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Impact of exposure conditions on the uptake of
nanoparticles by cultured cells
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The way in which nanoparticles interact with cells in basic cell culture models depends not only on the
physicochemical properties of the nanoparticles and the biological properties of different cell types but
also on the geometry used for the cell culture. In this study, the effect of cell culture geometry on the
uptake of nanoparticles is compared quantitatively. HelLa cells are used for the entire study in order to
minimize cell-specific effects. Polymer-coated gold nanoparticles with similar surface chemistry, but
different sizes, C are used as the model system. Four different cell culture geometries were investigated:
adherent cells with static medium above them, adherent cells with medium flowing above them in a
microfluidics channel, adherent cells where the cell culture is slowly rotated, and suspended cells in a
rotating culture. The size-dependent uptake of the different nanoparticles by the cells under these
culture conditions is analyzed in terms of elemental intracellular gold per cell. The results show that
relating the uptake of nanoparticles to their physicochemical properties may depend on the applied cell
culture geometry. While adherent cells in the static culture favor uptake of larger nanoparticles, suspended
cells in rotation culture preferentially take up smaller nanoparticles. Direct comparison of the uptake of six
different nanoparticle types in cells in four different cell culture geometries enables quantitative analysis.
This study suggests that the geometry of in vitro cell culture systems should be optimized with respect to
the in vivo scenarios they emulate. While this fact is known and has been discussed by several groups, in
this work, the effects can be quantitatively discussed, thanks to a systematic direct comparison.

constraints—such as the complexity of in vivo NP-cell inter-
actions—limit animal use, highlighting the value of in vitro

For the development of potential nanomedicines, it is very
important to understand the uptake of nanoparticles (NPs) by
cells. It would be very beneficial to correlate the uptake of NPs
by cells with their physicochemical properties, enabling the
NPs to be tailored to the requirements of their specific
applications." Ultimately, nanomedicine deals with the in vivo
administration of NPs and thus cellular uptake needs to be
investigated in vivo. However, ethical, economical and technical
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studies. These studies aid in elucidating basic mechanisms and
serve as a prescreening tool, reducing the number of animals
required for in vivo experiments.

In vitro studies comprise many levels of complexity, starting
from adherent static two-dimensional cell cultures to three-
dimensional organoid and tissue models.”® Again, for such
in vitro systems, complexity can also blur the observation of
fundamental principles of NP-cell interaction. On the one hand,
simpler, more idealized model systems allow basic mechanisms
to be more clearly unraveled. On the other hand, oversimplified
systems may not reflect what is actually happening in the “real”
system. The challenge thus is to understand the limitations of
model systems, and thus choose appropriate model systems to
address the biological question to be investigated.

Even for simple cell cultures comprising only one type of
cell, the influence of the culture conditions on the cellular
uptake of NPs is known. Different cell culture conditions—such
as static (fluid), suspension, and dynamic (e.g., shear stress or
perfusion)—are crucial for studying cellular uptake, because
they simulate diverse physiological environments and
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710 These conditions affect

significantly influence cell behavior.
morphology, receptor expression, endocytosis mechanisms,
and interactions with nanoparticles (NPs), drugs, or other cells,
all of which impact uptake efficiency.'*™* Xia et al.'® compared
upright and inverted cell cultures and found that the uptake of
Au NPs was affected by their sedimentation and diffusion rates,
and was independent of their size, shape, density, surface
modification, and initial concentration. Han et al'® investi-
gated how acute and chronic shear stress differentially regulate
the endothelial uptake of nanocarriers targeting PECAM-1.
They found that chronic shear stress inhibits endocytosis
through the formation of actin stress fibers, while acute shear
stress enhances uptake via PECAM-mediated signaling path-
ways. Hammond et al.'” developed a novel and cost-effective
suspension culture device, the cell spinpod, designed to apply
physiologically relevant fluid shear stress to renal proximal
tubular cells. Beresova et al.'® developed a novel shear stress
generator that mimics disturbed fluid flow conditions to study
cellular responses under physiologically relevant mechanical
stress.

