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ABSTRACT An in vitro imaging system to evaluate the stealth
function of nanoparticles against mouse macrophages was established
using fluorescent organosilica nanoparticles. Surface-functionalized
organosilica nanoparticles with polyethylene glycol (PEG) were pre-
pared by a one-step process, resulting in a brush-type PEG layer.
A simultaneous dual-particle administration approach enabled us to
evaluate the stealth function of nanoparticles with respect to single
cells using time-lapse fluorescent microscopic imaging and flow

cytometry analyses. Single-cell imaging and analysis revealed various

patterns and kinetics of bare and PEGylated nanoparticle uptake. The PEGylated nanoparticles revealed a stealth function against most macrophages

(PEG-sensitive macrophages); however, a stealth function against certain macrophages (PEG-insensitive macrophages) was not observed. We identified and

characterized the PEG-resistant macrophages that could take up PEGylated nanoparticles at the same level as bare nanoparticles.
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ecent advances in the development
Rof multifunctional nanoparticles have

led to innovations in the field of nano-
medicine.”~"?  Multifunctional nanoparti-
cles that have strong and specific signals
for various imaging modalities, bind targets
with high affinity and specificity, and are
adaptable for the delivery of specific phar-
macological agents to targets of interest
would enable the establishment of ad-
vanced medicines that could cure patients
without any distress. Upon systemic admin-
istration, the pharmacokinetics of nano-
particles are different from those of small
molecules. In tumor tissues, nanoparticles
can extravasate from the leaky tumor vas-
culature to a higher degree than from
healthy tissue and remain in the area by
the enhanced permeability and retention
(EPR) effect.'* "> However, there are problems
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that must be solved to fully realize such
successful nanomedicines. Many studies
have reported that intravenously admin-
istered nanoparticles are cleared from the
blood by the reticuloendothelial system
(RES) within minutes. The removal of nano-
particles is initiated by interactions between
the administered nanoparticles and phago-
cytic cells (such as macrophages) in the blood
and tissues. Nanoparticles that are intended
for systemic administration are functionalized
on the surface with stealth molecules such
as polyethylene glycol (PEG). The circulation
half-life of these stealth nanoparticles can
be extended because of a reduction of macro-
phage uptake.'® However, an accelerated
blood clearance (ABC) of surface-functiona-
lized nanoparticles has been reported after
the second nanoparticle administration.'”” %'
The mechanism of the ABC phenomenon is
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Figure 1. Characterization of fluorescent organosilica nanoparticles for the dual-particle administration study. (A) Transmis-
sion electron micrographs of fluorescent organosilica nanoparticles containing fluorescein isothiocyanate (Flu), rhodamine B
(Rho), or trisdichlororuthenium(ll) hexahydrate (Rub). The scale bars represent 100 nm. (B) Reaction scheme for the surface
functionalization of Flu with methoxy-PEG-maleimide and the table of fluorescent conditions for the dual particle
administration study on fluorescent microscopy (FM) and flow cytometry (FCM).

not fully understood but may be mediated by the low-
specificity, anti-PEG immunoglobulin (Ilg) M antibody
(anti-PEG IgM).2'~% Understanding and controlling
the interactions between stealth nanoparticles and
immune cells, especially macrophages, are therefore
very important for the development of effective
nanomedicines.

In this paper, we demonstrated a novel in vitro
imaging system to visualize the stealth effect of nano-
particles against mouse peritoneal macrophages using
fluorescent organosilica nanoparticles. Organosilica
nanoparticles are novel nanomaterials that are prepared
from a single organosilicate coupling agent, such as
3-mercaptopropyltrimethoxysilane (MPMS).2*~3! Organo-
silica nanoparticles are structurally and functionally
different from typical inorganosilica particles prepared
from tetraethoxyorthosilicate (TEOS). Organosilica nano-
particles contain an organic residue with the same
number of Si atoms and can be internally functionalized
with various fluorescent dyes and fluorescent nano-
materials using an organic residue. Fluorescent organo-
silica nanoparticles are useful for various fluorescence
imaging techniques such as in vivo imaging,**° cell
labeling,26282%3233 rag|-time or time-lapse fluorescent
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imaging with single cell analysis,?®** molecular tracing,?®

and multimodal imaging.° The functional groups on the
surface of organosilica nanoparticles are very useful for
surface functionalization, and the preparation of PEG
attached (PEGylated) nanoparticles is straightforward. To
evaluate the stealth effect of PEG, we performed time-
lapse fluorescence microscopic imaging and flow cytome-
try using macrophages that were simultaneously treated
with PEGylated nanoparticles and bare nanoparticles. The
PEGylated nanoparticles demonstrated a stealth effect
against mouse peritoneal macrophages. We identified
macrophages that could take up PEGylated nanoparticles
to the same extent as bare nanoparticles. We discuss the
importance of stealth imaging in vitro and the potential
of PEG-resistant macrophages for the development of
drug delivery systems and innovative nanomedicine.

RESULTS AND DISCUSSION

Surface Functionalization with PEG and Characterization
of Fluorescent Organosilica Nanopartices. Three types of fluo-
rescent organosilica nanoparticles containing fluorescein
(Flu), rhodamine B (Rho), or Rubpy (Rub) were prepared
and observed on transmission electron microscopy
(TEM). TEM revealed that these three nanoparticles had
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TABLE 1. Characterization of Fluorescent Organosilica
Nanoparticles

