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ABSTRACT: The endocytosis, intracellular transport, and exocytosis of different-sized
nanoparticles were reported to greatly affect their efficacy and biosafety. The quantitation of
endocytosis and exocytosis as well as subcellular distribution of nanoparticles might be an
effective approach based on transport pathway flux analysis. Thus, the key parameters that could
present the effects of three different-sized ultrasmall iron oxide nanoparticles (USIONPs) were
systematically investigated in RAW264.7 cells. The endocytosis and exocytosis of USIONPs
were related to their sizes; 15.4 nm of S2 could be quickly and more internalized and excreted in
comparison to S1 (7.8 nm) and S3 (30.7 nm). In RAW264.7 cells, USIONPs were observed in
endosomes, lysosomes, the Golgi apparatus, and autophagosomes via a transmission electron
microscope. Based on flux analysis of intracellular transport pathways of USIONPs, it was found
that 43% of S1, 40% of S2, and 44% of S3 were individually transported extracellularly through
the Golgi apparatus-involved middle-fast pathway, while 24% of S1, 23% of S2, and 26% of S3
were transported through the fast recycling endosomal pathway, and the residues were
transported through the slower speed lysosomal pathway. USIONPs might be transported via size-related endocytosis and exocytosis
pathways. The pathway flux could be calculated on the basis of disturbance analysis of special transporters as well as their coding
genes. Because there were rate differences among these transport pathways, this pathway flux could anticipate the intracellular
remaining time and distribution of different-sized nanoparticles, the function exertion, and side effects of nanomaterials. The size of
the nanomaterials could be optimized for improving functions and safety.

Hl INTRODUCTION and nontoxic T1 contrast agent for early diagnosis of

cancer."”™"> However, with the further reduction of the size

especially biotechnology and biomedicine.”” Among a wide of nanoparticles, the dynamic behavior and biological effects of
. . . 16

variety of nanomaterials, iron oxide nanoparticles (IONPs) nanoparticles in and out of cells have changed greatl}r.

have been allowed by the U.S. Food and Drug Administration Ultrasmall IONPs (USIONPs) may pass through intestinal

Nanotechnology has been applied and develoged in all aspects,
1,

to be utilized in biomedicine owing to the excellent barrier, blood—brain barrier, and placental barrier through
physicochemical Properties and bioavaﬂabﬂity, such as unique passive transport, and their distribution in vivo is unpredictable,
magnetic response, low toxicity, and side effects, easily being which leads to the safety evaluation being more complicated."”
coupled with antibody or receptor ligands, etc.”> Compared It has been found that USIONPs is mainly eliminated by
with the most commonly used gold magnetic nanoparticles, phagocytosis of macrophages in vivo within 24—72 h."®'” The
IONPs are bioactive, they can activate and cause macrophages physicochemical properties of the nanomaterial themselves
to attack and even selectively kill cancer cells via increasing have been reported to affect the elimination mechanisms and
intracellular reactive oxygen species.é_8 Currently, IONPs have results of macrophages, that is, chemical compositions, size,
been commercialized for the treatment of iron-deficient anemia morphology and surface modification.”™>* Consequently,
(eg, Venofer commercialized by American Regent) and cancer there are many unclear and doubtable cognitions about the

treatment (eg, NanoTherm sold by MagForce).9 Besides,
IONPs have been gradually developed into nanoantibacterial
agents, a smart release system for special nutrition or drugs, a
magnetic separating system for cells, and a detecting system for -
pathogenic bacteria, %! Rec?lved: September 15, 2023
At present, the size of commercial iron oxide diagnostic and Revised:  December 20, 2023
therapeutic agents is mainly 20—300 nm. It has been proved Accepted: D ecember 25, 2023
that IONPs smaller than 20 nm are ideal contrasts and carriers, Published: January 10, 2024
especially the ultrasmall magnetic IONPs less than 5 nm are
expected to be developed into a new type of highly sensitive

fate of IONPs after being phagocytized. For example, the
subcellular distribution, intracellular transport and metabolism,
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Figure 1. Appearance, TEM size statistics, hydration diameter, and zeta potential of IONPs. Panels (A1—A4) present TEM size, size in the oil
phase, hydration diameter, and zeta potential of S1, respectively. Panels (B1—B4) show TEM size, size in the oil phase, hydration diameter, and
zeta potential of S2, respectively. Panels (C1—C4) exhibit TEM size, size in the oil phase, hydration diameter, and zeta potential of S3, respectively.

