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Engineering the protein corona (PC) on nanodrugs is emerging as an effective approach to improve their
pharmacokinetics and therapeutic efficacy, but conventional in vitro pre-programmed methods have shown great
limitation for regulation of the PC in the complex and dynamic in vivo physiological environment. Here, we
demonstrate an magnetothermal regulation approach that allows us to in situ modulate the in vivo PC compo-
sition on iron oxide nanoparticles for improved cancer nanotherapy. Experimental results revealed that the
relative levels of major opsonins and dysopsonins in the PC can be tuned quantitatively by means of heat in-
duction mediated by the nanoparticles under an alternating magnetic field. When the PC was magnetically
optimized in vivo, the nanoparticles exhibited prolonged circulation and enhanced tumor delivery efficiency in
mice, 2.53-fold and 2.02-fold higher respectively than the control. This led to a superior thermotherapeutic
efficacy of systemically delivered nanoparticles. In vivo magnetothermal regulation of the PC on nanodrugs will

find wide applications in biomedicine.

1. Introduction

Once nanoparticles contact complex biological fluids, their surfaces
will rapidly adsorb proteins to form a coating termed the protein corona
(PC) [1-3]. This “corona” layer is revealed to be tightly associated with
the fate of nanoparticles in a rather unpredictable manner [4,5]. The PC
is enriched in opsonins which increase the recognition and clearance of
injected nanoparticles by the mononuclear phagocyte system (MPS).
The MPS is the first and major barrier encountered by intravenously
delivered nanodrugs, and results in majority of the injected dose loss
after administration [6,7]. Therefore, an artificially engineered PC that
can render the nanodrugs invisible to the MPS or even endow them with
a specific targeting ability for enhanced therapeutic efficacy, has
attracted much attention in recent years [8,9]. Various techniques based
on pre-programmed nanoparticles, including tuning their size, shape

and surface chemistry (i.e., ligand, charge, hydrophobicity), are being
widely explored [10-13]. However, the corona formed in vivo by these
methods is always inconsistent with that pre-designed in vitro [14,15].
Thus, the development of an in vivo corona regulation approach is
highly desired to adapt to the complex and dynamic physiological
environment.

Formation of the corona on nanoparticles is a complex process in
which large numbers of proteins are simultaneously adsorbed via
various noncovalent forces such as electrostatic, hydrogen bonding and
hydrophobic interactions [16,17]. Proteins with high affinity for the
nanoparticles (“hard” corona) are thought to be important in deter-
mining the biological identity of nanoparticles [18]. Accumulating ev-
idence indicates that thermal energy can affect the adsorption kinetics of
proteins onto nanoparticles [19,20]. An elevated incubation tempera-
ture is demonstrated to change the composition of the hard corona and
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the degree of protein coverage on nanoparticles [21]. In particular,
recent studies on gold nanorods revealed that localized heat induction
generated by photon stimulation of the nanorods regulated their PC
more efficiently than bulk heating did [22,23]. This shows the promising
potential of in situ thermo-regulation of the PC. However, the limited
penetration depth of photons and possible concerns about phototoxicity
could hinder further in vivo application of this approach [24,25].
Magnetic nanoparticles are also attracting considerable interest because
of their ability to mediate heat induction [26,27]. When an external
alternating magnetic field (AMF) is applied, magnetic nanoparticles are
“heated” due to hysteresis losses [28]. Magnetically induced heat has
been widely applied for triggering biologically important events such as
thermal activation of cellular ion channels for neuronal stimulation
[29], thermal control of drug release [30] and remote modulation of
enzyme activity for probing cellular function [31]. The AMF can pene-
trate the whole body, and therefore magnetic treatment appears to be a
viable solution for in vivo regulation of the PC [32,33]. Moreover,
biocompatible magnetic nanoparticles have been widely used as drug
carriers, imaging agents, hyperthermia agents and iron supplements in
preclinical and clinical settings [34,35]. In this context, the exploration
of magnetothermal regulation of the in vivo PC formation on iron oxide
nanoparticles (IONPs) is of particular interest for both biomedical
research and clinical translation.

Here, we report the in vivo magnetothermal regulation of the PC on
IONPs for the first time. Compared to the untreated IONPs, the AMF-
treated IONPs formed a PC with reduced levels of opsonins and
increased levels of dysopsonins, which is desirable for nanoparticles to
escape from the MPS (Scheme 1). Experimental evidence revealed that
both the PC composition and the pharmacokinetic behaviors of the
IONPs were magnetic-field-dependent. In particular, IONPs with an in
vivo magnetically modulated PC exhibited prolonged circulation time
(2.53-fold longer) in normal mice and enhanced tumor accumulation
(2.02-fold higher) in 4T1 tumor xenograft mice compared to untreated
IONPs. Consequently, an augmented thermotherapeutic efficacy was
observed for systematically delivered nanoparticles in the mouse tumor
model. Our findings in this study open up the possibility of in vivo
manipulation of the PC on nanodrugs for improved therapeutic efficacy.
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2. Experimental section
2.1. Materials

1-Octadecene (99%), iron carboxylate (FeO(OH), 95%), oleic acid
(90%), mouse serum albumin (>96%) and fluorescein isothiocyanate
isomer I (FITC, 90%) were purchased from Sigma-Aldrich (MO, USA)
and used as received. Phosphorylated poly (ethylene glycol)-methoxy
(mPEG; M,, = 2000 Da) and phosphorylated PEG-NH, were supplied
by Ruixi Biotech Co., Ltd. (Xi’an, China). Apo-Bi1gg (>95%) was pur-
chased from Otwo Biotech Co., Ltd. (Guangzhou, China). The BCA assay
kit was supplied by Pierce (Rockford, IL). Lysotracker Deep Red was
bought from Life Technologies (Molecular Probes, Eugene, OR). DAPI
was purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). Ferumoxytol (Feraheme™) was bought from AMAG
Pharmaceuticals (Waltham, MA).