EM
fluorescent organosilica
nanoparticles avg diameter (nm) V(%) ¢ potential (mV)
Flu 87.1 7.6 —571
Flu-PEG30K —50.9
Flu-PEG12K —339
Rho 99.1 6.8 —53.8
Rub 105.3 9.7 —41.8

a spherical shape, narrow size distribution, and good
dispersions (Figure 1A). The average diameters and
coefficients of variation (CVs) of the particles derived
from TEM are summarized in Table 1. The diameter and
percentage of the CVs of Flu, Rho, and Rub were
approximately 100 nm and 8%. The Flu were PEGylated
using methoxy-PEG-maleimide with a molecular weight
of 30 KDa in a one-step process (Flu-PEG30K) (Figure 1B).
However, we performed dynamic light scattering (DLS)
(Supporting Information, Figure S1 and Table S1), and the
results indicated that DLS analysis could not be quite
appropriate to evaluate the sizes of these particles includ-
ing additionally prepared Flu-PEG12K due to the property
of organosilica particles as reported previously.>®

To evaluate the density of PEGs on particle,
we performed thermal gravimetric analysis (TGA)
of Flu, Flu-PEG12K, and Flu-PEG30K. The initial weight
loss under 200 °C is due to the desorption of water
molecules from the surface of the particle. The remain-
ing weights were 60.4%, 57.9%, and 55.3% at 200—
800 °C in flowing argon for Flu, Flu-PEG12K, and Flu-
PEG30K, respectively (Figure 2 and Table 2). The calculated
PEG densities of Flu-PEG12K and Flu-PEG30K were 0.031
and 0.032 PEG/nm?, respectively (Table 2).

The PEG surface layer is often described as either
a mushroom- or brush-type layer. When the surface
PEG density is relatively low, a mushroom-like structure
is formed to maximize surface coverage.>® As the PEG
density increases, the PEG chains extend to avoid
overlapping with other PEG molecules, resulting in
a brush-type structure3®*” The distance between
the PEGs of Flu-PEG30K was 31.6 nm, smaller than
the Flory radius of PEG30K (35 nm). These results
indicated that Flu-PEG30K might adopt a brush-type
structure and have a more densely PEGylated surface
than Flu-PEG12K. However, the DLS analyses were not
useful for organosilica particles, and the PEG weights
were not so high upon TGA analysis. The determination
of the PEG layer type on organosilica particles should
be discrete. Further studies were required for the
evaluation and determination of the PEG layer type
on organosilica particles.

The ¢ potentials of Flu, Flu-PEG30K, Rho, and
Rub were similar to each other, and the { potential
of Flu-PEG30K was slightly less negative than that of
Flu (Table 1). However, the ¢ potential of Flu-PEG12K
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Figure 2. Thermal gravimetric analysis of PEGylated nano-
particles. The data for Flu (black), Flu-PEG12K (green), and
Flu-PEG30K (red) were obtained in flowing argon.

TABLE 2. Thermal Gravimetric Analyses and PEG Densities
of PEGylated Nanoparticles”

Flu Flu-PEG12K Flu-PEG30K

wt at 200 °C (%) 99.94 99.24 99.57

wt at 800 °C (%) 60.40 57.88 5530
organic part (%) 39.54 4136 4427
PEG part (%) 1.82 473

PEG weight (g)/particle 146 x 107" 3.77 x 1077
PEG number/particle 732.48 757.59
PEG density (PEG/nm2) 0.031 0.032

“The weight of one particle (7.95 x 10~" mg) was calculated from the volume of
one particle as follows: 47t (r = 87.1 (hm))*3 x 23 (specific gravity).

was lower than —35 mV and similar to inorganosilica
prepared from TEOS and surface-modified thiol organo-
silica nanoparticles with rhodamine red—maleimide
as reported previously by us.®* The ¢ potentials of
Flu-PEG12K and Flu-PEG30K were different, but TGA
analysis of Flu-PEG12K and Flu-PEG30K revealed simi-
lar PEG densities. Because the distance value between
the PEGs of FIu-PEG12K was higher than the Flory
radius of Flu-PEG12K and the CV of the diameter
of Flu-PEG12K based on DLS was higher than that
of FIu-PEG30K, it is possible that the PEG12K on
Flu-PEG12K had a higher flexibility. The flexible PEG12K
may cover the thiol group as well as the silanol group
on the surface of the particles and influence the ¢
potential. The PEG density and § potential value of
Flu-PEG30K indicated that the reaction between the
methoxy-PEG-maleimide and thiol residues on Flu was
partial and that there may be thiol residues that do not
react to it. As described, Flu-PEG30K showed stealth
effects without much loss of functional thiol residues on
the surface of the particles. Further functionalizations of
the particles are possible. The ¢ potential of Flu-PEG30K
was not substantially different from those of Rho and
Rub. Both Rho and Rub were suitable as control bare
nanoparticles for simultaneous dual-particle administra-
tion studies using time-lapse fluorescent imaging (TLFI)
and flow cytometry analysis (FCM).

Time-Lapse Fluorescent Microscopic Imaging and Single-Cell
Analysis Using Fluorescent Organosilica Nanoparticles Surface
Functionalized with PEG. We performed TLFI microscopy
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Figure 3. Time—lapse imaging of the dual-particle adminis-
tration study of macrophage uptake of fluorescent organo-
silica nanoparticles surface functionalized with PEG. The
macrophages were incubated with a mixture of Flu and
Rho (A) or with a mixture of Flu-PEG30K and Rho (B).
Fluorescence images of Rub (R), Flu or Flu-PEG30K (F),
and merged images (M) are shown from 0 to 6 h. The scale
bars represent 40 um.

to visualize the PEG effect against mouse peritoneal
macrophages using Flu-PEG30K. We previously re-
ported that the uptake level and kinetics of each
macrophage were heterogeneous.>* We used a simul-
taneous dual-particle administration study using two
types of particles with different internal fluorescence
and surface structure to directly compare the particles
in single cells in vitro. The macrophages were incu-
bated with 10 #g/mL of Flu and Rho or with Flu-PEG30K
and Rho for 6 h. As shown in Figure 3A, both bare
Flu and Rho were taken up similarly (Supporting
Information, movie 1). However, the uptakes of Flu-
PEG30K and Rho into the cells (Figure 3B and Support-
ing Information, movie 2) were different. Many cells
showed uptake of only Rho, but some cells showed
uptake of both Rho and Flu-PEG30K. Figure 4 shows
enlarged views of the pictures at 6 h of Figure 3. As
shown in Figure 4A, the cells (Figure 4A1,A2) containing
nanoparticles showed both Flu and Rho fluorescence.
The macrophages incubated with Flu-PEG30K and
Rho showed various patterns. Many cells showed only
Rho fluorescence (B1 and B2), and some cells showed
fluorescence of both Flu and Rho (B3—B6). Cells B3 and
B4 had uptake of Rho and Flu-PEG30K at lower levels.
Cells B5 and B6 showed similar uptake levels of Flu-
PEG30K and Rho.