and exocytosis of USIONPs are still unclear, but these obscure
questions have been reported to determine the efficacy and
safety of large-sized IONPs in vitro and in vivo.”*~>* With the
development of precision medicine, the dynamically quantita-
tive study of the intracellular distribution of IONPs has
become inevitable and ignorable. Unfortunately, the analysis of
intracellular transport pathways and their flux are rarely
reported, which seriously limits the optimal design, function
exertion, and application of IONPs. Therefore, it is urgent to
quantify the subcellular distribution and intracellular transport
of IONP:s.

3481

It is well-known that macrophages are the key components
of the immune system, they patrol in most tissues in vivo and
are always ready to phagocytize invasive pathogens or damage
and repair damaged tissues.”*"** It is also found that the
transport efficiency of cancer nanodrugs can be improved to
600% by attracting macrophages into tumor blood vessels.””
Therefore, RAW264.7 macrophages were chosen as the model
cells in this study. Also, three different-sized IONPs were
prepared to investigate the size effects on the dynamically
intracellular distribution and exocytosis.'” On the base of
quantitative PCR analysis of transport protein, specific protein
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Figure 2. Dynamic uptake and exocytosis profile of USIONPs by RAW264.7 cells. Panels (A,B), respectively, describe the endocytosis and
exocytosis kinetics of three different-sized USIONPs. The average particle hydrated sizes of three samples (S1, S2, and S3) were 7.8, 15.4, and 30.7

nm, respectively.

inhibitor interference, and siRNA technology, the endocytic
and exocytose kinetics as well as transport pathways were
established so as to clarify and calculate the subcellular
distribution and intracellular transport of USIONPs. This
research will beneficial to the optimization of design, targeting
delivery, and controllable release of nanoparticles.”” In
particular, more effective and novel intelligent nano diagnostic
and therapeutic agents will be designed, and these “nano
missiles” in vitro and in vivo will become controllable on the
basis of the true cognition of molecule mechanisms of the
transport and metabolism.

B MATERIALS AND METHODS

Chemicals and Materials. FeOOH, oleic acid (AR),
octadecene (99.5%), N-hexane (AR), ethanol (99.5%),
phosphorus oxychloride (AR), polyethylene glycol (molecular
weight 2000), tetrahydrofuran, and so forth. All reagents are
analytically pure. USIONPs measurin% 7.8, 154, and 30.7 nm
were prepared as previously reported.”’

Cell Line and Culture. Macrophage cell RAW264.7 is
derived from the cell bank of the Chinese Academy of
Sciences, subcultured in our laboratory, and stored in liquid
nitrogen. RAW264.7 cells were grown in RPMI-1640 medium
supplemented with 10% FBS and 1% penicillin streptomycin
solution in a humidified atmosphere of 5% CO, at 37 °C. Cells
in the logarithmic growth phase were chosen for further
study.”

Uptake Kinetics of USIONPs. USIONP solution was
added into cells in the logarithmic growth phase with a set
concentration of 40 pug/mL of Fe. RAW264.7 cells and
USIONPs were cocultured for 4, 8, 10, and 24 h. After washing
with PBS three times to remove USIONPs out of cells, the
cells were collected, acidified, and digested to release iron and
then intracellular iron was measured by ICP-MS (NexION,
PE). Meanwhile, cell samples at each time point were counted
via a fluorescence microscope (Ti2-A, Nikon). All experiments
were done in triplicates.

Exocytosis Kinetics of USIONPs. RAW264.7 cells and
USIONPs were cocultured for 10 h after washing with PBS
three times to remove extracellular USIONPs. Then, fresh
medium without nanoparticles was added for continued
culture. RAW264.7 cells and fresh medium were cocultured
for 1, 4, 6, 8, 14, and 24 h. Culture medium was collected, and
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extracellular iron was measured by ICP-MS (NexION, PE);
meanwhile, the cell number was detected as mentioned above.