2.2. Synthesis of IONPs

15 nm IONPs were synthesized by a previously developed thermal
decomposition method [36]. The synthesis processes were as follows: 8
mmol of FeO(OH) and 40 mmol of oleic acid were dissolved in 20 g of
1-Octadecene. Under an argon gas atmosphere, the resulting brown
solution was magnetically stirred for 30 min to remove HyO. The tem-
perature of the mixture was slowly heated to 180 °C and maintained for
1 h. Then the reaction temperature was heated to 320 °C under reflux for
1 h. The flask was cooled down to room temperature after the reaction.
The black-brown solution was washed 2-3 times with hexane (10 mL)
and acetone (20 mL), and centrifuged at 8000 rpm for 10 min. The
hydrophobic Fe3O4 nanoparticles were dispersed in chloroform for the
following experiments.

2.3. Preparation of phosphorylated mPEG-coated IONPs

The process of coating phosphorylated mPEG onto IONPs was carried
out according to our previous work [37]. In a typical process, 50 mg of
phosphorylated mPEG was added to the hydrophobic Fe3O4

T
e ) | |
Av ' J\ ,\/ ’3 ’ \71/ injection @"')
\o} jf‘ \ ‘a\ M toth I lati /1 ’: %/\
‘ @ agnetotnermal reguilation | @ o |

’ PEGylated IONPs

Protein corona

/@ Macrophage

o

1A ‘,7\/\;
\ |
| %

%4 Dysopsonin

- Opsonin

Scheme 1. Schematic illustration of in vivo magnetothermal regulation of the PC on IONPs. In-situ AMF exposure induces IONPs to generate localized heat and leads
to changes in the opsonin and dysopsonin content of the PC, which further reduces sequestration by the MPS and alters the pharmacokinetic behavior of IONPs.
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nanoparticles (10 mg) chloroform solution (10 mL), and sonicated for
10 min. The solution was continuously shaken for 5 h until the chloro-
form was completely evaporated. The dried nanoparticles were
re-dispersed in deionized water, passed through a 0.22 pm syringe filter
and dialyzed using 10 kDa cut-off dialysis bag to remove unbonded
phosphorylated mPEG.

2.4. Characterization

X-ray powder diffraction pattern of IONPs was obtained on a Bruker
D8 Advanced Diffractometer System equipped with Cu/Ka radiation in
the 20 range of 20-80°. The morphology and size of IONPs were
examined by a FEI Talos F200X microscope operated at 200 KV. The
magnetic properties of IONPs were characterized by a LakeShore Model
7407 Vibrating Sample Magnetometer (VSM) at room temperature. The
hydrodynamic diameter and zeta potential of the IONPs were measured
by a Zetasizer nano-ZS dynamic light scatting (DLS) instrument (Mal-
vern, UK). The concentrations of Fe in each sample were determined
using inductively coupled plasma mass spectrometry (ICP-MS). The
concentrations of protein in each sample were determined by BCA assay.
The proteins on IONPs were analyzed by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

2.5. SAR measurements

To evaluate the inductive heating property of the IONPs, we tested
their SAR under different alternating magnetic fields (AMFs) (f = 345
kHz, H = 200, 250 and 300 Oe) using a M5 induction heating system
(Xi’an SuperMag Nano-biotechnology Co. Ltd, China). The concentra-
tion of IONPs was 0.2 mg Fe mL™'. The temperature of the solution was
detected using an optical fiber under the AMF in real time for 500 s. The
formula for calculating the SAR value is as follows:

SAR:CE !

1
At Mg ( )

where C is the specific heat capacity of the solution, AT/At is the
maximum slope of the heating inductive graph, and mg, is the weight
fraction of Fe.

2.6. Protein corona formation

The whole blood was collected into heparinized (anticoagulant)
tubes, and immediately centrifuged at 3000 rpm for 10 min at 4 °C to
separate plasma from red and white blood cells [38]. 150 pL of IONPs
(2.0 mg Fe mL~Y) was mixed with 1 mL of plasma, and incubated
without or with AMF (f = 345 kHz, H = 200, 250 and 300 Oe) for 15
min. Then the mixtures were centrifuged at 15,000 g for 20 min at 4 °C,
and the supernatant was removed. The nanoparticles were then resus-
pended in 1 mL of 10 mM PBS. This process was repeated three times to
remove excess proteins and loosely-bound proteins. After the last
centrifugation, only the proteins with high affinities (hard protein
corona) remained. The hard protein corona was re-dispersed in SDT lysis
buffer (4% SDS, 100 mM-Tris HCl and 1 mM DTT, pH 7.6), boiled for 5
min and sonicated for 2 min. The concentration of serum proteins in the
supernatant was determined using the bicinchoninic assay (BCA) assay.
For analysis of the in vivo PC components of IONPs (n = 3 mice), the
blood samples were collected via the retro-orbital technique after 15
min of in vivo magnetothermal regulation. Plasma samples containing
the PC-coated IONPs were obtained by centrifugation at 3000 rpm for
10 min at 4 °C. The subsequent procedure was the same as that for the in
vitro samples.