As shown in Figure 5, we then performed single-cell
analyses using particle units (PU) to quantitatively com-
pare the differences in uptake. The PU was calculated as
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Figure 4. Single-cell dual-particle images showing macro-
phage uptake of fluorescent organosilica nanoparticles
surface functionalized with PEG. The macrophages were
incubated with a mixture of Flu and Rho (A) or with a mix-
ture of Flu-PEG30K and Rho (B). The fluorescence images of
Rub (R), Flu or Flu-PEG30K (F), and merged images (M) of
single cells are shown from 0 to 6 h. The scale bars represent
40 um. Cells A1 and A2 showed similar uptake of Flu and
Rho. Cells B1 and B2 showed uptake of Rho and almost no
uptake of Flu-PEG30K. Cells B3 and B4 showed uptake of
Rho and a lower uptake of Flu-PEG30K. Cells B5 and B6
showed a similar uptake of Flu, Rho, and Flu-PEG30K.

described previously** and may indicate the number of
particles in a single cell. Cells AT and A2 took up the two
types of nanoparticles in similar amounts. A quantitative
difference in the uptake kinetics between these cells
was detected after approximately 2 h. Cell A1 showed a
greater linear uptake of Rho and later showed a slow
uptake of Flu; the PU of Rho was approximately 70000 at
6 h. Cell A2 showed the reverse pattern of the A1 cell,
with a moderate uptake. It is possible that cells A1 and
A2 distinguish the slight difference in the surface struc-
ture of particles due to the difference of the fluorescent
dye between Flu and Rho. These results and the hetero-
geneity of each macrophage uptake of fluorescent
organosilica nanoparticles may indicate an existence
of selective uptake of each macrophage against the
slight difference of particles. Further studies are required
to demonstrate and characterize these selective uptakes
of each macrophage and are under investigation. The
single-cell analyses of macrophages incubated with Flu-
PEG30K and Rho also revealed different patterns. Cells
B1 and B2 showed a linear uptake of Rho but almost no
uptake of Flu-PEG30K. These results demonstrated that
Flu-PEG30K had a stealth effect. The heterogeneity of
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Figure 5. Quantitative single-cell dual-particle analyses of
macrophage uptake of fluorescent organosilica nanoparti-
cles surface functionalized with PEG. The macrophages
were incubated with a mixture of Flu and Rho (A) or with
a mixture of Flu-PEG30K and Rho (B). Cell A1 showed a
greater linear uptake of Rho and a later slow uptake of Flu.
Cell A2 showed the reverse pattern of cell A1. Cells B1 and
B2 showed a linear uptake of Rho and almost no uptake
of Flu-PEG30K. Cells B3 and B4 showed a linear uptake of
Rho and a slow uptake of Flu-PEG30K with lag phases of
approximately 2 h and less than 1 h, respectively. Cell B5
showed a later slow uptake of Flu-PEG30K. Cell B6 showed a
linear uptake of Flu-PEG30K and had 77.7% of PU compared
with Rho.

the PEGylated particles was estimated on the basis
of the greater CV of their measured diameter. It is
possible that a small proportion of particles with less
PEGylation exists and contributed a small increase of the
PU of Flu-PEG30K in these cells. Cells B3 and B4 showed
a linear uptake of Rho with a lag phase and a slow
uptake of Flu-PEG30K. Cells B3 and B4 showed increased
uptake after approximately 2 h, and within 1 h, these
cells showed 18.8% and 26.7%, respectively, of the PU
of Flu-PEG30K compared to the values for Rho at 6 h.
Cells B5 and B6 showed 53.4% and 77.7% of the PU of
FIu-PEG30K compared to the values for Rho, respec-
tively. Cells B5 and B6 showed a later slow uptake and a
linear uptake of Flu-PEG30K, respectively.

We could perform TLFI and single-cell analysis
using fluorescent organosilica nanoparticles successfully.
Fluorescent nanocrystals, often referred to as quantum
dots (QDs), have been intensively used for fluorescence
imaging. QDs have several advantages such as broad
excitation spectra, size-tunable fluorescence properties,
and long fluorescence emission times.>® However, it has
been reported that the fluorescent intensity of QDs in

endosome can be changed.> The possibilities of oxida-
tive quenching and degradation of QDs in phagocytic
cells have also been reported.*° Fluorescent organosilica
nanoparticles have stable fluorescence intensity in cells
and may be more suitable to quantitative study of the
interaction between nanoparticles and macrophages
than QDs.

