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Biomedical imaging using cell labeling is an important technique to visualize cell dynamics in the body. To
label cells, thiol-organosilica nanoparticles (thiol-OS) containing fluorescein (thiol-OS/Flu) and rhodamine
B (thiol-OS/Rho) were surface-functionalized with polyethyleneimine (PEI) (OS/Flu-PEl and OS/Rho-PEl)
with 4 molecular weights (MWs). We hypothesized PEI structures such as brush, bent brush, bent lie-
down, and coiled types on the surface depending on MWs based on dynamic light scattering and
thermal gravimetric analyses. The labeling efficacy of OS/Flu-PEls was dependent on the PEI MW and the
cell type. A dual-particle administration study using thiol-OS and OS-PEls revealed differential
endosomal sorting of the particles depending on the surface of the NPs. The endosomes in the labeled
cells using OS/Flu-PEl and thiol-OS/Rho revealed various patterns of fluorescence termed barcoded
endosomes. The cells labeled with OS-PEIl in vitro were administrated to mice intraperitoneally after in
situ labeling of peritoneal cells using thiol-OS/Rho. The in vitro labeled cells were detected and identified
in cell aggregates in vivo seamlessly. The labeled cells with barcoded endosomes were also identified in
cell aggregates. Biomedical imaging of in vitro OS-PEl-labeled cells combined with in situ labeled cells
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Introduction

Biomedical imaging using cell labeling is an important tech-
nique to observe the localization, migration, and function of
cells in tissues, organs, and the body. Cell labeling has been
applied in various research fields, such as immunology,
neuroscience, developmental biology, regenerative biology, and
oncology. Various materials and techniques have been devel-
oped to label cells efficiently and effectively for observation.
Recently, transgene labeling using the reporter genes of
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showed high potential for observation of cell dynamics.

fluorescent proteins has become very popular in various
fields."” Similar to other techniques, fluorescent dyes such as
PKH-26 were applied for cell labeling via their nonspecific
affinity to cells (passive labeling).** To label cells specifically,
fluorescent probes were conjugated with high-affinity and
specific ligands, such as antibodies, and the ligand-conjugated
probes were applied to cell labeling (active labeling) and
imaging.>” The main imaging modality of cells labeled via
passive and active labeling is optical imaging. Optical imaging
has some advantages over other modalities, such as high
sensitivity and temporal resolution, for observing labeled cells
in vitro as well as in vivo. The new trend of cell labeling tech-
niques advances with the addition and expansion of other
imaging modalities such as X-ray computerized tomography
and magnetic resonance imaging. This trend has been driven by
the application of multifunctional nanoparticles (NPs).**>
Multifunctional NPs have provided new potential for cell
labeling and imaging because of their advantageous properties.
Gold NPs and iron oxide NPs were applied to other modalities,
such as X-ray computerized tomography and magnetic reso-
nance imaging (MRI) with higher spatial resolution and 3-
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dimensional (3-D) capabilities, which overcome the limitations
of optical imaging.

We have prepared and reported various types of fluorescent
organosilica NPs.'* Organosilica particles differ both struc-
turally and functionally from typical inorganosilica particles
prepared from tetraethoxyorthosilicate. Thiol-organosilica
particles are prepared from 3-mercaptopropyltrimethoxysilane
(MPMS) as a single organosilicate source and contain both
interior and exterior functionalities as prepared. The organo-
silica particles can be internally functionalized with various
fluorescent molecules and nanomaterials simply and easily.
The mercaptopropyl residues on their surface are useful for
functionalization, and can bind with biomolecules via various
interactions such as electrostatic interactions, hydrophobic
interactions, and hydrogen bonds. Fluorescent thiol-
organosilica particles (thiol-OS) were useful for various fluo-
rescence imaging techniques, such as fluorescence in vivo and
in vitro cell imaging."** Single-cell imaging and analysis of the
peritoneal macrophage uptake of NPs revealed heterogeneity of
uptake and could identify polyethylene-glycol-resistant
macrophages.'*"”

This paper reports the applications of thiol-OS surface-
functionalized with the positively charged polymer poly-
ethyleneimine (PEI) (OS-PEIs) with 4 molecular weights (MWs)
to label cells for imaging. We characterized OS-PEIs and
proposed their novel model depending on the surface structure.
And then we performed cell-nanoparticle interaction analysis
using 4 kinds of cells and 4 kinds of thiol-OS containing fluo-
rescein (thiol-OS/Flu) surface-functionalized (OS/Flu-PEI) to
find an optimal combination of the cells and OS-PEIs. Then, we
performed in vitro cell labeling using OS/Flu-PEI. We discovered
that some cells showed barcoded endosomes with a various
pattern of fluorescence due to differential endosomal sorting of
the particles depending on the surface of the NP. We performed
optical seamless imaging to visualize the in vitro-labeled cells.
The cells showing barcorded endosomes were a novel type of
labeled cells. We conducted intraperitoneal administration of in
vitro-labeled cells with OS-PEI into a mouse that was also
injected with thiol-OS containing rhodamine B (thiol-OS/Rho)
to label peritoneal cells in situ. The in vitro-labeled cells
including the ones showing barcoded endosomes forming cell
aggregates with in situ-labeled peritoneal cells were seamlessly
observed from macroscopic imaging in vivo to microscopic
imaging at the single-cell level ex vivo. The seamless imaging of
in vitro-labeled cells using NPs demonstrated high potential for
innovative next-generation imaging.

Results and discussion

Preparation and characterization of surface-functionalized
fluorescent organosilica NPs with various molecular weight
PEIs

Thiol-OS/Flu and thiol-OS/Rho were synthesized according to
our previous report.'* High resolution TEM showed gentle
irregularities on the surface and dot patterns on the inside
might indicate Si atoms. STEM and SEM revealed that thiol-OS/
Flu had a spherical shape, narrow size distribution, and good
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dispersion (Fig. 1A). The surface functionalization of thiol-OS/
Flu with PEIs was carried out using electrostatic interactions
between the negative charge of thiol-OS/Flu and the positive
charge of the PEIs. Thiol-OS/Flu was mixed and stirred with
solutions containing 4 different MWs of branched PEI, and the
PEI bound onto the NP surface. All OS/Flu-PEIs were observed
by SEM after osmium coating. The surface of the OS/Flu-PEIs
did not show a clear difference from that of thiol-OS/Flu
(Fig. 1A). In the DLS analysis, the hydrodynamic particle
diameter of thiol-OS/Flu was larger than that measured by
STEM (Table 1), as reported previously.””” The diameters
calculated based on SEM and the hydrodynamic diameters of
the OS/Flu-PEIs were greater than that of thiol-OS/Flu. The
diameters of the 4 OS/Flu-PEIs were almost the same but the
diameters of OS/Flu-PEI1.3k and OS/Flu-PEI25k were the largest
and the smallest based on SEM and DLS, respectively. The
increase in hydrodynamic diameter did not depend on the MW.
The 3-D structure of PEIs on the surface of thiol-OS/Flu might
affect their hydrodynamic diameters. The coefficients of varia-
tion (% PD) and polydispersity index (PDI) of the thiol-OS/Flu
diameter measured by both EM and DLS were lower than
those of the OS/Flu-PEIs. The % PDs and PDIs of OS/Flu-PEIs,
except for OS/Flu-PEI750k, were at least 1.5-fold higher than
that of thiol-OS/Flu. Previously, we performed surface func-
tionalization of thiol-OS/Flu with various MWs of polyethylene
glycol (PEG)." The coefficients of variation of thiol-OS/Flu with
PEG ranged from 0.77 to 1.34%, close to the 1.08% for thiol-OS/
Flu.*® The 3-D structure of PEI on the surface varies from
particle to particle more than that of PEG. The % PDs of thiol-
OS/Flu with lower-MW PEIs (OS/Flu-PEI1.3k and OS/Flu-
PEI2.0k) (OS/Flu-PEI-L) were higher than those of thiol-OS/Flu
with higher-MW PEIs (OS/Flu-PEI25k and OS/Flu-PEI750k)
(OS/Flu-PEI-H). These data indicated that the 3-D structure of
the PEI of OS/Flu-PEI-L varies more than that of OS/Flu-PEI-H.
Thiol-OS/Flu had a negative { potential due to the thiol and
silanol residues on the surface. The OS/Flu-PEIs had a positive
potential due to the intramolecular amino group of the PEIs on
their surface. The { potentials of the OS/Flu-PEIs were not the
same. OS/Flu-PEI1.3k and OS/Flu-PEI25k had similar values,
which were higher than that of OS/Flu-PEI750k and lower than
that of OS/Flu-PEI2.0k. These differences would be related to
the density of the PEIs on the particle surface and their 3-D
structure.

To evaluate the PEI densities on the OS/Flu-PEIs, we per-
formed TGA (Fig. 1B and Table 2). The initial weight loss at
200 °C was due to the desorption of water molecules from the
surface of the particle. The remaining weights were 60.75%,
59.81%, 60.05%, 59.58, and 59.29% for thiol-OS/Flu, OS/Flu-
PEI1.3k, -PEI2.0k, -PEI25k, and -PEI750k, respectively, at 300-
800 °C under flowing nitrogen. The estimated PEI weight,
number per particle, and density on thiol-OS/Flu are summa-
rized in Table 2. The PEI parts of OS/Flu-PEI1.3k and OS/Flu-
PEI25k were similar, and those of OS/Flu-PEI2.0k and OS/Flu-
PEI750k were the lowest and the highest, respectively. Previ-
ously, thiol-OS/Flu surface-functionalized with methoxy-PEG-
maleimide with MWs of 12k and 30k was prepared, and the
PEG parts measured by TGA were 1.82% and 4.73%,
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Fig. 1 Surface-functionalized fluorescent organosilica nanoparticles with PEls of various molecular weights. (A) High resolution TEM micro-
graphs of thiol-OS/Flu (HR: thiol-OS/Flu) and thiol-OS/Rho (HR: thiol-OS/Rho), STEM and SEM micrographs of thiol-OS/Flu and OS/Flu-PEls.
Scale bars: 100 nm. (B) Thermal gravimetric analysis of nanoparticles. The data for thiol-OS/Flu (black), OS/Flu-PEI1.3k (red), OS/Flu-PEI2.0k
(blue), OS/Flu-PEI25k (cyan), and OS/Flu-PEI750k (green; dotted line) were obtained under flowing nitrogen. (C) Schematic models of thiol-OS/
Flu and 4 kinds of OS/Flu-PEls. A molecular model of the silica network on the surface is shown with the red square of oxygen centered on silicon
with a distance of 0.33 nm. The 3-D models of OS/Flu-PEls show that OS/Flu-PEI1.3k is a brush type, OS/Flu-PEI2.0k is a bent brush type, OS/Flu-
PEI25k is a bent lie-down type, and OS/Flu-PEI750k is a coiled type.

