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ABSTRACT: Despite all the advances in multimodal imaging, it remains a significant challenge to acquire both magnetic
resonance and nuclear imaging in a single dose because of the enormous difference in sensitivity. Indeed, nuclear imaging
is almost 106-fold more sensitive than magnetic resonance imaging (MRI); thus, repeated injections are generally required
to obtain sufficient MR signals after nuclear imaging. Here, we show that strategically engineered magnetoferritin
nanoprobes can image tumors with high sensitivity and specificity using SPECT and MRI in living mice after a single
intravenous injection. The magnetoferritin nanoprobes composed of 125I radionuclide-conjugated human H-ferritin iron
nanocages (125I-M-HFn) internalize robustly into cancer cells via a novel tumor-specific HFn-TfR1 pathway. In particular,
the endocytic recycling characteristic of TfR1 transporters solves the nuclear signal blocking issue caused by the high dose
nanoprobes injected for MRI, thus enabling simultaneous functional and morphological tumor imaging without reliance on
multi-injections.
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A combination of morphological imaging and nuclear
medicine techniques has been required for compre-
hensive understanding and characterization of human

cancers.1 In particular, synergizing magnetic resonance imaging
(MRI) with positron emission tomography (PET) or single
photon emission tomography (SPECT) offers highly comple-
mentary information for tumor characterization in vivo. MRI
provides high spatial resolution structural images with high soft-
tissue contrast but low sensitivity and signal-to-noise ratios,2

while SPECT and PET imaging modalities show very high
sensitivity with relatively low imaging resolution.3 The

combination of SPECT-PET with MRI provides sufficient
spatial and temporal resolutions as well as high sensitivity.
Despite the clinical and preclinical availability of hybrid PET/

MRI and SPECT/MRI scanners,4 no imaging agents can serve
as dual modality imaging probes in clinical practice5,6 because
nuclear imaging is extremely more sensitive than MRI. For
example, MRI would require >107 Gd atoms7 or >106 high
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relaxivity of iron oxide nanoparticles (NPs)8 to detect a single
cell, whereas SPECT-PET imaging requires around 0.01−0.2
radioatoms per cell.7 The enormous difference in sensitivity
limits the radiolabeling of imaging probes with very low specific
activities (radioactivity per unit mass of imaging probe) because
of the excess nonradiolabeled cold probes. More importantly,
they block the specific binding of the radiolabeled hybrid
probes to their tumor targets, resulting in low tumor
specificity.9 Thus, repeated multiple injections are usually
required to acquire individual SPECT-PET and MR imaging,
even with the advanced SPECT-PET/MRI integrated scanners.
However, the repeated injection of imaging probes is not
desired in clinical practice because of increased unpredictable
risks with high-accumulated dosage during long-term treat-
ments.10

Ferritin is a self-assembled spherical iron storage protein
composed of 24 subunits of two types, heavy-chain ferritin
(HFn) and light-chain ferritin (LFn).11,12 The interior cavity of
ferritin is a useful template to synthesize highly crystalline and
monodispersed nanoparticles (NPs).13−15 In 2010, Li and
colleagues reported that HFn binds to human cells via
transferrin receptor 1 (TfR1).16 Although it is well-known
that TfR1 is overexpressed on most malignant cells and has
long been studied well as a tumor biomarker, current HFn-
based tumor diagnosis and therapy still rely on the surface
functionalization using targeting ligands to achieve specific
tumor uptake.17−21 We recently reported that human HFn
selectively accumulates into tumors in vivo by TfR1-mediated
specific targeting followed by rapid internalization without
necessitating extra targeting ligands.22,23

By utilizing the intrinsic tumor-targeting property and unique
nanocage structure of human HFn, we herein synthesized a
highly crystalline iron oxide NP within the interior cavity of
HFn and radiolabeled the outer surface for tumor SPECT/MR
imaging. Because TfR1 constitutively recycles between the cell
surface and intracellular compartments independently of ligand
binding,24,25 HFn can therefore deliver high concentration of
SPECT/MRI hybrid imaging probes into tumors and achieve
dual-modality imaging via the unique HFn-TfR1 pathway.25,26

