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ABSTRACT Nanoparticles have opened new exciting avenues for both diagnostic and therapeutic
applications in human disease, and targeted nanoparticles are increasingly used as specific drug
delivery vehicles. The precise quantification of nanoparticle internalization is of importance to
measure the impact of physical and chemical properties on the uptake of nanoparticles into target
cells or into cells responsible for rapid clearance. Internalization of nanoparticles has been measured
by various techniques, but comparability of data between different laboratories is impeded by lack of
a generally accepted standardized assay. Furthermore, the distinction between associated and

internalized particles has been a challenge for many years, although this distinction is critical for most

research questions. Previously used methods to verify intracellular location are typically not
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quantitative and do not lend themselves to high-throughput analysis. Here, we developed a mathematical model which integrates the data from

high-throughput flow cytometry measurements with data from quantitative confocal microscopy. The generic method described here will be a useful tool

in biomedical nanotechnology studies. The method was then applied to measure the impact of surface coatings of vesosomes on their internalization by

cells of the reticuloendothelial system (RES). RES cells are responsible for rapid clearance of nanoparticles, and the resulting fast blood clearance is one of

the major challenges in biomedical applications of nanoparticles. Coating of vesosomes with long chain polyethylene glycol showed a trend for lower

internalization by RES cells.
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number of techniques have been

established to measure association

of micro- and nanoparticles to cells.
These include high-throughput techniques
such as Fluorescence Activated Cell Sorting/
scanning (FACS), inductively coupled plas-
ma (ICP) spectroscopies such as ICP mass
spectrometry, and high sensitivity methods
for certain nanoparticles such as absorp-
tion measurements of lysed cells.! However,
none of these techniques are able to differ-
entiate internalized from externally adhered
particles. Attempts to solve this problem
have included the destruction of particles
followed by removal through washes,” the
measurement of fluorescence in the pre-
sence and absence of fluorescence quench-
ers,** detection of surface bound particles
with secondary, non-cell penetrating reagents®
or use of fluorophores that require binding
to nucleic acids.® However, these methods
are specific for certain particles and/or cer-
tain fluorophores, making comparisons of
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data between different types of nano-
particles difficult. Another frequently used
technique is the parallel measurement at
different temperatures, namely, 4 and 37 °C
and subtraction of the 4 °C values from
those obtained at 37 °C.7 This technique is
problematic for nanoscale particles which
have been observed to enter the cell at low
temperatures, potentially through an en-
ergy independent mechanism.2 Confocal
laser scanning microscopy (CLSM) has been
widely used to verify internalization, but
is generally not considered a quantitative
technique. A recently introduced technique,
imaging flow cytometry (IFC) delivers both
FACS data and microscopical images of
cells.”'® While it is very convenient to ob-
tain visual data of the same cells, which are
analyzed in FACS, it comes at the cost of
lower sample throughput compared to
conventional FACS and lower resolution
compared to CLSM. IFC has been used to
quantify internalization, but requires to
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permeabilize cells and co-stain internal cell compart-
ments, thereby only measuring particles within the
stained cell compartments. It is not a confocal tech-
nique, and other planes in the microscopic image
contribute to the fluorescence; therefore, typically only
the upper quartile of pixels (based on intensity) is used
for quantification. An elegant, flow cytometry-based
approach to distinguish between adsorbed and inter-
nalized particles by labeling them with a pH-sensitive
dye has been introduced by Semmling et al."’ In that
study, particles fluoresced red in the slightly alkaline
extracellular milieu and green in the acidic intracellular
milieu, enabling a semiquantitative evaluation. Con-
ventional FACS and CLSM are often combined to
obtain quantitative data on particle association with
cells, and qualitative data on internalization, but the
data from the two techniques has always been pre-
sented as independent sets. We describe here an
approach to measure internalization quantitatively by
CSLM and integrate this data with high-throughput
FACS data for a precise measurement of nanoparticle
uptake. In addition, a correction factor is introduced,
accounting for a potential change of fluorescence
intensity upon internalization. Different mechanisms
contribute to such changes: when fluorophores are
internalized via endocytosis or phagocytosis, they
travel down the endocytotic pathways in organelles
with decreasing pH, ranging from 6.3 to 6.5 in early
endosomes to below 4 in lysosomes.'> Commonly
used fluorophores such as fluorescein and its deriva-
tives, as well as seminaphtorhodafluors (SNARF) are
very sensitive to pH changes.”>'* On the other hand,
an increase of fluorescence upon entering the cytosol
has been described for widely used fluorophores, such
as fluorescein, Texas Red, Cy5 and Atto647."® Further-
more, nonspecific protein binding may alter the fluo-
rescence intensity.'”> Therefore, fluorescence values
have to be corrected for accurate quantification. This
applies both to microscopy- and FACS-derived data, a
fact that to our knowledge has not been considered
so far.

We first derived and validated the method described
here, using polystyrene (PS) particles. We then applied
it to an important biomedical question, i.e., the impact
of different surface coatings of vesosomes on their
uptake by cells of the reticuloendothelial system (RES).
Vesosomes are lipid-based multicompartment drug
delivery vehicles with structural similarities to eukaryotic
cells. They are created by closure of two-dimensional
lipid bilayer sheets and used to encapsulate smaller
nanoparticles, containing reporter molecules or drugs.'®
This results in more efficient containment of the en-
capsulated drugs."” One major challenge for the bio-
medical application of nanoparticles, in general, is their
rapid removal from the bloodstream through cells of
the RES, particularly macrophages. Polyethylene glycol
(PEG) is frequently used as a sterical stabilizer and has
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been reported to increase the circulation time of lipid
bilayer vesicles after systemic injection into laboratory
animals.'® While this increase of circulation time has
been well documented, the exact mechanism of action
is not entirely understood. A number of effects have
been suggested as a cause: (1) prevention of protein
adsorption with the consequence of reduced opsoniza-
tion; (2) promotion of the adsorption of specific proteins
which might mask the particle (dysopsonization effect);
(3) prevention of aggregation; (4) sterical inhibition of
binding to RES cells; and (5) stabilization by inhibition of
lipid degradation (reviewed in ref 18). As a consequence
of some of these factors, it has been suggested that PEG
inhibits the recognition by cells of the RES, although this
hypothesis is controversial.'®'? It is further known that
results vary with the concentration and chain length of
the incorporated PEG.'"?° We therefore investigated
the impact of coating vesosomes with different con-
centrations and species of PEG on internalization by
macrophages.

