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Keywords: Uptake and intracellular trafficking of nanoparticles are tightly regulated by their interactions with cellular
Nanomedicine organelles and physiological microenvironment. Although the dynamic physicochemical reactions at the inter-
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face of nanoparticles and cells ultimately determine the intracellular distribution and fate, microscopic tracing
and quantitative analysis of the nanoparticles have been hampered by the limited resolution associated with
individual nanoparticle trafficking. Herein, we report spatiotemporal investigations on autophagic clearance of
biodegradable iron oxide-silica core-shell nanoparticles in terms of intracellular trafficking and ionic dissolution
at a single cell level using multimodal imaging systems. By combining transmission electron microscopy and
super-resolution confocal laser scanning microscopy with fluorescence correlation spectroscopy, the comple-
mentary imaging analysis exclusively shows the intracellular uptake, endosomal fusion and biodegradative
clearance, leading to identify the step-by-step endocytic transport pathway and autophagic degradation path-
ways. Tracing the intracellular trafficking of nanoparticles reveals that they are spontaneously transported from
endosomes to lysosomes, and transiently stimulate autophagy while maintaining cell viability. While protecting
iron oxide core, the silica shell is gradually degraded during endocytosis and autophagic clearance, resulting in
ionic dissolution of iron oxide in acidic environment. Moreover, burst reduction of ferric ions by adding ascorbic
acid readily triggers acute ferroptosis owing to rapid supplement of ferrous ions and Fenton reaction in cancer
cells. The complementary imaging strategy provides insights into the design of biocompatible nanomedicines for
cellular delivery and the degradative mechanisms beyond the intracellular fate.

Introduction science and biomedical technology as a promising toolbox because of
the controllable physicochemical properties and useful functions to be
Nanoparticles have attracted tremendous attention in biological adopted for studying the living organisms [1-3]. In particular, potential
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applications of the nanoparticles for drug delivery systems, bioimaging,
and theranostics have dramatically increased over the past decade.
There has also been considerable interest on the interactions between
nanoparticles and living systems in order to develop highly efficient
nanomedicine with safe clinical implementation, as well as revealing
environmental toxicology [3-6]. However, most of the studies has
focused on the macroscopic analysis of nanoparticles such as therapeutic
efficacy, cumulative cellular uptake and adverse cytotoxicity [7-13],
while little attention has been paid to the spatiotemporal tracking of
individual nanoparticles with respect to their mobility, intracellular
interactions with organelles, and degradation process in the cell
[14-16]. Although the intracellular trafficking of nanoparticles is crit-
ical characteristics to fully understand the interfacial phenomena and
ultimate fate, tracing the dynamic interactions with cellular constituents
at a single nanoparticles level has not yet been comprehensively inves-
tigated due to the lack of systematic analysis methods.

Cellular uptake of nanoparticles typically begins with their adher-
ence to the outer cell membrane and the interactions with a variety of
distinct molecular environments including lipids, protein complexes,
and other components of the plasma membrane [17-19]. The endocytic
pathway allows the nanoparticles to be internalized by forming a en-
dosome, which traps the peripheral nanoparticles into the vesicles. The
endocytic nanoparticles are transported into the cell, and further traf-
ficked to different subcellular locations, typically ending in lysosomal
degradation or exocytosis [20-23]. However, many questions remain
regarding the fate of nanoparticles during the course of endocytosis
[24]. For instance, little is currently known regarding: (i) the existence
and rate of spontaneous nanoparticle escape from the endocytic
pathway to cytosol, and (ii) whether escaped nanoparticles are freely
mobile or able to target specific subcellular compartments. In addition,
there is currently an inadequate understanding of: (iii) the degradation
kinetics of lysosome-trapped nanoparticles and (iv) their cumulative
behavior in the cell unless degraded. Such processes can be quantita-
tively addressed at a single nanoparticle level in the cell using comple-
mentary imaging analysis to provide an in-depth understanding of the
interactions between nanoparticles and subcellular compartments. This
information can be further used to advance the design of therapeutic
nanoparticles.

Nanoparticles are recognized as foreign substances to the cell, thus
activate the formation of autophagosomes, which then fuse to lysosomes
to form autolysosomes to degrade these exotic nanoparticles [25-31].
Cellular autophagy is a regulated mechanism leading to the decompo-
sition of unnecessary or dysfunctional intracellular components,
resulting in ordered degradation. However, autophagy and lysosomal
dysfunction induced by the nanoparticles has occasionally been
observed to cause severe cellular toxicity, resulting in cell death and
morbidity [32-34]. Therefore, autophagic clearance of the nano-
particles is considered a key factor in the development of biocompatible
and biodegradable drug delivery carriers or imaging probes. Moreover,
the nanoparticle-driven autophagic pathway and therapeutic strategies
based on autophagy modulation should be understood in depth for a
broad range of biomedical applications because autophagy has been
implicated in various cellular processes and diseases, such as cancer and
neurodegenerative diseases [35-39].

Here, we report the intracellular mobility of nanoparticles with
spatiotemporal tracking and quantitative analysis using the comple-
mentary imaging system. Time-lapse super-resolution confocal laser
scanning microscopy (CLSM), fluorescence correlation spectroscopy
(FCS), and transmission electron microscopy (TEM) are demonstrated
for systematic investigation on a spatiotemporal dynamics and intra-
cellular distribution of biodegradable nanoparticles along with their
interactions to cellular organelles. Fluorescent silica nanoparticles were
used as a model probe due to the ease of surface modification, low
cytotoxicity, and biodegradability [40-42]. Particularly, the bio-
degradative nature of the silica nanoparticles are of interest to be
investigated as a promising drug carrier. To clearly visualize the location
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of the silica nanoparticles in TEM, iron oxide nanoparticles were
incorporated to form core-shell structure for clarifying imaging contrast
and accuracy against the ultrastructure of cellular organelles, such as
endosomes, autophagosomes, and lysosomes, without affecting their
intracellular mobility. In addition, gradual degradation of silica shell
represents not only spontaneous drug release but also exposure of iron
oxide core in acidic microenvironment, followed by ionic dissolution.
Burst reduction of ferrous ions by adding ascorbic acid readily triggers
acute ferroptosis via Fenton reaction-induced lipid peroxidation.
Although the intracellular trafficking of various nanoparticles has been
reported in macroscopic point of view [43-45], we present the dynamic
behavior of the biodegradable nanoparticles to address spatiotemporal
states of individual nanoparticles in a cell. Finally, we examine the effect
of nanoparticles on cellular autophagy, followed by investigating both
biopersistence and biodegradation of the nanoparticles in the cell, in
terms of modulated cancer cell death. To the best of our knowledge, this
study is the first to spatiotemporally visualize nanoparticle-induced
autophagosome formation and nanoparticle clearance using
high-resolution correlative imaging systems. The present study not only
provides an in-depth understanding of the dynamic nature of cellular
responses upon nanoparticle uptake but also provides insight into the
mechanisms needed for the rational design of nanoparticles for a variety
of biomedical applications, including drug delivery and programmed
cell death.

Results
Complementary imaging system for tracing intracellular nanoparticles

To investigate intracellular transport of nanoparticles in spatiotem-
poral manner, we configured the complementary imaging system using
CLSM, FCS, and TEM (Fig. 1). Upon exposure to the cells, uptake and
intracellular trafficking of nanoparticles can be firstly observed under
CLSM analysis showing cytosolic distribution as a function of incubation
time, followed by FCS analysis to obtain quantitative mobility of indi-
vidual nanoparticles. With its high spatial resolution, the CLSM provides
precise visualization of nanoparticle movement and real-time observa-
tion within complex intracellular environments, enabling to investigate
interactions with cellular components. In addition, longitudinal studies
to examine intracellular trafficking of nanoparticles permit long-term
tracing for investigating the intricate interplay between nanoparticles
and cellular structures. Quantitative analysis using FCS further presents
high temporal resolution for monitoring fast-moving nanoparticles and
dynamic intracellular processes based on diffusion and residence time of
individual nanoparticles even at very low concentration level. Cells are
then fixed and mounted on a copper grid to display the organelles and
microstructures containing the intracellular nanoparticles. Therefore,
the complementary correlative microscopic imaging analysis is consid-
erably beneficial to obtain multiscale information on nanoparticle traf-
ficking in a single cell level.

