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Time- and Space-Resolved Flow-Cytometry of
Cell Organelles to Quantify Nanoparticle Uptake

and Intracellular Trafficking by Cells

Hector Garcia Romeu, Sarah Deville, and Anna Salvati*

The design of targeted nanomedicines requires intracellular space- and
time-resolved data of nanoparticle distribution following uptake. Current
methods to study intracellular trafficking, such as dynamic colocalization by
fluorescence microscopy in live cells, are usually low throughput and require
extensive analysis of large datasets to quantify colocalization in several indi-
vidual cells. Here a method based on flow cytometry to easily detect and char-
acterize the organelles in which nanoparticles are internalized and trafficked
over time is proposed. Conventional cell fractionation methods are combined
with immunostaining and high-sensitivity organelle flow cytometry to get
space-resolved data of nanoparticle intracellular distribution. By extracting
the organelles at different times, time-resolved data of nanoparticle intracel-
lular trafficking are obtained. The method is validated by determining how
nanoparticle size affects the kinetics of arrival to the lysosomes. The results
demonstrate that this method allows high-throughput analysis of nanopar-
ticle uptake and intracellular trafficking by cells, therefore it can be used to

cellular mechanisms to enter and dis-
tribute into cells and organisms.'*l In
order to improve nanomedicine targeting
and efficacy, precise control of nanopar-
ticle behavior and fate at cellular level is
required. To this aim, detailed data of nan-
oparticle uptake, intracellular trafficking
and intracellular distribution kinetics are
required in order to determine how nano-
particle properties and design can be engi-
neered in order to control nanoparticle
outcomes at the cell level. The current
approaches to study the internalization
and trafficking of nanoparticles typically
are based on dynamic colocalization in
cell organelles by live-cell confocal fluo-
rescence microscopy.*’! Due to the limits
of resolution in light microscopy, a spa-

determine how nanopatrticle design affects their intracellular behavior.

1. Introduction

Nano-sized materials are used for improving the delivery of
drugs to their target, thanks to their unique ability to exploit
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tial overlap in fluorescence imaging does
not necessarily indicate colocalization. As
a result, precise colocalization in cells by
live-imaging requires particle tracking®!
and correlated movement of object trajectories in 3 dimen-
sions, as well as specific algorithms to determine and quantify
colocalization.”! In addition, it is necessary to account for cell
variability by analyzing dozens of cells multiple times. Thus,
although such imaging-based methods offer several advantages,
such as high spatial resolution and the possibility to study het-
erogeneity across individual cells, they do require extensive data
and statistical analysis to determine nanoparticle trafficking in
specific cell organelles over time.

As an improvement to standard light microscopy, many novel
super-resolution microscopy methods have been developed,
such as super-resolution structured illumination microscopy,®
photoactivation localization microscopy,”!”¥ and stimulated
emission depletion microscopy.'"'?l However, these methods
produce extensive amounts of data per cell as well, resulting-
again-in relatively complex and often low-throughput analyses.
Thus, alternative colocalization methods are required to expe-
dite the quantification of nanoparticle intracellular distribution
over time and to screen multiple material designs with ease.

Flow cytometry is a high-throughput method commonly
available in most laboratories and routinely used to analyze
large populations of cells on an individual cell basis. One main
drawback in comparison to image-based methods is that flow
cytometry lacks spatial (intracellular) resolution. However,
thanks to the latest technological developments, nowadays flow
cytometry can detect particles as small as 100-200 nanometers,

© 2021 The Authors. Small published by Wiley-VCH GmbH
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including cell organelles.!® This has allowed the introduction
of single organelle flow analysis (sometimes referred to as
“SOFA"), which has been used to study different organelles such
as endosomes,™ lysosomes, " mitochondria,/'®! and autophagic
vacuoles.”] Similarly, in recent years, high-sensitivity flow
cytometry has become one of the main methods to characterize
extracellular vesicles, and has also been applied to the charac-
terization of viruses and nanoparticles.[318-23]

Within this context, here we show how high-sensitivity orga-
nelle flow cytometry can be applied to generate space- and
time-resolved data of nanoparticle intracellular distribution
and obtain in this way nanoparticle intracellular distribu-
tion kinetics. By taking advantage of the relatively large size
of fluorescently labeled nanoparticles in comparison to—for
instance—labeled proteins, the organelles containing nanopar-
ticles can be easily detected and analyzed by flow cytometry.
Thus, cells are exposed to fluorescently labeled nanoparticles,
then the organelles are extracted by conventional fractionation
methods and characterized by high-sensitivity flow cytometry.
This allows to analyze the organelles recovered from several
thousands of cells per sample and characterize those containing
nanoparticles in high-throughput. By immunostaining the orga-
nelles, information on nanoparticle colocalization into specific
organelles can be obtained, and by extracting the organelles at
different times after nanoparticle uptake, the kinetics of intra-
cellular trafficking can be readily determined. In this way, orga-
nelle flow cytometry allows to obtain space- and time-resolved
data to map nanoparticle uptake and intracellular trafficking.
Determining nanoparticle intracellular distribution and kinetics
can help to tune their design for specific applications, overall
contributing to the development of targeted nanomedicines.

2. Results

Human cancer epithelial Hela cells and yellow-green fluores-
cently labeled carboxylated polystyrene (PS-COOH) nanoparti-
cles of 40, 100, and 200 nm were selected as common cell and
nanoparticle models for which extensive information is already
available.?*26] Nevertheless, any other cell type could be used,
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as also other fluorescently-labeled nanoparticles, provided their
signal is strong enough to allow detection in the isolated orga-
nelles. Nanoparticle characterization by dynamic light scat-
tering (DLS) and zeta potential measurements confirmed that
for all nanoparticle sizes homogenous dispersions could be
obtained, both in phosphate buffered saline (PBS) and in the
cell culture medium with serum used for cell studies (Table 1
and Figure S1, Supporting Information, for the corresponding
size distributions). For the dispersions in cell culture medium
with serum, the average diameter increased as commonly
observed upon absorption of proteins on the nanoparticles and
corona formation. As a first step, we optimized the flow cytom-
etry settings for the detection of nano-sized objects, and the
organelle extraction method to preserve organelle integrity.