Table 1 Particle sizes and ¢ potentials of OS/Flu-PEls®

Diameter® (nm) (SEM) Diameter (nm) (DLS) %PD° PDI ¢ potential (mV)
Thiol-OS/Flu 151 £ 6.7 132.1 £9.0 16.2 + 3.8 0.040 —30.6 = 4.8
OS/Flu-PEI1.3k 159 + 8.2 185.1 £ 6.3 34.5 + 44 0.086 29.1 2.4
OS/Flu-PEI2.0k 156 + 8.4 160.5 £ 14.3 26.3 £ 8.1 0.110 32,5+ 8.1
OS/Flu-PEI25k 154 + 8.9 144.9 £ 4.0 17.1 + 8.8 0.067 29.0 + 4.9
OS/Flu-PEI750k 156 + 7.6 167.5 £ 8.1 16.4 £ 6.7 0.059 27.1+ 1.0

“ Each value represents the mean + standard deviation (SD) of 3 replicates. ” The mean diameter and SD of nanoparticles were calculated from
more than 40 particles measured by SEM. ° PD (%) was calculated as ((polydispersity x 2)/diameter) x 100.
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Table 2 Thermal gravimetric analyses of thiol-OS/Flu and the 4 kinds of OS/Flu-PEls®
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Thiol-OS/Flu

OS/Flu-PEI1.3k

OS/Flu-PEI2.0k

OS/Flu-PEI25k

OS/Flu-PEI750k

Weight? at 200 °C (%) 99.69 + 0.07 99.76 + 0.20
Weight? at 800 °C (%) 60.75 + 0.45 59.81 + 0.47
Organic part® (%) 38.94 + 0.39 39.95 + 0.28
PEI part (%) — 1.01 + 0.28
PEI weight (g)/particle — 3.00 x 107 £
0.09 x 107"
PEI number/particle 13 890 + 417
PEI density (PEI/nm?) 0.583 =+ 0.162

% Each value represents the mean + SD of 3 replicates.

respectively.”” The PEG part of thiol-OS/Flu surface-
functionalized with methoxy-PEG-maleimide was higher than
the PEI part of OS/Flu-PEI25k. These results indicated that the
binding efficacies of the 4 kinds of PEI via electrostatic and
hydrophobic interactions were not higher than those of PEG
obtained via the conjugation of thiol and maleimide. The ratio
of mercaptopropyl residues to PEI1.3k was estimated to be
17 : 1, the maximum among PEIs. The PEI density on particles
and the MW of PEI were inversely correlated except for OS/Flu-
PEI2.0k. The PEI density of OS/Flu-PEI2.0k was the lowest,
approximately 62%, compared with that of OS/Flu-PEI1.3k,
although the difference in MW was not large. These results
indicated that PEIs were bound to the surface of thiol-OS in
various forms depending on their MW. We estimated and have
shown the models of the forms of PEI on thiol-PS/Flu in Fig. 1C.

PEIs contain hydrophobic (ethylene groups) and positively
charged hydrophilic (amino groups) parts. It was reported that
the structure of linear PEI could be changed; it was elongated in
fully protonated states (lower pH) but in a coiled form in non-
protonated states (higher pH) in liquid.* Thiol-OS has a nega-
tively charged hydrophilic (thiol in mercaptopropyl residues
and silanol residues) part and a hydrophobic (propyl groups)
part on the surface. The maximum density of mercaptopropyl
residues on the surface was theoretically estimated at 10 resi-
dues per nm?> because the distance between one side of the
square of oxygen centered on silicon was 0.33 nm. Therefore,
PEI present on the surface of thiol-OS/Flu formed various
structures due to electrostatic and hydrophobic interactions
with the residues on thiol-OS. The 3-D structures of PEIs on the
particles were not the same as those in liquid. The 3-D struc-
tures of PEG on the surface of particles have been well investi-
gated and discussed, with forms described as, for example,
brush* and mushroom® types. These forms were determined
based on their MW and the surface density of the PEG on the
NPs. We estimated and proposed models of the 3-D structures
of PEI based on their MWs and the surface densities as well as {
potentials and diameters. The { potentials of OS/Flu-PEIs
indicated an electrostatic interaction between negatively
charged residues such as thiol and silanol on the particle
surface and the amino residues of PEIs. The diameters of OS/
Flu-PEIs could be related to their style on the particle surface
such as horizontal and vertical. We proposed that OS/Flu-
PEI1.3k was a brush type, OS/Flu-PEI2.0k was a bent brush

© 2022 The Author(s). Published by the Royal Society of Chemistry

99.62 + 0.09 99.64 + 0.07 99.67 + 0.11
60.05 + 0.63 59.58 + 0.44 59.29 + 0.16
39.57 4+ 0.56 40.06 + 0.46 40.38 + 0.04
0.63 + 0.56 1.12 4 0.46 1.44 4+ 0.04
1.87 x 1077 + 333 x 107V £ 4.28 x 1077 +
1.66 x 10~ 1.38 x 107 0.12 x 107
5640 + 5007 802 + 332 35+ 1

0.237 + 0.211 0.034 + 0.014 0.001 £ 0.000

type, OS/Flu-PEI25k was a bent lie-down type, and OS/Flu-
PEI750k was a coiled type as shown in Fig. 1C. OS/Flu-PEI1.3k
showed the highest diameter on DLS and on SEM, and the
highest PEI density on TGA. PEI1.3k might fit into the gaps
between the mercaptopropyl chains and could stand nearly
vertically on the surface because of the hydrophobic interac-
tions between the aliphatic groups of both the PEI and mer-
captopropyl groups (Fig. 1C, OS/Flu-PEI1.3k). Therefore, we
proposed that PEI1.3k on OS/Flu-PEI1.3k had a brush form. OS/
Flu-PEI2.0k showed no increase in the hydrodynamic diameter
compared with that of OS/Flu-PEI1.3k and the lowest PEI
weight/particle. These data indicated that PEI2.0k was not fully
upright and extended as linear on the surface. PEI2.0 was bent
on the surface, and its bent conformation inhibited the binding
of PEI on the surface of particles to each other. The positive
value of the { potential of OS/Flu-PEI2.0k was the highest
among the 4 OS/Flu-PEIs. This indicates that negatively charged
residues such as thiol and silanol on the particle were masked
by electrostatic interactions with the amino residues of PEI 2.0k,
including larger proportions of bent conformations than other
PEIs. Therefore, we proposed that OS/Flu-PEI2.0k had a bent
brush form (Fig. 1C, OS/Flu-PEI2.0k). OS/Flu-PEI25k showed the
shortest diameter on DLS and SEM. PEI25k might bind hori-
zontally to the particle surface, but not vertically like PEI1.3k.
OS/Flu-PEI25k showed a lower positive value of the { potential
but not a lower PEI weight/particle than OS/Flu-PEI2.0k.
Therefore, PEI25k on the surface might be well arranged
without great structural inhibition like that of PEI2.0k. And
PEI25k exists on the surface in a form with relatively little
interaction with the negatively charged residues of the particles.
As a possible model, we proposed that PEI25k adopted a bent
lie-down form on thiol-OS/Flu (Fig. 1C, OS/Flu-PEI25k). The
bent lie-down form of PEI might be caused by hydrophobic
interactions between the ethylene groups of PEI and propyl
residues of particles on the inner surface rather than thiol
residues at the end of mercaptopropyl residues. Therefore,
PEI25k bound with the surface closer than other PEIs, and
formed a bent lie-down form. OS/Flu-PEI750k showed a diam-
eter similar to that of OS/Flu-PEI-L, which had the highest PEI
weight/particle and the lowest { potential among OS/Flu-PEIs.
These results indicated that PEI750k binds also horizontally
to the particle surface. But PEI750k did not interact very much
with hydrophobic residues or negatively charged residues on
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thiol-OS/Flu. Because PEI750k had the highest PEI weight/
particle and MW, we estimated that PEI750k contained
noncontact parts with particles and existed in the form of a coil
around the particles, as shown in Fig. 1C (OS/Flu-PEI750Kk).
These various data indicated that the 3-D structures of PEIs
on the particle surface were not the same as those in liquid
depending on their MW and their interaction type such elec-
trostatic and hydrophobic interactions. “Molecule-surface
residue interaction on particle” is also very important to
understand and to control the function of the molecules such as
polymers on the particle surface. We reported that various kinds
of organosilica particles caused exposure not only to the mer-
captopropyl residue*?® but also to the epoxycyclohexyl
residue.”” These particles would contribute to a study on
molecule-surface residue interactions on particles. Although
there was not enough evidence to determine the PEI structure
on the surface of thiol-OS/Flu, we proposed a model of each NP
based on the TEM, SEM, DLS, and TGA results. We believe these
models to be important because these 4 types of OS/Flu-PEIs
exhibited different effects on cells, as described below.
Further studies were required to evaluate the surface structure
of PEIs on the particles to understand cell-NP interactions in
addition to molecule-surface residue interactions on particles.
Evaluations of the 3-D structure of PEI on the particle surface
using SEM observation, with a possible goal of enhancing the
PEIs, are in progress.

