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Background: Manganese Ferrite Nanoparticles (Mn-IONPs) are widely used in biomedical
field and their cytotoxicity has been initially explored, but the mechanism remains obscure.
The nano-bio interactions are believed to be crucial for cytotoxicity mechanism, while little
data have been acquired.

Methods: Mn-IONPs were synthesized by thermal decomposition of acetylacetonate precursor.
After physicochemical characterization, we analyzed the metabolic conversion and removal of
Mn-IONPs in RAW264.7 cells by Prussian blue staining, TEM, HRTEM and elemental quanti-
tative analysis, followed by gene expression evaluation using quantitative RT-PCR.

Results: Mn-IONPs were successfully synthesized. Both the uptake and cytotoxicity of Mn-
IONPs on RAW264.7 cells were time- and dose-dependent. After internalized, Mn-IONPs were
passed to daughter cells with passages on. Meanwhile, Mn-IONPs were exocytosed and digested
to metal ions and further excreted out, resulted in the labeling rate and ions contents decreased
gradually. As ion influx related genes, the expressions of ZIP14, IRP2, FtH and DMT1 were
suppressed within 24 hours but overexpressed to a plateau at the 48th hour in a dose-dependent
manner. At the 72nd hour, ZIP14 and DMT1 mRNA levels decreased toward normal, while IRP2
and FtH kept up-regulated. As efflux related genes, FPN, SLC30A10 and Hamp2 genes were up-
regulated within 2472 hours; SPCA1 was suppressed at the 24th and 72nd hour, while over-
expressed at the 48th hour. All the efflux related genes” mRNA had a dose-dependent increasing
manner at the corresponding time points.

Conclusion: Mn-IONPs showed time- and dose-dependent cytotoxicity and cell labeling
rate in RAW264.7 cells. Accompanying with the intracellular catabolic breakdown and
exocytosis of Mn-IONPs, RAW264.7 cells also secreted and re-uptook manganese and iron
ions to maintain intracellular homeostasis in the succeeding passages. And the metabolic
conversion of Mn-IONPs in RAW264.7 cells can affect the expression of ZIP14, DMT]I,
FPN, SLC30A10, IRP2, FtH, Hamp2 and SPCA1 genes.

Keywords: manganese ferrite nanoparticles, cytotoxicity, metabolism, metal transporter
genes, RAW264.7 macrophage cells

Introduction

Benefiting from exceptionally good biocompatibility, and conferring effective spin
relaxivity to protons undergoing nuclear spin transitions, superparamagnetic iron
oxide (SPIO) nanoparticles (NPs) have aroused much attention and been studied
intensively in magnetic resonance imaging (MRI), magnetic particle imaging
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(MPI), magneto-motive ultrasound imaging (MMUS),
magneto-photoacoustic imaging (MPA) and magnetic
fluid hyperthermia (MFH) community.'® In furtherance
of these prospective objectives, some SPIO NPs based T,
(CAs) (eg,
Combidex) have been approved for clinical MRL’ In gen-

contrast agents Feridex, Resovist, and
eral, the performance of magnetic NPs in such biomedical
application is closely relative with their magnetic proper-
ties. In the nuclear magnetic resonance-based application,
the most important magnetic property is the relaxivity.
Magnetic NPs with higher relaxivity are desirable to
show better sensitivity. However, the relaxivity of SPIO
has been demonstrated to be not good enough for the
optimal performance for disease diagnosis and therapy.'®
Especially in magnetic resonance molecular imaging
(MRMI), SPIO is far from cell migration tracking and
imaging because of their modest relaxivity.'""'* By doping
manganese cation (Mn?") in SPIO, their relaxivity can be
improved.'* The doped Mn?" is known to occupy both
tetrahedral and octahedral holes of the oxygen-packed,
face-centered cubic lattices, giving manganese ferrite
nanoparticles (Mn-IONPs) a mixed spinel structure.
Other metal-doped SPIO NPs, on the other hand, are
often of inverse spinel structure."* Coupling with the
higher magnetic moment of Mn®" (ug=5.92) and the
synergetic enhancement between Mn”* doped and SPIO
NPs based on the embedding rationale, the Mn-IONPs are
reasonably found to exhibit higher saturation magnetiza-
tion (Ms) and greater longitudinal relaxivity () and trans-
verse relaxivity (r,) among the metal-doped SPIOs,
making them more desirable candidates for MRMI.'>'®
Good biocompatibility is one of the most important

requirements of inorganic NPs for in vivo
applications.'®?® SPIOs have been widely examined
21-23

for toxicological effects both in vitro and in vivo.
Mn-IONPs may exhibit totally different cytotoxicity,
however, because Mn”"-doping changes the crystal
structure and increases the number of structural defects
that disrupt the well structured electronic configuration
of SPIO NPs.'® Conceptually, the latent potential of
Mn?" release allows the possibility of metal ion inter-
action with the intracellular components, which may
result in the adverse effects on cell survival.”*?’
Thus, the biological effects of Mn-IONPs need to be
specifically investigated. Until recently, researchers
have examined the biocompatibility of Mn-IONPs and
consistently found that they show a dose- and time-
dependent cytotoxicity.'® However, further study of the

cytotoxic mechanisms revealed different results, and
most researchers believe that the cytotoxicity is mainly
due to the reactive oxygen species (ROS) induced by
the inorganic NPs, while others indicate ROS have
little effect on toxic effect.*>° The inconsistent con-
clusions are due to a poor understanding of the
mechanisms of IONPs acting at the cellular level.*”
NPs engulfed or the ions released from these NPs
have the potential to bind to biological macromolecules
or cellular organelles, and directly block or promote
cellular activities.”> Concomitantly, the NPs or ions can
induce secondary effector molecules that generate
indirect harmful or protective effects.’’ Therefore,
exploring the metabolic fate of the intracellular Mn-
IONPs and the changes they initiate in affected pro-
teins may provide some new evidence that determines
or supplements ideas about the cytotoxic mechanism.
Most inorganic NPs are introduced in vivo by
intravenous injection (iv). As foreign bodies, NPs
such as

interact with various biomacromolecules

blood plasma proteins and immediately become
attached to primary proteins (eg, opsonin) on the NPs
surface forming a protein corona.’*** Mediated by the
opsonization, which is the major host immune and
inflammatory response against foreign objects, they
attract innate immune cells. Most NPs are recognized
and ingested by macrophages (Kupffer or reticular
macrophages) and then become eliminated from the
circulation.”® Therefore, unraveling the metabolic fate
of Mn-IONPs in macrophages which interact with
almost all the NPs intravenously injected is now
recognized as critically necessary and appropriately
representative to determine the cytotoxic mechanism
of Mn-IONPs.**

