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We report the development of a self-assembling protein nanocage as a contrast agent for magnetic
resonance imaging (MRI). The protein nanocage is derived from genetically engineered ferritin from
Archaeoglobus fulgidus (AfFtnAA). Iron (Fe) was loaded in a controlled manner within the core of the
ferritin nanocage, resulting in the formation of iron oxide magnetic nanostructures (MNS). Using a variety
of structural and magnetic characterization methods, we have demonstrated the magnetic and domain
structures of the MNS formed within the protein nanocage and their contribution on water proton
relaxation in MRI. With the primary focus on cardiac imaging for identification of atherosclerotic lesion,
macrophage cell line was chosen for in vitro studies. The cytocompatibility of Fe-loaded engineered

ferritin nanocages ((Fe)AfFtnAA) was confirmed by cell viability and oxidative stress measurements. The
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Accepted 29th June 2017 ferritin nanocages were successfully internalized by macrophage cells in a dose dependent manner and
visualized under MRI. The drop in relaxation time with increasing concentration validated their potential

DOI: 10.1039/c7ra05681h as a contrast agent in MRI. Enhanced uptake and diagnostic capability in MRI of Fe-loaded ferritin
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1. Introduction

Magnetic resonance imaging (MRI) is a non-invasive diagnostic
imaging technique that offers the ability to obtain anatomic and
metabolic/functional information of tissues with high spatial
and temporal resolution."” Due to the growing concern about
radiation exposure of positron emission tomography (PET),
single-photon emission computed tomography (SPECT) and
computed tomography (CT), MRI is being considered
a preferred method in clinical diagnosis.®* The MRI technique is
based on the water proton spin relaxation as it is abundant in
the tissues. When external magnetic field is applied, water
protons align in the direction of magnetic field. Application of
the radio-frequency (RF) pulse perturbs the alignment. Subse-
quently, the protons relax back to the applied magnetic field
direction, and magnetostatic energy released during this
process is used to record MR images. Relaxation process occurs
via two independent relaxation mechanism: longitudinal (T,)
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nanocages imply their use as a “natural” probe for targeting and imaging plague macrophages.

and transverse (T,) relaxation, generating T,-weighted and T,-
weighted MR images, respectively. The difference in water
proton density and local chemical environment of tissues
within and between organs results in intrinsic contrast in MR
images. However, intrinsic contrast due to poor signal to noise
(S/N) ratio is not sufficient to differentiate the tissues from
neighbouring ones. Therefore, contrast agents are used to
enhance the resolution and contrast of MR images.

A good contrast agent should have high relaxivity for either
T;- or T,-weighted imaging, favorable pharmacokinetics and
biodistribution, biodegradability, and biocompatibility.
Though, gadolinium (Gd) based contrast agents have been
widely accepted as T, contrast agents in MRI, they suffer from
limited sensitivity (due to insufficient S/N ratio) and potential
cytotoxicity.** Recent studies have shown that the use of Gd-
based contrast agents may lead to systemic nephronic
fibrosis, particularly in patients with acute or chronic renal
insufficiency or renal dysfunction.® Magnetic nanostructures
(MNS) based on superparamagnetic iron oxide and metal ferrite
nanoparticles have been explored as T, contrast agents; an
alternative and/or complementary to the Gd-based T; contrast
agents. MNS based contrast agents show significantly higher
relaxivity and biocompatibility than gadolinium-based
complexes.””® However, clinical use of MNS based contrast
agents has been limited due to translational hurdles such as
signal sensitivity, biodistribution, and pharmacokinetics.****

A variety of biologically-derived nanomaterials such as
ferritin have been proposed as molecular imaging

This journal is © The Royal Society of Chemistry 2017
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platforms.**™ Ferritin is an iron storage protein found in most
living systems. It is a self-assembled spherical cage-like struc-
ture composed of 24 subunits of polypeptide chains with an
internal cavity of 8 nm." Since the subunits are gene products,
the structure and size of ferritin nanocage is precisely
controlled at the atomic level. The internal cavity of ferritin can
be loaded with small molecules or metal ions."®** As the ferritin
is naturally size-constraint, they have been used as a template to
synthesize monodispersed nanoparticles.”>** Moreover, the
surface of ferritin can be modified either chemically or geneti-
cally for targeted delivery.****® Iron oxide nanoparticles loaded
ferritin has been proposed as a potential diagnostic platform
with enhancing contrast in MRI.>"*° While the ferritin exterior
provides the advantages for translational studies like biocom-
patibility, biodegradability and possible weak or no immune
response, diagnostics makes use of the enhanced localized MR
contrast via iron oxide core. However, the relaxivity of the iron
oxide loaded ferritin is two order lower than synthetic nano-
particles based contrast agents.** The poor contrast enhance-
ment of ferritin is due to a lack of fundamental knowledge
about the formation mechanism of iron oxide core. Through
understanding such mechanism(s), ferritin-based contrast
agents with improved relaxivity can be rationally designed.