RESULTS AND DISCUSSION

A method for quantification of internalized particles
per cell was developed. An overview on the different
steps of the method is illustrated in Figure 1. Briefly,
fluorescence of one nanoparticle is determined by
fluorimetry and FACS using a microparticle standard
(Figure 1-1); fluorescence of cells incubated with nano-
particles is determined by FACS (Figure 1-ll); and the
internalized fraction, as well as the amount of fluores-
cence intensity change after internalization, is mea-
sured by CLSM (Figure 1-ll). Equation 1.1 is then used
to calculate the number of nanoparticles internalized
per cell.

MFcen — MFnegce”
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where n[P;,/cell] is the average number of internalized
particles per cell; f, is the internalized fraction of
particles associated with the cell, which is calculated
as indicated in eq 1.4; MF. — MFpeg_cenn is the mean
fluorescence of cells incubated with particles minus
the mean fluorescence of negative control cells (no
particles), as derived by flow cytometry; FR,; is the ratio
of fluorescence intensity of the fluorophore outside the
cell over that inside the cell (this is measured by
confocal microscopy); and MFp is the mean fluores-
cence of one particle according to eq 1.2.

MFp — MEMPIEACS) (1.2)

cf

where MFypeacs) is the mean fluorescence of one
microparticle as determined by FACS, and cf is the
calibration factor according to eq 1.3. Note that micro-
meter-sized particles can be directly measured by
FACS, in which case the fluorimetry is unnecessary
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Figure 1. Determination of number of internalized particles per cell by combined fluorimetry, flow cytometry and quan-
titative confocal microscopy. (A—C) The mean fluorescence of one nanoparticle in the FACS assay was determined by
fluorimetry and FACS, see text for details. (A) Overview. (B) Fluorimetry of nanoparticles in comparison to standard
microparticles. Data points show averages and standard deviations of triplicates. Squares, 1 um microbeads, two experi-
ments; triangles, 50 nm nanoparticles, two experiments. (C) Flow cytometry of standard microbeads. (D—G) To obtain the
average fluorescence emitted by all nanoparticles associated with a cell, nanoparticles were incubated with J774 macro-
phages and then subjected to flow cytometry. The mean fluorescence of these cells and of control cells (no particles added)
was determined. (D) Overview. (E) Negative control cells. (F) Cells after incubation with microbead standard (1-um sized green
fluorescent polystyrene particles). (G) Cells after incubation with nanoparticles; here, green fluorescent polystyrene beads
(50 nm). Note that a correction factor, FR,;, for fluorophore change inside the cell may be required, which is determined by
confocal microscopy (see text for details). (H—K) The internalized fraction f; was measured by confocal microscopy. J774
macrophages were incubated with polystyrene nanoparticles (50 nm) and the membrane was counterstained with wheat
germ agglutinin conjugated to the fluorophore Alexa 594; fluorescence area density inside the cell (1) and inside+outside the
cell (J) was measured (see text for details); background subtractions for inside the cell were derived from a separate slide with
negative control cells (no particles) and for the rim outside the cell from another area on the slide (K). Scale bar is 5 um.

and cf becomes 1. the single nanoparticle fluorescence (Figure 1B, eq 1.3).
For these experiments, a fluorimeter is required which
MFwmpirLuo; . . s
of = —— (1.3) is capable to operate with the same excitation wave-
MFNpirLuol L )
length and emission filter window as subsequently
where MFyipirLuog is the mean fluorescence of micro- used in the FACS experiment. It is very important that

particles at defined concentrations A, B, C, measured there is no free fluorophore in the particle suspensions,
by fluorimetry at the same excitation and emission both for this experiment as well as for the CLSM ex-
conditions as the FACS for MFpeacsy, and MFypirLuoy iS periment. To confirm this, we performed a dialysis step
the mean fluorescence of nanoparticles at defined of the particles and measured fluorescence before and
concentrations A, B, C, measured by fluorimetry at after dialysis (Figure 2).

the same excitation and emission conditions as the Figure 2 shows that the fluorescence curves of

FACS for MFypiracs;- nanoparticles before and after dialysis were virtually
The method is now described in more detail. The first identical, which ruled out free fluorophore in the

step was to determine the fluorescence value that one suspension.

nanoparticle would exhibit in the flow cytometry ex- Next, we carried out a FACS analysis of cells incu-

periment (Figure 1A). Due to fluidic, optical and sensor bated with fluorescent nanoparticles. The microparti-
limitations, nanoparticles below a certain size cannot cle standard was also measured by FACS (Figure 1Q),
be measured as single entities by FACS. Therefore, a and used to calculate the fluorescence of one nano-
defined concentration of fluorescent nanoparticles particle in FACS according to eq 1.2. In experiments
was measured in a fluorimeter alongside a fluorescent with microparticles the fluorimetry step is unnecessary
microparticle standard under the same excitation and and cf becomes 1. For fluorophores that do not change
emission filter conditions as in the following FACS fluorescence intensity after internalization, the data
analysis. This yielded the calibration factor cf, by which obtained gives the average number of nanoparticles
the single microparticle fluorescence is brighter than associated with each cell (Figure 1D—G). Aggregation
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Figure 2. Dialysis test for free fluorophore. Microparticles of 1 um diameter (left lines in each panel, MP green) and vesosomes
of 400 nm diameter before and after dialysis (right lines, veso 1—4 before, veso 1—4 after) at known concentrations were
serially diluted and measured in triplicate on a fluorimeter at 488 nm excitation and 530/30 emission. (A—D) Four different
vesosome preparations. Graphs show average of triplicate samples with standard deviation error bars.