Aggregation-redispersion phenomenon of OS/Flu-PEIs
depending on the PEI concentration. Because the 4 kinds of
OS/Flu-PEIs revealed different physicochemical characteristics
and were estimated to have different 3-D structures on the
surface depending on the MW of PEI, we investigated the
relationship between the PEI concentration and both the ¢
potential and the hydrodynamic diameter of each OS/Flu-PEI
using DLS. As shown in Fig. 24, the relationship between the
PEI concentration and the { potential of the 4 kinds of OS/Flu-
PEIs showed characteristic changes. At lower concentrations
from 1 x 10 %% to 1 x 10~ *% PEIs, the increases in { potential
were small. From 3 x 107 %% to 1 x 10~ 2% PEIs, the { potential
increased greatly to a positive charge. Above 1 x 10~ 2% PEIs,
the changes in the { potential were small again. PEI25k
showed a more efficient increase than the others. OS/Flu-
PEI25k showed a slight early increase from 3 x 10 %% to 1 x
10 % PEIs. We hypothesized that OS/Flu-PEI25k adopted
a bent lie-down form due to hydrophobic interactions on the
surface of thiol-OS/Flu. PEI25k might have bound to the
surface at a lower concentration of 3 x 107°% PEI under
hydrophobic driving. The binding of PEI25k with the particle
surface was completed at 3 x 10 *% PEIL, and the ¢ potential
became stable above 3 x 10 *% PEIL Other PEIs also showed
subtle differences. PEI750k might have bound to the surface at
a concentration of 1 x 107°% PEI and was completed at 1 x
10~ 2% PEL The binding and the stabilization of PEI750k with
the surface of thiol-OS/Flu required a higher concentration
than the others. PEI750k reflected changes in interactions
with thiol-OS/Flu, such as electrostatic or hydrophobic inter-
actions, due to differences in the 3-D structure of PEIs in
liquid. As shown in Fig. 2B, the hydrodynamic diameter
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showed a transient increase at 3 x 10 *% PEI for OS/Flu-
PEI1.3k, -PEI 2.0k, and -PEI 25k and at 1 x 10 % PEI for
OS/Flu-PEI750k. The hydrodynamic diameters of OS/Flu-
PEI2.0k and -PEI25k showed the greatest change, increasing
from about 150 nm at 10~ % PEI to 2600 nm at 3 x 10~ *% PEL
The hydrodynamic diameter of OS/Flu-PEI1.3k showed a great
inter-experimental difference of increases at 3 x 10 %% PEL
Above 1 x 10 °% PEI, the hydrodynamic diameters of all OS/
Flu-PEIs decreased and remained constant. On fluorescence
microscopic observation (Fig. 2C), thiol-OS/Flu, as well as OS/
Flu-PEI25k prepared from 10% PEI, showed good dispersion.
However, OS/Flu-PEI25k prepared from 3 x 10 “% PEI and
OS/Flu-PEI750k prepared from 1 x 10 >% PEI showed micro-
sized fluorescent aggregates of NPs which could also be
observed as microscopic precipitation. These findings indi-
cated that the transient increases in the hydrodynamic diam-
eter were due to NP aggregation, where the dispersed NPs
temporarily aggregated at a particular concentration and then
redispersed at a higher concentration. These results demon-
strated that thiol-OS/Flu treated with various concentrations
of PEI showed a clear PEI concentration-dependent
aggregation-redispersion phenomenon. As a related phenom-
enon, the precipitation and redispersion of NPs coated with
poly(acrylic acid) (PAA) were reported and applied for the
stable dispersion of NPs.?®*** As a well-known result, ceria NPs
coated with PAA as a short polyelectrolyte brush surrounding
the NPs showed macroscopic precipitation at low pH. As the
pH increased, precipitated NPs were redispersed as single NPs
with an anionic poly(acrylic acid) corona.® This approach was
applied to various NPs. In our study, the aggregation-
redispersion phenomenon observed for thiol-OS/Flu and
PEIs was very simple and provided the possible mechanisms of
the aggregation and redispersion of NPs. The aggregation of
OS/Flu-PEIs was reversible to dispersion of NPs as they
dispersed at higher PEI concentrations. We propose that the
aggregation of OS/Flu-PEIs was caused by the heterogeneity of
the charge distribution on the particle surface, as shown in
Fig. 2D. At a PEI concentration of 3 x 10~ *%, the { potentials
of OS/Flu treated with PEI1.3k, PEI2.0k, and PEI25k were
relatively neutral, —13.5, —2.9, and —1.0 mV, respectively, and
showed transient aggregation. At this time, the negative
charge of the silanol and thiol groups derived from thiol-OS/
Flu and the positive charge of the amino group derived from
PEI might cancel their charges on the particle surface and
reveal a neutral charge on DLS. In addition to the surface of
NPs being neutral in terms of { potential, we proposed
a heterogeneity model of the distribution of negative and
positive charges on the particle surface as shown in Fig. 2D.
Because both a positive and a negative charge coexisted on the
same particle surface, a positively charged region derived from
PEIs could interact with a negatively charged region of another
particle, and aggregation could occur. On the other hand, at
a lower PEI concentration of less than 1 x 10”"% or a higher
concentration more than 1 x 10 >%, a negative or positive
charge becomes predominant on one side. At a lower PEI
concentration, the negative charged surface due to thiol and
silanol residues caused repulsion between particles. At

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Aggregation-redispersion phenomenon of OS/Flu-PEI. The relationship between the concentrations of the 4 kinds of PEls (PEI1.3k (red),
PEI2.0k (blue), PEI25k (cyan), and PEI750k (green)) and ¢ potential (A) and the hydrodynamic diameter (B) of OS/Flu-PEls were analyzed by
dynamic light scattering. (C) On microscopic observations, thiol-OS/Flu and OS/Flu-PEI25k prepared from 10% PEIl showed good dispersion, but
OS/Flu-PEI25k prepared from 3 x 107%% PEI and OS/Flu-PEI750k prepared from 1 x 1073% PEI showed large fluorescent aggregates of NPs.
Scale bars: 2 um. (D) The homogenous and heterogeneous distribution of the negative charge (blue) of the surface of thiol-OS/Flu and the
positive charge (red) of PEl are shown as a model.

a higher PEI concentration, the positively charged surface the NPs are redispersed after aggregation due to electrostatic
covered with PEI on the negative charge of thiol and silanol repulsions from the homogeneous positive charge of PEIs
residues also caused repulsion between particles. Therefore, covering the surface of the NPs. The concentration-dependent
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Fig. 3 Fluorescence microscopic observation and flow cytometric analysis of cells labeled with OS/Flu-PEls. (A) The cells were treated with
thiol-OS/Flu, and 4 kinds of OS/Flu-PEls were observed by fluorescence microscopy. Scale bars: 50 um. (B) The cells were treated with thiol-OS/
Flu (yellow), OS/Flu-PEI1.3k (red), OS/Flu-PEI2.0k (blue), OS/Flu-PEI25k (cyan), and OS/Flu-PEI750k (green) or without particles (black) and
subjected to FCM. The intensity of the criterion for positive labeling is indicated by the dotted line.

aggregation-redispersion using PEIs and thiol-OS/Flu could be Evaluation of cell labeling efficacy. The efficiency of the cell
a simple and good model to discuss the importance of the labeling of OS/Flu-PEIs was evaluated using fluorescence
concentration of molecules for surface functionalization. microscopic observation and flow cytometry (FCM) analysis
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Table 3 Flow cytometric analysis of the 4 kinds of cells labeled with thiol-OS/Flu and the 4 kinds of OS/Flu-PEls®

PMAC J774A.1 MCF-7 HeLa
NPs Population (%) Level (F.L) Population (%) Level (F.L) Population (%) Level (F.L) Population (%) Level (F.L.)
Thiol-OS/Flu 72.2 9.4 639.1 £ 153.4 61.1 + 4.8 204.0 £+ 30.1 1.7+ 14 157.8 £ 99.7 0.2 + 0.2 111.3 £ 32.5
OS/Flu-PEI1.3k 84.9 &+ 12.0 815.0 £ 125.6 96.4 £ 0.4 815.7 £105.4 96.8 £1.9 1038.9 + 248.3 95.3 £ 2.9 589.8 £ 63.9
OS/Flu-PEI2.0k 79.9 4+ 12.0 812.3 £193.1 95.7 £ 0.9 462.6 £36.0 96.7 £1.0 1026.3 +292.3 93.6 £ 4.9 501.6 £ 171.6
OS/Flu-PEI25k  78.0 + 7.9 283.3 £ 145.0 96.0 £ 1.2 360.6 = 88.8 96.3 £ 0.2 588.1 £ 187.7 89.9 £ 2.0 251.9 + 87.9
OS/Flu-PEI750k 82.8 + 7.0 394.4 £1189 95.3 +£1.0 278.8 £85.2 86.7 +12.8 417.9 +185.5 92.1 £ 5.5 365.5 £ 165.1

“ Each value represents the mean + SD of 3 replicates.

(Fig. 3). Four kinds of cells, including cancer cells (human
cervical cancer HeLa cells and human breast cancer MCF-7
cells) and macrophages (mouse cell line J774.1 and a primary
culture (mouse peritoneal macrophages (pMAC))), were treated
with each NP. All OS/Flu-PEIs could label these 4 kinds of cells.
In fluorescence microscopy, J774.1 cells and mouse peritoneal
macrophages labeled with OS/Flu-PEIs showed higher fluores-
cence intensity than those labeled with thiol-OS/Flu. Surface
functionalization with PEIs of thiol-OS/Flu enhanced cell
labeling efficacy compared with the native uptake abilities of
macrophages. Two cancer cell lines showed clear fluorescence
with all OS/Flu-PEIs but not with all thiol-OS/Flu.

Next, we conducted flow cytometry to quantitatively evaluate
labeling efficacy (Fig. 3B and Table 3). The cell labeling efficacy
was evaluated using the labeling ratio (labeled cells per all cells
(%)) and labeling intensity (fluorescence intensity (F.I.)) of
labeled cells. The cells with a geometric mean above 62 on FL2
were defined as labeled cells, and labeling intensity was calcu-
lated based on the geometric mean of labeled cells. As shown in
Fig. 3B, the labeling profiles of each cell using NPs were also
different for each cell type and each NP. The labeled cells using
thiol-OS/Flu were detected at a high labeling ratio in macro-
phage cells but rarely in cancer cells, similar to the findings of
fluorescence microscopy. However, the HeLa cells treated with
thiol-OS/Flu showed a small right shift compared with the cells
without NP treatment which will be discussed later with
microscopic observation at high magnification (Fig. 4B). The
cells except for pMAC revealed a high labeling ratio to OS/Flu-
PEIs, above 90% (Table 3). However, the labeling intensity was
different for each cell type and each NP. Some cells revealed
different labeling efficacies depending on the PEI MW. In pMAC
and MCF-7 cells, the labeling intensities between the two
particles of OS/Flu-PEI-L were close, and the labeling intensities
of OS/Flu-PEI-L were approximately 2-fold higher than those of
OS/Flu-PEI-H. In HeLa cells, the labeling intensities of OS/Flu-
PEI-L were higher than those of OS/Flu-PEI-H. However, in
J774A.1, the labeling intensities of OS/Flu-PEI-L showed a large
difference. The labeling intensity of OS/Flu-PEI2.0k was
approximately 56.7% of that of OS/Flu-PEI2.0k, which was
rather close to that of OS/Flu-PEI-H.

The labeling ratio of OS/Flu-PEIs in pMAC was lower than
those of other cells. And the increases in the labeling ratio from
that of thiol-OS/Flu of pMAC were lower than those of J774A.1
cells. Among OS/Flu-PEIs, their labeling ratio did not show

© 2022 The Author(s). Published by the Royal Society of Chemistry

a predominant difference, but the labeling intensity showed
a great difference. The labeling intensities of OS/Flu-PEI-L were
increased, but not those of OS/Flu-PEI-H, compared with those
of thiol-OS/Flu. A lower labeling intensity of OS/Flu-PEIs than
thiol-OS/Flu was observed only in pMAC with OS/Flu-PEI-H
among all 4 kinds of cells. In J774A.1 cells, the labeling ratios
of all OS/Flu-PEIs were above 95% and higher than those of
PMAC and HelLa cells. The labeling intensities of OS/Flu-PEIs
were higher than those of thiol-OS/Flu and showed an inverse
correlation with PEI MW. In MCF-7 cells, the labeling ratio
except for OS/Flu-PEI750k and the labeling intensities of all OS/
Flu-PEIs were the highest among the 4 kinds of cells. The
labeling intensities of OS/Flu-PEIs also showed an inverse
correlation with the PEI MW. In HelLa cells, the labeling ratios
of all OS/Flu-PEIs were above approximately 90%. However, the
labeling intensities of OS/Flu-PEIs were the lowest among all 4
kinds of cells except for that of OS/Flu-PEI750k.