Imaging Analysis by Transmission Electron Micros-
copy. After being cocultured with USIONPs for 10 h, cells
were continuously cultured in fresh medium without
USIONPs for 1, 6, and 24 h (these special time points were
selected in view of exocytosis kinetics of USIONPs),
respectively. TEM was used to analyze the subcellular
localization of nanoparticles at different time points to estimate
the possible exocytosis pathways of USIONPs.

Real-Time Fluorescent Quantitative PCR Analysis of
Rab Proteins. After being cocultured with USIONPs for 10 h,
cells were continuously cultured in fresh medium without
USIONTPs for 1 h. Then, cells were harvested to extract RNA
with a RNAprep Pure Cell kit (TaKaRa) in accordance with
the manufacturer’s instructions. Then, reverse transcription
reactions with SYBR Premix Ex Tagll (TaKaRa) were
immediately performed. qPCRs were carried out in 96-well
plates in the CFX96 real-time PCR detection system (Bio-Rad
Laboratories, USA). Also, the relative mRNA expression levels
were estimated using the 27227 method.™

Disturbance Analysis. According to the manufacturer’s
transfection protocol, transfection of the cells with Si-RNA was
performed using the Lipofectamine RNAIMAX reagent
(Invitrogen; Thermo Fisher Scientific Inc.). After Si-RNA
transfection by Exol, fresh medium was replaced after
coculture with USIONPs, and the inhibition degree of
exocytosis was detected in the equilibrium period of exocytosis
at the sixth hour. The miRNA expression level was detected by
the qPCRs mentioned above.

Statistical Analysis. Results are shown as a mean =+
standard deviation (SD) unless otherwise indicated. All of the
data were evaluated using SPSS Statistics 21.0 (IBM, USA)
and performed using GraphPad Prism 8 (GraphPad, USA).
Statistical significance was calculated via one-way ANOVA
with a Tukey s-b(k) test or Student’s t-test. Differences were
considered significant at p < 0.0S.

Bl RESULTS AND DISCUSSION

Characterization of Magnetic USIONPs. As shown in
Figure 1A1-—Cl1, the prepared oil-phase USIONPs were
spherical with good monodispersity and uniform size
distribution. The average particle sizes of three samples (S1,

https://doi.org/10.1021/acsomega.3c07081
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Figure 3. TEM images of USIONPs distributed in RAW264.7 cells. Picture (A) shows that small-sized S1 liked to be distributed around the
nuclear region; picture (B) shows large-sized S2 might be difficult to enter into the nucleus; pictures (C,E,G), respectively, represent the
distribution of USIONPs in RAW264.7 cells after the exocytosis process lasting for 1, 6, and 24 h; pictures (D,F,H), respectively, show the
amplification of special zones in RAW264.7 cells after the exocytosis process lasting for 1, 6, and 24 h.

S2, and S3) were 2.2, 7.4, and 14.3 nm, respectively (Figure
1A2—C2).

With PEG surface modification, oleic acids on the surface of
nanoparticles were replaced by PEG2000 molecules via a
substitution reaction, thus a narrow size range of water-soluble
USIONPs were produced. They were stable in the aqueous
phase, and their hydrated diameters detected by dynamic light
scattering were increased to 7.8 nm (S1), 15.4 nm (S2), and
30.7 nm (S3), respectively (Figure 1A3—C3). On the other
hand, zeta potential reflected USIONP dispersion stability in
water. As shown in Figure 1A4—C4, zeta values of aqueous S1,
S2, and S3 under neutral conditions were —12.7, —20.8, and
—18.0 mV, respectively, which suggest the stable dispersion of
USIONPs in neutral medium. When the zeta potential was 0,
the isoelectric points of S1, S2 and S3, were 4.5, 4.4, and 4.8,
respectively, in an aqueous phase.