Intracellular trafficking and hydrodynamic characteristics of endocytic
nanoparticles

We prepared Fe304@SiO, core@shell nanoparticles, which provide
high contrast imaging capability for accurate analysis of the intracellular
distribution of nanoparticles and their interactions with cellular com-
partments. The nanoparticles consisted of non-toxic Fe3O4 core and SiO»
shell incorporated with rhodamine B isothiocyanate (RITC) which is not
only used for fluorescent labeling but also considered as a model drug
payloads (Fig. 2A). Thus, complementary imaging capability should be
largely attributed to the tailored properties of the nanoparticles exhib-
iting both extensive electron density at the magnetic core (Fe3O4) for
TEM and bright fluorescence emission at the shell (RITC-embedded
SiOy) for CLSM and FCS. The nanoparticles show a well-defined
core@shell structure with narrow size distribution (Fig. 2B and C),



C.-G. Pack et al.

(i) Super-resolution CLSM

4

. Nanoparticle

. Endosome 5| o~ t,

5 @
@ Autophagosome §_ % .1
(O Autolysosome a|

=== Microtubule
' Perinuclear region

Nano Today 56 (2024) 102242

(i) Fluorescence correlation spectroscopy

G(v)

t, (~1/D)

(iii) Transmission electron spectroscopy

A R

Fig. 1. Schematic workflow of complementary imaging analysis that reveals intracellular trafficking of the nanoparticles through (i) super-resolution confocal laser
scanning microscopy (CLSM), (ii) fluorescence correlation spectroscopy (FCS), and (iii) transmission electron microscopy (TEM) in sequential order. Note that the
nanoparticles (red) and autophagy stimulation (GFP-LC3, green) were confirmed by CLSM, while dynamic motion of individual intracellular nanoparticle was
quantitatively analyzed by FCS, followed by investigating the nanoparticle population and location along with cellular organelles via TEM in sequential order.

while exhibiting strong fluorescent emission (Fig. 1D). In addition, it has
been known that maximal cellular uptake of silica nanoparticles is
achieved at a diameter of ~50 nm [46], thus we use the Fe304@SiO-
nanoparticles with a comparable size (~ 55 nm) as a model probe to
investigate intracellular mobility and trafficking in this study.

Since hydrodynamic characteristics of the nanoparticles provide key
features on intracellular transport, the FCS analysis allows to investigate
the quantitative evaluation of intracellular distribution and mobility of
the nanoparticles. Fluorescence autocorrelation functions obtained by
FCS are typically fitted in a two-component diffusion model to remove
photochemical effects, such as blinking (fast fluorescence decay) caused
by the rapid diffusional mobility of cellular components [47]. However,
those obtained from the nanoparticles immersed in phosphate-buffered
saline (PBS) are assumed to fit a one-component free diffusion model
(Fig. 2E). It should be noted that the Fe304@SiO2 nanoparticles in the
cytosol show less diffusional motion than that obtained in PBS, indi-
cating restrained diffusion in the cells, possibly due to cellular viscosity
and/or confined states of the nanoparticles within the endosomes
(Fig. 2E and Table 1) [48]. Moreover, the hydrodynamic property of
Fe304@SiO, nanoparticles are well matched to those of the bare fluo-
rescent SiOy nanoparticles (same size, but absence of magnetic core) in
PBS, indicating comparable intracellular dynamics despite the presence
of iron oxide core. Besides, surface chemistry such as ionic charge and
functional groups is one of the crucial factors that determine the cellular
uptake and intracellular behavior of nanoparticles. The zeta potential is
—31.5mV and —34.1 mV for the Fe304@SiO5 and the bare fluorescent
SiO4 nanoparticles, respectively, supporting comparable hydrodynamic
motion in the intracellular trafficking. Overall, the results demonstrate
that the Fe304@SiO5 nanoparticles have comparable intracellular dy-
namic motion to the SiOy nanoparticles in live cells; thus, they are
suitable for high-contrast TEM analysis as complementary imaging
probes, replacing common silica-based drug delivery carriers such as
mesoporous silica nanoparticles suffering from less visibility.

We further investigated the effect of functional groups on the
nanoparticle surface as it critically contributes on physiological stabil-
ity, cellular internalization, and toxicity of the nanoparticles (hence,
modulates their biological fate) [49-51]. Among the biologically rele-
vant functionalization including polyethylene glycol (PEG), amine

(-NHp), carboxyl (-COOH), and hydroxyl (-OH) groups,
amine-functionalized nanoparticles show rapid and vast uptake and
continuously accumulated in intracellular compartments, particularly in
lysosomes (Fig. 2F-H). Lysosomal accumulation indicates that endocy-
tosis is a major pathway in cellular uptake of the Fe304@SiO2 nano-
particles (Fig. 2I), while cumulative amounts and kinetics depend on the
type of surface chemistry. As negatively charged characteristics of
phospholipids on the cell membrane are suitable to attract positively
charged nanoparticles followed by rapid and higher uptake, we then
focus on the amine-functionalized Fe304@SiO2 nanoparticles and their
intracellular trafficking in the present study at a single cell level.

Complementary imaging analysis of intracellular nanoparticle trafficking

To clarify the intracellular trafficking of nanoparticles during endo-
cytosis, we used the complementary imaging systems as suggested
above. In the early stage of incubation (~2 hr), the nanoparticles tend to
be evenly distributed in the cytosol, then gradually accumulate at the
perinuclear region in the later stages (Fig. 3A-D). Corresponding FCS
analysis shows time-dependent diffusional mobility of the nanoparticles
in the cytosol to be directly related to the hydrodynamic size distribution
(Fig. 3E-G) [52]. Since the cytosolic viscosity of HeLa cells is four-fold
greater than that of water [47], the diffusion coefficient of the nano-
particles in the cytosol, which ranges from 0.1 to 1.0 pmz/s, corresponds
to the hydrodynamic diameter ranging from 600 to 60 nm, respectively
(see also Materials and methods section). Therefore, the diffusion coef-
ficient measured at ~1 ym?/s indicates the presence of freely moving
single nanoparticles (~ 60 nm in hydrodynamic diameter) in the
cytosol. A gradual shift to the shorter diffusion coefficient in the later
stages of endocytosis indicates a decelerating diffusion phenomenon,
potentially due to either an increased vesicle population (endosomes or
lysosomes) that traps the nanoparticles or aggregation of each nano-
particle in the cytosol. Overall, combinatorial study of intracellular
nanoparticle diffusion using fluorescence-assisted analysis using CLSM
and FCS provided localization and hydrodynamic motion of the nano-
particles, respectively. Hydrodynamic size distribution and diffusional
mobility of nanoparticles in the cell can further provide information on
intracellular location and dispersion in terms of whether they are freely
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Fig. 2. Physicochemical characterization of Fe30,4@SiO nanoparticles for cellular uptake and imaging. (A) Schematic illustration depicting the core@shell structure
of a nanoparticle. Note that RITC molecules are embedded in SiO2 shell as a potential drug payloads which also allows fluorescene imaging. (B) Transmission
electron microscopy imaging and (C) hydrodynamic size distribution of the nanoparticles. (D) Fluorescence (FL) and fluorescence excitation (FLE) spectra of emission
obtained with =520 and Aem= 620 nm, respectively. (E) Normalized fluorescence autocorrelation functions, G (1), of bare RITC (10~ M in PBS, black), SiO,
nanoparticles (10~° M in PBS, blue), Fe30,@SiO» nanoparticles (10~° M in PBS, red), and Fe;0,@SiO» nanoparticles (10~° M in cytosol, green). Note that RITC was
embedded in SiO, for both nanoparticles. Fluorescence autocorrelation functions were fit to the theoretical model (solid lines) of diffusional motions (see also the
Materials and methods section). (F) Mean hydrodynamic size and zeta potential of nanoparticles after surface modification as indicated. (G) Fluorescence microscopy
images showing intracellular uptake of nanoparticles in HeLa cells upon treatment with nanoparticles containing different surface chemistry. Incremental uptake of
nanoparticles (red) and their cumulative overlap with lysosomes (green, LysoTracker) for an extended period of incubation is further quantitatively analyzed by
measuring cumulative FL intensity of nanoparticles in cells (H) and by examining colocalization of nanoparticle in lysosomes (I).
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Table 1
Hydrodynamic size, diffusion coefficient, and zeta potential of the nanoparticles.
Imaging probe Diffusion coefficient ~ Hydrodynamic Zeta
(um?/s)? diameter (nm)” potential
(mV)“
Rh6G 280 - -
SiO, (PBS) 4.1+0.4 62 -34.1
Fe30,@8Si0, 4.0£0.3 62 -31.5
(PBS)
Fe30,@Si0- 0.9+0.3 64 -
(cytosol)

