore evaluated the possibility of using flow
cytometric side scatter data to quantify the cellular SPION-
load in primary human endothelial cells. For that purpose,
we investigated three types of iron oxide nanoparticles with
different physicochemical properties and different coating,
which are likely to affect cellular uptake. We found a good
correlation between cellular SPION amounts, as quantified
by established methods (UVS, MPS, and AAS), and the
side scatter data, which provides evidence that use of flow
cytometry is not only suitable for toxicity studies, but also
offers a reliable method to simultaneously determine the
cellular SPION content.

Materials and methods

Nanoparticles

Lauric acid (LA)-coated SPIONs (SEON™) and lauric
acid/albumin hybrid-coated SPIONs (SEONM-ESA) were
synthesized at the Section of Experimental Oncology and
Nanomedicine (SEON), University Hospital Erlangen,
as previously described.? In brief, SEON"* were synthe-
sized by coprecipitation of iron (IIT) chloride and iron (II)
chloride under an argon atmosphere in alkaline medium
and subsequent in situ coating with lauric acid. To produce
SEONMA-BSA T SEOQNL particles were added to a freshly pre-
pared 20% bovine serum albumin solution and incubated
for 30 minutes under constant stirring. After purification
and concentration by centrifugal ultrafiltration (molecular
weight cut-off 100 kDa; KrosFlo® Research Ili tangential
flow filtration system, Spectrum Laboratories, Rancho
Dominguez, CA, USA) the particles were sterilized by
filtration through a 0.22 um membrane filter. SPION
stock concentrations were 4.19 pg, /mL for SEON"A-55A
and 9.49 pg, /mL for SEON'*. Rienso® (Ferumoxytol,
30 pg, /mL; superparamagnetic iron (III)-oxide cores coated
with a small-sized carbohydrate shell of polyglucose sorbitol
carboxymethylether [PSC]) was purchased from Takeda,
London, UK. SPION concentrations used in the text always
refer to the iron content and were specified either as g, /mL
medium or cell lysate, ug, /cm® plate surface or pg, /cell.

Characterization of SPIONs

For TEM, samples were prepared by adding 25 uL of diluted
SPION solution (final iron concentration 25 p1g, /mL) on top of
a copper grid. Samples were imaged by TEM (Philips CM 300
UT, Eindhoven, the Netherlands) at an acceleration voltage of
300 kV. Particle core size was measured from transmission
electron micrographs using ImageJ image processing software
(National Institutes of Health, Bethesda, MD, USA).

For Fourier transform infrared (FTIR) analysis, 3 mL of
the respective SPION suspension were frozen in a —80°C
freezer and then freeze-dried overnight. FTIR spectra of the
lyophilized samples were recorded with a Bruker Alpha FTIR
spectrometer operated in attenuated total reflection mode
from 4,000 cm™ to 400 cm™' with a step size of 0.5 cm™.

Hydrodynamic sizes and zeta potentials of the nanopar-
ticle aggregates were determined with a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK). The respective SPION
suspensions were diluted to a final total iron concentration
of 25 ug, /mL. As dispersants, either cell culture medium
(Roswell Park Memorial Institute 1640, Life Technolo-
gies, Darmstadt, Germany) or Millipore water were used.
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Size measurements were performed in triplicate and zeta
potential measurements in hexaplicate.

Stability of the nanoparticles in complex physiological
fluids was evaluated using cell culture medium (Endothelial
Cell Growth Medium, PELOBiotech, Planegg, Germany) or
sheep blood obtained from Fiebig-Néhrstofftechnik (Idstein
Niederauroff, Germany). Sheep blood was anticoagulated
with ethylenediaminetetraacetic acid at a concentration of
1.5 mg/mL.%! To gain information about possible agglom-
eration of nanoparticles caused by media or sheep blood,
the fluids were mixed with SPIONs (2.62 mg, /mL H,0O) at
a 2:1 ratio. The presence of agglomerates was subsequently
determined macroscopically and microscopically using
a digital camera and an optical bright-field microscope,
respectively.

Cell culture and sample preparation
Primary human umbilical vein endothelial cells (HUVECs)
were purchased from PromoCell (Heidelberg, Germany). In
all experiments, HUVECs pooled from four donors were used
at passage 3—5, which corresponds to 1220 cell divisions.
HUVECs were cultivated without antibiotics in enhanced
Endothelial Cell Growth Medium from PELOBiotech at 37°C
and 5.0% CO,. For further passaging, trypsinization was per-
formed using the Subculture Reagent kit from PELOBiotech
according to the manufacturer’s instructions.