2.7. LC-MS/MS

The obtained protein corona samples were further digested by filter-
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aided sample preparation (FASP digestion), desalted with a C18 Stage
Tip and dried using a vacuum. Then the samples were redissolved in
0.1% formic acid in water for liquid chromatography coupled to mass
spectrometry/mass spectrometry (LC-MS/MS) analysis. An appropriate
amount of peptide was separated using a nanoliter flow rate Easy nL.C
1200 chromatography system. Mobile phase A was 0.1% (v/v) formic
acid in water, and mobile phase B was acetonitrile with 0.1% (v/v)
formic acid (95% of acetonitrile). Afterwards, the peptides were sepa-
rated and subjected to DDA (Data Dependent Acquisition) mass spec-
trometry using a Q-Exactive Plus mass spectrometer (Thermo Scientific).
The analysis time was 60 min. The mass spectrometry data analysis and
protein identification were used MaxQuant software (version 1.6.1.0)
and Uniprot Mouse proteome database (http://www.uniprot.org/). The
% of the total protein corona for each protein was determined using
label-free quantification (LFQ) intensities relative to the total sum of
protein LFQ intensities for each group. The cutoffs of global false dis-
covery rate (FDR) < 0.01 and Protein FDR < 0.01 were used as screening
criteria for peptide and protein identification, respectively.

2.8. Fluorescence quenching measurements

Alb and Apob were first labeled with FITC. Fluorescein isothiocya-
nate isomer I was dissolved in DMSO and slowly added to the protein
solutions, with continuous stirring for 8 h at 4 °C. The unbound FITC was
removed by repeated ultrafiltration with PBS. Quenching experiments
were performed on a home-built optical-magnetic heat platform, which
measured the fluorescence intensities of proteins with or without AMF in
real time, while the solution temperature was measured using a thermal
imager. The excitation wavelength was at 470 nm, and the emission
spectra were collected from 490 to 700 nm. The concentrations of IONPs
ranged from 0.1 to 2 nM, and the concentration of Alb-FITC or Apob-
FITC was 1 pM.

In a typical process, the fluorescence quenching was dominated by
diffusive transport when the concentrations of IONPs and proteins were
extremely low. The results were fitted to the Stern-Volmer model, which
is the standard model for analyzing fluorescence intensity data.

Fo/F =1+ K,z[IONPs] = 1 + K, [IONPs] @)

where F and F are the maximum fluorescence intensities of the proteins
in the absence and presence of IONPs, K, is the quenching constant, 7o is
the lifetime of the fluorophore (FITC), and [IONPs] is the concentration
of quencher. Ky, is the Stern-Volmer quenching constant which is
determined by the slope of the curves.

2.9. Internalization of nanoparticles into macrophages

RAW 264.7 macrophages were seeded in 6-well plates at 5 x 10°
cells/well for 12 h. Then the medium was exchanged with serum-free
DMEM for 1 h to starve the cells. The samples prepared to treat cells
were as follows: (1) IONPs/PC formed by incubation with mouse plasma
for 15 min, (2-4) IONPs/PC prepared by incubation with mouse plasma
under AMF for 15 min (H = 200, 250 and 300 Oe, respectively). The
obtained IONPs/PC were then added to cells at a concentration of 50 pg
Fe mL~! for 2 h at 37 °C. Next, the cells were washed three times with
PBS and redispersed in 2 mL PBS. The cells were counted using a he-
mocytometer, then digested with 5 mL HNO3 (MOS grade) and 2 mL
H,05 (MOS grade). Finally, the concentrations of Fe in the samples were
determined using ICP-MS.

For confocal laser scanning microscopy (CLSM), phosphorylated
mPEG (90%) and phosphorylated PEG-NH; (10%) were chosen to coat
the surface of IONPs, and the NPs were further labeled by FITC. Lyso-
somes and nuclei were labeled by Lysotracker Deep Red and DAPI,
respectively. RAW 264.7 cells were seeded in 35-mm glass dishes at 5 x
10° cells per dish and incubated overnight. The following procedures
were the same as for the ICP-MS experiment. After the cells were stained
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with Lysotracker Deep Red and DAPI, the samples were imaged by
CLSM.

2.10. Pharmacokinetics

The pharmacokinetic profiles of IONPs with or without AMF expo-
sure were examined in normal Balb/c mice (7-8 weeks old, about 24 g,
n = 3). The mice administered with PBS were served as blank control
group (background Fe). Before the administration of IONPs (5 mg Fe
kg™1), the mice were anesthetized with 1% pentobarbital sodium (40 mg
per kg body weight) by intraperitoneal injection. For the group treated
with AMF, the anesthetized mice were immediately exposed to AMF for
15 min after the administration of IONPs. At the designated time points
(0.05,0.167,0.5, 1, 4, 8,12 and 24 h), blood samples were collected into
heparinized tubes by puncture of the retro-orbital sinus, then centri-
fuged at 3000 rpm for 10 min at 4 °C to obtain plasma. 10 pL plasma was
predigested overnight at room temperature by adding 4 mL of concen-
trated nitric acid (HNOs, MOS grade) and 1 mL of 30% hydrogen
peroxide (Hy04, MOS grade) in sequence. Then the samples were further
digested at 150 °C on a hot plate for 2 h. The remaining solution (about
0.5 mL) was diluted to 10 mL with 2% HNOs. Finally, the concentrations
of Fe in plasma were quantified using an Agilent 7900 ICP-MS (Agilent,
Tokyo, Japan). % injected dose per mL plasma = (Cge x 1 mL)/(5 mg Fe
kg’1 x W) x 100%, Cre stands for the concentration of Fe at each time
point, W is the body weight of each mouse. The Cg, for each sample have
deducted the background Fe in plasma. Elimination half-life of the
IONPs was calculated based on a two-compartment model using DAS 2.0
software. The procedure to analyze ferumoxytol pharmacokinetics was
the same as for IONPs.