2 Diffusion coefficient was calculated from the fitted curve and the standard
value of Rh6G.

b Hydrodynamic diameter was obtained by FCS using Stokes-Einstein equa-
tion (see Experimental section).

¢ Zeta potential was determined by using Zetasizer Nano ZS (Malvern, UK).

diffusing as an individual nanoparticle or in mobile phase as
vesicle-entrapped nanoparticle complexes. Although the results suggest
the existence of cytosolic single nanoparticles along with
vesicle-confined nanoparticles, the diffusional behavior related to in-
teractions with cellular organelles in the intracellular trafficking process
should also be further confirmed in detail. In this regard, we continue to
investigate the intracellular localization of the nanoparticles at an ul-
trastructural level using TEM.

Upon exposure to nanoparticles, cells are readily surrounded by
nanoparticles through the electrostatic interaction between cationic
nanoparticles and negatively charged plasma membrane (Fig. S1). It
should be also noted that the plasma membrane forms ruffles of different
shapes and engulfs a large amount of extracellular membrane-bound
nanoparticles (Fig. S2), followed by creating macropinosomes, thus
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macropinocytosis as another route of intracellular transport of the
nanoparticles [53-55]. However, most of nanoparticles are trapped in
endosomes, which exist as a nearly monodisperse form in the cytosol at
2 hr of incubation (Fig. 3H), and then, groups of multiple adjacent
endosomes are gradually fused to form larger vesicles at an extended
period of incubation (Fig. 3I-L). As a result, the nanoparticles are much
frequently found in very large endosomes (> 500 nm) or lysosome-like
structures at 5 hr. Furthermore, higher degree of clustering in the ly-
sosomes is observed at 10 hr (Fig. 3J and Fig. S3). Correspondingly, the
average number of nanoparticles in each endosomal vesicle significantly
increases over time (Fig. 3M), indicating the time-dependent accumu-
lation of clustered or enlarged endosomes in the perinuclear region,
which is consistent with CLSM analysis (Fig. 3B-D). Since the
nanoparticle-containing vesicles show no evidence of co-localization
with Golgi complexes, the cellular organelles located near the peri-
nuclear region, the nanoparticles are trapped in the vesicles and trans-
ported to the perinuclear region rather than independently interacting
with other cellular organelles such as Golgi apparatus (Fig. S4). Overall,
the results suggest that both endosome-trapped nanoparticles and freely
diffusing single nanoparticles gradually join to form larger endosomes,
and eventually lysosomes, over time. We speculate that continuous
accumulation of nanoparticles in an endosome may cause endosomal
fusion and enlargement.

We further demonstrated time-course tracing of the intracellular
nanoparticles to investigate the lysosomal accumulation of the endo-
cytic nanoparticle as a course of autophagic clearance. In accordance
with above findings, the incremental number of intracellular nano-
particles is observed, followed by tremendous increase of corresponding
lysosomal nanoparticles near perinuclear region, indicating the spon-
taneous transport to lysosomes as a result of endocytosis (Fig. 4A and B).
Delayed increment of lysosomal nanoparticles supports serial trafficking
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Fig. 3. Intracellular trafficking of endocytic nanoparticles revealed through complementary imaging analysis. (A) Schematic illustrations showing endocytic uptake
of nanoparticles, followed by endosomal trafficking and perinuclear accumulation. (B-D) Representative CLSM images of nanoparticles (0.1 mg/mL) in the HeLa cells
at 2h (B), 5h (C), and 10 h (D) post-incubation. Cell nuclei are indicated by white dashed lines. Scale bar: 5 pm. (E-G) Histogram of the diffusion coefficients (D) for
nanoparticles in the cytosol obtained at 2 h (E), 5 h (F), and 10 h (G) post-incubation. (H-J) Representative TEM images of HeLa cells obtained at 2 h (H), 5 h (I), and
10 h (J) post-incubation. White circles indicate the endocytosis-related vesicle containing the intracellular nanoparticles. Scale bar: 1 um. (K) Mean area and (L)
diameter of the nanoparticle-trapped endosomes. (M) Corresponding mean number of nanoparticles trapped in a single endosome. Endosomal trapping of nano-
particles was characterized by observation in the inner cell area (n > 5). Error bars show standard error of the mean value (* p < 0.05).
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of endocytic nanoparticles to lysosomes. Moreover, it should be also
noted that lysosomal nanoparticles reach the plateau at 10 hr post-
incubation while the intracellular nanoparticles per cell gradually in-
creases (Fig. 4C). The result emphasizes both the degradative feature of
the nanoparticles and the transformation of lysosome to autophagosome
at the perinuclear region.

Tracing intracellular transport of individual nanoparticles

In the course of endocytosis, most of the nanoparticles is typically
located in endosome-originated vesicles during intracellular trafficking.
However, we found that a few nanoparticles are presented in a non-
membrane-bound form in cytosol (Fig. 5A). These cytosolic nano-
particles are supposed to freely diffuse, thus they are individually
distributed. Interestingly, each individual nanoparticle eventually mi-
grates into endosome-like agglomerates over time, resulting in reduced
population, although they are not initially trapped in the vesicles
(Fig. 5B). Consequently, the complementary imaging analysis strongly
supports that the rapid cytosolic diffusional behavior of the individual
nanoparticle obtained in FCS (Fig. 3E-G), corresponding to a hydrody-
namic size of ~60 nm, is essentially attributed to the freely diffusing,
non-membrane-bound individual nanoparticles, as observed in TEM.

Since the cellular uptake of nanoparticles is also induced by applying
electrical pulses, we further investigated the diffusional motion of
intracellular nanoparticles permeated across the cell membrane via
electroporation. Due to the enhanced cell permeability under electrical
field, a larger number of nanoparticles are detected as individually
distributed forms (freely diffusing nanoparticles) compared to those
observed in endocytosis (Fig. 5C and D). Although over half of the
intracellular nanoparticles are still found in endosome-like vesicles at
2 hr after electroporation, significantly massive quantity of the cytosolic
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nanoparticles through cellular internalization. In addition, the electro-
poration of the nanoparticles into the cells leads to maintain the higher
diffusion coefficient for much longer time (12 hr) than that of endocy-
tosis (2 hr), indicating the higher degree of the individual nanoparticle
uptake than endocytosis (Fig. S5). Because the electroporation physi-
cally opens the cell membrane and directly introduces the nanoparticles
into the cytosol, it is likely that the cytosol contains a much larger
number of non-membrane-bound nanoparticles than endocytic inter-
nalization [56]. Complementary imaging analysis clearly reveals the
presence of both endosomal and cytosolic nanoparticles as well as their
gradual integration during the course of cellular trafficking.