Hence, in the present study, we firstly synthesized Mn-
IONPs by thermal decomposition of iron acetylacetonate and
manganese acetylacetonate. After characterization of the
obtained Mn-IONPs by transmission electron microscopy
(TEM), High-Resolution Transmission Electron
Microscopy (HRTEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), inductively coupled
plasma-optical emission spectrometry (ICP-OES) and
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS),
we evaluated their cytotoxic effect, uptake, and metabolism
with the mouse monocyte-macrophage line RAW264.7 cells
in vitro. Besides, we analyzed the mRNA expression of three
types of metal-homeostasis-related proteins of the labeled
cells using qRT-PCR to explore the molecular mechanisms
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of Mn-IONPs metabolism in macrophages at the gene level.
These proteins are: the solute carrier family 39 member 14
(SLC39A14; Alias: ZRT/IRT-like Protein 14, ZIP14), the
solute carrier family 11 member 2 (SLC11A2; Alias: divalent
metal transporter 1, DMT1), ferroportin (FPN), the solute
carrier family 30 member 10 (SLC30A10), iron regulatory
protein 2 (IRP2), hepcidin (Hamp?2), ferritin H chain (FtH),
and the secretory pathway Ca®’-ATPase 1 (SPCA1). Our
results revealed that both the uptake and cytotoxicity of Mn-
IONPs on RAW264.7 cells were time- and dose-dependent.
Accompanying with the intracellular catabolic breakdown
and exocytosis of Mn-IONPs, RAW264.7 cells also secreted
and re-uptook manganese and iron ions to maintain intracel-
lular homeostasis in the succeeding generations. The inter-
nalized Mn-IONPs within cells can affect the expression of
some genes, including ZIP14, DMTI1, FPN, SLC30A10,
IRP2, FtH, Hamp2 and SPCAI1 genes. The findings of this
study may contribute to the further understanding of the NPs’
kinetics and mechanism within cells and its influence on the

metal transporter gene expression.

Materials and Methods

Materials

RAW264.7 cells were purchased from Procell Life Science
& Technology Co., Ltd (Wuhan, China). Iron acetylaceto-
nate, manganese acetylacetonate, 1.2-hexadecanediol, oleic
hydride,
Tetramethylammonium Hydroxide (TMAH) were purchased
from Sigma-Aldrich (St Louis, MO, USA). Absolute ethyl
and hydrochloric acid were obtained from

acid, oleylamine, benzyl ether, hexyl and

alcohol
Chongqing Chuandong Chemical Co., Ltd. (Chongging,
China). Phosphate-buffered saline (PBS), 4% paraformalde-
hyde, and Cell Counting Kit-8 (CCK-8) were purchased from
Boster (Wuhan, China). Penicillin, streptomycin, and
L-glutamine were purchased from Beyotime (Shanghai,
China). RNAsimple Total RNA kit was obtained from
Tiangen (Beijing, China). PrimeScript™ 1st Strand cDNA
synthesis kit, and TB Green™ Premix DimerEraser™ kit
purchased from TAKARA (Dalian, China).
Dulbecco’s modified eagle medium high-glucose (DMEM-

WweEre

H) and fetal bovine serum (FBS) were purchased from
Hyclone (South Logan, UT, USA). Potassium ferrocyanide
and eosin solution were obtained from Solarbio (Beijing,
China). Trypsin-EDTA (0.25%) was obtained from Gibco
(Gaithersburg, MD, USA). All the reagents were used as
received without further treatment.

Preparation and Characterization of
Mn-IONPs

The Mn-IONPs were prepared according to a reported
method with some modification.>* Briefly, 2 mmol iron acet-
ylacetonate, 1 mmol manganese acetylacetonate, 5 mmol
1.2-hexadecanediol, 6 mmol oleic acid and 6 mmol oleyla-
mine were mixed in 10 mL benzyl ether and deoxidized
under argon atmosphere for 30 minutes (mins). The mixture
was then successively heated to 110°C for 30 mins, 200°C
for 2 hours, and refluxed for 1 hour. After cooling to room
temperature, the mixture was washed with 20 mL ethanol
twice and finally redispersed in 10 mL hexyl hydride for
storage. To convert the hydrophobic surface of the Mn-
IONPs to a hydrophilic surface, the NPs were treated with
TMAH following a previously reported procedure.>® TEM
(Hitachi HT-7700, Hitachi, Tokyo, Japan) was used to deter-
mine the morphology and size distribution of the prepared
NPs. XRD (PANalytical X’Pert Powder,
Netherlands) was used to confirm the crystal structure, XPS
(ESCALAB 250Xi, Waltham, MA, USA) and ICP-OES
(iCAP 6300 Duo, Waltham, MA, USA) were used to detect
the elemental composition of the Mn-IONPs and the concen-