2.11. Biodistribution

The biodistribution of IONPs was studied in normal Balb/c mice (7-8
weeks old, about 24 g, n = 4). The mice were anesthetized through
intraperitoneal injection of pentobarbital sodium (40 mg~! kg, 1%)
followed by i.v. administration of PBS or IONPs (5 mg Fe kg’l). For the
group treated with AMF, the anesthetized mice were immediately
exposed to AMF for 15 min after the administration of IONPs. At the
designated time-point (12 h), the mice were sacrificed and the major
organs or tissues, including heart, liver, spleen, lung, kidney and brain,
were excised, weighed and digested. Briefly, about 50 mg tissue samples
were predigested overnight with 4 mL of HNO3 and 1 mL 30% H20,,
then digested by heating for 2 h at 150 °C. When the solution volume
was about 0.5 mL, the remaining solution was cooled and diluted to 50
mL with 2% HNOs. Finally, the concentrations of Fe in each group were
measured using ICP-MS. The procedure for determining the bio-
distribution of ferumoxytol was the same as for IONPs.

Besides, the distributions of IONPs in liver and spleen tissues were
observed using DAB-enhanced Prussian Blue staining. The tissues were
collected and fixed in 4% paraformaldehyde, paraffin-embedded and
sectioned. The tissue sections were then stained with Prussian blue, DAB
and hematoxylin dye, and at last observed with an optical microscope.

2.12. Cell culture and tumor xenograft model

4T1 and MCF-10A cells were cultured in complete RPMI 1640 me-
dium containing 10% FBS and 1% antibiotic solution at 37 °C in 5% COx.
The 4T1 xenograft tumor model (female, 6 weeks old) was generated by
introducing a 4T1 cell suspension (1 x 10° cells) in PBS into the right
flank of each Balb/c mouse. The animal experiment protocols were
approved by the Animal Care and Use Committee of Northwest Uni-
versity, and complied with all relevant ethical regulations.

2.13. In vivo magnetic hyperthermia

The in vivo magnetic hyperthermia efficacy of IONPs was assessed in
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4T1 xenograft tumor-bearing Balb/c mice. First, the tumor accumula-
tion of IONPs with or without AMF (300 Oe) treatment was tested using
the same procedure as for the biodistribution experiment. For the
magnetic hyperthermia treatment (MHT) experiment, the tumor-
bearing mice were randomly divided into 4 groups including PBS,
IONPs/AMF, IONPs/MHT and IONPs/AMF/MHT (n = 4 mice per
group). The mice were anesthetized through intraperitoneal injection of
pentobarbital sodium (40 mg~' kg, 1%) before i.v. injection of PBS or
IONPs (5 mg Fe kg™1). For the group treated with AMF, the anesthetized
mice were immediately treated with AMF (300 Oe) for 15 min to
modulate the protein corona. Magnetic hyperthermia was carried out by
exposure to AMF (300 Oe) for 10 min at the indicated time points. The
tumor size and body weight measurements were done by an investigator
blinded to the treatments, and the tumor volumes were calculated ac-
cording to V=L x W? x 1/2, where L and W represent the length and
width of the tumor, respectively.

2.14. Statistical analysis

All experimental data are expressed as means + SD, and P < 0.05 was
regarded to be a statistically significant difference (*). Statistical anal-
ysis was performed using Graphpad prism 8.0 software. Two-tailed
Student’s t-test was used for comparisons between two groups. One-
way analysis of variance (ANOVA) with Dunnett-t post hoc test was
used to determine significant differences between multiple groups.

3. Results and discussion
3.1. In vitro magnetothermal regulation of the PC on IONPs

Monodisperse IONPs were prepared using a well-established thermal
decomposition method [37]. To endow the obtained hydrophobic IONPs
with good water dispersion, biocompatible phosphorylated
PEG-methoxy (mPEG, M,, = 2000 Da) was chosen to modify their sur-
face through the ligand exchange reaction. The X-ray diffraction (XRD)
pattern of the as-prepared IONPs shows that all diffraction peaks
matched well with the standard cubic spinel Fe3O4 power diffraction
data (JCPDS n0.19-0629) and no other impurities were found (Fig. STA).
TEM imaging revealed that the IONPs had a uniform spherical shape
with an average diameter of ~13.1 nm (Fig. 1A). Decoration of the
IONPs with phosphorylated mPEG was confirmed by Fourier transform
infrared (FTIR) spectrum (Fig. S1B). The density of mPEG on IONPs was
~3.65 x 1077 mol per mg, as determined by thermogravimetric (TG)
analysis (Fig. S1C). The magnetic hysteresis loop of IONPs was charac-
terized using a vibrating sample magnetometer (VSM). It showed a
saturation magnetization (M) of 48.2 emu g’1 (Fig. S1D). No rema-
nence or coercivity was observed, thus indicating the super-
paramagnetic nature of the obtained IONPs. Altogether, these results
validated that the magnetic IONPs have been successfully prepared.

Then, we analyzed the PC that formed on the surface of the IONPs
after in vitro incubation with mouse plasma. The IONPs were first
incubated with plasma for 15 min, then separated from free proteins and
the proteins with weak interactions (soft corona) by centrifugation at
15,000 g for 20 min [39], and finally washed three times to obtain
PC-coated IONPs (IONPs/PC). The TEM image in Fig. 1A clearly shows a
protein layer on the IONPs with an estimated thickness of 3 nm. The
average hydrodynamic size of the IONPs changed from 33.0 to 42.4 nm
after PC formation (Fig. 1B). SDS polyacrylamide gel electrophoresis
(SDS-PAGE) showed that complex band patterns appeared and the ma-
jority of the bands were proteins with high molecular weights (>45 kDa)
(Fig. S1E).