We report the development of a biomimetic platform tech-
nology for enhancing contrast in MRI. We have used genetically
engineered ferritin from Archaeoglobus fulgidus (AfFtnAA) to
produce nanocages that have a slower iron release rate,** higher
iron loading capacity (up to 7200 Fe atoms per cage),* and
higher thermal stability (up to 70 °C) compared to the wild type
of ferritin.** The ferritin nanocages were used as template to
load Fe atoms, resulting in formation of magnetic nano-
structures (MNS) within their 8 nm core (Scheme 1). By precisely
controlling the Fe loading during nanocage formation,***"**
ferritin nanocages with tunable Fe amount were obtained and
denoted by (FeX)AfFtnAA where X = 0, 600, 1200, 2400, 3600,
and 4800 Fe atoms per cage. We have performed in-depth
structural, magnetic, and biocharacterization to understand
the mechanism of MNS formation within the core of the protein
nanocage and their contribution on water proton relaxation in
MRI. Macrophage cell line was chosen as a model for in vitro
studies with the focus on imaging of atherosclerotic lesions that
are generally rich in lipid-laden macrophages.**-** Biocompati-
bility of ferritins were confirmed by cell viability and oxidative
stress measurements. The drop in relaxation time with

Fe mineralization
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Apoferritin from Ferritin Nanocage

Archaeoglobus (FeX) AfFtnAA
fulgidus (AfFtnAA) X =600, 1200, 2400,
3600, 4800

Scheme 1 Formation schematic of ferritin nanocage.
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increasing concentration validated their potential as a contrast
agent in MRI. The ferritin nanocages were internalized by
macrophage cells and were successfully visualized via MRI,
implying ferritins may serve as a probe for targeting and
imaging plaque macrophages.

2. Results and discussion

2.1. Structural and magnetic characterization of ferritin
nanocages

In order to develop ferritin nanocages as MRI contrast agents,
the basic structural characterization is required to find out the
phase of Fe in the ferritin core. In natural ferritin, Fe forms
Fe(O)OH core which is amorphous and have lower magnetiza-
tion compared to other form of iron oxides such as maghemite
(v-Fe,O3) or magnetite (Fe;O,4) that results in poor contrast
enhancement.***” To characterize the phase of Fe in the ferritin
core, we have used several characterization techniques and have
found that Fe in the ferritin core is present as a mixture of
maghemite (y-Fe,O3) or magnetite (Fe;0,).

Transmission Electron Microscopy (TEM) was done to obtain
the size of the core and protein shell. Uranyl acetate was used as
a negative stain that clearly showed the well-defined shell
structure of ferritins. The size of the core was 8 nm while the
overall size of ferritin nanocages was found to be 12 nm
(Fig. 1a). Electron Dispersive X-ray (EDX) spectrum on one of the
ferritins showing a Fe peak confirmed the presence of Fe in the
ferritin nanocage core (Fig. 1b).

Electron energy loss spectroscopy (EELS) is a powerful
characterization method for determining the oxidation state of
transition metals, including Fe, as any electron transitions from
the 2p to 3d orbitals caused by the electron probe will result in

Fig. 1 (a) Dark field electron micrograph of (Fe4800)AfFtnAA after
staining with uranyl acetate shows the well-defined shell structure of
ferritin nanocages. The size of the core was 8 nm while the overall size
of ferritin nanocages was found to be 12 nm (b) EDX spectrum of
(Fe4800)AfFtnAA confirmed the presence of Fe in the nanocage core.
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distinct L; and L, edges. Changing d-orbital occupancy of the
transition metal notably affects the L; : L, intensity ratio, which
can be used to determine average oxidation state compared to
standard samples. Fig. 2a shows the overall (Fe4800)AfFtnAA
EELS spectrum, with an inset high-resolution TEM (HRTEM)
image showing the Fe clusters in the (Fe4800)AfFtnAA particles.
Although the carbon film substrate contributes to most of the
carbon K edge signal, significant Fe Ls,, signal was acquired
from the Fe clusters in addition to nitrogen K and oxygen K
signal from the (Fe4800)AfFtnAA. Fig. 2b specifically shows the
fine structure of the Fe L; and L, edges of (Fe4800)AfFtnAA. The
L; : L, intensity ratio was determined by fitting the EELS back-
ground with a standard power-law fit, followed by background
subtraction, integrating the intensity of the FWHM of both
edges, and dividing to find the ratio. The Fe L; : L, ratio was also
calculated from EELS spectra of standard Fe;O, and Fe,O3
samples to compare to ferritin, and the results can be seen in
the inset of Fig. 2b. The calculations show that the L; : L, ratio
of (Fe4800)AfFtnAA (~2.6) falls between that of Fe;0, (~2.1),
which has a mix of Fe>" and Fe*", and Fe,0; (~3.1) that has iron
in a 3+ state. These results suggest that the ensemble of ferritin
particles consist of Fe in both Fe*" and Fe*" states, but more
trivalent Fe particles are present. Similar results were found
from XPS which show 62% of Fe*' and 38% of Fe>* in the
(Fe4800)AfFtnAA core (Fig. 3). These values were different than
Fe;0, nanoparticles that showed 45% of Fe*" and 55% Fe®",
indicating higher % of Fe** might have contributed to the
formation of Fe,O; phase in addition of Fe;O, phase.

