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Understanding how nano-sized objects are taken up by cells is important for applications within medicine
(nanomedicine), as well as to avoid unforeseen hazard due to nanotechnology (nanosafety). Even within
the same cell population, one typically observes a large cell-to-cell variability in nanoparticle uptake,
raising the question of the underlying cause(s). Here we investigate cell-to-cell variability in polystyrene
nanoparticle uptake by Hela cells, with generalisations of the results to silica nanoparticles and liposomes,
as well as to A549 and primary human umbilical vein endothelial cells. We show that uptake of nano-
particles is correlated with cell size within a cell population, thereby reproducing and generalising previous
reports highlighting the role of cell size in nanoparticle uptake. By repeatedly isolating (using fluor-
escence-activated cell sorting) the cells that take up the most and least nanoparticles, respectively, and
performing RNA sequencing on these cells separately, we examine the underlying gene expression that
contributes to high and low polystyrene nanoparticle accumulation in Hela cells. We can thereby show
that cell size is not the sole driver of cell-to-cell variability, but that other cellular characteristics also play
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a role. In contrast to cell size, these characteristics are more specific to the object (nanoparticle or
protein) being taken up, but are nevertheless highly heterogeneous, complicating their detailed identifi-
cation. Overall, our results highlight the complexity underlying the cellular features that determine nano-
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logical situation, have been advanced to study nanoparticle-
cell interactions. In comparison, adherent mono cell cultures
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How nanomaterials interface with biological systems is a very
active field, impinging on applications such as
nanomedicine’ ™ and on nanosafety.*”” One of the key facets
for such applications is the understanding of how nano-
materials interact with (human) cells. While nanomaterials
have been shown to cause effects on cells stemming from their
interactions at cell membrane level,* ' likely the majority of
their potential effects requires that they are internalised by
cells. A range of in vitro models, including three-dimensional
and co-culture models" ™ as well as organ-on-a-chip
devices,"™'® of varying degrees of faithfulness to the physio-
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are a much simpler model, which do not represent the full
complexity and heterogeneity of tissue. Nevertheless, even
when using such a simple cell system, it is a common obser-
vation that when it comes to nanoparticle accumulation, the
variability ~between cells is surprisingly large.'” "
Understanding the variability within these simpler systems is
therefore crucial towards understanding the heterogeneity in
actual tissue.

The potential sources of this variability are manifold and
the situation is further complicated by the fact that likely there
are several mechanisms at play and their various contributions
will depend upon the detailed experimental circumstances.
For example, we have previously studied in detail, both experi-
mentally'® and theoretically,>®*" the variability induced (in
proliferating cell systems) by the cell-division cycle. The cell-
division cycle causes a correlation between the time since last
division and nanoparticle load, such that recently divided cells
have fewer nanoparticles than cells that divided earlier. This
effect is, however, most readily apparent at time-scales compar-
able to the cell population doubling time and largely irrelevant
for shorter exposure times (unless the divided cells are expli-
citly identified and studied). Furthermore, it does not explain
the full variability between cells.

This journal is © The Royal Society of Chemistry 2021
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Another source of variability could stem from the transport
of nanoparticles in the extracellular medium as they are
carried around by hydrodynamic flows (at least just after the
nanoparticle-containing medium is added) and diffusion
before meeting a cell and, potentially, being taken up. These
processes depend not only on the exposure conditions, but
also on nanoparticle properties (including size, shape and
agglomeration state).>>”>” Together with the inherent thermo-
dynamic fluctuations in concentration, transport in the extra-
cellular medium will lead to some degree of variability in the
local concentration each cell is exposed to. Additionally, the
(presumed) stochastic nature of the uptake process itself,
whether it stems from a particle finding a receptor or adsorb-
ing to a location where an uptake event takes place, will lead
to variability. That is, if there is a certain probability that a cell
takes up a nanoparticle, then some cells will take up fewer
nanoparticles than other cells purely by chance. Under the
assumption that uptake events are independent, one can expli-
citly write down the variability (Poisson statistics) expected due
to this mechanism'”*® which again explains part, but not all,
of the variability between cells."”

Another driver behind the variability could be cell size,
which has long been posited,'® and later shown in progress-
ively more detail,’®**7° to play a role in nanoparticle uptake,
such that larger cells take up more nanoparticles and smaller
cells fewer. Naturally, cell “size” is not very specific and could
potentially encompass a range of related but distinct concepts,
including cell volume,* outer cell surface area and even the
cross-sectional area one can observe in microscopy.'® For
nanoparticle uptake, the most reasonable would appear to be
outer cell surface area, and more specifically the outer cell
surface area that is accessible to nanoparticles, though we
note the difficulty in defining the cell surface area nano-
particles engage with.>' For adherent cell cultures, the exposed
cell surface will, furthermore, depend on details of the cell
culture, such as cell density (with more sparse cells exposing a
larger area) and how well cells spread on the substrate. In the
following “cell size” should be interpreted in a loose sense and
to encompass these complications.

Aside from cellular characteristics, nanoparticle properties
(amongst others size,>"** shape,®*** surface charge®* and bio-
molecular corona composition®>*®) also affect overall uptake
rate. To what extent nanoparticle properties affect cell-to-cell
variability is, however, not known. The various mechanisms
driving cell-to-cell variability will also act in concert. For
example, the variability induced by the cell-division cycle will
couple to the variability due to cell size (since cells about to
divide are larger than recently divided cells) and/or the varia-
bility due to differing numbers of cell membrane receptors
(since cells express different receptors depending upon their
position along the cell-division cycle’”). Current evidence
suggests only minor effects on these particular couplings,'®*!
but there nevertheless may be situations where they are
important.

Recently it has been suggested that cell size combined with
stochastic uptake not only plays a role in, but is sufficient to
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describe the cell-to-cell variability in nanoparticle uptake
between cells (for short exposure times where the cell-division
cycle is irrelevant).’ In this context, we here use flow cytome-
try to study the variability in polystyrene nanoparticle uptake
by HeLa cells, with generalisations of the results to silica nano-
particles and liposomes, as well as to A549 and primary
human umbilical vein endothelial cells. We reproduce the
large variability previously observed and also generalise the
observation that nanoparticle uptake is correlated with cell
size. Beyond confirming cell size as one of the factors giving
rise to cell-to-cell variability, we then seek to identify the
underlying cause(s). To this end, we employ an approach that,
complementary to previous studies that focus on the cell popu-
lation as a whole, is focussed more on the outliers, the idea
being that their properties may more clearly shine light on the
underlying cause of cell-to-cell variability. Specifically, we use
fluorescence-activated cell sorting to isolate the HeLa cells that
take up the most or least number of polystyrene nanoparticles,
respectively, reculturing the cells and repeating the isolation
procedure several times. We thereby aim at acquiring cell
samples which exhibit heritable traits associated with, respect-
ively, low and high nanoparticle uptake. We then study uptake,
both of nanoparticles and a protein, as well as RNA expression
in these subpopulations. Based on these results, we can show
that cell size is not the only cell characteristic that drives cell-
to-cell variability, but that other characteristics also play a role.

Experimental
Materials

Carboxylated polystyrene nanoparticles of 40 and 100 nm dia-
meter were purchased from ThermoFisher (Life Technologies,
Eugene, Oregon, USA) with the following fluorescent labels:
yellow/green (ex 505 nm, em 515 nm), orange (ex 540 nm, em
560 nm) and far-red (ex 660 nm, em 680 nm). 50 nm silica
plain nanoparticles were purchased from Kisker Biotech fluor-
escently labelled in red (ex 569 nm, em 585 nm). For the
experiment shown in ESI Fig. S4 and S10,} green fluorescently
labelled (ex 485 nm, em 510 nm) sicastar-greenF 50 and
100 nm silica plain nanoparticles purchased from Micromod
were used. Liposomes were made using 1,2-dioleoyl-sn-glycero-
3-phospho-(1-rac-glycerol) (DOPG) and cholesterol (Avanti
Polar Lipids) and were labelled with sulforhodamine B from
ThermoFisher. The nanoparticles were stored at 4 °C and were
used without further modification or purification.

Transferrin from human serum conjugated to Alexa Fluor
546 (ex 546 nm, em 573 nm) and Alexa Fluor 647 (ex 650 nm,
em 665 nm) were purchased from Molecular Probes (Life
Technologies, Eugene, Oregon, USA). The dry protein was
resuspended in water to a concentration of 5 mg ml™" and
stored at 4 °C.