Further, we employed liquid chromatography coupled to mass
spectrometry/mass spectrometry (LC-MS/MS) to investigate the capa-
bility of the magnetothermal regulation approach to manipulate the
corona on IONPs (Fig. S2A). Since PC formation is a dynamic and rapid
process [14], the AMF (frequency, f = 345 kHz; magnetic field
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Fig. 1. Magnetothermal regulation of corona composition on IONPs in vitro. (A) TEM images of IONPs (left) and IONPs/PC (right). The PC was stained with 1%
phosphotungstic acid. The white arrows in the IONPs/PC image indicate the PC on IONPs. Scale bar, 20 nm. (B) The hydrodynamic diameters of IONPs and IONPs/PC
in aqueous solution. (C) Variation of corona components of IONPs with and without magnetothermal regulation determined by LC-MS/MS. The proteins in the corona
were classified according to their biological functions. AMF conditions: f = 345 kHz and H = 250 Oe; duration, 15 min. (D) The amount of proteins adsorbed on
IONPs with and without magnetothermal regulation determined by BCA assay. mp, amount of protein; mg., amount of Fe. ns = not significant (P > 0.05), analyzed by
two-tailed Student’s t-test. (E) Heat map showing the top 20 most abundant proteins (relative percentage > 1%) on IONPs with and without magnetothermal
regulation identified by LC-MS/MS. The proteins were divided into three categories: opsonins, dysopsonins and others. Fga, Fgb and Fgg are three fibrinogen chains

that form fibrinogen.

amplitude, H = 250 Oe) was applied upon addition of the IONPs into
mouse plasma at room temperature and maintained for 15 min. When no
AMF was applied, we identified 216 proteins in the PC, which can be
classified into lipoproteins, immunoglobulins, complement proteins,
coagulation factors, acute phase proteins, tissue leakage proteins and
other proteins based on their biological functions (Fig. 1C). Upon
magnetothermal regulation, the percentages of immunoglobulins, lipo-
proteins and acute phase proteins were reduced, and the percentages of
complement proteins and proteins involved in coagulation were
enhanced (Fig. 1C). This reveals the capability of this approach to
manipulate the corona composition on IONPs. There is no significant
difference in the gross amount of proteins bound on IONPs before and
after magnetothermal regulation (Fig. 1D). It can be easily concluded
that the magnetothermal regulation approach mainly changed the
composition of the corona on IONPs rather than the amount of adsorbed
proteins.

The differences in the top 20 most abundant proteins adsorbed on
IONPs with or without magnetothermal regulation were summarized in

a heat map (Fig. 1E and Table S1). The proteins were divided into three
categories: opsonins, dysopsonins and others, according to whether the
proteins promote or inhibit the phagocytosis of nanomaterials by mac-
rophages [40]. The high content of opsonins, such as immunoglobulins
and complement proteins, in the PC will raise the possibility of immu-
nological recognition and macrophage capture of the nanoparticles,
leading to a rapid clearance by the MPS [39,41]. In contrast, dysop-
sonins like serum albumin (Alb) and some apolipoproteins (such as
clusterin, Clu) enable the nanoparticles to hide from the MPS and ach-
ieve a longer circulation time [42]. In total, eight opsonins were
observed in the corona of untreated IONPs. Upon magnetothermal
regulation, the percentages of seven opsonins were decreased, including
a 31.7% decrease in apo-Bigg (Apob) [43], and a 27.8% decrease in
complement C3 (C3), a central component of the complement system
[44]. Moreover, the percentages of complement factor H (Cfh) [45], a
negative regulator of complement activation, and the dysopsonin Alb
were enhanced 3.04-fold and 2.82-fold, respectively. According to early
studies on the relationship between PC composition and MPS clearance
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[18], these variations in the levels of corona components of IONPs after 3.2. Mechanism behind magnetothermal regulation of the PC
magnetothermal regulation are favorable for reducing their internali-
zation by the MPS. We further investigated the mechanism underlying the magneto-

thermal regulation of the PC composition. First, the correlation between
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Fig. 2. Mechanism underlying magnetism-mediated corona regulation. (A) SAR values of IONPs with an iron concentration of 0.2 mg mL™* under an AMF (f = 345
kHz; H = 200, 250 and 300 Oe). Variation of levels of immunoglobulins (B) and complement proteins (C) on IONPs with and without AMF treatment. The com-
plement negative regulatory proteins are not included in (C) (for detailed information please see Fig. S2D). (D) The relative abundance of opsonins and dysopsonins
in the top 20 PC components on IONPs with and without AMF treatment. The untreated IONPs served as control. (E) A home-built optical-magnetic heat platform to
measure the fluorescence intensity of FITC-labeled proteins in real time under an AMF. The right panel is an example of the fluorescence intensity of Apob as a
function of time in the presence and absence of AMF (f = 345 kHz; H = 300 Oe). The concentrations of Apob and IONPs were 1 pM and 1 nM, respectively. The K,
values for Apob (F) and Alb (G) proteins after AMF treatment and water bath heating. Both Apob and Alb show a good linear correlation with water bath temperature
(Apob, R? = 0.99; Alb, R? = 0.95).
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AMF and corona composition was explored. Under the AMF, the IONPs
can generate heat due to hysteresis losses, which is magnetic-field-
dependent and increases with increasing H. For in vivo application, it
is important to avoid potential side effects caused by magnetic hyper-
thermia during PC regulation. Therefore, we mimicked the in vivo
environment (dosage: 66.7 pg Fe mL ™! equivalent to 5.0 mg Fe kg ! per
mouse, comparable to recent studies [46], solution: mouse plasma,
temperature: 37 °C) and tested the heating of the sample after a 15 min
AMF treatment (f = 345 kHz, H = 200-500 Oe) (Fig. S2B). When H
exceeded 300 Oe, the sample temperature exceeded 41 °C, which is in
the therapeutic temperature range (40-43 °C) of hyperthermia [47]. As
a result, we chose an H for PC regulation ranging from 200 to 300 Oe in
this study. The heat conversion efficiency of IONPs, i.e., the specific
absorption rate (SAR), varied from 104.5 to 292.6 W g_1 (Fig. 2A and
S2C). Upon magnetothermal regulation, we found that the percentages
of immunoglobulins and complement proteins, which are common op-
sonins, were monotonously decreased with the increasing H, similar to
the field dependence of SAR (Fig. 2B,C and S2D). Moreover, most op-
sonins in the top 20 PC components on IONPs were decreased with
increasing H, while the dysopsonins were correspondingly increased
(Fig. 2D and S2 D-I). Notably, opsonin Apob showed the biggest change,
with a decrease of 92.8%. The dysopsonins Alb and Clu were greatly
enhanced, by 2.60-fold and 1.76-fold respectively compared to the un-
modulated PC (Supplementary Document S1). These results suggest
that magnetothermal regulation of the corona on IONPs is
magnetic-field-dependent, and may have a close relationship to the heat
induction capability of IONPs, where a high H has a strong heating
capability and induces more obvious variations of corona components.