The magnetic nature of Fe’" in the (Fe4800)AfFtnAA was
characterized by Electron Paramagnetic Resonance (EPR)
spectroscopy which shows that most of the Fe*" incorporated
into the nanocages forms the superparamagnetic nanocores
(SPMNC) and is not present as loosely protein bound Fe*"
Fig. 4a shows EPR spectra of (Fe4800)AfFtnAA recorded at
selected temperatures. There are two narrow features of the EPR
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Fig. 2 EELS characterization of ferritin particles. (a) Core-loss EELS
spectra of (Fe4800)AfFtnAA. (b) Ferritin Fe Lz, edges, with Ls: L,
analysis. The Lz : L, ration comparison of ferritin with Fe,Oz and FezO4
suggest that Fe in the ferritin is present as Fe,Oz as FesO4 phase.
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Fig. 3 XPS spectrum of (Fe4800)AfFtnAA.

spectra which are present at all temperatures: (a) the narrow
sharp peak at g ~ 4.3 which comprises a very small part of the
total spectral intensity and is attributed to mononuclear Fe** in
a site of near-rhombic symmetry,***® (b) the sharp six-line
pattern observed around g ~ 2 is due to a Mn*" impurity
which is observed even in the unloaded AfFtnAA (Fig. 4b).*
With increase of Fe loading (0-4800) (Fig. 4b), the contribution
from Mn>" does not increase monotonously, which rule out the
possibility of “Fe loading” as potential source of Mn>" impurity.
The features from Fe®* and Mn>" gain intensity with the
lowering of temperature as expected for paramagnetic
complexes. These ions are not integrated into the nano-cores.
The spectrum at T = 295 K shows a symmetric broad signal
(line width peak to peak ~ 1 kG) cantered around g ~ 2, which is
generally observed for superparamagnetic nanoparticle
(SPMNP) above a characteristic temperature called the blocking
temperature TB.*»*> SPMNP are magnetically ordered arrays in
which the magnetization as a function of temperature
undergoes rapid thermal fluctuations; if the characteristic time
of these fluctuations is shorter than the experimental observa-
tion time, the nanocores show paramagnetic behaviour with
large magnetic moment and give rise to the broad symmetric
EPR spectra as observed at 7= 295 K.** At low temperatures, T =
100 K, the symmetric EPR spectrum seen at T = 295 K, is
replaced by a much broader asymmetric line shape which is
spread all over the magnetic field range starting from zero to 10
kG.*»** This is attributed to the SPMNP below the blocking
temperature TB.** Below TB, the magnetization fluctuation time
is equal to or greater than the experimental observation time

T>T,
295K

(@)
Fe4800
100 K

T<T,

4 6 4 6 8
Magpnetic field (kG) Magnetic field (kG)

Fig. 4 EPR spectra of (a) (Fe4800)AfFtnAA at different temperatures
(20 K to 295 K) show the transition from ferromagnetic to super-
paramagnetic phase with increasing temperature. (b) AfFtnAA and Fe-
loaded AfFtnAA with different loadings (600 to 4800 Fe atoms per
cage) at 60 K.
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which lead to a magnetically ordered weakly ferromagnetic
state. SPMNC show weak ferromagnetism which is attributed to
the misalignment of the antiferromagnetically arranged
nanocages leading to a net magnetic moment. The magnetic
anisotropy of the nanocages give rise to an asymmetric EPR
spectra at low temperatures. As the temperature is lowered (T =
40 K) further, the misalignment of the antiferromagnetic
ordering fades away which lead to the reduction in the intensity
of the EPR spectrum and probably at very low temperatures it
disappears, which indicate complete antiferromagnetic
ordering. The EPR spectra of the synthetic ferritin nanocages
differ from those of natural ferritin loaded with Fe.** The latter
show coexistence of superparamagnetic and weakly ferromag-
netic magnetic phases pointing to a distribution in the SPMNC
size. However, for the genetically engineered ferritin which are
used in this study, at no temperature do the EPR spectra show
signatures of the coexistence of the two magnetic phases. Thus
the temperature dependence of the EPR spectra for iron loaded
AfFtnAA indicate that the core size distribution is much nar-
rower than that for natural ferritin.