fluorescence

ins'ide out;ide
FRQ/i =1.0

Figure 3. Measurement of the fluorescence change of a
fluorophore after internalization. Polystyrene beads of 1 yum
diameter, which were internally dyed with Firefli green were
incubated with macrophages. Macrophage cell membranes
were counterstained with wheat germ agglutinin-Alexa-594
and cells were analyzed by confocal microscopy as de-
scribed in Methods. The mean fluorescence of each particle
was measured. The image shows examples for particles
outside the cell (white arrows) and inside the cell (red
arrows). The ratio of the average of mean fluorescence
values outside the cells over inside the cells (FR,/;) was then
calculated. A FR,; of 1 represents no change in fluorescence
intensity after internalization.

of particles may alter the amount of internalized
particles, and different physiological buffers/additives
can have distinct effects on the aggregation status. As
further discussed below, qualitative data on the ag-
gregation status of the particles can also be obtained in
the FACS experiment. If a fluorophore is used that
changes fluorescence after internalization, a correction
factor, the fluorescence intensity ratio of the fluoro-
phore outside the cell over inside the cell (FRy;) is
needed. FR,,; was determined by CLSM, as described in
the Methods section, using a microparticle labeled with
the same fluorophore as used for the nanoparticles
(Figure 3). The determination of FR,; should be done
at the same time point as used in the internalization
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TABLE 1. Change of Fluorescence of Different Fluorophores
after Internalization into Mammalian Cells?
n Fnut Fi
fluorophore [particles] FR,;  av (SD) av (SD) p
Firefli green (internally dyed 17 1.0 119 (9) 124(14) 0.4

particles)
Firefli red (internally dyed 14 1.0 845(107) 823 (187) 038
particles)
Di0 (surface label) 25 04 138(75  348(177) 0.001

Intracellular GFP (internally 1 1.0 2025 (294) 2049 (329) 1.0
expressed by bacteria)

“FRy;: Fluorescence ratio of fluorophore outside over inside the cell. Fo:
Fluorescence of particles outside the cell; av (SD): average and standard deviation.
Fin: Fluorescence of particles inside the cell. p: statistical significance of difference
between fo, and i, (Mann—Whitney test, 2-tailed).

study. An early time point (90 min after addition of
particles) was chosen, based on the assumption that
endocytosed particles would still be located in early
endosomes, and not distributed over various compart-
ments in the cell. Ideally, a fluorophore is chosen, which
is not very sensitive to the environment, such that
FR,,i becomes 1, which greatly simplifies the calculation
and reduces the uncertainty of the measurement (see
below). Table 1 shows FR,; values for the different
fluorophores used in this study. These values should
be determined specifically for each experiment, since
they may be dependent on the particular particle pre-
paration and the cell line used. The values given here
pertain to J774 macrophages. The impact of the FR,;
factor on the integrity of adhesion/internalization data is
demonstrated in Supplemental Figure 1.

To obtain quantitative data on the internalized
fraction (f), cells were seeded on glass coverslips and

AR
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where the following factors are determined by CLSM:
FRo/i is the ratio of the mean fluorescence of particles outside the cell
over that inside the cell.

2cells Ain
2 cells Fin

is the sum of all selected areas inside the cells.

is the sum of all selected integrated fluorescence densities inside

the cells.
< Preg _ cell > is the average mean fluorescence density (mean grey value) of
selected areas inside negative control cells (not incubated with
particles) from control slide.

X cells Auut is the sum of all selected areas outside the cells and calculated by
subtracting the selected areas inside cells from the selected areas of
whole cells.

S celis Fout is the sum of all selected integrated fluorescence densities outside

the cells and calculated by subtracting the selected integrated
fluorescence densities inside cells from the selected integrated
fluorescence densities of whole cells.

\

< pnegislide >

is the average mean fluorescence density of selected areas on the

sample slide without cells or particles

Figure 4. Calculation of f; (internalized fraction of associated particles).

incubated with nanoparticles at the same particle-
to-cell-ratios and under identical environmental con-
ditions as used in the FACS experiment (Figure TH—K).
Cell membranes were counterstained with fluores-
cently labeled wheat germ agglutinin, and coverslips
were mounted on microscopical slides. Control slides
with unstained cells were also prepared. The area for
internal and external fluorescence was chosen as
follows: images taken on the confocal laser scanning
microscope were opened in the software Image J. The
images were enlarged and the inside of the cell
manually delineated by highlighting the membrane
(see yellow line in Figures 11and 5D). The outside of the
cell was marked by highlighting the area around the
cell, with enough distance to enclose any particles that
may be bound to the cell membrane externally (see
yellow line in Figures 1J and 5E). Background for inside
the cell was measured similar to Figure 11 on a negative
control slide, and background for the outside of the cell
as in Figure 1K on the same slide. A sharp membrane
stain is essential for proper identification of the regions
of interest. The procedure described in the Methods
section is a result of a number of optimization studies
with regards to fixation and fluorophore selection.
Wheat germ agglutinin stains the glycocalix, visualiz-
ing extensions on which externally adhered particles
may reside. It is important to confirm that no bleedover
between the channels occurs. Supplemental Figure 2
shows these and other negative controls. In addition,
we confirmed that backgrounds on different slides
were similar. Using fluorescent microbeads, we devel-
oped and validated the formula described below
to determine f;. Briefly, weighted averages of mean
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fluorescence from interior cell areas were subtracted
from those of whole cells after subtraction of respec-
tive background measurements. Typically, 20—50 cells
were analyzed in this fashion and the raw measure-
ments were exported into an excel file which con-
tained a macro to calculate f; (Supplement 2). f; was
computed according to eq 1.4 (Figure 4).