The TLFI and single-cell analysis revealed various
patterns and kinetics of cellular uptake of macro-
phages after the dual administration of Flu-PEG30K
and Rho. Flu-PEG30K showed a stealth effect, and
many cells failed to take up Flu-PEG30K, including cells
B1 and B2. These cells could be referred to as “PEG-
sensitive macrophages”. Some cells could take up
Flu-PEG30K and showed various uptake patterns and
kinetics. Cells B3 and B4 could take up Flu-PEG30K,
but the uptake was lower than that of Rho. These
cells could be referred to as “PEG-insensitive macro-
phages”. PEG forms a flexible layer on the surface of the
nanoparticles,*! preventing the adsorption of proteins
that act as opsonins**** by blocking the protein-
binding sites and creating a thermodynamic barrier
against protein diffusion.***® The PEGylation of nano-
particles can extend circulation half-life of particles.
However, PEGylated nanoparticles are subsequently
taken up by phagocytic cells such as macrophages.*’
The effects of size, shape, and surface chemistry of
PEGylated particle against blood protein adsorption
were investigated very well.**>° Recently, it was re-
ported that time-dependent changes in the extracellu-
lar environment affected nanoparticle properties and
their uptake by cells.>’ Cell B3 showed slow uptake after
a lag phase of approximately 2 h. Some proteins may
have been adsorbed with by the surface of Flu-PEG30K
and increased during the lag phase; cell B3 may have
started taking up the nanoparticles after this period. The
loss of flexibility of the PEG layer due to protein adsorp-
tion and an expression and increase of membrane
proteins that could bind to PEG (i.e, a PEG receptor)
during the lag phase may be another possibility.

There were some macrophages, such as cells B5 and
B6, that took up PEGylated nanoparticles at the same
level as Rho without any lag phase. These macro-
phages could be referred to as “PEG-resistant macro-
phages”. The PEG-resistant macrophages and some
PEG-insensitive macrophages (such as B4) do not have
this uptake lag and should therefore have specific
mechanisms, such as the expression of PEG receptor,
for PEGylated nanoparticle uptake. Further studies
are required to understand the association among
PEG-insensitive macrophages, PEGylated nanoparticle,
and adsorbed proteins. These results demonstrated
that the stealth effect of PEG was dependent on each
individual macrophage. Therefore, single-cell imaging,
analysis, and characterization of the uptake kinetics of
each macrophage are very important to understand
the stealth effects of PEG.
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Flow Cytometry Analysis of PEG-Resistant Macrophages. To
statistically evaluate the existence of PEG-resistant
macrophages, we performed FCM analysis using
mouse peritoneal macrophages. Because the fluores-
cence of Rho could not be distinguished from that
of Flu using FCM, we used Rub in place of Rho, as
summarized in Figure 1B. The cells were treated with
either no particles, Rub, Flu, a mixture of Rub and Flu,
or a mixture of Rub and Flu-PEG30K and subjected
to FCM. As shown in Figure 6A, the cells incubated with
Flu or Rho show nanoparticle fluorescence of FL-1 for
Flu (green dots) and FL-3 for Rub (red dots), respec-
tively, and the cells without particles did not show
obvious fluorescence under these experimental con-
ditions (black dots). The profiles of Flu and Rub demon-
strated no fluorescent crosstalk of the cells. The wide
distribution of each fluorescence dot indicates that
the nanoparticle uptake levels of the macrophages
were heterogeneous. The results of the FCM were
compatible with the results from the single-cell TLFI
analysis. The cells treated with a mixture of Rub and Flu
demonstrated a similar uptake of Rub and Flu because
the cells showed a nearly linear relationship between
the fluorescence of Flu and Rub (Figure 6B, orange
dots). The FCM analysis of cells incubated with
a mixture of Rub and Flu-PEG30K demonstrated
that many cells took up Rub but not Flu-PEG30K
(PEG-sensitive macrophages). Some cells could take
up both Rub and Flu-PEG30K (i.e., the PEG-insensitive
macrophages) (Figure 6B, blue dots). Some blue dots
were close to the linear distribution of the orange dots,
indicating that the cells could take up both Rub and
Flu-PEG30K at the same level; these cells are referred to
as “PEG-resistant macrophages”. In addition, the FCM
analysis of cells incubated with a mixture of Rub and
Flu-PEG12K also demonstrated the existence of many
PEG-sensitive macrophages and some PEG-insensitive
macrophages (Figure 6C, blue dots). These results
indicated that PEG-resistant macrophages could take
up PEGylated nanoparticles with a different PEG
length. It has been reported that two kinds of lipo-
somes PEGylated with PEG2K and PEG5K induced
the ABC phenomena at the same level.> It is possible
that PEG-resistant macrophages uptake the PEGylated
particles without depending on PEG length and con-
tribute ABC phenomenon in vivo.

The regional analysis of the FCM using Flu-PEG30K
is summarized in Table 3 and Figure 6D. The cells
took up both particles located in the upper right
region. The population of the cells containing Rub
and Flu-PEG30K located in upper right region (PEG-
insensitive macrophages) were 3.3%. These results
demonstrated that approximately 96.7% of mouse peri-
toneal macrophages could not take up Flu-PEG30K. As
shown in Figure 6D, the percentage of macrophages
that were insensitive to Flu-PEG30K was approximately
10 times lower than the percentage of macrophages
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Figure 6. Flow cytometry analysis of macrophage uptake of
dual fluorescent organosilica nanoparticles surface function-
alized with PEG. The macrophages were incubated with
either no particles, a single particle (Flu (green) or Rub
(red)) (A), or two particles (a mixture of Flu and Rub (orange),
a mixture of FIu-PEG30K and Rub (blue) (B) or Rub and
Flu-PEG12K (blue dots) (C)); the macrophages were then
analyzed by flow cytometry. (A) The cells without particles
did not show obvious fluorescence and were located in the
lower left region (black dots). The cells incubated with Flu or
Rho show fluorescence of the nanoparticles in the FL1
channel (green dots) in the upper left region and the FL-3
channel in the lower right region (red dots), respectively.
(B, C) The cells treated with a mixture of Rub and Flu (orange
dots) showed fluorescence of both Rub and Flu in the upper
right region. The cells incubated with a mixture of Rub and
Flu-PEG30K (blue dots) (B) or Rub and Flu-PEG12K (blue dots)
(C) showed mostly only fluorescence of Rub in the lower right
region, but some cells showed fluorescence of both Rub and
Flu-PEG30K in the upper right region. (D) The cell popula-
tions of no uptake, and PEG-sensitive and PEG-insensitive
macrophage against Flu-PEG30K were graphed.