Nanoparticle-induced cellular autophagy

Autophagy is a self-digestive cellular process that delivers cyto-
plasmic materials of both endogenous and exogenous origin to the
lysosome for enzymatic degradation [57]. Although a variety of nano-
particles has been known to lead cellular autophagy, resulting in
biodegradation, clearance, or even cell death as a result of toxin release,
studies are limited in macroscopic verification [58-60]. However, our
complementary imaging analysis extensively presents to validate the
cellular autophagy formation at a single nanoparticle level in the course
of intracellular trafficking. Upon exposure to the nanoparticles, HeLa
cells expressing GFP-LC3 shows elevated level of LC3, which is a central
protein in the autophagy pathway where it functions in substrate se-
lection and biogenesis of autophagosomes [61,62]. Cytosolic form of
LC3-1 undergoes site-specific proteolysis and lipidation on its C-terminus
to form LC3-II, thus the punctate green fluorescence emission of
GFP-LC3 is correlated with the number of autophagosomes and used as
an autophagy marker in the cell [63]. Moreover, intracellular uptake of
the nanoparticles stimulates the changes in GFP-LC3 localization, as a
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and ** p < 0.05 from the two-tailed Student’s t test (ns: not significant, n = 5).

found in the perinuclear region, while GFP-LC3 usually showed high
localization in the nucleus and few spots in the cytosol prior to the
introduction of the nanoparticles (Fig. 6A-D).

Corresponding TEM images show the autophagic structures such as
double membrane autophagosomes and autolysosomes containing the
nanoparticles at 5 hr or later post-uptake (Fig. 6E-H). Particularly, it
should be noted that the silica shell surrounding the dark Fe3O4 core
maintains the structural integrity up to 10 hr (Fig. 6G and I) while only
parts of the Fe3O4 core without a silica shell are observed in the endo-
lysosomes at 24 hr (Fig. 6H and J). The results indicate the biodegrad-
able clearance of the silica shell and iron oxide core during the
intracellular trafficking, particularly in the lysosomes, which corre-
sponds with the above findings (Fig. 4 and Fig. S3). Overall, the com-
plementary imaging analysis using CLSM and TEM consistently supports
our findings on cellular trafficking of the nanoparticles and autophagic
clearance of the nanoparticle compartments. The present study further
emphasizes the biodegradable feature of silica, which is a widely used as
a drug delivery carrier, implying complete release of payloads during
autophagy process.

In addition to the complementary imaging analysis, the nanoparticle-
stimulated autophagy activation is further confirmed through relevant
protein assays. Western blots and corresponding densitometry showed
time-dependent variation (Fig. 6K and L). In particular, LC3-II expres-
sion and the LC3-II/LC3-I ratio are significantly increased upon nano-
particle uptake, which is then returned to intrinsic levels within 24 hr.
The result indicates transient induction of LC3-II due to the nanoparticle
uptake. Moreover, it confirms that not only autophagosome accumula-
tion of the nanoparticles but also autophagic clearance are consistent

with the complementary imaging tracking. As autophagy is a pro-
grammed degradative pathway that plays an essential role in main-
taining cellular homeostasis, the foreign substances (i.e., nanoparticles)
introduced into the cell are readily degraded by the autophagy mecha-
nism without causing acute cellular disorder, possibly due to the
elemental biocompatibility of silica and iron oxide [40,64]. In contrast,
gold nanoparticles have been observed to cause the impairment of
autophagosome-lysosome fusion and reduced lysosomal degradation
capacity with lysosome alkalization [58]. Accordingly, cell viability
results verify the non-cytotoxic degradable characteristics of the
Fe304@SiO2 nanoparticles, related to the functional capability for
cellular autophagy (Fig. 6M).

Although an influx of highly biocompatible and hydrophilic
Fe304@SiO, nanoparticles into cells activates the autophagy without
severe cytotoxicity even at elevated concentrations (up to 0.2 mg/mL),
the individual nanoparticles possibly leaked from vesicles or freely
diffused in the cytosol are highly mobile, and thus, potentially accessible
to all intracellular organelles. In practice, nanoparticles that have
chemically reactive surfaces tend to interact strongly with intracellular
organelles, such as mitochondria and actin/tubulin networks, eventu-
ally resulting in damage to the cell functions [65]. However, the
Fe304@SiO, nanoparticles used in this study are chemically inert in a
cellular environment, and show minimal interaction with intracellular
organelles, such as mitochondria (Fig. S6). Therefore, it can be assumed
that those freely diffusing individual nanoparticles are inevitably trap-
ped into autophagosomes with other nanoparticle-containing endo-
somes and ultimately introduced to lysosomes for intracellular
biodegradation without any severe cytotoxic effects. In addition to
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Fig. 6. Autophagy stimulation and nanoparticle uptake. (A) Representative CLSM image of the HeLa cells expressing GFP-LC3, a marker protein for autophagosomes,
prior to nanoparticle treatment. (B-D) Corresponding CLSM images of the HeLa cells after treatment with the nanoparticles (red) for 5 h. Remarkable punctate
fluorescence emission of GFP-LC3 (green) was detected in the perinuclear region. The cell membrane and nucleus are circumscribed for clarity (white solid lines and
dotted lines, respectively). Scale bars: 10 um. (E-H) TEM images of the nanoparticle-treated HeLa cells at post-uptake for (E) 2 hr, (F) 5 hr, (G) 10 hr, and (H) 24 hr,
respectively. Yellow arrows in (F) indicate vacuoles with double-spaced membranes that contain the cell components and nanoparticles. Red and blue arrows in (G)
and (H) indicate autolysosomes and lysosomes, respectively. Scale bars: 2 um. Each panel shows two magnified views of designated regions of interest marked in the
dotted box at the bottom. Scale bars: 500 nm. (I) TEM image of the endosome-like structures containing the nanoparticles near the perinuclear region of the HeLa
cells at 5 h post-incubation. (J) The nanoparticles trapped in an endolysosome and an endosome at 24 h post-incubation. Green arrows indicate the iron oxide core of
the nanoparticles without silica shells due to degradation while yellow arrows designate the intact silica shell (see also (G) and (H)). E: endosome, EL: endolysosome,
N: nucleus. Scale bars: 1 ym. (K) Western blot analysis of LC3-I and LC3-1I in HeLa cells treated with the nanoparticles (0.1 mg/mL) for 2, 5, 10, and 24 hr. Note that
starvation and control (no nanoparticle treatment) samples showed negligible differences in LC3-I expression, and the elevated LC3-I expression upon nanoparticle
treatment is recovered by 24 hr. (L) Relative ratio of LC3 II to p-actin (** p < 0.005 and * p < 0.05). (M) Negligible cell viability changes found upon nanoparticle
exposure to the cells showing biocompatible degradation of the nanoparticles by autophagic clearance.

Supplementary material related to this article can be found online at
doi:10.1016/j.nantod.2024.102242.

clarify the intracellular trafficking by which the nanoparticles induce
autophagosome accumulation and lysosomal degradation, our comple-

mentary imaging analysis provides guidance for the rational design and
preparation of nanoparticles for diverse areas in biomedical applica-
tions, such as targeted drug delivery and bioimaging.

Furthermore, we also verify the co-localization of autophagosomes
and nanoparticles using super-resolution CLSM in another cell line,
human breast adenocarcinoma MCF7 expressing GFP-CL3. Time-lapse
imaging reveals the highly mobile nanoparticles found in a large auto-
phagosome (Fig. S7 and Movie S1) and shows dynamic motion of each
nanoparticle while trapped in the confined space. Although it remains
unknown whether the fluorescence signal comes from a single nano-
particle or vesicle-constrained multiple nanoparticles due to limited
resolution, these results provide evidence of the autophagy activation
stimulated by the nanoparticle uptake. Moreover, physical interactions
between the highly mobile GFP-LC3 molecules and nanoparticles are not
directly observed in the cytosol (Fig. S8).

