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ABSTRACT: The assemblies of anisotropic nanomaterials have
attracted considerable interest in advanced tumor therapeutics
because of the extended surfaces for loading of active molecules
and the extraordinary responses to external stimuli for
combinatorial therapies. These nanomaterials were usually
constructed through templated or seed-mediated hydrothermal
reactions, but the lack of uniformity in size and morphology, as
well as the process complexities from multiple separation and
purification steps, impede their practical use in cancer
nanotherapy. Gas-phase epitaxy, also called aerotaxy (AT),
has been introduced as an innovative method for the continuous assembly of anisotropic nanomaterials with a uniform
distribution. This process does not require expensive crystal substrates and high vacuum conditions. Nevertheless, AT has
been used limitedly to build high-aspect-ratio semiconductor nanomaterials. With these considerations, a modified AT was
designed for the continuous in-flight assembly of the cell-penetrating Fenton nanoagents (Mn−Fe CaCO3 (AT) and Mn−Fe
SiO2 (AT)) in a single-pass gas flow because cellular internalization activity is essential for cancer nanotherapeutics. The
modified AT of Mn−Fe CaCO3 and Mn−Fe SiO2 to generate surface nanoroughness significantly enhanced the cellular
internalization capability because of the preferential contact mode with the cancer cell membrane for Fenton reaction-induced
apoptosis. In addition, it was even workable for doxorubicin (DOX)-resistant cancer cells after DOX loading on the
nanoagents. After combining with immune-checkpoint blockers (antiprogrammed death-ligand 1 antibodies), the antitumor
effect was improved further with no systemic toxicity as chemo-immuno-chemodynamic combination therapeutics despite the
absence of targeting ligands and external stimuli.
KEYWORDS: anisotropic nanomaterials, modified aerotaxy, Fenton nanoagents, cellular internalization,
chemo-immuno-chemodynamic combination therapeutics

Developing a modular, convenient, robust, and low-cost
assembly system to build biofunctional nanomaterials
is a significant challenge in cancer therapy. Such a

nanomaterial must ensure improved tumor suppression, blood
circulation, targetability, bioavailability, and stimulus-response
behavior, including reduced systemic toxicity.1−3 Recently,
anisotropic (nonspherical) nanomaterials have attracted
considerable attention for cancer therapy because modulating
the material geometry is crucial in cellular internalization and
interactions with cell membranes and biodistribution and
cytotoxicity.4−8 In particular, the characteristic curvatures of
the anisotropy generate preferential contact with the cell
membranes that can enhance internalization9−11 and offer

prolonged in vivo circulation owing to the characteristic
oscillation and lateral drift.12,13 On the other hand, complex
and harsh assembly procedures with low yield and productivity
on the nanoscale impede the clinical translation of anisotropic
nanomaterials.14−17 Hence, digitizable continuous flow ap-
proaches operating under a steady state are highly recom-
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mended to provide reproducible and controllable assemblies
on a large scale in connection with the computed platforms
(e.g., artificial intelligence, neural networks, and machine
learning) for anticancer nanomedicines.18−20

The NanoLund group introduced gas-phase epitaxy, also
called aerotaxy (AT), as an approach to continuously produce
anisotropic nanomaterials with high growth rates in a
controllable manner without the need for expensive single-
crystal substrates and high vacuum conditions.21−23 The
formation and manipulation of anisotropic nanomaterials
were achieved in a continuous stream of gas with
evaporation−condensation (seed particle formation) and
gaseous inorganic precursor injection into a high-temperature
flow reactor (epitaxial growth on the seed particle). This
method has been used mainly to manufacture anisotropic
semiconductor nanomaterials, and the utilization of the
manufactured material has been limited to optoelectronic
devices despite its broad-spectrum potential.24,25

Motivated by the above discussions, this study designed and
constructed a modified AT system through a serial connection
of electrically operable aerosol dispensers and a heated flow
reactor to manufacture Mn−Fe spike decorated amorphous
CaCO3 (denoted as Mn−Fe CaCO3 (AT)) and SiO2 (denoted

as Mn−Fe CaCO3 (AT)) nanoagents for chemodynamic
cancer therapies in a single-pass, continuous configuration,
unlike multistep wet chemical processes (Table S1). The
modified AT used a spark plasma to ablate the transition
metals (Mn and Fe) and a mechanical spray to supply
amorphous biocompatible CaCO3

26 and SiO2
27 nanobeads as

a digital manufacture platform28−30 to generate Mn−Fe
CaCO3 and Mn−Fe SiO2 composite precursors for the in-
flight epitaxial growth of anisotropic Mn−Fe oxides
(MnFe2O4) on nanobeads. The resulting Mn−Fe CaCO3
(AT) and Mn−Fe SiO2 (AT) were assessed as biofunctional
nanoagents for Fenton reaction-induced cancer treatment (i.e.,
chemodynamic therapy from hydroxyl radicals that lead to high
oxidative stress in tumor cells). This is because the therapy is a
practical approach to ensure high therapeutic specificity, tumor
selectivity, and low invasiveness to mitigate systemic side
effects without external stimulation.31−34 Integrating Mn and
Fe metals was selected for the AT because both Mn and Fe
ions are effective in producing hydroxyl radicals in the presence
of hydrogen peroxide in the tumor microenvironment through
the Fenton reactions (Mn2+ + H2O2 → Mn3+ + •OH + OH−

and Fe2+ + H2O2 → Fe3+ + •OH + OH−)35−38 while benefiting
in the physicochemical property associated with each

Figure 1. Illustration of the modified AT for the plug-in assembly of the anisotropic Fenton nanoagents. Coinjection of the Mn−Fe
agglomerates from a spark plasma and amorphous CaCO3 or SiO2 nanobeads from a mechanical spray into an orifice was carried out in a
nitrogen gas flow to prepare the composite precursors (Mn−Fe CaCO3 and Mn−Fe SiO2). The precursors were then passed through a
heated tube reactor to achieve the AT of Mn−Fe on the nanobeads in the presence of sheath air flow to form MnFe2O4 nanospikes as the
anisotropic Fenton nanoagents. The resulting nanoagents were combined with DOX and aPL to reinforce the chemodynamic therapy
without external stimuli and targeting ligands.
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component from the bimetallic configuration.39 In previous
reports, CaCO3 and SiO2 nanoparticles were used as the base
materials for Fenton reaction-based cancer treatments to boost
the therapeutic efficacy with no adverse effects,40,41 leading this
study to utilize Mn−Fe CaCO3 and Mn−Fe SiO2 as precursors
for AT.