TABLE 3. Regional Analysis of Flow Cytometry in
Macrophages after Dual Particle Administration

lower left  lower right  upper left upper right n =

control 100.0 0.0 0.0 0.0 1
Flu 61.6 + 187 0.0 3844187 0.0 4
Rub 649 +47 3514+47 00 0.0 5
Rub + Flu 607 =103 59442 13416 321+£97 8
Rub + Flu-PEG30K 57.8 + 11.8 38.9 + 10.0 0.0 33+44 10

that were sensitive to PEG. It has been previously re-
ported that mushroom-type (0.028 + 0.002 PEGs/nm?)
as well as brush-type 5K PEGylated PRINT nanoparticles
(0.083 + 0.006 PEGs/nm?) were taken up 4—14 times
less frequently than bare particles at early time
points (0.5—6 h) by a mouse alveolar macrophage
cell line (MH-S cells). The brush-type Flu-PEG30K
revealed similar level of stealth functionality with respect
to both mushroom-type and brush-type PEGylated
PRINT nanoparticles.>®
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The standard deviations of the populations of the
cells that took up both Rub and Flu-PEG30K were not
very low, with values ranging from 0.2% (against 31.3%
of uptake of Rub) to 14.4% (against 38.2% of uptake
of Rub) (Table 3). These results indicated that the
populations of PEG-insensitive macrophages may
have individual differences and that some mice do
not have many PEG-insensitive macrophages. It has
been reported that ABC phenomena vary in different
animal species.?" It is possible that there are variations
in responsiveness to PEGylated nanoparticles between
species and individuals. A relationship between the
population of PEG-insensitive macrophages and ABC
phenomena may be important for understanding
these individual species differences. It is possible that
PEG-insensitive macrophages are an indicator of the
ABC phenomenon. FCM analysis of the PEG-insensitive
macrophages is possible for macrophages derived
from the peritoneal cavity and from peripheral blood.
Even for humans, the macrophage response to func-
tionalized nanoparticles could be evaluated using
macrophages from the peripheral blood. These ap-
proaches, including TLFI using simultaneous dual par-
ticle administration, could be useful for investigating
the interactions between functionalized nanoparticles
and individual macrophages and for developing per-
sonalized nanomedicine.

Characterization of PEG-Insensitive Macrophages. To char-
acterize the PEG-insensitive macrophages, we per-
formed correlative light and electron microscopy
(CLEM), confocal laser scanning fluorescence micros-
copy, and cell surface marker analyses using FCM.
To evaluate the morphological characteristics of the
PEG-insensitive macrophages, we performed CLEM
on the PEG-insensitive macrophages. As shown in
Figure 7, scanning electron microscopy (SEM) using
correlations with fluorescent microscopy (FM) identi-
fied the PEG-insensitive macrophages (marked with
white arrowheads). The PEG-insensitive macrophages
did not show specific morphological features or sur-
face structures after TLFl compared to the cells with
fluorescence derived from only Rho. It is well-known
that the uptake of nanoparticles is mediated by phago-
cytosis, fluid-phase transport, or receptor-mediated
endocytosis,>* ° and these uptake routes are ulti-
mately responsible for sequestering the particles in
intracellular compartments, such as phagosomes, lyso-
somes, or endosomes. Other types of uptake, such as
that mediated by surface-connected compartments
(SCQ) for hydrophobic nanoparticles and hydrophilic
nanoparticles, have been reported to be important.>’
Further studies (such as CLEM) at various time points
after the addition of nanoparticles and serial block-face
SEM of cells are important for detecting the morpho-
logical characteristics of PEG-insensitive macrophages.

To evaluate the intracellular distribution of Rho and
Flu-PEG30K in the PEG-insensitive macrophages, we

NAKAMURA ET AL.

Figure 7. Correlative light and electron microscopy (CLEM)
of the PEG-insensitive macrophages. (A—C) PEG-insensitive
macrophages could be identified by scanning electron
microscopy (SEM) using correlations with fluorescent mi-
croscopy (FM); these macrophages are marked with white
arrow heads. The scale bars represent 10 um.

performed confocal laser scanning fluorescence micros-
copy. As shown in Figure 8A, we observed three
macrophages that were identified as PEG-insensitive
PEG-sensitive cells (Figure 8C,D). The endosomes of
the PEG-insensitive macrophages revealed various
patterns of fluorescence (Figure 8B). The yellow arrow-
heads indicate that the endosomes contained almost
equal amounts of Rho and Flu-PEG30K. We also ob-
served endosomes that were predominantly either
green or red fluorescent; these are indicated by
the green and red arrowheads, respectively. The red
endosomes contained more Rho than Flu-PEG30K
(non-PEG dominant), and the green endosomes con-
tained mostly Flu-PEG30K (PEG dominant). These re-
sults demonstrated that the endosomes have some
selectivity for the surface properties of nanoparticles.
Cell C showed one PEG-dominant endosome among
many non-PEG-dominant endosomes. Cell D showed
many non-PEG dominant endosomes, but not any
obviously PEG-dominant endosomes. These results
demonstrate that PEG-insensitive macrophages and
some PEG-sensitive cells, such as cell C, could take up
PEGylated nanoparticles and form PEG-dominant
endosomes.

These results are important for discussing the
mechanism of PEG-sensitive, PEG-insensitive, and
PEG-resistant macrophages. One hypothesis is that
the macrophages have unique receptors for binding
to PEGs. The PEG receptors bind with PEGylated nano-
particles to form PEG-dominant endosomes that
can be distinguished from other receptors bound to
bare nanoparticles. PEG-resistant macrophages might
process PEG for antigen presentation.