As can be seen from this summary, different cell culture
conditions may, on the one hand, affect the behavior of the
cells, as they may change the way NPs interact with cells. On the
other hand, they also influence the way the NPs come into
contact with the cells. This is a step dominated by physical
effects, such as sedimentation due to gravity'>° or flow. Once
the NPs have come into contact with cells, the biological
process of endocytosis begins. In this work, we want to focus
on the physical effects of different cell culture systems, dis-
regarding the biological variety of different cells. For this
reason, all experiments were performed with the same cell
system: human cervical adenocarcinoma cells (HeLa cell line
CCL2), a standard system used in many uptake studies of NPs.
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Four different exposure geometries were compared: adherent
2D static culture, adherent culture under flow, adherent
culture under rotation, and suspension culture under rota-
tion; see Fig. 1.

Materials and methods

The materials and methods used in this paper follow previously
published protocols.'®>" Spherical Au NPs of 4 different desig-
nated core diameters (5 nm, 25 nm, 50 nm, 100 nm) and Au
nanorods (NRs) of 2 different lengths (40 nm, 100 nm) were
synthesized in aqueous solution, transferred to the organic
phase, and re-solubilized by coating with poly(isobutylene-alt-
maleic anhydride)-graft-dodecylamine (PMA).>'** Standard
physicochemical characterization methods, such as transmis-
sion electron microscopy (TEM) and dynamic light scattering
(DLS), were employed.”’ HeLa cells in different cell culture
geometries (see Fig. 1) were exposed for te, =4 h, 8 h, and 24 h
to the Au NPs at a concentration of Caywuv) = 20 pug mL ™,
referring to the mass concentration of elemental gold, in
serum-supplemented medium (see (SI) for details). After this,
the amount of elemental gold per cell (maycen) Was deter-
mined using inductively coupled plasma mass spectrometry
(ICP-MS).

Results and discussion

Nanoparticle synthesis and characterization

19,21

The synthesis of the Au NPs followed standard protocols.
Physicochemical characterization of the NPs indicated the
successful reproduction of these protocols. Notably, due to
the large quantity of Au NPs needed to quantify the uptake of
Au NP by cells, for each NP type, several batches following the
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Fig. 1 Comparison of the different cell culture geometries used in this study. The cells are drawn in grey and the NPs in red. (a) Adherent cells under
static incubation conditions, (b) adherent cells under dynamic incubation conditions, i.e. under flow, (c) adherent cells under dynamic incubation
conditions, i.e. under rotation of the culture flask, (d) suspended cells under dynamic incubation conditions, i.e. under rotation of the culture flask.
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Table1 Basic characterization data for the different NP/NR samples: core
diameter, as determined by TEM d; core length for the NRs, as determined
by TEM L.; mean hydrodynamic diameter, as determined from the DLS
number distribution dy) and zeta potential {, both recorded in water. Data
are given as mean value + standard deviation (SD). Additional character-
ization data are included in Table SI-4

Sample d. [nm] L. [nm] dyy [nm]  { [mV]

5 nm Au NPs 48+ 09 — 15.5 + 0.3 —31.8 +2.3
25 nm Au NPs 258+ 13 — 30.6 £3.5 —40.6 £1.9
50 nm Au NPs 50.4 +49 — 479 £2.2 —-389+0.9
100 nm Au NPs 101.0 £ 7.8 — 109.4 £ 8.7 —-47.1+2.1
40 nm Au NRs 157+ 19 393 +£25 — —-39.1 2.1
100 nm Au NRs 252 +14 993 +39 — —41.0 + 3.0

same protocol were produced and used; the physicochemical
characterization reported here was not undertaken separately
for each individual batch but represents data from one batch
from each NP type. This is assumed to be justifiable, as the
synthesis protocols are highly reproducible and thus batch-to-
batch variations are considered irrelevant for the present study.

