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Abstract

At many portals of entry the relative uptake by phagocytes and non-phagocytic cells has a
prominent effect on availability and biological action of nanoparticles (NPs). Cellular uptake can
be determined for fluorescence-labeled NPs. The present study compares three methods (plate
reader, flow cytometry and image analysis) in order to investigate the influence of particle size and
functionalization and medium content on cellular uptake of fluorescence—labeled polystyrene
particles and to study the respective method’s suitability for uptake studies. For comparison
between the techniques, ratios of macrophage to alveolar epithelial cell uptakes were used.
Presence of serum protein in the exposure solution decreased uptake of carboxyl-functionalized
and non-functionalized particles; there was no clear effect for the amine-functionalized particles.
The 200 nm non- or carboxyl-functionalized NPs were taken up preferentially by phagocytes
while for amine-functionalized particles preference was lowest. The presence of the serum slightly
increased the preference for these particles.

In conclusion, due to the possibility of calibration, plate reader measurements might present a
better option than the other techniques to (semi)quantify differences between phagocytes and non-
phagocytic cells for particles with different fluorescence. In order to obtain unbiased data the
fluorescent labeling has to fulfill certain requirements.
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Introduction

In human tissues, phagocytes and non-professional phagocytes are located in close vicinity.
Phagocytes are part of the mononuclear phagocyte system (MPS), also called
reticuloendothelial system. These cells play an important role in the uptake of foreign
materials, pathogens and damaged cells. The extent of their phagocytic activity can
influence concentrations of particles, including nanoparticles (NPs), at epithelial barriers and
in tissues. Cellular uptake is linked to biological effects as well as to cytotoxicity (Sabella et
al., 2014) and influenced by several parameters. Binding of macromolecules to the particle
surface (“protein corona’) has been identified as main determinant of biological effects
(Rahman et al., 2013) and many studies were dedicated to the characterization of medium-
specific composition, time dependence, and dynamic structure of the protein corona. These
studies, however, were not able to predict qualitative and quantitative differences in the
cellular uptake, making uptake measurements in the given exposure condition necessary.

Size, shape and surface properties are the most decisive particle-related parameters for
cellular uptake and might influence the relation of phagocyte to non-phagocte uptake (Li,
2014). Cellular uptake in vitro is influenced by medium composition, particularly by the
protein content, and by exposure conditions, e.g. particle concentrations, height of the
medium on top of the cell layer, and perfusion with medium. Biological parameters that
influence particle uptake include cell size, proliferation rate, growth pattern and expression
of uptake routes (Fréhlich et al., 2012; Rees 2013).

An important area for both therapeutic interventions and environmental exposure is the
alveolar region of the lung where alveolar epithelial cells and macrophages are localized.
Particle uptake by alveolar macrophages together with removal by mucus through
mucociliary clearance represents the main clearance mechanism in the deep lung
(Tomashefski and Farver, 2008). Phagocytes, such as alveolar or peritoneal macrophages,
and non-phagocytic cells, such as epithelial cells, differ in their ability to ingest particles.
Alveolar macrophages preferentially phagocytize particles of 3—6 um size (Hirota et al.,
2007) but may also ingest NPs to higher rate than non-phagocytes. The pinocytosis rate of
murine fibroblasts is 18.7 pm3/h/cell compared to 46.5 um3/h/cell in murine peritoneal
macrophages (Edelson et al., 1975; Steinman et al., 1974). NPs of various materials have
been localized inside cells (polystyrene: (Kuhn et al., 2014; Schimpel et al., 2015); silica:
(Kasper et al., 2013); quantum dots: (Chakraborty and Jana, 2015)) but quantitative data as
well as systematic comparisons of particle uptake between different cell types are scarce.
This is mainly due to lack of appropriate quantification methods or problems in the
differentiation between intact particles and dissolved particles in the case of several metal
and metal oxide NPs. Furthermore, the differentiation between plasma membrane-bound and
ingested particles poses problems. The contribution of extracellular fluorescence to the
signal obtained by flow cytometry was estimated as 30% in one study (Vranic et al., 2013).
As for many other biological readout parameters of NP action there are no standardized
protocols for the measurement of uptake. Therefore, the researchers are using different
methods and it is not clear if the different techniques provide the same information. The
establishment of Standard Operation Procedures (SOPs) for NP testing is the aim of several
European projects, for instance of NanoDiaR (Roubert et al., 2016). In order to evaluate
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existing protocols for their suitability as SOP several parameters, such as requirements from
the particle side, influencing factors, and obligatory controls have to be known.