CellTrace far red cell proliferation kit (ex 630 nm, em
661 nm), CellMask deep red (ex 649 nm, em 666 nm) and
CellMask orange (ex 554 nm, em 567 nm) were purchased
from Molecular Probes (Life Technologies, Eugene, Oregon,
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USA). For CellTrace, the main stock was stored at —20 °C.
Before use, a frozen vial was defrosted and diluted with 20 pl
DMSO to make a 1 mM stock solution. The stock solution was
aliquoted and stored at —20 °C.

Liposome preparation

Liposomes were prepared by freeze and thaw and extrusion as
previously described.*® Briefly, DOPG and cholesterol were
mixed in a 2:1 molar ratio in chloroform, after which a dried
film was obtained by evaporation of the solvent with a nitrogen
stream and incubation under vacuum overnight. The dried
lipid film was hydrated with a 25 mM sulforhodamine B solu-
tion in Phosphate Buffered Saline (PBS) to a final lipid concen-
tration of 10 mg ml ™. Then, the suspension was subjected to
8 freeze and thaw cycles with liquid nitrogen and a water bath
at 37 °C. Unilamellar liposomes were obtained by extrusion 21
times through a 100 nm pore polycarbonate membrane using
an Avanti mini extruder. Free sulforhodamine B was removed
using a Zeba Spin Desalting Column with a 7 K MWCO
(ThermoFisher). Dynamic light scattering results has con-
firmed that this method allows obtaining liposomes with a
hydrodynamic diameter of around 130 nm and with a very low
polydispersity.*®

Cell culture

HeLa cells (adherent culture of human cervical adeno-
carcinoma) were purchased from American Type Culture
Collection (ATTC; Manassas, Virginia, USA) at passage
“unknown + 5” (CCL-2TM, lot no. 61647128). A549 cells
(adherent culture of human lung epithelial cancer) were also
purchased from ATTC, at passage 82 (CCL-185, lot no.
58016241). Primary human umbilical vein endothelial cells
(HUVECs) from pooled donors were purchased from Lonza
(Allendale, NJ, USA) at passage 1 (lot no. 394986). The HeLa
cells, A549 cells and HUVECs were banked locally after 5, 13
and 2 passages, respectively. HeLa and A549 cells were cul-
tured under standard conditions (37 °C, 5% CO,) in complete
medium (cMEM), composed of Minimal Essential Medium
containing Earle’s salt and r-glutamine (MEM, Gibco, Life
technologies, Paisley, UK) supplemented with 10% v/v Fetal
Bovine Serum (FBS, Gibco, Life Technologies, Brazil, EU-
approved). HUVECs were cultured under standard conditions
(37 °C, 5% CO,) in Endothelial Cell Growth Medium 2 Ready-
to-use (ECGM-2, from PromoCell, Germany; note that this con-
tains 2% FBS). For the sorting experiments with HeLa cells
and for the subsequent experiments on the sorted cells (see
below), the cMEM included 1% penicillin (10 000 units per ml)
and 1% streptomycin (10000 pg ml™', from Gibco, Life
Technologies); the other experiments were performed without
antibiotics. Dulbecco’s Phosphate Buffered Saline (PBS; Gibco,
Life Technologies, Paisley, UK) was used to wash the cells and
a solution of 0.05% trypsin—-EDTA (Gibco, Life Technologies) to
detach them. Mycoplasma tests were performed once a month
and never showed a positive result. Generally, experiments on
HeLa and A549 cells were performed using cells subcultured
between 10 and 25 times (counted from bringing cells into
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culture from cryopreservation). However, for the sorting experi-
ments, the cells by necessity had to be subcultured more times
(between 49 and 56). For the primary HUVECs, cells were used
at passage 3 to a maximum of 7.

Nanopatrticle characterisation

Dispersions of the 40 nm carboxylated polystyrene nano-
particles at a final concentration of 50 pg ml™" in water, PBS
and cMEM were characterized in terms of size and { potential
using a Malvern ZetaSizer Nano ZS (Malvern Instruments).
Three measurements were recorded for each sample.

Flow cytometry

Nanoparticle exposure. Nanoparticle dispersions in cMEM
(or complete ECGM-2 for HUVECs) were freshly prepared
before each experiment to avoid contamination and ageing.
For this, the nanoparticle stock was vortexed to homogenise
the dispersion, then diluted in the complete cell culture
medium to the appropriate concentration and the resulting
dispersion vortexed. The medium was removed from the cells
and replaced by the freshly-made nanoparticle dispersion,
after which the cells were further incubated at 37 °C and with
5% CO,.

When estimating the fraction of fluorescence due to nano-
particles adhered to the outside of the cells, cells were pre-
incubated at 4 °C for 30 min to block active processes, exposed
to the nanoparticles for 2 h at 4 °C and then washed and har-
vested for flow cytometry as described below.

Transferrin exposure. Transferrin dispersions in serum free
MEM were freshly prepared before each experiment to avoid
contamination. For this, the transferrin stock was vortexed to
homogenise the dispersion and then diluted in serum free
MEM to a concentration of 15 pg ml™'. The medium was
removed from the cells, the cells were washed twice with
serum free MEM to remove unlabelled transferrin present in
the original medium and the transferrin dilution in serum
free MEM was added to the cells, after which the cells were
further incubated at 37 °C and with 5% CO,. Where relevant,
transferrin was added to the cells after CellTrace labelling.

CellTrace labeling. The 1 mM stock solution of CellTrace in
DMSO was diluted in serum free MEM (or ECGM-2 for
HUVECS) to a concentration of 1 pM (0.33 pM for the experi-
ments shown in ESI Fig. S10 and S11}). The medium was
removed from the cells, the CellTrace solution was added and
the cells were further incubated for 20 min at 37 °C and with
5% CO,. Then the medium was removed, the cells were
washed twice with cMEM, the cMEM (or ECGM-2 for HUVECs)
was replenished and the cells were further incubated for
10-20 min before the addition of nanoparticles or transferrin.

Preparation of samples for flow cytometry analysis. The cells
were seeded at a density of 40000 cells per well in 24-well
plates (Greiner Bio-One) (50 000 cells per well for the experi-
ments of ESI Fig. S10 and S117). For HUVECs, wells were pre-
coated by incubation with a cold solution of 100 pg ml™" rat-
tail collagen type-I (Corning, NY, USA) for 1 h at room tempera-
ture, washed three times with PBS and air-dried for 20 min

This journal is © The Royal Society of Chemistry 2021
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before adding the cell suspension. One day after seeding, the
cells were labelled with CellTrace as described above or not
(depending upon experiment), after which the cells were
exposed to nanoparticles or transferrin for different periods of
time. After exposure, the medium with nanoparticles or trans-
ferrin was removed and the cells were washed once with cMEM
and twice with PBS. Cells were detached using a 0.05%
trypsin-EDTA solution for 5 min at 37 °C. Detached cells were
spun down at 300 g for 5 min, the supernatant was removed
and the cell pellet was resuspended in 100 pl of PBS.

Flow cytometry analysis. Two different flow cytometers were
used, namely a BD FACSArray (BD Biosciences, Erembodegem,
Belgium) and a CytoFLEX S (Beckman Coulter, Indianapolis,
USA). For the BD FACSArray, samples were excited using a
green laser (532 nm) and a PE filter (585/42 nm) to detect the
fluorescence of the orange polystyrene nanoparticles and Alexa
Fluor 546-conjugated transferrin, while a red laser (635 nm)
was used with an Alexa Fluor 647-filter (661/16 nm) to detect
the fluorescence of the far-red polystyrene nanoparticles and
CellTrace. For the CytoFLEX S, samples were excited using a
blue laser (488 nm) and a FITC filter (525/40 nm) to detect the
fluorescence of the yellow/green polystyrene nanoparticles and
green silica; using a green laser (561 nm) and a PE filter (585/
42 nm) to detect the fluorescence of the orange polystyrene
nanoparticles, sulforhodamine B-labelled liposomes and red
silica nanoparticles; and using a red laser (638 nm) with an
APC filter (660/20 nm) to detect the fluorescence of the far-red
polystyrene nanoparticles, Alexa Fluor 647-conjugated transfer-
rin and CellTrace.

During the measurement, the tubes were stored at room
temperature in darkness and analysed one by one at the flow
cytometer. The same experimental procedure was used for
each experiment and typically 15 000-20 000 single cells were
recorded for each sample. Single cells were differentiated from
debris and multiple cells by identifying the main population
in side scattering vs. forward scattering and side scattering
area vs. side scattering width (BD FACSArray) or forward scat-
tering area vs. forward scattering height (CytoFLEX S) plots.