2.1. Setting up the Flow Cytometer to Measure
Nano-Sized Objects

When using conventional flow cytometers, measuring nano-
sized objects can be challenging depending on the limits of
detection of the instrument. However, some flow cytometers
offer setups with higher sensitivity for the detection of objects in
the nanoscale. In some instruments, this is achieved by using a
violet laser (405 nm) to detect side scattering, as opposed to the
standard 488 nm laser (using light at lower wavelength improves
resolution””)). In all cases, optimization of the measurement
settings is required to set up flow cytometry in high sensitivity
mode. To this aim, we adapted the protocol from Spittler et al.28!
In brief, the side scattering (SSC) from a violet laser (405 nm,
VSSC) is used to set the minimum threshold required for the
events to be detected, and polystyrene green fluorescent calibra-
tion nano-beads are measured to fix the voltage gains. Figure S2A,
Supporting Information, shows that in this way the seven popu-
lations of the calibration beads (100, 160, 200, 240, 300, 500, and
900 nm) are well separated in a dot plot (VSSC versus green flu-
orescence intensity (fluorescein isothiocyanate channel (FITC)).
We also tested the SSC from the blue laser (488 nm, BSSC)
and the forward scattering (FSC). In the BSSC channel the
smallest population (100 nm) could not be detected (Figure S2B,

Table 1. Nanoparticle physico-chemical characterization by DLS and zeta potential measurements. Yellow-green fluorescent PS-COOH nanoparticles
are dispersed in PBS or MEM cell culture medium supplemented with 10% FBS (cMEM) at a concentration of 100 ptg mL™". The dispersions in cMEM
are incubated for 1 h shaking at 37 °C prior to measurement. For each sample, a total of three replicate measurements of five runs each are made. The
table shows the average and standard deviation of the values obtained from the three replicate measurements. The data confirmed that for all nano-
particles homogenous dispersions are obtained both in PBS and in the cell medium with serum used for experiments with cells. A slight increase in
size is observed in the presence of serum. Finally, the zeta potential is negative for all the samples, as expected due to the presence of carboxylated
groups on the nanoparticle surface. In the presence of serum, the zeta potential decreases towards neutrality, as expected upon formation of a pro-

tein corona on the nanoparticles.

Size Medium Diameter [Z-average, nm]?) PDI?) Diameter [nm]®) Zeta potential [mV]

40 nm PBS 57+0 0.18 £0.00 62+1 -30%1
cMEM9 - - 107 £1 -8+0

100 nm PBS n2+0 0.02 £0.02 121£2 -37+0
cMEM?) - - 161+1 -7%0

200 nm PBS 186 +1 0.02 £0.01 207 £1 -36+0
cMEM?) - - 251+6 740

2Z-average diameter and polydispersity index (PDI) obtained by cumulant analysis of DLS data; ) Diameter obtained by CONTIN analysis from the size distributions shown
in Figure S1, Supporting Information; 9For the samples in cMEM, the size distributions obtained by CONTIN analysis are shown in Figure S1, Supporting Information.
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Supporting Information). Similarly, in the FSC channel only the
biggest populations could be distinguished (500 and 900 nm)
(Figure S2D, Supporting Information). Given that the VSSC
allows to detect objects as small as 100 nm (note that this also
depends on the material, since the side scattering increases with
both the size and the refractive index of the material), the detec-
tion threshold was applied on the VSSC channel.

Flow cytometers can also be triggered in a specific fluores-
cence channel as we show in Figure S2C, Supporting Infor-
mation, for the FITC-channel. This could be necessary, for
instance, for fluorescent nano-sized objects with VSSC below
the threshold. However, if this configuration is used, only fluo-
rescent objects are detected and all other objects are missed.
Therefore, this configuration could be used as an inclusive
logical operator (OR) in conjunction with the VSSC threshold.
This means that an event is detected as long as it has enough
scattering or fluorescence to surpass either one of the two
thresholds (VSSC or FITC threshold). Finally, we tested the
calibration beads in a flow cytometer that did not offer any high
sensitivity set up for comparison. In this case, only the largest
nano-beads (300, 500, and 900 nm) were detected as distinct
populations (Figure S2E, Supporting Information).

Other important settings that need to be optimized in high-
sensitivity flow cytometry are those to avoid the so-called “swarm
detection”. A swarm can be generated when more than one
object is detected as a single event by the flow cytometer, causing
false positives and underestimation of event counts.?”! This
is not a common issue when using a standard configuration.
However, it can occur when pushing flow cytometry to measure
objects at the detection limit. The best way to avoid swarm detec-
tion is to measure the same sample at different dilutions, and set
the dilution and flow rate at a range where the number of events
measured is proportional to the dilution.?!! The best working
range in our system was between 1500 and 4000 events per
second (eps) (Figure S3A, Supporting Information). Measure-
ments faster than 4000 eps would cause high swarm detection
and underestimation of our sample (Figure S3B, Supporting
Information). On the other hand, measurements slower than
1000 eps would include a high contribution of background
events (>10%) (Figure S3C, Supporting Information).

2.2. Detection of Organelles Containing Nanoparticles
by Flow Cytometry

The workflow in Figure 1 displays the procedure followed to
extract organelles from Hela cells. In brief, a basic fractionation

1. NP uptake by the cells

2. Cell lysis

www.small-journal.com

is performed to remove bigger objects (such as nuclei and cell
debris), as well as the smaller objects, such as the cytosolic pro-
teins (as explained in more detail in the Experimental Section). As
a result, a mixture of all different cell organelles is obtained, thus
including the organelles in which nanoparticles are trafficked.
When measuring PBS some background events were recorded, as
expected when lowering the detection threshold (Figure 2A). With
the optimized settings, the event rate for PBS was usually around
200 eps. Similarly, the flow cytometer could detect the unlabeled
organelles isolated from untreated Hela cells (Figure 2B), but since
they did not have any fluorescent label, their fluorescence was
comparable to the PBS background. Because of this, the amount
of non-fluorescent events recorded from the sample of unlabeled
organelles (Figure 2B) was much higher than what observed for
PBS (Figure 2A). When directly measuring a dispersion of the
fluorescent nanoparticles in PBS (Figure S4, Supporting Infor-
mation) or in the cell culture medium supplemented with serum
(Figure 2C), the 100 and 200 nm nanoparticles could be detected
and resolved well, with the full population above the threshold.
Only the 40 nm nanoparticles did not have high enough scattering
in the VSSC channel to pass the detection threshold, so for this
sample, an additional inclusive threshold (logical operator “OR”)
in their fluorescence channel (FITC) was added. In this way,
events with low VSSC but high enough fluorescence in the FITC
channel could still be detected. We also note the slightly higher
background of non-fluorescent events for the nanoparticles in
cell culture medium (Figure 2C) in comparison to the nanopar-
ticle dispersions in PBS (Figure S4, Supporting Information), due
to the presence of the (unlabeled) free proteins in solution. As a
further test on the detection limits, we counted the nanoparticles
in a sample at a known concentration. The detection was close to
100% for the bigger sizes (100 and 200 nm) and around 50% for
the 40 nm nanoparticles (Figure S5, Supporting Information).
Finally, in the case of organelles extracted from Hela cells
exposed to the different nanoparticles (Figure 2D), for all nano-
particles sizes, next to the high amount of non-fluorescent orga-
nelles recovered from cells, a clear population of fluorescent objects
could be detected, with a strong shift in the VSSC channel when
compared to the free nanoparticles, as expected for organelles con-
taining nanoparticles. Again, only the organelles containing 40 nm
nanoparticles could not be fully separated from the background.