With the overall aim to suggest one strategy for the quantification of cellular uptake of
fluorescence-labeled particles, this study investigated the influence of particle parameters
(size, surface functionalization) and exposure conditions (medium, culture) on particle
uptake by phagocytes and epithelial cells by different methods. Pulmonary exposure was
mimicked and fluorescence-labeled 20 nm and 200 nm non-functionalized plain (PPS20 and
PPS200), carboxyl-functionalized (CPS20 and CPS200) and amine-functionalized (AMI20
and AMI200) polystyrene particles were used as models. Exposure conditions were kept
constant for all evaluation methods. Alveolar lining fluid and plasma contain serum albumin
and immunoglobulin as major components (Kim and Malik, 2003). Fetal bovine serum
(FBS) content of the exposure solution was chosen based on protein content between 1.3
mg/ml and 5.3-9 mg/ml in the alveolar lining fluid (Fick et al., 1984; Olsson et al., 2011)
and 32-70 mg/ml protein in FBS preparations (Lindl, 2002). Human A549 alveolar
epithelial cells were chosen as representatives for epithelial cells and DMBM-2 murine
macrophages for phagocytes. A549 cells are frequently used in studies on pulmonary
toxicity, while they are less suitable for studies on the alveolar barrier function (see for
instance (Akhtar et al., 2012; Frohlich et al., 2013; Lankoff et al., 2012; Stoehr et al., 2011)).
Murine macrophages phagocytize particles similarly to human macrophages but behave
more homogenous in culture (Gantt et al., 2001). In addition to monocultures also co-
cultures of both cell types were studied. Co-culture of human and murine cells are used in
several fields of research, particularly in the study of stem cell differentiation. The murine
cells induce similar physiological reactions in human cells but are less efficient than the
human counterparts (Matsuzaki et al., 1999; Reichert et al., 2015; Stecklum et al., 2015).

2 Methods

2.1 Particles

Red carboxyl-functionalized particles 20 nm and 200 nm (FluoSpheres® carboxylate-
modified microspheres, Invitrogen), 20 nm amine-functionalized particles (green dyed
Estapor F2-XC, Merck Millipore), 200 nm red amine-functionalized particles (FluoSpheres®
amine-modified microspheres, Invitrogen) and non-functionalized 20 nm and 200 nm red
dyed polystyrene particles (Fluoro-Max R25 and R200, ThermoScientific) were used.

2.2 Particle characterization

Hydrodynamic size and zeta potential were determined in particle suspensions with a
concentration of less than 1 mg/ml. The particles were suspended in DMEM with 0% FBS,
2% FBS or 10% FBS and put into an EImasonic S40 water bath (ultrasonic frequency: 37
kHz, EIma) for 10 min. Particles were measured via photon correlation spectroscopy (PCS,
Malvern Zetasizer, Malvern Instruments) equipped with a 532 nm laser. The zeta potential
was measured by Laser Doppler Velocimetry (scattering angle of 17°) coupled with Photon
Correlation Spectroscopy (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) and
calculated out of the electrophoretic mobility by applying the Henry equation. It has been
reported that agglomerates of amine-functionalized in contrast to other polystyrene particles
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after 24 h at 37 °C differed from the initial size (Paget et al., 2015). Therefore, particle sizes
were determined at the start of the incubation and after 24 h at 37 ° C in the different
exposure media.

To identify the presence of free dye in the solution, fluorescence of freshly prepared
suspensions were measured. Particle suspensions (20 pg/ml) in medium + 0% FBS were
used and fluorescence of serial dilutions of the suspensions measured (FLUOstar Optima,
BMG Labortechnik) with the Ex/Em wavelengths (584/612 nm, CSP20, CPS200, AMI200;
544/612 nm, PPS20, PPS200; 485/520 nm, AMI20). After centrifugation at 220,000g in an
OPTIMA L-90k ultracentrifuge (Beckman Coulter) for 60 min fluorescence of the
supernatants were determined. Alternatively, particle suspensions were filtered through a 0.1
pm syringe filter (Minisart® 0.1 pm, Sartorius) and fluorescence in the filtrate compared to
that of the non filtrated suspension.

2.3 Cell culture

DMBM-2 mouse macrophages and A549 cells (derived from a human lung
adenocarcinoma) were obtained from Deutsche Sammlung fir Mikroorganismen und
Zellkulturen GmbH. DMBM-2 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 20% horse serum, 2 mM L-glutamine and 1% penicillin/
streptomycin. A549 cells were cultured in DMEM, 10% fetal bovine serum (FBS), 2 mM L-
glutamine and 1% penicillin/streptomycin. Cells were sub-cultured at regular intervals.

Cells in monocultures (2*10° DMBM-2 and 1*10° A549 per well) were seeded 24 h before
treatment in 12-well plates in their cell-specific medium for plate reader and flow cytometry.
Different cell densities had to be used to generate the sub-confluent exposure condition
needed because DMBM-2 cells are markedly smaller than A549 cells.

For image analysis cells were seeded in chamber slides. 8*10* A549 cells were seeded per
chamber (Nunc® Lab-Tek® Chamber Slide™ system) and cultured for 5 days prior to the
addition of 4*10* DMBM-2 macrophages. The co-culture was continued for 24 h and
exposed to the particles. Macrophages were added in lower number of 4*10% cells in order to
obtain the physiological situation in the alveoli, where epithelial cells outnumber
macrophages by a factor of 5 (Stone et al., 1992). In addition, cultures with 4*10° cells/
chamber were studied. At these densities DMBM-2 cells form confluent monolayers and the
exposure is similar to the plate reader and flow cytometry experiments.