Cell Surface Marker Analyses of PEG-Insensitive Macrophages
Using Flow Cytometry. To investigate the specific cell
surface markers of the PEG-insensitive macrophages,
we performed FCM analyses using various cell surface
markers for macrophages (Figure 9). The PEG-sensitive
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(D)

Figure 8. Confocal laser scanning fluorescence microscopy of the PEG-insensitive macrophages. (A) PEG-insensitive
macrophage (B) and PEG-sensitive cells (C, D) were identified in merged fluorescent images. The scale bars represent 25 um.
(B—D) Cells were observed as cross sections at various z-axes to evaluate the intracellular distribution of Rho and Flu-PEG30K.
(B) Endosomes of cell B revealed various patterns of fluorescence. The red, green, and yellow arrowheads indicate endosomes
containing mainly Rho, Flu-PEG30K, and almost equal amounts of Rho and Flu-PEG30K, respectively. (C) Cell C showed one
dominant endosome containing Flu-PEG30K, marked with a green arrow, among many endosomes containing Rho. (D) Cell D
showed endosomes containing Rho and one endosome containing Flu-PEG30K. The scale bars represent 10 um.

macrophages and PEG-insensitive macrophages are
located under or above lines crossed in axis of FL1,
respectively. Antibodies against CD209b (SIGN-R1),
CD284 (TLR4), CD11b, CD282 (TLR2), F4/80, and
CD36 reacted with the PEG-insensitive macrophages
very well because of right shifts. Antibodies against
CD11b, F4/80, CD205, CD11c, and CD36 reacted with
the PEG-sensitive macrophages. The rates of increase
in the fluorescence intensities of PEG-insensitive and
PEG-sensitive macrophages and the increase in the
ratio of PEG-insensitive to PEG-sensitive macrophages
are provided in Table 4. Antibodies against CD209b
showed a greater increase in fluorescence intensity in
PEG-insensitive macrophages, and antibodies against
CD11c and CD36 showed a lower increase in fluores-
cence intensity in PEG-insensitive macrophages. These
results demonstrated that PEG-insensitive macro-
phages expressed more CD209b and less CD11c and
CD36 among the peritoneal macrophage. CD209b would
therefore be a possible PEG-insensitive macrophage
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marker. CD209b is a C-type lectin receptor (CLR) that is
expressed at high levels in splenic marginal zone macro-
phages and lymph node medullary macrophages.®® CLRs
are particularly important pattern recognition receptors
(PRRs) that recognize carbohydrate structure and take
up glycosylated antigens and pathogens into cellular
compartments. CD209b functions to take up dextran
polysaccharides, including the capsular polysaccha-
ride of Streptococcus pneumoniae.>® PEGs have also
repeated ethylene oxide units. It is possible that PEG-
insensitive macrophages express PRRs against PEG as
PEG receptors. Because the increase in the fluores-
cence intensity of CD209b on the PEG-insensitive
macrophage relative to the PEG-sensitive macro-
phage was not very large, CD209b could not be the
PEG receptor. However, it is possible that CD209b
is associated with and coexpressed with the PEG
receptor and contributes the uptake of PEGylated
particle by macrophages. Isolation and further anal-
ysis using genomic and proteomic approaches in
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Figure 9. Cell surface marker analyses of the PEG-insensitive macrophages using flow cytometry. Various cell surface markers
for macrophages were examined in the PEG-insensitive macrophages. Cells treated without and with antibodies are indicated
by the black dots and light blue dots, respectively. PEG-sensitive macrophages and PEG-insensitive macrophages located

below or above the line across the axis of FL1, respectively.

TABLE 4. Cell Surface Marker Analysis of PEG-Insensitive Macrophages

ratio (D209b (D284 11b (D282
PEG-insensitive 597 +£3.06 1.71+£045 7254105 162+ 131
PEG-sensitive 169+ 060 0994028 564+235 1214091
insensitive/sensitive  3.62 + 134 192+ 101 143+ 015 131+ 0.15

PEG-insensitive macrophages would make it possible
to identify the PEG receptor.

In this study, we investigated the interaction be-
tween mouse peritoneal macrophages and PEGylated
nanoparticles using simultaneous dual organosilica par-
ticle administration, TLFI, single-cell analysis, and FCM.
We identified PEG-insensitive macrophages, including
PEG-resistant macrophages. The PEG-insensitive macro-
phages could take up PEGylated nanoparticles. Almost
all of the macrophages failed to take up PEGylated

NAKAMURA ET AL.

antibody

(D209 F4/80 (D205 11c (D36
110016 280067 137£093 110016 443+£153
151+£093 404123 213+£094 3.05+066 2573 & 18.07
076 =021 070 £004 070021 037011 022+0.10

