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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 labs 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
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.

Keywords

nanoparticle internalization; drug delivery; reticuloendothelial system; flow cytometry; confocal
laser scanning microscopy; vesosomes; polyethylene glycol

A number of techniques have been established to measure association of micro- and
nanoparticles to cells. These include high throughput techniques such as Fluorescence
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Activated Cell Sorting/scanning (FACS), inductively coupled plasma (ICP) spectroscopies
such as ICP mass spectrometry, and high sensitivity methods for certain nanoparticles such
as absorption measurements of lysed cells.1 However, none of these techniques are able to
differentiate 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 presence and absence of fluorescence quenchers,34
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 certain fluorophores, making comparisons of data between different
types of nanoparticles difficult. Another frequently used technique is the parallel
measurement at different temperatures, namely 4°C and 37°C and subtraction of the 4°C
values from those obtained at 37°C.” This technique is problematic for nanoscale particles
which have been observed to enter the cell at low temperatures, potentially through an
energy independent mechanism.8 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.®19 While it is very convenient to obtain
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 permeabilize cells and
co-stain internal cell compartments, thereby only measuring particles within the stained cell
compartments. It is not a confocal technique, 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 internalized particles by labeling them with a pH-sensitive
dye has been introduced by Semmling er a/11 In that study, particles fluoresced red in the
slightly alkaline extracellular milieu and green in the acidic intracellular milieu, enabling a
semi-quantitative evaluation. Conventional 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 presented 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 t0 6.5 in
early endosomes to below 4 in lysosomes.12 Commonly used fluorophores such as
fluorescein and its derivatives, as well as seminaphtorhodafluors (SNARF) are very
sensitive to pH changes.1314 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 Atto647.13 Furthermore, non-specific protein binding may alter the fluorescence
intensity.1® 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, /.. 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.16 This results in more efficient containment of the encapsulated drugs.1” One major
challenge for the biomedical application of nanoparticles, in general, is their rapid removal
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from the bloodstream through cells of the RES, particularly macrophages. Polyethylene
glycol (PEG) is frequently used as a sterical stabilizer and has been reported to increase the
circulation time of lipid bilayer vesicles after systemic injection into laboratory animals.18
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 opsonization; 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; 5. stabilization by inhibition of lipid degradation (reviewed in 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 18:19 It is further
known that results vary with the concentration and chain length of the incorporated
PEG.19.20 We therefore investigated the impact of coating vesosomes with different
concentrations 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 nanoparticles is determined by FACS (Figure 1-
I1); and the internalized fraction as well as the amount of fluorescence intensity change after
internalization is measured by CLSM (Figure 1-111). Equation 1.1 is then used to calculate
the number of nanoparticles internalized per cell.

MF .oy — MF,
n[Pin/CEII]:ﬁ X cell neg_ cell

] (11)
|1 - £+ % m] MF,
where
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

equation 1.4

MF ej-MFieq cenr 18 the mean fluorescence of cells incubated with particles minus the mean fluorescence of negative
control cells (no particles), as derived by flow cytometry

FRoi is the ratio of fluorescence intensity of the fluorophore outside the cell over that inside the cell.
This is measured by confocal microscopy.
MFp is the mean fluorescence of one particle according to equation 1.2
MF _MFMP[FACS] (1 2)
P Cf .
where

MFuprracs) IS the mean fluorescence of one microparticle as determined by FACS
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cf is the calibration factor according to equation 1.3. Note that micron-sized particles can be directly
measured by FACS, in which case the fluorimetry is unnecessary and cf becomes 1.

MF

MPIFLUO]

MF

NPIFLUO]

cf= (1.3)

where

MFyprrLuo; IS the mean fluorescence of microparticles at defined concentrations A, B, C, measured by fluorimetry at
the same excitation and emission conditions as the FACS for MFypiracs)

MFyprLuoy s the mean fluorescence of nanoparticles at defined concentrations A, B, C, measured by fluorimetry at
the same excitation and emission conditions as the FACS for MFypeacs)

The method is now described in more detail: The first step was to determine the
fluorescence value that one nanoparticle would exhibit in the flow cytometry experiment
(Figure 1A). Due to fluidic, optical and sensor limitations, nanoparticles below a certain size
cannot be measured as single entities by FACS. Therefore, a defined concentration of
fluorescent nanoparticles was measured in a fluorimeter alongside a fluorescent
microparticle standard under the same excitation and emission filter conditions as in the
following FACS analysis. This yielded the calibration factor cf, by which the single
microparticle fluorescence is brighter than the single nanoparticle fluorescence (Figure 1B,
equation 1.3). For these experiments, a fluorimeter is required which is capable to operate
with the same excitation wavelength and emission filter window as subsequently used in the
FACS experiment. It is very important that there is no free fluorophore in the particle
suspensions, both for this experiment as well as for the CLSM experiment. To confirm this,
we performed a dialysis step of the particles and measured fluorescence before and after
dialysis (Figure 2).