Particle suspensions were freshly prepared from stock solutions in DMEM with different
contents (0% —2% —10%) of FBS and suspensions were put into an EImasonic S40 water
bath (ultrasonic frequency: 37 kHz, EIma) for 20 min prior to cell exposures. Cells were
incubated with 2, 5 or 20 pg/ml of the fluorescence-labeled polystyrene particles prepared
from the same stock solution used for the physicochemical characterization for 24 h at

37 °C. Medium was removed and cells were rinsed three times with medium. To exclude
differences in diffusion and sedimentation between the different culture vessels due to
different growth areas (12-well culture plate: growth area 3.6 cm?, 6-well transwell: growth
area 4.6 cm?2, chamber of 4-chamber slide: growth area 1.7 cm?) particles were added in an
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amount of volume that provided the same height of working volume/growth area ratio. This
was done in order to obtain similar diffusion distances.

2.4 Measurement in plate reader

To differentiate between active uptake and adhesion to the plasma membrane, cells were in
parallel incubated with the particles in the presence of 50 mM sodium azide at 4 °C for 1 h.
Longer incubation times were avoided because azide treatment interferes with mitochondrial
respiration and causes cell alteration and cytotoxicity at higher doses and longer incubation
times (Duewelhenke et al., 2007; Jones et al., 1980; Slamenova and Gabelova 1980). Kuhn
et al. observed uptake of polystyrene particles already after 5-10 min of exposure and
limited the exposure studies with inhibitors to 1 h (Kuhn et al., 2014).

Cells were removed from the wells by trypsin treatment and fluorescence was read at EX/Em
wavelength of 584/612 nm (CPS20, CPS200, AMI200), 544/612 nm (PPS20, PPS200) and
485/520 nm (AMI20), in a new plate using a fluorescence plate reader (FLUOstar Optima,
BMG Labortechnik). Cell numbers and viability were determined with CASY TT Cell
Counter and Analyzer System (Inovatis) to determine the amount of particles ingested per
cell and to normalize uptake data in cells with and without uptake inhibition. Viability
measurements served to identify potential effects of the different media. A standard curve
was prepared using the solutions that had been added as stock solution and diluting them
with cell suspensions to account for interference of the cells with the fluorescent signal. The
stock solutions used for the standard curve were kept at 37 °C for the incubation time of 24
h.

2.5 Measurement by flow cytometry

After exposure to the particles in 12-well the cells were removed from the plastic support by
trypsin treatment, rinsed in PBS and analyzed by flow cytometry performed on a FACS Aria
flow cytometer using BD FACS Diva 8.0.1 software for data acquisition (BD Biosciences).
The same gating was used for the particles in the two different media and ten thousand cells
of each sample were analyzed.

2.6 Measurement by image analysis

All cultures (mono- and co-cultures) were exposed to particles for 24 h. Medium was
removed, cells rinsed in medium and fixed for 15 min in 4% paraformaldehyde.
Immunoreactivity against F4/80 antigen was performed to unequivocally identify DMBM-2
cells in co-culture with A549 cells. For detection the fixative was removed by three rinses
with PBS and slides incubated with Alexa Fluor® 647 anti-mouse F4/80 (rat 1gG2a, kappa,
1:500, Biozym) antibody for 30 min at RT, followed by three rinses in PBS and counterstain
of nuclei with 1 pg/ml Hoechst 33342. Slides were viewed in a confocal Laser Scan
microscope (LSM510 Meta, Zeiss) and images were taken at two different planes of the co-
cultures; the plane of the DMBM-2 and the one of the A549 cells. Images were analyzed
according to brightness in the different channels using ImageJ (1.49 v, National Institutes of
Health) software. For comparison with low density of macrophages individual cells and cell
groups were analyzed (50 cells/exposure). For the experiments where A549 and DMBM-2
cells were seeded at high confluency, areas of the slide were evaluated. The same particle-
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specific microscope setting was used for the medium-dependent comparisons of the uptake.
For each particle 202.500 pm? were evaluated this way.

Intercellular uptake of particles was differentiated from adhesion to the plasma membrane
by staining of the actin cytoskeleton with fluorescence-labeled phalloidin. After particle
incubation and washing of the cells with prewarmed PBS, cells were fixed for 10 min at RT
with 4% paraformaldehyde. Subsequently, cells were rinsed 3 times with PBS,
permeabilized with acetone at =20 °C for 3 min, rinsed again in PBS, and 165 nM of
fluorescence-labeled phalloidin was added for 20 min at RT. Alexa Fluor® 488-phalloidin
was used in combination with red particles and Alexa Fluor® 633 phalloidin (Invitrogen) in
combination with green particles. After 3 final rinses in PBS cells were viewed in an A1R
Laser Scan microscope (Nikon) at ex/em of 488 nm and 518 nm. For each condition
microscope setting for optimal detection were used.

2.7 Cytotoxicity testing

Viability was assessed as formazan bioreduction by cellular dehydrogenases using a water-
soluble tetrazolium salt (CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay,
Promega). After incubation to the particles, medium was removed and the combined
MTS/PMS solution (200 pl + 1 ml medium) was added to all wells. Plates were incubated
for 2 h at 37 °C in the cell incubator. Absorbance was read at 490 nm on a plate reader
(Spectrostar Omega, BMG Labtech). To correct for absorbance by the polystyrene particles
alone, the signal of MTS/PMS + particles (in the absence of cells) was subtracted. All values
are referred to medium-exposed cells as 100%.