Endocytosis and Exocytosis Kinetics of Different-
Sized USIONPs. Macrophages were cocultivated with three
different-sized USIONPs with 40 ug Fe/mL dosages as
previously reported.”* With the prolongation of culture time,
the total amount of nanoparticles entering into cells rapidly
increased during the 0—10th hour and then became stable
(Figure 2A). Therefore, 10 h of endocytosis was selected as the
starting point to study exocytosis behaviors and rules.
Meanwhile, the endocytosis of three different-sized USIONPs
significantly appeared as a size effect. The maximum uptake
amounts of S1, S2, and S3 were 14.1, 18.6, and 17.9 pg of Fe/
cell, respectively. The least uptake of S1 was due to small
nanoparticles having to overcome cytomembrane resistance
when entering into cells, while S2 and S3 were easier to
overcome cytomembrane resistance and permeate cytomem-
brane due to their larger size and mass. Thereby, the uptake
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amounts of S2 and S3 were more than that of S1,°**7* in

agreement with previous research showing that the optimum
cellular uptake of nanoparticles is achieved with sizes ranging
from 10 to 50 nm.”® Garcia et al. found that 14 nm of gold
nanoparticles have higher internalization efficiency than 5 nm
in MDA.MB.231 cells.”” Endocytosis is inhibited for <10 nm
hard particles because of the high energy cost of membrane
bending that is involved during cell-nanoparticle interactions
and membrane wrapping around the nanoparticle.””

The exocytosis kinetics of nanoparticles coincided well with
the single exponential model. The content of nanoparticles in
the culture medium increased significantly during the first 4 h
and then exocytosis of nanoparticles enhanced slowly after 4 h
(Figure 2B), which coincided with the time needed to reach
the maximum exocytosis in most reports.40 The exocytosis
rates reduced continuously due to the decreased driving force
resulting from the concentration gradient difference between
intracellular and extracellular USIONPs for nanoparticle efflux.
Then, the dynamic equilibrium between endocytosis and
exocytosis gradually approached; thus, the exocytosis number
of nanoparticles did not further increase. The final exocytosis
amounts of S1, S2, and S3 were 0.98, 1.48, and 1.18 pg of Fe/
cell, respectively. In the coculture stage of nanoparticles and
cells, the endocytosis of S1 and S3 was slightly lower than that
of S2 and correspondingly a lower exocytosis of S1 and S3. A
similar result was reported by Serda et al, who found that 15
nm of USIONPs were easier to be excreted from macrophages
than 30 nm of nanoparticles. A more plausible explanation was
that small particle S2 had less receptor—ligand interactions
compared to S3, leading to an easier release and faster
removal.”

Additionally, according to TEM images (Figure 3A,B), S1
liked to be distributed around the nuclear region in
comparison to S2 and S3, which made it difficult to discharge
them out of cells.*"**

Subcellular Localization of Different-Sized USIONPs.
As shown in Figure 3, TEM images of subcellular localization
of different-sized USIONPs in RAW264.7 cells were obtained
after cocultivated in fresh medium for 1, 6, and 24 h. At the
first hour of exocytosis, it was observed that S2 was not only
located in organelles such as endosomes, the Golgi apparatus,
lysosomes, and mitochondria but also distributed in
autophagosomes (Figure 3C,D). The endosomal vesicles
existed near the cell membrane, which indirectly demonstrated
that the endosomal vesicles played an important role in
transporting nanoparticles across the cell membrane.

Furthermore, at the sixth hour of exocytosis, it was observed
that USIONPs were excreted out of the cells via membrane
fusion under the action of vesicle transport (Figure 3E).
Besides, some USIONPs were still in the mitochondria. With
the exocytosis process proceeding, the density of electron
clouds in lysosomes increased, and the black color further
deepened (Figure 3F), which indicates the increase of
USIONPs in lysosomes. These USIONPs might be further
transformed into secondary lysosomes to degrade.*’ At the
24th hour of exocytosis, the numbers of USIONPs in cells
were decreased, while autophagosomes were gradually
increased, and USIONPs in lysosomes seemed to be partially
degraded (Figure 3G). Vesicles near the cell membrane
continued to discharge the overloaded USIONPs through
membrane fusion (Figure 3H).