The complementary imaging analysis combines information on
localization (CLSM), hydrodynamic mobility (FCS), and interactions
with intracellular organelles (CLSM and TEM), providing a compre-
hensive view of nanoparticle dynamics during intracellular trafficking.
While previous studies have utilized conventional fluorescence imaging
alongside TEM [66-68], our approach of cross-verifying information
from multiple imaging modalities enhances the reliability and credi-
bility of our findings, offering a more complete understanding of intra-
cellular nanoparticle dynamics. Overall, the integration of
super-resolution CLSM, FCS, and TEM (TEM) provides a comprehen-
sive understanding of intracellular nanoparticle dynamics. The
super-resolution CLSM offers high spatial resolution for precise visual-
ization of nanoparticles and their interactions with organelles while the
FCS quantitatively analyzes nanoparticle mobility and diffusion dy-
namics within cells, complementing super-resolution microscopy. TEM
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contributes a structural perspective, offering high-resolution images of
nanoparticles and cellular organelles, facilitating observation of struc-
tural changes, interactions, and degradation processes at the nanoscale
level. Despite differences in working principles and sample preparation
requirements, the complementary imaging system addresses the limi-
tations of each individual imaging modality, enabling a more compre-
hensive understanding of nanoparticle-cell interactions. This integration
enables in-depth analysis of nanoparticle dynamics at the single-cell
level, providing valuable insights into nanoparticle uptake, intracel-
lular trafficking, and cellular responses, thus advancing various fields
such as nanomedicine, drug delivery, and nanotoxicology.

Delayed degradation of silica shell for protecting iron oxide core

We observed the non-toxic biodegradation of nanoparticles while
they induce autophagic clearance. Under normal physiological condi-
tions, the hydrolysis of the silica shell resulted in its spontaneous
degradation, releasing silicic acid (as shown in Fig. 7A). To investigate
the step-by-step of autophagic clearance, particularly in terms of silica
shell degradation, microstructural changes in the morphological char-
acteristics of nanoparticles has been further conducted. Since the
biodegradation of the silica shell is closely related with the acidity of the
local microenvironment, we measured the degradation kinetics of
nanoparticles in cell culture media with adjusted pH. We used RITC
molecules as model payloads to mimic drug delivery, and the cumula-
tive release of RITC served as a distinctive indicator of the inherent self-
destructive characteristics of the silica shell (Fig. 7B). It should be noted
that release kinetics of RITC is strongly dependent on the acidity of the
solution. Rapid release of RITC at higher pH indicate accelerated
degradation of silica shell, while reduced degradation kinetics at acidic
environment imply relatively stable feature of silica by providing oxi-
dational condition rather than hydrolysis. Degradation of silica shell is
also confirmed by TEM analysis (Fig. 7C). In neutral condition, silica
shell is completely degraded within 24 hr of incubation in cell culture
media. However, the nanoparticles maintain the intact structure at
acidic environment. The results suggest autophagic degradation of the
nanoparticles is also associated with the local acidity during intracel-
lular trafficking. Importantly, the nanoparticles showed slower degra-
dation kinetics in PBS compared to that of cell culture media (Fig. S9).
Since the intracellular vesicles are known to have weak acidic envi-
ronment (~ pH 6.5 for endosome, ~ pH 4.5 for lysosomes, etc.),
degradation of silica shell is strongly associated with autophagic clear-
ance. Perhaps, silica shell is continuously degraded during the course of
endocytosis, thus iron oxide nanoparticles are exposed to physiological
environment at the later stage such as in lysosomes or endolysosomes.

Inspired by protective feature of silica shell during intracellular
trafficking, we can further utilize the iron oxide nanoparticles as an iron
source for inducing ferroptosis. Ferroptosis is a form of regulated cell
death that is characterized by the iron-dependent accumulation of lipid
peroxides, which ultimately leads to the destruction of cell membranes
and cell death [69]. Although degradation of iron oxide nanoparticles in
acidic lysosomes or autophagosomes may contribute to oxidative stress,
this effect is negligible for cell viability (Fig. 6M). However, among two
products of iron oxide dissolution, converting ferric ions (Fe*) to
ferrous ions (Fe2") can be a key to induce ferroptosis. Because ferrous
ions promote ferroptosis by catalyzing the formation of reactive oxygen
species (ROS) and lipid peroxides, while ferric ions have an inhibitory
role by counteracting these pro-oxidant effects and protecting cells from
oxidative damage [70]. To convert the ferric ions to ferrous ions, we
used ascorbic acid as a reductant (Fig. 7D). The level of ferrous ions in
the media during the process of nanoparticle degradation is substan-
tially increased by adding ascorbic acid (Fig. 7E and F). Particularly,
weak acidic condition (pH ~6.5) is more feasible to produce ferrous ions
as it helps to degrade the silica shell after 5 hr of incubation and also
leads ionic dissolution of iron oxide nanoparticles. Although acidic
environment is well suited to ironic dissolution of iron oxide, the silica
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shell is protecting the iron oxide core until 24 hr at pH ~ 5.5 or ~ 4.5,
resulting in significantly lower levels of ferrous ions even after the
introduction of ascorbic acid. Therefore, delayed degradation of silica
shell is an attractive feature for burst release of ferrous ions associated
with cellular trafficking of nanoparticles.

Triggered ferroptosis upon burst release of ferrous ions

In the context of ferroptosis, the elevation of ferrous ions assumes a
pivotal role in driving this regulated cell death process. Since the fer-
roptosis is characterized by the iron-dependent accumulation of lipid
peroxides and subsequent cell membrane disruption, it hinges on the
pro-oxidant properties of ferrous ions. These ions serve as catalysts in
the Fenton reaction, a chemical process that couples ferrous ions with
hydrogen peroxide (H202) to generate highly reactive hydroxyl radicals
(-OH) and hydroxide ions (OH"). The hydroxyl radicals, in turn, initiate
lipid peroxidation, resulting in membrane damage and increased
permeability. This cumulative effect ultimately culminates in ferroptotic
cell death. To this end, we propose the acute ferroptosis as a means of
triggered cell death upon burst release of ferrous ions resulting from
prompt reduction reaction of ferric ions. While individual treatments
with ascorbic acid up to 300 uM or nanoparticles up to 200 pg/mL
showed negligible cytotoxicity, significant cell death occurred with
elevated concentrations of nanoparticles in the presence of ascorbic acid
(Fig. S11). This effect was attributed to the rapid reduction of ferric ions
to ferrous ions by ascorbic acid, leading to the generation of highly
reactive hydroxyl radicals and other reactive oxygen species (Fig. 8A).
At certain conditions, cells were able to mitigate oxidative stress through
antioxidant pathways, but overwhelming oxidative stress, induced by
higher concentrations of nanoparticles (> 50 ug/mL) and ascorbic acid
(300 uM), led to ferroptotic cell death. This was evidenced by significant
cell death observed in the presence of both nanoparticles and ascorbic
acid, potentially resulting from the burst reduction of ferric ions to
ferrous ions. Although the nanoparticles are apparently non-toxic in
their autophagic clearance pathway and ascorbic acid is not intrinsically
harmful to cells, burst reduction of ferric ions to ferrous ions may
instantly trigger the ferroptosis (Fig. 8A). In fact, we observed acute cell
death by treating with nanoparticle and ascorbic acid (Fig. 8B and
Fig. S10). To verify whether ferroptosis is responsible to cell death, an
iron-chelating agent, deferoxamine (DFO), was added to the cell treated
with both nanoparticles and ascorbic acid. The DFO works to sequester
and remove excess ferrous ions in the cell through iron chelation and
ROS reduction, followed by protecting cells from the oxidative damage
that drives ferroptosis. Therapeutic capability of DFO in conditions
where ferroptosis is implicated supports our findings on acute cell death
triggered by burst release of ferrous ions. It should be also noted that
hydrogen peroxide (H20>) can contribute to ferroptosis-based cell death
by serving as a source of ROS. We also showed that elevated lipid
peroxide levels in the cell as evidence of ferroptosis (Fig. 8C). The lipid
peroxides accumulate within the cell, leading to membrane destabili-
zation, loss of membrane integrity, and ultimately cell death, corre-
spondingly (Fig. 8B and C). Combinational effect of ascorbic acid and
hydrogen peroxide with nanoparticles can be considered as a means of
triggered acute ferroptosis.