2.8 Statistics

Data were subjected to statistical analysis and are represented as means + S.D. Data were
analyzed with one-way analysis of variance (ANOVA) followed by Tukey-HSD post hoc test
for multiple comparisons (SPSS 19 software). Nonparametric data were analyzed with
ANOVA on Ranks followed by Dunn’s post hoc test. Results with p-values of less than 0.05
were considered to be statistically significant.

3 Results

3.1 Characterization of the particles

In order to compare particle uptake by different fluorescent techniques several parameters
have to be determined: size and surface charge of the particles and intensity and stability of
the included dye. Concentration-dependency of the uptake rate has to be determined since
different methodologies might require exposure to different doses for optimal detection.
Furthermore, size, agglomeration and surface charge of the particles have to be known for
interpretation of the results.

Particles with nominal sizes of 20 nm and 200 nm had greater hydrodynamic size when
suspended in cell culture medium (DMEM) with FBS than without FBS (Table 1).
Multimodal distribution with 70% of the particles of small size and 30% forming
agglomerates was seen for AMI20 in all culture media and for CPS200 particles in medium
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+10% FBS. AMI200 particles were the only particles that formed larger agglomerates in all
culture media. However, these agglomerates became smaller during the incubation at 37 °C
(Table 1). Zeta potential values of CP200, PPS20, PPS200 and AMI200 particles were (-12)
+ (-1) mV with no obvious trend regarding protein content. Only AMI20 particles (24 mV)
and CPS20 particles (-42 mV) showed negative values when suspended in DMEM +0%FBS
(Fig. 1s, Supplementary material).

Fluorescence intensities of the particles were compared at the same gain setting in the plate
reader. Compared to particles with the lowest fluorescence intensities (AMI20 and PPS20)
suspensions of PPS200 particles showed 5.8-9.7 times, CPS200 particles 6.5-12.7 and
AMI200 particles 12.0-13.1 times higher fluorescence (Fig. 1s, Supplementary material).

Unbound dye was detected by ultracentrifugation and filtration to identify free dye in the
particle solution that might limit interpretation of the measurements. The procedure could be
used for the 200 nm particles and 2.7 + 0.9% (CPS200), 4.9 + 1.1% (PPS200) and 4.9

+ 0.7% (AMI200) of the signal remained in the supernatant. When filtration with 0.1 pm
pore size was used between 0.05 + 0.001% (CPS200), 0.03 £+ 0.001% (PPS200) and 0.07

+ 0.002% (AMI200) of the original fluorescence was measured in the filtrate.

As slightly different particle concentrations were used to allow optimal detection by the
respective techniques, concentration dependence between 2 pg/ml and 20 pg/ml was
evaluated. There was no significant trend for higher%uptake upon incubation with higher
particle concentrations. 10"5 A549 cells in the culture for instance ingested between 1.9-
4.8% (CPS20), 3.5-6.7% (CPS200), 1.4-4.0% (PPS20), 3.7-5.5% (PPS200), and 4.6-8.3%
(AMI200) of the added particles independent of the particle concentration when applied in
DMEM + 0% FBS (data not shown).

To find out whether murine macrophages were activated in the co-cultures,
immunoreactivity for the F/80 antigen was compared in mono- and co-culture using flow
cytometry. Phagocytosis by macrophages is induced by opsonization with autologous serum
compounds, immunoglobulins and complement factors, but can also occur in the absence of
opsonization. The F4/80 antigen is expressed on murine macrophages and a marker for red
pulp splenocytes that eliminate red blood cells from the circulation (Mosser and Zhang
2011; Sano et al., 1980; Sugimoto et al., 1980; Wang et al., 2013). The median did not differ
between monocultures of DMBM-2 cells and co-culture with A549 cells and was 6515

+ 199 artificial fluorescence units (AFU) in the monocultures and 6536 + 378 AFU in co-
cultures with A549 cells.

3.2 Cytotoxicity

Prior to the uptake experiments cell viability and cell number were determined to identify
potential influence of the serum and of the tested NPs. Absence of FBS for 24 h did not
significantly decrease viability. Absorbance values were 2.39 £+ 0.25 in DMEM + 0% FBS
vs. 2.79 £ 0.38 in DMEM + 10% FBS for A549 cells and 1.03 + 0.07 in DMEM + 0% FBS
vs. 1.23 £ 0.16 in DMEM + 10% FBS for DMBM-2 macrophages. The respective cell
numbers were 3.66 + 0.4 vs. 4.26 + 0.4 for A549 cells and 5.77 + 1.3 vs. 5.9 + 1.6 for
DMBM-2 macrophages. Viability determined with electro-chemical sensing was 94.5
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+0.7% in DMEM + 0% FBS and 95.8 + 0.8% in DMEM + 10% FBS for A549 cells and
90.8 +2.0% in DMEM + 0% FBS and 89.1 £1.2% in DMEM + 10% FBS for DMBM-2
macrophages. None of the particles did decrease cell viability in concentrations <50 pg/ml
(data not shown).

3.3 Considerations for the determinations by plate reader, flow cytometry, and image

analysis

To compare particle uptake between different cell types and media composition plate
reading was used and uptake indicated as pg/cell. The indication in weight/cell was preferred
to particle number/cell because particle number was only given for the original solutions in
water. Medium + FBS caused increases in particle size and agglomeration (Table 1) and
consequently changed the number of single particles.