Because FCM analysis showed much lower intensity cells
with OS/Flu-PEIs specifically recognized in pMAC, we observed
the cells again by fluorescence microscopy. As shown in
Fig. S1A,T we found unlabeled or extremely low-labeled cells in
PMAC with OS/Flu-PEIs. Additionally, unlabeled or extremely
low labeled cells with OS/Flu-PEIs were found in the other 3
kinds of cells. The reason cells could not be labeled with OS/Flu-
PEI is that they are dead or have low uptake activity. Interest-
ingly, we found J774A.1 cells that could be labeled with thiol-OS
without PEI but not OS/Flu-PEI1.3k, as shown in Fig. S1B.} (This
finding was associated with intracellular labeling using dual-
particle administration in the experiments described in the
next section.) This cell indicated that the cell had a mechanism
that could eliminate the interaction with OS/Flu-PEI1.3k.
Previously, we reported the existence of PEG-resistant macro-
phages on stealth imaging in vitro using thiol-OS/Flu surface-
functionalized with PEG." PEG-resistant macrophages could
resist the stealth function of PEG and take up thiol-OS/Flu
surface-functionalized with PEG at the same level as thiol-OS
without PEG. We found cells that could be labeled with thiol-
OS/Rho but not OS/Flu-PEI1.3k very well, indicating the exis-
tence of PEI-resistant macrophages that resist interaction with
PEI on NPs. Further characterization and investigation of PEI-
resistant macrophages are required to understand the molec-
ular mechanism of resistance to PEI binding, such as electro-
static interactions.
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Fig. 4 High-resolution fluorescence microscopic observation of dual-particle-treated cells. J774A.1 cells (A) and Hela cells (B) were treated
with thiol-OS/Flu and thiol-OS/Rho (Al and B1), OS/Flu-PEI1.3k and thiol-OS/Rho (A2 and B2), or OS/Flu-PEI1.3k and OS/Rho-PEI750k (A3 and
B3), respectively. Images of the blue fluorescence (Hx) from Hoechst 33342 staining, green from OS/Flu (F), red from thiol-OS/Rho (R), bright
field (BF), and merged images (M) are shown. Scale bars: upper panels: 10 um, lower panels: 20 pm.
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The labeling ratio and intensities of OS/Flu-PEI1.3k were the
highest compared with other NPs in all 4 kinds of cells. For OS/
Flu-PEI2.0k, the labeling ratio was close to that of OS/Flu-
PEI1.3k, and the labeling intensities were also the highest
except for J774A.1. The labeling ratio and intensities of OS/Flu-
PEI25k were the lowest in pMAC and HeLa cells, and those of
OS/Flu-PEI750k were the lowest in J774A.1 and MCF-7 cells.
Therefore, these 4 kinds of OS/Flu-PEIs had different labeling
efficacies. Considering our proposed model of OS/Flu-PEIs, the
brush type of OS/Flu-PEI1.3k or bent brush type of OS/Flu-
PEI2.0k had higher cell labeling efficiency, and the bent lie-
down type of OS/Flu-PEI25k and coiled type of OS/Flu-PEI750k
had lower efficiency. The efficiency of cell labeling was higher
if PEI was placed close to perpendicular to the surface of the
particle rather than horizontally against pMAC and MCF-7 cells.
The vertical placement of PEI with respect to the surface of the
particle might have increased the roughness of the particle
surface and increased the surface area for binding to cells. On
the other hand, the horizontal placement of PEI on the surface
made the particle surface relatively smooth and did not increase
the surface area very much. The DLS analysis showed no
increase in the diameters of OS/Flu-PEI-H compared with those
of OS/Flu-PEI-L. For the surface charge of NPs, the { potential of
OS/Flu-PEI25k was higher than that of OS/Flu-PEI1.3k, but the
labeling efficacy of OS/Flu-PEI25k for all cells was lower than
that of OS/Flu-PEI1.3k. Therefore, surface charge could not be
the most important factor for cell labeling using particles. We
considered that the 3-D structure of PEI on the particle was one
of the most important factors. These PEIs had the same
repeating sequence of (C,H,NH), as the primary structure,
interacted with the surface residue, and formed a 3-D structure
on the surface of thiol-OS/Flu, but PEIs on the particles showed
different cell labeling efficiencies depending on their MWs.
Therefore, we propose that these experiments using OS/Flu-PEIs
could be an important model to describe cell-NP interactions
depending on the 3-D structures of surface molecules. As
problems, methods to evaluate the 3-D structures of surface
molecules on the particle were limited, and this limitation
made it difficult to make a definitive discussion. The develop-
ment of additional methods to evaluate the 3-D structures of
molecules on NPs and further investigation to analyze cell-
nanoparticle interactions would enable an understanding of the
mechanism of their binding to cells, cell responses, and
subsequently the control of cell functions.

Characterization of intracellular labeling using dual-particle
administration. OS/Flu-PEIs could label macrophages and
cancer cells with good efficacy. Next, we investigated the char-
acteristics of OS/Flu-PEI labeling at the intracellular level by
high-resolution fluorescence microscopy of J774A.1 and HeLa
cells. To evaluate the effect of PEI on the NP surface, we applied
dual-particle administration. Dual-particle administration
enabled us to directly observe the difference in the NP function
at the single-cell level."”*' In this study, we conducted simulta-
neous dual-particle administration using thiol-OS/Flu, thiol-OS/
Rho, OS/Flu-PEI1.3k, and OS/Rho-PEI750k to compare the
changes in intracellular labeling due to the difference in the
surface structure of each NP. The fluorescence spectrum of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thiol-OS/Flu and thiol-OS/Rho showed distinguished fluores-
cence peaks under excitation at 488 nm and 578 nm, respec-
tively (Fig. S2At). And the photostabilities of both particles were
stable under the culture condition (Fig. S2Bt). Therefore, the
fluorescence of the two particles could be differentiated. The
cells were simultaneously administered a dual-particle set of
thiol-OS/Flu and thiol-OS/Rho, thiol-OS/Rho and OS/Flu-
PEI1.3k, or OS/Flu-PEI1.3k and OS/Rho-PEI750k and were
incubated. The incubated cells were subjected to optical
sectioning observation by structured illumination microscopy.
Both kinds of cells exhibited various characteristics of fluores-
cence and morphology. Some selected representative findings
are shown in Fig. 4. J774A.1 cells were administered with thiol-
OS/Flu and thiol-OS/Rho and some cells showed both red and
green fluorescence. As shown in Fig. 4A1, one cell showed high
fluorescence in both images and intracellular small dots in the
bright field image. Cells without clear fluorescence surrounding
one cell with fluorescence were observed. In the cells without
clear fluorescence, the number of intracellular small dots in the
bright field image was relatively small. As shown in lower
images with higher magnification, one cell with both fluores-
cence types revealed many small endosomes showing both red
and green fluorescence in the merged image. These small
fluorescent endosomes were almost at the same position as
intracellular small dots in the bright field image. Additionally,
some spots showing red and/or green fluorescence were detec-
ted in the surrounding cells. Some of these spots were at the
same position as intracellular small dots in the bright field
image. These findings indicated that thiol-OS/Flu and thiol-OS/
Rho were taken up by the cell and localized in almost the same
endosomes. The cells administered with thiol-OS/Rho and OS/
Flu-PEI1.3k revealed fluorescent and morphological changes
in their endosomes (Fig. 4A2). Some cells showed both red and
green fluorescence among many cells, showing only green
fluorescence. The cells showing both red and green fluores-
cence revealed variations in the fluorescence patterns of endo-
somes. In the bright field image, most cells showed many larger
intracellular dots than cells administered with thiol-OS/Rho
and thiol-OS/Flu. These findings indicated that OS/Flu-
PEI1.3k was taken up by most J774A.1 cells. Some cells
showed both red and green fluorescence uptake of both OS/Flu-
PEI1.3k and thiol-OS/Rho. In one cell showing both red and
green fluorescence in the image with higher magnification,
some endosomes showed both red and green fluorescence, but
others predominantly showed only red or green fluorescence.
These findings indicated that some endosomes predominantly
contained thiol-OS/Rho or OS/Flu-PEI1.3k (Movies S1 and S27).
Barcoded endosomes with various fluorescence patterns were
identified. Using dual administration of thiol-OS/Rho and OS/
Flu-PEI1.3k, endosome barcoded J774A.1 cells could be
prepared. Also, a PEI resistant J774A.1 cell showing red fluo-
rescence but not green one was identified clearly (Fig. S2B¥).
This cell could take up thiol-OS/Rho very much, but not OS/Flu-
PEI1.3k, and indicated specific mechanisms to avoid the uptake
of OS/Flu-PEI1.3k. The cells administered with OS/Flu-PEI1.3k
and OS/Rho-PEI750k showed almost all fluorescence
(Fig. 4A3). The intensity of each fluorescence appeared to vary
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somewhat from cell to cell or from endosome to endosome.
These findings indicated that OS/Flu-PEI1.3k and OS/Rho-
PEI750k were taken up by most cells and localized in almost
the same endosomes depending on the uptake activity of
each cell.

HeLa cells administered with thiol-OS/Flu and thiol-OS/Rho
did not show fluorescence in the fluorescence images, or clear
intracellular small dots in the bright field image at lower
magnification (Fig. 4B1). In the images with higher magnifica-
tion, the cells showed both small red and green fluorescent
spots. As shown in Fig. 3B and described above, HeLa cells
treated with thiol-OS/Flu showed a small shift in FCM, and this
small shift was confirmed as a small amount of thiol-OS uptake
in or binding with the cells. The cells administered with OS/Flu-
PEI1.3k and thiol-OS/Rho showed green fluorescence in the
fluorescence images and many intracellular small dots in the
bright field image at lower magnification (Fig. 4B2). In the
images with higher magnification, the cells showed smaller red
fluorescence spots in addition to many green fluorescence
spots. The number of red fluorescent dots was smaller than that
of green spots. Green fluorescent spots were at the same posi-
tions as intracellular small dots in the bright field image,
indicating the endosomal uptake of OS/Flu-PEI1.3k, but some
red fluorescence dots were not (Movies S3 and S4t). The HeLa
cells administered OS/Flu-PEI1.3k and OS/Rho-PEI750k showed
both fluorescence in the fluorescence images and many intra-
cellular larger dots in the bright field image (Fig. 4B3). The
intensities of both fluorescence varied slightly from cell to cell.
However, the intensities of red and green fluorescence was
similar for each cell, and the intensity of each fluorescence of
the endosome was almost the same. These findings indicated
that OS/Flu-PEI1.3k and OS/Rho-PEI750k were taken up by most
cells and localized in almost the same endosomes at approxi-
mately the same amount.

