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Understanding how nanoparticle properties influence uptake by cells is highly important for developing
nanomedicine design principles. For this, quantitative studies where actual numbers of cell-associated
particles are determined are highly relevant. However, many techniques able to measure particle
numbers suffer from low-throughput or place requirements on the types of nanoparticles that can be
measured. Here we show the usage of flow cytometry to measure numbers of cell-associated
nanoparticles for particles ranging in size from 100-500 nm, and extend this range to 40-500 nm by
separate calibration. For the 100 nm particles, we corroborate the numbers by direct, low-throughput,
counting using fluorescence microscopy. Applying flow cytometry we subsequently investigated the
effect of particle size on the number of cell-associated particles for various timespans up to 5 h and
found only a minor effect of size between 40, 100, and 200 nm particles. Next, we measured the kinetic
rate constants describing the adsorption, desorption, and internalization for the 100 nm particles
specifically. In general, we found values in accordance with previous literature. We foresee the future
usage of the methodology applied here to investigate the kinetics of nanoparticle cellular uptake for

rsc.li/nanoscale-advances a variety of particle types.

Introduction

Nanoparticles have been extensively researched over the past
few decades for drug delivery purposes.’ Such nanomedicines
offer several advantages over conventional drug delivery
methods, including targeting to particular sites of interest,"**
triggered drug release,*” and co-delivery.>® There have been
several successful translations of nanocarriers onto the market
including Onpattro'® and more recently the vaccines against
SARS-CoV-2.""** Building on these successes, the development
of nanomedicines will be further aided through an increasing
use of quantitative approaches to study particle uptake.

In particular, for multiple reasons it is desirable to quantify
nanoparticle uptake into cells in terms of actual particle
numbers. Firstly, in addition to knowing the applied particle
dose, it is important to know the number of particles that
successfully enter cells and thereby the amount of drug deliv-
ered.'® Moreover, determining the number of internalized
particles allows for direct comparison of the uptake efficiency of
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different types of particles, e.g., in terms of size,"”"** material,*

or shape.'”* Thereby, promising particle designs can be iden-
tified and developed. Finally, by quantifying particle numbers,
parameters such as the particle adsorption, desorption and
internalization rate constants become accessible.'®2%*427
Characterization of these parameters allows for the validation
and development of a theoretical basis for the kinetics of
nanoparticle uptake into cells.'®>*2¢>7

Several techniques are available to quantify particle numbers
within cells. One approach is to use techniques such as electron
microscopy,®* fluorescence microscopy,”** or darkfield
imaging® and count the number of particles visualized within
sectioned cells. However, these approaches are typically labour-
intensive and low throughput. In contrast, techniques such as
inductively coupled plasma atomic emission spectroscopy are
high-throughput, but only applicable to metallic particles such
as gold,"” and destroy the sample. Likewise, other approaches
such as magnetophoresis or electron spin resonance are limited
to the study of specific particle types.*

In contrast, flow cytometry is a high-throughput technique
which can measure thousands of individual cells per minute,
does not destroy the sample, and can be used to detect any type
of fluorescently labelled particle or particle that scatters suffi-
ciently strongly. Previous literature has shown that flow
cytometry can be used to resolve the fluorescence signal of
single particles in cells, though the particles were micron-
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sized* or just below.*> While Garcia Romeu et al. could detect
single particles in the nano-range using flow cytometry, the
particles were inside cell-extracted organelles,® so their
approach does not allow assessing properties on a per-cell basis.
Detecting single particles in cells, specifically in the size regime
of interest for nanomedicines, is thus challenging.

An alternative is to use a different method to quantify uptake
in terms of particle numbers, and then use such measurements
to calibrate results measured using flow cytometry. Shim et al.
adopted this approach by using the scattering signal from flow
cytometry to measure cell uptake of silver nanoparticles ranging
from 40 nm to 200 nm, and then converting these measure-
ments to particle numbers using separate measurements by
inductively coupled plasma mass spectrometry.'®* While their
approach is thus limited to metallic particles, a complementary
approach would be to perform the particle number measure-
ment using fluorescence, thereby substantially extending the
range of particles that can be measured.

This is the approach we took here. Using low concentrations
we were able to resolve single spherical carboxylated polystyrene
nanoparticles of diameter 500, 200, and 100 nm when associ-
ated with cells. A fluorescence intensity calibration curve was
determined from the measured signals of the 500-100 nm
particles and used to estimate the signal of a single 40 nm
particle associated with a cell. We then performed classical
particle uptake kinetics experiments and converted the cellular
fluorescence intensities to numbers of particles. In doing so, we
were able to quantitatively compare the number of cell-
associated particles for nanoparticles ranging in size from
40 nm to 200 nm. In contrast to previous studies,"”>****' we did
not find an uptake maximum for ~50 nm particles. Lastly, by
performing concentration-dependent experiments and experi-
ments on energy depleted cells,****** we were able to quantify
the cellular adsorption, desorption and internalization rate
constants for the 100 nm particles.