2.3. Optimization of the Organelle Extraction

Another aspect to optimize next to sensitivity and swarm detec-
tion is the method of organelle extraction. The organelles must

3. Fractionation 4. Analysis by flow cytometry

S
Iee/

Figure 1. Scheme of the method developed in this study for organelle flow cytometry. In brief, 1) Hela cells are incubated with fluorescent nanoparticles,
2) lysed, and 3) the organelles are extracted using standard fractionation methods. Finally, 4) the organelles are individually measured by flow cytometry.

Small 2021, 17, 2100887 2100887 (3 of 13)
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Figure 2. High-sensitivity flow cytometry of nanoparticles and cell organelles. A-D) Dot plots showing the Violet SSC and FITC fluorescence of back-
ground events from PBS (A), unlabeled organelles extracted from untreated Hela cells (B), dispersions of the fluorescent yellow-green PS-COOH
nanoparticles of different sizes (5, 20, and 50 ng mL™, for the 40, 100, and 200 nm nanoparticles, respectively) in cell culture medium supplemented
with serum (C) and organelles from Hela cells exposed for 24 h to 10, 25, and 50 pg mL™" of the 40, 100, and 200 nm nanoparticles, respectively (D).
Nanoparticles as small as 40 nm can be detected and counted and the populations of organelles containing fluorescent nanoparticles bigger than

100 nm can be fully separated from the rest of the organelles.

be intact to avoid leaking of free nanoparticles, which would
lead to an underestimation of their colocalization.

It is known that most nanoparticles enter via endocytosis
and go to lysosomes.#?*?°] Thus, here, as a first step, we
focused on the lysosomes to optimize the extraction protocols.
Two different methods were compared, namely cell lysis using
either a Potter-Elvehjem homogenizer or crystal beads.?% Then,
in order to test organelle integrity, we used two different anti-
bodies against the lysosome-associated (trans)membrane pro-
tein 1 (LAMP1) (Figure 3A), an antibody for its cytosolic por-
tion (clone H50), and another one which specifically binds to

Small 2021, 17, 2100887 2100887 (4 of 13)

its lumenal (intralysosomal) portion (clone H43). First of all,
the results showed that specific organelles, in this case, the
lysosomes, could be stained and distinguished from the rest
of the organelles, confirming the suitability of the method for
colocalization studies (Figures 3—4). Additionally, by using an
antibody for the lumenal portion of LAMP1, lysosomes dam-
aged during the extraction (thus allowing accumulation of the
antibody) could be distinguished. The dot plots in Figure 3B
show a higher percentage of damaged lysosomes after
extraction using crystal beads. Furthermore, the percentage
of damaged lysosomes increased when using an increasing

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Optimization of organelle extraction. A) Table and scheme showing the localization of the amino acids of LAMP1 protein in the lysosome, and
the epitopes of the different LAMP1 antibodies used. B-E) Flow cytometry double scatter plots of organelles immunostained against lumenal LAMP1
to detect damaged lysosomes. B) Organelles extracted using the Potter-Elvehjem homogenizer (Potter) or crystal beads (Beads). Immunostaining
shows that when using crystal beads a higher number of damaged organelles stained for lumenal LAMP1 is detected (the fluorescence signal of this
labeled antibody is detected in the PerCP (Peridinin-Chlorophyll-Protein) channel). C) Organelles extracted using the Potter-Elvehjem homogenizer
after applying a different number of strokes. The dot plot shows that increasing the number of strokes performed results in higher lysis percentages,
but also a higher number of damaged organelles. D) Number of damaged lysosomes as a function of the cell lysis percentage for the Crystal Beads and
Potter-Elvehjem homogenizer lysis methods. Performing cell lysis in percentages higher than 90% resulted in a high number of damaged lysosomes.
E) Western Blot for Cathepsin D and LAMP1 on organelles extracted from Hela cells with the Potter-Elvehjem homogenizer at 3 different lysis percent-
ages (45, 75, and 100%) or with crystal beads (100% lysis). All samples are centrifuged at 20.000 g to pellet the lysosomes, and for each sample, both
the pellet (P) and supernatant (S) obtained in this way are analyzed by western blot. The results show that when using the crystal beads and at high

lysis percentages higher amount of Cathepsin D is released in the supernatant, thus higher damage to the lysosomes is observed.

number of strokes in the extraction with the homogenizer
(Figure 3C, for a different experiment with the homogenizer,
where different number of strokes were used). Thus, when
lysing more cells, more organelles could be recovered, but the
number of damaged organelles also increased (Figure S6, Sup-
porting Information). When comparing the integrity of the
organelles recovered with the two methods at the same cell lysis
percentage (Figure 3D), the results showed that the number of
damaged lysosomes was 10 times higher when using crystal
beads. Organelle integrity was also checked by western blotting
of cathepsin D, a small free protein (25 kDa) found inside the
lysosomes (Figure 3E). After cell lysis, lysosomes were pelleted

Small 2021, 17, 2100887 2100887 (5 of 13)

by centrifugation for 20 min at 20 000 g. Thus, if the lysosomes
were damaged, the cathepsin would be released and found in
the supernatant. In line with the flow cytometry results, the
western blot confirmed that increasing cell lysis percentage to
100% led to release of cathepsin D in the supernatant, indica-
tive of organelle damage, and that overall the damage was
stronger for cells lysed using crystal beads.

Based on all these results, all further extractions were per-
formed using the homogenizer and keeping cell lysis in the
range of 65-85%. Figure 4A shows the organelles immu-
nostained with both types of LAMP1 antibodies after fol-
lowing the optimized organelle extraction protocol. The results

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Immunostaining of the lumenal and cytosolic epitopes of the lysosomal protein LAMP1 to determine organelle integrity. A-B) Flow cytom-
etry double scatter plots of violet side scattering (VSSC) and fluorescence of organelles immunostained using two LAMPT antibodies, one against a
cytosolic epitope (phycoerythrin (PE) channel) and one against a luminal epitope (PerCP channel). The organelles are extracted using the optimized
method (Potter-Elvehjem homogenizer 75% lysis) and measured by flow cytometry without (A) and with permeabilization (B). With the optimized
method, the number of damaged lysosomes stained by the lumenal antibody against LAMPT is very low. After organelle permeabilization instead, all
the lysosomes are damaged, thus stained by both antibodies. The double-staining observed after permeabilization also confirms the specificity of the
antibodies against the lysosomes. The numbers inside the dot plots indicate the percentage of stained lysosomes inside the gate selected with the

vertical line or within the dashed line.

confirmed that with the optimized methods, lysosomes stained
with the cytosolic antibody could be distinguished well from the
rest of the organelles, whereas staining by the lumenal LAMP1
antibody was practically absent. As a further control, the orga-
nelles were permeabilized and in this way, as expected, all
detected lysosomes were stained by both antibodies (Figure 4B).