Characterization of intracellular labeling using dual-particle
administration demonstrated some differences in the endo-
somes, such as their fluorescent patterns and sizes depending
on the types of NPs in labeled cells. J774A.1 cells and HeLa cells
administered with thiol-OS/Flu and thiol-OS/Rho, and OS/Flu-
PEI1.3k and OS/Rho-PEI750k showed similar endosomal local-
ization. In contrast, the administration of thiol-OS/Rho and OS/
Flu-PEI1.3k showed variations in red, green, and both fluores-
cence in endosomes in the cells as barcoded endosomes. These
endosomal barcoded cells were the novel type of fluorescent
labeled cells. Although it was possible to label intracellular
organelles with various fluorescent dyes and fluorescent
proteins, no labeling method had been reported to prepare
labeled cells that showed multiple different fluorescence types
in one type of organelle such as the endosome. Fluorescence
labeling to prepare cells showing barcoded organelles using
multifunctional NPs would provide new potential for cell
labeling and is expected to develop innovative imaging. Previ-
ously, we reported that some peritoneal macrophages could
take up thiol-OS/Flu surface-functionalized with PEG, and thiol-
OS/Rho also showed variations in red and green fluorescence in
their endosomes.” These results indicated that cells could
recognize the differences in surface structures, such as PEGs
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and PEIs, of NPs and endocytose them. Additionally, some
endosomes preferentially contained particular NPs depending
on the surface structure of NPs, using unknown sorting systems
to transfer NPs into the inside of each endosome. This intra-
endosomal sorting might be associated with the expression of
cellular functions after endocytosis. Recently, endocytosis has
become a more attractive and important biological phenom-
enon. Endocytosis intimately associates many important bio-
logical processes, such as pathogen entry, antigen presentation,
growth and differentiation, and intracellular drug delivery.*>*”
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Fig. 5 Cell activities of HelLa (A), J774A.1 (B), and RAW 264.7 (C) cells
treated with various concentrations of thiol-OS/Flu (black), OS/Flu-
PEI1.3k (red), OS/Flu-PEI2.0k (blue), OS/Flu-PEI25k (cyan) and OS/Flu-
PEI750k (green) as determined via WST-1 assay. Each value represents
the mean + SD of 3 replicates.
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A more detailed understanding of endocytosis would contribute
to the development of not only a more efficient therapeutic
nanoparticle but also further medical applications such as
antiviral treatment against viruses, including SARS-CoV-2.3%
To understand endocytosis, pathways, the mechanism, the
morphology, implicated proteins, and the influence of NP
physical properties such as the size and charge have been
investigated in great detail and are still being actively investi-
gated. However, intraendosomal sorting is less well known.
Intraendosomal sorting could be expected to play important
roles, such as an enhancement of the signaling response to
molecules in the endosome and improvement of the efficiency
of antigen presentation. To clarify these hypotheses, ultrapre-
cise and comprehensive morphological studies of cellular
endocytosis using higher resolution and multimodal
approaches on a nanoscale, such as correlative light and elec-
tron microscopy (CLEM) with 3-D reconstruction,** are
required as important approaches and are under investigation.

Influence on the cell activity of OS/Flu-PEIs. We performed
a cell activity assay examining the viability of 3 kinds of cultured
cells (HeLa, J774A.1, and RAW264.7) in the presence of OS/Flu-
PEIs. As shown in Fig. 54, thiol-OS/Flu did not exhibit readily
detectable cytotoxicity in HeLa cells even when the NP
concentration was up to 1000 pg mL~". For the macrophage cell
line, thiol-OS/Flu showed low cytotoxicity against J774A.1 cells
at 1000 pg mL " but did not show any cytotoxicity against RAW
264.7 cells even at 1000 pg mL ™. Previously, we reported that
thiol-OS containing a near-infrared fluorescent dye, IR820, also
did not show detectable cytotoxicity in 4 kinds of cultured cells
(HeLa, human breast cell line MCF-7, J774A.1, and mouse
mammary tumor cell line 4T1) up to 100 pg mL~".* In contrast,
OS/Flu-PEIs showed concentration-dependent cytotoxicities in
these 3 kinds of cells. Therefore, the cytotoxicities induced by
OS/Flu-PEIs were derived from the PEIs on the surface of the
particles. The LCs, (50% lethal concentration) values (concen-
trations that inhibited cell viability by 50%) of OS/Flu-PEI1.3Kk,
-PEI2.0k, -PEI25k, and PEI750k against HeLa cells were 46.4,
44.5, 358.0, and 286.6 ug mL™'. OS/Flu-PEI-L showed higher
cytotoxicity than OS/Flu-PEI-H. OS/Flu-PEI-L could label HeLa
cells more than OS/FIu-PEI-H at a concentration of 10 pug mL ",
as shown in Fig. 5A and B. Therefore, the labeling efficacy of the
OS/Flu-PEIs was related to the cytotoxicity in HeLa cells. Among
OS/Flu-PEI-L, OS/Flu-PEI1.3k and -PEI2.0k showed similar
toxicity, even though the PEI weight/particles of OS/Flu-PEI1.3k
was 1.6 times higher than that of OS/Flu-PEI2.0k. These results
indicated that toxicity was not dependent on PEI weight/
particles. Murine macrophage cell line J774A.1 and RAW
264.7 cells revealed different relations with the PEI MW of OS/
Flu-PEIs in cytotoxicity as compared with HeLa cells. The cyto-
toxicities of OS/Flu-PEIs against macrophage cell lines were PEI
MW- and NP concentration-dependent. The LCs, values of
J774A.1 and RAW 264.7 cells against OS/Flu-PEI1.3k were 537.9
and 456.1, those against OS/Flu-PEI2.0k were 233.5 and 369.3,
-PEI25k were 241.6 and 275.6, and -PEI750k were 56.3 and 38.3
ng mL™', respectively. OS/Flu-PEI750k showed the highest
cytotoxicity against J774A.1 and RAW 264.7 cells. The OS/Flu-
PEI750k had the highest PEI weight/particle, but the labeling
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efficacy of OS/Flu-PEI750k was the lowest among these 4 OS/Flu-
PEIs. OS/Flu-PEI-L showed higher labeling efficacy but not
higher cytotoxicity than OS/Flu-PEI-H. Also, the cytotoxicity of
OS/Flu-PEI 1.3k was the lowest, even though OS/Flu-PEI1.3k
could label J774A.1 cells the highest among OS/Flu-PEIs.
Therefore, cytotoxicity was not related to labeling efficacy in
J774A.1 and RAW 264.7 cells. Compared with the cytotoxicities
of OS/Flu-PEI-L, the cytotoxicity of OS/Flu-PEI 25k was lower
than that of OS/Flu-PEI 2.0k in J774A.1 cells and was higher in
RAW 264.7 cells. Therefore, the cytotoxicities of the 4 kinds of
OS/Flu-PEIs were different for each MW and each cell. OS/Flu-
PEI750k had about 10 times higher cytotoxicity than those of
OS/Flu-PEI1.3k against J774A.1 and RAW 264.7 cells, even
though it has the lowest labeling efficacy. The PEI weight/
particle of OS/Flu-PE1750k was just 1.4 times higher than that
of OS/Flu-PEI1.3k. We proposed that the higher cytotoxicity of
OS/Flu-PE1750k was related to the PEI structure on the surface,
such as the coiled type. Further studies including the mecha-
nism of cytotoxicity are required and are under investigation to
understand the difference in the cell type- and PEI MW-
dependent cytotoxicity of OS/Flu-PEIs.

PEI is the gold standard transfection material for nucleic
acid delivery into cells, and the cytotoxicities of PEI molecules
and PEI-surface functionalized NPs have been well investigated
to improve the efficacy of transfection.***® It was reported that
the cytotoxicity of a low-MW PEI molecule (11k) (LD5,: approx-
imately 100 pg mL ') was lower than that of high-MW PEI
(1616k) (LDso: above 35 pg mL ') in human endothelial cells,
ECV304 cells and the mouse fibroblast cell line L929.* These
results were similar to those of J774A.1 and RAW 264.7 cells but
not HeLa cells against OS/Flu-PEIs. Additionally, the LDs,
values of branched PEI25k for HeLa and human lung carcinoma
cell lines and for A549 cells derived from the MTT assay were
reported to be 9.93 ug mL ™" (ref. 50) and 32.4 pg mL™ '
respectively. The LCs, values of the amount of PEI converted
from OS/Flu-PEI for J774A.1 and RAW 264.7 cells against OS/
Flu-PEI1.3k were 5.43 and 4.61, -PEI2.0k were 1.47 and 2.33,
-PEI25k were 2.71 and 3.09 and -PEI750k were 0.81 and 0.55 pg
mL~" based on the TGA results (Table 2), respectively. The PEI
LC5, values of OS/Flu-PEI1.3k, -PEI2.0Kk, -PEI25k, and -PEI750k
against HeLa cells were 0.47, 0.28, 4.01, and 4.13 pg mL ™},
respectively. All LDs, values of OS/Flu-PEIs were lower than
those of PEI molecules as described above, and the LD5, of OS/
Flu-PEI25k in HeLa cells was approximately two-fold lower than
that of the PEI25k molecule in HeLa cells, indicating that the
cytotoxicity of PEI on the surface of OS/Flu-PEI was enhanced
slightly. The cytotoxicities of PEI surfaces functionalized with
various kinds of NPs were also reported. Surface-functionalized
mesoporous silica NPs coated with PEI 0.6, 1.2, 1.8, 10, and 25
kD were evaluated using the MTS assay in the human pancreatic
cancer cell lines PANC-1 and BXxPC3, RAW 264.7, and bronchial
epithelial cell line BEAS-2B.>> The LDs, values of these cells
ranged from approximately 10 pg mL ™" to 40 ug mL~". The LDj,
values of iron oxide NPs coated with PEI25k in RAW 264.7 cells
and a human ovary adenocarcinoma cell line, SKOV-3 cells,
were between 6.25 and 12.5 pg mL~' and between 3.125 and
6.25 ug mL ", respectively® Because the lowest LDs, of OS/Flu-
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PEIs was approximately 50 pg mL ™', OS/Flu-PEIs had lower
cytotoxicity than other NPs coated with PEIs. Furthermore, the
LDs, values of OS/Flu-PEI25k were higher than 240 pg mL ™",
and the cytotoxicity of OS/Flu-PEI25k was predominantly lower
than those of mesoporous silica NPs and iron oxide NPs coated
with PEI25k. Because the cell type and particle size were also
different, the comparison was not simple, but OS/Flu-PEI was
less toxic. Studies of the mechanism of PEI-associated cytotox-
icity revealed destabilization of the plasma membrane®” and
the contributions of intracellular organelles such as lysosomes
and mitochondria.”®* These mechanisms are also related to
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the concentration, MW, and structure of PEIL. The OS/Flu-PEIs
showed concentration-, MW-, and structure-dependent cyto-
toxicity and contributed to the understanding of the mecha-
nism and then the reduction of the cytotoxicity of PEI using
their imaging properties.