Results and discussion

Fluorescent spherical carboxylated polystyrene nanoparticles of
(nominal) diameters ranging from 40 nm to 500 nm were used
as a model particle system as they exhibit a bright fluorescence
signal and their interactions with cells and even tissue have
been extensively studied.'****® Particle dispersions were char-
acterized using dynamic light scattering and Doppler velocim-
etry (ESI Table S1 and Fig. S11) which showed that all particle
sizes displayed colloidal stability in cell medium supplemented
with 10% foetal bovine serum (complete medium), as previously
reported.’*****> Human Embryonic Kidney (HEK) cells were
exposed to the spherical fluorescent polystyrene nanoparticles
dispersed in complete medium for various timespans and
measured using flow cytometry. Flow cytometry measures the
total fluorescence intensity of all cell-associated particles, i.e.,
both internalized particles and particles adsorbed to the (outer)
cell membrane, on an individual cell basis. Note, however, that
the signal measured using flow cytometry, while quantitative,
does not give the actual number of nanoparticles, but rather just
their fluorescence. Consequently, our first goal was to
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determine the conversion required to translate the flow
cytometry data from measurements of cell fluorescence inten-
sities to numbers of associated particles per cell. Thus, the
intensity of a single nanoparticle associated with a cell needed
to be determined for each particle size. To achieve this, we used
low particle concentrations and short exposure times to obtain
samples with zero to only a few particles associated with each
cell.

First, we assessed the background intensity of control cells
not exposed to particles (Fig. 1a-c). We present the data both in
terms of a histogram (right panels) of the distribution of cell
intensities in the nanoparticle (FITC) channel, together with the
same data displayed as a density plot (left panels) of the fluo-
rescence signal in the nanoparticle (FITC) channel and a second
channel (Pacific Blue). The reason for using a second channel is
that this allows an easier visualization and separation of the
various subpopulations; this is the case even when using an
“empty” channel (i.e., a channel where there is no fluorescence,
only background). In all cases, control cells show a single
population with a background fluorescence intensity of
approximately 15 000 a.u (Fig. 1a—c; note the different scales of
the different panels).

We then exposed the cells to the 500 nm particles at
a nominal concentration (calculated based on the size and mass
concentration stated by the manufacturer) of 0.58 x 10° parti-
cles per mL (40 pg mL ™~ "). Upon such an exposure, multiple well-
separated populations of cells could be distinguished in both
the density plot and histogram (Fig. 1d), as also previously
shown in other works.>** The intensity distribution of the
lowest cluster (light purple shading) overlaps with the control
group (Fig. 1a) and therefore represents the cells within the
sample that had no associated nanoparticles. At a shorter
exposure time of 5 min (compared to the 60 min shown in
Fig. 1d), the next successive group appeared and as the exposure
time increased both the number of groups and the total number
of cells within each cluster increased (ESI Fig. S21). Therefore,
we surmise that the successive groups are subpopulations of
cells with 1, 2, 3 etc. associated nanoparticles.*"*

Using fluorescence, we could also resolve the 200 nm parti-
cles (Fig. 1b and e and ESI Fig. S37), though the spacing between
the groups is greatly diminished compared to the 500 nm
particles. This is expected based on the smaller number of flu-
orophores per particle for smaller particles reported by the
manufacturer.*® For cells exposed to 100 nm particles, separate
cell populations could not be distinguished in the intensity
histogram; instead, the overall distribution broadened
compared to the control cells (Fig. 1f). However, if plotted across
two variables, as in the density plot, two maxima (red colour-
ation in the heatmap) can be distinguished. The lower
maximum corresponds to cells with no associated particles,
whilst the second maximum corresponds to cells with a single
associated 100 nm particle (Fig. 1f). In contrast to e.g. metal or
metal oxide particles,'® these polystyrene particles do not scatter
light sufficiently strongly to be differentiated from the back-
ground signal (ESI Fig. S47) so a strong enough fluorescence, as
well as the particles having a similar fluorescence, are prereq-
uisites for distinguishing individual particles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Subpopulations of cells containing 0, 1, 2 etc. nanoparticles resolved using flow cytometry. Left panels show density plots of the particle
signal (FITC) against an empty channel signal (Pacific Blue). The heat map indicates density, where red corresponds to high cell counts and grey to
low cell counts. Right panels show histograms of the particle (FITC) signal per cell. (a—c) Control cells. The FITC distributions show a singular peak
corresponding to the cell background intensity of approximately ~15000 a.u. Cells with larger FITC signal show higher signal in the empty
(Pacific Blue) channel, i.e., control cells which show higher autofluorescence do so in both channels. (d—-f) Cells exposed to nanoparticles of
different sizes. (d) Cells exposed to 500 nm nanoparticles at a nominal concentration of 0.58 x 10° particles per mL (40 ug mL™Y) for 60 min. The
lowest cluster in the density plot is in the same region as the control cells shown in panel a. Therefore, the lowest cluster corresponds to cells
with no nanoparticles. Additional clusters of cells are observed at higher FITC intensities. The clusters are well separated and the histogram (right)
shows easily distinguishable peaks. Each group corresponds to cells containing an additional nanoparticle, i.e., 1, 2, 3 etc. particles. (e) Cells
exposed to 200 nm particles at a nominal concentration of 1.71 x 10° particles per mL (7.5 ug mL™Y) for 60 min. As in panel d, the lowest cluster
corresponds to cells with no associated nanoparticles. Successive groups can be distinguished in both the density plot (left) and histogram (right)
where each group corresponds to cells with an additional nanoparticle. (f) Cells exposed to 100 nm nanoparticles at a nominal concentration of
1.37 x 10'° particles per mL (7.5 ug mL™) for 15 min. The histogram (right) is broader than the one measured for control cells (panel c) rather than
showing individual peaks as in panels d—e. However, plotting across two variables (density plot, left), a cluster of cells containing 1 nanoparticle
can be distinguished from the lower group containing no nanoparticles. Note that different scales were used for the different particle sizes due to
their different fluorescence intensities. Note also that results are presented in a logarithmic scale to show the whole range of cell fluorescence;

ESI Fig. S2 and S3t show the results equivalent to panels d and e in linear scale.