In particular, the independent recycling characteristic of TfR1
transporter make it not easily be blocked by the non-
radiolabeled cold probes during nuclear imaging, making it
possible to image tumors using both SPECT and MRI.
Although several SPECT-PET/MRI contrast agents have

been reported based on the combination of radioisotopes with
superparamagnetic iron oxide NPs, the majority achieved
bimodal tumor imaging relying on multi-injection.26−30 A few
used a mixture of imaging agents from each modality making
tumor imaging bimodal (e.g., injection of 18F-FDG to obtain
tumor PET imaging, and at the same time, use an MRI contrast
agent such as Gd-DTPA for MR image acquisition).31 There
are also some contrast agents that achieved single-dose
multimodal imaging for reticuloendothelial and lymphatic
systems by subcutaneously injecting radiolabeled iron oxide
NPs.32−34 These nanoprobes passively accumulated in
reticuloendothelial and lymphatic systems through macro-
phages to achieve simultaneous target bimodal imaging, which
avoids the typical nuclear signal blocking issue caused by the
receptor-mediated active tumor targeting. Only two small
studies demonstrated single-dose PET-MRI tumor detection by
intratumoral injection of 124I labeled Gd3N@C80 nanoparobes

35

or by employing dendrimer-chelated Gd3+ and 68Ga.36 No
study has prospectively addressed a mechanism or a nanoprobe

which can break through the obvious sensitivity limitation
between MRI and PET/SPECT to achieve single-dose MRI/
nuclear tumor-targeted imaging. This study represents the first
demonstration of a hybrid imaging nanoprobe that solved the
excess nonradiolabeled probe blocking issue during nuclear
imaging because of the enormous difference in sensitivity and
achieved highly contrast-enhanced SPECT/MRI tumor imag-
ing in a single-dose injection.

RESULTS
Development and Characterization of 125I-M-HFn

NPs. Recombinant human HFn was expressed and purified
from E. coli, as described previously.22,23 Magnetoferritin (M-
HFn) NPs were prepared by loading Fe2+ into the cavities of
HFn nanocages through the iron ion channel on the surface of
HFn, followed by the formation of an iron oxide nanocore
within the HFn nanocage by oxidation in the presence of H2O2.
We further radiolabeled the surface of the NPs with 125I using
Iodogen, resulting in M-HFn NPs with an 125I radiotracer (i.e.,
125I-M-HFn NPs; Figure 1A). After purification, the phys-

icochemical properties of 125I-M-HFn NPs were extensively
characterized (Figure 1 and Supporting Information, Figures
S1−S4). Cryo-electron microscopy (cryo-EM) analysis con-
firmed the uniformly spherical and monodispersed iron cores
with an average diameter of 4.8 nm that were clearly
encapsulated within the HFn protein nanocage (Figure 1B).
The average number of iron ions within the nanocage was
determined to be 2210 ± 230 (mean ± SD) per particle by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The MR contrast properties of M-HFn NPs were
next evaluated in vitro using 2% agarose phantoms.
The longitudinal (T1) and transverse (T2) relaxation times

were measured at 3.0-T magnetic field based on the iron
concentration of M-HFn, and the relaxivities were determined
to be r1 = 15.0 mM−1 s−1 (Figure S1) and r2 = 197 mM−1 s−1

(Figure 1C). M-HFn showed 2−3 fold higher relaxivity than
the commercial Feridex and Ferucarbotran, of which relaxivity

Figure 1. Preparation and characterization of 125I-M-HFn NPs: (A)
schematic illustration of the 125I-M-HFn NPs; (B) cryo-EM images
of the monodispersed spherical particles; (C) T2-weighted MR
images of 125I-M-HFn NPs at different concentrations and their T2
relaxation time plot (bottom); (D) hydrodynamic diameter of 125I-
M-HFn NPs determined by DLS.
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was 93 and 57 mM−1 s−1 (3.0-T), respectively.37 The high r2
value is likely due to the strong perturbation effect of the
outside HFn nanocage on the nearby water molecules around
the iron core.38 In addition, the multiple magnetite nanocrystal
cores of M-HFn NPs also contributed to their high MR
contrast effect.39 The natural iron cores in holoferritin, mainly
consisting of the hydrated iron oxide mineral ferrihydrite
(5Fe2O3·9H2O),

40 exhibited a low r2 relaxivity (28.5 mM
−1 s−1)