Notably, J774A.1 and RAW 264.7 cells showed increases in
cell activity (above 120%) depending on NP concentrations and
the PEI MW on the particles. Higher increases in the cell activity
of J774A.1 cells treated with thiol-OS/Flu from 8.0 to 62.5 pg
mL~" and OS/Flu-PEI1.3k from 8.0 to 16.0 ug mL ' were
observed. Increases in the cell activity of RAW 264.7 cells treated
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Fig. 6 Flow cytometric analysis of J774A.1 (A) and RAW 264.7 (B) cells treated with no nanoparticles, thiol-OS/Flu, and OS/Flu-PEI1.3k and
stained with TMRE. The increases in fluorescence intensity (F.l.) were calculated by subtracting the fluorescence intensity (GeoMean) of the cells
treated with NPs and stained with TMRE from the control cells treated with NPs but not stained with TMRE. The SSC values of the cells stained
without and with TMRE are presented on the right and left sides, respectively. (C) The F.l.s of non-nanoparticles, thiol-OS/Flu, and OS/Flu-PEI1.3k

were graphed. Each value represents the mean + SD of 3 replicates.
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with OS/Flu-PEI1.3k from 4.0 to 125 pg mL ™", thiol-OS/Flu from
4.0 to 500 pg mL™ ", and OS/Flu-PEI2.0k from 4.0 to 125 pg mL ™
were also observed. OS/Flu-PEI25k and -PEI750k showed
increases in the cell activity of RAW 264.7 cells at just 62.5 and
8.0 ng mL ™", respectively. The increases in the cell activity of
RAW 264.7 cells showed for a higher number of kinds of OS/Flu-
PEIs and a wider range of NP concentrations than those of
J774A.1 cells. To investigate their increases in cell activity, we
counted the numbers of J774A.1 and RAW 264.7 cells incubated
with 10 pg mL™" thiol-OS/Flu and OS/Flu-PEI1.3k for 1 day.
However, the cell number of both cell lines did not increase
compared with the control without NP treatment (data not
shown). The cell activity was evaluated using WST-1 assay. The
WST-1 reagent is cleaved by succinate-tetrazolium reductase in
the cellular mitochondria and forms a formazan that can be
quantified using light absorbance. Therefore, the results of
these experiments indicated alterations in mitochondrial
activity, such as the increased enzymatic activity of mitochon-
drial succinate-tetrazolium reductase. To evaluate mitochon-
drial activity, we performed staining of the cells using
tetramethylrhodamine methyl ester (TMRE). TMRE is a posi-
tively charged cellular permeant fluorescent dye that accumu-
lates in the metabolically active mitochondria. The -cells
incubated with 10 pg mL ™" thiol-OS/Flu and OS/Flu-PEI1.3k for
1 day were stained with TMRE, and flow cytometry was applied.
As shown in Fig. 6A and B, the flow cytometry profile of the
control cells without NP treatment showed two groups with
high and low fluorescence intensities. The profiles of the cells
treated with NPs and stained with TMRE revealed higher fluo-
rescence intensities than controls treated with TMRE. There
was a decrease in the distance between the low and high fluo-
rescence intensity groups in the cells treated with thiol-OS/Flu
and an alteration to one group from the two in the cells
treated with OS/Flu-PEI1.3k. Because the fluorescence of thiol-
OS/Flu was also detected on FL2, the fluorescence intensity
(Geo Mean) of the cells treated with NPs and stained with TMRE
was subtracted from that of the control cells treated with NPs
but not stained with TMRE. The value of the subtracted differ-
ence showed an increase in the fluorescence intensity derived
from TMRE. As shown in Fig. 6C, significant increases in the
TMRE fluorescence intensities of J774A.1 cells treated with
thiol-OS/Flu and OS/Flu-PEI1.3k and RAW 264.7 cell treated
with OS/Flu-PEI1.3k were observed. Therefore, concentration-
dependent and PEI MW-dependent increases in cell activity
were derived from the increase in mitochondrial activity.
Several studies have reported mitochondrial dysfunction and
subsequent cell death®-*® induced by various kinds of NPs. As
the mechanism of mitochondrial dysfunction, reactive oxygen
species triggered by NPs have been well investigated. However,
the increase in mitochondrial activity in macrophage cell lines
induced by NPs has not been reported. The increase in mito-
chondrial activity might be associated with the functional
activation of macrophages. It was reported that PEI molecules®
and PEI-surface functionalized iron oxide NPs™ activated
macrophages via Toll-like receptor 4. Additionally, macrophage
activation by functionalized silica NPs was reported. The
biocompatible ultrasmall fluorescent core-shell silica NPs (C’
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dots) revealed a macrophage-initiated, pseudopathogenic
response in the tumor microenvironment.” Both radiolabeled
[**°Ac] alpha MSH-PEG-Cy5-C and unlabeled aMSH-PEG-Cy5- C'
dots upregulated the fraction of M1 macrophages and other
immune cells. We reported an accumulation of in situ-labeled
macrophages with thiol-OS containing IR-820, and the tumor
size was observed to be smaller, although was revealed using
long-term near-infrared fluorescence in vivo imaging of a mouse
with a subcutaneous xenograft tumor."” Further investigations
are required to understand the activation of macrophages via
thiol-OS and OS-PEIs and its mechanism. The control of the
immune system using NPs is very attractive and important. The
NP concentration and PEI MW-dependent macrophage activa-
tion using OS/Flu-PEIs would be expected to have some impact
on immunotherapy.

In vivo imaging of in vitro-labeled cells combined with in
situ-labeled cells. We conducted in vitro cell labeling and sub-
jected the labeled cells to in vivo imaging. Thiol-OS/Flu alone
can label macrophage cell lines due to their uptake ability. But
the labeling efficacy of thiol-OS/Flu alone was lower than those
of OS/Flu-PEIs as shown in Fig. 3 and Table 3. OS/Flu-PEI2.0k
was used for cell labeling because of higher labeling efficacy
than OS/Flu-PEI-H and lower toxicity than OS/Flu-PEI1.3k at the
labeling concentration. We labeled HeLa cells using OS/Flu-
PEI2.0k and J774 A.1 cells using OS/Flu-PEI2.0k and thiol-OS/
Rho. Then, the labeled cells were intraperitoneally adminis-
tered to a mouse. The intraperitoneal administration of HeLa
cells was examined as an experiment of peritoneal metastatic
cancer cell model. After 3 h, we observed the peritoneal cavity,
but we could not find labeled cells with good reproducibility
(data not shown). Next, we conducted in vivo imaging of in vitro-
labeled HeLa cells with in situ labeling of peritoneal cells.
Previously, we reported that mouse peritoneal cells could take
up thiol-OS in vitro very well.***” Thirty minutes before injection
of in vitro-labeled cells, we injected thiol-OS/Rho, which showed
intraperitoneal red fluorescence, to label the phagocytic peri-
toneal cells. After 3 h, some objects showing fluorescence in the
peritoneal cavity were observed (Fig. 7B). The distribution and
fluorescence pattern of the objects differed for each mouse. The
mouse shown in Fig. 7B (m1) revealed some objects with red
fluorescence, in addition to green autofluorescence from
a bladder that was also observed in the control mouse (Fig. 7A).
Another mouse (Fig. 7B (m2)) revealed a large object showing
both red and green fluorescence and a second object that could
detect only red fluorescence. A third mouse (Fig. 7B (m3))
showed 4 objects with only green fluorescence and some with
only red fluorescence. The objects with red fluorescence were
also observed as a colored red object on a bright field. Next, we
performed ex vivo fluorescence imaging of the objects showing
both green and red fluorescence obtained from the mouse
peritoneal cavity. We observed fluorescence microscopy at low
magnification (Fig. 7C1). In the bright field, the contour of the
object and the difference in light transmittance depending on
the site were observed. The object showed both green and red
fluorescence with different patterns. The distribution of green
fluorescence was scattered. In contrast, the distribution of red
fluorescence was diffuse and showed some difference from that
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Fig. 7 In vivo imaging of in vitro-labeled cells in the mouse peritoneal cavity. The cultured Hela cells were labeled with OS/Flu-PEI-2.0k,
showing green fluorescence in vitro. Thirty minutes before the injection of in vitro-labeled Hela cells, we injected thiol-OS/Rho, which showed
intraperitoneal red fluorescence. After 3 h, the peritoneal cavities of the mice were observed. The bright field (BF), green from thiol-OS/Flu (F), red
from thiol-OS/Rho (R), bright field (BF), blue from DAPI staining (D), and merged (M) images are shown. (A) A peritoneal cavity of a mouse without
any injection was observed on a fluorescence multizoom microscope. Green autofluorescence from the bladder (bl) was observed. Scale bars: 5
mm. (B) The mice injected with thiol-OS/Rho and in vitro-labeled cells showed objects with just red fluorescence (red arrowhead) in the mice
(m1, m2, and m3), ones with both green and red fluorescence (yellow arrowhead) in a mouse (m2), and ones with just green fluorescence (green
arrowhead) in a mouse (m3). Scale bars: 5 mm. (C) An object with both green and red fluorescence obtained from the peritoneal cavity was
observed by fluorescence microscopy. (C1) At low magnification, the object showed green and red fluorescence with different patterns. The
merged image showed yellow and green fluorescence. Scale bars: 500 um. (C2) At higher magnification, cells showing red and green fluo-
rescence were observed. The merged image shows the colocalization of both fluorescence in the object and cells with green fluorescence
alone. Scale bars: 200 um. (D) We performed tissue clearing of an object to observe its interior. (D1) The object showed black spots with various
shapes and sizes inside (BF). On fluorescence observation, the black spots showed red fluorescence, and the other parts predominantly showed
green fluorescence. The merged image separated localization of green and red fluorescence. Scale bars: 500 pm. (D2) At higher magnification,
diffuse green fluorescence was observed widely in the object. Red fluorescence was observed linearly along the surface and as small spots near
the surface. The merged image showed that the surface predominantly had layered red fluorescence. Small red fluorescent spots also contained
green fluorescent cells. Scale bars: 50 um. (E) Fluorescence immunohistochemistry against a section of a peritoneal object using anti-F4/80
antibody. Some positive cells stained with anti-F4/80 antibody were observed (F4/80), and a cell showed only fluorescence from anti-F4/80
antibody (cyan arrowheads). A larger number of red fluorescent cells (red arrowheads) were observed than green cells (green arrowheads).
Additionally, cells showing various fluorescence patterns, such as 3 kinds of fluorescence, including red, green, and fluorescence from anti-F4/
80 antibody (orange arrowheads), and two kinds of fluorescence, including fluorescence from anti-F4/80 antibody and green fluorescence
(purple arrowheads), were observed. Cells showing both red and green fluorescence (yellow arrowhead) were also observed, indicating F4/80-
negative macrophages or other types of cells that could take up thiol-OS/Rho-associated Hela cells. Scale bars: 20 pm.

of green fluorescence. The merged image with fluorescence and
the bright field showed yellow fluorescence and green fluores-
cence. The yellow fluorescence indicated close localization of
labeled HeLa cells and labeled peritoneal cells. At higher
magnification (Fig. 7C2), both labeled cells could be observed
more clearly. The labeled HeLa cells with green fluorescence

2696 | Nanoscale Adv., 2022, 4, 2682-2703

located close to labeled peritoneal cells with red fluorescence
were well observed. In addition, areas showing only green
fluorescence derived from the labeled HeLa cells could be
observed. These areas were composed of nonlabeled peritoneal
cells as well as labeled HeLa cells. The objects showing both
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fluorescence were cell aggregates composed of labeled HeLa
cells and labeled and nonlabeled peritoneal cells.