The different sizes and shapes of the 6 different NP types
were verified with transmission electron microscopy (Fig. SI-1)
and from the images the mean NP core (ie. the Au part)
diameters (d.) and, in the case of the rod shaped NPs (NRs),
the mean lengths (L.) were also determined (Table 1 and Fig. SI-
2). Based on this, the volumes of the NPs and NRs were
calculated using the idealized geometry of spheres and cylin-
ders, and, by using the density of bulk gold, the molar mass of
each of the different NP types was estimated (Table SI-1). By
measuring the elemental amount of gold in an NP solution by
inductively coupled plasma mass spectrometry (ICP-MS), the
mass concentration of the NPs Cayqcp) [Mg L] could be
determined. Alternatively, the molar concentration of Au NPs
cnpuv) [NM] was determined by measuring the absorption at
450 nm and using the Lambert-Beer law with extinction
coefficients taken from the literature (Table SI-2).* By using
the estimated molar mass of the NPs, the molar concentration
could be converted into a mass concentration, Caywv) [Hg L’l].
We note that the determination of the concentration of Au NPs
is affected by errors*® (here, in particular, the assumption of
perfect geometries of spheres/cylinders and extremely narrow
size distribution) and thus Cayacp) and Caywv) are also not
identical (Tables SI-2 and SI-3). The error in concentration
determination needs to be considered when interpreting the
results for the uptake of NP by cells.

All NPs were coated with the same amphiphilic polymer
(PMA). Thus, their surface chemistry should be as similar as
possible. This can be seen in the zeta potentials all being highly
negative (Table 1 and Fig. SI-4) and in the comparable dynamic
interfacial tension of the NP solutions (Fig. SI-6).>® In water,
apart from the 5 nm Au NPs where some small aggregates
cannot be excluded, the hydrodynamic diameters are compar-
able to the core diameters (and there is also the several nm
thick polymer shell*®) (Table 1 and Fig. SI-3), as the surface
plasmon peaks are clearly visible (Fig. SI-5), demonstrating
colloidal stability. We note that, while the big NPs (in particular
the 100 nm Au NPs) are not agglomerated and are well
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dispersed (which is why they are termed colloidally stable),
there will be sedimentation effects due to gravity.'*°

Cell culture and exposure conditions in 4 different geometries
and protocols to quantify the amount of internalized NPs

Culturing of HeLa cells was performed in the 4 geometries
depicted in Fig. 1 (and Fig. SII-1 and Fig. SII-2). The culture
geometry had an effect on proliferation, where the suspended
cells grew much more slowly than the adherent cells (Fig. SII-3).
For the experiments into NP uptake by cells, maintenance of cell
viability under the used exposure geometries and conditions of
Cau(uv) = 20 pg mL™" was ensured (Fig. SIII-1 to Fig. SIII-4).

For the uptake studies, the 4 geometries depicted in Fig. 1
were used, while some of the exposure parameters were varied:
in particular, the exposure concentration Cayuyv) = 10 ug mL
and 20 pg mL ™', the exposure time t., =4 h, 8 h, and 24 h, and
the volume V.., = 3 mL and 6 mL of the cell culture medium
used in each flask (apart from the flow channel geometry,
where only 6 mL was used). After exposure of the cells in
serum-supplemented medium to the NPs for a time of t., in
the case of adherent cells, the cells were detached from the
culture dish by trypsinization. In all cases, the cells were then
pelleted by centrifugation. Following the washing steps, the
number of cells was counted with a counting chamber under an
optical microscope. The mass of elemental gold in the cells was
determined by ICP-MS, leading to the amount of gold per cell
Maucen- Considering this methodology, the following points
need to be mentioned. First, ICP-MS also records NPs merely
adhering to the cell surface, which have not been endocytosed,
and may remain despite the washing steps. There are ways to
completely remove such adherent NPs: for example, by etching
or other techniques.>”*® However, this was not carried out here,
as the number of adherent NPs after washing was considered
minor compared to the actually endocytosed NPs. For a discus-
sion on distinguishing between adherent and endocytosed NPs,
we refer to another study.>® Second, as mentioned, UV-vis
absorption spectroscopy and ICP-MS give different NP concen-
tration results. Ideally, the same method should be used to
determine the concentration of the NP in the exposure solution,
Cau, and the gold content in cells, may/cen. However, for con-
venience, in the present study, the exposure concentration
Cauuv) Was determined by UV/vis absorption spectroscopy,
while the NP quantification in cells myy.cen Was done with
ICP-MS, and a correction was applied so that both determina-
tion of NP exposure concentration and quantification of inter-
nalized NPs followed the same metrics (see Table SIV-9). Thus,
the final data directly relate the intracellular Au amount to the
Au dose the cells were exposed to.