Due to low fluorescence the uptake of AMI20 particles could not be determined reliably
with plate reader measurements. Uptake of PPS20 particles, which also possessed only a low
fluorescence signal in the plate reader, could be determined although standard deviations in
general were higher than for the other particles. Fluorescence was stable over the incubation
time only for CPS20, CPS200, and PPS200 particles and, therefore, stock solutions kept at
37 °C for 24 h were used to calculate uptake data. For the comparison between all
techniques particle uptake was determined in medium with 0% FBS and 10% FBS.

3.4 Particle uptake

3.4.1 Determination by plate reader—Cellular uptake was compared between the
media and between the particles in a given medium. Data from AMI20 particles are not
shown because the fluorescent signal was too low to enable reliable measurements with plate
reader (Fig. 1s, Supplementary material). A549 cells showed marked differences in the
uptake when particles were suspended in DMEM + 0% FBS compared to DMEM + 2% FPS
(Fig. 1a), while differences between particle uptake in DMEM + 2% FBS and DMEM

+ 10% FBS were small. Uptake was significantly lower in FBS-containing media compared
to DMEM + 0% FBS for all particles, except PPS20, where standard deviations were very
high. Uptake of AMI200 particles was higher than uptake of the other particles, when
suspended DMEM + 0% FBS, DMEM + 2% FBS, and DMEM + 10% FBS.

DMBM-2 macrophages were less affected by the FBS content of the medium. Only the
uptake of PPS200 particles was significantly lower in DMEM + 10% FBS than in DMEM
+ 0% and DMEM + 2% FBS (Fig. 1b). When suspended in DMEM + 10% FBS differences
in particle uptake was only significant between PPS200 and AMI200 particles.

Upon inhibition of active uptake by sodium azide, particle uptake rates in both cell lines and
in both medium conditions were markedly decreased (Fig. 2). The remaining signal showed
particle-specific differences. These uptake rates were higher in the exposure in DMEM + 0%
FBS than in DMEM + 10% FBS and higher for non-functionalized (PPS20 and PPS200)
particles than for functionalized particles (Fig. 2). The rates between the cell types were only
significantly different for the non-functionalized PPS20 and PPS200 particles.
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3.4.2 Determination by flow cytometry—The methodology enables the indication of
the fraction of the cells that contained particles and the intensity of the fluorescence in these
cells. Due to the different intensities in the fluorescence of the particles, comparisons of
uptake between different particles are not possible. Only monocultures were assessed
because the macrophage marker F4/80 interfered with signal of the particles. Using the same
gating, uptake in different media was compared.

The percentage of A549 cells that ingested particles was >50% for CPS20, PPS200, AMI20
and AMI200 particles when applied in both media (a, Fig. 2s, Supplementary material).
CPS200 and PPS20 particles, however, were ingested by a significantly lower fraction of
cells in both media. Uptake of all particles, except PPS20 particles in DMEM + 10% FBS,
was >50% by DMBM-2 cells (b, Fig. 2s, Supplementary material).

To reveal differences in particle uptake between media, median values were used, which
showed that A549 cells ingested significantly more PPS200 particles and less AMI20
particles in DMEM + 0% FBS than in DMEM + 10% FBS (Fig. 3a).

Uptake of AMI20 particles in DMEM + 10% FBS was decreased in DMBM-2 macrophages
compared to DMEM + 0% FBS (Fig. 3b).

3.4.3 Determination by analysis of microscopical images—This technique does
not allow the comparison between different particles due to the differences in fluorescence
but, when the same settings for image acquisition are used, uptake in different media can be
compared. F4/80 labeling served to identify DMBM-2 macrophages in the co-cultures (Fig.
3s, Supplementary material). In one setting cells were seeded at densities resembling the
situation in vivo with confluent epithelial cells and rare macrophages. Uptake in both cell
types was also analyzed at high macrophage densities.

Particle uptake by A549 cells showed no significant differences between DMEM + 0% FBS
and +10% FBS, except for amine-functionalized particles (Fig. 4a), which were ingested to
higher extent in DMEM + 10% FBS medium. When DMBM-2 macrophages were seeded at
low density (4 x 104 cells/chamber, Fig. 4b), CPS20 and PPS20 particles were taken up to a
lower extent in DMEM + 10% FBS. Uptake data in co-cultures were similar to data
generated in monocultures (data not shown). When uptake was analyzed at high density (4 x
10° cells/chamber, Fig. 4s, Supplementary material), DMBM-2 macrophages ingested
particles with roughly the same preference as at low density, but significance levels were
slightly different. At the high density seeding significantly less PPS200 particles and more
AMI200 particles were ingested in DMEM + 10% FBS compared to DMEM + 0% FBS
(Fig. 4s, Supplementary material, b). A549 cells ingested more AMI20 as in the evaluation
at low macrophage seeding. The decreased uptake of PPS200 particles also observed in the
low macrophage seeding condition was significant in these exposures (Fig. 4s,
Supplementary material, a vs. Fig. 4a).