We treated another cell aggregate object from the perito-
neal cavity with ScaleCubic for tissue clearing to observe its
interior region. As shown in Fig. 7D1, the cell aggregate
showed black spots of various shapes and sizes inside it, on
brightfield observations. On fluorescence observation, the
black spots showed red fluorescence, and the other parts
surrounding them showed mainly green fluorescence. The
surface layer of the cell aggregate showed red fluorescence.
The merged image shows magenta fluorescence derived from
both DAPI staining of the nuclei and red fluorescence of
labeled peritoneal cells and cyan fluorescence derived from
both DAPI staining of the nuclei and green fluorescence of
labeled HeLa cells. These magenta and cyan fluorescence
showed separate positions within the cell aggregate at low
magnification. At higher magnification (Fig. 7D2 and Movie
S57), diffuse green fluorescence was observed widely in the
cell aggregates. Two kinds of red fluorescence distributions
were observed: a linear distribution along the surface and 3
small spots near the surface. The cell shapes of green fluo-
rescence were relatively round, while the shapes of red fluo-
rescence looked elongated and fibrous. The blue fluorescence
was observed to be higher in density near the surface and
lower toward the inside, indicating the difference in cell
density. The merged image showed that the surface showed
layered red fluorescence dominantly. The red fluorescent
spots near the surface were also surrounded by green fluo-
rescent cells. The area of the small spots also contained green
fluorescent cells, indicating that these two kinds of labeled
cells were mixed in the small spots and that their localization
was not separated well. The area near the surface had a higher
cell density and contained two kinds of labeled cells. The
inside area had a lower cell density and mainly contained
green fluorescent cells. To characterize the labeled peritoneal
cells, we performed fluorescence immunohistochemistry
against a thin section of another cell aggregate using an anti-
F4/80 antibody against the F4/80 receptor, which is typically
considered a marker of mature macrophages. As shown in
Fig. 7E, some positive cells stained with anti-F4/80 antibody
were observed. In this section, a larger number of peritoneal
cells labeled with thiol-OS/Rho showing red fluorescence were
observed than labeled HeLa cells showing green fluorescence.
As shown in the merged image, cells with various patterns of 4
kinds of fluorescence were observed. The majority of perito-
neal cells labeled with thiol-OS/Rho were not stained with
anti-F4/80 antibody (Fig. 7E, red arrowheads). These F4/80-
negative peritoneal cells clearly had their nuclei stained
with DAPI and were the main cells composing this cell
aggregate. Many cells were stained with anti-F4/80 antibody
and showed both red and green fluorescence (Fig. 7E, orange
arrowheads). These cells indicated an association between F4/
80-positive macrophages labeled with thiol-OS/Rho and
labeled HeLa cells. Additionally, some cells were stained with
anti-F4/80 antibody and showed green fluorescence (Fig. 7E,
purple arrowheads) but not red fluorescence. These cells
indicated an association of thiol-OS/Rho-unlabeled F4/80-
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positive macrophages with labeled HeLa cells. Some cells
showing only fluorescence derived from the anti-F4/80 anti-
body (Fig. 7E, cyan arrowhead) were observed, indicating the
involvement of thiol-OS/Rho-unlabeled F4/80-positive
macrophages in the formation of this cell aggregate. Cells
showing red and green fluorescence (Fig. 7E, yellow arrow-
head) were observed, indicating F4/80-negative macrophages
or other types of cells labeled with thiol-OS/Rho associated
with HeLa cells. Therefore, at least 4 kinds of cells, including
macrophages, were associated with labeled HeLa cells in this
cell aggregate.

Next, we performed ex vivo fluorescence imaging of an
aggregate derived from a mouse injected with in vitro-labeled
J774A.1 cells with OS/Flu-PEI2.0k and thiol-OS/Rho. Same as the
case of HeLa cells, the mouse was injected thiol-OS/Rho to label
peritoneal cells in situ before the injection of labeled J774A.1
cells. The in vitro-labeled J774A.1 cells also showed barcoded
endosomes as shown in Fig. 4A2, and we tried to detect them. As
shown in Fig. 8A, the aggregate showed both green and red
fluorescence on fluorescence microscopy at low magnification.
But the shape and fluorescence pattern were different from
those of HeLa cells. The merged image showed green or red
fluorescence dominant parts. The boundary between the area of
strong red fluorescence and the area of strong green fluores-
cence was observed at high magnification (Fig. 8B). The cells in
the aggregate showed green or red fluorescent endosomes.
Many cells showed just green or red endosomes, but some cells
showed both green and red fluorescent endosomes. The cells
showing just green fluorescence indicated labeled J774A.1 cells
treated with OS/Flu-PEI2.0k and thiol-OS/Rho and was just
labeled with OS/Flu-PEI2.0k, but could not take up thiol-OS/Rho
very well. The cells showing just red fluorescence indicated
labeled peritoneal cells with thiol-OS/Rho. The cells showing
both green and red fluorescent endosomes indicated labeled
J774A.1 cells treated with and that could take up both OS/Flu-
PEI2.0k and thiol-OS/Rho. These findings demonstrated
successful detection of endosomal barcoded cells in the tissue
collected from the body. The J774A.1 cells with barcoded
endosomes would have different functions from the cells
labeled with only OS/PEIs. It is important to understand their
dynamics in the body and their significance of endosomal
barcoded cells.

We conducted in vivo imaging of in vitro-labeled cells using
thiol-OS/Flu-PEIs combined with in situ-labeled cells, followed
by various microscopic observations including tissue clearing
and immunohistochemistry. The fluorescence of in vitro- and in
situ-labeled cells in cell aggregates was detected in in vivo
imaging as well as in microscopy after treatment, such as fixa-
tion, tissue clearing, and frozen sectioning. These results
demonstrated that cell labeling using OS/Flu-PEI was a very
effective and useful method to seamlessly observe cells from
macroscopic imaging in vivo to microscopic imaging in vitro.
Transgene labeling of fluorescent proteins such as green fluo-
rescent proteins has been widely applied to microscopic
imaging in vitro to observe their expression and movement. In
rare cases, overexpression of fluorescent proteins can induce
apoptosis.”> The analysis of cell-nanoparticle interactions,
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Fig. 8 Detection of endosomal barcoded cells. The cultured J774A.1 cells were labeled with OS/Flu-PEI-2.0k and thiol-OS/RhoB showing
barcoded endosomes in vitro. Thirty minutes before the injection of in vitro-labeled J774A.1 cells, we injected thiol-OS/Rho to label peritoneal
macrophages. After 3 h, an aggregate was collected from the peritoneal cavity, stained with DAPI and observed on fluorescence microscopy. (A)
At low magnification, the aggregate showed green and red fluorescence with different patterns. Scale bars: 200 um. (B) At higher magnification,
cells showing just red fluorescent endosomes (red arrowheads) and cells showing just green fluorescent endosomes (green arrowheads) were
observed. The merged image revealed endosomal barcoded cells (yellow arrowhead) showing both red and green fluorescent endosomes. Scale

bars: 20 um.

including cell activity assays, provided appropriate conditions
for NPs to label cells without cell death. The photointensity and
photostability of fluorescent thiol-OS were superior to those of
fluorescent dyes. Active cell labeling using OS/Flu-PEIs was
simple, safe, and effective. Moreover, thiol-OS/Flu could serve as
a multimodal probe for X-ray CT and MRI for multimodal
imaging.””® We could not find labeled HeLa cells in the peri-
toneal cavity in optical imaging without the preinjection of
thiol-OS/Rho. It would be possible to clarify the location and
pathway of labeled HeLa cells lost in the peritoneal cavity by
using other modalities. Labeled cells with multimodal OS/Flu-
PEI would provide new potential for seamless observation
among various imaging modalities as well as consecutive
imaging macroscopic imaging in vivo to microscopic imaging
in vitro.

2698 | Nanoscale Adv, 2022, 4, 2682-2703

We demonstrated peritoneal cell aggregates composed of
labeled HeLa cells and macrophages labeled in situ. From
another point of view, these findings indicated the immune
response of activated macrophages against peritoneal meta-
static cancer cells. Because thiol-OS increased the activity of
macrophage cell lines in vitro, cell aggregates involving labeled
HeLa cells might be formed by activated macrophages. For
peritoneal metastasis, ovarian cancers (OCs), as well as gastro-
intestinal malignancies, including colorectal, gastric, and
pancreatic cancers, are known to form multicellular aggregates
or spheroids when they metastasize into the peritoneal cavity of
advanced cancer patients. It was reported that the formation of
multicellular spheroids was contributed by M2-like tumor-
associated macrophages (TAMs).”* The ID8 OC cells express-
ing mCherry fluorescent protein were injected into mice

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intraperitoneally and formed multicellular spheroids contain-
ing CD68" macrophages expressing green fluorescent protein.
In the spheroids, OC cells surrounded the center-located
macrophages. In Fig. 7D1 and 7D2, the cell aggregates exhibi-
ted some spots of fluorescence from labeled peritoneal macro-
phages surrounded by labeled HeLa cells. Our model of in vivo
imaging of in vitro-labeled cells combined with in situ-labeled
cells using NPs confirmed similarities with the model of OC
peritoneal metastasis using fluorescent proteins. The biological
significance of the cell aggregates on tumor progression in the
peritoneal cavity in our model is under investigation. Fluores-
cent and multimodal thiol-organosilica NPs can be surface
functionalized with PEI and applied to cell labeling for various
applications. PEI surface functionalization of multimodal
organosilica NPs and their cell labeling would open up the
possibility for seamless imaging among various modalities,
providing higher sensitivity, temporal and spatial resolution,
and 3-D images and lead to innovative nanomedicine.

Conclusions

In this study, we prepared and characterized 4 kinds of OS/Flu-
PEI composed of different MW PEISs (1.3k, 2.0k, 25k, and 750Kk),
which have individual physicochemical properties, including ¢
potentials and aggregation-redispersion phenomena. We
proposed their surface structure models based on the depen-
dence of the PEI MW, i.e., OS/Flu-PEI1.3k is a brush type; OS/Flu-
PEI2.0k is a bent brush type; OS/Flu-PEI25k is a bent lie-down
type; and OS/Flu-PEI750k is a coiled type. The clarification and
understanding of the surface structure of particles are very
important to control cell-nanoparticle interactions. OS/Flu-PEIs
enabled efficient cell labeling of cancer and macrophage cell
lines, but PEI-resistant macrophages were identified. The
labeling ratio and labeling intensity were dependent on both the
cell types and the PEI MW of each OS/Flu-PEIL The evaluation of
intracellular labeling of OS/Flu-PEIs using simultaneous dual-
particle administration identified endosomal barcoded cells
indicating the differential intraendosomal sorting of the particles
depending on particle surface structure at the single-cell level.
There could be unknown sorting systems that distinguish and
transfer NPs to each endosome depending on their surface
structure. The cell activity assay revealed characteristic cytotox-
icities and cell responses to OS/Flu-PEIs depending on the PEI
MW, NP concentrations, and cell type. Two macrophage cell lines
showed NP concentration-dependent alteration in mitochondrial
activity against not only thiol-OS/Flu but also OS/Flu-PEIs. We
conducted in vivo imaging of HeLa cells labeled in vitro with OS/
Flu-PEI2.0k combined with in situ labeling of peritoneal cells
using thiol-OS/Rho in the mouse intraperitoneal cavity. In vitro-
labeled HeLa cells were detected and identified in multicellular
aggregates in vivo, and the aggregates revealed the association of
labeled HeLa cells with in situ-labeled intraperitoneal cells,
including macrophages, in ex vivo cleared tissue and tissue
sections. In vitro-labeled J774A.1 cells with OS/Flu-PEI2.0k and
thiol-OS/were also injected intraperitoneally and detected and
identified as endosomal barcoded cells in the aggregates. We
showed a model of in vivo imaging of in vitro-labeled cells and in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vitro-barcoded cells combined with in situ-labeled cells. In vitro
cell labeling and barcoding using NPs provide a new generation
of labeled cell imaging following GFP and fluorescent dye. The
applications of multimodal NPs and combinations with well-
developed cell labels, such as GFP, promise further expansion
of cell imaging. Recent studies have reported the control of cell
function,””® differentiation,”® or macrophage polarization®**
using NPs. These cellular controls using NPs evolve into cell-
based therapy. Cells labeled with NPs that possess functions
such as multimodal imaging and cellular control could be
developed for diagnostic imaging, therapy, and then cell-based
nanotheranostics.