In modified AT (Figure 1), spark plasma produced the Mn−
Fe agglomerates. The mechanical spray generated CaCO3 or
SiO2 nanobeads were passed through an orifice to construct
Mn−Fe CaCO3 or Mn−Fe SiO2 composite precursors in the
aerosol state. The precursor particles were then passed through
a heated tube reactor for the epitaxial growth of anisotropic
MnFe2O4 on nanobeads in the presence of sheath air under
single-pass flow. The resulting particles (Mn−Fe CaCO3 (AT)
and Mn−Fe SiO2 (AT) nanoagents), including the composite
precursors (Mn−Fe CaCO3 and Mn−Fe SiO2 before AT) for
comparison, were collected on hydrophobic substrates and
their physicochemical properties were characterized. The
particles were dispersed in buffered saline to assess the
internalization, reactive oxygen species (ROS) production,
apoptosis, and cytotoxic activity to EMT6 (a murine mammary
carcinoma) cells under a range of conditions (normoxic and
hypoxic). Doxorubicin (DOX) and antiprogrammed death-
ligand 1 antibody (aPL; immune-checkpoint blocker (ICB))
were loaded for combinatorial chemodynamic therapy with
biodistribution and biosafety assays based on DOX resistance
(EMT6R) (Figures 1 and S1). Targeting ligands and external
stimuli were not used to demonstrate a convenient and
straightforward strategy for reinforcing chemodynamic cancer
therapy using only clinically approved DOX (increasing
hydrogen peroxide concentration in tumor cells)42 and aPL
(blocking immunosuppressive pathways)43 with nanoagents
from modified AT.

RESULTS AND DISCUSSION
The optimal AT conditions for biosafety were determined by
first measuring the hemolytic activity of the nanoagent and
composite precursor particles as the degree of red blood cell
destruction (percentage hemolysis) after incubation with the
particles. Hemolysis was obtained after exposure to the
particles at a high concentration (500 μg/mL) in phosphate-
buffered saline (PBS). Figure S2 presents the results under the
AT conditions (3 kV, 1 kHz for spark plasma; 0.3 MPa, 2 l/
min for mechanical spray, 1050 °C, 1 l/min sheath air for in-
flight epitaxy). No significant hemolytic effects (<4%) were
observed, but there were slight differences between the particle
samples, representing neglectable increases in hemotoxicity for
the applications of AT. The limited levels of hemolysis of the
resulting particles indicated the hemocompatibility for
systemic circulation, warranting further investigation for in
vitro and in vivo anticancer tests, including the physicochemical
characterization of the particles.

The changes in the in-flight size distribution between the
nanoagents (after AT; Mn−Fe CaCO3 (AT) and Mn−Fe SiO2
(AT)) and composite precursors (before AT; Mn−Fe CaCO3
and Mn−Fe SiO2) were identified using a scanning mobility
particle sizer (SMPS) by directly sampling the particle-laden
gas flow. The average geometric mean diameter (GMD) of the
two precursors were 93.8 and 92.1 nm, respectively, which
were increased by 108.6 and 108.9 nm after AT (Figure S3A)
despite no additional peaks in the size distribution. The
geometric standard deviations (GSD) of the two nanoagents
also showed higher values than those of the precursors,
suggesting that the sizes of the individual precursor particles
were enlarged without structural cleavage after AT. This may
be due to the restructuring of Mn−Fe particles on CaCO3 or
SiO2 nanobeads caused by epitaxial growth in the heated tube

Figure 2. Morphological analyses of the nanoagents (after AT), including the composite precursors (before AT) for comparison. Low- and
high-magnification TEM images of the nanoagents with Mn−Fe and epitaxially grown MnFe2O4 on the nanobeads are displayed in different
columns. The lattice spacings at the outer region of the composite precursors matched the individual Mn and Fe crystals, while MnFe2O4
protruded at the region after passing through the heated tube reactor. Changing the core nanobeads from CaCO3 to SiO2 induced a
difference in the shape of the MnFe2O4 protrusions.
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reactor, increasing the GMD and GSD. This phenomenon was
supported by the similarity between the nanoagents and
precursors in the total number concentration (TNC). As
shown in Figure S3B, the increase in size after AT was also
observed by dynamic light scattering (DLS) after dispersing
the nanoagent and precursor particles in PBS (pH 7.4). The
particle sizes imperfectly matched the sizes from the SMPS
measurements because of their different measurement
principles and dispersion media.44 The polydispersity indices
from the DLS measurements were lower than 0.3, indicating
acceptable values for a homogeneous population of nano-
carriers.45,46 The zeta potentials of the resulting particles were
also obtained using DLS, in which the particles exhibited
negative surface charges at the physiological pH, and there
were no significant differences between the nanoagents (−37
mV) and precursors (−36 mV). This suggests that the AT in
the gas flow did not alter the electrostatic surface polarity of
the resulting particles because there were no positrons in the
experimental gas and air environment.47

The morphological differences between the nanoagent and
composite precursor particles were observed by transmission
electron microscopy (TEM) of particles collected on carbon-
coated copper grids (Figure 2). The left panel showed low- and
high-magnification images of the precursor particles, where fine
dark dots were densely distributed on the spherical domains
(i.e., CaCO3 and SiO2 nanobeads). High-magnification images

of the outermost aggregated dots of the particles exhibited the
characteristic lattice spacings of individual Mn (dMn, 220 = 0.31
nm) and Fe (dFe, 110 = 0.20 nm).48,49 No alloyed Mn−Fe was
detected. This may be due to the rapid quenching of the two
metal vapors from the spark plasma in the presence of room
temperature nitrogen gas flow to form aggregates consisting of
individual Mn and Fe particles (Figure S4) and to the
significant difference in the lattice spacings of Mn and Fe. This
shows that the cocurrent flow of monometallic Mn and Fe
particles and CaCO3 (or SiO2) nanobeads for passing through
an orifice in the mechanical spray in the serial connection
enabled the in-flight incorporation of the particles and
nanobeads before entering the heated tube reactor for the
AT. The right panel showed spiky surfaces on the nanobeads,
and the lattice spacing matched the characteristic micro-
structure of MnFe2O4 (dMnFe2O4, 311 = 0.25 nm).50,51 The
compositional change may be due to the oxidation of Mn−Fe
aggregates in the presence of sheath air, while the surface
anisotropy is related to the transformation strain (ε = (−ΔS/
Vm)(dσ0/dT)−1, where ΔS, Vm, and dσ0/dT are the entropy
change from the parent phase, molar volume, and critical stress
temperature dependence, respectively)52 depending on the
crystallographic orientation during AT that enables the
anisotropic epitaxial growth of Mn−Fe with the inclusion of
oxygen to form MnFe2O4 nanospikes. The differences in spike
shape between Mn−Fe CaCO3 (AT) and Mn−Fe SiO2 (AT)