The AfFtnAA was loaded with various doses of Fe (0 to 4800)
to test how Fe is incorporated into the core. Fig. 4b shows the
EPR spectra of AfFtnAA with various Fe loading at 7= 60 K. The
sharp feature (at g = 4.3) due to mononuclear Fe does not
increase appreciably with Fe loading indicating that majority of
Fe is incorporated into the cages and not just loosely bound to
the protein shells. For Fe loading of 600-3600, the EPR spec-
trum at T = 60 K is much broader (line width peak to peak 4000
G) and asymmetric compared to that at higher temperatures
(see Fig. 1a, T = 295 K, where the line width is 1000 G) which
could be explained with the existing understanding of SPMNP;
that the EPR line width increases with lowering of tempera-
ture.** The EPR intensity increases with increase in Fe loading
indicating higher magnetic moment which arise from increase
of SPMNC core-size. The spectrum for the Fe loading of 4800 is
different; the ferritin nanocages have the maximum Fe core size
and the core is well below the blocking temperature. To
summarize, the EPR spectra of AfFtnAA with increasing Fe
loading shows that indeed Fe is incorporating into cores of
(Fe4800)AfFtnAA (Fig. 4b). The temperature-dependence of the
EPR spectrum of (Fe4800)AfFtnAA (Fig. 4a) confirms that the
nano cores are superparamagnetic in the vicinity of room
temperature, that they are below the blocking temperature by
100 K, and that the cores have a much narrower size distribu-
tion than natural ferritin.

2.2. Contrast enhancement properties

In order to evaluate the potential of ferritin nanocages as
contrast agents, r; and r, relaxivities were calculated of ferritin
nanocages with different Fe loading ((FeX)AfFtnAA where X = 0,
600, 1200, 2400, 3600, and 4800). T, and T, relaxation times
were calculated at the Fe concentrations ranging from 1 to
10 mM. Though there was no significant change in r; relaxivity
values, a clear trend was observed in r, relaxivity of the iron-
loaded ferritin nanocages (Fig. 5). For ferritin nanocages
loaded with up to 2400 Fe atoms per cage, consistently low r,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 r; and r; relaxivity values of Fe-loaded AfFtnAA with different
loadings (600 to 4800 Fe atoms per cage) and the hypothesized
formation mechanism of superparamagnetic core.

value was observed. With increasing Fe atoms per cage (>2400),
increase in r, relaxivity was observed. The relaxivity data suggest
the mechanism of MNS core formation into the ferritin nano-
cage (Fig. 5). For initial loading up to 2400 Fe atoms per cage, Fe
atoms was conjugated to the ferritin shell and most of them did
not participate in the core MNS formation. When loading was
increased (3600 Fe atoms per cage), MNS superparamagnetic
core formation started to result in slight increase in r, relaxivity.
At the highest loading (4800 Fe atoms per cage), super-
paramagnetic MNS core formed that resulted in 100% increase
in r, relaxivity. The r, relaxivity values at the highest iron
loading match with the previously reported relaxivity of
ferritin.*>** Though these r, values are lower than that of
chemically synthesized ferrite nanoparticles, it has been
successfully used as a MRI contrast agents in several in vivo
applications due to its “natural” framework and excellent
biocompatibility.'®*%*”
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Fig. 6 Quantification of cellular uptake (a, b) and Prussian blue
staining (c) of ferritin nanocages (with different Fe loading amount) in
J774 murine macrophage cell line. Absolute iron concentration and
relative number of ferritin nanocages were calculated based on known
cell number. Prussian blue staining demonstrated the presence of iron
in ferritin nanocages (5 pg mL™Y). Scale bars are 100 um.
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2.3. Invitro studies of ferritin nanocages

2.3.1. Cellular uptake study of ferritin nanocages. It has
been demonstrated that the MRI signal intensity was closely
correlated with the amount of iron concentration internalized
in cells and uptake efficiency of MRI contrast agent, showing
the potent application benefit for imaging and diagnosis.**>°
We assessed the cellular uptake of ferritin nanocages with
protein concentrations ranging from 0 to 50 ug mL " in 774
murine macrophage cells by using Prussian blue staining and
ICP-MS analysis. The ICP-MS result showed that Fe ion uptake
was proportionally increased as the increase of protein
concentration (Fig. 6a) and the number of taken-up ferritin
nanocages per cell proportionally increased as protein concen-
tration increased regardless of the amount of Fe loaded into the
protein nanocage (Fig. 6b). In the Prussian blue staining, we
confirmed that the accumulation of ferritin (5 pg mL™" of
protein concentration) loaded with different amount of iron ion
was successfully internalized and accumulated in the cytoplasm
of target cells (Fig. 6¢).