Experimental
Chemicals and reagents

3-Mercaptopropyltrimethoxysilane (MPMS), 3-amino-
propyltrimethoxysilane  (APS), fluorescein isothiocyanate
isomer (FITC), rhodamine B, bisbenzimide H 33342 trihydro-
chloride (Hoechst 33342) and branched polyethyleneimine
solution [MW = 1.3k (PEI1.3k), 2.0k (PEI2.0k), 25k (PEI25k), and
750k (PEI750k)] were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Ammonium hydroxide (NH,OH, 28%)
and ethanol were purchased from Kishida Chemical (Osaka,
Japan). All other reagents and solvents were of analytical grade.

Preparation of the fluorescent thiol-organosilica
nanoparticles surface functionalized with PEI (OS/Flu-PEIs)

Thiol-OS/Flu and thiol-OS/were prepared using a one-pot proce-
dure as described previously.*® Briefly, thiol-OS/Flu was prepared
using APS-FITC conjugates. The conjugate was prepared by
gently stirring a mixture of 250 mM APS and 250 mM FITC for
1 h. The solution of APS-FITC conjugates was mixed with
a mixture of MPMS and 27% NH,OH. Thiol-OS/ was prepared
using a solution mixture containing rhodamine B, MPMS and
27% NH,OH. For biological experiments, 1 mg mL ™" thiol-OS/
Flu or thiol-OS/was treated with 10% PEI1.3k, PEI2.0k, PEI25k,
or PEI750k in distilled water and incubated with mixing for 1 day
at 37 °C. For evaluation of the aggregation-redispersion
phenomenon, NPs were treated with 10% to 0.000001% PEIs in
distilled water. After incubation, the mixture was centrifuged
(20 000x g, 4 °C, 20 min) to remove the unbound reagent, and the
pellets were resuspended with distilled water (D.W.) and soni-
cated and washed 3 times with distilled water.

Dynamic light scattering (DLS)

DLS was carried out to analyze the size distribution and ¢
potential of NPs using a DelsaMax PRO light scattering analyzer
(Beckman Coulter, Brea, CA, USA) at 20 °C. Analyte thiol-OS/Flu
and OS/FIu-PEIs treated with 10% to 1 x 10 °% PEIs were
prepared by dispersing with distilled water (0.2 mg mL™"), and
more than 3 parallel samples were measured after sonication.

Electron microscopic observation

High resolution images of thiol-OS/Flu and thiol-OS/Rho were
obtained using a JEM-F200 electron microscope (JEOL Ltd.,
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Tokyo, Japan). Thiol-OS/Flu and OS/Flu-PEIs treated with 10%
PEIs were dried and fixed on a 400 mesh copper grid (Nisshin
EM Co., Tokyo, Japan) coated with polyvinyl formal. The scan-
ning transmission electron microscopy (STEM) and scanning
electron microscopy (SEM) images of the NPs were obtained
using a Quanta 3D FEG electron microscope (FEI Company,
Hillsboro, Oregon, USA). The images were analyzed with Image-
Pro Plus 6.1] software (Media Cybernetics, Inc., Rockville,
Maryland, USA).

Thermal gravimetric analysis (TGA)

TGA of NPs was performed using a STA7200 thermal analysis
system (Hitachi, Tokyo, Japan) in the temperature range of 30-
800 °C with a heating rate of 10 °C min~ " under a 200 mL min "
flow of nitrogen gas. The content rate of the organic component
of OS/Flu-PEI treated with 10% PEIs was estimated from the
difference between the weight at 300 °C and that at 800 °C.

Cell activity assay

HeLa cells were maintained in DMED medium, and J774A.1 and
RAW 264.7 cells were maintained in RPMI1640 medium. All cell
culture media contained 10% fetal bovine serum, 100 U mL ™!
penicillin and 100 ug mL™" streptomycin. The cell activities of
these cells were evaluated using the WST-1 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazo-
lium) cell proliferation assay reagent (Dojin Chemical Co.,
Kumamoto, Japan). The cells were seeded at a density of 2.0 x
10" cells per well for HeLa cells and 4.0 x 10" cells per well for
J774A.1 and RAW 264.7 cells in 96-well plates 24 h before NP
treatment. The cells were incubated with 0-1000 pg mL ™" thiol-
OS/Flu and OS/Flu-PEI treated with 10% PEIs or left untreated
in cell medium for 1 day at 37 °C. The absorbance of the NP
solution was measured for each well immediately after the
addition of the WST-1 reagent and after incubation at 37 °C. To
obtain only signals derived from the formazan dye (produced by
viable cells), the former signal was subtracted from the latter.

Fluorescence microscopic observation

HeLa, MCF-7, RAW 264.7, and J774A.1 cells at a density of 2.0 X
10" cells per well were seeded in 96-well plates. Mouse peritoneal
macrophage cells from exudate from ICR mice at a density of 8.0
x 10 cells per well were seeded. After treatment with medium
containing thiol-OS/Flu or OS/Flu-PEI (final concentration: 10 pg
mL ") overnight, the cells were stained with Hoechst 33342 and
observed on an IN Cell Analyzer 2000 (GE Healthcare, Chicago,
IL) with excitation filters at passbands of 300-400 nm and 470-
510 nm and emission filters at passbands of 405-505 nm and
489-561 nm for Hoechst 33342 and thiol-OS/Flu and OS/Flu-
PEIs, respectively.

Fluorescence microscopic imaging of single cells using dual
particle administration

HeLa and J774A.1 cells were incubated (2 x 10" per well in 96-
well plates (Iwaki, Tokyo, Japan)) applying dual particles
composed of thiol-OS and/or OS-PEI treated with 10% PEI. The
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cells were treated with a medium containing both thiol-OS/Flu
and thiol-OS/Rho, both OS/Flu-PEI2.0k and thiol-OS/Rho, or
both OS/Flu-PEI2.0k and OS/Rho-PEI750k (each particle final
concentration: 10 pg mL ™). All of the particles in the medium
were well suspended using sonication before the treatments.
After 24 h, the cells were fixed with 1% (w/v) paraformaldehyde
in PBS for 20 min. All images were obtained using a BZ-X800
microscope (Keyence, Osaka, Japan) and processed to create
a full focus image from Z-stacks using BZ-X800 analyzer soft-
ware (Keyence, Osaka, Japan).

Flow cytometric analysis

A total of 2.0 x 10°> mouse peritoneal macrophages exudated
from ICR mice, HeLa cells, and MCF-7 cells and 2.5 x 10’
J774A.1 cells were plated on 35 mm dishes and incubated at
37 °C for 1 day. The cells were treated with a medium con-
taining thiol-OS/Flu or OS/Flu-PEI treated with 10% PEI (final
concentration: 10 pg mL™') for 6 h. All of the NPs in the
medium were well suspended using sonication before the
treatments. After incubation, all the cells were retrieved from
the culture dish and subjected to flow cytometry. Flow cyto-
metric analysis was performed using a FACSCalibur™ flow
cytometer with Cell Quest software (Becton Dickinson, San
Jose, USA) and 488 nm excitation lasers. Fluorescence was
detected on the FL1 channel (530/30 nm bandpass filter). A
total of 5000 cells were analyzed in each replicate. To evaluate
mitochondrial conditions, cells treated with NPs were stained
with tetramethylrhodamine ethyl ester perchlorate (TMRE,
Invitrogen, Eugene, OR, USA) and subjected to flow cytometric
analysis. Fluorescence was detected on the FL2 channel (filter
with passband 543-627 nm).

In vivo imaging of in vitro-labeled HeLa cells combined with
in situ-labeled peritoneal cells

All experiments using animals in this study were approved by
the Institutional Animal Care and Use Committee and carried
out according to the Guidelines for Animal Experimentation
of Yamaguchi University School of Medicine. Male ICR mice
(from 8 to 9 weeks of age) obtained from Japan SLC (Shizuoka,
Japan) were used in this study. HeLa cells (2 x 10°) or J774A.1
cells (2 x 10°) were plated on a 100 mm dish and incubated at
37 °C for 1 day. HeLa cells were treated overnight with
a medium containing OS/Flu-PEI2.0k treated with 10% PEI
(with a final concentration of 10 ug mL™"). J774A.1 cells were
applied with dual particles and treated overnight with
a medium containing thiol-OS/and OS/Flu-PEI2.0k treated
with thiol-OS/and OS/Flu-PEI2.0k (each particle final
concentration: 10 pg mL ™). All of the medium containing NPs
was well suspended using sonication before the treatments.
After incubation, all cells were retrieved from the culture dish,
and cell suspensions containing labeled HeLa cells or J774A.1
cells (0.1 mL) were prepared. To label peritoneal cells in situ,
mice were intraperitoneally administered a suspension con-
taining 0.5 mg of thiol-OS/Rho before the injection of labeled
cell suspension. The labeled cell suspension was intraperito-
neally administered to mice. After 3 h, the mice were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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euthanized, and the objects showing fluorescence in the
abdominal cavity were observed and isolated under observa-
tion on a Nikon AZ100 multizoom microscope (Kanagawa,
Japan) and fixed with 4% (w/v) paraformaldehyde in PBS at
4 °C overnight. Ex vivo imaging of the objects showed fluo-
rescence with and without tissue clearing using ScaleCUBIC-
1 ® and was conducted using a BZ-X800 microscope. Another
object was frozen in the OCT compound (Sakura Finetek
Japan, Tokyo, Japan) and cut into 6 um for immunostaining or
20 pm sections for single cell observation. For immuno-
staining, the tissue sections of 6 um were treated with a 100-
fold diluted anti-F4/80 antibody (GeneTex, Inc., Los Angeles,
CA, USA) at 4 °C overnight, washed with PBS, and treated with
a secondary antibody (100-fold diluted Cy™5 AffiniPure Goat
Anti-Rat IgG (H + L) (Jackson ImmunoResearch Inc., West
Grove, PA, USA) at room temperature for 1 h. After nuclear
staining with DAPI, all images were obtained using a BZ-X800
microscope.
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