In order to determine the intensity of single 500 nm and
200 nm particles, we performed a global fit to the cell fluores-
cence intensity distributions across all exposure times (ESI
Fig. S2 and S3;f for further details on the fitting see the
‘Materials and Methods’ section). The fitted distributions cor-
responded well to the measured data. Accordingly, we used the
fitted value for the peak-to-peak separation distance as the value
for the fluorescence intensity of a single particle associated with
a cell. This resulted in a value of 828 000 & 7000 a.u. and 40 000
=+ 1000 a.u for the 500 and 200 nm particles, respectively. In the
case of the 100 nm particles, manual gating of the density plot
was performed to separate the population of cells with 1 particle
and no particles. The intensity of a single 100 nm particle was
thereby found to be 5800 + 600 a.u.

We further planned to determine the fluorescence intensity
of single 40 nm particles, but the fluorescence signal of a single
40 nm particle would be too weak to distinguish from the cell
background with the cytometer used here. Therefore, we
determined a scaling relation between the intensities measured
using flow cytometry and the number of fluorophores per
particle reported by the manufacturer*® for the 500-100 nm
particles (ESI Fig. S5;1 for details see the ‘Materials and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Methods’ section). Using the scaling relation, we calculated the
expected particle intensity of a single cell-associated 40 nm
particle to be 261 a.u. (231-294 a.u. lower-upper values with
standard error).

Finally, we noted a small shift in the cell background fluo-
rescence signal upon exposure to the particles, which we
interpret to stem from the cellular internalization of free dye
molecules.**** When converting measured fluorescence inten-
sities to particle numbers, we consequently applied an addi-
tional background correction (see ESIT section ‘Shift of cell
fluorescence background’ for details).

Maintaining the cytometer settings used for the results pre-
sented above we were able to measure cells containing very high
fluorescence intensities in the nanoparticle channel without
saturating the detector. For example, for the data presented in
Fig. 1d, the object with highest fluorescence intensity measured
(6.4 x 10" a.u.) would equate to a cell containing 7.7 x 107, 1.6
x 10°%, 1.1 x 10, and 2.5 x 10! particles for the 500 nm,
200 nm, 100 nm, and 40 nm nanoparticles, respectively. Thus,
our approach can easily be used to measure numbers of asso-
ciated particles for much higher particle concentrations and
exposure times than used here.

Nanoscale Adv., 2025, 7, 185-195 | 187
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To confirm whether our approach to converting nanoparticle
cell fluorescence to nanoparticle numbers was accurate, we
compared the converted flow cytometry results to results ob-
tained from low-throughput, but spatially resolved, fluores-
cence microscopy (Fig. 2). We avoided the 40 nm particles, as
their lower fluorescence makes particle counting more difficult
and, additionally, their smaller size increases the probability of
finding two particles within the same diffraction-limited spot,
both properties that make them unsuitable for testing the
accuracy of the flow cytometry quantification. Instead, we
focussed on the 100 nm particles, as those were the most
difficult to resolve using flow cytometry (Fig. 1c and f) and hence
their counting was more important to corroborate. Thus, cells
were exposed to 100 nm nanoparticles for 2 h (note the
substantially longer exposure time compared to Fig. 1). For the
microscopy, optical z-sectioning was performed to capture the
entire cell volume, after which the number of fluorescent
objects associated with each cell was counted (Fig. 2a and b).
Conventional (diffraction-limited, as opposed to super-
resolution) optical microscopy cannot resolve several particles
too close together (e.g., within the same organelle). A correction
for possible multi-particle objects was therefore applied (Fig. 2c;
see ESIf discussion section ‘Fluorescence imaging’ for
details).” Ultimately, we thereby obtained an average of 20 + 2
particles per cell. Conversely, measuring cell fluorescence using
flow cytometry and applying the conversion described above
results in an average of 21 =+ 4 particles per cell, which corre-
sponds very well to the value obtained from fluorescence
microscopy (Fig. 2d). Overall, we thus confirm that the flow
cytometry approach used herein accurately determines the
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number of particles per cell for small particle sizes, with the
added advantage of measuring large populations of cells in
a high-throughput manner.

Next, we used this approach to directly compare the associ-
ation kinetics of nanoparticles of various sizes. Several works
have reported a maximum in uptake by cells for a particle
diameter around 50 nm;'7-?****! however, many of these reports
did not explicitly assess uptake on a particle number
basis,***>** making this an interesting question to test with
our approach. Thus, particle dispersions containing the same
nominal particle concentration (in terms of number of parti-
cles) of either 200, 100, or 40 nm particles were used. Up to now
we worked with nominal concentrations (estimated based on
the mass concentration and size given by the manufacturer) as
the exact number was inconsequential; when comparing
different particle sizes, it is, however, imperative to have control
over the concentration. We consequently assessed the actual
particle concentrations with fluorescence microscopy and
applied a correction factor to the association kinetics data (see
‘Materials and Methods’ section for details). We note that, in
addition to small differences from the nominal concentrations
for different sizes or batches of the stock nanoparticles, the
stock concentrations also changed over timespans of months,
likely due to solvent evaporation upon repeated usage. Thus, it
is important to measure the actual particle concentrations at
a similar moment as when the exposure experiments are per-
formed, as was done here.