2.3.2. In vitro localization study of ferritin nanocages.
Fig. 7 shows the location of ferritin nanocage inside the J774
murine macrophage cells. The high contrast in high angle
annular dark field (HAADF) image (Fig. 7a) of the ferritin
nanocages is a direct consequence of the high atomic mass of
Fe compared to common organic elements (C, H, O, N). Over the
area of this specific ferritin nanocage cluster (Fig. 7b), the
distribution of Fe is characterized by the Fe-map (Fig. 7d). The
X-ray spectrum (Fig. 7c) of the highlighted point in Fig. 6d
shows significant amount of Fe, as expected in the ferritin
nanocages.

2.3.3. In vitro MR imaging of ferritin nanocages. To
determine the suitable concentration of nanocages for cellular
MRI contrast enhancement, J774 macrophage cells were incu-
bated with various concentrations (0.1, 0.3, 1, 3 and 10 pg mL ™"
Fe) of ferritin nanocages for 24 hours. Untreated cells and cells
treated with equivalent amount of apoferritin were used as

Energy (KeV)

Fig. 7 STEM and EDS analysis of the ferritin nanocage uptake in
macrophages. (a) HAADF images of the macrophage with (Fe4800)
AfFtnAA uptake. The cluster of ferritin nanocages showed high
contrast. Scale bar: 2 um. (b) High-magnification image of the ferritin
cage cluster in (a). Scale bar: 200 nm. (c) A sample spectrum of the
ferritin nanocage inside the cell. (d) Fe-map (green) overlaid with (b).
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Fig. 8 T,-weighted MR images of cell pellets upon ferritin nanocage
incubation ((Fe4800)AfFtnAA; top) at 10, 3, 1, 0.3, 0.1 pg mL™?
concentrations of Fe ion on 7 T Bruker Biospin MR Instrument. Apo-
ferritin (AfFtnAA; bottom) was also treated at concentration of protein
equivalent to 10 and 3 pg mL~ samples. High T, contrast observed at
10 pg mL™! concentration of (Fe4800)AfFtnAA.

controls. Cell pellets were collected and then imaged using MR
scan. As presented in Fig. 8, the increased signal intensity on T,-
weighted MR phantom images was observed at 10 ug mL " Fe
treated cell pellet.

2.3.4. Oxidative stress study of ferritin nanocages. Several
evidences have been accumulated that the oxidative stress may
be a common pathway in cellular responses to exposure to
different types of metal ions, resulting in cellular death.’>*
Intracellular reactive oxygen species (ROS) were measured with
the cell-permeant fluorogenic dye (2’,7'-dichlorofluorescein
diacetate (DCFDA)) to evaluate hydroxyl, peroxyl and other ROS
activities within the cell. The J774 murine macrophage cells
were labelled with DCFDA and incubated with apoferritin and
ferritin nanocages for 12 hours according to the manufacturer's
protocol. Fig. 9 shows that the samples treated with apoferritin
and ferritin nanocages increased the cellular ROS at protein
concentration up to 200 pug mL™" with similar level and ROS
generation was induced in dose-dependent manner based on
protein concentration, regardless of the amount of iron loading
(Fe600, Fe1200, Fe2400, Fe3600, and Fe4800).

2.3.5. Cytocompatibility test of ferritin nanocages. To
investigate the cytocompatibility of ferritin nanocages, J774
murine macrophage cells were incubated with various concen-
trations (0-200 pg mL~") of each protein sample for 24 hour.
Apoferritin and untreated cells were used as controls. In MTS
assay, we found that there are different cytotoxic behaviours of
the ferritin nanocages in different cell lines. For HepG2 cells,
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Fig. 9 Influence of ferritin nanocages loaded with different amount of
iron after incubation with J774 murine macrophage cells for 12 h. After
addition of ferritin nanocages, reactive oxidative species (ROS)
formation was assessed by DCFDA fluorescence measurement.
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Fig. 10 Cytocompatibility test of ferritin nanocages with different
amounts of iron loading (Fe600, Fel200, Fe2400, Fe3600, and
Fe4800 per cage) at protein concentration ranging from 0 to 200 pg
mL~tincubated for 24 h with HepG2 human hepatocellular carcinoma
cells (a) and J774 murine macrophage cells (b). MTS reading with
untreated cells was used as a control.