Figure 3. Internalization and cytotoxic activity of the nanoagents (Mn−Fe CaCO3 (AT) and Mn−Fe SiO2 (AT)) and composite precursors
(Mn−Fe CaCO3 and Mn−Fe SiO2) for EMT6 cells under normoxic and hypoxic conditions. (A, B) FACS profiles and their quantified plots
(MFI) representing the internalization of coumarin-6 loaded (1 μg/mL) nanoagents into EMT6 cells after 1 h incubation. (C) Viability
profiles of EMT6 cells treated with the nanoagents (AT (+)) and composite precursors (AT (−)) for 24 h under normoxic and hypoxic
conditions. *p < 0.05, **p < 0.01, ***p < 0.001.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c09136
ACS Nano 2022, 16, 19423−19438

19426

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09136/suppl_file/nn2c09136_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c09136/suppl_file/nn2c09136_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c09136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


may be due to the textural properties (Figure S5) of the
amorphous CaCO3 and SiO2 nanobeads (Figure S4).53,54 The
differences in the resulting contrast of the nanobeads
representing a microstructural difference were examined by
TEM, which were attributed to differences in specific surface
area, average pore diameter, and adsorption−desorption
isotherm, resulting in the formation of different surface
textures to generate different orientations of Mn−Fe
aggregates during AT.55 These textural-induced differences in
the pattern of epitaxial growth were attributed to the different
capillarity (Ecap = −2rl cos θE, where Ecap, r, l, and θE are the
energy gain for the capillary filling of a bead, radius of the inner
cavity, length of the cavity, and equilibrium contact angle,
respectively)56 inside the cavities of nanobeads affecting the

anisotropic growth of MnFe2O4 during AT. This suggests that
the modified AT is a workable process for ensuring
reconfigurable surface anisotropy on the nanobeads in a
single-pass configuration without using expensive crystal
substrates and high vacuum conditions. X-ray diffraction
(XRD) showed the coexistence of the characteristic bands
for MnFe2O4

57,58 and amorphous CaCO3 (or SiO2) (Figure
S6A),59,60 presenting the growth of MnFe2O4 on the
nanobeads during AT. The oxidized surface states of Mn
(2p) and Fe (2p) compared to those of the zerovalent
counterparts for Mn−Fe SiO2 (AT) with O (1s) spectrum in
the core level X-ray photoelectron spectra (XPS) further
supported the growth of MnFe2O4 (Figure S6B−D).61,62 The
oxidized states (also represented as positive charge current

Figure 4. ROS generation and apoptotic activity of the nanoagents and composite precursors for EMT6 cells under normoxic (white boxes)
and hypoxic (gray boxes) conditions. (A, B) FACS profiles and their quantified fluorescent plots to examine the cellular ROS generation. (C)
Apoptosis in the cells incubated with the nanoagents and composite precursors for 24 h. *p < 0.05, **p < 0.01, ***p < 0.001.
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values of the nanoagents in the aerosol state, as shown in
Figure S3B) may adsorb the negative charges in PBS, which
was also relevant to the negative polarities of the nanoagents in
the zeta potential measurements. In addition, susceptibility to
surface modification was primarily tested by incorporating
polyethylenimine (PEI) transfection agent on the resulting
nanoagents. Plasmid DNA (pDNA) was loaded on the
nanoagents in the absence and presence of PEI to form
nanoagent-gene complexes for exposure to EMT6 cells. As
shown in Figure S6E, the PEI incorporation with nanoagents
significantly enhanced the transfection efficiency probably due
to positively charged surface groups of the PEI (exhibiting
positive zeta potential) on the nanoagents, which was even
higher than that of lipofectamine-gene complexes as a
comparative case, suggesting surface modifiable property of
the nanoagents with targeting moieties.

Based on the rougher surfaces after AT, internalizing
nanoagent and composite precursor particles were examined
and compared using normoxic and hypoxic EMT6 cells
because hypoxia usually deteriorates the therapeutic efficacy
of the Fenton reaction-inducing nanoparticles.63 The compar-
ison in internalization behavior between the nanoagent and
composite precursor particles was first conducted through
fluorescence-activated cell sorting (FACS) after a coumarin-6
loading because the cellular uptake of nanoparticles is essential
for enhancing the therapeutic efficacy. Higher internalization
rates were observed for the nanoagents (after the AT) than
those of the composite precursors (before the AT) both under
normoxic and hypoxic conditions (Figure 3A,B). From image
processing of the TEM images, the nanoagents exhibited a
greater average value (1.83) of the aspect ratio (relationship
between the width and height of a spike) than that of
composite precursors (1.12), which facilitates the higher
internalization rates. Under hypoxic conditions, the rates
deteriorated simultaneously compared to normoxia regardless
of AT. Hence, the internalization is accredited to the energy
dependence64 rather than the anisotropy of the nanoagents.
Nevertheless, the nanoagents (Mn−Fe CaCO3 (AT) and Mn−
Fe SiO2 (AT)) were highly internalized into the cells
compared to the composite precursors, suggesting that spiky
exteriors secured by the AT are more effective for internal-
ization because of the better contact.65,66 The differences
between the Mn−Fe CaCO3 (AT) and Mn−Fe SiO2 (AT)
nanoagents may be due to the different degrees of anisotropic
stiffness that derive the different contacts for internalization. A
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to determine the cytotoxic effects of
the nanoagent (denoted as AT (+)) and composite precursor
(denoted as AT (−)) particles on EMT6 cells at different
concentrations (0.1−100.0 μg/mL). As shown in Figure 3C,
the cytotoxicity was positively correlated with the internal-
ization rates in normoxia and was even retained under hypoxic
conditions. The similar cytotoxic profiles in hypoxia were
attributed to the slower growth of hypoxic cells than that of
normoxic cells that induce equal or superior killing rates to
proliferation.67,68 This suggests that additional surface treat-
ments or external stimuli may be effective in modulating the
cytotoxic profiles, even in hypoxia. The cytotoxic profiles for
the CD8+ cocultured cells treated with the nanoagent and
composite precursor particles were similar to those of the
treated normoxic and hypoxic cells, suggesting that CD8+ cells
are not significantly impaired by exposure to the particles
(Figure S7). ROS production and apoptosis representing the