Almelo,

trations of Fe and Mn in the NPs suspensions, respectively.
To determine the colloidal stability, the zeta potential and
hydrodynamic size distribution of Mn-IONPs suspended in
milli-Q water and complete DMEM-H medium (C-DMEM-
H) which consisted of 90% DMEM-H, 100 U/mL penicillin,
100 pg/mL streptomycin, 2 mM L-glutamine, and 10% FBS
were measured by Nicomp ZLS Z3000 (PSS, Port Richey,
FL, USA) at different time (12 hours, 24 hours, 48 hours and
72 hours). After kept at 37°C in a CO, incubator (Thermo,
Waltham, MA, USA) for different periods (1 day, 2 days, 3
days and 7 days), 5 mL suspensions were collected from the
C-DMEM-H containing Mn-IONPs (Fe concentration was
900 uM). Following the centrifugation at 5000 rpm for 40
mins in the 1 kDa Millipore ultrafiltration centrifuge tubes
(Millipore, Bedford, MA, USA), the collected filtered solu-
tions were analyzed using ICP-MS (Thermo Electron Corp.,
Waltham, MA, USA) to evaluate the chemical stability of
Mn-IONPs in cell media. The zeta potential of C-DMEM-H
without Mn-IONPs was also determined and used as
a reference group in this section.

Cell Viability Assay

RAW264.7 cells were routinely cultured in C-DMEM-H at
37°C in a CO, incubator (Thermo, Waltham, MA, USA).
The cytotoxic effect of Mn-IONPs on RAW?264.7 cells was
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evaluated using CCK-8. Briefly, approximately 5 x 10° cells
per well were seeded in 96-well plates and incubated over-
night. The cells were then incubated with 100 pL fresh
medium containing Mn-IONPs of different Fe concentra-
tions (0, 22.5, 45, 90, 180, 360, 900 and 1800 uM) for 12, 24
and 48 hours, respectively. After pre-established time inter-
vals, the cells were washed with PBS three times, and
further cultured with a mixed medium containing 10%
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-
ulfophenyl)-2H-tetrazolium (WST-8) solution. After 1.5
hours of co-incubation, the optical density (OD) value was
measured at 450 nm using a varioskan flash microplate
spectrophotometer (Thermo, Waltham, MA, USA). The
relative cell viability was acquired by calculating the per-
centage of viable cells in total cells. Cell proliferation of
RAW264.7 cells exposed to different concentrations of Mn-
IONPs (0, 22.2, 45, 90, 180, 360, 900 and 1800 uM) were
evaluated using the linear regression: plots of Log,(OD) vs
time (hours), and the cell doubling time was acquired by
calculating the value of 1/linear regression coefficient.>’

Cell Labeling and Prussian Blue Staining

Prussian blue staining assay was used to determine the
location of Mn-IONPs within cells and the rate of
uptake. Approximately 1x10% cells per well were
seeded overnight on tissue-culture treated glass cover-
slips (Solarbio, Beijing, China) in 24-well plates. Cells
were then challenged with Mn-IONPs suspensions (Fe
concentrations of 45, 90, 180 and 360 pM) for 24
hours. To ensure the accuracy of the labeling rate, the
treated cells were washed three times with PBS to
remove the free Mn-IONPs and the weakly attached
NPs on the cytomembranes. The labeled cells were
then fixed with 4% paraformaldehyde for 15 mins,
incubated with Prussian blue staining solution (contain-
ing equal volumes of 2% hydrochloric acid and 2%

- Wash out NPs
. -

potassium ferrocyanide) for 30 mins, and subsequently
in 1% eosin solution for 15 mins in sequence. The
labeling rate was acquired by calculating the percen-
tage of prussian blue stained cells in total cells. The
images were obtained using an inverted fluorescence
microscope (Leica Microsystems, Wetzlar, Germany).

Monitoring Iron and Manganese in
Passaging Cells

To monitor the intracellular metabolism of Mn-IONPs,
the RAW264.7 cells were cultured in 25 cm? flasks with
a density of 4x10* cells/cm® and incubated with 360 uM
Mn-IONPs suspensions for 24 hours. After removing
cell medium and washed three times with PBS, the
cells were collected (tagged as P1) and resuspended in
1 mL fresh culture medium for further use. A quarter of
the P1 cells were sub-cultured for 48 hours and then
collected (tagged as P2). Half of P1 cells were counted,
centrifuged, and further digested with 0.5 mL chloroa-
acid  (37% 65%
acid = 3:1 v/v). This protocol was used to measure
intracellular Mn and Fe contents by ICP-OES. The
remaining quarter of P1 cells were seeded on glass

zotic hydrochloric acid: nitric

coverslips for Prussian blue staining. The P2 cells
were continuously passaged to the seventh passage
(P7) and were treated similarly to P1 (Figure 1).
Meanwhile, the removed cell medium of P1 cells was
centrifuged, and the obtained precipitates were re-
dispersed in milli-Q water and then observed by TEM.
Some additional P1 and P2 cells were centrifuged, fixed,
sliced, and then photographed with TEM and HRTEM
to evaluate the size and morphology change of Mn-
IONPs within cells. The corresponding size distribution
of Mn-IONPs was measured using Imagel] software
(National Institutes of Health, Bethesda,
Maryland, USA).

1/2 cells ICP-OES

Co-incubation 24 hours

Cells seeding

Figure | Cartoon of the protocol in this section.

Collect cells

Resuspended
> —_—>» < 1/4 cells ) »
Prussian blue staining
P1 cells A 114 cells @
P2 cells | 0
P3 cells
L A8hous |
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RNA Isolation, cDNA Synthesis, and