A summary of the NP uptake results is presented in Fig. 2
(the whole set of uptake data is provided in Fig. SIV-1 to SIV-10
and Tables SIV-1 to SIV-4). In all exposure geometries, there is a
time (fexp)-dependent uptake of NPs (Fig. SIV-2, SIV-4, SIV-6 and
SIV-10), as known from previous studies.>"*° Uptake of NPs is
also concentration (Caywv)) dependent (Fig. SIV-1, SIV-3, SIV-5
and SIV-9), again in agreement with typical findings in the
literature.**° The NP uptake was not influenced by the volume
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Fig. 2 Amount of Au NPs may/cen. Which have been internalized per cell after exposure for time texp in volume Ve, = 6 mL of serum-containing medium
with added NPs at concentration Cayuv), under the 4 different exposure geometries shown in Fig. 1. This figure is a compilation of the figures for the

whole data set, as given in the SI.

of the exposure medium (Vepy; see Fig. SIV-1, SIV-3 and SIV-9).
For this reason, the following discussion will be limited to only
2 of the 3 measured time points (fey, = 8 h, 24 h), with exposure
volume Vi, = 6 mL. The data are shown in Fig. 2, and as
detailed above, are representative of the full data set provided
in the SI.

Quantification of the maximum amount of internalized Au
dependent on the exposure geometry

For all NP sizes, the number of endocytosed NPs depends
strongly on the exposure geometry. The actual biological pro-
cess of endocytosis starts once NPs come into contact with the
cell membrane. Endocytosis itself is here considered as a first
approximation to be independent of exposure geometry, as the
entire study has been carried out with the same cell type in the
same culture medium. However, before endocytosis may start,
the NPs need to reach the surface of the cell, which in cell
culture experiments is governed by physicochemical processes,
such as diffusion and sedimentation.'®?® After reaching the
cells, the NPs need to adhere to the cell membrane for a
sufficient time so that they can be endocytosed.

With a simplified model, one can imagine that the adher-
ence of NPs to the cell surface is different for adherent and
suspended cells. While adherent cells are stretched and flat on
the cell culture substrate to maximize contact, suspended cells
are rather rounded and avoid adherence to cell culture sub-
strates. Therefore, NPs should also “stick” better to adherent
cells than to suspended cells. This corresponds to the result in
the case of suspended cells, where NP uptake was found to be
lower than in the case of the 3 different exposure geometries
based on adherent cells (Fig. 2d versus Fig. 2a—c). The difference
in the “sticking” of NPs to the cell membrane between adher-
ent and suspended cells is a biological effect. The following
section discusses the physicochemical factors that influence
the transport of NPs to the cell surface.

Nanoscale Horiz.

As mentioned, for NPs reaching cells, apart from diffusion,
sedimentation is also important.">*° From the 3 exposure
geometries with adherent cells, the one with the dynamic flow
conditions, in which NPs are pumped in a flow channel above
the cells, shows the lowest NP uptake by cells (Fig. 2b versus
Fig. 2a and c). In the flow channel, the effects of sedimentation
are overruled by “mixing”. We note that, even when the
medium flow above the cells is not turbulent, the NPs are taken
by the pump from a reservoir under continuous mixing, where
the NPs are well dispersed, and the time the NPs reside in the
flow channel is not sufficient for sedimentation. Direct com-
parison is complicated because cells were seeded at a density of
40000 cells cm 2 under dynamic flow, whereas the seeding
density for the static and rotated cultures was 24 000 cells cm 2.
This was done as the cross-sectional area of the adherent cells
in the fluid channel was found to be smaller than those of the
cells under static/rotation conditions. With the chosen condi-
tions, the coverage of the surface by cells was comparable.
According to Fig. SII-3, the proliferation rate of all adherent cell
cultures was similar, and at the time of seeding, cells had not
yet formed a fully confluent layer. For this reason, we hypothe-
size that the conditions can be compared, although a absolute
direct comparison between the uptake under both conditions
has to be interpreted with caution.

There may be greater uptake of NPs in the rotation cell culture
flask (Fig. 2c versus Fig. 2b), whereby the above mentioned differ-
ences need to be considered, i.e. smaller cells in the case of the fluid
channel. The rotation speed is relatively low (10 rpm) and thus
there may be sedimentation effects. To visualize this, one may think
of a bottle filled with sand, which is rotated around the long axis of
the bottle: the sand will predominantly remain at the bottom due to
sedimentation, despite the rotation. In the static cell culture, there
is no mixing of the NPs apart from thermal diffusion, and thus
sedimentation is paramount for the bigger NPs, resulting in the
highest uptake of NPs (Fig. 2a versus Fig. 2b and c).