apoferritin and ferritin nanocages with different iron ion
loading was shown to be tolerable up to ~200 pg mL™*
(Fig. 10a). However, apoferritin and ferritin nanocages were
observed to be cytocompatible up to ~100 pg mL ™" and ~25 g
mL ™!, respectively, in J774 murine macrophage cells (Fig. 10b).
There was no difference between ferritin nanocage samples
loaded with different amounts of iron.

3. Experimental

3.1. Materials

RPMI-1640, and penicillin/streptomycin (10 000 IU per mL and
10 000 mg mL ", respectively) were purchased from Thermo
Fisher Scientific. CellTiter 96 Aqueous One Solution Cell
Proliferation Assay kit was purchased from Promega and the
DCFDA Cellular ROS detection Assay Kit was from Abcam. The
J774 and HepG2 cells were kindly provided by Prof. Colby Shad
Thaxton in the Department of Urology, Northwestern University
Feinberg School of Medicine.

3.2. Gene expression and protein purification

Engineered Archaeglobus fulgidus ferritin gene with point
mutations at 150 and 151 positions (K150A/R151A) cloned in
pET-11a vector (Novagen) was used to recombinantly express
ferritin protein following previously described method.”*
Escherichia coli BL21-CodonPlus® (DE3)-RIL was transformed
with the engineered A. fulgidus ferritin (AfFtnAA) and plated on
LB agar plate containing ampicillin and chloramphenicol
antibiotics at 100 pg mL™" and 50 pg mL ™", respectively. LB
broth (containing both the antibiotics) was inoculated with an
overnight culture incubated at 37 °C with shaking at 200 rpm.
The gene overexpression was induced by the addition of 1 mM
isopropyl B-p-thiogalactopyranoside (IPTG) at OD600 of 0.6-0.8
for 4 h. Cells were harvested by centrifugation at 4000 x g for
30 min and cell pellets were stored at —80 °C for further use.
Cells pellets were resuspended in buffer A (25 mM HEPES,
50 mM NaCl, pH 7.5) and subjected to sonication for cell lysis.
The cell lysate was subsequently heat treated at 85 °C for 10 min
and the precipitated E. coli proteins were removed by ultra-
centrifugation at 150 000 x g at 4 °C for 1 h. The AfFtnAA was
purified in a single-step chromatography using an AKTA system
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(GE Healthcare). Ammonium sulfate at 0.5 M was added to the
supernatant and was loaded onto hydrophobic interaction
chromatography column (HiPrep 16/10 Phenyl FF; GE Health-
care) pre-equilibrated with buffer B (0.5 M ammonium sulfate,
25 mM HEPES, 50 mM NaCl, pH 7.5). AfFtnAA was eluted with
buffer A. Purified protein was completely exchanged with buffer
A using 10 kDa MWCO Amicon centrifugal filter (Millipore) and
purity of the sample was confirmed using SDS-PAGE. Purified
AfFtnAA was stored at 4 °C in buffer A and the concentration
was measured using Bradford assay.

3.3. Iron loading into ferritin

A stock solution of 100 mM Fe(u) sulfate was freshly prepared in
0.1% HCI solution for loading iron into ferritin as previously
described.* For different iron loading, the required moles of
the iron solution were added into ferritin protein in order to
achieve (FeX)AfFtnAA (X = 600, 1200, 2400, 3600, 4800 iron per
protein cage). To overcome ferritin precipitation due to high
local concentration, the stock iron solution was added drop-
wise and protein concentration was kept in between 0.2 to
0.3 mg mL ™" ferritin in 100 mM HEPES, 50 mM NacCl, and pH
7.5 buffer. After addition, samples were incubated at room
temperature for 1 h and at 4 °C overnight. Unbound iron was
removed using desalting column (High Prep 26/10; GE Health-
care) and the protein was concentrated using 100 kDa MWCO
Amicon filter (Millipore). Finally, the iron amount in ferritin
samples was measured with ICP-MS.

3.4. Electron paramagnetic resonance (EPR)

EPR experiments were carried out using Bruker ESP300 X-band
(MW frequency 9. 4 GHz) spectrometer at different tempera-
tures (40 to 100 K, 300 K). Temperatures below 77 K were
reached and varied using oxford instruments helium contin-
uous flow cryostat, and temperature controller. The sample
solutions (200 pL) were loaded into the EPR tube and flash
frozen into liquid nitrogen before EPR measurements.