(Figure S2). Nevertheless, the high contrast property of M-
HFn NPs highlights its potential as an in vivo imaging probe.
The following dynamic light scattering (DLS) measurements

further demonstrated that the resulting particles were
monodispersed with an outer hydrodynamic diameter of ∼14
nm (Figure 1D). CD spectra results verified that either iron
loading or radiolabeling did not significantly perturb the overall
protein cage architecture of HFn (Figure S3). We have also
measured the serum stability of 125I-M-HFn NPs by monitoring
125I release and HFn protein degradation over the course of
incubation in fetal bovine serum. A radiochemical purity of
>80% was detected after 12 h of incubation at 37 °C (Figure
S4), indicating that 125I-M-HFn NPs are stable enough in the
circulation in vivo to allow sufficient time for their uptake into
tumors.
High Uptake of 125I-M-HFn NPs in Tumor Cells. We

have previously demonstrated that human HFn specifically
binds to human cancer cells and accumulates into the tumor via
TfR1-mediated specific targeting and the subsequent robust
internalization.23 The HFn nanocarrier should therefore be able
to deliver high concentrations of imaging probes into tumor
cells. We next investigated tumor-specific uptake of 125I-M-HFn
NPs in TfR1-positive and TfR1-negtive tumor cells. HT-29
human colon cancer cells express TfR1 at high levels, but MX-1
human breast cancer cells do not express this receptor (Figure
2A). We incubated HT-29 and MX-1 cells with 20 μCi of 125I-
M-HFn for 1 h with constant motion. After the incubated cells
were washed with PBS, their radioactivity was determined with

the use of a gamma counter and measured the iron uptake
within the cells using ICP-AES. SPECT and T2-weighted MRI
images were subsequently acquired. Figure 2B shows that 125I-
M-HFn NPs are 7.8-fold more specific to TfR1-positive HT-29
cancer cells compared to TfR1-negative MX-1 cells, indicating
TfR1-mediated specific binding of 125I-M-HFn to cancer cells.
After 1 h of incubation, HT-29 simultaneously internalized
∼670 nCi of radioactivity and ∼1.6 μg of iron per 106 cells
(Figure 2C), which can be easily detected by both SPECT and
MRI (Figure 2B). To the best of our knowledge, this represents
the first demonstration of a targeting nanocarrier that can
simultaneously deliver such high doses of nuclear and MR
imaging probes into tumor cells.
TfR1 is often overexpressed in various tumor cells and has

long been used as a targeting marker for cancer theranostics.
We then evaluated the universality of 125I-M-HFn for
recognizing cancer cells.125I-M-HFn shows significant binding
to 15 types of cancer cells, including A375 melanoma cells,
MDA-MB-231 and MCF-7 breast cancer cells, U87-MG
glioblastoma cells, K562 erythroleukemia cells, HeLa cervical
cancer cells, SMMC-7721 and HepG-2 hepatocellular carcino-
ma cells, SKOV-3 ovarian cancer cells, PC-3 prostate cancer
cells, U251 glioblastoma cells, U937 histiocytic lymphoma cells,
SW1990 pancreatic cancer cells, and Jurkat T-cell leukemia cells
(Supporting Information, Table S1), demonstrating the ability
of 125I-M-HFn NPs to universally recognize cancer cells.

In Vivo SPECT/MRI Tumor Imaging Using 125I-M-HFn
NPs. We next evaluated the performance of 125I-M-HFn NPs
for tumor dual-modality imaging in mice bearing HT-29 or
MX-1 xenografts. A single-dose of 125I-M-HFn NPs containing
500 μCi (125I) and 11.2 μg (Fe) in 100 μL of PBS was injected
into tumor-bearing mice through the tail vein. SPECT and MR
imaging were performed consecutively on each mouse before
and after 2 h and 6 h intravenous injection of 125I-M-HFn NPs,
respectively. The SPECT images demonstrated high 125I-M-
HFn uptake in the TfR1-positive HT-29 tumor with a positive-
to-negative tumor ratio of 2.8 ± 0.21 and 2.6 ± 0.27 over 2 h
and 6 h postinjection, respectively (Figure 3A). The further
SPECT quantitative analysis provides accurate quantitative
assessment of 125I-M-HFn uptake in tumor (Figure 3C). Pre-
and post-contrast-enhanced T2-weighted MR images reveal the
complementary morphological information (Figure 3B). MRI
at 6 h postinjection was in good correspondence to nuclear
imaging with significant signal intensity decrease (78 ± 14%) in
HT-29 tumor area as compared to preinjection. In contrast, we
observed a slight uptake of the SPECT radiotracers and less
than 30% decrease of signal intensity at TfR1-negtive MX-1
tumor areas (Figure 3A−C). The high HT-29 tumor
radioactivity uptake obscured the slight absorbance of MX-1
tumors and affected the MX-1 tumor signals to be relatively
weak when the same scale was used for the SPECT images
(Figure 3A). The following Prussian blue staining further
confirmed the presence of 125I-M-HFn in TfR1-positive HT-29
tumors, but little in TfR1-negative MX-1 tumors (Figure S5).
Thus, with only a single-dose injection, 125I-M-HFn NPs could
achieve tumor in vivo imaging with both SPECT and MRI.
We followed the pharmacokinetics and biodistribution of