oxidative damage to the cellular molecules were then
determined to elucidate the mechanism of the cytotoxic
activity of the nanoagent and composite precursor particles.
2′,7′-Dichlorodihydrofluorescein diacetate (DCFDA) was used
to examine the oxidative damage to normoxic and hypoxic
cells, as shown in Figure 4A (FACS profiles) and B
(fluorescent ROS levels). The highest ROS production was
observed in the cells treated with the Mn−Fe SiO2 (AT)
nanoagents, which were retained for the hypoxic cells. This
may be due to the strongest physical engagement between the
spike (from epitaxial growth of MnFe2O4 on a SiO2 nanobead)
and the cell membrane, which provides channels for the largest
transport of Mn and Fe ions to the cancer cell membrane and
the intracellular region for ROS generation by the Fenton-
mediated (catalyzed by Fe ions) and Fenton-like (catalyzed by
Mn ions) reactions induced the chemodynamic anticancer
activity. Atomic absorption spectroscopy detected greater
amounts of Mn and Fe ions for the Mn−Fe CaCO3 (AT;
approximately 1.9 times) and Mn−Fe SiO2 (AT; approx-
imately 3.3 times) compared to Mn−Fe CaCO3 and Mn−Fe
SiO2 after their dispersion in buffered saline (pH 6.5 at 37 °C)
for 48 h. In addition, the different release kinetics of the metal
ions from the −Ca/Si−O−Mn/Fe− hybrid frameworks might
also affect the difference in ROS production between the Mn−
Fe CaCO3 (AT) and Mn−Fe SiO2 (AT) nanoagents.69 Similar
to the internalization and cytotoxicity, ROS generation was
reduced under hypoxic conditions because of the relatively
lower uptake (led to lower cytotoxicity), showing that the
cytotoxicity is related to ROS production. This trend was also
retained in the apoptosis of both normoxic and hypoxic cells,
as shown in Figure 4C. All particles resulted in early apoptosis
of the cells with a minor percentage of late apoptotic cells
despite decreases in early apoptosis in the hypoxic cells,
strengthening the correlations among the internalization,
cytotoxicity, ROS production, and apoptosis.

Considering the enhanced internalization from the AT, the
delivery of DOX to EMT6 and EMT6R (DOX-resistant
EMT6) cells was attempted and compared after loading the
nanoagent and composite precursor particles. EMT6R cells
were developed from the consistent incubation of EMT6 cells
with DOX in several passages for withstanding the DOX. The
half-maximal inhibitory concentration (IC50) for EMT6 and
EMT6R cells was estimated using the cytotoxicity assay, and
the specific values were 1.52 and 48.41 μg/mL (a more than
30-fold increase in DOX resistance), respectively (Figure S8A).
As the major parameters for the DOX efflux, the expression of
the P-glycoprotein (P-gp; representing P-gp mediated drug
efflux,70 as depicted in Figure S8B) and P53 proteins in EMT6
cells (denoted as I) and EMT6R cells (denoted as II) was
recorded (Figure S8C) because they are expressed strongly
and weakly in the resistant variants, respectively.71,72 A
substantial upsurge in the expression of P-gp was observed in
EMT6R cells compared to EMT6 cells and a prominent
decrease in the expression of P53 in EMT6R cells relative to
EMT6 cells (Figure S8C), proving DOX resistance. The
loading capacity (LC) and entrapment efficiency (EE) of DOX
in the nanoagent and composite precursor particles were
approximately 9% and 96%, respectively (Figure S9A). No
significant differences between the particles were observed,
suggesting that AT did not alter these properties despite the
morphological changes. Moreover, capillary suction from the
porosity range of the core nanobeads (Figure S5) did not show
significant differences in the LC and EE of DOX molecules
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(1.19−1.53 nm in size).73 In this connection, the nanoagent
and composite precursor particles exhibited similar time- and
pH-dependent (∼69% at pH 7.4 and ∼77% at pH 6.5) DOX
release profiles for 48 h monitoring (Figure S9B). Regarding
the electrostatic interactions between the particles and DOX
molecules, the negative surface potential of the particles
dispersed in the DOX solution may confer a binding function
to the positively charged moieties of DOX to transform into
the DOX loaded nanoagent (DOX@Mn−Fe CaCO3 (AT)
and DOX@Mn−Fe SiO2 (AT)) and composite precursor
(DOX@Mn−Fe CaCO3 and DOX@Mn−Fe SiO2) particles.
In a mildly acidic microenvironment, partial dissociation of the

hydrogen bonding interaction may have occurred due to the
protonation of − NH2 groups of DOX73 that increase the
hydrophilicity and release rate. The internalization activity of
the DOX-loaded particles into the EMT6R cells was examined
and compared with free DOX (Figure 5A). Free DOX was
rarely internalized into the resistant cells because of the efflux,
while the DOX-loaded Mn−Fe CaCO3 and Mn−Fe SiO2
particles exhibited slightly higher internalization. The activity
was enhanced significantly for the DOX-loaded nanoagents,
suggesting that the surface nanospikes can overcome the efflux.
The higher internalization produced similarly higher levels of
ROS production as an effective chemo−chemodynamic

Figure 5. Internalization, ROS generation, and cytotoxic and apoptotic activity of the DOX-loaded nanoagents (DOX@Mn−Fe CaCO3 (AT)
and DOX@Mn−Fe SiO2 (AT)) and composite precursors (DOX@Mn−Fe CaCO3 and DOX@Mn−Fe SiO2) for EMT6R cells (denoted as
yellow boxes). (A, B) FACS profiles and their quantified plots (MFI) to examine cellular internalization and ROS generation. (C) Viability
profiles of EMT6 (white) and EMT6R (yellow) cells treated with the DOX-loaded (0.01−10.00 μg/mL) nanoagents (AT (+)) and composite
precursors (AT (−)) for 24 h. (D) Apoptosis in the EMT6 (white) and EMT6R (yellow) cells treated with DOX loaded nanoagents and
composite precursors, including DOX alone for comparison. *p < 0.05, **p < 0.01, ***p < 0.001.
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therapeutics than the other configurations (Figure 5B). Owing
to this combined activity, the cytotoxic effects of the DOX-
loaded particles on EMT6R cells were comparable to those of
EMT6 (normal) cells (Figure 5C), even though the differences
between AT (+) and AT (−) were not significant compared to
the internalization and ROS production profiles due likely to
the coexistence of DOX and AT (−) particles (Mn−Fe CaCO3
and Mn−Fe SiO2). This might be related to the absence of a
targeting ligand on the particle surface that may provide room
for improvement in the cytotoxic effect. Nevertheless, greater
effects were still observed for AT (+) configurations in

apoptosis assay with a higher early apoptosis in the EMT6R
cells in the order of free DOX < DOX@Mn−Fe CaCO3 <
DOX@Mn−Fe SiO2 < DOX@Mn−Fe CaCO3 (AT) <
DOX@Mn−Fe SiO2 (AT) (Figure 5D).