Validation of the method was carried out with fluo-
rescent microbeads. Using 1-um-sized particles we
visually determined and counted the particles inside
and outside of cells, and then compared to the data
obtained by using the method described here. Figure 5
shows good correlation between the two methods, if
one or more microscopic fields were counted.

The cellular uptake of internally dyed fluorescent
polystyrene particles of various sizes was then mea-
sured using this method (Table 2).

Since many different parameters are required to
calculate the number of internalized particles per cell,
which raises the concern of high standard deviations
due to error propagation, we performed an error
propagation analysis, using internalization data from
green fluorescent 400 nm nanoparticles. An excel
spreadsheet is provided with embedded formulas
which can be used to calculate the final standard
deviation evolving from uncertainties of all measured
parameters (Supplement 3). This analysis shows that
for the example used here the fractional uncertainty
(percent standard deviation of average) is 17%SD.
This appears acceptable for biological measurements.
Using the spreadsheet and varying the uncertainties of
the original parameters, it becomes obvious that varia-
bility in FR,; has a big impact on the error of the final
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result, whereas f; has less impact. This further supports
the statement made above, that choosing a fluoro-
phore with minimal or no changes upon internalization
into a cell would be highly preferred. It also highlights
the necessity to experimentally confirm the value
of FRyi.

In addition to quantitative internalization data, the
flow cytometry analysis can also yield qualitative in-
formation about aggregation status of particles and
protein binding. This can conveniently be obtained
in the same experiment using exactly identical ex-
perimental conditions as for the internalization mea-
surement. When aggregation occurs, the forward and
sideward scatter values increase, and the peak in the
fluorescence histogram shows tailing or a complete
shift to the right (Figure 6). Coincidence (measurement
of more than one particle at a time) which also results

1 cell: 1 field:
Count: 3/7=0.42 45/58=0.78
Measure: 0.54 0.77

Figure 5. Validation of determination of internalized frac-
tion via confocal microscopy. Macrophages were incubated
with green fluorescent polystyrene microbeads (1 um
diameter), and counterstained with wheat germ agglutinin
coupled to Alexa-594. Panels A—C show confocal images of
the cells in the Cy3.5 channel (A), the FITC channel (B) and as
overlay (C). Panels D—E show images imported into Image J
after selection of regions of interest within the yellow line
for inside of the cell (D) and whole cell (E). Determination
of the internalized fraction (f;) with manual counting was
compared to using the quantitative fluorescence measure-
ment method described here, either per single cell (D and E)
or per microscopic viewing field (F). Even if only one
microscopic view field is used, the counted f; is very close
to the measured f; (see Supplement 2 (Excel file) for the raw
data and fi-calculation for this example). The uncertainty for
f,, if counting more than one field, is typically between 1 and
15%SD (percent standard deviation of average). Scale bars:
10 um for A—C and F; 2 um for D and E.

in a one-sided broadening of the fluorescent peak can
be distinguished from aggregation by analyzing dif-
ferent concentrations (Figure 6).

In complex solutions such as serum- or plasma-
containing buffers, a high background exists for light
scatter measurements, such as FACS and dynamic light
scattering (DLS). Therefore, it is an advantage that
this nonfluorescent background can be eliminated
through gating for fluorescence, to evaluate the scatter
properties of the fluorescent population separately.
Figure 7 illustrates an example: Polystyrene (PS) parti-
cles of various sizes undergo massive aggregation after
dilution in phosphate buffered saline (PBS) containing
2% (w/v) bovine serum albumin (BSA), when measured
24 h (but not 3 h) later. However, when diluted in
PBS containing 2% (w/v) BSA and 30% (v/v) fetal calf
serum (FCS), this aggregation does not occur. It is well-
known that nanoparticles, when introduced into com-
plex protein-containing solutions, adsorb various pro-
teins to form a protein corona.?’*? The protein corona
evolves over time,>>~%* since highly abundant proteins
appear to adsorb first, which are later replaced by less
abundant proteins with higher affinity. The end result
is a nanoparticle with a new, biological identity as
opposed to its original, synthetic identity.’**” Adsorp-
tion of proteins can promote colloidal stability*®*° or,
conversely, can induce aggregation, as shown here
and in other studies.3®*! The protein corona also has
an impact on internalization rates. Conceptually, ad-
sorbed proteins can either function as opsonins or
as dysopsonins, thereby either promoting or inhibit-
ing receptor-mediated endocytosis.?’ Frequently, ad-
sorbed proteins will inhibit unspecific binding and
internalization. Our rationale to preincubate particles
for 2 h in PBS plus 2% BSA plus 30% FCS was to (1)
prevent aggregation, and (2) inhibit unspecific binding
and internalization, but not specific binding events.
Indeed, in a previous study we could show that iron
oxide nanoparticle binding and internalization is de-
pendent on scavenger receptor A (SR-A), and that SR-A
was still accessible and functional after dilution into
this BSA- and FCS-containing buffer (Supplemental
Figure 3). A recent review of 63 nanomaterials from
26 studies highlights that there is no one “universal”
protein corona, but that the corona rather depends on
the synthetic identity of the material, and that the

TABLE 2. Number of Internalized Particles for Polystyrene Particles of Different Sizes”

particle size (diameter in nm) ratio particles/cells f; MF_cells MF_neg cells FRo/i MF_Particle n(P;,/cell)
1000 10%1 0.86 (0.13) 2564 (179)b 222 (14) 1.0 (0.1) 3776 (189)” 0.51 (0.09)°
400 2 x 10%1 0.88 (0.02) 202456 (14614) 222 (14) 1.0 (0.1) 222 (20) 771 (129)°
250 8 x 10%1 0.86 (0.03) 168329 (12502) 222 (14) 1.0 (0.1) 77 (9) 1806 (336)°