For experiments, 3.2x10° HUVECs were seeded into
25 cm? cell culture plates. After 24 hours, SPIONs (SEON™,
SEONIABSA "and Rienso®) were added to a final concentra-
tion of 0, 10, 20, 30, 40, 50, and 100 pg, /mL cell culture
medium, which corresponds to a 0, 2.4, 4.8, 7.2, 9.6, 12,
and 24 pg, /cm? cell culture plate area. Thus, the correlation
between the SPION concentration in cell culture medium
and on the plate surface area was kept constant for all
experiments. Cells were incubated with SPIONS for another
48 hours, followed by harvesting. The cell pellets were
resuspended in 1 mL of phosphate-buffered saline. Cell
suspensions were used to determine the absolute cell counts
and viability with the MUSE® cell analyzer (Merck-Milli-
pore, Billerica, MA, USA), as well as for flow cytometry
analysis. Remaining cells were subsequently used for SPION
quantification measurements using UVS, MPS, or AAS
techniques.

Quantification of SPIONs in cell lysates

Defined cell numbers (4x10°%) were collected by cen-
trifugation (5 minutes, 1,000 g, 4°C). The cell pellet was
lysed with 100 uL of 10% sodium dodecyl sulfate (Roth,

Karlsruhe, Germany) and stored at —20°C until further use.
After thawing, the cell lysates were agitated (1,400 rpm) for
5 minutes at 95°C and immediately vortexed at high power
to crop genomic DNA. Afterward, the cell lysates were
incubated for 1 hour in an ultrasonic bath to ensure a homo-
geneous suspension of the SPIONs within the cell lysate.
SPION standards (0, 0.5, 1.0, 1.5, 2.0, 5.0, 10, 15, 20, and
50 pg. /mL) were prepared in 10% sodium dodecyl sulfate
and in untreated cell lysate solutions.

Ultraviolet spectrophotometry

The UVS quantification of the SPION amount was modified
after Dadashzadeh et al and performed by measuring the
optical density at 370 nm (OD,, ).** In detail, 50 uL of cell
lysate (2x10° cells) and SPION standards were pipetted into
96-well plates (Techno Plastic Products AG, Trasadingen,
Switzerland) and the OD,
tometer (FilterMax F5, Molecular Devices, Sunnyvale, CA,
USA). Standard dilutions of SPIONs enabled an absolute
quantification of the iron nanoparticle concentration in the

was measured in a spectropho-

cell lysates. As the amount of cells was quantified before cell
lysis, the SPION concentration was subsequently normalized
to the cell number.

Magnetic particle spectroscopy

The amount of SPIONs accumulated in the cells was deter-
mined with MPS. The method is based on the nonlinear part
of the magnetic susceptibility response of magnetic nanopar-
ticles to an oscillating magnetic field. As a result, MPS is a
sensitive detection method that allows quantification of the
magnetic nanoparticle iron content without being affected
by cells or suspension medium. For MPS quantification,
25 uL of cell lysate (1x105 cells) were pipetted in MicroAmp
fast reaction tubes (Life Technologies) and analyzed by MPS
(MP-Spectrometer, Bruker, Germany).

Atomic absorption spectroscopy

The absolute iron content was determined by flame AAS
using an AAS 5 FL spectrometer (Analytik Jena AG,
Germany). Before measurement, 25 uL cell lysate (1x10°
cells) samples were incubated for 24 hours with 32% HCI
(v/v, extra pure, Carl Roth GmbH, Germany) and mixed
roughly multiple times to allow complete sample disso-
ciation. To remove proteins possibly interfering with the
iron determination, a protein precipitation step using 10%
trichloroacetic acid (w/v, Carl Roth GmbH) was performed,
followed by centrifugation at 3,600 g for 5 minutes. The
resulting supernatant was transferred to a new vial and used
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for iron measurements. For calibration of the device and
later quantification of the sample’s iron content, a calibration
curve was prepared with defined iron concentrations ranging
from 0 to 50 wmol, /L. If the iron concentration measured
in a sample exceeded the range of the prepared calibration
curve, the sample was diluted using double-distilled H,O
and remeasured.

Analysis of HUVECs using flow

cytometry
Flow cytometry was performed using a Gallios cytofluorometer
(Beckman Coulter, Fullerton, CA, USA) in order to analyze cell
morphology (forward scatter and side scatter), cell viability, and
in particular to quantify the cellular SPION content. For cell death
analysis, 50 UL aliquots of cell suspension were incubated with
250 uL of freshly prepared staining solution containing 1 pLg/mL
Annexin V-fluorescein isothiocyanate, 1 pig/mL Hoechst 33342,
and 5.1 pg/mL 1,1’,3,3,3’,3"-hexamethylindodicarbocyanine
iodide [DilC1(5)] (all from Life Technologies), and
20 pug/mL propidium iodide (Sigma-Aldrich, St. Louis,
MO, USA) in Ringer’s solution (Baxter Healthcare, Zurich,
Switzerland) for 20 minutes at 4°C."S

Side scatter was extracted from the flow cytometric
measurements after gating on phenotypically healthy cells,
characterized by Annexin V-negative and propidium iodide-
negative staining. The side scatter values from the raw data
of the untreated control cells was set to 100% and the side
scatter increase of the nanoparticle-treated cells was calcu-
lated accordingly. Counting beads were not added into the
vials to avoid unspecific binding to the cells and unspecific
side scatter increases. Every sample was measured for a fixed
time (60 seconds). Detected amounts of cells (events) were
dependent on treatment of the cells due to reduced prolifera-
tion and cell death. Thus, flow cytometry provides relative
cell counts (events).