In order to find out whether the fluorescence signal in the plate reader experiments upon
inhibition of active uptake was caused by particle adherence to the plasma membrane or by
passive uptake of the particles, the cytoskeleton was stained with fluorescence-labeled
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phalloidin. The images show mainly intracellular localization of all particles in both cell
types. A549 cells were easier to analyze because of larger cell size and more distinct
labeling of the cytoskeleton with phalloidin. Fig. 5 shows the comparison of the non-
functionalized (PPS20 and PPS200) particles, which displayed a high signal after incubation
with inhibitor (Fig. 2), to the carboxyl-functionalized particles with a low signal in the
inhibitor experiments in both cell types. Data obtained in DMEM + 10%FBS are shown in
Fig. 5s (Supplementary material).

3.5 Preferential uptake by macrophages according to the different detection methods

In order to find out if all techniques would identify the same particles as preferentially
ingested by macrophages, the DMBM-2/A549 uptake ratios were calculated (Fig. 6). The
range of the uptake ratio was much smaller for the plate reader than for flow cytometry and
Image analysis. Therefore, a threshold of >1 for preferential uptake by macrophages was
chosen for reader and a ratio >2 for the two other techniques. Highest preference for
macrophage uptake in DMEM + 0% FBS was recorded for PPS20 particles by all techniques
in addition to CPS20 particles according to reader and CPS200 particles by image analysis.
In the exposures in DMEM + 10% FBSall techniques identified preferential uptake of
CPS200 particles by the phagocytes. PPS20 and PPS200 particles also showed high uptake
ratios, while the amine-functionalized particles AMI20 and AMI200 had the lowest
preference for macrophage uptake. There were fewer matches in the identification of
preferential uptake in DMEM + 0% FBS. One potential reason for different results could be
the use of different particle concentrations. Therefore, the DMBM-2/A549 ratio determined
at 20 pg/ml was compared to the ratio at 2 ug/ml and 5 pg/ml. No markedly different ratios
were determined in this concentration range (Fig. 6s, Supplementary material, a). When a
similar comparison was made for concentrations of 2 ug/ml and 5 pg/ml by flow cytometry
generally slightly higher DMBM/A549 ratios were obtained for the higher concentration
(Fig. 6s, Supplementary material, b). Nevertheless, these differences were not significant.

Preference for phagocyte uptake was significantly influenced by the medium composition
for CPS200 and AMI20 particles. Uptake ratios in DMEM + 10% FBS were higher for
CPS200 (plate reader and flow cytometry) and PPS200 particles (flow cytometry and image
analysis) and lower for AMI20 particles (flow cytometry and image analysis).

4 Discussion

This study systematically investigated the influence of particle size and surface charge in
different exposure media on cellular uptake. Different detection methods were compared
with the aim to identify a standardized technique for the quantification of fluorescence-
labeled particles. In order to apply particles in a realistic concentration range mass doses of
0.55-5.5 pug/ml were chosen. These doses are similar to exposures at the workplace, where
concentrations of 0.14-1.57 pg/cm? were indicated for cellulose nanocrystals (Endes et al.,
2014). Occupational exposure to carbon nanotubes and nanofibers reaches 0.24-2.4 pg/cm?
(Chortarea et al., 2015). Interestingly, concentrations for inhalation treatment of pulmonary
cancer are indicated in a similar range (0.5-0.86 pg/cm?, (Kuzmov and Minko, 2015)).
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Instability of the particle suspensions can influence particle uptake and was more
pronounced for amine-functionalized particles than for carboxyl-functionalized and non-
functionalized particles. Distribution of AMI20 particles was multimodal, while AMI200
particles formed one peak of agglomerates, which dissociated into smaller agglomerates
after 24 h incubation in cell culture medium (Table 1). The lower stability of amine-
functionalized polystyrene particles in protein containing medium has been reported by
other groups and may be due not only to higher protein binding but also to the linking by
counter ions, for instance phosphates, present in the cell culture medium (Kendall et al.,
2015; Nasser and Lynch 2016; Xia et al., 2006). For cellular exposures it is important to note
that the agglomerates break down during the incubation at 37 ° C.

The evaluation of the different detection techniques identified plate reader analysis as a
promising candidate for standardized uptake studies because the signal of the uptake could
be related to total fluorescence and particles with different fluorescence intensities could be
compared. Compared to image analysis, plate reader and flow cytometry may provide a
better analysis because a higher number of cells are studied. In order to obtain unbiased data
the intensity of the labeling has to be high, the labeling has to be stable at 37 °C for 24 h,
and there should be no free dye in the solution. The normalization to cell number is very
important because cells have different sizes and uptake should be measured in confluent
cultures because the cell cycle influences the uptake rate (Treuel et al., 2013). A
shortcoming of plate reader measurements is the inability to evaluate co-cultures, which is
generally possible in the other techniques. Another inherent problem is the restriction to
fluorescent particles for imaging and plate reader analysis because the detection of colored
particles is accompanied by a prominent loss in sensitivity. Limitation to the study of
fluorescent particles is lowest in flow cytometry, where changes in side scatter of exposed
and not exposed cells can be used to assess uptake of non-fluorescent particles, although
also linked to a loss in sensitivity. All techniques share the limitation that no distinction is
possible between ingested and plasma membrane bound particles. The combination of
microscopy and flow cytometry, termed flow imaging, is an option to exclude plasma
membrane-bound particles from the analysis. Vranic et al. studied cellular uptake of
fluorescence-labeled silica NPs by bronchial epithelial cells using flow cytometry and flow
imaging (Vranic et al., 2013). Although a direct comparison of the uptake rates by the
different techniques is missing, the authors detected no plasma membrane-attached particles
after incubation for 24 h at 37 ° C. This suggests that under the conditions chosen in our
study the contribution of plasma membrane-bound particles is low, which corresponds to our
microscopical analysis. We used the combination of inhibitor studies with plate reader and
microscopy to quantify the contribution of plasma membrane bound particles and recorded a
higher signal in the presence of inhibitors for non-functionalized compared to functionalized
particles. Unchanged uptake of non-functionalized polystyrene particles in the presence of
inhibitors has also been reported by Treuel et al. and the authors suggested a preference of
the non-functionalized polystyrene particles for dynamin- and clathrin-independent
mechanisms (Treuel et al., 2013). Based on our study non-functionalized polystyrene
particles enter cells to a higher extent by passive uptake than the amine and carboxyl-
functionalized particles. The interpretation of the experiments with PPS20 particles have to