2.4. Quantification of Nanoparticle Colocalization in Different
Organelles by Flow Cytometry

Most nanoparticles, including those used for this study,
are known to enter by some form of active endocytosis,
pass through endosomes, and finally accumulate in the lys-
osomes.[#2425] Therefore, in order to validate the method, we
used organelle flow cytometry to determine the kinetics of
nanoparticle trafficking via the endosomes and accumulation
into the lysosomes.

After organelle extraction, the endosomes were labeled with
an antibody against the endosomal protein EEA1 (Early Endo-
some Antigen 1) and in a separate experiment, the lysosomes
were labeled with the cytosolic antibody against LAMP1. We

Small 2021, 17, 2100887 2100887 (6 of 13)

then used size exclusion chromatography to wash away residual
free antibody and elute all organelles in different volume frac-
tions. Figure S7, Supporting Information, shows as an example
the results obtained for all fractions recovered from a sample
with lysosomes labeled with the cytosolic antibody against
LAMP1. By measuring each fraction by flow cytometry, the frac-
tions where the organelles containing the nanoparticles were
found could be identified (Figure S7A, Supporting Informa-
tion). Fluorescence measurements and protein quantification of
all fractions confirmed removal of the excess free antibody and
cytosolic free proteins (Figure S7B,C, Supporting Information).

Thus, the same procedure was used for HeLa cells exposed
to 100 nm PS-COOH nanoparticles for 30 min (pulse), fol-
lowed by nanoparticle removal and extraction of cell organelles
at different times (0-to-5-h chase). All samples were prepared
in the same way and acquired for the same time in order to
determine how the percentage of nanoparticle colocalization
with the endosome or lysosomes varied over time. In this way,
the kinetics of nanoparticle trafficking through the endosomes
and accumulation into the lysosomes could be determined
(Figure 5). By plotting the nanoparticle fluorescence (FITC)
versus the endosome fluorescence (PE, Figure 5A) or lysosome

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Kinetics of nanoparticle trafficking through the endosomes and accumulation into the lysosomes. A-B) Pulse and chase study of the traf-
ficking of fluorescent yellow-green 100 nm PS-COOH nanopatrticles to the endosomes and the lysosomes. Double scatter plots of nanoparticle (FITC)
and A) endosome or B) lysosome (PE) fluorescence of the organelles recovered from Hela cells exposed for 30 min (Pulse) to 100 pg mL™ nanopar-
ticles, and then chased for different times after removal of the extracellular nanoparticles (Chase). The organelles are immunostained for EEAT (A) or
LAMP1 (B) (PE-H) to quantify the percentage of endosomes or lysosomes, respectively (Red), and all other organelles containing nanoparticles (Green).
C) Dot plot of the organelles and LAMP1-stained lysosomes containing nanoparticles recovered after 5-h chase. Two populations can be distinguished
in the VSCC fluorescence channel (high SSC and low SSC as indicated by the polygonal gates), with a very different fraction of nanoparticles in the
lysosomes, as quantified for each population in the pie charts. D) Fraction of nanoparticles in the endosomes and lysosomes after 30-min pulse and dif-
ferent chase times up to 5 h, extracted from the data of panels A and B. After 30 min exposure, the fraction of nanoparticles in the endosomes decreases
over time, and the fraction of those in the lysosomes increases, as the nanoparticles are trafficked through the endosomes towards the lysosomes. The
numbers included inside the dot plots and pie charts indicate the fraction of events over the total. In C and D, the total number of objects measured
in all organelle fractions recovered from 2 replicate samples is shown together with a line that passes through their average.
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fluorescence (PE, Figure 5B), four populations of organelles can
be distinguished: endosomes or lysosomes with and without
nanoparticles (PE +, FITC + and PE + FITC —, respectively),
organelles other than the endosomes or lysosomes containing
nanoparticles (PE —, FITC +), and all other organelles without
nanoparticles (PE —, FITC —). The results showed that after a
30-min pulse (0-h chase), around 25% of the organelles con-
taining the 100 nm nanoparticles were endosomes (Figure 5A)
and only 5% were lysosomes (Figure 5B). Then, as the chase
time increased, nanoparticle colocalization in the endosomes
decreased down to 5% while nanoparticle colocalization with
the lysosomes increased up to =50%. In line with these results,
Sandin et al.?l used live-cell microscopy to determine nano-
particle colocalization in Hela cells and showed that the same
100 nm PS-COOH nanoparticles first transited through Rab5-
stained endosomes (with colocalization up to =25% maximum
at comparable timescales), then accumulated into LAMPI-
stained lysosomes, reaching on average 50-60% colocalization
after 3-h chase (the result varying for individual cells).

Interestingly, in the case of the lysosomes, the high sensi-
tivity of the VSSC also allowed us to distinguish 2 populations
in the 5-h chase sample (Figure 5C), offering an extra degree of
analysis. One population had higher VSSC and 85% colocaliza-
tion of the nanoparticles in the lysosomes, whereas the second
population with lower VSSC only had 6% colocalization, thus
including nanoparticles that did not reach the lysosomes. The
side scattering depends on the size of the object, but also on the
material (refractive index) and its complexity. Given their bigger
size and larger content, it is expected for the lysosomes to have
higher VSSC than the early-vesicles in which nanoparticles are
internalized and trafficked, such as the endosomes.

As an additional control, in order to determine whether
some of the low VSSC objects could also be free nanoparticles,
such as, for instance, nanoparticles not properly washed away
from the cellular membrane, carried over during the organelle
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extraction, we extracted organelles from cells exposed to
nanoparticles after energy depletion with sodium azide (NaNj)
(Figure S8, Supporting Information). Nanoparticle uptake
is energy-dependent.” Thus, in energy-depleted cells, after
washing away the extracellular nanoparticles and extracting the
organelles, we should not detect any nanoparticles. The results
showed that in energy-depleted conditions only <5% fluores-
cent events could be detected compared to what was recov-
ered after the same exposure time in normal conditions, when
uptake is present. Thus =95% of the fluorescent objects detected
in standard conditions are indeed nanoparticles enclosed in
organelles. The observed drop in fluorescent events in energy-
depleted cells also suggested that the measured fluorescence
came from nanoparticles actively internalized and trafficked
into different organelles, and eventual free dye leaking from the
nanoparticles and passively diffusing inside the cells and into
the organelles, if present at all, was anyway washed away in the
different steps for organelle extraction prior to measurement.