For analysis of the cell cycle and DNA degradation, a fur-
ther 200 pL of the cell suspensions were fixed by adding 3 mL
of 70% (v/v) ice-cold ethanol and stored at —20°C for further
processing. The cells were then centrifuged (5 minutes, 1,000 g,
4°C), the supernatant was removed, and the cells were washed
with phosphate-buffered saline once. The cells were resus-
pended in 0.5 mL of phosphate-buffered saline, and 0.5 mL
of DNA extraction buffer (192 mL of 0.2 M Na, HPO,, 8 mL
0.1% Triton X-100 (v/v), pH 7.8) was added and incubated
for 5 minutes at room temperature. Cells were centrifuged
(5 minutes, 1,000 g, 4°C), the supernatant was removed, and
the cells were resuspended in 1 mL of propidium iodide-Triton
X DNA staining solution (50 pug/mL propidium iodide in
water and 1 mg/mL sodium citrate, 0.1% Triton X-100 (v/v))
and incubated for 30 minutes in the dark.?

Electronic compensation was used to eliminate bleed
through fluorescence. The data analysis was performed with
Kaluza software version 2.0 (Beckman Coulter). All flow
cytometry analyses were conducted in three independent
experiments, each with triplicate samples.

Results
Characterization of SPIONs

As the nanoparticle size can affect cellular uptake, we first
determined the size distribution of the SPIONs using TEM.
Interestingly, we found only minimal differences in the
average size of single SEON cores (approximately 11 nm),
whereas cores of the Rienso® particles were significantly
smaller (5.8 nm, Table 1; Figure S1A).

The chemical structures of all three samples were ana-
lyzed with FTIR (Table 1, Figure S1B). The Fe-O peak at
550 cm™! was visible in all spectra. The spectra of SEON™
contained the distinctive peaks for the C-H vibrations of
lauric acid from 2,957 cm™ to 2,844 cm™ as well as the
carbonyl group stretch vibration at 1,698 cm™ which was

Table | Biophysical properties of superparamagnetic iron oxide nanoparticles

SEON'"* SEONA-85A Rienso®
Core diameter (nm) 11.0+2.2 10.8+1.8 5.8+0.8
Hydrodynamic diameter (nm) ~ 45.1+0.7 61.8+1.6 30.840.1
Zeta potential in H,O (mV) —39.4+0.7 —43.0+0.7 —42.6+2.3
Zeta potential in media (mV) —-15.5£0.9 —15.1%1.5 —15.9+0.7
Biocompatibility in media No Yes Yes
Biocompatibility in blood No Yes Yes

FTIR vibration peaks (cm™')

1,524

Fe-O 550 C-H stretch 2,957-
2,854 free carbonyl stretch 1,698
chemisorbed carbonyl stretch

Fe-O 550 C-H stretch 3,000-2,816
carbonyl stretch 1,647 O-H/N-H stretch
3,400-3,000 carbonyl aminoester stretch
1,516

Fe-O 550 C-H stretch 2,965—
2,800 carbonyl stretch 1,590 O-H
stretch 3,400-3,000

Note: Summary of measured biophysical properties of SEON", SEON"# and Rienso® particles.
Abbreviations: FTIR, Fourier transform infrared; SEON", lauric acid-coated nanoparticles; SEON"A, |auric acid/albumin bovine serum hybrid-coated nanoparticles.
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partially shifted to lower wavenumbers (1,524 cm™), possibly
due to chemisorption onto the particle surface. SEONIA-BSA
exhibited an infrared spectrum with rather broad -OH and -NH
stretch vibration peaks above 3,000 cm™ and dominant
carbonyl and carbonyl aminoester peaks at 1,647 cm™' and
1,516 cm™, respectively. These results were consistent with
previous findings.? The spectrum of Rienso® showed typical
broad C-H vibration (2,965-2,800 cm™), -OH stretch vibra-
tion (3,400-3,200 cm™!) patterns and a distinct carbonyl peak
at 1,590 cm™, all most likely belonging to the PSC.

In distilled water, the hydrodynamic diameter of45.1 nm
(SEON™), 61.8 nm (SEON"*B$4) ‘and 30.8 nm (Rienso®) was
determined (Table 1; Figure S1C), indicating that particle
coating is the main factor determining the effective size of
the investigated nanoparticles.

Determination of the zeta potential revealed similar
strong negative surface charges of SEONMA, SEQNIABSA]
and Rienso® in distilled water (-39.440.74, —43.0+0.72,
and —42.612.30 mV). However, upon dilution of SPIONs
in cell culture medium, the surface charges of SEONMABSA,
SEON™, and Rienso® became significantly more positive
(-15.1£1.52, —15.5+0.85, and —15.940.71 mV) indicating
the absorption of similar ionic substances from the dispersion
medium (Table 1; Figure S1D).