Summarily, USIONPs might be excreted via the Golgi
apparatus or endosomal vesiculation near the membrane.*
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Additionally, USIONPs might also trigger autophagy to form
autophagosomes for exocytosis or degradation.™

Analysis of Exocytosis Pathways of Different-Sized
USIONPs Based on Genomics. Usually, the responding
transporters were overexpressed under the stimulation of
special cargoes. Thus, the intracellular transporters for
USIONPs were quantitatively tested via real-time fluorescent
quantitative PCR to clarify the main transport pathways
constituted of essential transporters and their regulatory
proteins. It is well-known that nanoparticles are mainly
transported inside and out of cells through vesicles that are
mediated by Rab proteins, and Rab proteins play an essential
role in membrane transport systems in all eukaryotic cells.*>*®
The Rab proteins involving intracellular transport and efflux,
from Rab3 to Rab38, were quantitatively detected. The key
Rab proteins involving the intracellular transport network and
efflux of different-sized USIONPs are shown in Figure 4. Due
to the size effects of USIONDPs, three main transport pathways
mediated by Rab proteins were analyzed as follows.

Transport Pathway Involving Early Endosomes and/or
Late Endosomes, Golgi, and Exocytosis. Based on the gene
expression level of Rab proteins, it was found that S1 inhibited
the expression of Rab22, while S2 and S3 promoted the
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Figure 4. Quantitative analysis of key vesicle transporters (Rab
proteins) during the process of exocytosis of USIONPs. Data are
presented as mean =+ standard deviation (n 3). Statistical
significance was calculated via one-way ANOVA with a Tukey s-
b(k) test. P values: *P < 0.05, **P < 0.01, ***P < 0.001.
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expression of Rab22 (Figure 4). After USIONPs entered into
cells, they were first trapped into the early endosomes. The
vesicular transport between the early endosome and the Golgi
apparatus was bidirectionally regulated by Rab22."” Moreover,
transport from early endosome to the Golgi apparatus was
unidirectionally regulated by Rab14.*** The expression levels
of Rab22 and Rabl4 responding for USIONPs from early
endosome to the Golgi apparatus were enhanced in a
decreasing order of S3, S2, and S1 (Figure 4).

Rab7, residing in late endosomes and mediating vesicular
transport from early to late endosomes and/or lysosomes, was
slightly stimulated by USIONPs without significant size
influence, indicating little difference among the transport of
these three different-sized nanoparticles from early to late
endosomes. The transport of USIONPs from late endosomes
to the Golgi apparatus was shunted by Rab9.*>*’ The size
effect of USIONPs on Rab9 was similar to that of Rab22 and
Rab14, ie, S3 stimulated the highest expression of Rab9
(Figure 4), which meant that large-sized nanoparticles were
more easily transported from late endosomes to the Golgi
apparatus.”” However, S1 inhibited the expression of Rab9.
With the increase of size of USIONDPs, the expression of RAB9
increased, indicating that large-sized nanoparticles were more
likely to select the branching pathway from the late endosomes
to the Golgi apparatus.

After being repackaged by a Golgi apparatus, USIONPs were
then secreted via secretory vesicles; this process involved
transporter Rab3B and Rab26. S1 inhibited the expression of
Rab3B, while S2 and S3 significantly promoted the expression
of Rab3B. The changing trend of the gene expression of Rab26
along with the sizes of USIONPs was consistent with that of
Rab3B, which also demonstrated the Golgi apparatus efflux via
the secretory vesicle pathway mediated by Rab3 and rab26.**>"
The expression of Rab3 and rab26 was inhibited by SI,
indicating that the efflux of S1 from the trans-Golgi via the
secretory vesicle pathway was lower than that of S2 and S3.
However, there was no significant difference of the expression
of Rab3 and Rab26 stimulated by S2 and S3.