The internalization was examined by determining the
endocytosis mechanism (Mn−Fe SiO2 (AT) nanoagent) by
applying three chemical inhibitors, cytochalasin D (phagocytic
and macropinocytosis inhibitor; inhibitor 1), methyl-β-cyclo-
dextrin (caveolin-mediated endocytosis inhibitor; inhibitor 2),
and chlorpromazine hydrochloride (clathrin-mediated endo-
cytosis inhibitor; inhibitor 3). Compared to inhibitor non-

Figure 6. Endocytosis, cell-penetration, and in vivo biodistribution characteristics of the nanoagents and composite precursors. (A) FACS
profiles and their quantified plots (MFI) to examine the internalization of Mn−Fe SiO2 (AT) nanoagent into EMT6R cells pretreated with
the different inhibitors (1−3), including low-temperature and no inhibitor conditions. (B) Cell-penetrating activity of the coumarin-6 loaded
nanoagents and composite precursors into EMT6R spheroids. (C) Fluorescent contours from the in vivo biodistribution assay for EMT6R
tumor xenografted BALB/C mice after the intravenous administration of the Cy5.5-loaded nanoagents and composite precursors. The
fluorescent images were acquired from subcutaneous tumor-bearing BALB/c mice after an intravenous injection of the Cy5.5-loaded (1 μg/
mL) nanoagents and composite precursors. (D) Ex vivo fluorescent contours and their quantified plots from excised vital organs and tumors
of the tumor-bearing mice sacrificed at 24 h after the intravenous administration. *p < 0.05, **p < 0.01.
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treated hypoxic and resistant cells (no inhibitor), inhibitors 2
and 3 exhibited relatively small changes in internalization
(Figure 6A). Inhibitor 1 showed the largest reduction in the
internalization which was comparable to low-temperature-
based uptake (denoted as low tem). These findings suggest
that the nanoagent was internalized into the cells through
micropinocytosis, phagocytosis, and caveolae-mediated endo-
cytosis, owing to its surface spikes (Figure S10A,B). The issues
at low pH and lysosomal degradation associated with the
clathrin-mediated endocytosis might be evaded by the
nanoagent following other pathways. On the other hand, this
might make the interaction of macrophages with nanoparticles
challenging and provide long-term systemic circulation.74

Therefore, with the higher degree of internalization through
multiple endocytic pathways and the higher rate of invasion
with spiky exteriors, an in vitro spheroid penetration assay was
conducted to confirm the penetration. Similar to the
internalization, higher penetration activities were observed in
the nanoagents (Figure 6B). Mn−Fe SiO2 (AT) showed the

highest activity because of its more distinct spiky exteriors,
making it the best candidate for in vivo models with deep
tumor anticancer studies. The in vivo biodistribution assay was
executed after developing a subcutaneous xenograft EMT6R
tumor model with the systemic administration of cyanine 5.5
(Cy5.5; as a fluorescent probe) laden nanoagent and
composite precursor particles. The acquisition of in vivo
distribution images of Cy5.5 laden particles was performed for
24 h, and ex vivo imaging of excised tumors and vital organs
(heart, lung, liver, kidney, spleen, and tumor) was conducted
after 24 h of systemic administration. The resulting contours
showed that the Cy.5.5 laden nanoagents were retained in the
encircled tumor region even after 12 h of the administration,
whereas no significant fluorescence was observed after
administrating the Cy5.5 laden composite precursors (Figure
6C). In particular, Cy.5.5@Mn−Fe SiO2 (AT) exhibited
intense fluorescence in the tumor region 24 h postinjection,
which matched the ex vivo imaging results and quantified plots
(Figure 6D). These findings might be due to the higher

Figure 7. In vivo antitumor and biosafety study. The treatment groups are (1) control, (2) Mn−Fe SiO2 (AT), (3) DOX, (4) DOX@Mn−Fe
SiO2 (AT), (5) aPL, and (6) DOX@Mn−Fe SiO2 (AT) + aPL. (A, B) Tumor volume and body weight growth profiles from 21 days of
monitoring. (C) HE staining images of tumors and vital organs (heart, liver, spleen, lung, and kidney) excised from the treatment groups
(scale bars, 120 μm). (D−I) Immunohistochemical examination with HE staining of TCV, cleaved-caspase-3, cleaved-PARP, Ki-67, and
CD31 in tumor masses isolated after the treatments (scale bars, 120 μm). **p < 0.01.
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internalization and subsequent deep tumor penetration. The
deposition in the heart, lung, and liver was the lowest after the
Cy5.5@Mn−Fe SiO2 (AT) treatment, whereas high accumu-
lation levels were observed in the kidney and spleen compared
to other configurations. This suggests that surface modification
with targeting moieties might be necessary, even for spiky
nanoagents to maximize the treatment efficacy with minimal
off-target effects in normal tissues.

The increases in tumor volume and body weight of the
treated mice were monitored to assess the in vivo biosafety.
Immunogenic cell death (ICD) is also a combinable effect in
conjunction with DOX to reinforce chemodynamic therapy.
Thus, aPL was added to build DOX@Mn−Fe SiO2 (AT) +
aPL for chemo-immuno-chemodynamic anticancer therapeu-
tics. EMT6R tumor-bearing mice were administered Mn−Fe
SiO2 (AT), free DOX, DOX@Mn−Fe SiO2 (AT), aPL, and
DOX@Mn−Fe SiO2 (AT) + aPL. The Mn−Fe SiO2 (AT)
nanoagent was selected for the in vivo antitumor study because
of the superior in vitro anticancer efficacy and the highest in
vivo tumor accumulation. The suppression of tumor growth

was lowest for free DOX treatment (group 3) because of DOX
resistance (Figure 7A). On the other hand, no significant
fluctuations in body weight growth were observed (represent-
ing the compatibility of the dose and constituents selected for
the study) in the treated mice (1−6) throughout the study
period (Figure 7B). Mn−Fe SiO2 (AT) nanoagent (group 2)
treated mice showed better antitumor efficacy than that of free
DOX due likely to the chemodynamic effect with enhanced
internalization, which was further improved (comparable to
aPL (group 5)) after DOX incorporation with Mn−Fe SiO2
(AT) and DOX@Mn−Fe SiO2 (AT) (group 4), because of the
chemo (elevating the intracellular hydrogen peroxide
level)75,76 -chemodynamic combination effect (transforming
the elevated hydrogen peroxide to hydroxyl radicals).77 After
adding aPL to DOX@Mn−Fe SiO2 (AT), DOX@Mn−Fe
SiO2 (AT) + aPL (group 6), no noticeable tumor growth
(highest antitumor efficacy) was observed throughout the
study period, which may be due to the chemo-immuno-
chemodynamic combined effect. The biocompatibility was also
assessed through histopathological image analysis. Similarly, no