Quantitative RT-PCR

For the mRNA expression evaluation of ZIP14, DMT]I,
FPN, SLC30A10, IRP2, Hamp2, FtH, and SPCAI,
RAW264.7 cells were first seeded in 6-well plates at
a density of approximately 1x10° cells per well and co-
incubated with Mn-IONPs suspensions with the series of
Fe concentrations (0, 45, 90, 180, 360, 900 and 1800 pM)
for 24 hours (group 1). Two more groups of cells were
further cultured with fresh medium for another 24 hours
(group 2, total 48 hours), or 48 hours (group 3, total 72
hours) after a 24 hours co-incubation with cell medium
containing Mn-IONPs. All the cells were then collected
and assayed using an RNAsimple Total RNA Kit for the
total RNA extraction, according to the manufacturer’s
protocol. RNAs were reverse-transcribed to the first-
strand ¢cDNA using a PrimeScript™ 1st Strand cDNA
Synthesis Kit. Quantitative RT-PCR (qRT-PCR) was car-
ried out using TB Green™ Premix DimerEraser™ in an
ABI ViiA7 Real-Time PCR system (Applied Biosystems).
Each sample was analyzed in triplicate. The thermocycling
program consisted of holding at 95°C for 40 s, followed by
50 cycles of 8 s at 95°C and 35 s at 58°C. Primer
sequences were designed by Primer Premier 5.0 and listed
in Table S1. All the primers were synthesized by Sangon
Biotech (Shanghai) Co., Ltd (Sangon, Shanghai, China).
Data were normalized to the mRNA levels of the house-
keeping gene f-actin. Relative gene expression data were

analyzed using the 2~ **“* method.

Statistical Analysis

All data were expressed as the mean + SD and analyzed by
GraphPad Prism 6.0 for Windows (GraphPad Software,
San Diego, CA, USA). Statistical comparison of the
means between two groups was performed using one-
way ANOVA followed by Sidak’s post hoc test. The sig-
nificance levels were identified as follows: *p<0.05;
**p <0.01; ns, not significant.

Results

NPs Characterization

The TEM images, as shown in Figure 2A, indicated that
we successfully synthesized the expected NPs and they
were of spheroidal appearance with good mono-dispersity
in size. The average diameter of the synthesized NPs was
ca. 8.6 +1.4 nm and the size distribution was shown in

Figure 2A (inset). The XRD pattern showed that the
characteristic and broad diffraction peaks mainly origi-
nated from MnFe,O; (JCPDS card no. 10-0319)
(Figure 2B). XPS spectra of Fe 2p showed two binding
energy peaks at 711.4 eV and 725.5 eV, which were
ascribed to Fe 2p;» and Fe 2p;, of Fe** (Figure 2C).
For the Mn 2p spectrum (Figure 2D), two strong peaks at
641.5 eV and 653.9 eV were assigned to Mn 2ps3, and
Mn 2p;» of Mn®" in Mn-IONPS. The ICP-OES spectra
further confirmed the presence of both Fe and Mn in the
obtained NPs, and the mass concentrations of Fe and Mn
mass were of 4.237 mg/mL and 1.52 mg/mL, respec-
tively. Thus, the Fe/Mn molar ratio was ca. 2.8:1. All
the results of XRD, XPS, and ICP-OES indicated that the
expected Mn-IONPs were successfully prepared and
could be denoted as Mng 79Fe; 510,.

To evaluate the colloidal stability of Mn-IONPs, we
measured the zeta potential and hydrodynamic size distri-
bution. The Mn-IONPs dispersed in milli-Q water showed
a zeta potential of —53.7+1.9 mV and hydrodynamic size
of 10.3£1.6 nm. When the Mn-IONPs were dispersed in
C-DMEM-H, both the zeta potential and hydrodynamic
size were of great difference. As shown in Figure 3A
and B, the Mn-IONPs showed a hydrodynamic size of
49.6£0.49 nm which was larger than that in milli-Q
water and a zeta potential of —2.59+0.93 mV which was
lower than that in milli-Q water in absolute value when
resuspended in C-DMEM-H. Meanwhile, the C-DMEM-H
without Mn-IONPs showed a zeta potential of —3.09+0.05
mV. With the increasing of suspending period in
C-DMEM-H, the hydrodynamic size of Mn-IONPs
showed slight increase from 49.6+0.49 nm (12 hours) to
54.6+0.33 nm (24 hours), 53.842.15 nm (48 hours) and
61.4+0.46 nm (72 hours), while its zeta potential was of
negligible variation over the 72 hours’ duration. In addi-
tion, we measured the Fe and Mn ions contents of
C-DMEM-H containing Mn-IONPs for different periods
(1 day, 2 days, 3 days and 7 days) to determine their
chemical stability. As shown in Figure S1, all C-DMEM-
H had the similar Fe and Mn ions contents, which were of
no significant difference compared with that of the fresh
C-DMEM-H cell media containing no Mn-IONPs. After
1 day, 2 days, 3 days and 7 days’ suspending, the concen-
trations of Fe ion in C-DMEM-H were 0.99+0.12, 1.02
+0.12, 1.04+0.19 and 1.04+0.18 mg/L. The corresponding
Mn ion concentrations were 5.79+0.19, 5.8+0.36, 5.88
+0.12 and 6.01£0.23 pg/L.
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Figure 2 Characterization of Mn-IONPs. (A) TEM image and size distribution (inset) results and (B) X-ray diffraction patterns of Mn-IONPs. (C-D) High-resolution Fe 2p

and Mn 2p XPS spectrum of Mn-IONPs.

Effect on Cell Proliferation

The cytotoxicity effect of Mn-IONPs on RAW264.7 cells
was determined by the relative cell viability and the dou-
bling time, which was drawn from the growth curves
(Figure S2) generated according to the observed optical
densities and exposure times in this study. After 24 hours’
treatment by Mn-IONPs, the RAW264.7 cells showed
a decreased cell viability with the increased concentrations
(Figure 3C). Although the relative cell viability of cells co-
incubated with Mn-IONPs of 1800 uM was as low as 60%,
the relative cell viability of cells co-incubated with Mn-
IONPs within 360 uM were >80%. The doubling time of
the treated cells indicated a similar cytotoxicity of Mn-
IONPs. As shown in Figure 3D, the doubling time for
treated RAW264.7 cells increased with the increasing of
Mn-IONPs concentration. The doubling time of the

negative control was found to be 15.2 hours. The
RAW264.7 cells treated with low concentrations (Fe con-
centration <180 pM) of Mn-IONPs suspensions showed
a similar doubling time to the negative control (»p>0.05).
However, the doubling time of the cells treated with the
Mn-IONPs at higher concentrations (360 uM, 900 uM and
1800 puM) increased to 26.0 hours (p<0.05), 43.3 hours
(»<0.01), and 51.6 hours (p<0.01), respectively, which
were all significantly higher than control cells.