Fluorescence imaging

HeLa cells were seeded on a glass coverslip at a density of
50000 cells per well in a 24 well plate and used one day after
seeding. To measure nanoparticle uptake by microscopy, cells
were exposed to 50 pg ml™' 40 nm carboxylated polystyrene
nanoparticles in ¢MEM for 5 h, after which the nanoparticle
dispersion was discarded and the cells were labelled with a
1:1000 dilution of CellMask far red in cMEM for 15 min at
37 °C and with 5% CO,. To measure the size of CellTrace-
labelled cells, cells were first exposed to a 2 pM solution of
CellTrace deep red in serum free MEM for 20 min at 37 °C and
with 5% CO,. Then cells were washed 2 times with cMEM and
kept for 15 min at 37 °C and with 5% CO,. Finally, cells were
exposed to a 1:1000 dilution of CellMask orange in cMEM for
10 min at 37 °C and with 5% CO,. To measure the size of the
cells after sorting (see below), the high uptakers, low uptakers
and unsorted cells subcultured a comparable number of times
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were seeded as described above. One day after seeding, cells
were labelled with a 1:1000 dilution of CellMask far red in
c¢MEM for 10 min at 37 °C and with 5% CO,.

In all cases, after staining, cells were washed once with
c¢MEM and once with PBS, and then fixed by incubation for
15-20 min in 4% formaldehyde at room temperature or on a
plate heater at 37 °C in darkness. Nuclei were stained by incu-
bation for 5-10 min with a 0.2 pg ml™" solution of DAPI in
water. Finally coverslips were mounted on a glass slide using
Mowiol 4-88 (Calbiochem). The cells were observed using a
Leica AF600 epifluorescence microscope (excitation/emission
340-380/450-490 nm for DAPI, 460-500/512-542 nm for nano-
particles, 541-551/565-605 nm for CellMask orange and
590-650/662-738 nm for CellMask far red and CellTrace deep
red). The images were analysed using Image]***° by outlining
a cell in the CellMask channel and subsequently quantifying
the total fluorescence intensity within the outline in the nano-
particle or CellTrace channel.

Fluorescence activated sorting

All media used during the sorting process contained 1% peni-
cillin (10000 units per ml) and 1% streptomycin (10 000 pg
ml™*, from Gibco, Life Technologies), in order to reduce the
risk of contamination during the lengthy sorting process. Two
sorting experiments were performed, one with a 5% threshold
and one with a 1%.

Sample preparation. The day before each sorting session,
the cells were seeded in multiple cell culture flasks with the
same number of cells (15-17 million cells per 175 cm? flask;
Greiner Bio-One) for a total of around 100 million cells. As con-
trols, unsorted cells were also prepared (cultured the same
length of time and subcultured roughly the same number of
times), some of which were exposed to nanoparticles and
some that were not. The controls were seeded in wells, at cell
densities comparable to the cell culture flasks with the sorted
cells (700 000 cells per well of a 6-well plate; Greiner Bio-One),
and in some cases also in flasks.

For each sorting session, a dispersion of yellow/green nano-
particles in ¢MEM (100 pg ml™" for the experiment with 5%
threshold and 50 pg m1™" for the 1%) with 1% penicillin/strep-
tomycin was freshly prepared and the sorted cells and the
unsorted control sample were exposed to it for 2 h as described
above. In order to avoid aging of the samples during the
lengthy sorting procedure, the first half of the samples to be
sorted were first exposed and later the second half (with a
fresh dispersion).

For the sorting procedure, the samples were harvested in
the same way as for flow cytometry analysis (above) but after
being spun down, the cells were instead re-suspended in a
solution of MEM including 2% FBS, 5 mM EDTA (Gibco, Life
Technologies) and 1% penicillin/streptomycin. The EDTA was
included to reduce cell agglomeration in the cell suspension
that had to be kept at fairly high concentration to achieve an
efficient sort. (EDTA was introduced after we noticed some
clogging of the sorter with the first half of samples for the first
sorting session with the 5% threshold.) For the same reason,
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the dispersions were filtered by using test tubes with cell strai-
ner caps (Falcon, Corning; mesh size 35 um) in order to
reduce the presence of cell clumps that could interfere with
the sorting.

Instrumentation. The sorting experiments were performed
in the Flow Cytometry Unit of the University Medical Center
Groningen. For the sorting experiment with the 5% threshold,
a Beckman Coulter MoFlo XDP was used. Samples were excited
using a blue laser (488 nm) and using a FITC emission filter
(513/17 nm) to detect the fluorescence from the yellow/green
polystyrene nanoparticles. For the sorting experiment with the
1% threshold, a Sony SH800S Cell Sorter equipped with a
BCC300AMS Class II biosafety cabinet (Baker Company) was
used. Samples were excited using a blue laser (488 nm) and
using a FITC emission filter (525/50 nm) to detect the fluo-
rescence from the yellow/green polystyrene nanoparticles. In
both cases, single cells were differentiated from debris and
multiple cells by identifying the main population in side scat-
tering vs. forward scattering and forward scattering width vs.
forward scattering area plots.

Sorting procedure. Before the start of each sorting session,
negative controls were analysed (sorted cells and unsorted
cells not exposed to the nanoparticles) in order to test that the
set-up was functional and to verify that the cells appeared
healthy. On the first sorting session, the cells were sorted by
selecting the 1% or 5% of the cells exhibiting the lowest fluo-
rescence and the 1% or 5% exhibiting the highest. The two
sorted cell subpopulations were collected in two tubes already
containing MEM with 1% penicillin/streptomycin, to reduce
the risk of contamination while out of sterile conditions, and
50% FBS, in order to give extra nutrients and to reduce cellular
stress. After the sorting procedure, the sorted cells were spun
down, the supernatant removed and the cell pellet resus-
pended carefully in MEM with 20% FBS and 1% penicillin/
streptomycin. The cells were then seeded in plates or flasks,
depending on their number. After 24 h, the medium was sub-
stituted with standard cMEM containing 1% penicillin/strepto-
mycin. The sorted cell subpopulations were amplified until
they reached appropriate numbers to be sorted again. The
amplification took different amounts of time for the two
samples, so the sorting session took place on different days for
the high and low uptakers, respectively (except for the very first
sorting session).

For each subsequent sorting session after the first, the
unsorted cells were always used as a reference to define the
cells with the lowest/highest fluorescence. Thus, the fluo-
rescence distribution of the unsorted cells exposed to nano-
particles was first assessed and the fluorescence value that
delimited the 1% or 5% of cells with the lowest/highest nano-
particle fluorescence was recorded. Then the fluorescence dis-
tribution of the sorted cell subpopulation was assessed and
the proportion of cells below/above the fluorescence threshold
quantified (for later use). Next, the sorting procedure started
proper. Thus, the sorted cell subpopulation was sorted (again),
initially using the fluorescence threshold determined from the
unsorted cells to define the 1% or 5% of cells with lowest/
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highest nanoparticle fluorescence. As each (sub)sample was
sorted, the fluorescence distribution corresponding to the
cells currently being sorted was quantified continuously. We
observed a decrease in the overall fluorescence signal through-
out the sorting procedure, and therefore shifted the fluo-
rescence threshold continuously. We did so by ensuring that
the fluorescence threshold always contained the same pro-
portion of cells as initially quantified (using the threshold
defined by the unsorted cells at the start of the sorting pro-
cedure). We applied this step starting on the 4th sorting
session for the sorting experiment with the 5% threshold,
while it was done throughout the whole sorting experiment
with the 1% threshold. We used unsorted cells seeded in cell
culture flasks (area 175 cm?) as a reference during the first few
sorting sessions (during the first two sessions for both sorted
cell subpopulations and the third session for the subpopu-
lation exhibiting low fluorescence for the experiment with the
5% threshold); for all other sorting sessions, we used unsorted
cells seeded in plates at equivalent densities (to save on
material). In these cases, sorted cells were additionally seeded
in plates in order to define the proportion of cells below/above
the fluorescence thresholds under conditions matched as
closely as possible and this proportion was subsequently used
throughout the rest of the sorting procedure as already
described.

For the sorting experiment with the 1% threshold, the
purity of the sorted sample was checked at the end of each
sorting procedure, by assessing the fluorescence of a smaller
number of cells from the sorted subpopulation (with the same
instrument used to sort the cells).