Then, we investigated the influence of AMF on the interactions be-
tween IONPs and proteins using a fluorescence quenching assay. Apob
and Alb as representatives of opsonins and dysopsonins in the PC on
IONPs, were used as model proteins and labeled with FITC, while the
IONP served as a quencher. Adsorption of FITC-labeled proteins on the
surface of IONPs will quench the FITC fluorescence. As a result, the
fluorescence intensity of FITC can reflect the binding affinity between
IONPs and proteins [48]. To evaluate the binding properties of Apob and
Alb to IONPs, the proteins were added dropwise into a solution of IONPs
and the fluorescence intensities were measured in a real-time manner
using a home-made optical measurement system consisting of a fluo-
rescence spectrometer with an integrated AMF generator (Fig. 2E). The
right panel in Fig. 2E shows the fluorescence intensity of Apob as a
function of time in the presence of IONPs. Regardless of the presence or
absence of AMF, the fluorescence intensity decreased initially due to
adsorption of the protein onto IONPs and then stabilized after 13 min of
incubation. A similar phenomenon was observed for the interaction
between Alb and IONPs (Fig. S3), which suggests that 15 min of incu-
bation is probably enough for the process of protein adsorption onto
IONPs to reach an equilibrium state.

In the absence of AMF, the fluorescence intensities of Apob and Alb
decreased with increasing concentrations of IONPs (Fig. S4A), which
suggests a strong interaction between the proteins and the IONPs. For
both Apob and Alb, the lowest fluorescence intensities were observed
with no AMF, and relatively high fluorescence intensities were observed
in the presence of AMF (Fig. S4A). This indicates that the binding affinity
of these proteins to IONPs was reduced under AMF. The quenching data
were fitted with the Stern-Volmer model, in which the slopes correspond
to the quenching constant K, (Fig. S4B,C and Table S2). As shown in
Fig. 2F and G, the K, values for both proteins are magnetic-field-
dependent, with low Ky, values at high AMFs. A similar trend was also
found when the proteins and IONPs were incubated with water bath
heating (Fig. S5). The Kg, value decreased linearly as the water bath
temperature increased (Fig. 2F and G). These results suggest that the
induction heat under AMF should be responsible for the observed
change in the adsorbed proteins on IONPs. In addition, because there
was no obvious temperature rise during the whole 15 min AMF exposure
owing to the very low Fe concentration (13.3 pg Fe mL™!) (Fig. $6), the
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magnetic-field-dependent K, suggests that it is probably localized in-
duction heat that modulated the protein-nanoparticle interactions,
similar to the observation in magnetic induction heat-modulated
enzyme activity [31]. Although it has been previously reported that
physical stimuli such as light can change the PC composition [22], we
are the first to discover that an AMF can quantitatively modulate the
ratio of dysopsonins/opsonins in the PC of IONPs in a controllable
manner. This finding is in contrast to the previous pre-programming
methods, which always unpredictably change the percentages of opso-
nins or dysopsonins in the PC [10,14]. Moreover, the AMF-treated Apob
or Alb in the presence of IONPs caused negligible toxicity effect in both
MCF-10A and 4T1 cells (Fig. S7). Since AMF has no penetration limi-
tation, the principle of PC magnetothermal regulation observed in vitro
provides the unprecedented possibility for remote and real-time regu-
lation of the PC of nanoparticles in vivo.