To follow the association kinetics, cells were exposed to
particle dispersions for times spanning 0-5 h, as these shorter
times allow decoupling association kinetics from other
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Fig. 2 Association of 100 nm nanoparticles to cells measured using flow cytometry and fluorescence microscopy. The 100 nm particles were
exposed to cells for 2 h at a nominal concentration of 1.14 x 10° particles per mL (6.26 ng mL™) and subsequently measured by both fluo-
rescence microscopy and flow cytometry. (a and b) Phase gradient contrast and fluorescence microscopy images of cells (grey) exposed to
100 nm particles (green) for 2 h. (a) Maximum intensity z projection image of the nanoparticles within the cellular volumes overlaid with a phase
gradient contrast image of the cells. The white box indicates the single cell that is shown in detail in panel b. Scale bar is 50 um. (b) Phase gradient
contrast and fluorescence image of a single z section of the cell indicated in panel a. Right shows the view in the y—z plane whereas bottom
shows the view in the x—z plane along the yellow lines of the main panel. Multiple fluorescent objects can be seen within the cell volume. Scale
bars are 10 um. (c) Histograms of the intensities of particles on glass (cyan bars) and objects identified within cells (grey bars) from images such as
those shown in panels a and b. Particles on glass were assumed to be singular, based on the fact that the particles are well-dispersed (ESI Table S1
and Fig. S11) and thus their average intensity was used as the intensity of a single particle. Fluorescent objects within cells were then classified as
containing 1, 2, 3 etc. particles dependent on the total intensity of the object. (d) After this correction, the average number of particles per cell was
20 + 2. For the flow cytometry, the average fluorescence intensity of ~15000 cells was measured (see ESI Fig. S6F for the corresponding
distribution) and converted to the average number of particles associated per cell using the procedure outlined above. Three independent
experiments were performed, each with 3 replicates per data point. Symbols (error bars) are the mean (standard deviation) across the averaged
values for each independent experiment. The average number of particles associated with a cell after 2 h was 21 + 4.
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processes, such as the cell division cycle.*® It is important to
note that the number of particles was always in excess, so that,
to a very good approximation, the extracellular particle
concentration remained constant throughout the experiment
(ESI discussion section ‘Estimate of extracellular particle
numbers’). The experiment was performed in triplicate, while
some 30 000 cells were measured for each time. Thus the inter-
experiment variability could be assessed whilst also yielding
a very good quantification of the mean uptake. To keep these
two sources of variability distinct, we present independent
experiments separately (Fig. 3 and ESI S7,} respectively).

Fig. 3 shows the association kinetics as a function of time for
the different particle sizes. We observe a similar qualitative
trend regardless of particle size, where for short times there is
limited particle association with cells, which later starts
increasing more rapidly at timescales of a few hours. Interest-
ingly, while we do observe quantitative differences between the
different particle sizes, the effect is relatively small. Addition-
ally, the large variability between independent experiments and
the error in the estimate of the fluorescence intensity of a single
40 nm particle make drawing conclusions on the effect of
particle size difficult. Nevertheless, our data clearly does not

300

1 —4—200 nm
—4—100 nm
1 —4—40nm

Average number of associated particles per cell

Time (h)

Fig. 3 Association kinetics of 200, 100 and 40 nm nanoparticles.
Association kinetics of particles exposed to cells for various timespans
for the 200 nm particles, 100 nm particles and 40 nm particles at
a nominal concentration of 1.14 x 10'° particles per mL (50, 6.26, and
0.40 pg mL™?, respectively) for all particle sizes. The average fluores-
cence intensity of ~30 000 cells was measured by flow cytometry and
converted to the average number of particles associated with cells
using the procedure outlined above. A correction was applied due to
the discrepancies between the nominal concentrations and the actual
measured particle concentrations (see Materials and Methods for
details). Mean values are the average over cells from one independent
experiment and the error is given by the standard error of the mean.
The pink shading shows the mean values calculated using the lower
and upper estimates of the fluorescence intensity of a single 40 nm
particle (ESI Fig. S5;1 for details see the ‘Materials and Methods’
section). The grey shading shows the standard error of the mean when
using the upper and lower estimates. The data from two other inde-
pendent experiments are shown in ESI Fig. S7.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reflect previous literature which indicates that particle uptake
would be maximal for the 40 nm particles, whilst the larger
particles would have reduced uptake.'”2%*>3%% Partly, this
discrepancy may stem from differing approaches to matching
the concentrations of the applied dispersion, as some previous
studies have used the same mass concentrations for each
particle size.****' Nevertheless, other studies have, as done
here, matched the particle number concentrations."”**

Lastly, we investigated the association kinetics of the 100 nm
particles in further detail. By using data converted to actual
numbers of particles, we are able to directly compare experi-
mental results with proposed kinetic models and, additionally,
evaluate kinetic rate constants, something that is often over-
looked. Kinetic models based (essentially) on the Langmuir
adsorption model have previously been used to describe the
uptake of nanoparticles by cells,'******%* a5 discussed in detail
in a recent review.'® In one such model one writes the time, ¢,
derivative of the number of particles adsorbed to the
membrane, Ny,, and the number of internalized particles, N, as

% = kaC(Nmax - Nm) - dem - kle (1)
dn;

L= Ny, 2

T (2)

where C is the extracellular particle concentration; k,, k4, and k;,
are the adsorption, desorption and internalization rate
constants, respectively; and Ny is the maximum number of
particles that can be adsorbed onto the cell membrane. The
solution'® to eqn (1) and (2) is then

_ ka CNmax

kea CNpax
(Nm + N (1) = 3 ki—————

(1 — 84“) + K B (6‘4” -1 +kl)

(3)

where k = k,C + kq + k;.