NPs Metabolism in RAW264.7 Cells

To analyze the metabolism of Mn-IONPs in RAW264.7
cells, we first evaluated the cellular uptake of Mn-IONPs
by Prussian blue staining. The cells incubated with NPs
suspensions of Fe concentrations below 360 uM for 24
hours were of good cell viability (Figure 4), thus they
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Figure 3 The stability and cytotoxic effect analysis of Mn-IONPs. (A) The hydrodynamic size of Mn-IONPs in C-DMEM-H for different periods (12 hours, 24 hours, 48
hours and 72 hours) based on dynamic light scattering. (B) Zeta potentials of Mn-IONPs in C-DMEM-H for different periods (12 hours, 24 hours, 48 hours and 72 hours).
The control group in A and B is Mn-IONPs suspension in milli-Q water. (C) The relative cell viability of RAW?264.7 cells treated with Mn-IONPs for 24 hours. (D) The
doubling time of RAW264.7 cells treated with Mn-IONPs suspensions at selected concentrations. *p < 0.05; **p <0.01.

were used for the following labeling and metabolism
analysis. As shown in Figure 4A—D, blue pigment can be
clearly seen within all different concentrations’ Mn-
IONPs treated cells. With increasing Fe concentrations,
both the number of blue-stained cells and the intensity of
100%
RAW264.7 cells were color tagged when incubated with
360 uM Mn-IONPs. To further explore the cellular meta-
bolism of Mn-IONPs, we stained all the P1-P7 RAW264.7
cells with Prussian blue solution and recorded their iron

pigment within the cells increased. Almost

and manganese contents using ICP-OES measurements.
As the passages continued, fewer blue granules appeared
within the cells. All the P1 cells exhibited Prussian blue
stained and the intensity of pigment within the cells was

relatively high. However, few stained cells were visible
for P5, and no blue-stained cells were found for P7
(Figure 4E-H). The latter presented the same cellular
appearance as control cells.

The Fe concentration results from ICP-OES (Figure 4I)
quantitatively confirmed the Prussian blue staining results.
For untreated RAW264.7 cells, the iron and manganese
contents were measured as 0.26 and 0.01 pg/cell, respec-
tively. After 24 hours of co-incubation with 360 uM Mn-
IONPs, the iron contents were 6.485, 0.816, 0.733, 0.376,
0.265, 0.264 and 0.261 pg/cell in P1-P7 cells, respectively.
The corresponding manganese contents were 1.064, 0.072,
0.048, 0.022, 0.013, 0.011 and 0.010 pg/cell, showing
a similar variation trend with intracellular iron contents
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Figure 4 Prussian blue staining and ICP-OES measurement. (A-D) The prussian blue staining of cells incubated with 45, 90, 180 and 360 pM Mn-IONPs for 24 hours (x100).
(E—H) The prussian blue staining of P1, P3, P5 and P7 cells (x100). Inset shows local enlarged image of panel (A-H). (I) Iron and manganese contents in control and P1-P7
cells detected by ICP-OES. (J) The molar ratio of Fe/Mn contents in the PI-P3 cells. *p < 0.05; **p <0.01; ns, not significant.

in cell passage order. This trend also paralleled the results
of Prussian blue staining. Compared with P1, there was
a sudden decrease both in iron and manganese contents in
RAW264.7 cells for P2. Although the cells of P2 and P3
were of comparable iron and manganese contents, they
were both statistically higher than that of Fe and Mn
contents in control cells. From P5 on, the iron and man-
ganese contents within all the sub-generation cells were of
no statistical difference compared with control cells
(Figure 4I). Although both the intracellular Fe and Mn
contents decreased with the passages on, the decrease
rate of Mn is greater than that of Fe. As a result, the
molar ratio of Fe/Mn within cells increased continuously
from P1 to P3 (5.9, 9.0 and 12.4, respectively) (Figure 4J).
For P4 cells, the decline of Fe slowed down due to the
intracellular Fe content was much lower than that of P1.
Moreover, because the similar contents of both the iron

and manganese with control cells, the decrease rate of Mn
was similar to that of Fe from P5 on.

The TEM and HRTEM were also used for exploring the
Mn-IONPs metabolism in RAW264.7 cells and the related
mechanism visually. As shown in Figure S5A, the internalized
NPs in P1 cells were sequestered within some vacuoles which
located in the perinuclear region. After transferred to the
daughter cells, Mn-IONPs still located within the vesicles
surrounding the nucleus (Figure 5B). However, the number
of vacuoles in each cells and NPs in each vacuole for P2 cells
were much lower compared with P1 cells. The size of Mn-
IONPs within P1 and P2 cells were calculated based on the
TEM images. The results showed that the average diameter of
Mn-IONPs decreased from 8.6 nm (original Mn-IONPs) to
7.55 nm (Mn-IONPs in P1 cells) and 6.48 nm (Mn-IONPs in
P2 cells) gradually (Figure 5A, B, F and G), suggesting that
the Mn-IONPs kept being degraded within RAW 264.7 cells.
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Figure 5 (A-B) TEM images of Mn-IONPs in P| and P2 cells. (C-D) HRTEM images of Mn-IONPs in P| and P2 cells. (E) HRTEM images of the pristine Mn-IONPs. (F-G)

Size distribution of Mn-IONPs in Pl and P2 cells.