Figure 2 shows that the fluorescence curves of nanoparticles before and after dialysis were
virtually identical, which ruled out free fluorophore in the suspension.

Next, we carried out a FACS analysis of cells incubated with fluorescent nanoparticles. The
microparticle standard was also measured by FACS (Figure 1C), and used to calculate the
fluorescence of one nanoparticle in FACS according to equation 1.2. In experiments with
microparticles the fluorimetry step is unnecessary and cf becomes 1. For fluorophores that
do not change fluorescence intensity after internalization, the data obtained gives the
average number of nanoparticles associated with each cell (Figure 1D-G). Aggregation 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 aggregation 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 fluorophore outside the cell over
inside the cell (FRyy;) is needed. FRy;; 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 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 compartments in the cell. Ideally, a
fluorophore is chosen, which is not very sensitive to the environment, such that FRy;
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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 preparation 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 incubated with nanoparticles at the same particle-to-cell-ratios and under
identical environmental conditions as used in the FACS experiment (Figure 1H-K). Cell
membranes were counterstained with fluorescently 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 Figure 11). 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 Figure 1J). 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, visualizing 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 developed and validated the formula described
below to determine f;. Briefly, weighted averages of mean fluorescence from interior cell
areas were subtracted from those of whole cells after subtraction of respective background
measurements. Typically, 20-50 cells were analyzed in this fashion and the raw
measurements were exported into an excel file which contained a macro to calculate f;
(Supplement 2). f; was computed according to equation 1.4 (Figure 4).

The cellular uptake of internally-dyed fluorescent polystyrene particles of various sizes was
then measured 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 variability in
FRy;i has a big impact on the error of the final result, whereas f; has less impact. This further
supports the statement made above, that choosing a fluorophore 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 FR;.

In addition to quantitative internalization data, the flow cytometry analysis can also yield
qualitative information about aggregation status of particles and protein binding. This can
conveniently be obtained in the same experiment using exactly identical experimental
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conditions as for the internalization measurement. 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 in a one-sided broadening of the fluorescent peak
can be distinguished from aggregation by analyzing different 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 non-fluorescent 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) particles of various sizes undergo massive
aggregation after dilution in phosphate buffered saline (PBS) containing 2% w/v bovine
serum albumin (BSA), when measured 24 hours (but not 3 hours) 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 complex protein-
containing solutions, adsorb various proteins to form a protein corona.?1:22 The protein
corona evolves over time,23-25 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.26:27
Adsorption of proteins can promote colloidal stability?82° or, conversely, can induce
aggregation, as shown here and in other studies.30:31 The protein corona also has an impact
on internalization rates. Conceptually, adsorbed proteins can either function as opsonins or
as dysopsonins, thereby either promoting or inhibiting receptor-mediated endocytosis.2’
Frequently, adsorbed proteins will inhibit unspecific binding and internalization. Our
rationale to pre-incubate particles for 2h 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 dependent 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 ability of adsorbed proteins to stabilize
colloids is nanomaterial-dependent.2” Our observations corroborate 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.28:29 The PS particles also
heavily aggregated after suspension in human plasma. This was already evident after 3 hours
and remained until the 24 hour timepoint. Notably, this change was not reflected in the
measurements of the effective diameter by DLS, since the scatter properties 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, /.e. the impact of
different surface 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 For example, citrate coated iron oxide
nanoparticles destabilized in fetal calf serum-based buffers, and 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.39 Similarly, coating of iron
oxide particles with polyvinyl alcohol, a mixture of polyvinyl alcohol and vinyl alcohol/
vinylamine or with polyethylenimine 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
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polymer coated gold nanoparticles.34 In the current study, we coated vesosomes with PEG
of different chain lengths at different concentrations, and 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
prepared with 2 mol% PEG750, 2 mol% PEG5000 and 5 mol% PEG5000. The uptake of
particles by macrophages 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 8x10%:1
particle-to-cellratio. 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
2x10%:1 displayed an identical pattern (not shown).