nanoparticles, but we found PEG-insensitive macro-
phages using TLFl. The population of PEG-responsive
macrophages was low and varied in individual mice.
The PEG-insensitive macrophages showed various sub-
classes of endosomes, such as PEG-dominant and non-
PEG-dominant endosomes. This is the first report
describing variations in each macrophage's uptake of
PEGylated nanoparticles in vitro and of PEG dominant
endosomes in the cells. It is possible that the PEG-
insensitive macrophages, especially the PEG-resistant
1058-1071 =
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macrophages, play important roles in the immune
responses against PEGylated nanoparticles, including
the ABC phenomena. Macrophages play a scavenger
role against “non-self” objects in vivo and act as
the professional antigen-presenting dendritic cells.?%®'
Ishida et al. demonstrated that PEGylated liposomes
were rapidly cleared from the blood circulation after
repeated injections.'® 23262764 The accelerated blood
clearance (ABC) of the second dose of PEGylated lipo-
somes was caused by the binding of anti-PEG IgM,
which is produced after the first dose of liposomes.
The immunoresponse against PEGylated liposomes ex-
tends over a period of at least 2—3 days after the first
injection. The anti-PEG IgM, produced by the splenic B
cells that show T-cell independent (TI) immunity, could
play a significant role in the induction of the ABC
phenomenon. These patterns of IgM production are
similar to the patterns found in splenic marginal zone
(MZ) B cells and suggest the ability to produce large
amounts of neutralizing antibodies.5>%® MZ B cells play
important roles in innate immunity and can rapidly
produce antibodies in response to Tl antigens, such as
lipopolysaccharide (LPS) and polysaccharides. This TI
immune response generates short-lived plasmablasts
that secrete low-affinity IgM as early as 1—3 days after
the exposure to blood-borne microorganisms.®” ~%° The
stimulation of MZ B cells against particulate Tl antigens
is regulated by various cells, such as circulating dendritic
cells and MZ macrophages. The MZ macrophages cap-
ture antigens through various PRRs of the scavenger
receptor and CLR families.”®”" These PRRs bind to
antigens with the help of complement and allow MZ
macrophages to interact with Tl antigens and present
them to MZ B cells.”2~7* The Tl antigens induce exten-
sive cross-linking and coengagement between BCR on
the MZ B cells and PRRs on the macrophages, and they
stimulate MZ B cells.”"”#~7% Tl antigen-interacting cells,
including red pulp DCs and MZ macrophages, secrete
interleukin-6 (IL-6), IL-10, type | interferons (IFNs), and
CXC-chemokine ligand 10 (CXCL10), which cooperate
with B cell activating factor (BAFF) and a proliferation-
inducing ligand (APRIL) to promote the differentiation
and survival of plasmablasts that secrete IgM.”" In this
study, we demonstrated the high expression of PRRs
and CD209b (SIGN-R1) in PEG-resistant macrophages.
It has been reported that repeated injections
of PEGylated liposomes containing doxorubicin did
not induce the ABC phenomenon.'” It is possible that
PEG-resistant macrophages are associated with this

MATERIALS AND METHODS

Materials. 3-Mercaptopropyltrimethoxysilane (MPMS), (3-Amino-
propyl) trimethoxysilane (APS), fluorescein isothiocyanate isomer
I, rhodamine B, and trisdichlororuthenium(ll) hexahydrate were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO).
Methoxy-PEG-maleimide [ME-300MA (M,, = 30000)] (PEG30K)
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phenomenon because PEG-resistant macrophages
recognize PEGylated nanoparticles very well and
would be in turn killed by cytotoxic drugs in liposomes.
Further studies, such as the identification of PEG-
resistant macrophages in vivo, especially in splenic
marginal zone, and their characterizations such as
the expression of the PRRs including CLR, and the
presentation of PEG antigens, are required to under-
stand the ABC phenomenon. The existence of PEG-
resistant macrophages is new concept that may con-
tribute to the understanding and regulation of im-
mune responses against PEGylated nanoparticles.
Identification and isolation of PEG-insensitive macro-
phages in vitro as well as in vivo, and further analysis
using genomic and proteomic approaches would
make it possible to find important molecules including
the PEG receptor for the immunoresponse against
PEG. Increasing the knowledge about PEG-resistant
macrophages and their associated molecules, such as
the PEG receptor and cytokines, would provide new
strategies for innovative nanomedicine.

CONCLUSIONS

Stealth imaging using the simultaneous dual admin-
istration of two types of organosilica nanoparticles is
useful for characterizing the behavior of individual
macrophages with respect to PEGylated nanoparticles.
The macrophage responsiveness to PEGylated nano-
particles was heterogeneous, and we observed a num-
ber of PEG-insensitive macrophages. We propose that
PEG-insensitive macrophages, including PEG-resistant
macrophages, are a new concept and that this concept
is important for understanding and regulating the
immune responses against PEGylated nanoparticles,
such as the ABC phenomenon.

TLFI with single-cell analysis and FCM using simulta-
neous dual organosilica particle administration re-
vealed a high potential for comparing two types of
functional nanoparticles in vitro. Organosilica nanopar-
ticles have increased biostability and functions com-
pared with other functional nanoparticles, such as
liposomes and polymers, because they do not degrade
or release functional molecules such as fluorescent
dyes. In addition to PEG, functional molecules for
stealth function such as the “don't eat me” signal have
been proposed and investigated.”” Our approach
would be useful in developing novel stealth nanopar-
ticles based on the interactions between nanoparticles
and immune cells.

and [ME-120MA (M,, = 12000)] (PEG12K) were purchased from
the NOF Corp. (Tokyo, Japan). Ethyl alcohol and 28% NH,OH were
from the Katayama Chemical Co. (Osaka, Japan).

Preparation of Fluorescent Thiol—Organosilica Nanoparticles. Fluores-
cent thiol—organosilica nanoparticles containing rhodamine B
(Rho) or trisdichlororuthenium(ll) hexahydrate (Rub) were
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prepared using a one-pot procedure as described previously.?
In a typical synthesis, 10 screw-cap tubes containing 1035 uL of
the reaction mixture (5 uL of 2 M MPMS, 30 uL of 100 mM
rhodamine B, and 1000 uL of 28% NH,OH in water) were mixed
and incubated at 100 °C for 1 day. The nanoparticles containing
fluorescein isothiocyanate (Flu) were prepared using APS—FITC
conjugates. The conjugate was prepared by gentle stirring of a
mixture of 250 mM APS and 250 mM fluorescein isothiocyanate
for 1 h. The APS—FITC-conjugated solution was mixed with
a mixture of 9 mM MPMS and 27% NH;OH and incubated at
100 °C for 1 day. After incubation, the reaction mixture was
subjected to centrifugation to remove the remaining reagents,
and the pellets were sonicated and washed extensively with
water 3 times. The pellets were dispersed in water. An aliquot of
the particle solution was dried and weighed to determine the
concentration of the particles.