Figure 8. Immune cell examination and illustration of the plausible mechanistic model. The treatment groups are (1) control, (2) Mn−Fe
SiO2 (AT), (3) DOX, (4) DOX@Mn−Fe SiO2 (AT), (5) aPL, and (6) DOX@Mn−Fe SiO2 (AT) + aPL. (A−E) Immunohistochemical
images and quantified plots for CD4, CD8, HMGB1, and CRT in the tumor masses harvested after the treatments (scale bars, 120 μm). **p
< 0.01. (F) A plausible mechanistic model for the reinforced chemodynamic cancer therapy from DOX@Mn−Fe SiO2 (AT) that induced
chemodynamic therapy with ICD. DOX@Mn−Fe SiO2 (AT) may be internalized into the tumor cells through phagocytosis,
micropinocytosis, and caveolin-mediated endocytosis to release DOX for a chemo−chemodynamic effect with ICD. The apoptotic tumor
cells may release HMGB1 and CRT that drive dendritic cell (DC) maturation and CD8+ T cell activation. Adding ICB aPL (i.e., DOX@Mn−
Fe SiO2 (AT) + aPL) may enhance the therapeutic efficacy from further reinforcement as chemo-immuno-chemodynamic therapy.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c09136
ACS Nano 2022, 16, 19423−19438

19432

https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c09136?fig=fig8&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c09136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significant damage was observed in histopathological observa-
tions of the major organs (heart, liver, spleen, lung, and
kidney), proving that the nanoagent and analogs have no fatal
toxicity in the in vivo model (Figure 7C). The cleaved caspase-
3 and polyadenosine diphosphate-ribose polymerase (PARP)
(apoptotic markers) and Ki-67 and CD31 (proliferation and
angiogenesis markers) were examined from the treated tumor
sections after the study (Figure 7D) with an estimation of the
tumor cell volumes of the treated groups (Figure 7E). The
expression levels of cleaved caspase-3 (Figure 7F) and PARP
(Figure 7G) were the highest for the DOX@Mn−Fe SiO2
(AT) + aPL treated groups (6). Correspondingly, those of Ki-
67 (Figure 7H) and CD31 (Figure 7I) were the lowest for
group 6, matching the order of tumor growth inhibition.

Immunomodulation was assessed by estimating the ex-
pression levels of the effector T cells (CD4+ and CD8+) and
hallmarks of ICD (high mobility group box 1 (HMGB1+) and
calreticulin (CRT+)) (Figure 8A). The combined configu-
rations, DOX@Mn−Fe SiO2 (AT) and DOX@Mn−Fe SiO2
(AT) + aPL, exhibited comparable and superior levels (while
significantly higher than the free DOX and Mn−Fe SiO2 (AT)
nanoagent alone) of intratumor CD4 (Figure 8B) and CD8
(Figure 8C) as well as higher levels of HMGB1 (Figure 8D; as
activation of innate immunity) and CRT (Figure 8E; as a pro-
phagocytic marker in tumor mass) immunoreactive cells to
aPL alone, respectively. These findings suggest that HMGB1
modulation and CRT upregulation can mediate the increased
intratumor innate immunities and phagocytosis against tumor
cells, respectively. The higher levels of Mn−Fe SiO2 (AT)
nanoagent than free DOX show that the nanoagent can
generate an immune response for immunomodulation through
ICD. DOX-loaded Mn−Fe SiO2 (AT) evaded the drug
resistance and potentiated the immune effects through the
enhanced ICD via chemodynamic therapy with ROS-induced
apoptosis (Figure 8F). The chemo-immuno-chemodynamic
effect from the further addition of aPL to DOX@Mn−Fe SiO2
(AT) acted against the immunosuppressive environment
potentiating ICD by infiltrating cytotoxic T cells. The
significant enhancement compared to aPL alone and DOX@
Mn−Fe SiO2 (AT) might be due to the spiky surface because
the antibody specificity and avidity to tumor cells can be
enhanced by loading the surface of anisotropic particles.78

According to these outcomes, the incorporation of modified
AT-manufactured Mn−Fe SiO2 (AT) with DOX and aPL may
be a promising and convenient treatment for resistant and solid
(nonpenetrative, deep-seated) tumors only through the
codelivery of chemotherapeutic agents and ICBs, even in the
absence of targeting ligands and external stimuli.

The production costs were determined and compared by
considering the necessary expenses (chemicals, feedstock,
electricity, equipment, and others to manufacture 1 kg of
product)79 between the modified aerotaxy and conventional
hydrothermal processes. The total costs for composite
precursor particles and aerotaxied nanoagents were 682 and
954 USD, respectively. The cost increase was generated from
additional electricity and aerotaxy equipment to produce Mn−
Fe CaCO3 (AT) and Mn−Fe SiO2 (AT). On the other hand,
the costs to produce analogous Mn−Fe CaCO3 and Mn−Fe
SiO2 nanostructures using hydrothermal processes with
separations and purifications80 reached 1563 and 1548 USD,
respectively. Unlike conventional hydrothermal reactions
(Table S1), additional processes and pre/posttreatments
were not required to replace the core nanobeads to proceed

with the different aerotaxies. Changing the line of suspension
feedstock for the nanobeads was required to form different
Mn−Fe nanoagents. This suggests that the modified aerotaxy
proposed in this study could have actual competitive advantage
in practical implementations despite the requirement for scale-
up testing and surface modification of the nanoagents for
optimal use in anticancer therapy.