Aggregation status of the particles under identical conditions as those used in the
internalization assay 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 3h later. The flow cytometry data
supports the hypothesis that PEG750 coated vesosomes adsorb protein under assay
conditions (/.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 increase in forward
scatter without an increase of fluorescence, 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 microscopy, 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 phagocytosis 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
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 number 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 calculated
detection limit for flow cytometry of <23=8 particles per cell for 500nm PS microparticles
(with the same label), and <203=8000 particles per cell for 50nm particles. Our observations
are consistent with this calculation, since 50 nm PS particles were easily detected at 10,000
particles per cell. Jiang et al. were able to detect fluorescently labeled FePt particles (5nm
diameter) by confocal microscopy at starting concentrations of as low as 1 nM.3°

Further applications of the assay are the determination of nanoparticle internalization into
other cell types, for example target cells such as cancer cells or endothelial cells
(Supplemental Figure 8). Table 3 lists the advantages and limitations of the proposed
methodology.
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CONCLUSION

METHODS

Particles

Here we report a generic technique for precise determination of nanoparticle uptake into
cells, with a readout of average number of nanoparticles internalized 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 techniques. In addition, a correction factor, FRj;, is introduced
which has an impact on confocal microscopy 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,3®36 or by further
quantifying the subcellular localization of nanoparticles as described by Schweiger et a/3’
Furthermore, if the nanoparticle community could agree on one set of standard 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.

Vesosomes—Vesosomes were prepared via the interdigitated phase transition as
described!7:38 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 content. 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, USA) for 4 minutes at a power of 4 W.
Secondly, 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 for overnight, the interdigitated
sheets were centrifuged and dispersed in reverse osmosis treated water 3 times to remove
ethanol. Thirdly, the pellet of interdigitated DPPC sheets was mixed with water, and then
heated at 50°C for 2 hours under vortex mixing, driving the sheets to close to form the
interdigitation-fusion vesicles. Dried Dialkylcarbocyanine (DiO) or Distearoyl-
phosphatidyl-ethanolamine-Polyethylenglycol (DSPE-PEG) was mixed with interdigitated
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 FRy;; measurements, through
a 1 micron polycarbonate membrane.

Polystyrene micro- and nanoparticles—Polystyrene micro- and nanoparticles at
different sizes (from 50 nm to 1 micron) 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
California 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 £. colibacteria expressing green fluorescent protein (GFP)
internally and recombinant peptides on the surface under an arabinose inducible promoter,
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were picked from single colonies and starter cultures were grown overnight in LB medium
substituted with 100 pg/ml chloramphenicol and 1% wi/v glucose (LB-CM-glc). Cultures
were then diluted 1:250 in LB-CM-glc and grown until they had an optical density of
Agp0=0.4, as determined by spectrophotometry. Bacterial suspensions were centrifuged and
resuspended in LB-CM plus 0.02% w/v arabinose, and cultured for 2.5 h at room
temperature. After expression, 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

A. Flow cytometry: J774 cells were seeded in T25 tissue culture flasks at 4x10° 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, particles were added at indicated particle:macrophage ratios and incubated at
37°C for 90 minutes. 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 compartment is desirable. After incubation, cells were put on ice to stop
internalization, washed twice with ice-cold PBS (centrifuging at 4°C), detached with 0.08%
wi/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 polystyrene
microparticles was measured, as well as the mean fluorescence of one standard
microparticle.

B. Fluorimetry: Nanoparticles and standard polystyrene microparticles were diluted and
measured in triplicates at six 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 nanoparticle (cf) was calculated and the fluorescence of 1
microparticle as measured by FACS was divided by cf, to obtain the theoretical fluorescence
value of one single nanoparticle as it would occur in FACS.

C. Confocal Microscopy: J774 murine macrophages were seeded on round coverslips at
6x104 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 minutes, cover slips were washed with cold PBS
containing 0.1% Tween 20, fixed with 2% paraformaldehyde, 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 concentration of 10 pg/ml in PBS +
1%wi/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 1X81 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.
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D. Deter mination of f;: Images of cells seeded on cover slips after incubation with particles
and membrane counterstain, and of negative control cells (no particle addition) were taken
with the Olympus confocal microscope (see C.) using a 60X oil immersion objective. The
High-Low function in the initial set up was used to set the threshold as low as possible, and
to avoid saturation. A too high 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 samples and respective controls.
Images were imported into Image J software. In Image J, the area, mean grey 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 delineated by highlighting the membrane (see
Figure 11). 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 Figure 1J), 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 background 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 equation 1.4 (Figure 4). Supplement 2 also
contains detailed instructions on sheet 2 and an example calculation on sheet 3.

E. Determination of FR;: Images of cells seeded on cover slips 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 D. Images were taken as xyz stacks at 0.5um step size
and imported into Image J software. In Image J mean grey 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 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 measured in Image J in the z-section that provided the
highest fluorescence. Generally, analyzing 20-30 particles yielded a normal distributed
population.