125I-M-HFn NPs in tumor-bearing mice. The elimination blood
half-life (t1/2β) was found to be of 204.3 min (Figure S6), and
the background signals in major healthy tissues/organs
decreased over the period of observation (Table S2), indicating
rapid clearance of 125I-M-HFn from the whole body and
minimal radiation exposure to healthy organs. The tumor-to-

Figure 2. In vitro MRI and SPECT detection of NP-labeled tumor
cells. (A) Western blot of TfR1 expression in MX-1 and HT-29
cancer cells. β-actin was used as a loading control. (B) T2-weighted
MRI and SPECT imaging of 125I-M-HFn NPs after incubation with
MX-1 and HT-29 cancer cells. (C) Cellular uptake of 125I-M-HFn
NPs measured by ICP-AES and gamma counter, respectively (n = 5,
mean ± SD, unpaired Student’s t-test, **P < 0.01, ***P < 0.001).
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background ratio against muscle and intestines was 9.3 and 21.0
at 24 h postinjection, respectively (Table S2), suggesting that
clear HT-29 colon tumor imaging can be obtained within 24 h
postinjection. However, 24 h postinjection was not a good
time-point for MRI tumor imaging because of the low probe
concentration in the tumor (0.84% ID/g, Table S2) and the
low sensitivity of MRI. Therefore, to achieve highly contrast-
enhanced tumor imaging by both SPECT and MRI, animals
were scanned 6 h postinjection. In addition, the 6 h imaging
time-point is also convenient for future clinical applications.
We further investigated the mechanism by which 125I-M-HFn

NPs achieve tumor SPECT/MR imaging via HFn-TfR1
targeting pathway. We labeled M-HFn NPs with FITC and
incubated them with HT-29 tumor cells for fluorescence
microscopy observation. Cells were simultaneously stained with
Cy5.5-labeled transferrin for TfR1 tracking. The fluorescence
incubation solution was washed off before warming the cells up
from 0 to 37 °C to allow M-HFn endocytosis. As shown in
Figure 4, simultaneous binding and uptake of transferrin and
HFn were observed (Figure 4, top two panels), confirming the
endocytosis of M-HFn NPs via TfR1. After delivering M-HFn
NPs into the tumor cells, TfR1 recycled back to the cell surface
for another delivery as evident by the relocalization of TfR1 on
the cell surface (Figure 4, bottom left panel), which explains
why HFn-TfR1 targeting strategy can deliver high concen-
trations of imaging probes into tumor cells.
We next performed experiments to show that the excess dose

of nonradiolabeled imaging probes do not block HFn-TfR1
targeting strategy. We intravenously injected 500 μCi of 125I-M-
HFn NPs with or without coinjection of 50-fold excess
nonradiolabeled cold M-HFn into HT-29 tumor-bearing mice
and scanned the mice after 6 h in a NanoSPECT/CT system.
Figure 5A shows that the mice that received an excess dose of
cold M-HFn coinjection produced no decrease in tumor
radioactivity uptake compared to a single-dose of 125I-M-HFn
NPs-injected mice. Instead, the tumor radioactivity significantly
increased by 54%, from 2.51 ± 0.24%ID/g to 3.86 ± 0.54%ID/
g (P = 0.0011, unpaired Student’s t-test) after an excess dose of

cold M-HFn, which was further confirmed by the biodis-
tribution data (Figure 5B). We presumed that this effect might
have resulted from the prolonged plasma half-life of 125I-M-
HFn, as evident by the significantly increased blood
concentration of 125I-M-HFn (Figure 5B), which facilitated
the time-dependent accumulation of 125I-M-HFn NPs in the
tumor. The increased radioactivity uptake in organs was also
due to the substantially higher blood concentration when
excess cold M-HFn was coadministrated. This result demon-
strates that HFn vehicles can deliver high radiation dosage of

Figure 3. In vivo SPECT-MRI tumor imaging in living mice using 125I-M-HFn NPs. Tumor images (red circles) were obtained using (A)
SPECT at 2 h and 6 h postinjection and (B) T2-weighted MRI at 6 h postinjection. (C) Quantitative analysis of TfR1(+) and TfR1(−) tumor
images obtained from SPECT and MRI images (n = 5, mean ± SD, unpaired Student’s t-test, **P < 0.01).