2.5. Organelle Flow Cytometry for Kinetics of Intracellular
Trafficking

Having confirmed the suitability of organelle flow cytom-
etry to quantify nanoparticle colocalization with specific cell
organelles over time, we then used the method to determine
the effect of nanoparticle size on the kinetics of arrival to lys-
osomes. Figure 6 shows lysosome colocalization kinetics in
cells exposed to 40, 100, and 200 nm PS-COOH nanoparticles.
Given their different size, cells were exposed to different con-
centrations of the three nanoparticle sizes in order to obtain
comparable number of fluorescent organelles at the same
exposure time. The smaller nanoparticles (40 and 100 nm) had
a similar trend and showed faster trafficking to the lysosomes
than the 200 nm nanoparticles. After 5-h chase, 50% of the
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Figure 6. Kinetics of trafficking to the lysosomes for nanoparticles of different sizes. Nanoparticle colocalization with LAMP1-stained lysosomes over
time is determined from organelles recovered from Hela cells exposed to fluorescent green PS-COOH nanoparticles (FITC) of different sizes (20, 100,
and 200 pg mL™" for the 40, 100, and 200 nm nanoparticles, respectively). Fraction of nanoparticles in the lysosomes after A) 30-min pulse and different
chase times up to 5 h or B) 1-h pulse and different chase times up to 24 h. For all nanoparticle sizes accumulation into the lysosomes over time is
observed. The smaller nanoparticles (40 and 100 nm) show faster kinetics than the 200 nm. Over longer chase time, for the 40 nm nanoparticles accu-
mulation in the lysosomes increases up to =60%, whereas for the 100 nm nanoparticles a slight decrease is observed. For the 200 nm nanoparticles,
a linear increase up to only =35% after 24 h is observed. The total number of objects measured in all organelle fractions recovered from 2 replicate
samples is shown together with a line that passes through their average.
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40 and 100 nm nanoparticles were already in the lysosomes, as
opposed to only 20% for 200 nm (Figure 6A). When extending
the chase time to 24 h after 1-h pulse (Figure 6B), the results for
the early chase times were highly reproducible, while at longer
chase times, different trends were observed. For the 40 nm
nanoparticles, a clear plateau at roughly 60% colocalization was
reached after around 12-h chase. For the 100 nm nanoparticles,
instead, after reaching around 50% colocalization after 5 h, a
moderate decrease in colocalization was observed, which could
indicate a more complex behavior. Finally, for the 200 nm nano-
particles, even after 24-h chase a steady increase in colocaliza-
tion up to only 35% was observed, suggesting slower uptake
and intracellular trafficking or possibly trafficking into different
organelles. In agreement with our results, previous works have
also shown that a fraction of nanoparticles seems to never
reach the lysosomes.[*?’l Determining where these nanoparti-
cles are and why they are processed differently by cells remains
an important question for the field to be answered. Overall,
the results showed that changing nanoparticle size affects both
the intracellular trafficking kinetics as well as the percentage
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of nanoparticles reaching the lysosomes. As a further control,
the same experiments were performed at 4 °C (Figure S9, Sup-
porting Information) in order to stop intracellular trafficking:1*!
as expected, no increase in nanoparticle colocalization with the
lysosomes was observed, confirming that the observed varia-
tions in colocalization in standard conditions were due to intra-
cellular trafficking to the lysosomes.

Finally, we noted that thanks to their larger size thus
stronger signal, for the 200 nm nanoparticles we could pre-
cisely distinguish between organelles containing one, two,
or more nanoparticles (Figure 7A). This is demonstrated by
the linear proportionality in the median fluorescence of these
populations (Figure 7B). Therefore, it was also possible to study
the distribution of the number of nanoparticles per organelle as
they were trafficked to the lysosomes. The results in Figure 7C
showed that the fractions of organelles with 1 nanoparticle
decreased over time, while the organelles with more than 1
nanoparticle increased, as expected when more nanoparticles
are trafficked in the same organelles. Similar results could
be obtained also for the 100 nm nanoparticles when labeled
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Figure 7. Quantification of 200 nm nanoparticle number and distribution inside organelles over time. A) Dot plots showing the Violet SSC and FITC
fluorescence of organelles extracted from Hela cells exposed for 24 h to 50 g mL™ 200 nm nanoparticles, reproduced from Figure 2D. The events in
the dashed gate are shown at higher magnification in the dot plot in the middle and the corresponding histogram on the right. Several populations can
be defined in the nanoparticle channel (FITC), corresponding to organelles containing 1, 2, 3, or more than 3 nanoparticles. B) Median fluorescence of
the populations defined in panel A. The proportionality of the fluorescence of the populations defined in panel A shows that the flow cytometer allows
to count the exact number of 200 nm nanoparticles inside individual organelles. C) Pulse and chase study of the subpopulations of the organelles
containing 200 nm nanoparticles. Hela cells are exposed for 30 min (Pulse) to 200 g mL™" nanoparticles, and the fractions of organelles containing
1, 2 or more than 2 nanoparticles are determined at different times after removal of the extracellular nanoparticles (Chase). The results show that at
increasing chase time, the percentage of organelles with only one nanoparticle decreases while the percentage of those containing more than two
nanoparticles increases, suggesting trafficking of more nanoparticles into the same organelles. The results are the total number of objects measured
in all fractions recovered from 2 replicate samples, together with a line that passes through their average.
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with a red fluorescent dye (Figure S10, Supporting Informa-
tion), suggesting that with appropriate labels the sensitivity of
the method can be further improved also for nanoparticles of
smaller sizes. Thus, depending on nanoparticle size, their label
properties and intensity, precise information on the number
of nanoparticles per organelle and their distribution can be
gained. This is an additional level of analysis that cannot be
obtained with standard fluorescence imaging or flow cytometry
of full cells, where nanoparticle uptake is measured in terms of
arbitrary units of cell fluorescence.