For the sorting experiment with the 5% threshold, the cells
exhibiting the lowest nanoparticle fluorescence were sorted 5
times, while the cells exhibiting the highest were sorted 6
times; for the sorting experiment with the 1% threshold, both
cell subpopulations were sorted 5 times.

There are several technical and interpretational issues with
these experiments, which dictated our detailed choices and
interpretation of the results. These are detailed in the ESIt to
keep the main text brief.

Statistical analysis

To quantify the degree of correlation between two variables, we
used Spearman’s correlation coefficient,’’ except when we
were interested in a linear correlation, in which case we used
Pearson’s correlation coefficient.

Statistical differences between groups were assessed using
the non-parametric rank-based Mann-Whitney U test for two
groups and the Kruskal-Wallis H test for more than two
groups; statistical differences where other factors (time or con-
centration) could play a role were assessed using an extension
of the non-parametric rank-based Friedman test to multiple
observations per cell,*! using time or concentration as a block-
ing factor and replicate samples as multiple observations. A
significance level of 5% was used. The tests used are specified
in the relevant figure captions.

This journal is © The Royal Society of Chemistry 2021
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Procedure. After cells with higher and lower uptake had
been sorted with the 1% threshold, RNA was isolated from 10°
sorted cells using RNeasy Plus Mini kit (Qiagen) according to
the manufacturer’s instructions. As a control, the RNA of
unsorted cells of a similar passage number was isolated in the
same way. The RNA concentration was determined with a
Nanodrop spectrofluorometer by measuring the absorbance at
260 nm and the quality of the RNA was checked with an RNA
Pico chip (Agilent) on a 2100 Bioanalyzer (Agilent).
Subsequently, mRNA was selected from the total RNA using
NEXTflex poly(A) beads (PerkinElmer) and processed for
sequencing with NEXTflex Rapid Directional qRNA-Seq Kit
(Bioo Scientific Corp) according to the manufacturer’s instruc-
tions. The quantity of the libraries for sequencing was deter-
mined with the Qubit dsDNA HS Assay kit (Invitrogen/Thermo
Fisher Scientific) and the quality was checked with Agilent
High Sensitivity DNA kit (Agilent) on a 2100 Bioanalyzer
(Agilent). The libraries were pulled together and paired-end
sequenced with a NextSeq 500/550 High Output Kit v2.5
75-cycles (Illumina) on a NextSeq 500 sequencer (Illumina).
The quality of the RNA sequencing was checked with FastQC
(version 0.11.5). The reads were aligned to the human genome
(GRCh38) using STAR aligner (version 2.6.0b)** and Ensembl
gene annotation (release 95, http:/www.ensembl.org). The
annotated reads were quantified per gene with HTSeq (version
0.6.1p1)."

Analysis. To correct for sequencing depth, the actual counts
per gene were normalized to the total number of reads per
sample. For the further analysis of the low and high uptake
cells, an initial filtering was applied where it was demanded
that the gene should be expressed at a level of 1 read-per-
million in at least one sample and that there should be a read
difference of at least 5 between the low and high uptake
samples. For high uptake, further inclusion criteria were used
as follows: for the genes that were found expressed in all
samples, all genes which were upregulated 2-fold or more in the
high uptakers compared to unsorted cells and which were
either downregulated or at most upregulated 1.1-fold in the low
uptakers (upper-left area indicated in dotted red in Fig. 5b
below) were included. Similarly, all genes which were downregu-
lated 2-fold or more in the high uptakers compared to unsorted
cells and which were either upregulated or at most downregu-
lated 1.1-fold in the low uptakers (lower-right area indicated in
dotted red in Fig. 5b below) were also included. Genes found
expressed only in unsorted cells do not pass the initial filtering
and thus were excluded. Genes found expressed only in the
high uptakers were included. Genes found expressed only in the
low uptakers were excluded. Genes found expressed only in
unsorted cells and the high uptakers were included if they were
upregulated 2-fold or more in the high uptakers; the remaining
genes found expressed only in unsorted cells and the high
uptakers were excluded (none of them could conceivably be in
the lower-right area indicated in dotted red in Fig. 5b below).
Genes found expressed only in unsorted cells and the low
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uptakers were included if they were at least upregulated 0.9-fold
in the low uptakers. Finally, genes found only in low and high
uptakers were excluded because an underestimate of the upre-
gulation in the low uptakers shows they are upregulated more
than 1.1-fold compared to unsorted cells (ie., they are not
within the upper-left area indicated in dotted red in Fig. 5b
below). For low uptake, the same inclusion criteria as just stated
were used, exchanging low for high and vice versa.

These differentially expressed genes were analysed per
sample with STRING including all interactions of medium
confidence or higher (version 11.0, https:/string-db.org/).**

Results and discussion

To investigate the variability in nanoparticle uptake we used
40 nm carboxylated polystyrene nanoparticles (of various fluo-
rescent labels) as a model system, because they are fairly
monodisperse'®**™° and also disperse well in cell media'®*®
(ESI Table S1 and ESI Fig. S17). This is important to minimise
the characteristics of the particles as a source of heterogeneity
in nanoparticle uptake as much as possible. Furthermore, a
large amount of previous data on how these particles interact
with cells aid interpretation.'®*>*°? In particular, previous
reports (including from us) confirm the uptake of polystyrene

nanoparticles into cells by a combination of flow
cytometry, 4322734 fluorescence (confocal)
microscopy,'®31#%°22355 gingle-particle tracking®®>® and elec-

tron microscopy.”® Additionally, carboxylated polystyrene
nanoparticles appear to be benign to cells even after 72 h-long
exposure times, given a lack of effect on cell proliferation,'®>°
cellular ATP levels,'® cell membrane permeability,***°
viability’®**®! and cell cycle phase distributions."®*° As our
main cell model, we chose (certified) HeLa (adenocarcinomic
human cervical epithelial) cells, which remain a widely used
cell model of reference in cell biology in general,*>** as well
as for nanoparticle uptake in particular.*>>>%>~® Observations
were generalised in A549 (carcinomic human alveolar basal
epithelial) cells and primary human umbilical vein endothelial
cells (HUVECS), as well as using a panel of nanoparticles of
different materials and size, consisting of 100 nm carboxylated
polystyrene nanoparticles, 50 nm silica nanoparticles, 100 nm
silica nanoparticles and 100 nm liposomes as a model for
common nanomedicines. We also used transferrin as a model
for protein uptake.

We used flow cytometry to measure nanoparticle
uptake,>® because it allows both measuring individual cells, a
necessity in order to investigate cell variability, and because it
is high-throughput, a necessity for good statistics. In principle,
flow cytometry reports on the overall fluorescence due to the
nanoparticles associated with cells, that is, both the nano-
particles internalised by cells as well as those adsorbed to the
outer cell membrane. However, we have previously utilised a
methodology that allowed us to measure the number of nano-
particles adsorbed to the outside of the cell separately, and
thereby demonstrated that after some 2-3 h, the majority of

cell

69,70
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the fluorescence stems from the nanoparticles within the
cells;®® similar results were found here in a more limited
assessment (ESI Fig. S2t). It should also be noted that while
the data is quantitative, it is (at least in practice) in arbitrary
units. Furthermore, the fluorescence measurements show, in
absolute terms, inter-experimental variability and hence we
show representative results rather than averaging over repeated
experiments.

We started by confirming previous observations of a large
variability in nanoparticle uptake.'”'%?%4%71.72 HeLa cells were
exposed to 40 nm polystyrene nanoparticles and we assessed
the fluorescence intensity (due to the nanoparticles) of some
16 000 HeLa cells using flow cytometry. We observe a well-
defined distribution with the majority of cells exhibiting a
certain fluorescence and some spread around it (Fig. 1a).
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Fig. 1 Cell-to-cell variability in 40 nm polystyrene nanoparticle uptake
by Hela cells. (a) Cells were exposed to 5 pg ml™ of 40 nm orange poly-
styrene nanoparticles for 5 h and the fluorescence of the cells was
assessed by flow cytometry. The panel shows the number of cells which
exhibit a given nanoparticle fluorescence. (b) Cells were exposed to
either 40 nm far-red nanoparticles, 40 nm orange nanoparticles or to
both nanoparticle colours at the same time. The nanoparticle concen-
tration was 5 pg ml™t for each colour (so the cells exposed to both
colours were exposed to 10 pg ml™ nanoparticles in total) and the
exposure lasted for 5 h. Afterwards the fluorescence of the cells was
assessed by flow cytometry. The panel shows all the different samples
(including also control cells) as heat maps. The correlation between the
two variables was quantified in terms of Spearman’s correlation coeffi-
cient, p, as indicated in the figure. ESI Fig. S67 shows similar results for
other exposure times. N.B. nanoparticle fluorescence is presented in log
scale.