Meanwhile, all three sizes of USIONPs promoted the
expression of Rab32 and Rab38. Under the action of Rab32
and Rab38 proteins, the vesicles transporting USIONPs were
transferred from the late endosomes to the trans-Golgi
apparatus. These vesicles have further formed the melano-
somes and then excreted out of cells.>® Among them, the
comprehensive expression levels of Rab32 and 38 stimulated
by S2 were higher, while that of S1 was not significant. Rab32
and Rab38 were involved in the biogenesis of melanosomes
and Rab32 also controlled mitochondrial fission.*>*” $3
activated only the overexpression of Rab32 rather than
Rab38, inferring that S3 may strengthen mitochondrial fission.
Furthermore, the melanosome pathway for transporting S3 was
similar to that of SI.

S2 promoted the expression of Rab24, while S1 inhibited the
Rab24 expression. Rab24 mediated the formation of the
preautophagosomal structure to engulf nanoparticles into the
Golgi apparatus and endoplasmic reticulum, with formation of
the autophagosomes.*””” The autophagosomes were sub-
sequently targeted to the lysosomes, and finally, nanoparticles
were discharged out of cells through cell membrane fusion.
The expression of Rab24 stimulated by S2 was the highest,
indicating that the discharge of S2 via the autophagosome
pathway was greater than that of S1 and S3. Furthermore, S1
could not be excreted through this pathway. Interestingly,
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there seemed to be a complementary competition between the
autophagosome pathway mediated by Rab24 and the pathway
from late endosomes to lysosomes mediated by Rab7 (Figure
4). Because lysosomes and autophagosomes play similar roles
in some way, the increase of the flux to lysosome pathway
would indirectly lead to the decrease of autophagosome flux.>’

Based on gene expression and TEM images, it could be
speculated that the exocytosis of USIONPs usually occurred
through the Golgi apparatus pathway.47 First, under the
regulation of Rab14 and Rab22, a part of nanoparticles located
in the early endosome were directly transferred to the Golgi
apparatus, and another were encapsulated by early endosomes
to further develop into late endosomes and transported to the
Golgi apparatus. Then, under the action of Rab3 and Rab26,
the Golgi apparatus network formed typical secretory vesicles
to excrete USIONPs out of cells, or melanosomes were formed
by the trans-Golgi apparatus for further excretion. The gene
expression levels of Rab proteins mediating the Golgi pathway
were in the increasing order of S1, S2, and S3. Moreover, the
expression of Rab proteins responding for the melanosome
pathway and autophagosome pathway for S2 was significantly
greater than that for S1 and S3, which further illustrated the
diversity of intracellular transport and exocytosis pathways of
S2. S1 in the Golgi apparatus rarely transported or degraded,
leading to the accumulation around the nuclear region as
shown in TEM images (Figure 3A).

Transport Pathway from Early Endosomes and Recycling
Endosomes to Exocytosis. Three different-sized USIONPs
promoted the expression of Rab4, i.., the shunting pathway
from early endosomes to recycling endosomes was activated,
which was also evidenced by TEM images. After entering into
cells, USIONPs were preferentially trapped into early endo-
somes, then from early endosomes to recycling endosomes,
and finally transported outside via recycling endosomes.”
Notably, the expression levels of Rab4 had little difference after
treatment with three different-sized USIONPs.

Transport Pathway from Early Endosomes and Late
Endosomes to Lysosomes. As reported, there might be a
complementary relationship between the lysosome pathway
and Golgi pathway for transporting nanoparticles.53 S1, S2, and
S3 impacted a slight overexpression on Rab7, which implied
that the USIONPs in early endosomes would be transformed
into late endosomes. Moreover, Rab7A expression increased
slightly by S1 compared to that by S2 and S3, indicating that
there might be little difference among the pathway fluxes of
three different-sized USIONPs from late endosomes to
lysosomes. With the gradual decrease of pH value from early
endosomes and late endosomes to exocytosis, USIONPs
moved to lysosomes to be degraded or eliminated by
cells.”>>™>" The TEM images of cells treated by S2 further
corroborated the existence of the lysosome pathway; lysosomes
abundantly existed in cytoplasm and might degrade the
overloaded nanoparticles.