As a final step, we tested other procedures for organelle
staining and further applications to explore the versatility of
the method. Indeed, next to immunostaining with labeled
antibodies as we show in Figures 3-6, other methods can be
applied to label the organelles of interest. For instance, cells can
be transfected with DNA constructs in order to express fluores-
cently labeled proteins, as commonly done for imaging studies.
Figure S11, Supporting Information, shows examples of the
results obtained with organelles extracted from cells expressing
fluorescently labeled Rab5 (wild type green fluorescent protein
labeled Rab5, GFP-Rab5,*2 FITC channel) and clathrin (red
fluorescent protein labeled clathrin light chain RFP-Clc,?3 phy-
coerythrin-Texas Red conjugate (energy coupled dye) channel)
(Figures S11A,B and S11C,D, Supporting Information, respec-
tively). The results confirmed that also in this way, fluorescently
labeled organelles could be detected, that is, early endosomes
labeled by Rab5 and clathrin-labeled organelles. Similarly, after
exposure to nanoparticles, the percentage of nanoparticle colo-
calization with these compartments could be determined. As
an example of this, the results showed that after 1 h exposure
to 100 nm nanoparticles, around 9% of the organelles con-
taining nanoparticles were labeled by Rab5, consistent with the
results obtained by immunostaining with the early endosomal
marker EEA1 at comparable time scales (Figure 5D). Thus, by
harvesting organelles at different chase times after exposure to
nanoparticles, intracellular trafficking kinetics such as those
shown in Figure 5 could be determined also in this way. Finally,
we also note that using cells expressing fluorescently labeled
proteins of interest allows to reduce the sample preparation
time, since the organelles of interest are already labeled, thus
immunostaining is not required.

At a broader level, while here we focused on organelles
involved in intracellular trafficking, any other intracellular
compartment can be labeled using antibodies or fluorescently
labeled proteins. Similarly, with appropriate labels allowing
good detection, as well as good separation in different fluores-
cence channels, multiple organelles can be labeled in the same
cells at the same time, also combining the different labeling
methods. As an example of this, Figure S11E-G, Supporting
Information, shows results obtained from cells expressing fluo-
rescently labeled GFP-Rab5 to label the early endosomes (FITC
channel) and with lysosomes stained with the Cy3-labeled
LAMP1 antibody (PE channel). In this way, by repeating the
extraction at different times, and using nanoparticles with a
label for a different channel, kinetics of intracellular trafficking
across different compartments could in principle be determined
directly from the same cells (although we did not have a suitable
combination to explicitly test this with the available DNA con-
structs and nanoparticle labels). Nevertheless, the same results
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can be obtained also by combining different experiments where
only one organelle is labeled at each time, as indeed we show in
Figure 5D. Both approaches can be followed, overall confirming
the versatility of the method and many possible applications.

Finally, while for this study we mainly used polystyrene of
different sizes as model nanoparticles in order to validate the
method by comparing the results with those obtained with
the same nanoparticles by fluorescence imaging, any other
nanoparticle can be used, provided it is appropriately labeled,
as also any other cell type. As an example of this, Figure S12,
Supporting Information, shows results for organelles con-
taining 100 nm negatively-charged liposomes,?¥ as an example
of a common nanomedicine, as well as silica nanoparticles of
different sizes (100 and 200 nm) and different surface func-
tionalization (plain, amino-modified and carboxylated). Thus,
after exposure to these nanoparticles, the organelles were har-
vested for flow cytometry. Similarly to what observed with the
polystyrene nanoparticles of different sizes (Figure 2), also in
these cases, a population of fluorescently labeled organelles
could be distinguished from the background of all unlabeled
organelles. This confirmed that the nanoparticle signal was
strong enough to allow the detection and quantification of the
organelles in which these nanoparticles are trafficked. Indeed,
with appropriate labels, the method could be used also to study
intracellular trafficking of objects other than nanoparticles and
nanomedicines, including for instance viruses, bacteria, patho-
gens and proteins.

3. Conclusion

Flow cytometry of organelles provides a novel method to gen-
erate with ease quantitative data on nanoparticle intracellular
distribution and colocalization with specific cell compartments,
as well as to determine intracellular trafficking kinetics. This
is fundamental information to understand the intracellular
behavior of nanomedicines and how by tuning nanoparticle
design the outcome at cell level can be affected, thus nanomedi-
cine efficacy improved. The method takes advantage of recent
advances in high-sensitivity flow cytometry and the unique
properties of nano-sized objects, in particular their high degree
of labeling comparing to proteins or other biomolecules. How-
ever, with appropriate fluorescent labeling, the method could
also be translated to the study of the intracellular trafficking of
other biomolecules or objects. Similarly, different methods can
be used to tag and detect the organelles of interest, including
for instance immuno-staining with labeled antibodies or by
extracting organelles from cells expressing fluorescently labeled
proteins. Sample preparation could be further optimized by
automizing the cell lysis procedure or by extracting organelles
from multiple samples in parallel.

In comparison to the current methods to determine colo-
calization of nanoparticles with specific cell compartments, this
method has the advantage of being much faster and offering
high-throughput analysis without the need for complex algo-
rithms to determine colocalization from multiple images of
individual cells. Thus, it combines the ability of flow cytometry
to analyze several thousands of objects with intracellular spa-
tial information, as usually obtained using imaging techniques.
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In comparison to live-cell imaging studies, however, the
method does not allow to study responses in individual cells,
nor to follow the same cells over time in situ. Because of the
high throughput and quantitative space and time-resolved
information that can be easily obtained, the method could be
used as a preliminary tool to test multiple nanomedicines of
different design for their intracellular behavior and select the
most promising ones. After that, imaging techniques could
be used to further characterize their intracellular outcomes in
more detail.

Additionally, for nanoparticles with appropriate size and
labels, the method allows to count the exact number of nano-
particles contained inside the organelles, which is usually only
feasible by electron microscopy. This allows precise quantifica-
tion of nanoparticle numbers and how their distribution per
organelle changes during trafficking. Finally, the method could
be extended by using fluorescence-assisted organelle sorting®’!
to isolate the organelles in which nanoparticles are trafficked,
opening up the possibility to characterize them in more detail,
for instance by proteomics.

In conclusion, the presented method takes advantage of the
easy high throughput quantification enabled by flow cytom-
etry and constitutes a complementary addition to the existing
methods for determining nanoparticle colocalization and
intracellular trafficking kinetics, which are mainly based on
imaging. The method can be applied by using standard flow
cytometers for cell analysis readily available in many labora-
tories with appropriate high sensitivity settings. Furthermore,
novel instruments specifically designed to exploit the high
throughput of flow cytometry for the detection and charac-
terization of sub-micrometer objects are being developed to
increase sensitivity towards objects of smaller sizes, down to
the nanoscale.3*-38 The method presented can be transferred
to such instruments, and it would be interesting to test whether
the improved sensitivity allows to detect organelles with smaller
nanoparticles, or for instance organelles with labeled proteins,
which have a lower amount of label per object in comparison
to nanoparticles. Similarly, many other applications of organelle
flow cytometry and the approaches presented in this work can
be foreseen, including in fields other than nanomedicine, as
flow cytometers with higher sensitivity are being developed, as
well as new methods to further improve fluorescence labeling
of the compounds of interest.