17536 | Nanoscale, 2021,13,17530-17546

View Article Online

Nanoscale

However, it must be stressed that Fig. 1a is presented in logar-
ithmic scale, so what appears to be a somewhat narrow distri-
bution is actually very wide in linear scale, with the most
extreme cells exhibiting an almost 100-fold difference in fluo-
rescence. A similar wide variability is also observed when A549
cells and HUVECs were exposed to 40 nm polystyrene nano-
particles (ESI Fig. S31) and also for HeLa cells exposed to
100 nm polystyrene nanoparticles, 50 nm silica nanoparticles,
100 nm silica nanoparticles and 100 nm liposomes (ESI
Fig. S47).

Part of the variability could stem from the technique itself
(e.g., due to cells being differently oriented as they pass the
excitation beam and the resulting fluorescence is detected).
However, it is clear that the large variability exemplified by
Fig. 1a is not mainly due to the technique, since markers with
known low cell-to-cell variability show a narrow distribution
(e.g., cellular DNA staining with dyes such as propidium iodide
are usefully reported in linear scale’®). Furthermore, when
cells exposed to larger (micron-sized) particles are analysed
using flow cytometry, then one can explicitly count the
number of particles per cell and in this way confirm a large
cell-to-cell variability in uptake.”* Similarly, using a different
technique, ion beam analysis, it has been shown that cells
exhibit a large variability in gold nanoparticle uptake.”?
Fluorescence imaging studies also confirm a large variability,
both for the same 40 nm polystyrene nanoparticles used
here,?® as well as other nanoparticles,"® and we reproduce this
observation in ESI Fig. S5.7

Next we wished to exclude the variability due to fluctuations
in the local concentration each cell is exposed to. We note that
cells were exposed to the nanoparticle dispersion diluted and
“pre-mixed” after removal of the original medium (rather than
a concentrated nanoparticle dispersion being added to the
original medium which was then mixed) in order to promote a
uniform exposure.’® Nevertheless, some degree of statistical
fluctuations in concentration at a microscopic scale are un-
avoidable. To test the extent of the variability due to local con-
centration fluctuations, we reasoned that co-exposure to nano-
particles of two different colours, but otherwise nominally the
same, would be a useful test. Statistical fluctuations on the
extracellular side will then be different for the two nano-
particles, whereas the cells and uptake process(es) are kept the
same (part, but not all, of the variability due to the technique
will also be different). We thus exposed HeLa cells to two
differently coloured 40 nm polystyrene nanoparticles (Fig. 1b;
heat map in colour). It is clear that the cellular fluorescence of
the two colours is positively correlated (“the cloud is diag-
onal”), though there is also some variability super-imposed
upon this trend (it is a “cloud”, not a line). This means that
cells that, say, take up more nanoparticles of one colour typi-
cally also take up more nanoparticles of the other colour, with
some variation. The correlation is established already after 1 h
and remains over longer exposure times (ESI Fig. S6t). To
assert that the results are not due to cross-talk between the
two colours (that is, fluorescence from one of the nano-
particles being visible also when assessing the other) we also
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included three controls (grey scale heat maps): non-exposed
cells and cells exposed to only one of the colours. The fact that
the fluorescence distributions of cells exposed only to one
colour overlaps with non-exposed cells confirms the lack of
cross-talk.

We observe similar results for HeLa cells co-exposed to
40 nm polystyrene nanoparticles and fluorescently labelled
transferrin protein (ESI Fig. S7t). That is, cells that, say, take
up more nanoparticles typically also take up larger amounts of
transferrin. The results thus show that there is a part of the
variability in nanoparticle uptake that is shared with transfer-
rin accumulation, suggesting that part of the variability stems
from the cells themselves and the uptake process.

We next tested the cell variability induced by cell
size.'®19?873% To quantify cell size using flow cytometry, we
labelled the cells with the CellTrace dye, which binds to free
amines inside and on the surface of cells. Using fluorescence
microscopy we can measure cell size directly and by doing so
on CellTrace-labelled cells independently assess the relation-
ship between CellTrace fluorescence and cell size. Such
measurements confirm a strong linear correlation between cell
size and CellTrace fluorescence (ESI Fig. S8t), justifying our
usage of CellTrace as a proxy for cell size.

When subsequently assessing the relationship between
40 nm polystyrene nanoparticle uptake and CellTrace fluo-
rescence in HelLa cells, we observe a clear positive correlation
(Fig. 2a). More direct measurements of cell size using fluo-
rescence microscopy gives the same outcome (ESI Fig. S57). In
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Fig. 2 40 nm polystyrene nanoparticle uptake as a function of Hela
cell size. Cells labelled with CellTrace were exposed to 40 nm orange
polystyrene nanoparticles (10 ug mli™* for 5 h) and the fluorescence of
the cells assessed by flow cytometry. (a) Cellular nanoparticle fluor-
escence vs. cell size measured in terms of CellTrace fluorescence. The
correlation between the two variables was quantified in terms of
Spearman’s correlation coefficient, p, as indicated in the figure. (b) The
distribution of cellular nanoparticle fluorescence for the total cell popu-
lation as well as three subpopulations corresponding to small, medium
and large cells. The distributions have been normalised such that the
peak corresponds to 1 in order to present all results on the same scale.
The subpopulations were defined in terms of the CellTrace fluorescence
as indicated in panel a (vertical lines).
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line with previous reports in literature,">**>° these results
confirm that cell size does play a role in the variability in nano-
particle uptake. We corroborate this correlation also for A549
cells and primary HUVECs exposed to 40 nm polystyrene nano-
particles (ESI Fig. S97), as well as for HeLa cells exposed to a
series of different nanoparticles, including 100 nm polystyrene
nanoparticles, 50 nm and 100 nm silica nanoparticles and
100 nm liposomes (ESI Fig. S107). However, in all cases there is
still a large degree of variability not explained by cell size alone
(correlation coefficients often below 0.5). To illustrate this
further, we selected a fairly restricted number of cells of a
“small”, “medium” and “large” size based on their CellTrace
fluorescence (Fig. 2a; vertical lines) and studied the nano-
particle fluorescence distribution of these cells separately
(Fig. 2b). These distributions are shifted with respect to each
other, but they nevertheless overlap to a significant degree, even
with these fairly stringent selection criteria (N.B. that we expli-
citly defined these subpopulations such that their sizes do not
overlap). We corroborated this finding also in the other cells
(ESI Fig. S97) and for all the nanoparticles tested (ESI Fig. S107).
Fluorescence microscopy measurements also show a significant
variability beyond the correlation between nanoparticle uptake
and cell size (ESI Fig. S5T). For transferrin (ESI Fig. S117), we
observed somewhat of a positive correlation between its
accumulation and cell size, but this correlation was weak.

Previous literature has suggested that cell size combined
with stochastic uptake is sufficient to describe the cell-to-cell
variability in nanoparticle uptake between cells.'® Our results
are certainly consistent with cell size being important, though
whether it is sufficient to describe the cell-to-cell variability is
less clear. Regardless, the underlying cause(s) remain un-
identified. Perhaps the most immediate possibility is the
number of membrane receptors, which most certainly vary
between cells and which may be highly correlated with cell
size, and hence could be the underlying origin of the cell size
dependence. However, one could also imagine other possibili-
ties, including the expression of various proteins involved in
endocytic mechanisms (e.g., clathrin) and, indeed, even cell
surface area itself.