The stability of the SPIONs was further investigated
in cell culture medium. In contrast with SEON"ABS2 and
Rienso®, which showed no signs of aggregation, SEONMA
rapidly produced distinct agglomerates (Table 1; Figure S1E).
Similar results were achieved in ethylenediaminetetraacetic
acid-stabilized blood at a macroscopic and microscopic
level, where SPIONs conjugated with lauric acid (SEON™*)
were unstable and aggregated in a time-dependent manner
(Table 1, Figure SI1F and G). In contrast, nanoparticles
additionally coated with serum albumin (SEONA-BSA) " ag
well as Rienso® particles, were stable and did not show any
signs of agglomeration in blood (Table 1; Figure S1F and G).
The biophysical properties suggest that SEONMA-BSA and
Rienso® are suitable for in vitro and in vivo applications,
whereas SEON™* should be avoided due to a propensity to
aggregate.

Quantification of SPIONs by UVS, MPS,
and AAS

To quantify the cellular SPION content, we modified a
photometric technique recently published by Dadashzadeh
et al.? Using this method, the absorption maximum for
SPIONs should be observable at 370 nm. To ensure that this
also applies to the SPIONs used in this study, we prepared

SPION dilutions of 30 pg, /mL in 10% sodium dodecyl
sulfate and monitored the corresponding absorption spectra
between 200 nm and 900 nm with a stepwise increase of
2 nm. Beside an obvious absorption maximum at ~222 nm,
a second absorption peak is observable at a wavelength of
roughly ~370 nm (Figure S2A). To test this method for repro-
ducibility and for medium-throughput suitability in 96-well
format, we measured the absorption of 50 uL dilutions of
SPIONs (0-50 pg, /mL) in 10% sodium dodecyl sulfate at
370 nm and found a direct correlation between absorption
and concentration of the particles (Figure S2B-D). Another
very important aspect for quantification of SPIONs within
cell lysates by a photometric approach is that the absorption
of cellular components should not interfere with the absorp-
tion peak of SPIONs at 370 nm. Therefore, the reliability
of the described method was verified by adding different
SPION concentrations (0-50 pg, /mL iron) into HUVEC
lysates (Figure 1A). Even in these settings, an almost perfect
correlation was observed between the measured absorption
and quantity of added SPIONs, demonstrating the high degree
of consistency for determination of the SPION concentration
in cell lysates with this method.

Similar SPION contents as found with the UVS method
were measured using MPS. MPS is a suitable method for
specific quantification of magnetic nanoparticles in biologi-
cal samples.!! Correspondingly, the correlation between the
magnetic moment and the SPION concentration was nearly
perfect (Figures 1B and S2C). This was independent of
the absence or presence of cell lysate within the standard
solutions. Interestingly, the MPS detection threshold of
0.3 ug, /mL for SEON®****and 0.5 pg, /mL for SEON"* was
far beneath the UVS detection threshold of approximately
5 ug, /mL as defined by 36 criteria (Table S1). However,
the MPS method was less sensitive to the Rienso® particles
than to the other two types of SPIONs. Most likely this
is related to the very small core particle size of Rienso®
which resulted in a slightly higher detection threshold of
2.5 g, /mL using the MPS technique.

AAS is another established method to determine the
amount of elementary iron (Figures 1C and S2D). Using
this technique, iron amount in cell lysates containing above
0.6 ug, /mL SEON"*, SEONP***4, or Rienso” particles, were
reliably measured (Table S1). In contrast with the UVS and
MPS methods, AAS quantifies the total iron content of a solu-
tion and not only iron-containing SPIONSs. In consequence,
this method is not dependent on the magnetic moment of
nanoparticles, and can be used also for quantification of
nanoparticles that exhibit a very low magnetic moment, like
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Figure 1 Suitability of UVS, MPS, and AAS techniques for measurement of SPION concentration in cell lysates.

Notes: (A) UVS measurements at 370 nm, (B) MPS measurements, and (C) AAS measurements with increasing SPION concentration in cell lysates. Data are presented as
the mean * standard deviation (n=3 with triplicates). R? represents the coefficient of determination.

Abbreviations: au, absorbance units; SPION, superparamagnetic iron oxide nanoparticle; UVS, ultraviolet spectrophotometry; MPS, magnetic particle spectroscopy; AAS, atomic

adsorption spectroscopy; SEONY, lauric acid-coated nanoparticles; SEON'®, Jauric acid/albumin bovine serum hybrid-coated nanoparticles; OD.

the Rienso® particles. Moreover, compared with the UVS
method, AAS is especially useful when particles must be
quantified in solutions characterized by a high absorption
around 370 nm.

Cellular uptake of SPIONs

The amount of cellular SPION uptake was previously shown
to depend on the concentration of SPIONs within the cell
culture medium.* To evaluate the suitability of each method
to quantify cellular or cell-associated magnetic particles, as
well as to correlate those findings with the flow cytometry
analysis of the side scatter, HUVECs were treated with
0-100 pg, /mL SPIONS for 48 hours (Figure 2A—~C). Within
the tested concentration range, the cellular uptake of SEON™
and SEON'"BS4 by HUVECS directly correlated with the
SPION concentration in the cell culture medium (R*>0.96,

7o OPtical density at 370 nm.