Figure 4. M-HFn NPs are internalized into tumor cells through
HFn-TfR1 targeting pathway. HT-29 cells were simultaneous
stained with the M-HFn-FITC and holo-transferrin-Cy5.5 for the
times indicated to show the endocytic process of M-HFn NPs and
the recycling of TfR1. Cells incubated for 30 min on ice were
defined as the time point of zero. After washing, cells were warmed
up to 37 °C for 15 or 120 min to allow the internalization of M-
HFn and the endocytic recycling of TfR1. Arrows indicate the
magnified areas shown in the upper right corner of each panel.
Scale bars = 25 or 7.5 μm in magnified images.
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125I-M-HFn into tumors even in the presence of excess cold M-
HFn, which explains why HFn can achieve tumor SPECT/MRI
imaging with a single-dose injection.
Indeed, the “cold probe blocking issue” is generally caused by

the excess injected cold probes (e.g., ≥ 50-fold) that compete
with the radiolabeled “hot” probes for binding to the limited
receptors on the cells, and thus result in blocking the specific
tumor uptake of hot probes. This is also one of the main
obstacles for achieving dual modality nuclear/MR imaging via a
single-dose injection. The improved tumor SPECT/MR
imaging could be obtained through the HFn-TfR1-based
endocytic recycling pathway, which avoids blocking issue of
nuclear probes on the cell surface and provides enough iron
concentration for MRI, and thus achieves single-dose tumor
SPECT/MR imaging.41,42

Given the uptake of the contrast agent in normal tissue, we
finally evaluated the binding specificity of HFn between human
tumor and normal tissues by staining 60 clinical tumor tissue
samples and 60 normal tissue samples using FITC-labeled HFn.
Staining was considered positive when 10% or more of the
tumor cells were stained (cutoff, 10%). As shown in Figure S7,
HFn did not stain, or only slightly stained human normal
tissues when compared to strongly stained tumor tissues.
Furthermore, HFn also displayed a distinct staining intensity
among different cancer grades. The results demonstrate that
HFn has an impressive capability to discriminate cancerous
cells from normal tissues, and thus the slight uptake of HFn in
normal tissues would not disturb the cancer diagnosis of 125I-
M-HFn in vivo.

DISCUSSION
To find out cancer characteristics after a single intravenous
injection of tumor-targeted contrast agents is much sought after
in molecular cancer imaging. Therefore, there is a great need to

develop multimodality imaging probes that can achieve tumor
MR and nuclear imaging at the same time. This study show that
our developed HFn-TfR1 pathway serves as a novel tumor
targeting strategy that can simultaneously deliver a high
concentration of MR and nuclear imaging probes into the
target tumor and avoid the excess nonradiolabeled cold probes
blocking issue, which is the main challenge for achieving single-
dose SPECT/MR imaging. Indeed, the biologically engineered
125I-M-HFn NPs achieved highly contrast-enhanced SPECT/
MRI tumor imaging after a single intravenous injection (Figure
3) via HFn-TfR1 targeting strategy (Figure 4), and the TfR1
transporters were actively recycling independently of ligand
binding,24,25 thus avoiding nuclear signal blocking (Figure 5).
125I was selected in this nanosystem because it is conveniently
available, and having the similar chemical properties and in vivo
behavior with the commonly clinically applied imaging isotope
of 123I and 124I, which can easily replace 125I for the future
clinical trials.
Our multimodal imaging probe 125I-M-HFn combined with

the novel HFn-TfR1 targeting strategy represents three
important points of novelty: (1) Robustness. the unique
nanocage architecture of HFn can easily payload a variety of
signal species including a wide range of metal ions,13−16