To separately address all three kinetic parameters used in
the model, i.e., the adsorption, k,, desorption, k4, and inter-
nalization, k;, rate constants, it is necessary to perform experi-
ments in which adsorbed and internalized particles can be
discriminated from one another.*® Therefore, we simulta-
neously performed experiments at 4 °C and 37 °C.****?% At 4 °C,
internalization of these particles does not occur and hence only
the adsorbed fraction is measured.*****° To describe this we use
an adapted form of eqn (3) which only describes adsorption*®

_ ka CNimax

N (1) % (1—e™) (4)

where now k, = k,C + kq.

Fig. 4a shows the adsorption data obtained when exposing
cells to 100 nm nanoparticles at 4 °C (see ESI Fig. S8a and b¥ for
repeat experiments). For all concentrations, the number of
particles bound to the cell membrane rapidly increases in the
first 15 min and begins to saturate at around 3 h of exposure.
We fitted eqn (4) to the data obtained at 4 °C for the various
particle concentrations and found that the model fits the data
well (Fig. 4a and ESI S8a and b,} dotted lines). Fitting to each
repeat experiment separately gives independent values for k,,
which allows us to estimate the associated error. Fig. 4b shows

Nanoscale Adv., 2025, 7, 185-195 | 189
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Fig.4 Adsorption and association kinetics of 100 nm nanoparticles at different concentrations. (a and c) Association kinetics of 100 nm particles
exposed to cells for various timespans. The average fluorescence intensity of ~15 000 cells was measured by flow cytometry and converted to
average number of particles associated with cells using the procedure outlined above. Three particle concentrations were investigated: 0.52 x
10™, 1.03 x 10", and 2.06 x 10™ particles per mL (or 28.6, 56.6, and 113.2 ng mL™%). The concentration values are corrected from the nominal
concentrations based on the number of particles measured in a known volume using fluorescence microscopy (see ‘Materials and Methods’ for
details; the corresponding nominal concentrations are 0.455 x 10, 0.909 x 10™, and 1.82 x 10™ particles per mL or 25, 50, and 100 ug mL™3).
The data shown in panel a and c are the mean values from one independent experiment and the error is given by the standard error of the sample.
Data and fits of the other two experiments are shown in ESI Fig. S8.1 (a) Adsorption kinetics of particles exposed to cells at 4 °C when only
adsorption and desorption processes are present. Egn (4) was fitted (dotted lines) to the experimental data (symbols) to good agreement. (b) kg
values obtained from separate fits to individual curves such as those shown in panel a, plotted as a function of the particle concentration. The
datapoints (error) are the mean (standard deviation) of the fitted ko values over independent experiments. Since we expect kg = k,C + kg,
a straight line was fitted to the data (dotted line) to yield the k, and kq values. (c) Total association kinetics (adsorbed and internalized particles) of
the 100 nm particles exposed to cells at 37 °C, for which adsorption, desorption and internalization all occur. Eqn (3) (in rewritten form) was fitted
across the various particle concentrations with k; as a global (shared) parameter (see ‘Materials and Methods’ section for details). The fits (dotted

lines) describe the experimental data (symbols) well.

ko as a function of concentration, from which a subsequent
linear fit enables us to find the adsorption rate constant, k.,
from the slope and the desorption rate constant, k4, from the
intercept (since k, = k,C + kq). We thus found k, = 1.35 & 0.04 X
107?"s7'm’ (or 8.1 £ 0.3 x 10°M ' s ") and kg = 1.19 £ 0.05 x
10~*s~* (error given by standard error of the fit). The k, value we
find is approximately twice as large as previously reported for
100 nm carboxylated polystyrene particles by Doiron et al.*
However, given expected differences stemming from the usage
of different cell lines, we conclude that our k, value is in
accordance with the previous report® as they are within the
same order of magnitude. Doiron et al. found a negative k4 value
for 100 nm particles, which is unphysical, nevertheless they and
others have found values of 1.7 x 10 *s " and 0.44 x 10 *s"
for other nanoparticle types.>®** Thus our kq4 value is likewise in
good agreement with previous literature.

Next, we exposed cells to the same particle dispersions but at
37 °C (Fig. 4c and ESI S8c and df). The number of cellular
nanoparticles initially increases substantially within the first
15 min of exposure time, as was also the case at 4 °C. This arises
from the dominance of the adsorption kinetics over slower
internalization processes within the first minutes of particle
exposure.** At longer timescales, adsorption and internalization
reach a steady state resulting in the observed slower linear
increase in (N, + N;)(¢).** We fitted eqn (3) (in rewritten form;
see the ‘Materials and Methods’ section for details) across the
various particle concentrations, with the demand that %; be the
same. Again, we found good agreement between the model and
the data (Fig. 4c and ESI S8c and d, dotted line), yielding k; = 5
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+ 2 x 107* s~ (error given by standard deviation across
repeats). Previous studies report various k; values.>****” Some
are of the same order of magnitude for various types of nano-
particles,**” though Doiron et al. found a three orders of
magnitude smaller value for 100 nm carboxylated polystyrene
particles.*

Aside from assessing the kinetic rate constants, we can also
use the data to assess cell-to-cell variability in nanoparticle
uptake, now not in terms of fluorescence,**” but in terms of
numbers (ESI Fig. S91). We observe that, even after 3 h of
uptake, there are still cells that have not taken up any nano-
particles, while the cells that take up the most have taken up
some 500-1000 particles (depending upon concentration). This
highlights the large cell-to-cell variability in nanoparticle
uptake, a topic of some interest**”*® that has yet to be fully
understood.*>*” It likely also explains why we do not observe
more than a handful of peaks in the fluorescence distributions
(¢f Fig. 1); the large cell-to-cell variability leads to very few cells
in the higher order peaks, making them difficult to identify.