Electron Microscopic Observation. For the nanoparticle evalua-
tions, the particles were fixed on a 400-mesh copper grid coated
with nitrocellulose and observed using a Hitachi H7650 trans-
mission electron microscope (Hitachi, Tokyo, Japan). The di-
ameters of a minimum of 100 particles were measured and
calculated using Image-Pro Plus software (MediaCybernetics,
Silver Spring, MD) to obtain the size distribution, mean di-
ameter, and coefficients of variation (CVs).

Surface Functionalization of Fluorescent Thiol—Organosilica Nanopar-
tides with PEG. One milligram of Flu was mixed with 100 ulL
of 10 mM PEG30K or PEG12K, filled up to 1000 uL with distilled
water, and incubated for 2 h at room temperature. After
incubation, the mixture was centrifuged to remove the un-
bound reagent.

Dynamic Light Scattering and { Potential Analysis. Dynamic light
scattering to analyze the size distributions and ¢ potentials of
nanoparticles was carried out with a NICOMP Submicron parti-
cle sizer, model 380/ZLS (Nicomp Particle Sizing Systems, Santa
Barbara, CA) at room temperature. For the { potential analysis,
the electrodes were dipped directly in the solution containing
the silica nanoparticles. Based on the principles of electro-
phoretic light scattering, quantitative measures of the charge
on the colloidal particles in liquid suspension were evaluated
under the condition with E-field 5 V/cm, temperature 23 °C,
viscosity 0.933 cP, reference index 1.333, dielectric constant
78.5, scattering angle 14.064°, and number-weighted Gaussian
distribution analysis.

Thermal Gravimetric Analysis. The TGA of nanoparticles was
performed using thermogravimetric/differential thermal anal-
ysis (TG-DTA, TG/DTA 6300, Siko Instruments Inc., Chiba, Japan).
The data were obtained in flowing argon at a heating rate of
5 °C/min.

Fluorescence Microscopic Analysis. To evaluate the fluorescence
intensity of single fluorescent organosilica nanoparticles on
TLFI, the particles attached to the glass slide were imaged using
a Nikon BioStation IM (Tokyo, Japan). The images were analyzed
using Image-Pro Plus software as described previously.>*

Time-Lapse Fluorescence Microscopic Imaging and Single-Cell Analysis
of the Stealth Effect of PEG on Nanoparticles against Mouse Peritoneal
Macrophages. ICR mouse peritoneal exudate cells were collected,
and 1 x 10° cells were plated in 4 wells of a Hi-Q* multi-
experiment dish (Ibidi GmbH, Munich, Germany). The nonad-
herent cells were removed by washing with RPMI 1640, and the
macrophages were incubated in RPMI 1640 medium supple-
mented with 10% fetal bovine serum incubation at 37 °C for
24 h. The cells were treated with medium containing both
Flu and Rho or both Flu-PEG30K and Rho (each particle con-
centration: 10 ug/mL) for the synchronized dual particle study.
All of the media-containing particles were well suspended using
sonication before their treatments to cells. The dish was placed
into the live-imaging chamber of a Nikon BioStation IM. The
acquired images were analyzed using Image-Pro Plus software.

Flow Cytometry Analysis. ICR mouse peritoneal exudate cells
were collected, and 2 x 10° cells were plated on a 60 mm dish
(Greiner Bio One, Frickenhausen, Germany). The nonadherent
cells were removed by washing with RPMI 1640, and the
macrophages were incubated in RPMI 1640 medium supple-
mented with 10% fetal bovine serum incubation at 37 °C for
24 h. The cells were treated with medium containing Flu, Rub,
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Flu and Rub, Flu-PEG30K and Rub, or Flu-PEG12K and Rub
(each particle concentration: 10 ug/mL) for 6 h. All of the
media-containing particles were well suspended using sonica-
tion before the treatments. The flow cytometry analysis was
performed and analyzed using a FACSCalibur flow cytometer
with Cell Quest software (Becton Dickinson, San Jose, CA).
Fluorescence was detected on the FL1 channel (530/30 nm
band-pass filter) and on the FL3 channel (670 nm long-pass filter).

To analyze the cell surface markers of the PEG-resistant
macrophages, the cells treated with Rub-PEG30K were incu-
bated with antimouse CD16/CD32 (Biolegend, CA, USA) at 4 °C
for 10 min to block the Fc-receptor and then washed twice with
cold buffer. The cells were then incubated with antimouse F4/80
antigen PE, antimouse CD209b (SIGN-R1) APC, CD11b PerCP-
Cyanine5.5, antimouse CD11c PE, antimouse CD36 PE, anti-
mouse CD205 PerCP-eFluor 710, antimouse CD209 (DC-SIGN)
PE, antimouse CD282 (TLR2) PE, or antimouse CD284 (TLR4)
PE from eBioscience (San Diego, CA) for 30 min at 4 °C and
analyzed using a FACSCalibur flow cytometer.

Correlative Light and Electron Microscopic Observations of PEG-Insensitive
Macrophages. For the morphological evaluation of PEG-insensitive
macrophages, the macrophages incubated with Flu-PEG30K
and Rho and observed on time-lapse fluorescence microscopic
imaging were fixed with 2.5% glutaraldehyde, dehydrated in
increased ethanol concentrations, dried by sublimation with
tert-butyl alcohol by a vacuum pump, coated with 100% gold
by an ion coater (Model IB-3, Eiko Engineering, Tokyo, Japan), and
analyzed using a scanning electron microscope (JEOL JCM 5700,
Tokyo, Japan). The images of the PEG-resistant macrophages
on time-lapse fluorescence microscopic imaging and electron
microscopy were analyzed and merged.

Confocal Microscopic Observation of PEG-Resistant Macrophages. The
macrophages incubated with Flu-PEG30K and Rho were fixed
with 4% paraformaldehyde, observed on a Nikon A1R laser
scanning confocal microscope (equipped with CFl Plan Apo VC
60X WI objectives), and analyzed using NIS-Elements Software
(Nikon, Tokyo, Japan).
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