Generally, in view of the expression levels of crucial
transporters and mediators, S1 might be captured by early
endosomes and then transported through the recycling
endosome pathway mediated by Rab4 and the late endosome
pathway mediated by Rab7, and there seemed an inhibition to
the Golgi apparatus pathway as well as the autophagy pathway
for degradation. S2 might be transported, excreted, and
degraded via the Golgi apparatus pathway (including
melanosome secretion and autophagosome degradation),
recycling endosomal pathway, and lysosomal pathway. S3
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showed a trend similar to that of S2. There was a size effect on
the transport of nanoparticles, which was very important to
optimize the size design of nanoparticles. For example, small-
sized nanoparticles (similar to S1) could be designed to play
functions after lysosomal degradation.”® Contrastingly, the
route of endosome—Golgi—endoplasmic reticulum (ER) was
exploited as a safe trafficking pathway for nanodrug trans-
portation, such as cholera toxin and some virus-mediated drug
delivery systems.”>>”

Flux Analysis of Transport Pathways of USIONPs. Flux
Analysis of the Golgi Apparatus-Involving Pathway.
According to the gene expression analysis of key Rab proteins
that played an important role in exocytosis pathways, S2 and
S3 were both transported via the pathways constructed by
early endosomes or late endosomes, the Golgi apparatus, and
exocytosis. It could be inferred that the Golgi apparatus
involving-pathway was one of the main exocytosis pathways for
differently sized USIONPs. It has been reported that 2-(4-
fluorobenzoylamino)-benzoic acid methyl ester (Exol) can
induce the collapse of the Golgi apparatus and function as a
chemical inhibitor of the exocytosis pathway.***"*" After
treatment by Exol, the reduction percentages of exocytosis to
S1, S2, and S3 were 15.77, 12.96, and 13.08%, respectively
(Figure S). The inhibitor Exol was to change the membrane
structure of Golgi apparatus, such as typical secretory vesicles
and melanosomes. Thus, the Golgi apparatus involving
exocytosis pathways was perturbed, and finally, exocytosis
amount was significantly decreased. Furthermore, siRNA
interference against Rab26 mediating the secretory vesicle
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Figure S. Inhibition degrees of different exocytosis pathways. Mean
values +standard deviation, N = 3. *p < 0.05, **p < 0.01 and ***p <
0.001 when compared with the control group (Student’s t-test).
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pathway was programed, and the exocytosis percentages of S1,
S2, and S3 were individually reduced by 11.30, 10.34, and
8.82%, respectively. Based on the mass conservation principle,
i.e., the core principle of flux analysis, it could be calculated that
the decline ratios of the melanosome pathway of S1, S2, and S3
were correspondingly 4.47, 2.62, and 4.26%.

By siRNA interference against Rab24 protein relating to the
autophagy pathway, the decreased percentages of exocytosis of
S1, S2, and S3 were 27.10, 26.70, and 31.33%, respectively.
These significant decreases in the efflux of nanoparticles
indicated that excessive nanoparticles remaining in the Golgi
apparatus and endoplasmic reticulum would be cleaned out
through the autophagy pathway. According to the flux of the
Golgi apparatus and autophagy pathway, the total fluxes
relating to the Golgi apparatus for transporting S1, S2, and S3
were 42.87, 39.66, and 44.41%, respectively, being close to the
reported 40% distribution of the pathway including the Golgi
apparatus.”’ Compared to the other transport pathways,
inhibition of the Golgi apparatus involving pathways would
be the maximal in the vesicle transport network. Based on the
multiple flux decline ratios, the actual exocytosis amount of
three different-sized USIONPs through this pathway was
ranked as S2 > S3 > S1.*' Moreover, many organelles
participated in the Golgi apparatus pathway, it was the most
extended chain pathway, and the entire chain node also carried
most of the overloaded nanoparticles.

Flux Analysis of the Recycling Endosome-involving
Pathway. By siRNA interference against Rab4 protein
mediating the recycling endosome pathway, the decreased
percentages of exocytosis of S1, S2, and S3 were 23.83, 23.15,
and 25.80%, respectively (Figure 5).>* The obvious decreases
in the exocytosis amount also indirectly demonstrated that the
recycling endosome pathway was one of the most dominant
routes for discharging nanoparticles. It is reported that this
pathway is also the fastest pathway among many exocytosis
pathways, and it is expected to start within a few minutes after
endocytosis."’o’(’l’62 As the total exocytosis amount, S2 was
much higher than that of S3 and S1, and the actual exocytosis
amounts of three different-sized USIONPs passing through
this pathway were ranked as S2 > S3 > SI.