CONCLUSIONS
A modified AT for the continuous plug-in assembly of the cell-
penetrating Fenton nanoagents was used to reinforce chemo-
dynamic cancer therapy. The in-flight epitaxial growth of Mn−
Fe agglomerates (spark plasma between Mn and Fe rods) on
amorphous CaCO3 or SiO2 nanobeads (mechanical spray of
the nanobead suspension) at a high temperature (heated tube
reactor) in the presence of sheath air flow allowed the
convenience of the MnFe2O4 formation with a roughened
(spiky) surface in a single-pass, waste-free configuration, which
was unlike that observed conventional templated- or seed-
mediated hydrothermal reactions to build anisotropic nano-
materials. The internalization and ROS generation activities of
the resulting nanoagents were examined and compared with
the composite precursors (Mn−Fe CaCO3 or SiO2 before AT)
both under normoxic and hypoxic conditions to determine the
effectiveness of AT in the cellular uptake and Fenton reaction-
induced cancer cell apoptosis initiated by the preferential
contact mode between the spiky surface and cell membrane.
DOX was loaded on the AT assembled nanoagents and
composite precursors and incubated with EMT6 and EMT6R
(DOX-resistant) cells to identify and compare the overcoming
levels of DOX resistance. The enhanced internalization activity
of the nanoagents enabled combination (chemo−chemo-
dynamic) anticancer effects, even for EMT6R cells, suggesting
the versatility of the nanoagents that can be applied to a variety
of microenvironments for combination chemodynamic cancer
therapies. The loading of ICB aPL on DOX@Mn−Fe SiO2
(AT) further enhanced the antitumor effect in an in vivo model
despite the absence of targeting ligands and external stimuli.
The modified AT introduced in this study provides another
potential application of AT from the waste-free continuous
manufacture of the Fenton-type nanoroughness on a nanobead
for reinforcing chemodynamic cancer therapy while retaining
biosafety. In addition, it can act as a plug-in dispenser capable
of modularity and digitalization to be connected with artificial
intelligence and machine learning platforms for smart nano-
therapeutics.

METHODS
Fenton Nanoagent Manufacture and Characterization.

Mn−Fe agglomerates from a spark plasma (3 kV, 1 kHz) and
amorphous CaCO3 (or SiO2) nanobeads from a mechanical spray
(0.3 MPa) were combined serially at an orifice (0.5 mm, hole
diameter) under nitrogen gas flow (2 l/min) and injected into a
heated tube reactor (wall temperature of 1050 °C) with sheath air
flow (1 l/min). In the tube reactor, epitaxial growth with oxidation of
the Mn−Fe on the nanobeads enabled the formation of spiky
MnFe2O4 in a single-pass in-flight configuration. The part of the
resulting particle-laden flow was sampled directly to obtain the aerosol
size distribution, and the data were acquired using an SMPS (3936,
TSI, USA). The resulting particles collected on a polytetrafluoro-
ethylene membrane filter were dispersed in PBS under bath
sonication to measure the DLS size distribution and zeta potential
using a Nano-S90 ZetaSizer (Malvern Instruments, UK). Aerosol
charge current levels were obtained using an aerosol electrometer
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(Charme, Palas, Germany) to examine electrostatic states of the
resulting particle surface. The shape and microstructure of the
resulting particles were observed by TEM (Tecnai G2 F20 S-TWIN,
FEI, USA) after placing the resulting particles on carbon-coated
copper grids (Ted Pella, Inc., USA) using a mini-particle sampler
(Ecomesure, France). The crystallinity and surface state were
analyzed by XRD (X’Pert3MRD, Panalytical, UK) and XPS (K-
Alpha, Thermo Scientific, USA), respectively. The textural properties
of the amorphous nanobeads as supporting particles were obtained
using a porosimeter (ASAP 2010, Micromeritics, USA) to identify the
adsorption−desorption isotherms in relation to specific surface areas
and average pore diameters.

Transfection Ability. EMT6 cells were exposed to pDNA-loaded
nanoagents (nanoagent to pDNA, 10:1; w/w) in the absence and
presence of PEI (prepared by immersion of 25 μg of nanoagent in 1
mL of PEI solution (PEI Prime, Serochem, USA)) for 4 h at 37 °C.
Transfection efficiency (expressed as relative luminescence unit
(RLU)/mg of protein) was obtained using a luminometer (TD-20/
20, Promega, USA).

Hemolysis. The hemotoxicity of the resulting particles from the
individual plug-in operations was examined as a prescreening process
to optimize the AT conditions. The whole blood was withdrawn from
BALB/c mice and centrifuged (500 × g, 10 min) for plasma removal
before conducting a hemolysis assay with erythrocyte suspension. The
erythrocytes suspension (1 mL) was mixed with 8 mL of normal
saline and 1 mL of the resulting particles (500 μg/mL) before and
after AT. The erythrocytes dispersed with deionized water and PBS
were used as a positive and negative control, respectively. After
shaking incubation (100 rpm, 37 °C) for 8 h, the erythrocytes were
centrifuged. The hemolytic percentage of the particles was estimated
by UV−Vis spectrophotometry (U-2800, PerkinElmer, USA) at 540
nm by calculating the hemoglobin content in the supernatant of the
suspension.

LC, EE, and In Vitro DOX Release. The DOX loaded in the
resulting nanoagents (Mn−Fe CaCO3 (AT) and Mn−Fe SiO2 (AT)),
and composite precursors (Mn−Fe CaCO3 and Mn−Fe SiO2) was
elucidated by separating DOX from the DOX loaded formulations
using a centrifugal ultrafiltration device (Amicon, MWCO 10000 Da,
Millipore, USA) at 5000 rpm for 10 min. The concentration of DOX
was determined using a UV−vis spectrophotometer at 485 nm. The
LC and EE were estimated using the following formula:

= ×

= ×

EE W W

LC W W W

(%) / 100

(%) / 100

EDOX TDOX

TDOX UDOX TF

where WEDOX, WTDOX, WUDOX, and WTF are the weights of the
entrapped DOX in the formulations, total DOX, unbound DOX, and
total formulations, respectively. The in vitro release profiles of DOX
from DOX-loaded nanoagents and composite precursors at pH 6.5
and 7.4 were acquired in a shaking incubator (100 rpm, 37 °C) after
dispersal in PBS. One milliliter of each suspension was enclosed in a
dialysis bag (MWCO = 3500 Da) and immersed in 25 mL of PBS
(pH 6.5 and 7.4). The DOX released in the medium was measured at
predetermined times using a UV−vis spectrophotometer at 485 nm.

Cells. A murine mammary carcinoma cell line (EMT6) was
cultured in Dulbecco’s high-glucose modified Eagle’s medium
(DMEM; GE Healthcare Life Sciences, USA) accompanied by fetal
bovine serum (FBS, 10%), penicillin G sodium (100 U/mL), and
streptomycin sulfate (100 μg/mL) in an incubator (37 °C, 5% CO2).
EMT6R cells were developed according to previous reports.81,82 For
the development of hypoxic EMT6 cells, the cells were placed in an
anaerobic hypoxic chamber with 94% N2, 5% CO2, and 1% O2.