“Data from representative experiments with average and (standard deviation); f, internalized fraction; MF_cells, mean fluorescence of sample cells (as determined by flow
cytometry); MF_neg cells, mean fluorescence of negative control cells (as determined by flow cytometry); FR,, fluorescence ratio of fluorophore outside over inside the cell;
MF_Particle, mean fluorescence of one particle, as it would measure in flow cytometry; n(P;,/cell), number of internalized particles per cell. ® Etimated. ¢ Standard deviations
of n(P;,/cell) were calculated using the error propagation model (Supplement 3).
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Figure 6. Aggregation of polystyrene (PS) particles and vesosomes in biological buffers. Particles were diluted in
physiological buffers as specified below and measured on a flow cytometer 24 h (PS) or 5 h (vesosomes) later. (A—C)
400 nm PS particles in water; (D—F) 400 nm PS particles in phosphate buffered saline with 2% (w/v) bovine serum albumin.
Note the shift of the fluorescence peak to the right in panel E and the shift of the forward/sideward scatter plot to the right and
up in panels D and F. (G—K) Differentiation of coincidence and true aggregation. (G—I) Non-PEGylated vesosomes labeled
with 0.5 mol % dialkylcarbocyanine (DiO) and diluted at three different concentrations (neat, 1:10 and 1:100 from left to right).
The shoulder of the peak in panel G disappears, when sample is diluted. Peak shoulder and shift to the right are due to
coincidence (i.e., at high concentration, more than one particle is interrogated simultaneously by the laser). (J and K) Non-
PEGylated vesosomes with 5% 7-nitrobenzo-2-oxa-1,3-diazole (NBD). NBD at two different concentrations (neat and 1:10).
The tail of the peak remains after dilution. (O) Microscopic image of vesosomes modified with NBD verifies large aggregates as
expected from the flow cytometry histogram. Size bar 100 um.

ability of adsorbed proteins to stabilize colloids is change was not reflected in the measurements of the
nanomaterial-dependent.?” Our observations corrobo- effective diameter by DLS, since the scatter properties

rate this finding. As an example, the aggregation seen
with PS particles in PBS plus 2% BSA was not observed
with vesosomes (Supplemental Figure 4). Furthermore,
several studies report a stabilizing function of albumin
for a variety of different nanomaterials.?®*° The PS
particles also heavily aggregated after suspension in
human plasma. This was already evident after 3 h and
remained until the 24 h time point. Notably, this
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of the diluents dominated the averaged signal and
therefore masked this change (Figure 7).

We then applied the method to a question of
biomedical relevance, i.e., the impact of different sur-
face coatings of vesosomes on the uptake by cells of
the RES. Surface coatings have been reported to have
a significant impact on protein adsorption, colloidal
stability, cytotoxicity and cellular internalization.3°~33
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Figure 7. Impact of common additives to physiological buffers on polystyrene particle aggregation. Polystyrene (PS) particles
of different diameters were diluted in water (H,0), phosphate buffered saline (PBS), PBS plus 2% (w/v) bovine serum albumin
(PBSA), PBS plus 2% (w/v) bovine serum albumin plus 30% fetal calf serum (PBSA-F) or human plasma. Suspensions were
analyzed 24 h after dilution by flow cytometry, and are shown as contour plots of forward scatter-height versus side scatter-
area. Grids are provided to guide the eye. Row 1 (diluents alone) shows all events. For particle suspensions (rows 2—4),
the fluorescent population was gated first, and this population is shown in the contour plots. Effective average diameters
were determined by dynamic light scattering (numbers below the plots). A shift to the right and up in the contour plot is
indicative of particle aggregation. PS particles of all three sizes showed aggregation 24 h after dilution into PBSA and human

plasma but not after dilution into PBSA-F.

For example, citrate coated iron oxide nanoparticles
destabilized in fetal calf serum-based buffers, and
were are rapidly absorbed and internalized, whereas
poly(acrylic acid)-coated iron oxide nanoparticles were
stable, and did not show any appreciable uptake into
lymphoblastoid cells.*® Similarly, coating of iron oxide
particles with polyvinyl alcohol, a mixture of polyvinyl
alcohol and vinyl alcohol/vinylamine or with polyethy-
lenimine had a significant impact on agglomeration in
FCS-based media, and on cellular uptake, although in
this case no clear correlation between aggregation and
uptake was established.3' Surface coatings can also
introduce positive or negative charges which have
differential impact on stability and uptake, as in the
example of polymer coated gold nanoparticles* In
the current study, we coated vesosomes with PEG of
different chain lengths at different concentrations, and
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determined the impact on the number of internalized
particles per macrophage. We also investigated the
aggregation status of the particles and indicators of
protein binding. Fluorescent vesosomes were pre-
pared with 2 mol % PEG750, 2 mol % PEG5000 and
5 mol % PEG5000. The uptake of particles by macro-
phages of the cell line J774 was analyzed using the
method described above. While PEG750 did not inhibit
macrophage uptake, PEG5000 at both concentrations
reduced the uptake 30% (Figure 8A). Figure 8A shows
the internalization data at a 8 x 10%1 particle-to-cell-
ratio. The difference between PEG750 coated particles
and PEG5000 2% -coated particles was statistically
significant (p = 0.036). Uptake at a particle-to-cell ratio
of 2 x 10*1 displayed an identical pattern (not shown).