4. Experimental Section

Cell Culture: The Hela cell line (ATCC CCL-2) was maintained
in complete cell medium (cMEM), consisting of Eagle’s minimum
essential medium (MEM) (Gibco, Waltham, MA, USA) supplemented
with 10% v/v fetal bovine serum (FBS, Gibco). The cells were passaged
when they reached full confluency and cultured at 37 °C and 5% CO,.
All the experiments were performed using cells between passages 2 and
20 after defrosting. Cells were subjected to mycoplasma test once per
month to exclude infection.

Characterization of the Nanoparticles: Green (505/515) and red
(580/605) fluorescently labeled FluoSpheres carboxylated polystyrene
nanoparticles (PS-COOH NPs) were purchased in various sizes (40, 100,
and 200 nm) from Invitrogen (Life Technologies, Carlsbad, CA, USA).
Different batches of the same nanoparticles were used during this
research. Nanoparticle size distribution by DLS and zeta potential were
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determined using a Malvern Zetasizer Nano ZS. The nanoparticles were
dispersed in PBS and cMEM at a concentration of 100 ug mL™, mixed by
pipetting and measured at room temperature, using disposable folded
capillary cells (Malvern Instruments Ltd, Worcestershire, UK). Three
measurements of 10 runs each were performed for each sample.

Cells Exposure to Nanoparticles: Hela cells were plated at a density
250 000 cells per well in 6-well plates (Greiner Bio-One) 24 h prior to
the experiments. Then cells were exposed to the yellow-green fluorescent
PS-COOH nanoparticles at a concentration of 20, 100, and 200 pg mL™,
for the 40, 100, and 200 nm samples respectively, in cMEM. These
cell densities and nanoparticle concentrations were used in all the
experiments unless specified otherwise. Given the different nanoparticle
size, different nanoparticles concentrations were used in order to obtain
a comparable number of fluorescent events after organelle extraction.

Pulse and Chase Experiments: In the pulse and chase experiments,
Hela cells seeded as described above were exposed to the nanoparticles
for 30 min (short kinetics) or 1 h (long kinetics) pulse. After that, cells
were washed with cMEM (2 mL) three times and PBS five times to
help removing any nanoparticle adsorbed on the cell surface or in the
wells. Next, the cells were further incubated in fresh cMEM (chase)
and the cells and organelles were extracted at different chase times. An
additional pulse and chase experiment was performed as a control for
the method, consisting of a 30-min pulse followed by a chase at 4 °C and
extracting the organelles at different chase times. In all the experiments,
two replicate samples were prepared for each time-point.

Sodium Azide Experiments: In order to deplete cell energy, before
exposure to the nanoparticles, the cells were incubated with cMEM
supplemented with sodium azide (NaN;) (6688, Merck) at a
concentration of 10 mg mL™ for 1 h. Then, cells were exposed to the
nanoparticles for 30 min in ¢cMEM supplemented with NaN;. As a
control for each nanoparticle size, an additional sample was prepared,
for cells exposed to the same nanoparticles in standard conditions
(without sodium azide). Next, the cells were washed with cMEM (2 mL)
three times and PBS five times, the organelles were extracted, and the
number of fluorescent objects detected by flow cytometry in standard
conditions and energy-depleted cells were compared. Two independent
experiments were performed, each containing duplicate samples for all
conditions.

Organelle Extraction: At the time of extraction, the cells were washed
with cMEM one time and PBS two times. The cells were collected by
adding trypsin-ethylenediaminetetraacetic acid (EDTA) (0.05% v/v) for
5 min at room temperature, centrifuged (200 g, 5 min) and the pellet
was resuspended in PBS. Intact cells were measured by flow cytometry
or organelles were extracted as follows.

The cells were centrifuged a second time (200 g, 5 min), and the
pellet was resuspended in a lysis buffer consisting of 5 mM Tris-Base,
TmM EDTA supplemented with a tablet of protease inhibitor cocktail
(Sigma-Aldrich St Luis, USA) (1 tablet for 15 mL of lysis buffer). Roughly
0.5 mL of lysis buffer per each 1 x 10° cells was used. From this step
onwards, all steps were performed at 4 °C. Cells were lysed with a Potter-
Elvehjem homogenizer. The cells were counted using a hematocytometer
after staining with Trypan Blue before and after lysis to assess the lysis
percentage. All experiments were performed in a regime between 65 and
85% lysis (usually around 5 strokes). Next, the organelle mixture was
centrifuged at 1 500 g for 10 min to remove the cell debris and nuclei.
The pellet was discarded and the supernatant was transferred to a clean
tube. At this point, the organelle fractions were ready to be analyzed in
the flow cytometer. If necessary, immunostaining of the organelles was
performed as described below.

For lysing cells using glass beads, a scoop of 1 mm glass beads
(11 079 110, BioSpecproduct), (approximately 400 pL), was added to a
tube containing a sample of organelles extracted from 1x 10° Hela cells.
Then, the sample was kept at 3 000 rpm for 60 s in a Mini-Beadbeater-24
(BioSpecproducts). The lysis efficiency was assessed by counting with
Trypan Blue as described above.

Immunostaining of Organelles for Flow Cytometry: The fluorescently
labeled antibody against EEA1 (Early endosome antigen 1)
(PE-conjugated, Sc-137130) was purchased from Santa Cruz (Dallas,
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USA) and those against LAMP1 (Lysosomal-associated membrane
protein 1) with lumenal (PE.Cy5 conjugated, ab25222) and cytosolic
epitopes (Cy3 conjugated, L0419) were purchased from BD Biosciences
(Erembodegem, Belgium) and Sigma-Aldrich (St Luis, USA), respectively.
The lysosomal lumenal antibody was used only for the optimization
of the extraction of the organelles to count the number of damaged
lysosomes. The cytosolic antibody was used for all the pulse and chase
experiments. All antibodies were incubated with the extracted organelles
at dilution 1:200 in a final volume of 200 puL for 3 h at room temperature.
The free antibody was removed by size exclusion chromatography in a
10 cm and 15 mL Sepharose CL-4B gravity column (10 273 151, Sigma-
Aldrich St Luis, USA). One mL of the organelles sample was loaded in
the column and after the whole sample had entered the column, PBS
was added until the column was filled (approximately 10 mL) and the
organelles were eluted in 0.5 mL fractions. A minimum of 15 fractions
were recovered. All eluted fractions were measured by flow cytometry for
30 s at 10 uL min~'. When necessary, the sample was diluted in PBS
to lower the amount of events per second in order to avoid swarm
detection. The organelles were usually eluted between the 6th and 10th
fractions. The free antibody and proteins were usually eluted between
the 14th and 20th fractions. The removal of free antibody was assessed
by measuring the fluorescence at 569 nm of all the eluted fractions in a
spectro-fluorometer (Molecular Devices, CA, USA). The removal of the
free proteins from the cytosol was checked by calculating the protein
concentration of the eluted fractions using the Micro bicinchoninic
acid (BCA) Protein Assay Kit (Thermofisher Scientific, Waltham, MA,
USA) following the manufacturer’s instructions. Alternatively, in order
to determine the integrity of the lysosomes and the washing efficiency
of the nanoparticles, and for the pulse and chase experiment at 4 °C
and the western blot studies, organelles were spun down a 20 000 g for
20 min and the pellet and supernatant were further analyzed.