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

Aggregation studies—Aggregation of nanoparticles in biological 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.,3° 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.
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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
(FRyyi) 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= \|AX2+Ay2+ - - -

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

T

An example calculation in excel format with embedded equations is provided in Supplement
3. The blank form on sheet 2 can be used to calculate the standard deviation Az for
internalized particles per cell after input of measurement data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Determination of number of internalized particles per cell by combined fluorimetry,
flow cytometry and quantitative 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; datapoints show averages and standard deviations of
triplicates; squares: 1 pm microbeads, two experiments; triangles: 50 nm nanoparticles, two
experiments. Panel 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 macrophages 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-
micron sized green fluorescent polystyrene particles); G: Cells after incubation with
nanoparticles, here: green fluorescent polystyrene beads (50 nm). Note that a correction
factor, FRy;, 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 (I) 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.
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Figure 2. Dialysistest for freefluorophore

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.
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Figure 3. Measurement of the fluorescence change of a fluorophore after internalization
Polystyrene beads of 1 um 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 described 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 (FRy;) was then
calculated. A FRi of 1 represents no change in fluorescence intensity after internalization.

ACS Nano. Author manuscript; available in PMC 2014 June 25.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gottstein et al.

Page 17

Fin
FRoix Zcells Ain x (W - < Prneg _ cell >)
cells ~

1.4 =

Aout x
Zcell: o (

Zcel!x Fom
Zrel!s Aout

Zce//s E"

- —< Preg _ cell >)

Z(el[s Am

—< Preg _ slide >) + FRo i % Zcells Am x (

where the following factors are determined by CLSM:

FRo,f'i

Zcel]s Ain
Zce]/s Fiﬂ

< Preg _ cell >
Zce/l.s Aour

Z cells FOIII

< Phneg _ slide >

1s the ratio of the mean fluorescence of particles outside the cell
over that inside the cell.

1s the sum of all selected areas inside the cells.

1s the sum of all selected integrated fluorescence densities inside
the cells.

1s the average mean fluorescence density (mean grey value) of
selected areas inside negative control cells (not incubated with
particles) from control slide.

1s 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.

1s the sum of all selected integrated fluorescence densities outside
the cells and calculated by subtracting the selected integrated
tfluorescence densities inside cells from the selected integrated
tluorescence densities of whole cells.

1s the average mean fluorescence density of selected areas on the

sample slide without cells or particles

Figure 4. Calculation of fj (internalized fraction of associated particles)

Validation of the method was carried out with fluorescent microbeads. Using 1-micron-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.
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Figure 5. Validation of determination of internalized fraction via confocal microscopy
Macrophages were incubated with green fluorescent polystyrene microbeads (1 um
diameter), and counterstained with wheat germ agglutinin coupled to Alexa-594. A-C show
confocal images of the cells in the Cy3.5 channel (A), the FITC channel (B) and as overlay
(C). 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
measurement method described here, either per single cell (D, 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 for the raw data and f;-calculation for this
example). The uncertainty for f;, if counting more than one field is typically between 1 and
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15%SD (percent standard deviation of average). Scale bars: 10 um for A-C and F; 2 um for
DandE.
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Figure 6. Aggregation of polystyrene (PS) particles and vesosomesin 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 E and the shift of the forward/sideward scatter
plot to the right and up in 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 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
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interrogated simultaneously by the laser). J, 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 pm.

ACS Nano. Author manuscript; available in PMC 2014 June 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gottstein et al.

Page 22

Diluents
Particlas H,0 PBS PBSA  PBSA-F huPlasma
A 1: 1 | ‘ i; 1
g 1 3 ." | |
\ ; ‘ { "
Wt A et
8 nm 345 nm 320 nm
! 1 1 1 . i
1 pm PS bt [ ot ||| ,,}9
| | | | - ! | - | | |
1146 nm A 1198 nm 2056 nm 1214 nm 692 nm
{ [ ™1 ‘ > { { ‘.'}
0.4pmpPs |1 | !,O - 14
S | Mietlmntl] | "ottt | Yol | Ml || Mo :
v 389 nm 520 nm 3298 nm 368 nm 641 nm
)
& { ‘ { : ' { J
1 1 » Y | 4 o1
CEIS; " 'l DZO Il 2™ 1 fot V
o | 1w ) i (g = -
0.25 pm PS 3 C201  C10) N — | CE) S 1ol : 1ol 3
237 nm 277 nm 2191 nm 233 nm 349 nm
Forward Scatter - Height —>

Figure 7. Impact of common additivesto physiological bufferson 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% wi/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 24h after dilution into PBSA and human
plasma but not after dilution into PBSA-F.
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Figure 8. Cellular uptake of nanoparticleswith 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 8x10%: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 3h 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).
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Table 3

Advantages and Limitations of Proposed Technique
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Advantages:

Limitations:

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

Requires fluorescent labeling: Fluorescence may
change upon internalization and fluorophore
may alter uptake

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

Sensitivity for smaller particles is lower

Allows for comparison of data from different labs if a standard particle is defined that is
run alongside in parallel

Requires combination of three techniques: flow
cytometry, fluorometry and confocal
microscopy

Qualitative observations of aggregation phenomena in same assay

No assumptions made on intracellular distribution

Visual confirmation by high resolution microscopy technique
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