Aggregation status of the particles under identical
conditions as those used in the internalization assay
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Figure 8. Cellular uptake of nanoparticles with different surface coatings. J774 macrophages were incubated with vesosomes
(400 nm) that had different surface coatings with polyethylene glycol (PEG, [ mol %]). (A) Uptake of nanoparticles by
macrophages, given as average number of internalized particles per cell. One representative experiment at a particle-to-cell
ratio of 8 x 10*:1 is shown; averages and SEM. (B) Particles without cells (same batch of vesosomes as in panel A) were diluted
in various biological buffers, here: phosphate buffered saline (PBS) and PBS plus 2% (w/v) bovine serum albumin and 30%
(v/v) fetal calf serum (PBSA-F, same buffer as used in internalization assay), and analyzed by flow cytometry 3 h later for
indications of aggregation and protein binding. Fluorescence peaks and contour plots of fluorescent population are shown
for each particle suspension. Non-PEGylated vesosomes showed signs of aggregation in PBSA-F (shift to the right in
fluorescence histogram and in contour plot), vesosomes coated with PEG 750 showed signs of protein binding (shift to the

right in contour plot, but not in fluorescence histogram).

was investigated by FACS, DLS and fluorescence
microscopy. Particles without cells (same batch of
vesosomes as in Figure 8A) were diluted in various
biological buffers, and analyzed by flow cytometry
3 h later. The flow cytometry data supports the hypoth-
esis that PEG750 coated vesosomes adsorb protein
under assay conditions (i.e., dilution in PBS plus 2%
(w/v) BSA plus 30% (v/v) FCS, abbreviated as PBSA-F),
while this effect was less pronounced for PEG5000
coated vesosomes. Figure 8B demonstrates that
PEG750 coated vesosomes showed a significant in-
crease in forward scatter without an increase of fluo-
rescence, consistent with size increase due to protein
binding. In contrast, vesosomes without PEG showed
both an increase in forward scatter and an increase in
mean fluorescence, consistent with aggregation. This
interpretation was confirmed by fluorescence micro-
scopy, which revealed significant aggregation for non-
PEGylated particles but to a much lesser extent for
PEGylated particles after suspension in PBSA-F. The
change was not reflected in the measurements of the
effective diameter by DLS.

The method described here can be extended to
other applications. One example is the study of pha-
gocytosis of bacteria or other microorganisms by
macrophages. Bacteria, with a size of 1—2 um, can also
be visually detected and counted by microscopy using
overlay images. Determination of f; using the method
described in this study, however, is not only more
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convenient but also more accurate, because signals
can easily be masked when looking at overlap images.
Drawing the region of interest in the channel for the
membrane stain and then analyzing the particle num-
ber in the channel for particle stain eliminates this
problem (Supplemental Figure 5). As an example, the
internalized fraction of fluorescent bacteria expressing
different peptides on their surface was measured
(Supplemental Figure 6). The method can be applied
to a wide variety of nanoparticles, as long as the
particles can be efficiently labeled with a fluorophore
(Supplemental Figure 7). The sensitivity depends on
the brightness of the label and, if particles per cell are
used as a unit, on the particle size. For example, one
particle per cell of the internally dyed PS microparticles
(diameter 1 um) is easily detected, both by flow
cytometry and by microscopy. This translates to a cal-
culated detection limit for flow cytometry of <23 =8
particles per cell for 500 nm PS microparticles (with
the same label), and <20 = 8000 particles per cell for
50 nm particles. Our observations are consistent with
this calculation, since 50 nm PS particles were easily
detected at 10000 particles per cell. Jiang et al. were
able to detect fluorescently labeled FePt particles
(5 nm diameter) by confocal microscopy at starting
concentrations of as low as 1 nM.*®

Further applications of the assay are the determina-
tion of nanoparticle internalization into other cell
types, for example target cells such as cancer cells or
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TABLE 3. Advantages and Limitations of Proposed Technique

advantages:

Generally applicable to different materials, as long as
they can be efficiently labeled with fluorophore

Combines high-throughput data on adsorption + internalization
with quantitative internalization data

limitations:

Requires fluorescent labeling: Fluorescence may change upon internalization and
fluorophore may alter uptake
Sensitivity for smaller particles is lower

Allows for comparison of data from different laboratories if a standard ~ Requires combination of three techniques: flow cytometry, fluorometry and confocal microscopy

particle is defined that is run alongside in parallel
Qualitative observations of aggregation phenomena in same assay
No assumptions made on intracellular distribution
Visual confirmation by high resolution microscopy technique

endothelial cells (Supplemental Figure 8). Table 3 lists the
advantages and limitations of the proposed methodology.

CONCLUSION

Here we report a generic technique for precise
determination of nanoparticle uptake into cells, with
a readout of average number of nanoparticles inter-
nalized per cell. For the first time, quantitative CLSM
imaging data, which gives definite information on
internalization, is mathematically integrated with high-
throughput FACS data, which yields information about
cellular association. This mathematical correlation can,
in theory, also be applied to a combination of label-free

METHODS

Partidles. Vesosomes. Vesosomes were prepared via the in-
terdigitated phase transition as described'’® except that
instead of encapsulating smaller vesicles, for this study we only
encapsulated water, thus, creating particles with the same
structure as vesosomes but without specific encapsulated con-
tent. Briefly, the dry dipalmitoylphosphatidylcholine (DPPC)
lipid was hydrated by reverse osmosis treated water and
vortexed at 55 °C. DPPC unilamellar vesicles (50 nm in diameter)
were prepared by sonication at room temperature using a
60 Sonic Dismembrator (Fisher Scientific, Atlanta, GA) for 4
min at a power of 4 W. Second, interdigitated bilayer phase
was induced by the addition of 3 M/L ethanol to a 50 mg/mL
DPPC vesicle suspension. After incubating at 4 °C overnight, the
interdigitated sheets were centrifuged and dispersed in reverse
osmosis treated water 3 times to remove ethanol. Third, the
pellet of interdigitated DPPC sheets was mixed with water, and
then heated at 50 °C for 2 h under vortex mixing, driving the
sheets to close to form the interdigitation-fusion vesicles. Dried
dialkylcarbocyanine (DiO) or distearoyl-phosphatidyl-ethanol-
amine-polyethylenglycol (DSPE-PEG) was mixed with interdigi-
tated DPPC sheets before heating, and the subsequent heating
drives the incorporation of DiO or DSPE-PEG inside the lipid
bilayer. The size of vesosomes was controlled by extruding
vesosomes through a 400 nm polycarbonate membrane or, for
FRo/ measurements, through a 1 um polycarbonate membrane.