3.3. The impact of magnetothermal regulation on the in vivo fate of
IONPs

Given the promising in vitro results, we further investigated the
impact of magnetothermal regulation on the pharmacokinetic behaviors
of IONPs in normal Balb/c mice (n = 3). The mice were anesthetized
using pentobarbital sodium and administered with a dosage of 5 mg Fe
kg~! IONPs. For AMF-treated groups, the anesthetized mice were
immediately transferred to the AMF coil for magnetothermal regulation
(f = 345 kHz; H = 200, 250 and 300 Oe; t = 15 min) upon injection of
IONPs. As shown in Fig. 3A and B, the untreated IONPs showed elimi-
nation half-life (t;,5) of 5.33 h. In contrast, the AMF-treated groups
showed prolonged t; /5. Moreover, the in vivo circulation time of IONPs
also showed a dependence on AMF, where increasing the AMF ampli-
tude led to increased t; o (Fig. 3B). The largest t;,» of 13.47 h was
achieved for the group treated by the highest AMF (300 Oe) in this study
(Table S3). Meanwhile, the treatment of IONPs/AMF caused negligible
lysis of red blood cells (RBCs) at magnetic field amplitude as high as 300
Oe (Fig. S8), confirming that the high iron concentrations in blood of
AMF-treated groups was not due to RBCs hemolysis. Furthermore,
magnetothermal regulation of the non-magnetic mesoporous silica
nanoparticles (MSNs) induced minimal effects on their pharmacokinetic
behaviors (Fig. S9). This confirmed that the localized heat generated by
IONPs under AMF should be responsible for the change in their phar-
macokinetic behaviors. It is well known that most nanoparticles
administered in vivo are sequestered by the MPS, resulting in rapid
clearance and short circulation half-life [49,50]. These results clearly
suggest that the AMF-treatment renders the ability of IONPs to evade
MPS clearance. Recent studies revealed that the adsorption of opsonins
on nanoparticles is mainly responsible for the MPS recognition and
sequestration [51,52]. In accordance with in vitro results that magne-
tothermal regulation reduces the adsorption of opsonins on IONPs, we
thus speculate that the prolonged t;,5 of IONPs may be closely associ-
ated with the in-situ corona regulation by AMF. To verify this hypoth-
esis, we first analyzed the PC composition of circulated IONPs with or
without magnetothermal regulation. The PC-coated IONPs after the
magnetothermal regulation were collected from blood samples, and the
PC composition was analyzed by LC-MS/MS. Similar to the observation
in vitro, the in vivo modulated PC also showed reduced level of opsonins
and increased level of dysopsonins (Fig. 3C,D and S10 and Table S4).
Specifically, the major opsonins such as C3 and C4 observed in vitro
were also shown in vivo, while the predominant dysopsonins such as Alb
and Clu observed in vitro were presented in vivo too (Supplementary
Document S2). Moreover, the ratios of dysopsonins/opsonins in the PC
modulated in vivo were monotonously increased from 51.2% to 76.7%
with increasing H (Fig. 3D). These results suggested that our approach
can also in vivo manipulate the levels of major opsonins and dysop-
sonins in the PC of IONPs. To test whether the modulated PC can indeed
improve the t;,5 of IONPs, we further examined the pharmacokinetic
profile of IONPs that equipped with an in vitro magnetically modulated
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Fig. 3. The impact of in vivo magnetothermal regulation on the pharmacokinetic behaviors of IONPs. (A) Concentrations of IONPs in the bloodstream over time with
or without AMF treatment. All data are fitted to a two-compartment pharmacokinetic model. n = 3 mice. (B) Elimination half-life of the IONPs with different
treatments calculated with DAS 2.0 software. Mean values + SD, n = 3. *P < 0.05, analyzed by one-way ANOVA with Dunnett-t adjustment. (C) The relative
abundance of opsonins and dysopsonins in the top 20 PC components on injected IONPs with or without in vivo magnetothermal regulation. (D) Ratios of dys-
opsonins/opsonins in the top 20 PC components of IONPs after in vitro and in vivo magnetothermal regulation.

PC in normal Balb/c mice (n = 3). As expected, the IONPs with
pre-modulated PC showed prolonged t; 2 (1.88-fold increase) compared
with the untreated IONPs (Fig. S11). Together, our results suggest that in
vivo magnetic treatment can effectively manipulate the circulation
half-life of IONPs via in situ PC regulation.

Since liver and spleen are the major MPS organs responsible for
nanoparticles clearance [6], we further examined the biodistributions of
AMF-treated IONPs in these tissues and compared with untreated IONPs
in normal Balb/c mice (5 mg Fe kg%, n = 4). At the designated
time-point (12 h) after i.v. injection, mice were sacrificed and the
accumulation of IONPs in each organ was evaluated quantitatively using
inductively coupled plasma-mass spectrometry (ICP-MS). In comparison
with untreated IONPs, the AMF-treated groups exhibited decreased
accumulation in liver and spleen, which showed a negative correlation
with the AMF amplitude (Fig. 4A,B and S12). Notably, the accumulation
of IONPs in the liver and spleen of mice exposed to an AMF of 300 Oe
was decreased by 60.4% and 56.3% respectively, compared with mice
receiving no AMF (Fig. 4A and B). Besides, we also isolated the liver and
spleen tissues and visualized the IONPs using DAB-enhanced Prussian
Blue staining. The lower accumulation in liver and spleen for
AMF-treated groups were also observed in the images of DAB staining as
compared with the untreated IONPs (Fig. 4C-F and S13-S15). These
results prove that the AMF-treated IONPs can escape from MPS organs,
which may result in prolonged circulation observed in the pharmaco-
kinetic study. Moreover, we observed that the majority of IONPs accu-
mulated in the sinusoid showed good colocalization with macrophages
(Fig. 4C and S16). A similar phenomenon was also observed in spleen.
The IONPs were mainly located in the red pulp zone, in which macro-
phages accumulated in a way similar to the hepatic sinusoid (Fig. 4E)
[6]. These results indicated that the IONPs accumulated in liver and
spleen are mainly captured by macrophages. It is well known that the PC
composition of a nanoparticle can affect macrophage recognition and
internalization [39]. We further investigated the effect of PC

magnetothermal regulation on macrophage internalization of IONPs
using a murine macrophage-like cell line (RAW 264.7). The IONPs/PC
were prepared by incubating IONPs with mouse plasma under AMF for
15 min, and then added to the cells. Notably, RAW 264.7 cells incubated
with IONPs/PC treated with an AMF of 300 Oe showed an obvious
reduction (46.4%) in intracellular Fe content, and the uptake efficiency
was negatively correlated with the H (Fig. S17A). Similar results were
observed in fluorescence confocal images (Fig. S17B). Meanwhile, no
obvious changes in the hydrodynamic sizes and zeta potentials were
found for the IONPs before and after magnetothermal regulation
(Fig. S17C and D). Taken together, our results provide the substantial
evidence that the in situ corona regulation reduces the sequestration of
IONPs by MPS, eventually leading to the prolonged circulation.