To explore such questions, we reasoned that an identifi-
cation of the heritable cell traits that contribute to cell-to-cell
variability in nanoparticle uptake would be useful. While not
all cell characteristics that could potentially play a role in
nanoparticle uptake are heritable, we expect that many of
them are at least partly heritable. A prime example would be
the number of cell membrane receptors, which likely is herita-
ble, while also exhibiting some degree of phenotypic varia-
bility. In order to investigate if there are such heritable traits
that contribute to the variability in nanoparticle uptake, we
attempted to separate two HeLa subpopulations, those cells
that take up very few 40 nm polystyrene nanoparticles and
those that take up many, from the full cell population. One
should keep in mind that selecting the absolute lowest or
highest uptakers may not be representative of the cell popu-
lation at large; e.g., the low uptakers could be particularly
unhealthy cells, while the high uptakers could be otherwise
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anomalous. Nevertheless, we considered this was a comp-
lementary approach to previous studies. We performed the iso-
lation using fluorescence-activated cell sorting, whereby the
fluorescence of each cell of the population is measured and
the cells are collected in different tubes post-measurement
depending upon the (nanoparticle) fluorescence they exhibit.
In order to further enrich the two cell subpopulations (and in
contrast to a previous study’®), we repeated this sorting pro-
cedure 5 times, on each occasion keeping only the low or high
uptakers. The repeated exposure may be an issue for nano-
particles that cause adverse effects on the cells, but we deem
that to be less of an issue for the polystyrene nanoparticles
used here, for which no major effects have been
reported.'®1¢49°%6%61 ging fairly stringent criteria to define
the “low” and “high” uptakers implies that we collected rather
few cells and thus it took some time (around 10-20 days) for
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the cell (sub)populations to recover and grow. Overall, enrich-
ing the two subpopulations 5 times thus took us around
2 months. We did so twice, once defining the subpopulations
as the 5% of cells that took up the least or most nanoparticles,
and the other as the 1%. There are several technicalities with
these sets of experiments which dictated the detailed choices
we made and which we feel are important to note. However, to
keep the main text reasonably brief, we include the majority of
these in the ESIt and discuss only the main ones here.

We thus exposed HeLa cells to 40 nm polystyrene nano-
particles for 2 h and quantified the distribution of nano-
particle fluorescence (Fig. 3a). We could thereby define the
nanoparticle fluorescence thresholds that correspond to the
1% of cells that exhibit the lowest nanoparticle fluorescence
(blue) and the 1% of cells that exhibit the highest (red). These
fluorescence thresholds (dotted lines) were subsequently used
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Fig. 3 Separation of the 1% of Hela cells exhibiting the lowest and highest uptake of 40 nm polystyrene nanoparticles. (a) Beginning of the sorting
experiment. Nanoparticle fluorescence distribution of cells exposed to 50 pg ml™* of the nanoparticles for 2 h. Dotted lines show the fluorescence
thresholds that correspond to the 1% of cells taking up the least and most nanoparticles, respectively. Inset shows an enlarged view (with the same x
scale). (b and c¢) Accuracy of the sorting procedure for low (panel b) and high (panel c) uptakers, respectively. After the first sorting session, the fluor-
escence of the sorted cells was assessed and compared to the thresholds used to sort the cells (dotted lines). The proportion of cells within the
main peaks are also reported. The fluorescence thresholds in panel a and b—c (dotted lines) do not correspond, because they were continuously
adjusted to accommodate for a decrease in fluorescence throughout the sorting procedure. See the Experimental section for further discussion of
this point. (d and e) Enrichment upon each subsequent sorting session for low (panel d) and high (panel e) uptakers, respectively. At the beginning
of each sorting session, the fluorescence of unsorted cells was assessed and used to set an "absolute” fluorescence reference (dotted lines).
Subsequently, the fluorescence of the sorted cells was measured (distribution) and the proportion of cells within the limits quantified (percentages).
The distributions have been normalised such that the peak corresponds to 1 in order to represent all results on the same scale.
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to sort the cells into the two subpopulations. In order to
examine the accuracy of the sorting procedure, the fluorescence
of cells from the two sorted subpopulations was assessed post-
sorting. For the cells sorted for low uptake (Fig. 3b), we found
that the majority of cells had clearly been correctly collected
(left peak). However, there is also a small number of cells (right
peak) that have been incorrectly identified. The results were the
same for the high uptakers (Fig. 3c), with the majority of cells
(corresponding to the right peak) correctly identified, together
with a minority (left peak) incorrectly included. In both cases,
the fluorescence thresholds used to sort the cells (dotted lines)
do not exactly correspond to the separation of the two peaks,
which may be due to a number of effects (see the ESIT for a dis-
cussion). With this in mind, we estimate the purity of the sub-
populations as being the proportion of cells in the main peaks,
resulting in around 94% and 79% for the low and high
uptakers, respectively (Fig. 3b and c).

Since the purity was reasonably high, we continued amplify-
ing the cells until there were enough cells to perform a second
sorting procedure. For enriching the subpopulations, we can
imagine two alternative approaches: (i) take (for example) the
1% lowest uptakers each time, regardless of their actual absol-
ute uptake rates; or (ii) take (for example) all cells exhibiting
an absolute uptake rate lower than a certain rate, which
remains fixed throughout the experiment. We opted for the
second approach (but, as will transpire, the first approach
would effectively have been equivalent) and hence we needed
an external reference to define the fluorescence threshold that
corresponded to our original definition of low and high
uptakers. Since extended subculturing could potentially lead
to phenotypic changes, we decided to use unsorted cells sub-
cultured for the same length of time (and roughly the same
number of times) as a reference, rather than “fresh” cells.

We performed the sorting 4 more times using the 1%
threshold (Fig. 3d and e). Interestingly, even though the accu-
racy of the sorting procedure is quite high (Fig. 3b and c) we
did not observe any clear enrichment (percentages in Fig. 3d
and e). We also could not observe any major difference in
overall nanoparticle uptake during the sorting procedure (ESI
Fig. S12+). Furthermore, we did not observe any obvious phe-
notypic differences by microscopy during day-to-day handling
of the sorted and unsorted cells.

We concluded the sorting procedure after 5 sorts.
Fluorescence microscopy quantification of cell size of the
resulting cell populations did not show any substantial differ-
ences (Fig. 4a) and we also could not observe any obvious phe-
notypic differences (Fig. 4b). When we used the 5% threshold
(ESI Table S21) we found a larger enrichment, in particular for
the high uptakers, but it nevertheless never went above 20%.
The most immediate interpretation of these results would be
that the characteristics of the HeLa cells that are responsible
for the variability in 40 nm polystyrene nanoparticle uptake
within the cell population are not heritable and, specifically,
that cell size is not one of these characteristics.

Based on these results, we next wanted to confirm that,
indeed, the sorted HeLa cells did not exhibit any difference in
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nanoparticle uptake. We consequently exposed the sorted
cells, as well as unsorted cells cultured an equivalent amount
of time as control, to the same 40 nm polystyrene nano-
particles. Note that the sorted cells essentially do not exhibit
any residual nanoparticle fluorescence from the sorting pro-
cedure (ESI Fig. S137) before the exposure. To our surprise, we
observed a clear difference in uptake behaviour between the
different cells sorted with the 1% threshold, with the high
uptakers indeed taking up significantly more 40 nm poly-
styrene nanoparticles, followed by the unsorted cells and
finally the low uptakers (Fig. 4c). The same ranking remained
for at least 2 weeks after the sorting was concluded (ESI
Fig. S14;f the experiment shown in Fig. 4c was instead per-
formed around one week after the sorting). Thus, it appears
that there are indeed cellular traits that determine nano-
particle uptake.

When we investigated uptake of another nanoparticle
(50 nm silica), different from the one used to define the sorted
subpopulations (40 nm polystyrene), we initially observed the
same ranking (Fig. 4d). This suggests that some parts of the
endocytic machinery may be common to uptake of the two
different nanoparticles (possibly because of their nano-size).
However, interestingly, the effect seemed weaker than for the
nanoparticle used to define the high and low uptakers (cf.
Fig. 4c and d). Furthermore, the ranking disappeared a week
later (ESI Fig. S141). Thus, other aspects of the uptake must be
specific to the nanoparticle used for sorting the cells (poly-
styrene) because otherwise we would expect an equally large
and consistent effect of the sorting on the other nanoparticle
(silica).

The ranking observed for 40 nm polystyrene nanoparticles
was not observed when exposing the sorted HeLa cells to trans-
ferrin (Fig. 4e, ESI Fig. S14%). Though transferrin is recycled
and its intracellular level thus reflect both its uptake and
export, the lack of an effect is consistent with transferrin and
40 nm polystyrene nanoparticles not sharing the same intern-
alisation mechanism in HeLa cells, at least not to a significant
extent.

When using the 5% threshold, the cells were cryopreserved
after the sorting procedure and then brought back into culture
to study their uptake behaviour. We found similar results for
these cells (ESI Fig. S151) compared to the cells sorted with a
1% threshold (Fig. 4c-e), for the 40 nm polystyrene nano-
particles used to define the cell subpopulations, for 50 nm
silica nanoparticles and for transferrin.

In order to investigate the source of the differences at a bio-
molecular level, we next performed RNA sequencing of all
three HeLa cell samples: high and low uptakers acquired using
the 1% threshold and unsorted cells. Overall, the majority of
genes found expressed was present in all three samples,
though some genes were only found expressed in two or even
one sample (Fig. 5a). For the genes that were found in all three
samples, we calculated the change in the high and low
uptakers, respectively, compared to the unsorted cells (Fig. 5b).