radioisotopes,19,43 and small molecule contrast agents.44−47 By
combining the robust HFn-TfR1 tumor-targeting strategy, HFn
can play as a universal nanoplatform to achieve real multimodal
imaging of tumors in one dosage as TfR1 is universally
overexpressed in a wide variety of cancer cells (Table S1) and
the slight uptake of HFn in normal tissues is not comparable to
cancerous tissues and thus would not disturb its specific binding
with tumors in vivo (Figure S7). (2) Simplicity. HFn nanocages
are efficiently produced in E. coli at high yield (>100 mg/L
from the bacterial lysate)22,23 and the payload process of
imaging moieties in the nanocage is relatively simple. In
particular, HFn nanocages intrinsically bind to tumors without
necessitating extra modification with targeting ligands, which
enables their reproducible preparation at large scale and
facilitates future clinical translation. (3) Biocompatibility. HFn
naturally exists in humans and is composed of nontoxic
elements that therefore would not activate inflammatory or
immunological responses. In addition, HFn does not require
any surface functionalization or property modulation with extra
exterior ligands that might trigger immune responses against
the particles. Nevertheless, systematic future work is still
required to investigate the biocompatibility of 125I-M-HFn NPs
in various in vivo applications.
Although HFn-based tumor imaging has been recently

reported, almost all the presently available HFn formulations
are modified with recognition ligands (e.g., RGD) to achieve
tumor-specific targeting.17−21 These genetically or chemically
incorporated exterior surface modifications undoubtedly ruin
the intrinsic tumor-targeting property of natural human HFn
and increase its immunogenicity. In addition, genetic
incorporation of foreign ligands to HFn can seriously affect
the self-assembling process of HFn nanocages during their
expression in E. coli and thus result in a low yield48,49 [e.g., the
typical yields of RGD-modified HFn described in the literature
are less than 1/10 that of free HFn18].

CONCLUSIONS

There is a great need to develop contrast agents that can
simultaneously achieve tumor nuclear and MR imaging in one

Figure 5. An excess dose of nonradiolabeled M-HFn does not block
the radioactivity uptake in tumor in vivo. (A) SPECT images of 125I-
M-HFn NPs in HT-29 tumor-bearing mice with (left) and without
(right) coinjection of 50-fold excess dose of nonradiolabeled M-
HFn. White circles indicate tumors. The maximum color values on
the two panels are identical. (B) Biodistribution of 125I-M-HFn NPs
with and without coinjection of nonradiolabeled M-HFn NPs. Data
are expressed as %ID/g ± SD (n = 5, mean ± SD, unpaired
Student’s t-test, *P < 0.05, **P < 0.01).
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single dose. In this study, we demonstrate that 125I-M-HFn
NPs, combining the unique targeting strategy, enable tumor
detection in vivo with both MRI and SPECT despite the
enormous difference of these two modalities in sensitivity. To
the best of our knowledge, this study represents the first
demonstration of a hybrid imaging nanoprobe that solved the
excess nonradiolabeled probe blocking issue during nuclear
imaging and achieved highly contrast-enhanced SPECT/MRI
tumor imaging in a single-dose injection and therefore lay the
foundation for future clinical trial and immediate transfer to the
clinic.

METHODS
Preparation and Characterization of 125I-M-HFn NPs. Human

HFn was produced in Escherichia coli and purified as previously
described.22,23 M-HFn NPs were synthesized and purified using our
previously described method.22 Iodination of M-HFn was performed
using the Iodogen method.50 Iodogen (1,3,4,6-tetrachloro-3α,6α-
diphenylglucoluril) is an oxidizing agent that can efficiently activate
iodine for spontaneous incorporation into protein tyrosyl groups. The
detailed mechanism for iodination of nanoparticles is as follows: iodide
(I−) is first oxidized by Iodogen to form the iodous ion (I+), which in
turn brings the protein iodination by electrophilic substitution reaction
at the phenolic ring of tyrosine. Briefly, 0.8 mCi of Na125I (Shanghai
GMS Pharmaceutical Co. Ltd.) was mixed with 100 μg of M-HFn in
100 μL of PBS (0.2 M, pH 7.4) and added to a vial coated with 50 μg
of Iodogen (Sigma-Aldrich). After incubation for 15 min at room
temperature, the mixture was purified with a PD-10 column (GE
Healthcare). The final radiochemical yield of purified 125I-M-HFn was
>98%. The labeling yield and radiochemical purity of the products
were measured by instant thin-layer chromatography (ITLC) on a
radio-thin layer scanner (Bioscan).
TfR1 Expression by Western Blotting Analysis. TfR1