R?>0.98, and R*>>0.97 for the UVS, MPS, and AAS mea-
surements, respectively, Figure 2, left and middle panel).
In contrast, cell-associated Rienso® particles were hardly
detectable by any of the methods (Figure 2, right panel).
Even at the highest concentration, Rienso® particles were
detected only with the AAS method, suggesting a very low
uptake or binding of Rienso® to HUVECs.

In flow cytometry, cells can be morphologically charac-
terized by forward scatter and side scatter, where the forward
scatter is corresponding to cell “size” and the side scatter to
“granularity” of the cell. As nanoparticles scatter light, it is
possible to detect intracellular nanoparticles also by side scat-
ter analysis in flow cytometry, if the side scatter increase of
nanoparticle-treated cells compared with untreated cells sur-
passes the detection threshold (Table S1). Since the cellular
size and granularity changes during cell death, it is necessary
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Figure 2 Concentration measurements of cellular SPIONs.

Notes: (A-C) HUVECs were cultured for 48 hours in medium containing 0~100 pg, /mL SPIONs. The measured cellular SPION concentration is given in pg, /cell and pig, /mL
cell lysate and is correlated to the SPION concentration in medium indicated as ug, /mL medium and pg, /cm? cell culture plate surface. Cellular SPION concentrations were
measured with (A) UVS, (B) MPS, and (C) AAS. The columns present data acquired with SEON"* (left panel), SEON"** (middle panel), and Rienso® (right panel). Data are
expressed as the mean + standard error (n=3 with technical triplicates). R* represents the coefficient of determination.

Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; UVS, ultraviolet spectrophotometry; MPS, magnetic particle spectroscopy; AAS, atomic adsorption spectroscopy;
SEON™, lauric acid-coated nanoparticles; SEONYB, Jauric acid/albumin bovine serum hybrid-coated nanoparticles; HUVECs, human umbilical vein endothelial cells.

to exclude dying or dead cells with altered morphology
from analysis of the side scatter for SPION uptake. Gating
on phenotypically healthy cells, characterized by negative
Annexin V and negative propidium iodide staining, a signifi-
cant correlation was observed between the SPION amount
in the cell culture medium and the side scatter of viable cells
after 48 hours of incubation with SEONM-BSA (R2>().97).
The SEON™ data demonstrated a similar correlation when
narrowing the analysis to cells with a SPION-load below
100 pg, /mL (R*>0.99; Figure 3A, left and middle panel).
Cells incubated with Rienso® did not display a significant
change in side scatter increase in response to the growing
nanoparticle dose in the medium, confirming an extremely
low cellular uptake or binding of these particles (Figure 3A,
right panel), as compared with SEON'AB54 and SEON par-

ticles. Figure S3 shows representative flow cytometric graphs
of nanoparticle-treated cells, and highlights the principle
of the side scatter increase after nanoparticle attachment/
uptake by cells.

Consequently, when the side scatter data were plot-
ted against the results of the AAS measurements, a strong
dependence between side scatter and cellular SPION-load
for SEON™ (R*>0.94) and SEONM-BSA (R2>0.99) par-
ticles was confirmed, whereas Rienso® did not show any
correlation tendency (Figure 3B). Similar results were
achieved when side scatter data were plotted against the
results of the UVS and MPS measurements, demonstrat-
ing the applicability of these methods for calibration of
the flow cytometry side scatter measurements (Figure S4A
and B).
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Figure 3 Correlation between side scatter measurements and SPION-loads. HUVECs were cultured for 48 hours in medium containing 0—100 pg, /mL SPIONS.

Notes: (A) Correlation of the side scatter and the SPION concentration within the cell culture medium. (B) Relationship between the cellular SPION-load as measured by
AAS and the normalized side scatter data delivered by flow cytometry. Results were acquired with SEON™ (left panel), SEON"* (middle panel), and Rienso® (right panel).
Data are expressed as the mean + standard error (n=3 with technical triplicates). R* represents the coefficient of determination. y describes the mathematic relationship
between side scatter and cellular SPION content.

Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; AAS, atomic adsorption spectroscopy; HUVECs, human umbilical vein endothelial cells; SEON', lauric
acid-coated nanoparticles; SEONY¥A Jauric acid/albumin bovine serum hybrid-coated nanoparticles.