However, the HRTEM images indicated that Mn-IONPs in P1
and P2 cells had the same lattice fringe pattern (Figure 5C and
D) with pristine Mn-IONPs (Figure 5E), and the measured
interplanar distance of 2.56A was equivalent to the (311)
lattice plane of MnFe,QO,, indicating that the Mn-IONPs
within RAW 264.7 cells can keep the same crystallinity for
a relative long period. At the mean time, we collected the
culture medium which have nourished P1 cells for 48 hours for
further analysis. There a lot of Mn-IONPs were found in the
medium, which indicated that some Mn-IONPS internalized in
cells can be excreted out as intact NPs (Figure S3). Compared
with the original Mn-IONPs, the Mn-IONPs excreted were of
smaller size (ca. 5.18 nm), wider size distribution and more
irregular shape, suggesting the degradation of Mn-IONPs
within RAW 264.7 cells indirectly. The ICP-MS results
showed that the cell medium also contained a lot of Fe and
Mn ions in addition to Mn-IONPs because both the Fe and Mn
ions contents were much higher than that of fresh cell medium,
verifying the excretion of Fe and Mn ions from RAW264.7
cells.

Gene Expression Analysis
After mRNA extraction, the mRNA levels of metal-
homeostasis-related genes in Mn-IONPs treated RAW264.7

cells were quantified by qRT-PCR assay. As shown in
Figure 6A-G, all the metal-homeostasis-related genes’
mRNA expressions were influenced by Mn-IONPs in
a concentration- and time-dependent manner. After treatment
with the Mn-IONPs suspensions with series of concentra-
tions (0, 45, 90, 180, 360, 900 and 1800 uM), the mRNA
levels of ZIP14 and DMTI1, which were reported to be
functionally involved in iron and manganese uptake, were
suppressed within 24 hours in a concentration-dependent
manner. This manifested as a decrease in the expression of
ZIP14 and DMT1 with increasing NPs concentration (Figure
6A and B). Compared with ZIP14, DMT1 expression was
more down-regulated for any given concentration of Mn-
IONPs. After removing the medium containing NPs, both
the mRNA levels of ZIP14 and DMT1 became up-regulated
in a dose-dependent increasing manner at 48 hours. When the
incubation period was extended to 72 hours, the expression
of ZIP14 and DMT1 both showed a reduction in expression
compared with the 48 hours’ levels. All the cells treated with
different concentrations of NPs showed the same ZIP14
mRNA level that was not significantly different from control
cells. However, the DMT1 mRNA expression continued to
be down-regulated in a concentration-dependent manner,
manifesting mRNA levels that dropped gradually with
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Figure 6 Metal-homeostasis-related genes (ZIP14 (A), DMTI (B), FPN (C), SLC30AI0 (D), IRP2 (E), FtH (F), Hamp2 (G), and SPCAI (H)) expression of RAW264.7 cells
challenged with Mn-IONPs with different concentrations (0, 45, 90, 180, 360, 900 and 1800 M) for varied time period (24 hours, 48 hours and 72 hours). The mRNA levels
in the control cells (incubated with 0 uM Mn-IONPs) were indicated with red dotted lines. (I) Heat map shows relative changes in all measured mRNA expression with

respect to that before the Mn-IONPs challenge.

increasing NPs concentrations, and they were all lower than
that of the control group (Figure 6A and B).

FPN and SLC30A10 have been reported as two of the
most important membrane proteins that transport metal
jons out from cytoplasm.?>*® To investigate the meta-
bolic fate of Mn-IONPs in cells further, we analyzed the
mRNA levels of FPN and SLC30A10 in the labeled
cells. Both FPN and SLC30A10 were overexpressed in
the first 24 hours (Figure 6C and D). With increasing
NPs exposure, greater expression of FPN and SLC30A10
mRNA was detected. And SLC30A10 exhibited a higher
expression level than FPN at the same Mn-IONPs expo-
sure. After culture for another 24 hours, the expression
levels of FPN and SLC30A10 split from each other. FPN
continued to be up-regulated and reached a higher level
in a dose-dependent manner. SLC30A10, on the other

hand, returned toward the normal control level, but still
exhibited higher expression than that of control cells.
The opposite variation of mRNA also made the mRNA
of FPN reach a higher level than that of SLC30A10 for
the same exposure to Mn-IONPs (at 48 hours after initial
exposure). After extending the culture another 48 hours
(to 72 hours after the original introduction of Mn-
IONPs), the expression of FPN and SLC30A10 appeared
to asymptotically descend toward normal levels,
although both genes remained greater than their respec-
tive control groups. Compared with SLC30A10, FPN
remained at a relative higher expression level for every
exposure concentration (Figure 6C and D).

The cellular metabolic fate of NPs is also affected by
intracellular physiological activities, such as those regulated

by IRP2, FtH, Hamp2, and SPCAL1. As shown in Figure 6E,
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IRP2, which is a key regulator of vertebrate iron metabolism,
was initially down-regulated by the exposure to Mn-IONPs
to a similar extent in all the treated cells, regardless of the
magnitude of the challenge. However, the expression of IRP2
was stimulated to higher levels after removal of the NPs.
With increasing exposure to Mn-IONPs, greater yields of
IRP2 mRNA were produced. In particular, all the labeled
cells showed a higher level of IRP2 mRNA at 72 hours
compared with 48 hours. Similar to IRP2, the expression of
both FtH and SPCA1 was suppressed within the first 24
hours. However, suppression relaxed and expression
increased in cells that cultured for another 24 hours after
removing the NPs. All cells showed a higher expression of
FtH and SPCA1 than the control groups (Figure 6F and H).
After another 48 hours of incubation after removing the NPs,
both the FtH and SPCA1 became down-regulated. Compared
with the control group, all the treated cells showed higher
mRNA levels of FtH and lower mRNA levels of SPCA1
(Figure 6F and H).

As the master regulator of iron homeostasis, the
mRNA expression level of Hamp2 was elevated at 24
hours when cells were exposed to a high concentration
of NPs (>900 uM). After removing NPs, the Hamp2
expression of every group cells remained up-regulated in
the following 24 hours in a concentration-dependent man-
ner and then returned to more closer to normal levels by
72 hours, although it continued to manifest a slightly
higher expression level than the control cells (Figure 6G).