Polystyrene Micro- and Nanoparticles. Particles at different
sizes (from 50 nm to 1 um) labeled with Firefli green or Firefli red
were purchased from Duke Scientific Corporation (Fremont, CA,
now part of Thermo Fisher Scientific, Waltham, MA).

Iron Oxide Nanoparticles. Green fluorescent iron oxide
nanoparticles labeled with FITC were a kind gift of E. Ruoslahti,
Burnham Institute for Medical Research at University of Califor-
nia Santa Barbara (UCSB).

Cell and Bacterial Culture. Murine macrophages (J774, EACC
85011428) were cultured in RPMI-1640 with 10% (v/v) fetal calf
serum (FCS) at 37 °C and 5% CO, atmosphere. Fluorescent
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techniques. In addition, a correction factor, FRy, is
introduced which has an impact on confocal micro-
scopy as well as on FACS measurements. We view the
technique and the mathematical model described here as
a starting point which could be further refined, e.g., by
using automated analysis of microscopic images,>*° or by
further quantifying the subcellular localization of nanopar-
ticles as described by Schweiger et al.3’ Furthermore, if the
nanoparticle community could agree on one set of stan-
dard particles, then data derived in this fashion could be
easily standardized as a percent uptake in comparison to
the standard particle(s). This would make internalization
data from different laboratories comparable.

Escherichia-coli bacteria expressing green fluorescent protein
(GFP) internally and recombinant peptides on the surface under
an arabinose-inducible promoter were picked from single
colonies and starter cultures were grown overnight in LB medium
substituted with 100 ug/mL chloramphenicol and 1% (w/v)
glucose (LB-CM-glc). Cultures were then diluted 1:250 in LB-CM-
glc and grown until they had an optical density of Aggo = 0.4, as
determined by spectrophotometry. Bacterial suspensions were
centrifuged and resuspended in LB-CM plus 0.02% (w/v) arabi-
nose, and cultured for 2.5 h at room temperature. After expres-
sion, they were centrifuged and resuspended at the desired
concentration for a 100:1 bacteria-to-cell ratio in RPMI-1640
(without glucose) with 100 ug/mL ampicillin, 10% (v/v) fetal calf
serum and 0.02% (w/v) arabinose for confocal imaging studies.

Internalization Assay. Flow Cytometry. 1774 cells were seeded
in T25 tissue culture flasks at 4 x 10° cells per flask one day prior
to the assay. Particles were diluted in phosphate buffered saline
(PBS), pH = 7.4 containing 2% (w/v) bovine serum albumin (BSA)
and 30% (v/v) FCS 2 h prior to the assay to block unspecific
binding and inhibit aggregation (see Figure 7). Cells were
washed with PBS, and particles were added at indicated parti-
cle/macrophage ratios and incubated at 37 °C for 90 min. This
time point was chosen from a series of pilot experiments, and
should be determined for each cell line. Generally, a time point
where significant internalization has taken place but where
most of the particles are still in the early endosomal com-
partment is desirable. After incubation, cells were placed on
ice to stop internalization, washed twice with ice-cold PBS
(centrifuging at 4 °C), detached with 0.08% (w/v) trypsin,
washed twice again and analyzed on a flow cytometer, using
the sample cooling function. Excitation was at 488 nm and
emission filter was 530/30. Mean fluorescence of macrophages
after incubation with nanoparticles and with standard polystyr-
ene microparticles was measured, as well as the mean fluores-
cence of one standard microparticle.

Fluorimetry. Nanoparticles and standard polystyrene mi-
croparticles were diluted and measured in triplicates at six
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different concentrations on a Tecan fluorimeter under the same
excitation and emission conditions as used for flow cytometry.
The ratio of fluorescence of one microparticle over one nano-
particle (cf) was calculated and the fluorescence of 1 micro-
particle as measured by FACS was divided by cf, to obtain the
theoretical fluorescence value of one single nanoparticle as it
would occur in FACS.

Confocal Microscopy. J774 murine macrophages were
seeded on round coverslips at 6 x 10* cells per slide one day
prior to the assay. Particles were diluted prior to the assay as
described for flow cytometry. Cells were washed with PBS, and
particles in respective buffers were added at the same particle/
macrophage ratios as used in the flow cytometry assay. After
incubation at 37 °C for 90 min, coverslips were washed with cold
PBS containing 0.1% Tween 20, fixed with 2% paraformalde-
hyde, freshly diluted in PBS, for 1 h at 0 °C, washed, and
counterstained with wheat germ agglutinin coupled to Alexa
594 (Invitrogen-Molecular Probes, Carlsbad, CA) at a final con-
centration of 10 ug/mLin PBS + 1% (w/v) BSA + 10% (v/v) FCS. A
sharp membrane stain is essential for exact determination of
cell interior. Wheat germ agglutinin (WGA) stains the glycocalix,
and a conjugate of WGA and Alexa Fluor 594 was our preferred
label, after we tested several different membrane stains
(Concanavalin A, anti-F4/80 antibody, anti-E-Cadherin antibody)
or fluorescein diacetate for cell body staining. Images were
acquired on an Olympus IX81 microscope using Fluoview 500
software. A blue argon laser (488 nm) and a green helium neon
laser (543 nm) were used for excitation; emission filters were
standard filters for FITC and Cy3.5. Images were analyzed using
Image J software.