Flux Analysis of the Lysosome-Involving Pathway. From
early endosomes to lysosomes, there was a branch pathway at
the node of late endosomes, and this pathway flux could be
calculated by disturbing another branch approach. As shown in
Figure 6, the organelles including early endosomes, late
endosomes and Golgi circled by a dashed elliptical line were
viewed as a whole transfer station. Then, there were one influx
pathway and five efflux pathways. The influx of USIONPs was
set as 100% and the net accumulation at every transport
organelle was presumed as zero, fluxes of the Golgi apparatus-
involved pathway (secretory vesicle pathway, melanosome
pathway, and autophagy pathway) and recycling endosome
pathway were measured via disturbance tests, ie., these four
pathway efflux ratios were known as above, the last pathway
fluxes from late endosomes to lysosomes for S1, S2, and S3
could be calculated and were 33.30, 37.19, and 29.79%,
respectively (Figure 6). This ratio coincided with the relevant
report that approximately one-third of internalized FITC-
nanoceria colocalized with lysosomes.”® Moreover, S1 and S2
in the lysosome pathway were more than that of S3, in
agreement with previous research showing that 4 to 22 nm
sized gold nanoparticles were degraded in vitro by lysosomes in
fibroblasts.”®
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Excessive USIONPs would cause cells to bear pressure for a
short time, and they would first initiate the recycling endosome
pathway to discharge them. Taking S2 as an example, the
recycling endosome pathway probably shared about 23% of the
total influx; ~ 40% of USIONPs would flow to the Golgi
apparatus with secreting 13% of USIONPs to outside of cells;
27% of USIONPs remained in the Golgi apparatus, and
endoplasmic reticulum would be excreted and degraded
through the autophagy pathway. Because so many organelles
were involved in the Golgi apparatus pathway, this transport
journey was complicated, thus the duration of USIONPs was
the longest.30 With time, USIONPs that could not be
transported in time would slowly move into lysosomes
coupling the maturation of early endosomes into late
endosomes, finally degraded in lysosomes. In our study,
about 37% of S2 might be degraded, which needed further
research.

Generally, most USIONPs captured in early endosomes
were of high mobility, whereas those in late endosomes and
lysosomes were of low mobility. It would take about half an
hour for nanoparticles from cells to enter lysosomes.* The
majority of USIONPs were carried by this pathway in the early
and middle stages, until the nanoparticles were transported to
the transfer station, Golgi a})p'ar:atus.3(”43’61 Since the total
exocytosis amount of S2 was much higher than that of S3 and
S1, the actual exocytosis amount of three different-sized
USIONPs passing through this pathway was ranked as S2 > S3
> S1.
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B CONCLUSION

There is a size effect in endocytosis and exocytosis of three
different-sized USIONPs. After endocytosis, USIONPs were
located in organelles such as endosomes, Golgi apparatus,
lysosomes and mitochondria, and autophagosomes. Also, these
organelles could form the transport pathways for USIONPs,
ie., the Golgi apparatus involving pathways—recycling endo-
somal pathway and lysosomal pathway. Based on disturbance
analysis of special transporters as well as their coding genes, the
recycling endosome pathway for transporting S2 probably
shared about 23% of the total influx; ~ 40% of S2 would flow
to the Golgi apparatus secreting 13% of S2 to outside of cells;
27% of S2 remained in the Golgi apparatus and endoplasmic
reticulum would be excreted and degraded through the
autophagy pathway; and about 37% of S2 might escape and/
or be degraded through the lysosomal pathway. The transport
pathway fluxes of S1 and S3 also could be measured and
calculated as S2. Since there were rate differences among these
transport pathways, the size-related remaining time of
nanomaterials could be anticipated, thus the function exertion
and side effects of nanomaterials could be prejudged. Finally,
size optimization could be realized and work, especially
improving functions and safety of nanomaterials.
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