Conclusions

Extending upon previous work,*** here we have shown that
flow cytometry can be used to measure the actual numbers of
particles associated with cells for nanoparticles in the size
regime of interest for nanomedicine. While we here used HEK
cells, there should not be any major issue in using the same
methodology for other cell types (see our previous work on HeLa
cells,” for example). We show that our method is feasible for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particles as small as 100 nm, with the possibility to extend to
smaller particles, such as the 40 nm nanoparticles used here, by
separate calibration. It should be noted that fundamentally it is
not particle size itself that matters, but that the nanoparticles
have a sufficiently strong fluorescence signal to be distinguished
from the background fluorescence of the cell. Furthermore, the
homogeneity of the labelling is also important, as a very hetero-
geneous labelling would cause successive peaks to overlap when
measured using flow cytometry. Many different types of particles
may be fluorescently labelled, including liposomes and lipid
nanoparticles, the particles currently of most interest in nano-
medicine. Nevertheless, the fluorescence may be weaker than the
particles used here, for example, because the particle is a labelled
version of a nanomedicine and extensive labelling may disturb
the structure of the particle.

Nevertheless, we envisage that this limitation can be
substantially mitigated in future work. First, it may be possible to
further improve upon the signal-to-noise ratio between cell
background and single nanoparticle fluorescence by using a flow
cytometer with higher dynamic range or, in general, with
improved abilities as flow cytometry continues to develop. Second,
and more immediately, the particles we used here and the results
we present could be used as ‘calibration’ in the following sense:
a particle may have a weaker fluorescence compared to the
particles used here, but there are several techniques that could
measure its fluorescence relative to (one of) the particles used
here. This could, for example, be done by suspending an equal
number of particles and measuring bulk fluorescence, or it could
be done on a single-particle basis using fluorescence microscopy,
in either case paying attention to the excitation and emission
wavelengths used so that they match the flow cytometry. Once the
fluorescence of a particle of interest is known relative to our
particles, then knowing the uptake of one of the particles we used
both in terms of numbers and in terms of fluorescence, will allow
flow cytometry measurements of the particle of interest to be
converted from fluorescence to numbers.

Indeed, the idea of recalibrating flow cytometry measure-
ments to numbers has already been successfully demonstrated
in the literature for silver nanoparticles.*® For silver particles, or
nanoparticles containing metals in general, inductively coupled
plasma mass spectrometry provides a useful means of quanti-
fying particle numbers. Conversely, their side scattering can be
used in flow cytometry. By using both sets of measurements,
flow cytometry measurements can thereby be converted to
numbers. It may even be possible to use flow cytometry alone to
measure particle numbers by side scattering, assuming the
particle scatters strongly enough that it can be distinguished
from the scattering of the cell, in a manner analogous to what
we have demonstrated here for fluorescence. In any case, the
approach developed here is complementary, extending the
range of nanoparticles where cell uptake can be quantified in
terms of numbers, from nanoparticles containing metals, to
nanoparticles that can be fluorescently labelled.

Utilizing this methodology, we reported the association
kinetics of spherical carboxylated polystyrene nanoparticles
ranging in size from 40 to 200 nm in terms of actual numbers of
associated particles. While previous literature has shown that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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there is an uptake maximum for ~50 nm particles with smaller
and larger particles being taken up less,"”*****¢ we could not
corroborate this finding. It would be interesting to extend upon
the work presented here to particles smaller than 40 nm, for
which a lower number of cell-associated particles is anticipated
if the idea of an uptake maximum at ~50 nm is true.'”****>%¢
However, for the current setup, that would require further
extrapolation of the fluorescence signal for the next smallest
particle supplied by the manufacturer (20 nm) which would
have a large degree of error.

Lastly, we applied a kinetic model'®** to estimate the
adsorption, desorption and internalization rate constants for the
100 nm spherical carboxylated polystyrene particles. The model
fits the data very well and allowed us to evaluate all three rate
constants from the data. In general, we find values that are within
the same order of magnitude as reported in previous works for
a variety of nanoparticle and cell systems.*******” However, the
found internalization rate constant was larger than the desorp-
tion rate constant, which may appear implausible given that
desorption processes are expected to occur frequently whereas
internalization is rarer.*>* It should be noted that the adsorption
and desorption kinetics were assessed at 4 °C and that the rate
constants may depend upon temperature. To avoid this issue,
alternative methods to halt particle internalization could be used
in the future, for example cell treatment with sodium azide,**>*
though that is also not without compromises. However, the far
larger effect is most likely the fact that there is a finite time
between particle exposure and flow cytometry measurement,
which allows the shorter-adsorbed particles to desorb. This effect
must be taken into account when interpreting the desorption
(and possibly the internalization) rate constants.

Overall, quantification of the number of cell-associated
particles allowed for facile and direct comparison of various
particles and validation of the proposed kinetic model.**** We
foresee further usage of this high-throughput approach to
investigate effects on uptake kinetics taking into account other
particle properties, such as particle shape or functionalization
strategies. Moreover, quantitative approaches can be used to
further explore and validate kinetic models with a goal towards
better understanding the mechanisms governing particle-cell
interactions.'®>*2¢%”

Experimental
Cell culture

Human embryonic kidney (HEK) cells (American type culture
collection, no. CRL-1573, lot no. 63966486) were used
throughout. Cultures were maintained at 37 °C under a 5% CO,
and humidified atmosphere in complete medium, consisting of
Dulbecco’'s minimal essential medium (Gibco) supplemented
with 10% foetal bovine serum (Gibco). Cells used in the exper-
iments were from cultures that tested negative for mycoplasma.