Gradual degradation of silica shell is temporally protecting the iron
supplement, which is initiated upon complete removal of silica at late
stage of endocytosis. Acidic environment is feasible for iron ion disso-
lution in forms of Fe®* and Fe*, and ascorbic acid further induces burst
reduction of Fe>* ions to Fe?' ions, followed by acute ferroptosis
(Fig. 8D). The results imply that certain critical concentration of Fe>*
ions is necessary to induce ferroptosis, otherwise the cells can internally
compensate for balancing the iron supplement to maintain the homeo-
stasis. Furthermore, we also found that exposure to ascorbic acid at 10 h
or earlier post-incubation of nanoparticles showed no cytotoxicity while
ascorbic acid showed effective cell death by injecting at 24 h post-
incubation of nanoparticles (Figure S12). The results suggested that
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Fig. 7. Biodegradation of nanoparticles and Fe>" production. (A) Schematics illustrating hydrolysis-driven degradation of silica shell in physiological condition. (B)
Cumulative release curves of RITC upon incubation in cell culture media with adjusted pH as indicated at 37 °C. (C) Corresponding TEM images of nanoparticles
during biodegradation process in designated pH. Yellow arrows indicate the intact silica shell. Scale bar: 100 nm. (D) Schematics depicting the dissolution of Fe**
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ascorbic acid as a reducing agent.
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the ferroptosis.

the ascorbic acid contributed the cell death only if the iron oxide
nanoparticles were exposed to intracellular environment after complete
degradation of silica shell around themselves. On the other hand, bare
iron oxide nanoparticles without silica shell are continuously degraded
during intracellular trafficking, thus ionic iron components in the cell
may not exceed the critical concentration to induce ferroptosis even
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after ascorbic acid treatment. The silica shell is temporally protecting
the iron source (nanoparticles) to spatially trigger the ferroptosis by
adding the reducing agent (ascorbic acid). Our findings suggest that
timely treatment of cells with nanoparticles and reducing agent is a
means of controllable cell death. Spatiotemporal tracking of intracel-
lular nanoparticles reveals not only the location of transport but also
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self-destructive features, leading the triggered ferroptosis mechanism
initiated by burst release of ferrous irons.

Discussion

Upon exposure to the nanoparticles, the majority of attractive
nanoparticles are allowed to internalize through endocytosis, where
small vesicles contain them and further transform to larger vesicles.
Correlative imaging of TEM and CLSM highlights (i) the temporal
development of the endosomal vesicles, (ii) the intracellular trasport to
the perinuclear region, and (iii) the biodegradation of nanoparticle
through autophagy process. In addition, combinatorial analysis of FCS
and TEM reveals not only the presence of cytosolic (non-vesicle-trapped)
nanoparticles but also their Brownian diffusion motion. Comparing the
ratio of cytosolic nanoparticles to endosomal nanoparticles supports the
intracellular trafficking feature such as cluster formation and incorpo-
ration into endosomes. Therefore, the complementary imaging analysis
could aid in the design of efficient intracellular delivery systems for
therapeutic purposes.

Considering the intracellular motion of the biodegradable Fe3O4@-
SiO5 nanoparticles in the cytosol, it has been classified by two diffu-
sional behavior: fast diffusion of untrapped nanoparticles (mean D value
~1 ,umz/s) and much slower diffusion of mobile vesicle-trapped nano-
particles (mean D value < 1 ym?/s). Complementary imaging analysis
reveals that a significant proportion of the intracellular nanoparticles
initially show fast diffusion, corresponding to the freely moving single
nanoparticles with a hydrodynamic diameter of ~60 nm (Fig. 2).
However, over the extended period of intracellular trafficking, the
nanoparticles gradually form clusters, thus the size distribution
broadens, accompanied by slower diffusional movement. These results
indicate a reduced number of freely diffusing cytosolic (non-vesicle-
trapped) individual nanoparticles in the cytosol at later stages of
endocytosis. Therefore, the present study emphasizes the importance of
endosomal escape of vesicle-trapped nanoparticles or individual nano-
particle internalization for cytosolic drug delivery. Since the endocytosis
is a main mechanism of spontaneous cellular internalization for non-
viral vectors including nanoparticles, potential therapeutic payloads
such as siRNA or ribonucleoproteins (Cas9/gRNA complexes) should be
securely protected and safely released into the cytosol while avoiding
enzymatic degradation in the endosomal vesicles [71-74]. Our com-
plementary imaging analysis evidently reveals the spontaneous merging
and clustering of the endocytic nanoparticles, followed by the degra-
dation through autophagy process. Besides, we further demonstrated the
use of electroporation to internalize the nanoparticles directly to cytosol
and showed that a substantial portion of individual nanoparticles are
freely diffusing in the cytosol particularly at the early stages of uptake
(Fig. 5). The result is responsible for the electroporation as an efficient
means of gene delivery into the cytosol [75-77].

The cellular uptake, trafficking, and clearance pathways of nano-
particles, along with their interactions with cellular organelles, have
attracted significant attention because these processes need to be well-
understood for further translation in biomedical applications.
Although a variety of functional nanoparticles have shown excellent
proof-of-concepts in performance and been suggested as potential plat-
forms for drug delivery systems and therapeutic agents, only a few have
been approved for clinical use or are under consideration for clinical
trials due to cytotoxicity that outweighs their therapeutic capabilities.
For instance, silica is a biocompatible and biodegradable material, but
has also been shown to cause unwanted side effects, such as apoptosis or
necrosis, under certain conditions [78]. Therefore, a better under-
standing of nanoparticle-induced cytotoxicity could be gained by
elucidating, in depth, their metabolism within cells. Recent studies have
aimed to investigate the interactions of nanoparticles with cells,
demonstrating cytotoxic cellular pathways that induce apoptosis and
autophagy. In particular, the interaction of nanoparticles with auto-
phagy has been assumed to be responsible for the intracellular clearance
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pathway, as demonstrated by fluorescence microscopic studies [29,58,
79]. However, the underlying mechanisms still remain unclear. In the
present study, thanks to complementary imaging analyses with CLSM,
FCS, and TEM, we provide strong evidence that autophagosomes
co-localize with the Fe304@SiO, nanoparticles in cells. Moreover, the
nanoparticles are observed to be co-localized with autophagosomes at
the very late stage of endocytosis. Time-lapse super-resolution CLSM has
suggested that both vesicle-trapped and freely diffusing individual
nanoparticles are ultimately integrated into autophagosomes, followed
by intracellular clearance. Increased levels of LC3-1I further support the
contention that the nanoparticles induce autophagy, even though the
molecular mechanisms of autophagic stimulation and clearance without
significant cytotoxicity need to be investigated further. Our combina-
torial imaging strategy also indicates the negligible interactions between
the Fe304@SiO5 nanoparticles and other intracellular organelles, such
as mitochondria and Golgi complexes, in the course of endocytosis and
autophagic degradation.

While TEM and FCS provides comprehensive information on nano-
particle trafficking and interactions with intracellular organelles, time-
lapse super-resolution CLSM enables dynamic visualization of nano-
particle in their cellular context without the need for sample fixation and
processing. Notably, CLSM has revealed perinuclear accumulation upon
lysosomal degradation and autophagic clearance, aligning with obser-
vations from FCS and TEM. Furthermore, time-lapse imaging has
captured highly mobile nanoparticles trapped within large autophago-
somes. By providing real-time spatiotemporal information, CLSM en-
hances our understanding of immediate nanoparticle-cellular organelle
interactions, complementing the static information obtained from TEM.
Additionally, CLSM serves as an independent technique to validate ob-
servations from FCS and TEM, thereby enhancing the reliability and
robustness of our findings. The combination of CLSM, FCS, and TEM
allows for correlative imaging, facilitating a comprehensive analysis of
intracellular nanoparticle trafficking and reinforcing the importance of
utilizing confocal microscopy for elucidating nanoparticle dynamics
within living cells. Particularly, FCS adds a quantitative dimension by
elucidating the mobility and diffusion dynamics of nanoparticles within
the cellular microenvironment, complementing qualitative observations
from CLSM imaging and ultrastructural details from TEM. The diffusion
coefficients obtained by FCS clarify the localization of nanoparticles
within cellular vesicles, such as lysosomes and autophagosomes,
enhancing our understanding of intracellular trafficking. The comple-
mentary imaging analysis combines information on localization (CLSM),
hydrodynamic mobility (FCS), and interactions with intracellular or-
ganelles (CLSM and TEM), providing a comprehensive view of nano-
particle dynamics during intracellular trafficking. Overall, the
complementary imaging systems will provide essential analytical in-
formation on autophagic clearance and the potential cytotoxicity of
various functional nanoparticles with a desired size, shape, and surface
chemistry for biomedical purposes.