Cell viability is strongly dependent the rate of apoptotic cells increased in a dose-dependent
on SPION type manner, whereas the amount of necrotic cells stayed almost
Flow cytometry is a rapid and comprehensive method for ~ constant. Thus, after incubation for 48 hours, the amount of
analysis of multiple toxicity parameters. The absolute amount ~ Viable cells dropped continuously to 41% in the presence of
of viable cells after treatment is a direct indicator of the toxic ~ the highest SEON™* concentration.
effect of SPIONs on cells. In our study, this parameter was Cells analyzed by DilC1(5) staining™ revealed only a
routinely collected prior to determination of the cellular ~ slight effect of SEON"*5* and Rienso® particles on the
SPION-load and other toxicity parameters using the MUSE ~ membrane potential (Figure 4C). Again, incubation with
Cell Analyzer (Figure 4A). Interestingly, incubation of cells SEON" particles had severe consequences for cell viability
with SEON'A for 48 hours resulted in dramatic inhibition of ~ by inducing a dose-dependent collapse of the membrane
proliferation, whereas this effect was much less pronounced ~ potential and, ultimately, cell death.
upon increasing SEONM-BSA treatment and absent with Finally, propidium iodide-Triton X measurements were
Rienso® particles. performed to analyze cell cycle stage and DNA degrada-
A detailed analysis of the toxic effects of SPIONs tion during apoptosis (Figure 4D).** Consistent with the
was performed using multiparameter flow cytometry aforementioned results, SEON"A#5A and Rienso® did not
(Figure 4B-D).>>?7 Annexin V and propidium iodide stain-  significantly influence the cell cycle or DNA degradation.
ing of HUVECsS revealed a very low tendency of SEONMA-B$A  In contrast, treatment with SEON"* induced a concentration-
and Rienso® particles to induce cell death (Figure 4B), dependent increase in numbers of damaged cells in subG1-
whereas treatment of HUVECs with SEON™ had a stronger ~ phase, reflecting the DNA degradation due to induction
effect on viability. Interestingly, n SEON™-treated cellsonly  of cell death. Taken together, the flow cytometry analysis
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Figure 4 Association of cellular uptake with toxicity of SPIONs. HUVECs were incubated for 48 hours with different amounts of SPIONs and cytotoxicity was analyzed by
flow cytometry.

Notes: (A) Quantification of the absolute amount of total cell numbers and viable cells using MUSE. (B) Cell viability determined by Annexin V/propidium iodide staining.
Percentages of necrotic (propidium iodide-positive), apoptotic (Annexin V-positive, propidium iodide-negative) and viable cells (Annexin V-negative, propidium iodide-negative)
are shown. (C) Membrane potential analyzed by 1,1”,3,3,3",3"-hexamethyl-indodicarbocyanine iodide [DilC(5)] staining. Graphs show cells with intact (Dil+) and depolarized
(Dil-) membrane potential. (D) Cell cycle analysis by propidium iodide-Triton X staining. The cell status is expressed as the amount of apoptotic (degraded DNA, subGl),
diploid (G|-phase) and double diploid (synthesis/G2 phase) cells. Data are presented as the mean + standard error (n=3 with sample triplicates). The results were normalized
to total cells (A) or to untreated control cells (B-D), set to 100%.

Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; HUVECs, human umbilical vein endothelial cells; SEON, lauric acid-coated nanoparticles; SEON"BA,

lauric acid/albumin bovine serum hybrid-coated nanoparticles; ctrl, control.

indicated a very low cytotoxic impact of SEON™B54 and
Rienso on HUVECS, corresponding to low cellular uptake,
as estimated by side scatter analysis and other techniques.
In contrast, SEON™ particles, in parallel with increasing
cellular uptake, resulted in a strong cellular response and a
dose-dependent induction of cell death.

Discussion

One of the most important considerations related to use of
SPIONs in humans is their potential toxicity. As such, the
toxic effects of SPIONs have been investigated ever since
their first clinical applications in the 1980s.3! In vitro stud-
ies, summarized by Bulte et al indicated no toxic effects of
SPIONs at concentrations below 10 pg,, /cell.** In endothelial
cells, treatment with up to 100 pg, /mL SPIONs was well

tolerated, although cellular uptake was not determined in that
study.* During clinical applications like magnetic resonance
imaging or magnetic hyperthermia, SPIONs come into direct
contact with endothelial cells when administered into veins
or arteries. We therefore investigated SPION accumulation/
uptake in endothelial cells, which are the first contact cells for
all nanoparticles intended for intravascular administration.
Since the interest in iron oxide nanoparticles for tech-
nical, scientific, and medical applications is increasing,
there is an urgent need for reliable and rapid methods to
characterize those particles before further development and
use. Thus, correlation of the cellular SPION amount with
cellular effects requires accurate quantification. However,
the majority of laboratories have no access to high-end
quantification techniques such as AAS and MPS, and being
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compelled to reduce costs, are restricted to other techniques,
eg, spectrophotometry.

Photometric quantification of SPIONs within cell lysates
was originally established using particles coated either with
dextran or with a semisynthetic carbohydrate PSC.?2 As the
coating of SPIONs might influence their absorption behav-
ior, we investigated the reproducibility of this method for
SEON nanoparticles coated with either lauric acid or lauric
acid and bovine serum albumin in parallel with Rienso®
particles coated with PSC. We observed similar absorption
spectra and an absorption maximum at 370 nm for all three
SPION types, indicating only a very slight influence of
the coating on absorption intensity at OD__ (Figure S2A).
Moreover, for all three types of nanoparticles, we found an
almost perfect correlation between SPION concentration
and SPION absorbance, which is a prerequisite for reliable
SPION quantification.