Nanoparticles

40, 100, 200, and 500 nm fluorescent yellow-green (505/515 nm
excitation/emission) carboxylated polystyrene nanoparticles
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were purchased from Invitrogen. Particle dispersions were
prepared by adding nanoparticles to complete medium and
incubating at 37 °C for at least 1 h prior to experiments. To
identify single particles in cells, a nominal particle concentra-
tion of 7.5 pg mL™" for the 100 and 200 nm particles, and
a nominal concentration of 40 ug mL ™" for the 500 nm particles
were used. For the size-dependent kinetics experiments,
dispersions with the same nominal particle number concen-
tration were prepared for all particle sizes. Firstly, the same
volume of particle stock concentration (12.5 pL) was added to
complete medium (4.988 mL) to achieve dispersions of 125, 50
and 50 pug mL " for the 40, 100, and 200 nm particles, respec-
tively. Each bulk dispersion was then diluted to achieve a final
nominal concentration of 1.14 x 10'® particles per mL for all
particle sizes. Estimation of the particle concentrations was
based on the nominal particle size and mass concentration
given by the manufacturer. For measurement of kinetic rate
constants, a bulk dispersion of 100 pg mL™" of the 100 nm
particles was prepared, divided into separate tubes and diluted
to achieve nominal concentrations of 100, 50, and 25 pg mL "
(1.82 x 10", 0.909 x 10", and 0.455 x 10'! particles per mL,
respectively). Dispersions applied to cells for the 4 °C condition
were first incubated at 37 °C to allow corona formation, and
then cooled to 4 °C 30 min prior to and during cell exposure.

Nanoparticle dispersion characterization

Characterization of particle size, state of agglomeration and
charge in complete medium was performed using a Malvern
ZetaSizer Nano ZS (Malvern Instruments) and ZetaSizer Soft-
ware version 7.13 (Malvern Instruments). The complete
medium dispersions were prepared at a nominal concentration
of 100 pg mL™~* as described above and compared to particles
dispersed in phosphate buffered saline (PBS, Gibco) at the same
concentration. Three repeat measurements were performed
with minimally 10 runs each. The values stated are the mean
and standard deviation across repeats.

(Nominal) particle concentrations can be estimated based on
the particle mass concentration supplied by the manufacturer.
However, for a more precise estimate, the actual particle
concentrations were measured using fluorescence micros-
copy.*® Particles were dispersed in 100% glycerol (ThermoFisher
Scientific) and diluted as per the procedure described above,
followed by a final 10x dilution. The nominal final concentra-
tions were then 1.14 x 10° particles per mL for the 40, 100, and
200 nm particles, respectively. Particle dispersions were imaged
using a Celldiscoverer 7 microscope (Zeiss) with a 50x plan-
apochromatic water immersion objective and a 470 nm LED
in wide field modality. Optical z-sectioning was performed and
the number of particles in each volume was counted using the
Image]/Fiji*** plugin TrackMate.** This was compared to lower-
throughput but higher precision confocal measurements
(Celldiscover 7 with the Airyscan detector, 488 nm laser) which
yielded similar outcomes for the particle concentration.
Between 4500-13 500 particles were counted from wide field
volumes for each particle size. The measured concentrations
were 0.56 & 0.04 x 10°,1.01 #+ 0.03 x 10° and 1.37 £ 0.03 x 10°
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particles per mL for the 40, 100, and 200 nm particles,
respectively.

To show that these concentrations correspond to single
particles, rather than particle agglomerates that we do not
resolve in microscopy, we assessed the state of particle
agglomeration in glycerol from widefield fluorescence time-
lapse. The particles were imaged using a Ti, microscope (Nikon)
with a 60x plan-apochromatic oil immersion objective and
a 470 nm LED. Subsequently the fluorescent objects were
tracked using the Image]/Fiji*"** plugin TrackMate,** and their
time and ensemble-averaged mean square displacement was
evaluated (ESI Fig. S10t). The mean square displacement was
fitted with a straight line in the interval from 0.001 to 5 s to
obtain the object diffusion coefficients. The object size was
subsequently determined from the diffusion coefficients using
the Stokes-Einstein equation and the viscosity of 100% glycerol
at 25 °C.*

Flow cytometry

Cells were exposed to the nanoparticle dispersions by removal
of the cell medium, addition of the particle-containing
medium, and subsequently maintaining the cells at 37 °C
under a 5% CO, and humidified atmosphere. All experiments
included reference control samples, ie., cells to which no
particle dispersion was added. For experiments performed at 4 °©
C, cells were maintained at 4 °C for 30 min prior to particle
exposure and throughout exposure. Cells were then washed and
returned to 37 °C with 5% CO, and humidified atmosphere for
3 h to allow cellular entry of the adsorbed particles. This
procedure has been previously described to obtain more
consistent results.*® To prepare cells for flow cytometry
measurements, the cells were washed three times, trypsinized,
and centrifuged, after which the cell pellet was resuspended in
PBS. The samples were kept on ice until the flow cytometry
measurement. A NovoCyte Quanteon flow cytometer was used
to measure the side and forward scattering signal for each cell,
as well as the nanoparticle fluorescence signal (488/530 nm
excitation/emission, ‘FITC’) and an empty channel (405/445 nm
excitation/emission, ‘Pacific Blue’).