This journal is © The Royal Society of Chemistry 2025
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For both the adherent rotated cells (Fig. 2¢) and the rotated
suspended cells (Fig. 2d), the culture substrates/tubes are
rotated at the same speed (10 rpm). One might argue that, as
the surface of the culture flask facing downward is larger for the
adherent cells (Fig. 2¢) than the corresponding surface of the
culture tube facing downward, (Fig. 2d; see Fig. SII-1 for a
comparison of the geometries), the relative rcf (xg) is higher in
the flasks (Fig. 2¢) than for the tube (Fig. 2d), making the effect of
sedimentation more important for the geometry of cells shown
in Fig. 2c compared to the geometry of cells shown in Fig. 2d.
Whether this effect influences the higher uptake in Fig. 2¢ versus
Fig. 2d can only be speculation with the available data set. On the
other hand, the reduced NP adhesion to suspended cells (Fig. 2d)
versus adherent cells (Fig. 2c) seems plausible for explaining why
the overall NP uptake for the rotating suspended cells is lowest.

The data show that the maximum amount of internalized Au
NPs (in terms of intracellular Au) varies by up to one order of
magnitude for different exposure geometries, having the high-
est uptake for a static culture of adherent cells, followed by
slowly rotated adherent cells and then by adherent cells in a
flow channel, with the lowest uptake for rotated cell suspen-
sions. Notably, which of the different NP types leads to the
maximum uptake may be different for the different exposure
geometries and will be discussed in the following section.

Size dependence of the quantity of internalized Au in the
dependence of the exposure geometry

The data shown in Fig. 2 show that the biggest effect of NP size
on their uptake is present for adherent cells in static culture
(Fig. 2a). This has been suggested to be due to sedimentation of
the bigger NPs, “falling down” on the cells, meaning many of
the NPs touch the cell membrane, where they can be endocy-
tosed, in line with previous studies."**° Note that the volume of
the 100 nm long NRs is smaller than the volume of 100 nm
diameter spheres, and due to their smaller mass, they sediment
less.”" A similar size dependence can also be seen for adherent
cells, where the cell culture substrate is slowly rotated. Where
mixing of the NPs in the medium upon rotation is not pre-
dominant, there will still be an accumulation of NPs at the
bottom, and thus, when the cell flask is oriented in such a way
that the side where the cells are adherent is at the bottom, the
bigger NPs accumulate more due to sedimentation and thus are
more internalized. When the cell flask is oriented in such a way
that the side where the cells are adherent is at the top, there is
no uptake, as the medium with the NPs is not in contact with the
cells (the flask is not completely filled). Thus, on average, the
size-dependent effect of sedimentation is to favor the uptake of
bigger NPs. However, this effect is reduced as the effect is
modulated upon rotation of the flask (Fig. 2c versus Fig. 2a).

For the adherent cells with medium flowing above the cells in a
flow channel, there is only slightly enhanced uptake of bigger NPs
(Fig. 2b). As mentioned, the NP stock solution is mixed to ensure a
homogeneous distribution of NPs in the medium, minimizing
sedimentation as the NPs in the medium pass over the cells.

The size dependence for NP uptake is completely different
for cells in suspension (Fig. 2d versus Fig. 2a—c). Notably, there

This journal is © The Royal Society of Chemistry 2025
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is also a different time dependence, showing a slower uptake
(24 h versus 8 h) than for the adherent cells, which could be
understood by assuming that the NPs “stick” less to the cells.
In the case of suspended cells, the data from Fig. 2d show that
the highest amount of intracellular Au is found for the smallest
NPs. This effect might be related to the actual biological
process of endocytosis; although there are interesting experi-
mental and computational approaches trying to unravel the
size dependence of membrane wrapping around NPs,*'° none
of these studies completely fits our results.