Ferroptosis represents a significant mode of cell death with relevance
to a wide range of diseases and biological process [80]. Particularly,
inducing ferroptosis in cancer cells has emerged as a potential strategy
for cancer therapy as some cancer cells are highly vulnerable to fer-
roptosis due to their increased iron uptake and sensitivity to oxidative
stress [81]. However, regulation of iron uptake is subject to sophisti-
cated control mechanisms at the molecular and cellular levels. Dysre-
gulation of these mechanisms can lead to iron-related disorders, such as
iron-deficiency anemia or iron overload disorders like hemochromato-
sis. Therefore, while controlling iron uptake is challenging, it is essential
for maintaining overall health and preventing iron-related diseases. In
our findings using complementary imaging techniques, we propose
controllable ferroptosis as a means of cancer treatment. Although both
Fe304@SiO, nanoparticles and ascorbic acid are biocompatible, timely
treatments can acute ferroptosis for selective cell death. The demon-
stration of acute ferroptosis underscores the crucial role of ascorbic acid
in triggering this form of regulated cell death, particularly when
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combined with nanoparticles. Despite the individual treatments with
ascorbic acid up to 300 uM or nanoparticles up to 200 ug/mL showing
negligible cytotoxicity, a significant increase in cell death was observed
with elevated concentrations of nanoparticles in the presence of ascorbic
acid. This heightened cytotoxic effect can be attributed to the specific
action of ascorbic acid, which rapidly reduces ferric ions to ferrous ions
upon addition, thus facilitating the generation of highly reactive hy-
droxyl radicals and reactive oxygen species. Timely co-treatment illus-
trates how the burst reduction of ferric ions to ferrous ions by ascorbic
acid plays a pivotal role in the induction of ferroptosis. This process is
especially significant considering the later stages of cellular vesicles,
such as lysosomes and autolysosomes, where iron oxide nanoparticles
are readily degraded under acidic conditions, resulting in the release of
ionic dissolution products, including Fe> and Fe>*. By injecting a suf-
ficient amount of ascorbic acid into the cells, the rapid and substantial
reduction of ferric ions occurs, triggering a cascade of events culmi-
nating in ferroptosis and eventual cell death. While cells possess intrinsic
antioxidant pathways and repair mechanisms to counteract oxidative
stress under normal conditions, the overwhelming oxidative stress
induced by the combined presence of nanoparticles and ascorbic acid
exceeds the cellular defense mechanisms, leading to ferroptotic cell
death. In addition, the degradation of silica shell was not substantially
affected by adding ascorbic acid (Figure S13), as the silica is quite stable
in acidic condition. Overall, this experimental evidence highlights the
critical interplay between ascorbic acid-mediated reduction of ferric
ions and the subsequent initiation of ferroptosis, shedding light on po-
tential therapeutic avenues targeting this pathway for various applica-
tions in cellular biology and disease intervention. Although certain
mechanisms beyond the triggered ferroptosis might be further existed,
the present work reports the findings of potentially triggerable ferrop-
tosis, revealed by a complementary imaging system which informs ul-
timate fate of nanoparticle upon intracellular trafficking.
Spatiotemporally directed ferroptosis that utilizes endogenous iron
source such ferritins has been reported previously [82], however our
study report a use of complementary imaging systems to reveal the
intracellular fate of nanoparticles in terms of spatiotemporal tracking,
followed by timely triggering by adding exogenous reducing agent for
acute ferroptosis. To the best of our knowledge, this is the first report on
spatiotemporal tracing of ferroptosis-inducing nanoparticles and its
controllability and mechanism. Complementary imaging analysis re-
veals the intracellular transport of nanoparticles at a single cell level,
which ultimately suggest the use of burst supplement of ferrous ions to
induce ferroptosis. Although in vivo studies are further required for
therapeutic uses as a means of translational medicine, this study pro-
vides a new strategy for timely-controlled cell therapy.

Conclusion

Complementary imaging analysis using TEM and CLSM with FCS are
established and applied to investigate the cellular uptake process,
diffusional states, and intracellular interactions of Fe304@SiO; nano-
particles at a single nanoparticle level in live cells. Freely diffusing in-
dividual nanoparticles are observed in the cytosol during cellular uptake
through both endocytosis and electroporation. However, these cytosolic
nanoparticles are more frequently found in electroporatic uptake than
passive endocytosis. A larger number of nanoparticles are ultimately
localized in the perinuclear region and trapped in large immobile vesi-
cles. Moreover, the number of nanoparticles in each vesicle is quanti-
tatively analyzed, and the vesicle size showed a corresponding increase
over time, indicating that both free and vesicle-trapped nanoparticles
were physically collected in the perinuclear region for degradative
clearance through autophagy. Interestingly, the biochemical inertness of
the silica induces cellular autophagy in a non-cytotoxic way. Further-
more, we revealed a triggered ferroptosis mechanism initiated by burst
release of ferrous ions in perinuclear regions. Acute ferroptosis is pro-
poseds as a means of spatiotemporally controlled cancer cell death by
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using biocompatible nanoparticles and reducing agent. Quantitative live
cell analysis based on the mobility and intracellular trafficking of the
nanoparticles not only provides insights into the mechanisms behind the
cell signaling pathways but also suggests design strategies of effective
and low cytotoxic nanoparticle-based drug carriers and bioimaging
probes.

Materials and methods
Cell culture

A human epithelial carcinoma (HeLa) cell line was obtained from the
Korean Cell Line Bank (KCLB). HeLa cells were cultured in a 5% CO-
humidified atmosphere at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco Canada Ltd., Burlington, Canada) supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL
streptomycin.

Cellular uptake of nanoparticles

Fluorescent Fe304@SiO2 nanoparticles containing RITC dye were
obtained from Biterials Co. Ltd. (Seoul, Korea). To examine the cellular
uptake of the nanoparticles through endocytosis, HeLa cells were incu-
bated with the nanoparticles (0.1 mg/mL) for a desired period of time on
either a coverglass (Cell Desk LF1, Sumitomo Bakelite, Tokyo, Japan) or
a chambered coverglass with eight wells (Nunc, Roskilde, Denmark). To
deliver the nanoparticles via electroporation, the Neon™ transfection
system (Invitrogen) was used for the cells by adapting the manufac-
turer’s instructions for nanoparticles (0.2 mg/L) instead of DNA. After
electroporation, the cells were placed on a Cell Desk LF1 in DMEM
supplemented with penicillin, streptomycin, and 10% FBS, and main-
tained at 37°C under 5% CO..