We further evaluated the biosafety and generality of the in vivo
magnetothermal regulation approach in normal Balb/c mice (n = 3),
which is critical for future clinical application. The mice receiving IONPs
with a dosage of 5 mg Fe kg™ and AMF at 300 Oe did not show any
obvious changes in the major organs (heart, liver, spleen, lung, kidney
and brain) (Fig. S18A). Further hematology and biochemistry assay re-
sults revealed that the levels of markers were comparable to those of
mice from the PBS-treated group (Fig. S18B and C). These results
demonstrate that magnetothermal regulation of the PC on IONPs is safe
for in vivo applications. Notably, this approach does not involve any
compounds or additional nanoparticles. This is in contrast to other MPS-
blocking methods, such as administration of a high dose (>1 trillion) of
nanoparticles or a low dose (1.25 mg kg™ 1) of anti-erythrocyte anti-
bodies to block MPS [53,54], where the excess nanoparticles or injected
antibody may cause potential toxicity problems. We also tested the
generality of our magnetothermal regulation approach using ferumox-
ytol, a clinically approved iron oxide nanoparticle used as an iron sup-
plement [55]. Ferumoxytol has an iron core size of ~6.8 nm coated with
polyglucose sorbitol carboxymethylether. The t;,» of untreated fer-
umoxytol (5 mg Fe kg~! per mouse) in normal mice was 9.83 h, and the
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majority of injected nanoparticles accumulated in the liver and spleen
(Fig. S19 and Table S5). Upon magnetothermal regulation (f = 345 kHz;
H = 300 Oe), we observed that liver and spleen accumulation of the
injected nanoparticles was decreased, and the t;,» was increased to
25.45 h. These results suggest that magnetothermal regulation is a
universal PC-modulating approach regardless of the size and surface
chemistry of IONPs. Since AMF has been approved for clinical treatment
of glioblastoma [56], the magnetothermal regulation approach can be
immediately applied in clinical settings to improve the pharmacoki-
netics of magnetic nanodrugs.

3.4. In vivo cancer therapeutic application

To exploit the potential utility of our PC magnetothermal regulation
approach in cancer medicine, we explored the impact of in vivo mag-
netothermal regulation on the IONPs-based systematically delivered
nanothermotherapy. Magnetic hyperthermia treatment (MHT) using
IONPs is a clinically approved modality for cancer therapy [56]. How-
ever, the systemic delivery of therapeutic heat has been a challenge due
to insufficient tumor accumulation of IONPs nanoheaters [57].
Increasingly evidences showed that the prolonged circulation can
enhance the chance for nanoparticles to accumulate in the tumor [58],
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which might consequently improve the efficacy of systemically deliv-
ered MHT. We thus evaluated the efficacy of systemically delivered MHT
using magnetically modulated IONPs in a subcutaneous 4T1 murine
breast cancer model. Fig. 5A shows a schematic depiction of the treat-
ment schedule. When the tumor volume reached approximately 100
mm?®, the IONPs were intravenously administered at a dose of 5 mg Fe
kg’1 per mouse (female, 6 weeks old, n = 4). The mice were anes-
thetized using pentobarbital sodium and exposed to AMF at 300 Oe for
15 min immediately upon injection for PC regulation. MHT was then
carried out for 10 min at the designated time points. We first studied the
effect of magnetothermal regulation on the biodistribution (12 h) of
IONPs in tumor-bearing mice (n = 3). As shown in Fig. 5B, both the liver
and spleen accumulation of AMF-treated IONPs were decreased in
comparison with untreated IONPs, which are similar to our previous
observations in normal mice. However, the tumor accumulation of
AMF-treated IONPs showed an obvious enhancement, 2.02-fold larger
than that of untreated IONPs (Fig. 5B and S20). As a result, the tumor
inhibition efficacy in the IONPs/AMF/MHT group (65.4% inhibition)
was much higher than in the IONPs/AMF group (9.1%) and the
IONPs/MHT group (26.6%) (Fig. 5C). The superior therapeutic outcome
of the IONPs/AMF/MHT group was further verified by collecting and
weighing the tumors from the different groups (Fig. 5D and S21). In
addition, no significant decrease in mouse body weight was observed
during the whole experimental period (Fig. 5E). Our results demon-
strated that in vivo magnetothermal regulation can indeed improve the
tumor accumulation of IONPs and MHT efficacy in tumor-bearing mice.
As IONPs have been widely used in cancer diagnosis and treatment such
as the contrast agents for magnetic resonance imaging [59], and the
carriers for chemotherapy or immunotherapy [60], the markedly
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improved MHT efficacy demonstrates the potential of our magneto-
thermal regulation approach for enhancing the accuracy of tumor
diagnosis, and the effectiveness of chemotherapy or immunotherapy for
tumor treatment.

4. Conclusion

In summary, we have developed a magnetothermal regulation
approach that allows us to quantitatively manipulate the in vivo PC
composition of iron oxide based magnetic nanodrugs. This magneto-
thermal regulation technique utilizes localized induction heat generated
by IONPs under AMF to modulate the PC composition during the for-
mation process. Both in vitro and in vivo results showed that the mag-
netothermal regulation led to the modulated PC with down-regulated
opsonins and up-regulated dysopsonins. Beneficial from the PC regula-
tion, AMF-treated IONPs showed improved pharmacokinetic behaviors
including prolonged blood circulation (2.53-fold increase) and reduced
liver (60.4% decrease) and spleen (56.3% decrease) accumulation,
which eventually led to superior efficacy of cancer nanotherapy. Our
approach also succeeded in improving the in vivo behaviors of the
clinically available IONP nanodrug ferumoxytol, showing great poten-
tial in clinic application. Ultimately, this work demonstrates a universal
magnetic approach for regulation of the in vivo corona composition on
magnetic nanoparticles, which thus opens up the new possibility of in
situ altering the in vivo fate of nanodrugs towards efficient cancer
nanotherapy.

Fig. 5. In vivo magnetic hyperthermia
assessment. (A) Scheme of the magnetic
hyperthermia treatment schedule in a
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