We next attempted to identify the genes responsible for
high and low 40 nm polystyrene nanoparticle uptake separ-
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Fig. 4 Characterisation of the sorted Hela cells. Cells were sorted 5 times with the threshold set to separate the 1% of cells exhibiting the lowest
and highest nanoparticle uptake, respectively. Unsorted cells subcultured an equivalent number of times were used as controls. (a and b)
Fluorescence microscopy of the low and high uptakers, together with unsorted cells cultured in an equivalent fashion, after conclusion of the
sorting (followed by cryopreservation and subsequent reculturing). Cells were labelled with a cell membrane stain (CellMask far red) and then
imaged using fluorescence microscopy. (a) Quantification of cell area from cell outlines. The bars show the mean area with the error bar represent-
ing standard error of the mean (over 106, 102 and 101 cells, respectively). A Kruskal—Wallis test does not show a statistically significant difference
between the three different cell populations. (b) Representative images. Scale bar corresponds to 20 um. (c—e) Nanoparticle and protein uptake in
sorted Hela cells. The experiment was performed on all cell cultures simultaneously, which implies that it had passed 9 and 7 days after the last
sorting session for the low and high uptakers, respectively (the two cultures ended up being sorted on different days). See the main text and
Experimental section for details. The cells were exposed to (c) 10 ug ml™* of 40 nm yellow/green polystyrene nanoparticles (d) 100 ug ml™* of 50 nm
SiO, nanoparticles and (e) 15 ug ml™ transferrin for the indicated time periods and the fluorescence of the cells assessed by flow cytometry.
Datapoints and error bars represent the mean and standard deviation over two replicate samples. A Friedman test with time as blocking factor
shows a statistically significant difference between the three different types of cells for both the 40 nm polystyrene and 50 nm SiO, nanoparticles.
Comparison between individual curves (taking into account multiple comparisons) gives the statistically significant differences indicated by asterisks

in the figure. See also ESI Fig. S147 for a repeat experiment performed a week later.

ately. Thus, for high uptake we selected genes that were upre-
gulated in the high uptakers and either downregulated or
unchanged in the low uptakers (upper-left area indicated in
dotted red in Fig. 5b), together with the genes that were down-
regulated in the high uptakers and either upregulated or
unchanged in the low uptakers (lower-right). For low uptake
we made the opposite selection. In both cases, we set
thresholds to define “unchanged” with some margin to allow
for experimental error (dotted red vertical lines in Fig. 5b).
Where possible we also included genes that were missing in
one or two of the samples (which cannot be represented in
Fig. 5b since either or both changes are not well-defined), as
described in detail in the Experimental section. The top-20
expressed genes from these two lists are shown in Table 1
(low) and Table 2 (high); the full lists are available as ESIL.T We
observe that both for low and high uptake, there is a clear
difference in gene expression levels compared to control, and
the differentially expressed genes are also different for low and
high uptake.

From the two lists of genes, we attempted to identify differ-
ences in expressed pathways by performing a gene ontology

17540 | Nanoscale, 2021, 13,17530-17546

analysis (see Experimental section for details). This analysis
does not take into account whether the genes are up- or down-
regulated but can nevertheless give an idea of the relevant
pathways. For low uptake, we do not observe any major clusters
of genes (see ESIT). However, for high uptake, we find a strong
clustering of genes related to cell motility (strongly overlapping
with genes classified as regulating cellular component move-
ment, locomotion and cell migration), regulation of cell popu-
lation proliferation, and cell surface receptor signaling path-
ways (Fig. 5d, depicted in red, blue and green respectively; see
also ESIt for a complete picture).

We may speculate that the differential expression of genes
related to cell motility (and also cell migration and loco-
motion) is because the genes involved with this process
include elements of the actin machinery and other parts of the
cytoskeleton. Indeed, it is known that actin and microtubules
play a role in cell internalisation pathways in general,”*”® and
in nanoparticle uptake specifically.”” For instance, blocking
actin and microtubule polymerization with, respectively, cyto-
chalasin D and nocodazole, strongly reduces the uptake of
negatively charged liposomes, but not zwitterionic ones.”®

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 RNA sequencing analysis of Hela cells sorted for high and low 40 nm polystyrene nanoparticle uptake. Cells were sorted 5 times with the
threshold set to separate the 1% of cells exhibiting the lowest and highest nanoparticle uptake, respectively. Unsorted cells subcultured an equivalent
number of times were used as control. RNA sequencing was performed on the three samples and the expressed genes identified. (a) Venn diagram
showing the expressed genes that are common between the different samples. N.B. The diagram is not to scale (because the large overlap would
make it hard to read). (b) Expression levels of genes in high and low uptakers, respectively, compared to unsorted cells (of all genes found expressed
in all three samples). Each dot represents one gene. (Grey dashed lines) Same expression as in unsorted cells. (Areas limited by red dashed lines.)
Genes of particular interest for high uptake. Note the log-scale. (c) False discovery rate of the top-10 pathways from Gene Ontology biological pro-
cesses for high uptake. The descriptions have been shortened to fit in the figure and read unabridged: regulation of cellular component movement;
regulation of locomotion; regulation of cell motility; regulation of cell migration; regulation of response to stimulus; regulation of cell population
proliferation; tissue development; cell surface receptor signaling pathway; regulation of signal transduction; animal organ development. (d)
Clustering analysis for high uptake showing protein interactions using STRING. Colors are consistent with panel c. (Red) Genes involved in regulation
of cell motility. (Blue) Genes involved in regulation of cell population proliferation. (Green) Genes involved in cell surface receptor signaling pathway.
Line thickness represents the confidence of the interactions with a minimum of medium confidence (0.400). For reasons of legibility and to more
clearly show the cluster, we have omitted the names of the genes; the full picture is available as ESI.T
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Table 1 The top 20 differentially expressed genes in Hela cells that take up low numbers of 40 nm polystyrene nanoparticles. Cells were sorted 5
times with the threshold set to separate the 1% of cells exhibiting the lowest and highest nanoparticle uptake, respectively. Unsorted cells subcul-
tured an equivalent number of times were used as control. RNA sequencing was performed on the three samples and the expressed genes identified.
Differentially expressed genes were selected as described in the Experimental section. The full list is available as ESI;t here only the first 20 are
shown when ordered by the change in the low uptakers compared to unsorted cells (“low fold change”)

Unsorted Low High Low fold High fold
Name Description (rpm®) (rpm?) (rpm®) change® change”
LRRIQ3 Leucine rich repeats and IQ motif containing 3 0 2.172 0 Inf* —
NEK11 NIMA related kinase 11 0 2.172 0 Inf* —
RBBP4P2 RB binding protein 4 pseudogene 2 0.255 2.172 0 8.508 0
RGS11 Regulator of G protein signaling 11 0.255 2.172 0 8.508 0
LRP2BP LRP2 binding protein 0.255 2.172 0 8.508 0
AP003469.4 Novel transcript 0.255 2.172 0 8.508 0
UNC5D Unc-5 netrin receptor D 3.063 18.677 3.023 6.097 0.987
RPS4XP13 Ribosomal protein S4X pseudogene 13 0.511 3.04 0 5.956 0
HSP90B2P Heat shock protein 90 beta family member 2, pseudogene 1.787 10.424 1.512 5.834 0.846
PRSS36 Serine protease 36 0.766 3.909 0.756 5.105 0.987
ADAP2 ArfGAP with dual PH domains 2 2.553 12.162 0.756 4.765 0.296
RNF125 Ring finger protein 125 0.766 3.475 0 4.538 0
STK32A Serine/threonine kinase 32A 0.766 3.475 0.756 4.538 0.987
RN7SL689P RNA, 7SL, cytoplasmic 689, pseudogene 0.766 3.475 0 4.538 0
INHBE Inhibin subunit beta E 0.766 3.475 0.756 4.538 0.987
PRPH Peripherin 0.511 2.172 0 4.254 0
C3orf33 Chromosome 3 open reading frame 33 1.021 4.343 0.756 4.254 0.74
HYKK Hydroxylysine kinase 1.021 4.343 0.756 4.254 0.74
GLI1 GLI family zinc finger 1 1.021 4.343 0.756 4.254 0.74
KHSRPP1 KH-type splicing regulatory protein pseudogene 1 0.511 2.172 0 4.254 0

“Reads per million. ® With respect to unsorted cells. © Gene was not found expressed in unsorted cells, so fold change is undefined.