Other factors that could theoretically influence the results
of photometric quantification of SPIONSs in cell lysates are
the components of the lysate itself. Degradation products
of cellular components might absorb light and potentially
alter the result of SPION quantification. Although nucleic
acids and proteins are usually quantified by absorption
measurements at 260 nm and 280 nm, respectively, their
interference with the SPION quantification method cannot be
completely excluded.’’*® However, the enormous similarity
between measurements of SPIONs in the lysis buffer and
in the HUVEC lysates (Figures S2B-D; 1A—C) confirms
the reliability of the photometric SPION quantification
in cell lysates, proving the absence of compounds able to
interfere with quantification of SPIONS in these conditions.
Furthermore, we demonstrated that the results obtained with
the UVS method are consistent with those of highly precise
techniques like AAS and MPS. All three methods deliver
comparable results for the cellular SEON™-BSA and SEON™*
content of HUVECs (Figure 1 A-B). In cell lysates contain-
ing very small amounts of SPIONs, eg, Rienso®-treated
HUVEC lysates, the slightly poorer detection limit of the
UVS method prevented a reliable quantification (Figure 1C).
Here, AAS and especially MPS have a clear advantage over
the UVS method and are thus more suitable for detection
of trace amounts of SPIONs within cell lysates. A strong
advantage of the UVS technique, however, is the low costs
of the equipment required, ie, a plate reader in comparison
with the MPS or AAS instrument.

With regard to cellular uptake, the data presented here
underline type-specific SPION internalization into HUVECs,
which result from a combination of SPION concentration

and particle coating. Even though the cellular SPION
concentration strongly differed depending on the SPION
type, SEONMABSA and Rienso® were principally non-toxic
even at very high concentrations. In contrast, SEON"* were
toxic already at significantly lower concentrations in the
cell culture medium, as determined by multiparameter flow
cytometry (Figure 4). SEON™* treatment induced a dose-
dependent increase in numbers of apoptotic cells in parallel
with membrane depolarization and the amounts of degraded
DNA. Moreover, analysis of biostability displayed highly
agglomeration-prone behavior of SEON™, which was not
observable with SEON'4-BSA and Rienso® particles (Table 1;
Figure SIE-G). These properties were independent of zeta
potential values, which did not differ between the three
types of nanoparticles, indicating that the zeta potential
cannot generally be considered for estimating the stability
of colloids. It must be noted that SEON"* particles contain
a bilayer of lauric acid on the particle surface. The outer
layer of surfactant is in permanent equilibrium with the
solution. After dilution in any type of medium, the outer
layer is gradually removed from the particles, thus causing
particle-precipitation within minutes or few hours (depend-
ing on the degree of particle dilution and/or ionic strength of
the diluent). Complex biological fluids, containing proteins
to which excess lauric acid can adsorb permanently, can
accelerate this process even further.?**

One of the parameters routinely determined by flow
cytometry is the side scatter. Gating on phenotypically
healthy cells, characterized by Annexin V-negative and
propidium iodide-negative staining, delivered a significant
correlation of the side scatter data with cellular SPION con-
tent in cells incubated with increasing amounts of SEON™
and SEONM-BSA (Figure 3A).

This semiquantitative determination could be further
enhanced by calibrating the side scatter parameter for a
certain cell type and SPION type. This calibration should
preferably be made after quantification of the cellular SPION-
load by AAS, but MPS and UVS also deliver accurate data.
Based on our results, scatter analysis is a reliable method
to quantitatively determine the cellular amount of SPIONs
(Figures 3B, S4A—B). Naturally, this is only possible if suf-
ficient amounts of particles are internalized and the detection
threshold of the side scatter analysis is surpassed. Thus, no
measurable change in the side scatter of HUVECs incubated
with Rienso® was detectable, indicating an extremely low
uptake of these particles (Figure 3, left panel).

It must be noted that in previously published studies,
cellular uptake of SPIONs was normalized to protein
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concentration.*® However, to obtain a better understanding
of the influence of nanoparticles on cells, it is crucial to
gather all relevant concentration parameters, such as ftg, /mL
media, pg, /cm’ plate surface, and pg, /cell and, above all,
the respective cell number of the measured sample. The
methods applied in our study aimed at quantification of
cell numbers in parallel with the measurement of SPION
content, in order to correlate the cellular effects with the
average amount of SPIONs per cell. This approach enabled
correlation of the supplemented iron concentration with
the cellular SPION uptake and thus an easy conversion of
cellular SPION concentration from pg, /mL lysate to pg, /
cell (Figure 2). Counting the cell number within samples is
particularly important in order to correlate SPION toxicity
with the cellular iron content. As cytotoxic effects could
lead to a detachment of cells, we ensured that all cells were
collected for measurements to prevent misinterpretation of
the results.