Figure 61 shows the heat map of all detected mRNA
expression levels in this study. FPN, SLC30A10, and FtH
were greatly influenced by exposure to Mn-IONPs. Most
mRNA expression levels reached their peak value within
48 hours and exhibited a magnitude of expression change
that scaled with the concentration of Mn-IONPs.

Discussion

Because of the impressive T/T, relaxivity, Mn-IONPs
have been widely studied and regarded as potential CAs
to improve the sensitivity and specificity of molecular
MRIL*®**4% In addition, benefiting from the nano scale,
Mn-IONPs can be easily engineered and functionalized,
making them capable and dispersible agents for drug
delivery and hyperthermia therapy.*'** Even though Mn-
IONPs have been studied in biomedicine for several years,
there is a poor understanding of the nano-bio interaction of
Mn-IONPs at the cellular levels. Although Mn-IONPs is
an analogue to SPIO, they may exhibit totally different
cytotoxicity because of the increased number of structural

defects and released Mn*" originating from Mn doping. In
addition, it has been found that the metal oxide nanopar-
ticles induce cytotoxic effects mainly by direct and indir-
ect interactions between cells and the engulfed NPs. ROS
generation and oxidative stress have become the best-
developed paradigm to explain the nanotoxicity.?’*>**
However, studies have recently emerged that found no
statistical difference in the ROS generation between the
control cells and NPs-induced apoptotic cells.*** In addi-
tion, the metal ions released by dissolution from the inor-
ganic NPs can react with organelles to influence enzyme
activities and intracellular equilibria. These may fully or
partially account for the inorganic NPs-related toxicity.*’
Therefore, we evaluated the metabolism and removal of
Mn-IONPs, and further explored the mRNA expression of
related genes in RAW264.7 cells in an attempt to provide
new perspectives for the related cytotoxicity of inor-
ganic NPs.

After synthesis, the obtained NPs were comprehen-
sively characterized and determined to be the expected
composition with a diameter of 8.6 + 1.4 nm and a Fe/
Mn molar ratio of 2.8. As the stability of Mn-IONPs in
simulated conditions was crucial for studying the metabo-
lism, we evaluated the colloidal stability of Mn-IONPs in
C-DEMEM-H by measuring the zeta potential and hydro-
dynamic size. After resuspended in C-DMEM-H for 12
hours, the Mn-IONPs showed a hydrodynamic size of 49.6
nm which was larger than that in milli-Q water.
Meanwhile, the NPs showed a zeta potential of —2.59
mYV, which was lower than that in milli-Q water in absolute
value but close to that of C-DMEM-H, seemingly indicat-
ing a compromised colloidal stability. However, when we
measured the zeta potential and hydrodynamic size within
a relative long time period, an interesting result emerged.
Both the hydrodynamic size and zeta potential of Mn-
IONPs suspended in cell medium for 72 hours showed
negligible variation compared with that at 12 hours, indi-
cating that the NPs were of enough colloidal stability in
cell medium. This phenomenon may result from the for-
mation of a protein corona on the surface of Mn-IONPs. It
is known that most inorganic NPs will interact with blood
plasma proteins and are immediately coated with a protein
corona because of the opsonization.”*~** The attached pro-
tein corona usually results in a larger size. In addition, the
NPs’ zeta potential will be shielded by the protein shell,
making the measured zeta potential originating from the
plasma proteins rather than nanoparticles. The similar zeta
potential of the C-DMEM-H containing NPs and that
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without any NPs confirmed the hypothesis. In addition, the
similar Fe and Mn ions contents of C-DMEM-H contain-
ing Mn-IONPs for different periods (1 day, 2 days, 3 days
and 7 days) revealed that the Mn-IONPs were chemical
stable in cell medium (Figure S1).

Consistent with previous studies, Mn-IONPs showed
a dose- and time-dependent cytotoxicity.'® Although low
dose challenges of Mn-IONPs produced acceptable cyto-
toxicity levels, the viability of treated cells decreased
dramatically after incubation with medium containing
high concentration NPs for extended time periods. The
doubling time of Mn-IONPs treated cells increased sig-
nificantly at concentrations >360 uM, but the number of
living cells increased nevertheless, indicating that the pro-
liferation of Mn-IONPs treated cells were slowed down
rather than blocked.

To further explore the cytotoxicity mechanism, we
analyzed the metabolic breakdown of Mn-IONPs in
RAW264.7 cells. Uptake is the first step of the nano-bio
interaction. Prussian blue staining showed that the inter-
nalization of Mn-IONPs by RAW264.7 cells was depen-
dent on particle concentration. Both the percentage of
NPs-labeled RAW264.7 cells and the NPs uptake by
every cell increased with increasing particle concentration.
When the cells passed their contents to daughter cells, the
labeling rate varied with passage. Compared with P1 cells,
P2 showed a slightly lower labeling rate (86%). For the
succeeding passages, the labeling rates were approxi-
mately 83%, 75% and 60% for P3, P4 and PS5, respec-
tively. These were all less than their parent cells, but
higher than half the value of the parent cells. The results
of ICP-OES confirmed that quantitatively. The Fe contents
of P2, P3, P4, P5, P6 and P7 decreased by 87%, 10%,
49%, 30%, 1% and 1% compared with parent cells,
respectively. Mn contents of P2, P3, P4, P5, P6 and P7
decreased by 93%, 33%, 55%, 39%, 8% and 6%, respec-
tively. Both Fe and Mn decreased sharply for P2, while
relatively gently for P3-P7. Theoretically, the Fe and Mn
contents within cells change depending on the balance of
uptake and excretion. The cellular content increases when
uptake is dominant and decreases when excretion prevails.
The abrupt decrease of Fe and Mn contents in P2 cells
indicates that Fe and Mn excretion dominates in P2 cells.
From P3 cells on, the intracellular Fe and Mn contents
continued to decrease. However, the contents are greater
than half of the parent cells, suggesting that the uptake of

these cells prevails over excretion.