83,84

CD8+ T cells were isolated from the spleen of the BALB/c mouse
from EasySepTM Mouse Naiv̈e CD8+ T cell Isolation Kit, as reported
in a previous study.82

Cellular Uptake. Twenty-four hours before treatment, EMT6
cells (2 × 105 cells/well) were cultured on 12-well plates for adhesion.
The cells were treated with coumarin-6 (1 μg/mL)-loaded nano-
agents and composite precursors (25 μg/mL) for 2 h at 37 °C. The
cells were harvested after 2 h, washed twice with PBS, and examined

by flow cytometry. The cellular uptake mechanism was analyzed by
culturing EMT6 cells (2 × 105 cells/well) on 12-well plates for 24 h
for adhesion. Before treatment with the nanoagents and composite
precursors (25 μg/mL), the EMT6 cells were pretreated with
cytochalasin D (4 μM, phagocytosis and macro-pinocytosis inhibitor;
PHZ1063, Invitrogen, USA), chlorpromazine hydrochloride (100
μM, clathrin-mediated endocytosis inhibitor; C8138, Sigma-Aldrich,
USA), or methyl-β-cyclodextrin (10 mM, caveolin-mediated endocy-
tosis inhibitor; C4555, Sigma-Aldrich, USA) for 1 h at 4 °C. After 2 h
of treatment, the cells were harvested, washed with PBS, and analyzed
by flow cytometry.

In Vitro Cytotoxicity. Each well of a 96-well plate was seeded
with 5 × 103 EMT6 cells, incubated for 24 h, and treated with the
nanoagents and composite precursors for 24 h. The treated cells were
then washed with PBS and incubated for 6 h with 50 μL (2.5 mg/mL)
of an MTT solution (Sigma-Aldrich, USA). The formazan crystals
were dissolved in 100 μL dimethyl sulfoxide, and the absorbance was
measured using a microplate reader (Thermo Scientific, USA) at 570
nm.

In Vitro ROS Generation. EMT6 cells (2 × 105 cells/well) were
cultured on a 12-well plate, incubated for 24 h, and treated with the
nanoagents and composite precursors for 24 h. The cells were
incubated with DCFDA (green fluorescence) for 1 h, washed with
PBS, and trypsinized, harvested, and resuspended for flow cytometry.
The levels of ROS in the treated cells were determined by measuring
the green fluorescence.

Atomic Absorption Spectroscopy. The release of Mn (279.5
nm in wavelength) and Fe (248.3 nm) ions at pH 6.5 was detected.
The resulting nanoagents (1 mg) were dispersed in 1 mL of buffered
saline (pH 6.5, 37 °C) for 48 h. The dispersion was centrifuged,
filtered, diluted with deionized water, and transferred for spectroscopy
(iCE 3300, Thermo Scientific, USA).

Apoptosis. EMT6 cells (2 × 105 cells/well) were cultured on a
12-well plate, incubated for 16 h, and treated with the nanoagents and
composite precursors for 48 h. The cells were washed three times with
PBS, trypsinized, resuspended in binding buffer containing Annexin
V-FITC and PI, incubated for 15 min in the dark, and resuspended in
PBS for flow cytometry.

In Vitro Tumor Spheroid Penetration. For the development of
the solid EMT6 spheroid model, EMT6 cells (1 × 103 cells/well)
were seeded in 96-well plates (precoated with low-melting-temper-
ature agarose (2%)) and cultured for 15 days (media was refreshed
every 2 days). The spheroids were seeded onto 12-well plates and
exposed to coumarin-6 (1 μg/mL)-loaded nanoagents and composite
precursors for 12 h. The spheroids were washed three times with PBS,
placed on fresh media, and imaged by fluorescence microscopy
(Eclipse Ti, Nikon Instruments, Japan).

Biodistribution. The nanoagents and composite precursors were
injected intravenously into EMT6R xenograft-bearing BALB/c mice
after tagging Cy5.5 (1 μg/mL) for fluorescence-based in vivo and ex
vivo imaging. The fluorescence-labeled organism bioimaging (FOBI,
Neoscience, Korea) system was used to image the treated mice and
extracted organs. At predetermined time points for 24 h, the treated
mice were imaged, and the Cy5.5 distributions were recorded. Ex vivo
imaging was conducted after the mice were sacrificed by CO2
asphyxiation, and the tumors and principal organs were isolated.
The organs and tumors were positioned in the imaging system, and
the fluorescence intensities were calculated using NEO imaging
software.

Histopathology. The principal organs (heart, lung, liver, kidney,
and spleen) and tumors from the treatments with free DOX, Mn−Fe
SiO2 (AT), DOX@Mn−Fe SiO2 (AT), free aPL, and DOX@Mn−Fe
SiO2 (AT) + aPL were harvested from the sacrificed mice, sliced (3−4
μm), embedded in paraffin, and stained with HE for analysis using an
optical microscope (Eclipse 80i, Nikon, Japan).

In Vivo Antitumor Study. After a subcutaneous injection of
EMT6R cells (1 × 106), EMT6R xenograft tumors were established in
five-week-old female BALB/c nude mice. The mice were distributed
into six groups (six mice per group) after the tumor volume reached
∼100 mm3 and treated with free DOX, Mn−Fe SiO2 (AT), DOX@
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Mn−Fe SiO2 (AT), free aPL, and DOX@Mn−Fe SiO2 (AT) + aPL.
Free DOX was injected for comparison at an equivalent dose (0.5
mg/kg). The tumor volumes were assessed using the formula (1/2 ×
longest dimension × shortest dimension2). A set of Vernier calipers
was used to measure the dimensions.

Immunohistochemistry. The tumors from the treated mice were
excised and sliced to assess the expression of the tumor cell
proliferation marker (Ki-67), angiogenesis marker (CD31), and
apoptotic markers (cleaved caspase-3 and cleaved PARP). The
immunoreactivity fluctuations in the tumor masses were examined
using purified primary antibodies against HMGB1, CRT, CD4, and
CD8 with a peroxidase substrate kit (Vector Laboratories,
Burlingame, USA) and avidin−biotin−peroxidase complex. To be
identified as positive, there should be more than 20% occupation of
the tissues from the immunoreactivities of each marker. The coverage
of HMGB1- and CRT-positive cells on the tumor regions (%/mm2 of
the tumor mass) and the mean number of CD4 and CD8
immunolabeled cells infiltrated into the tumor masses (cells/mm2

of tumor mass) were evaluated using automated image analysis, as
described elsewhere.85,86

All mice experiments were approved and followed the instructions
and guidelines of the Institutional Animal Ethics Committee,
Yeungnam University, Republic of Korea. The measurements were
performed with the mean ± SD. The statistical significance between
the groups was evaluated using a Student’s t-test and one-way analysis
of variance; p values < 0.05 were considered significant.
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