Limits of the direct comparison of the different exposure
geometries and NP sizes

Ideally, for a direct comparison, only one parameter should be
varied, while all others are kept constant. Obviously, in the
study presented here, this was not fully achievable, and thus
possible errors need to be discussed. Concerning the NPs, there
is already some uncertainty in their concentration, as different
methods for determining their concentration do not provide
identical results (i.e. ICP-MS versus UV/vis data). In the worst
case, this was the difference between 2.8 x 10° pg L™ " and 5.5 x
10° ug L' (100 nm Au NRs, Table SI-1), corresponding to an
uncertainty of (5.5-2.8)/5.5 ~ 50%. Also, while all NPs were
coated with the same type of polymer, apart from the intended
differences in size, there are also variations in the zeta
potential; see Table 1. All NPs were highly negatively charged;
thus, there is no strong influence expected from the variation in
their zeta potential on the uptake by cells. In the worst-case
scenario, the maximum difference between the zeta potentials
of the 5 nm Au NPs (—31.8 mV, see Table 1) and the 100 nm Au
NPs (—47.1 mV), corresponds to a variation of (47.1-31.8)/47.1
~ 30%. Uptake of NPs by cells will certainly not depend linearly
on their physicochemical properties. But, even assuming this,
uncertainties in concentration determination and variations in
zeta potentials cannot explain the large differences in their
cellular uptake, as presented in Fig. 2, which can be an order of
magnitude higher.

Concerning the cells, additional limitations need to be
discussed. Changing the cell culture conditions also affects
the cells themselves, such as the proliferation rate (¢f. Fig. SII-3).
It is important that uptake experiments were carried out under
conditions where no significant reduction in cell viability was
observed (Fig. SIII-1 to Fig. SIII-4). HeLa cells are adherent cells,
and to use them as suspended cells, mechanical manipula-
tion—rotating the substrate below them—was required to pre-
vent attachment. This is naturally a limitation. Either the same
type of cells can be compared, meaning that one has to force
cells not to adhere to warrant for suspended cells, or an adherent
cell line is compared with a suspended cell line, involving the
comparison of two different cell types. Also, as discussed above,
the different geometries, e.g. static versus rotation culture, will
not have exactly the same exposure area. This clearly tells us that
the results of this study have a semi-quantitative character,
which, however, for the above mentioned problems would be
hard to avoid.

Nanoscale Horiz.
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Conclusions

An important goal of studying the basic interaction of nano-
particles and cells is to relate the physicochemical properties of
nanoparticles to their biological activity, such as how they are
internalized by cells. Based on this, how NPs would ‘‘behave”
in vivo could be predicted. This would help to tune the
properties of NP-based nanomedicines towards their desired
biological action. Many attempts have been made in this
direction,**** but a comprehensive prediction has not yet
been achieved.

Apart from the overwhelming complexity of such an
approach, fundamental problems are involved. One is that
most physicochemical parameters are entangled, and their
effects cannot be analyzed separately.*® The other problem, as
can be seen in this work, is the choice of appropriate cell
culture geometries. As shown in Fig. 2a-c versus Fig. 2d, a
change in exposure geometry can change from the favorable
uptake of bigger NPs to the favorable uptake of smaller NPs.
Interpretation of in vitro results from cell culture models, thus
always has to be done with utmost care. The finding that in
adherent static cell cultures, the uptake of bigger NPs is
enhanced due to sedimentation effects may not be relevant
for in vivo scenarios. Unfortunately, there may not be one
“best” in vitro culture geometry, and cell culture conditions
may need to be optimized for relevance in different in vivo
scenarios. Culture of adherent cells in a flow channel might, for
example, be useful for predicting NP uptake by cells in the walls
of blood vessels, like endothelial cells. Cell suspensions might
be more appropriate to investigate NP uptake by cells in blood,
like macrophages.

However, one should not misinterpret these conclusions to
say that in vitro cell culture systems are ‘useless” simply
because they cannot fully replicate the in vivo environment.
As pointed out in the introduction, due to the possibility of
upscaling in vitro measurements to sample sizes, which cannot
be achieved with in vivo measurements, there is an argument in
favor of conducting such studies. The conclusion rather,
should be that limitations of in vitro cell systems need to be
understood and respected. Optimization of the in vitro culture
geometry should be undertaken for the different routes of
in vivo scenarios, bringing them as close as possible to the
“real” environment.
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