Compared with the parent cells, the decrease rate of Mn
is greater than that of Fe for each generation of daughter
cells. In addition, the molar ratio of Fe/Mn within cells
increases continuously from P1 to P3 (5.9, 9.0 and 12.4,
respectively), which are all greater than that of the original
composition of Mn-IONPs (Fe: Mn = 2.8). Some explana-
tions may rationalize this phenomenon. Upon their engulf-
ment by macrophages, NPs usually experience two different
biological processes. Some NPs are expelled from the cells
by functional NP exocytosis, while others decompose inside
lysosomes and release soluble metal ions that may be
recycled for cellular activities or eliminated through the
ion channels on the cell membrane.”*** If NPs are elimi-
nated as intact particles, the molar ratio of Fe/Mn in cells
should reasonably fall close to 2.8. However, when a large
proportion of NPs decompose within cells and transfer out
through ion channels, the molar ratios may vary. At the early
stage of NPs challenge, many NPs are engulfed by cells
within a short time period and a considerable number are
eliminated as intact NPs, which have been verified by TEM
and HRTEM in the present study (Figure S3). This process
appears to prevent the cell from entering apoptosis. In addi-
tion, the decomposition of NPs within the lysosomes is
a time-consuming procedure (Figure 5), and there are few
metal ions released within the first 24 hours. Therefore, the
intact particle elimination process dominates the activity of
P1 cells and the Fe/Mn molar ratio is slightly greater than
the original ratio (5.9 vs 2.8). From P2 onward, the Fe/Mn
molar ratio within cells increased sharply, which indicated
that the intact NPs excretion diminishes and most of the
engulfed NPs were decomposed. The increased Fe/Mn
molar ratio also revealed that the efflux of Mn ions was
more facile than Fe ions. This is reasonable because the
greater iron mass could be retained for intracellular home-
ostasis and physiological activities. In addition, there is
a special protein for Fe ion storage. Much less ionic Mn is
needed for cell metabolism and no known protein or orga-
nelle exclusively stores Mn ions.

Many proteins have been reported to be involved in
the metabolic conversion and removal of inorganic NPs
(Figure 7).2>** To clarify the role of Mn-IONPs conver-
sion mechanisms, we quantitatively analyzed the gene
expression of the transporters associated with metal
removal by qRT-PCR. As shown in Figure 6, the mRNA
level of associated proteins varied depending on their
particular function. ZIP14 is a complex, broad-scope,
metal-ion transporter that mediates non-transferrin-
bound iron and manganese uptake into cells.***° DMT1
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mediates H'-coupled Fe*" and Mn** transport from the
4951 ppN
SLC30A10 were identified as metal ions secretion pro-

extracellular space to cytoplasm. and
teins because they are known to transport Fe and Mn ions
out of cells to maintain intracellular homeostasis and
detoxification.”>>® IRP2 protein usually binds to the 5'-
end of Iron Response Element (IRE) mRNA to reduce
FPN and FtH translation, or to the 3’-terminus to enhance
DMT]1 translation.>* FtH is a marker of iron storage that
keeps free iron ions balance in the cytoplasm. It can also
mediate the uptake of iron from extracellular sources.*®
Hamp2 binds to FPN and reduces its function to restrain
cellular Fe*" and Mn?" efflux and thus maintains home-
ostasis of the extracellular ionic environment.’> SPCA1 is
a Ca”" dependent-ATPase that pumps cytoplasmic Mn*"
into the Golgi apparatus for secretion.”® Therefore,

ZIP14, DMTI, and IRP2 promote Mn** and Fe*" influx

into cytoplasm, while FPN, SLC30A10 and Hamp2 are
mainly functional in Mn®" and Fe*" efflux. It is known
that SPCAL is specific for manganese transport and FtH is
primarily responsible for iron ion transport, respectively.
Within the first 24 hours after their introduction, many
Mn-IONPs were engulfed by RAW264.7 cells and then
digested to their base metal ions in lysosomes. This
resulted in an intracellular Fe and Mn ion storm. To
maintain intracellular homeostasis and avoid activating
apoptosis pathways, the proteins related to ion influx,
including ZIP14, DMTI1, IRP2 and FtH, were down-
regulated. At the same time, proteins associated with
efflux, such as FPN and SLC30A10, were overexpressed.
At the 48th hours following NPs challenge, the majority
of cells had passed to the 2—3 sub-generation based on the
results of doubling time. Compared with the parent cells,
P2 cells (at 72 hours after initial exposure) were observed
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to possess much lower Fe and Mn content, but greater
than half of the parent cells. This finding suggests that
cells started to re-uptake ions which were excreted by P1
cells during 24-72 hours (Figure S3), making it reason-
able of the simultaneous overexpression of ZIP14, DMTI,
FPN, SLC30A10, IRP2, FtH, Hamp2 and SPCA1 at 48
hours.

Conclusion

In this study, we successfully synthesized Mn-IONPs with
spheroidal appearance and good monodispersity. We evalu-
ated the cytotoxicity of the prepared Mn-IONPs and their
metabolic conversion and removal from RAW264.7 cells.
The Mn-IONPs showed time- and concentration-dependent
cytotoxic effects on RAW264.7 cells. Accompanied with the
intracellular catabolic breakdown and exocytosis, the intracel-
lular NPs could be transferred to daughter cells. In addition,
RAW264.7 cells also secreted and re-uptook Mn-IONPs, man-
ganese and iron ions to maintain intracellular homeostasis in
the succeeding passages. For P7 cells, intracellular NPs were
completely eliminated and metal ion concentrations were
restored to normal levels. And most importantly, the intracel-
lular Mn-IONPs and released metal ions can affect the mRNA
expression of ZIP14, DMT1, FPN, SLC30A10, IRP2, FtH,
Hamp2 and SPCA1 in RAW264.7 cells.
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