Toxicology. Author manuscript; available in PMC 2017 April 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Claudia et al.

Page 12

be interpreted with caution since signals showed a high variation in the plate reader due to
low fluorescence intensity.

Determination of the ratio between phagocytes and non-phagocytic cells is a good way to
reduce method-inherent errors. The ratio between cells is also the information that is needed
for toxicological interpretation to find out to which extent macrophages are damaged more
than epithelial cells. This information is further important for the delivery of pharmaceutical
compounds. Many compounds destined to be delivered to epithelial cells can be removed by
phagocytes.

The inter-particle comparison showed that amine-functionalized particles were ingested to a
greater extent by A549 cells than the other particles. The preferential uptake of charged NPs
compared to non-functionalized particles by non-phagocytic cells has also been reported for
iron oxide and polystyrene particles and functionalization with cationic ligands is used to
increase cellular uptake for transfection (Froéhlich, 2012). This preference was noticed in
DMEM + 0% FBS and DMEM + 10% FBS.

Since the identification of the prominent role of macromolecule binding (protein corona) for
the biological action of NPs, particles have been studied in a variety of exposure media
(Monopoli et al., 2011). NPs suspended in protein-containing medium are generally ingested
by non-phagocytic cells to a lower extent and cause less cell damage (Fréhlich, 2012).
Consistent with this assumption, A549 cells in this study contained a lower amount of
particles in DMEM with FBS than in DMEM + 0% FBS. These differences were already
detected at low protein concentrations (DMEM + 0% FBS versus DMEM + 2% FBS), while
the increase from 2% FBS to 10% FBS had only a small effect. According to Lee et al. the
high particle surface energy of NPs results in unspecific interactions with the plasma
membrane, and binding of macromolecules to the particle surface decreases this effect (Lee
et al., 2015). The prominent effect of low FBS concentrations can be explained by the fact
that a thin layer of proteins can decrease surface reactivity to a sufficiently great extent.
Furthermore also a low protein concentration can result in a saturated adherence to the
particle surface. The decrease of cellular uptake was most pronounced for PPS200 and
carboxyl-functionalized particles, while amine-functionalized particles were not affected
(Figs. 1 and 3). Rather than a higher binding of protein to carboxylated surfaces, Lee et al.
proposed changes in conformation of the bound molecules at the particles surface as main
reason for differences between positively and negatively charged NPs (Lee et al., 2015). The
situation is different for phagocytes where binding of serum compounds results in higher
uptake of 2-4.5 um polystyrene particles (Champion et al., 2008). This was not the case in
our study, where uptake of all particles by DMBM-2 macrophages was decreased in DMEM
+10% FBS (Figs. 1, 3, 5). Opsonization of particles is most effective for particles of 2-3 um
(Champion et al., 2008) and the NPs in this study were too small (<500 nm) to trigger
phagocytosis. In addition to that, particle opsonization with bovine immunoglobulins and
complement factors in FBS are expected to act less well than autologous (murine) serum.
However, serum protein binding affected the DMBM-2/A549 uptake ratios. Although, in
general, 10% FBS decreased particle uptake for both cell types, this effects was much
smaller for DMBM-2 macrophages than for A549 cells. The trend for preferential uptake by
macrophages was absent for 20 nm particles, which may correspond to the fact that they are
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not targets for phagocytic uptake. Particles of 200 nm, by contrast, were better ingested by
phagocytes compared to epithelial cells in the presence of a protein corona. This corresponds
to the finding that 50-250 nm liposomes for targeting to epithelial cells have to be modified
with poly(ethylene glycol) (PEG) to retard their uptake by phagocytes (Immordino et al.,
2006).

5 Conclusion

Based on the comparisons between A549 and DMBM-2 macrophages, all measurement
techniques (plate reader, flow cytometry and image analysis) identified preferential uptake
of PPS200 and CPS200 particles in DMEM + 10% FBS by macrophages. The higher uptake
of small amine-functionalized (AMI20) particles in DMEM + 10% FBS by A549 cells could
also be identified by the different techniques. The analysis by plate reader was the most
versatile tool because it allowed to semi-quantify uptake differences between the particles.
The data showed that an unbiased assessment requires a careful characterization of the
labeling and the normalization to cell number. Uptake measurements by flow cytometry and
image analysis produced only relative values and need the comparison to a reference cell
type. The coverage of particles with protein did not markedly influence the relative
preference of particle uptake by cells (e.g. highest uptake of AMI200 particles by A549
cells) but increased the DMBM-2/A549 ratio for the 200 nm particles.