3.5. Electron energy loss spectroscopy (EELS)

EELS characterization of the ferritin samples was carried out on
a JEOL 2100 transmission electron microscope (TEM) operating
at 200 kv and equipped with a Gatan Enfina EELS spectrometer.
EELS was conducted in TEM mode in order to have a larger
probe size, improving the signal to noise ratio and effectively
providing EELS spectra averaged over dozens of ferritin parti-
cles. A spectrometer entrance aperture with a collection angle of
approximately 14 mrad was used. TEM samples were prepared
by preparing a dilute solution (5 pg mL™~* Fe) of ferritin particles
and directly drop-casting the sample onto a TEM grid with
a complete carbon film.

3.6. Relaxivity measurements

Apoferritin and ferritin nanocages were dispersed in water were
diluted to [Fe] ranging from 1 to 10 mM. T, relaxation times
were determined at 3.0 T Magnetom Verio (Siemens Healthcare,
Erlangen, Germany) using the multiple-echo-fast-spin-echo
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sequence. Multiple echo spin echo sequence with TR = 1290
ms, 8 echo times starting with 9.9 to 79.2 ms, 160 mm FOV, 256
X 256 matrix, slice thickness 3 mm. Given that we had multiple
samples with a distribution of T, relaxation times, we had to
limit range of echo times. A commercial 12 channel head coil
(diameter ~ 160 mm) was used. A 1.5 mL Eppendorf centrifuge
tube was used as a sample holder. R, maps were generated
using a custom software using Matlab. The signal decay was fit
to a single exponential function to estimate T, on a pixel by pixel
basis.

3.7. Cell culture

J774 murine macrophage cell line and HepG2 human hepato-
cellular carcinoma cell line were cultured in RPMI-1640
medium containing 10% heat-inactivated fetal bovine serum
(FBS), and penicillin/streptomycin (100 units per mL and 100 pg
mL ", respectively). Cells were maintained at 37 °C in a satu-
rating humidity atmosphere containing 95% air and 5% CO,.

3.8. Inductively coupled plasma-mass spectrometry (ICP-
MS) analysis

For ICP-MS analysis, J774 cells were plated in 6-well cell culture
plate at 3 x 10° cells per well one day before. In the next day,
cells were exposed with different concentration range (0-50 pg
mL ") of protein samples for 24 h. Before analysis, cells were
rinsed three times with DPBS buffer, trypsinized, and collected
by using centrifugation. In each sample tube, 20 uL of solution
were used for cell counting. Sample digestion was performed by
adding nitric acid to each sample. The amounts of iron ion were
determined by ICP-MS. Control sample without any proteins
was prepared using the same protocol.

3.9. Prussian blue staining

To visualize the iron ion within cells treated with protein
samples, Prussian blue staining was performed. For staining,
J774 cells were seeded in each well of 24-well culture plate. The
following day, cells were incubated with protein samples at
a concentration of 5 ug mL~" for 24 h. Next, cells were rinsed
with PBS buffer and fixed with 4% paraformaldehyde solution
in PBS buffer. Cells were subsequently incubated with Prussian
blue staining solution (a mixture of equal volume of 20%
hydrochloric acid and 10% potassium ferrocyanide solution) for
30 min at room temperature, and counterstained with nuclear
fast red for 5 min.

3.10. Scanning transmission electron microscopy (STEM)
and energy dispersive X-ray spectroscopy (EDS)

For the STEM sample preparation, the cells were gently scrap-
ped from the flask bottom and fixed with 2.5% glutaraldehyde
and 2% formaldehyde (EMS) in PBS for 20 min. The cell
suspension was then centrifuged at 0.4g for 5 min to form
a tight cell pellet. The pellet was further fixed overnight at 4 °C.
0s0, (EMS) at 1% was used for staining at room temperature for
1 h. Serial ethanol dehydration was performed followed by
epoxy resin (EMS, EMBed-12) infiltration and curing at 60 °C.
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Sections of 150 nm-thick were prepared by ultramicrotome
(FC7, Leica) and mounted onto a TEM mesh grid with formvar/
carbon coating (FCF200-CU, EMS). In STEM imaging and EDS
acquisition, a scanning transmission electron microscope
(HD2300, HITACHI) equipped with dual EDS detectors (Thermo
Scientific) was employed for analysing ferritin uptake. The
STEM was operated at 200 kv, and high angle annular dark field
(HAADF) detector was used to generate Z-contrast images of the
cellular ultrastructure. Sites with ferritin cages can be located by
image intensity, and EDS mapping was conducted with an
acquisition time of 20 s per frame to confirm distribution of the
ferritin nanocages.