Setting up the Flow Cytometer for High Sensitivity Measurements: A
Cytoflex flow cytometer model S (Beckman Coulter, Pasadena, CA)
equipped with 4 lasers (405, 488, 561, 605 nm) was used for all the
measurements (unless specified). The Violet Side Scattering height
(VSSC-H) was selected as threshold to block background events and
was set up to 1500. The detailed acquisition settings for the different
nanoparticles and dyes are indicated in Table S1, Supporting Information.
PBS was measured at slow flow rate (10 uL min™') to assess the amount
of noise measured in the samples. A maximum of 200 events per second
(eps) was allowed. If after 5 min measuring PBS the events per second
measured were higher than 200, the VSSC gain was lowered. Next, the
Megamix mixture was measured at slow speed (10 UL min) to calibrate
the instrument. The Megamix mixture was prepared by adding the
Megamix-Plus FSC and the Megamix-Plus SSC (catalog numbers 7802
and 7803, Biocytex, Marseille, France) in a 1:1 ratio and final volume of
200 pL. Both solutions contain a mix of different size fluorescent beads
on the FITC channel: 100, 300, 500, and 900 nm for Megamix-FSC; and
160, 200, 240, and 500 nm for Megamix-SSC. For organelle samples
stained with the LAMP1 antibodies that had fluorescent dyes emitting in
channels other than the FITC (thus the PerCP or the PE channels for the
lumenal and cytosolic LAMPT immunostained lysosomes respectively),
the gain values had to be optimized independently. This was performed
by measuring an organelle sample without and with LAMP1 staining
and by adjusting the gain until a maximum separation in fluorescence
between the unstained and stained samples was achieved. The optimal
gain was set at around 1000 for both channels. Next, an inclusive
threshold (logical operator “OR”) was also added in the same channels
to help detect any lysosome with too low side scattering in VSSC-H. This
was performed again by measuring an organelle sample without LAMP1
staining and by lowering the threshold in the lysosome channel until
background events appeared. The optimal PerCP-H or PE-H threshold
was set at around 2000. Additionally, for the 40 nm nanoparticles, the
gain in the FITC channel also had to be optimized and was set at 1000,
because the settings optimized based on the Megamix calibration beads
did not separate well the nanoparticle population from the background.
For these nanoparticles, next to the threshold in VSSC-H, an inclusive
threshold (logical operator “OR”) was also set in the FITC-H channel
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and set at around 2000 in order to detect and measure also fluorescent
events with too low VSSC-H. All the samples were measured at slow flow
rate (10 uL min~") and between 1500 and 3500 events per second (eps).
The samples were diluted in PBS, when necessary, to reach the desired
concentration and were run for 1 min until the eps became stable, before
proceeding to record the events. Data was acquired using CytExpert 2.0
software (Beckman Coulter) and analyzed using Flowjo software version
10.7.1 (BD Biosciences, San Jose, CA).

Nanoparticle Count at the Flow Cytometer: The number of yellow-
green fluorescent carboxylated polystyrene nanoparticles (PS-COOH)
per UL in the nanoparticle stocks was calculated for all the sizes using
the concentration of the nanoparticles given by the manufacturer
(based on polystyrene density, the stock concentration was calculated
as 52.5 mg mL™ for the 40 nm and 21 mg mL™ for the 100 and 200 nm,
corresponding to 1.5 X 10'%, 3.8 x 10'°, and 4.8 x 10° nanoparticles per uL
for the 40, 100, and 200 nm nanoparticles, respectively). From the
stock, dilutions at 1.5 x 104 3.8 x 10, and 4.8 x 10> nanoparticle per pL,
respectively for the 40, 100, and 200 nm nanoparticles were prepared.
Three samples were prepared for each size as replicates. All samples
were measured by flow cytometry at 30 uL min~' for a total of 60 s each
and the total number of nanoparticles was determined, after gating the
nanoparticles based on their fluorescence. The nanoparticle events in
the flow cytometer were gated by using PBS as a negative control to
exclude background events.

Western Blot Analysis: For western blot analysis, Hela cells were
seeded at a density of 1 x 107 cells in a T175 cm? flask (Greiner) 24 h
prior to the experiment. The cells were extracted by adding trypsin-EDTA
(0.05% v/v) for 5 min at room temperature and centrifuged at 200 g for
5 min. The pellet was resuspended in PBS (10 mL) and centrifuged again
at 200 g for 5 min. The pellet was then resuspended in lysis buffer (4 mL)
supplemented with protease inhibitor prepared as described above.
The cell debris and nuclei were removed by centrifuging at 1 500 g for
10 min and collecting the supernatant. The supernatant was divided into
4 samples, which were subjected to different lysis methods. The Potter-
Elvehjem homogenizer was used to prepare samples at 45%, 75%, and
100% lysis. The lysis efficiency was assessed by counting the number
of cells with Trypan Blue as explained above. The 4th sample was
subjected to lysis with 1 mm glass beads (11 079 110, BioSpecproduct),
as described above.

After lysis, the organelles were centrifuged at 20 000 g for 20 min for
all the samples. Both supernatant and pellet were recovered for further
analysis. The pellet was centrifuged an extra time at 20 000 g for 20 min
to further wash any free proteins. The protein amount in the samples
was determined using the Micro BCA Protein Assay Kit (Thermofisher
Scientific, Waltham, MA, USA) following the manufacturer’s instructions.
For each sample, 12 pg of proteins were loaded on a 10% acrylamide
sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and
transferred to a polyvinylidene fluoride membrane. The membrane was
blocked with 5% milk powder (w/v) in 1x tris buffered saline (TBS)
containing 0.1% Tween 20 (v/v) for 2 h at room temperature. Next, the
membrane was incubated overnight at 4 °C with primary antibodies
diluted 1:1000 in the blocking solution. The primary antibodies used
were: anti-LAMP1 (555 798, BD Biosciences) and anti-Cathepsin D
(670 801, BD Biosciences) both against human. The membrane was
washed three times for 10 min with TBS containing 0.1% Tween 20 (v/v),
and subsequently incubated for 2 h at room temperature with a HRP-
conjugated (horseradish peroxidase) secondary antibody against mouse
(1:2000, P0447, DAKO). The bound antibody was detected by using the
Pierce ECL Plus Substrate (Thermofisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions and images were taken using
ChemiGenius Il bioimaging system.
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