Cell viability assay

Cell viability was determined using EZ-Cytox cell viability assay kits
(Daeil Lab Service Co, Seoul, Korea) according to the manufacturer’s
instructions. Briefly, HeLa cells were suspended at 1 x 10* cells/mL in
DMEM medium and 100 uL of the suspension was seeded in the indi-
vidual wells of a 96-well microculture plate. The cells were allowed to
adhere for 24 h. The individual wells were titrated with 10 uL of EZ-
Cytox kit reagent in each well then incubated at 37 °C in a humidified
CO; incubator for 1 h. After incubation, optical density was measured at
a wavelength of 450 nm using an absorbance microplate reader. To
evaluate ferroptosis-induced cell viability, cells were treated with
desired amount of nanoparticles for 24 h, and further treated with
ascorbic acid, DFO, and(or) hydrogen peroxide for 6 h as indicated
(Fig. 8 and Fig. S10). To evaluate the cytotoxic effect of ascorbic acid,
cell were treated with ascorbic acid as indicated for 24 h (Fig. S11). The
cell viability was then obtained, corresponding to previous protocol. To
investigate the lipid peroxidation in the cell, Image-iT Lipid Peroxida-
tion Kit (ThermoFisher) was used following the manufacture’s protocol.
HeLa cells were treated with or without ascorbic acid for 6 h after
nanoparticle treatment for 24 hr, followed by staining with the lipid
peroxidation kit. The lipid peroxide (LPO) index was obtained by
comparing the fluorescence intensity at 510 nm (presence of LPO) to
that at 590 nm (absence of LPO).

Confocal laser scanning microscopy

Hela cells were cultured in a chambered coverglass with eight wells
(Nunc, Roskilde, Denmark) and observed over inverted confocal laser
scanning microscopes (LSM510 or LSM880 equipped with the Airyscan
super-resolution imaging module; Carl Zeiss, Jena, Germany) to allow
laser scanning microscopy (LSM) live cell imaging. Green fluorescent
protein (GFP)-tagged LC3 was detected by excitation at 488 nm using a
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continuous wave (CW) Ar' laser through a water-immersion objective
lens (C-Apochromat, 40x, 1.2 NA; Carl Zeiss). The fluorescent signal
was collected using a 505-530 nm band pass filter for LSM510 or
through an oil-immersion lens (63 x, 1.40NA Plan-Apochromat Oil DIC
M27; Carl Zeiss) using a 495-550 nm filter for LSM880. Fluorescent
signals from the nanoparticles containing RITC were detected by exci-
tation at 543 nm using a 585 nm long pass filter for the LSM510 and by
excitation at 561 nm using a 570 nm long pass filter for the LSM880. The
pinhole diameters for confocal imaging were adjusted to 1 Airy unit for
both GFP and RITC. LSM observations were performed at room tem-
perature. To avoid bleed-through effects in double-scanning experi-
ments, GFP and nanoparticles were scanned independently in a multi-
tracking mode. Time-lapse fluorescence microscopy videos were taken
with the LSM880 equipped with an Airyscan module. Microscopy im-
ages and videos obtained from the LSM 880 were processed and
analyzed using ZEN2012 software (Carl Zeiss).

Fluorescence correlation spectroscopy and dual color cross-correlation
spectroscopy

FCS and fluorescence dual color cross-correlation spectroscopy
(FCCS) measurements were all performed with a ConfoCor2 (Carl Zeiss)
microscope combined with LSM510. The ConfoCor2 consists of a CW
Ar' and He-Ne laser, a water-immersion objective (C-Apochromat, 40 x,
1.2NA; Carl Zeiss), and two channels of avalanche photodiodes (SPCM-
200-PQ; EG&G). The nanoparticle and GFP were excited with the 488
and 543 nm laser lines, respectively. The confocal pinhole diameter was
adjusted to 70 um for 488 nm and to 78-90 um for 543 nm illumination.
The emission signals were split by a dichroic mirror (570 nm beam
splitter) and detected at 505-530 nm in the green channel for GFP, and
at 600-650 nm in the red channel for RITC. Data were analyzed with the
ConfoCor2 software as described in a previous study [83]. Briefly, the
fluorescence auto-correlation functions of the red and green channels, G,
(7) and Gy (7), and the fluorescence cross-correlation function, G, (t),
were calculated by:

()= 1+ (8L(1)-85(1 + 7))
(&) {5 (0))

where 1 denotes the time delay, ; the fluorescence intensity of the red
channel (i = r) or green channel (i = g), and G, (1), G, (1), and G, (1)
denote the auto-correlation functions of red (i=j =x=r), green (i=j =
x = g), and cross (i =1, j = g x = ¢) correlation functions, respectively.
The acquired G, (t) values were fit using a one-, two-, or three-
component model:

1 \ 7! 7\ V2
Gx(r):1+NZF,<1+;> (1+§>

where F; and 1, are the fraction and diffusion time of component i,
respectively, N is the average number of fluorescent particles in the
excitation-detection volume defined by the radius wy and the length 2z,
and s is the structure parameter representing the ratio s = zo/wy. The
structure parameter was calibrated using the known diffusion coefficient
(280 pmz s~ 1 of rhodamine 6 G (Rh6G) standard solution at 25°C [47,
84]. All measured fluorescence autocorrelation functions (FAFs) were
fitted by the software installed on the ConfoCor 2 (Zeiss) system using
this model. For fluorescent nanoparticles in solution, FAFs were fitted to
a one-component model (i = 1). FAFs for Si-FMNPs in living cells were
fitted to a one- or two-component model (i = 2) with additional triplet
terms to estimate the diffusion coefficient. Two-component models were
used differently to model the nanoparticles in the cytosol: (i) two
diffusion components represent fast diffusion (i.e., free diffusion of sin-
gle nanoparticles) and slow diffusion (vesicle-trapped diffusion) and (ii)
one of the diffusion components is taken to represent a photokinetic
term (to represent fluorescence decay). The mean fractional ratio (F; =
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2) of diffusing nanoparticles was indicated as a percentage. Immobilized
aggregate-induced photobleaching data were excluded from the diffu-
sion analysis. The diffusion coefficients of the nanoparticles in the so-
lutions and cells were determined from the diffusion coefficient of Rh6G
(280 ,um2 s~ 1) and the obtained diffusion times for Rh6G and fluores-
cence nanoparticles. The diffusion time of component i,; is related to the
translational diffusion constant D of component i by:

2
Wiy

4D,

Ti
The diffusion of a spherical molecule is related to various physical
parameters by the Stokes-Einstein equation as follows:

_ kgT
6

i

where T is the absolute temperature, r; is the hydrodynamic radius of the
spherical molecule, 7 is the fluid-phase viscosity of the solvent, and kg is
the Boltzmann constant. In analysis of FCCS data, the amplitude of the
cross-correlation function was normalized to the amplitude of the
autocorrelation function of GFP or RITC to calculate the relative cross-
correlation amplitude:

[Ge(0) = 1/[G¢(0) = 1]] or [Gc(0) — 1/[G/(0) — 1]]

Transmission electron microscopy

At a desired time of incubation or electroporation to introduce the
nanoparticle uptake into the cells, culture plates were fixed for 30 min
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4).
After washing, the cells were post-fixed in 2% O04 for 1 h and stained
en bloc with 2% uranyl acetate in distilled water overnight. They were
then dehydrated with a series of ethanol (50%, 60%, 70%, 80%, 90%,
95%, and 100%) for 20 min each and embedded in Spurr’s resin [85].
After the resin hardened, the Celldesk was removed from the block.
Ultra-thin sections were cut parallel to the bottom of the Celldesk at a
nominal thicknesses of 60 nm with an ultramicrotome (MTX-L, RMC)
stained with 2% uranyl-acetate in 50% methanol followed by lead cit-
rate, and observed by a Tecnai 12 transmission electron microscope
operated at 120 kV (FEI, The Netherlands). For quantitative analyses,
the images were aligned by manual montage. The endocytosis-related
vesicle area and the number of nanoparticles were determined accord-
ingly. At least five cell profiles were taken from each sample.

Elemental analysis of silicon contents

HeLa cells were treated with nanoparticles (100 pg/mL) and
different concentrations of ascorbic acid for a desired time as indicated
(Fig. S13). After treatment, cell were harvested, washed, and digested to
release silicon ions while non-degraded nanoparticles were separated by
centrifugation. Elemental silicon concentrations were measured using
inductive coupled plasma optical emission spectroscopy (ICP-OES) and
relative amount of silicon ions were determined by comparing the sili-
con contents found in the cells which was only treated with nano-
particles but ascorbic acid as a standard. The results report the effect of
ascorbic acid on the degradation of silica shell.
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