3.11. In vitro MR imaging of cell pellets

For MR imaging analysis, J774 cells were plated at 8 x 10° cells
per well in T75 flask with 70-80% of confluency overnight. Cells
were cultivated with protein samples at various concentrations
from 0 to 10 pg mL " for 24 h at 37 °C. The sample without any
treatment was used as a control. The cell pellets were collected
after brief rinse with PBS buffer and prepared without bubble
for analysis. A T,-weighted MR phantom images were acquired
from samples consisting of a set of glass Pasteur pipets having
an equal number of cells (10 x 10°). Images of the in vitro
phantom were obtained by a spin-echo pulse sequence with the
following acquisition parameters: TR/TE = 4000/5.7 ms, FOV =
23 x 23 mm? matrix = 128 x 128, flip angle = 90°, slice
thickness = 1 mm and number of slices = 6 by using 7 T Bruker
Biospin MRI (Bruker Biospin, Billerica, MA).

3.12. Cellular reactive oxidative assay

For the ROS measurement, the DCFDA cellular ROS detection
assay kit was used according to the manufacture's instruction.
For the assay, J774 murine macrophage cells with 25 x 10° cells
were plated overnight in a black wall/clear bottom 96-well plate.
After 24 h cells were washed briefly with 1x buffer (supplied as
10x), and the freshly prepared DCFDA was added to each well
for 45 minutes for cell staining. Stained cells were again washed
with 1x buffer, following the incubation with ferritin samples
for 12 h. After incubation, cells were washed gently with 1x
buffer/PBS and immediately fluorescence intensities were
measured by using fluorescence microplate reader (Synergy 4,
BioTek) with the excitation wavelength set at 485 nm and
emission wavelength at 535 nm. Results were obtained as
fluorescent intensity of each sample after background
subtraction.

3.13. Cell viability test

The effect of protein samples on cell viability was determined by
MTS assay. For the assay, J774 and HepG2 cells were seeded at
20 000 cells per well in 96-well plate. After 24 h, cells were
incubated with ferritin samples at concentration ranging from 1
to 200 pg mL " for 24 h at 37 °C. Following ferritin incubation,
cells were briefly washed with PBS and further treated with 20
uL of MTS stock solution into each well for additional 2 hour.
MTS assay was used to evaluate the cell viability according to the
protocol provided by the manufacturer (CellTiter 96 Aqueous
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One Solution Cell Proliferation Assay; Promega). The optical
densities were recorded at 490 nm and background absorbance
at 700 nm was subtracted. Cell viability was estimated as
a percentage of the value of the untreated control.

3.14. Statistical analysis

The unpaired two tailed student's ¢-test from GraphPad Prism
software (La Jolla, CA, USA) was used to analyse data of cellular
reactive oxidative species detection assay and cell viability assay.
Statistical significance was considered for significant for P <
0.05.

4. Conclusion

In the present study, we proved the potential of protein-based
contrast agent for MRI in an in-depth study by using struc-
tural, magnetic, and biological analyses. Ferritin is a ubiquitous
endogenous iron storage protein which is composed of 24-
meric shell and involved in the regulation of cellular iron level.
We used the genetically modified form of ferritin which have
a slower iron release rate, higher loading capacity (up to 7200 Fe
atoms per cage), and higher stability compared to the wild-type
ferritin. By loading a controlled amount of Fe, we demonstrated
that the magnetic core was formed within the ferritin nanocage.
Through the structural characterization, we found that the self-
assembled and well-tuned shell-like structure was observed and
the presence of the iron core was clearly identified inside
protein nanocage as well. The direct effect of increased iron
loading was observed on the superparamagnetic core formation
and hence contrast enhancement for MR imaging. For the
analysis of biological study, macrophage cell line was chosen as
the target cell, since the imaging priority is the atherosclerotic
plaque, which is lipid-laden macrophage-rich area, and to have
the ferritin accumulate at the developing atherosclerotic lesion.
In the biocompatibility assessment, it was exhibited that ferritin
did not lead to cytotoxicity and induce ROS irrespective of the
amount of iron loaded inside the protein nanocage, which
shows a cytocompatible contrast agent. In vitro cellular uptake
study showed that ferritin was internalized by macrophage cells
and the uptake efficiency increased in a concentration-
dependent manner. In addition, the increased MR contrast
signal intensity was visualized from cell pellet with internalized
ferritin nanocages, corroborating that ferritin can be high-
lighted as a potential platform for imaging of plaque macro-
phage cells with further conjugation of specific targeting
moieties.
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