In conclusion, flow cytometry is the gold standard to
investigate the cellular impact of nanoparticles, since it
is the most efficient method to simultaneously determine
several different toxicity parameters. Our findings indicate
that, together with the side scatter data, and the possibility
to correlate those data with the cellular SPION amount, flow
cytometry could serve as a platform for medium to high
throughput screening of SPIONSs.
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Supplementary materials

Table S| Detection thresholds for UVS, MPS, AAS, and SSc

Quantification method Detection threshold unit (g +30) SEON" SEONUA-BSA Rienso®
uvs (Mg, /mL) 4.47 4.74 4.03
MPS (g, /mL) 0.49 031 2.52
AAS (g, /mL) 0.56 0.56 0.56

SSc (%) 110.48 109.16 112.11

Notes: Detection threshold for the UVS, MPS, and AAS techniques with SPION-containing cell lysates indicated as g, /mL cell lysate.The detection threshold for SSc analysis
is indicated as the percentage compared with SSc data of untreated cells. The thresholds for UVS, MPS, and SSc is dependent on the SPION nature, whereas AAS, a method

quantifying elementary iron, is not. Determinations of the detection threshold were achieved using the 30 criteria.

@, mean value of the negative control; G, standard deviation.
Abbreviations: UVS, ultraviolet spectrophotometry; MPS, magnetic particle spectroscopy; AAS, atomic adsorption spectroscopy; SSc, side scatter analysis; SEON, lauric
acid-coated nanoparticles; SEON"®A, lauric acid/albumin bovine serum hybrid-coated nanoparticles; SPION, superparamagnetic iron oxide nanoparticle.
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SEONLABsA Rienso®
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SEON"* SEONA-BSA Rienso®

Figure S| Biophysical properties of SPIONSs.

Notes: (A) Representative transmission electron micrographs of SEON“+#A SEON"* and Rienso®. (B) Fourier transform infrared spectra of the nanoparticles. (C) Dynamic
light scattering data of nanoparticles in water. (D) Zeta potential of investigated particles. (E-G) Biostability of nanoparticles. Nanoparticle stability was investigated in cell
culture medium (E), and in ethylenediaminetetraacetic acid-stabilized sheep blood (F, G). Representative images were recorded using a digital camera (F) and optical bright-
field microscopy (E, G). Data are expressed as the mean =+ standard deviation (n=3).

Abbreviations: au, absorbance units; SEON", lauric acid-coated nanoparticles; SEON""¥A, lauric acid/albumin bovine serum hybrid-coated nanoparticles; SPIONSs,
superparamagnetic iron oxide nanoparticles.
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Figure S2 Suitability of UVS, MPS, and AAS techniques for the measurement of SPION concentration in lysis buffer.

Notes: (A) Absorption spectra of SPIONs (30 g, /mL). Arrow indicates the absorption peak at 370 nm. Correlation of UVS measurements at 370 nm (B), MPS measurements
(C) and AAS measurements (D) with increasing SPION concentration in lysis buffer. Data are presented as mean = standard deviation (n=3 with triplicates). R* represents
the coefficient of determination.

Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; UVS, ultraviolet spectrophotometry; MPS, magnetic particle spectroscopy; AAS, atomic adsorption

spectroscopy; SEONY, lauric acid-coated nanoparticles; SEON"*#%, lauric acid/albumin bovine serum hybrid-coated nanoparticles; OD,,, optical density at 370 nm;
au, absorbance units.
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Figure S3 Representative flow cytometry graphs of SSc and FSc. HUVECs were cultured for 48 hours in medium containing 0—100 pig, /mL SPIONs. SSc and FSc were
measured by flow cytometry. Graphs show SSc plotted against FSc, and SSc against the number of counted cells (events).

Notes: (A) Graphs of untreated cells and cells treated with 100 ug, /mL SEON", SEON"*#%, and Rienso®. (B) Graphs of cells treated with 10, 20, 30, and 40 g, /mL
SEON™. The underlying raw data and the data from the AAS measurements were used to determine the correlation between SSc and SPION content.

Abbreviations: au, absorbance units; SSc, side scatter; FSc, forward scatter; SPION, superparamagnetic iron oxide nanoparticle; HUVECs, human umbilical vein endothelial
cells; SEON™, lauric acid-coated nanoparticles; SEON"8A, |auric acid/albumin bovine serum hybrid-coated nanoparticles; AAS, atomic adsorption spectroscopy.
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Figure S4 Correlation between side scatter measurements and SPION-loads. HUVECs were cultured for 48 hours in medium containing 0~100 g, /mL SPIONs.

Notes: Relationship between the cellular SPION-load as measured by UVS (A) and MPS (B) and the normalized side scatter data delivered by flow cytometry. Results were
acquired with SEON™* (left panel), SEON""®* (middle panel), and Rienso® (right panel). Data are expressed as the mean * standard deviation (n=3 with technical triplicates).
R? represents the coefficient of determination. y describes the mathematical relationship between side scatter and cellular SPION content.

Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; HUVECs, human umbilical vein endothelial cells; UVS, ultraviolet spectrophotometry; MPS, magnetic
particle spectroscopy; SEONY, lauric acid-coated nanoparticles; SEON“EA, Jauric acid/albumin bovine serum hybrid-coated nanoparticles.
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