Table 2 The top 20 differentially expressed genes in Hela cells that take up high numbers of 40 nm polystyrene nanoparticles. Cells were sorted 5
times with the threshold set to separate the 1% of cells exhibiting the lowest and highest nanoparticle uptake, respectively. Unsorted cells subcul-
tured an equivalent number of times were used as control. RNA sequencing was performed on the three samples and the expressed genes identified.
Differentially expressed genes were selected as described in the Experimental section and as partially indicated by Fig. 5c. The full list is available as
ESI;T here only the first 20 are shown when ordered by the change in the high uptakers compared to unsorted cells (“high fold change”)

Unsorted Low High Low fold High fold
Name Description (rpm?) (rpm) (rpm?) change” change®
SERTAD4 SERTA domain containing 4 0 0 3.779 — Inf*
FLI1 Fli-1 proto-oncogene, ETS transcription factor 0 0 4.535 — Inf*
CD33 CD33 molecule 0 0 3.779 — Inf*
LINCO01234 Long intergenic non-protein coding RNA 1234 0 0 3.779 — Inf*
POSTN Periostin 0 0 7.558 — Inf°
CPEB1 Cytoplasmic polyadenylation element binding protein 1 0 0 3.779 — Inf*
RPL15P18 Ribosomal protein L15 pseudogene 18 0 0 3.779 — Inf*
PGK1P2 Phosphoglycerate kinase 1, pseudogene 2 0 0 3.779 — Inf*
AC125238.2 Zinc finger protein 207 (ZNF207) pseudogene 0 0 3.779 — Inf*
KCNMA1 Potassium calcium-activated channel subfamily M alpha 1 0 0 4.535 — Inf*
ROS1 ROS proto-oncogene 1, receptor tyrosine kinase 0 0 4.535 — Inf*
MAGED1 MAGE family member D1 0 0 3.779 — Inf*
AC006262.2 Novel transcript 0.255 0 7.558 0 29.611
HHAT Hedgehog acyltransferase 0.255 0 6.803 0 26.65
CACNA1G Calcium voltage-gated channel subunit alphal G 0.766 0.434 14.361 0.567 18.754
CARD11 Caspase recruitment domain family member 11 0.255 0 4.535 0 17.767
SH3RF3 SH3 domain containing ring finger 3 0.255 0 4.535 0 17.767
LRRC15 Leucine rich repeat containing 15 0.766 0.434 12.093 0.567 15.793
POPDC3 Popeye domain containing 3 0.511 0 7.558 0 14.806
SEMASA Semaphorin 5A 0.255 0 3.779 0 14.806

“Reads per million. ” With respect to unsorted cells. © Gene was not found expressed in unsorted cells, so fold change is undefined.

Similarly, blocking actin with cytochalasin D reduces uptake uptake of these nanoparticles. This result is also consistent
under the same conditions considered here (40 nm carboxy- with some effect of the sorting on both the polystyrene and
lated polystyrene nanoparticles in HeLa cells) as well as in silica nanoparticles, as a perturbation to the endocytic
several other cell types,”® confirming a role of actin in the machinery is expected to affect both particles.

17542 | Nanoscale, 2021, 13, 17530-17546 This journal is © The Royal Society of Chemistry 2021
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Another speculative idea is that the presence of genes
involved with cell proliferation is due to the cell division cycle
playing a role even in the short exposure scenario (2 h) we
used to define these cells. Also, it is perhaps not surprising to
find a differential expression of cell surface receptor signalling
pathways, as different receptors are presumably involved in
nanoparticle uptake. This may also explain (at least in part)
the smaller effect of the sorting on the silica nanoparticles
(Fig. 4d and ESI Fig. S14 and S157%). Indeed, different surface
receptors are likely to be involved in the uptake of the different
particles because of their different size, material, surface
characteristics and consequently also different corona.
Similarly, the absence of clathrin-mediated endocytosis in the
top-10 expressed pathways is consistent with the observation
that there is no effect on the sorting on transferrin accumu-
lation levels (Fig. 4e and ESI Fig. S14 and S157).

Further studies would be required to confirm these specu-
lative interpretations. Overall, however, it seems clear that
there is a differential expression of genes for the low and high
uptakers. Furthermore, it is clear that several different pro-
cesses are involved, rather than a well-defined subset.

Conclusions

Multiple mechanisms contribute to cell-to-cell variability in
nanoparticle uptake, several of which were investigated here.
We observe a correlation between cell size and polystyrene
nanoparticle, silica nanoparticle and liposome accumulation
in HeLa cells, A549 cells and HUVECs, consistent with pre-
vious reports on the same 40 nm polystyrene nanoparticles
used here®® and quantum dots.'® These results highlight cell
size (independent of its exact definition) as a central cell prop-
erty that correlates with nanoparticle uptake. Nevertheless, we
show that size alone cannot explain the variability observed
and that other factors contribute to it.

After sorting HeLa cells based on high and low 40 nm poly-
styrene nanoparticle uptake, we observe that the high and low
uptakers do, indeed, take up more and fewer nanoparticles,
respectively. Still, the effect is far smaller than the selection
limits we applied, suggesting that the cell features that deter-
mine nanoparticle uptake are only partly heritable.
Furthermore, the fact that cells sorted for high and low uptake
take up more and fewer nanoparticles, respectively, would be
consistent with the selection acting on cell size (or the selec-
tion acting on some other property that correlates with cell
size). However, we could not detect any major difference in cell
size between the high and low uptakers. Furthermore, the
effect that the high uptakers take up more particles than the
low uptakers appears to be the strongest for the polystyrene
nanoparticles that were used to define the low and high
uptakers. Thus, beyond cell size, other cell characteristics also
appear to matter and they appear to be specific to the object
being taken up. Potential characteristics include various recep-
tors and other molecules involved in cellular internalisation
mechanisms with which the nanoparticle engages. In the case
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of nanoparticles, naturally these features should also be
related to the biomolecular corona surrounding the
nanoparticles.®*®* The presence of a corona is known to affect
overall uptake,>>®7®® but in the present context the more
important question is which individual biomolecules are
present in the corona and able to engage with the cells.
Indeed, since corona composition is fairly specific to a given
particle (while also depending on the biological fluid and its
concentration®) it could be part of the reason for the some-
what  specific response to a given nanoparticle.
Furthermore, we here used fairly monodisperse nanoparticles
so while the heterogeneity among the particles could be a
source of variability, we expect it to be small and certainly
smaller than the wide distribution we observe over cells.
However, there is an additional effect of variability due to the
corona, which is known to not be identical for each nano-
particle even within the same nanoparticle sample.?>°*°! The
corona could therefore also be a source of the observed varia-
bility in cell uptake.

Subsequent RNA sequencing of the sorted cells shows
genetic (or at least phenotypic) differences between high and
low uptakers, as well as with unsorted cells. However, we were
not able to identify one or a few pathways that were clearly up-
or downregulated and could be connected to nanoparticle
uptake. Thus, these results suggest that the cell characteristics
contributing to a high or low uptake are multiple and
heterogeneous.

From a methodological point of view, the repeated sorting
is complementary to other more direct approaches. In future,
it would be interesting to explore variations of the procedure
(e.g., different thresholds for the sorting procedure) or
different systems (e.g., different nanoparticles and/or different
biomolecular coronae®®), but the length of the experiments
make them less amenable for routine experimentation. A vari-
ation of this procedure for more advanced in vitro systems,"*°
could also be interesting to capture the underlying heterogen-
eity in a more realistic scenario. For example, we have recently
shown that in liver slices, nanoparticles preferentially accumu-
late in macrophages and uptake remains heterogeneous, even
between macrophages.?” The sources of variability between the
macrophages (and other cell types), however, remains to be
investigated. Single-cell RNA sequencing, as applied pre-
viously,”® could also be an interesting extension to better
identify the highly heterogeneous pathways.

In summary, cell size is clearly correlated with the large
cell-to-cell variability in nanoparticle uptake. Our results for
40 nm polystyrene nanoparticle uptake by HeLa cells, however,
suggest that other cell characteristics also play a role.
Furthermore, these characteristics are heterogeneous, but
nevertheless specific to a given particle, and only partly herita-
ble. From a broader perspective, cell-to-cell variability in vivo
will lead to a wide range of intracellular doses. This variability
may need to be addressed, whether to achieve a uniform thera-
peutic outcome in all relevant cells (in nanomedicine) or to
avoid overloading particular high-accumulating cells (in
nanosafety).
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