Flow cytometry analysis

Debris and doublet cells were gated out of the cell population
using the side area, forward area and forward height scattering
signals with Kaluza Analysis software (version 2.1). To deter-
mine the fluorescence intensity of single 200 nm and 500 nm
particles, the distributions of recorded nanoparticle (FITC)
signals were fitted in MATLAB version R2018a. The lowest
intensity peaks, corresponding to cells with no particles, were
fitted using a lognormal distribution whereas successive peaks
were each fitted with a Gaussian distribution (ESI Fig. S2 and
S3t). Fitting was performed whilst maintaining the same
separation between successive peaks, ie., the fluorescence
intensity of a single particle was constant regardless of the
number of particles within a cell. Fitting was performed globally
across all samples, ranging from 0 to 60 min particle exposure,
within one independent experiment. The reported fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signal for single particles and error was calculated as the
average and standard deviation of the fitted peak separation
distances from three independent experiments.

For the 100 nm particles, gating was manually performed on
the density plots of the nanoparticle signal (FITC) vs. an empty
signal (Pacific Blue) in order to separate the population of cells
with no particles and cells with one particle (Fig. 1c and f). The
fluorescence intensity of a single 100 nm particle was calculated
as the difference in the average nanoparticle (FITC) signal of the
two gated populations. Reported values are means and standard
deviations of three independent experiments.

The fluorescence intensity of a single 40 nm particle was
found by comparison of the number of fluorescein equivalents
per particle size determined by the manufacturer* and the
intensity values we obtained from our measurements of the 100,
200, and 500 nm particles. MATLAB was used to perform
a linear regression of the logarithm of the company values to the
logarithm of our measured values (ESI Fig. S51). The obtained
scaling factor was then used to convert the number of fluores-
cein equivalents reported by the manufacturer into the expected
intensity of a 40 nm particle in our experimental setup. An
upper and lower bound for the intensity of a 40 nm particle was
calculated from the standard error of the fit.

The background shift observed upon particle exposure was
determined by measuring the fluorescence intensity of cells not
exposed and exposed to particles at 4 °C for various timespans
(15-60 min). The background shift was calculated as the differ-
ence between the average fluorescence signal upon particle expo-
sure at 4 °C (across all timespans) and control cells (ESI Table S47).

To convert fluorescence signals to numbers of associated
particles, the difference between the average signal of a sample
and its corresponding control was calculated. Then the back-
ground shift, determined as described in the previous paragraph,
was subtracted and the resultant value was divided by the
previously determined intensity of a single particle of that size.

Finally, we corrected the discrepancy between the nominal
particle concentrations and the measured particle concentra-
tions for the kinetic experiments shown in Fig. 3, 4 and ESI S7
and S8.1 For the size-dependent kinetics experiments (Fig. 3
and ESI S7t), the number of cell-associated particles was
multiplied by the ratio of the nominal and measured particle
concentrations. That is, the results are reported as if the cells
had been exposed to dispersions of the nominal concentration
for all particle sizes (assuming uptake is proportional). This
allows direct comparison between the various particle sizes. In
contrast, for the measurement of kinetic rate constants (Fig. 4
and ESI S87), the measured concentrations were used instead of
the nominal concentration values, i.e., 1.82 x 10, 0.909 x
10", and 0.455 x 10" particles per mL.

Fluorescence microscopy and analysis

Cells were seeded onto 35 mm Petri dishes with a 1.5 glass
bottom microwell (MatTek corp.) two days prior to experiments.
Cells were then exposed to 100 nm nanoparticle dispersion with
a nominal concentration of 1.14 x 10'° particles per mL (6.26
ug mL ™) for 2 h. Subsequently, cells were washed with PBS to
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remove particles in dispersion and then the cells were fixed with
4% paraformaldehyde (VWR). Cells were imaged using a Cell-
discoverer 7 microscope (Zeiss) with a 50x plan-apochromatic
water immersion objective. Phase gradient contrast imaging
was used to identify the cellular boundaries and the nano-
particles were imaged using the 470 nm LED. Optical z sections
were taken 0.5 um apart throughout the entire cellular volumes.
Cells were then manually segmented in Image]/Fiji**> based on
the phase gradient contrast images. The number of fluorescent
objects within each cell volume was subsequently manually
counted. The total intensity of each fluorescent object was
determined and compared to the distribution of intensities of
single 100 nm particles on glass (Fig. 2c). A correction for
multiparticle objects was applied and the average number of
nanoparticles per cell was calculated for 37 cells (see ESIt
discussion section ‘Fluorescence imaging’ for details). Reported
values are the mean and standard error of the mean.

Kinetic model fitting

Model fitting was performed in MATLAB version R2018a. Fits
were separately performed on the data from three independent
experiments using the inverse of the standard errors as weights.
All fits to the data had R* values higher than 0.95.

For the 4 °C experiments, eqn (4) was fitted to the data for
each particle concentration, substituting k,CNmax with the
parameter A and subsequently using A and k, as fitting
parameters. The reported k, values in Fig. 4b are the average
over the three independent experiments for each particle
concentration and the error is given by the standard deviation
across independent experiments. A straight line was then fitted
to the averaged k, values as a function of particle concentration
using the inverse standard error as weights. The k, and kq values
were determined from this fit and the reported errors are given
by the standard error of the fit.

For the corresponding 37 °C experiments, the equation

y:A((%fl)e*’+kil>fA<%fl) (5)

was fitted. Eqn (5) is a rewritten form of eqn (3) where A has
been substituted for k,CN./k. For the fit, A and k were allowed
to be different (local fitting parameters) for each particle
concentration, whereas k; was enforced to be the same (global
fitting parameter) across the data for different concentrations.
Each independent experiment was separately fitted and the re-
ported k; value and error are the mean and standard deviation
across the three independent experiments.
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All relevant data are within the manuscript and its ESL{
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