Appendix A. Supplementary data

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

A549 human lung adenocarcinoma epithelial cells

DMBM-2 murine macrophages

DMEM Dulbecco minimal essential medium

FBS fetal bovine serum

NPs nanoparticles

CPS20 and CPS200 carboxyl-functionalized polystyrene, sizes 20 nm and 200
nm

AMI120 and AM 1200 amine-functionalized polystyrene, sizes 20 nm and 200 nm

PPS20 and PPS200 plain polystyrene, sizes 20 nm and 200 nm
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Fig. 1.

Ugtake of particles suspended in DMEM + 0% FBS, DMEM + 2% FBS and DMEM + 10%
FBS by A549 cells (a) and DMBM-2 macrophages (b) and analyzed by plate reader.
Significant differences between DMEM + 0% FBS and media with different FBS content are
indicated by asterisks and differences between DMEM + 0% FBS, DMEM + 2% FBS and
DMEM + 10% FBS by triangle. Differences in the uptake of one particle compared to all
other particles in a given medium are marked with arrow. Data from PPS20 particles were
excluded from the analysis due to untypically high variation of the signals (n = 9).

Toxicology. Author manuscript; available in PMC 2017 April 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Claudia

Uptake (%)

Uptake (%)

a

etal. Page 18
o)
30 34 DMEM+0%FBS
25 35
DMEM+0%FBS 30 -
& 25 -
B-inhib 2 o | B- inhib
O+inhib & O+ inhib
2 15
10 -
CPS20 CPS200 PPS20 PPS200 AMI200 CPS20 CPS200 PPS20 PPS200 AMI200
30 40
25 % DMEM+10%FBS
DMEM+10%FBS 30
20 =
X 25
15 B-inhb 2 5g - T B- inhib
. . ©
O+inhib & 5 | T O+ inhib
10 =
- 10 -
5
5 o
0 - 0 -
CPS20 CPS200 PPS20 PPS200 AMI200 CPS20 CPS200 PPS20 PPS200 AMI200

Fig. 2.

Ugtake of particles suspended in DMEM + 0% FBS and DMEM + 10% FBS by A549 cells
(a) and DMBM-2 macrophages (b) without inhibition and in the presence of 50 mM sodium
azide at 4 °C. Evaluation by plate reader with correction of the lower number of cells
recovered after the exposure in the inhibitor experiments and normalized to the amount of
the particles added to the cells as 100% (n = 3). Inhibition was significant with the exception
of PPS20 particles in the exposures to A549 cells.
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Fig. 3.

Median of fluorescence in the analysis by flow cytometry in A549 cells (a) and DMBM-2
macrophages (b). Significant differences between the uptakes in DMEM + 0% and DMEM
+ 10% FBS are marked with asterisks (n = 9).
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Fig. 4.
Particle uptake in A549 (a) and DMBM-2 (b) cells seeded at low density (4 x 104 cells/
chamber) analyzed with image analysis (ImageJ). AFU, arbitrary fluorescence units (n = 4).
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ih
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Fig. 5.

Cgllular localization of particles after exposure in DMEM + 0% FBS for 24 h. Cells are
identified by staining of actin with Alexa Fluor® 488-phalloidin (green) and particles are
seen in red. Nuclei are counterstained with Hoechst 33342 (blue). Co-localization is
indicated by yellow color. The intracellular localization of particles is easier to discern in
Ab49 cells because the cells are larger and intensity of the phalloidin staining higher. Scale
bar: 50 um. (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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T T
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Ratios of DMBM-2/A549 uptake determined by different techniques (a: plate reader, b: by
flow cytometry and c: image analysis). Significant differences between the exposure

conditions are marked by asterisk.
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Table 1

Hydrodynamic sizes given as average size (mean £ SD,nm) of particles in cell culture medium (DMEM) with

different FBS content (n = 3).

Particle DMEM + 0%FBS DMEM + 2%FBS DMEM + 10%FBS

CPS20 60 +21 82+ 17 96 + 42

CPS200 236 +15 402 + 159 212 + 38;952 + 162 (70%;30%)
PPS20 45+1 60 + 4 58 +10

PPS200 209+ 3 221+8 224+ 6

AMI20 25+ 8;626 + 259 (70%;30%) 26 + 7,284 + 102 (70%;30%) 54 + 35;523 + 318 (70%;30%)
AMI200 1415+ 31 2083 =118 1610 + 217

AMI200, 24h 479 + 45 373 +242 490 + 214

syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

CPS20: 20 nm carboxyl-functionalized polystyrene particles; CPS200: 200 nm carboxyl-functionalized polystyrene particles; PPS20: 20 nm non-
functionalized plain polystyrene particles; PPS200: 200 nm non-functionalized plain polystyrene particles; AMI20: 20 nm amine-functionalized
polystyrene particles; AMI200: 200 nm amine-functionalized polystyrene particles.
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