Determination of f. Images of cells seeded on coverslips
after incubation with particles and membrane counterstain, and
of negative control cells (no particle addition) were taken with
the Olympus confocal microscope (see Confocal Microscopy)
using a 60x oil immersion objective. The High-Low function in
the initial setup was used to set the threshold as low as possible,
and to avoid saturation. Too high of threshold can skew the
results, since weak signals would appear disproportionally low.
All acquisition parameters (laser power, gain, offset, gamma,
confocal aperture, laser intensity) were kept constant for sam-
ples and respective controls. Images were imported into Image
J software. In Image J, the area, mean gray value and integrated
density were recorded for regions of interest on sample slides
(area inside cells, whole cells, cell free area) and on negative
control slides (area inside cells, cell free area). Regions of interest
were outlined as follows: In Image J, cells of interest were
enlarged and then the inside of the cell was manually deli-
neated by highlighting the membrane (see Figures 11 and 5D).
The area, mean and integrated density were recorded. The
outside of the cell was then marked by highlighting the area
around the cell, with enough distance to enclose any particles
that may be bound to the cell membrane externally (see
Figures 1J and 5E), and measured. Background for inside the
cell was measured similar to Figure 11 on a negative control
slide, and background for the outside of the cell in a cell-free
area on the same slide, as in Figure 1K. The respective back-
ground fluorescence on cell free areas of sample slides and
control slides was compared as an internal control, and only
control slides with the same or very close background values in
these areas were used. Typically, 20—50 cells were analyzed.
Raw data was pasted into the excel macro, which is provided in
Supplement 2 for convenient calculation of f, according to eq
1.4 (Figure 4). Supplement 2 also contains detailed instructions
on sheet 2 and an example calculation on sheet 3.

Determination of FR,,. Images of cells seeded on coverslips
after incubation with particles and membrane counterstain
were acquired using a 60x oil immersion objective. Saturation
was avoided and all acquisition parameters were kept constant
for samples and respective controls as described in Determina-
tion of f.. Images were taken as xyz stacks at 0.5 um step size and
imported into Image J software. In Image J mean gray values
were recorded for regions of interest (particles inside and
outside the cells, area inside the cell without particles, cell free
area). For easiest operation, images were opened in Fluoview
and Image J at the same time and a stacked overlay image was
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obtained in Fluoview to give an overview about all particles.
Each particle was then analyzed in Fluoview for position: inside
versus outside the cell. Then, its mean fluorescence was mea-
sured in Image J in the z-section that provided the highest
fluorescence. Generally, analyzing 20—30 particles yielded a
normal distributed population.

Computation of n[P;/celll. After obtaining the FACS-
derived mean fluorescence of sample and control cells, the mean
fluorescence of one particle from FACS and fluorimetry, and
FRo/i as well as f, from CSLM, the average number of internalized
particles per cell, n[P;,/cell], was calculated according to eq 1.1.

Aggregation Studies. Aggregation of nanoparticles in biologi-
cal buffers was analyzed by flow cytometry, dynamic light
scattering and fluorescence microscopy. For flow cytometry,
particles were diluted in the indicated buffers, measured on a
flow cytometer and analyzed as scatter plots. Initially, dot plots
and contour plots of the parameters forward scatter area versus
side scatter area were used (as in Figure 6). In agreement with
the work of Tzur et al.*® we found that forward scatter height
gave a better discrimination of size, which was subsequently
used. Dynamic light scattering measurements were performed
on a Brookhaven Laser Light scattering instrument at 90 °C
angle, using BIC DLS software. For fluorescence microscopy
analysis, particles were diluted in the indicated buffers and
visually analyzed for aggregation at various time points after
dilution.

Statistical Methods. Test for Gaussian distribution was carried
out by Shapiro Wilk test (or KS test for fewer particles), using the
graph pad prism software (version 5.0). The difference between
mean fluorescence of a fluorophore inside the cell and outside
the cell (FR,/) and for internalized particle numbers of different
vesosome preparations was tested for statistical significance
using the unpaired, two-tailed t test (with Welch's correction for
non-Gaussian sample populations) or with two-tailed Mann—
Whitney test. An alpha-level of 0.05 was assumed for statistical
significance.

Error Propagation Calculations. Fractional uncertainties were
calculated according to the following standard formulas. For
addition or subtraction of measured quantities x and y with
standard deviations Ax and Ay, the standard deviation Az of the
calculated quantity z is:

Az = /A2 +Ay?+ ...

For multiplication or division of measured quantities with stan-
dard deviations Ax and Ay, the standard deviation Az of the
calculated quantity z is:

GG

—=4/({=) +{=) +.-

z X y
An example calculation in excel format with embedded equa-
tions is provided in Supplement 3. The blank form on sheet 2
can be used to calculate the standard deviation Az for inter-
nalized particles per cell after input of measurement data.
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Supporting Information Available: Three supplemental files
are available. Supplement 1 consists of eight additional Figures:
(1) example calculation to demonstrate impact of correction
factor FR,; (fluorescence ratio outside the cell over inside the
cell); (2) negative controls for laser scanning microscopy experi-
ments; (3) cell binding and uptake in the presence of specific
macrophage receptor inhibitors; (4) lack of aggregation in PBS-
BSA buffer for vesosomes; (5) illustration of loss of data when
using overlay images; (6) application of this method to study
internalized fraction of micrometer-sized recombinant bacteria;
(7) general applicability of this method to a wide variety of
nanoparticle; (8) comparison of PS particle uptake by cancer
cells and macrophages. Supplement 2 (excel file) contains a
macro for facile determination of internalized fraction f;, after
raw data from confocal imaging has been obtained. Raw data
can be pasted into the reserved cells, and f; is calculated
automatically. Instructions are provided on sheet 2 of the excel
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file, and an example in sheet 3. Supplement 3 contains a macro
for calculation of standard deviation of n(P;./cell), using an error
propagation model. This material is available free of charge via
the Internet at http://pubs.acs.org.
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