expression in HT-29 and MX-1 cell lines was assessed by Western
blotting. Cell lysates of each type were run on a 10% SDS−
polyacrylamide gel and transferred to a nitrocellulose membrane
blocked with 5% nonfat milk, 0.1% Tween 20 in PBS for 30 min, and
then incubated overnight at 4 °C with a 1:2000 dilution of mouse
antihuman TfR1 monoclonal antibody (mAbs, BD Bioscience). The
TfR1 mAbs was detected using a 1:6000 dilution of goat antimouse
IgG conjugated to HRP (Pierce), and developed with ECL substrate
(Pierce).
Cellular Uptake Studies. The cellular uptake of 125I-M-HFn NPs

was investigated in HT-29 and MX-1 cell lines. In a 96-well plate, 1 ×
106 of HT-29 or MX-1 cells in five duplications were incubated with
20 μCi of 125I-M-HFn in growth medium at 37 °C, in 5% CO2. After1
h of incubation, the cells were washed with PBS, detached by trypsin
and collected by centrifuge. After this, the radioactivity of the
incubated cells was counted using a GC-1200 γ counter (ZONKIA,
Hefei, China). The same cell samples were further lysed and digested
with 2% HNO3 for intracellular iron content quantification using an
ICP-AES instrument (PerkinElmer Optima 8000). The iron
concentration was interpolated from a standard curve of the iron
standards.
The above cell lines were next imaged on SPECT/CT and MRI to

evaluate the binding reactivity of 125I-M-HFn to cancer cells. Briefly, 1
× 106 of HT-29 or MX-1 cells were respectively incubated with 20 μCi
of 125I-M-HFn NPs in growth medium for 1 h with continuous
vortexing at 37 °C. After washing in PBS, the cells were
homogeneously suspended in 0.5 mL of 2% agar gel in a 24-well
plate. Planar gamma imaging was performed on a clinical SPECT/CT
scanner (Precedence, Philips Healthcare) equipped with a low-energy,
high-resolution parallel-hole collimator. MR imaging was performed
on a clinical MRI scanner (Siemens 3.0-T) equipped with a
microsurface coil using a T2-weighted spin−echo sequence (TR =
4000 ms, TE = 13.8 ms, average 3, FOV = 120 × 120 mm, matrix =
256 × 256, slice thickness = 2 mm).

Fluorescence Microscopy of Endocytosis. M-HFn was labeled
with FITC (Sigma), and holo-transferrin (Sigma) was labeled with
Cy5.5 (GE Healthcare), respectively, according to the manufacturer’s
instructions. The cellular internalization of M-HFn via TfR1
transporter was studied by confocal laser scanning microscopy. Briefly,
HT-29 tumor cells were incubated for 30 min at 37 °C in PBS
supplemented with 10 mM Tris-HCl, 10 mM Hepes, 5 mM glucose,
and 1 mg/mL BSA at pH 7.4. Cells were then incubated with both M-
HFn-FITC (1 μM FITC equivalents) and holo-transferrin-Cy5.5 (1
μM Cy5.5 equiv) on ice for 30 min. After being washed in cold PBS,
cells were resuspended in buffer at 37 °C to allow endocytosis. At
defined time points, internalization was stopped by adding cold PBS
containing 0.02% sodium azide. Cells were then washed with cold
PBS, fixed in 4% (wt/vol) cold formaldehyde, and plated on poly-L-
lysine-treated coverslips (BD Biosciences). Images were collected by a
confocal laser scanning microscope (Olympus). The fluorescent signal
of Cy5.5 was collected from 650 to 720 nm, and the FITC fluorescent
signal was collected from 499 to 550 nm.

In Vivo SPECT and MRI Imaging Studies. All animal studies
were performed with the approval of the Ethical Committee of
Zhongshan Hospital, Fudan University. For in vivo imaging, female
BALB/c nude mice of 6 weeks old were implanted subcutaneously
with 1 × 107 HT-29 or MX-1 tumor cells in the right upper flank.
When the xenograft reached about 1.0 cm in diameter, mice were
intravenously administered with a single-dose of 125I-M-HFn NPs
containing 45 μg (HFn), 500 μCi (125I), and 11.2 μg (Fe) with or
without the presence of 50-fold molar excess of nonradiolabeled M-
HFn. Mice were imaged consecutively with a small-animal nano-
SPECT/CT system (Bioscan) and a 3.0-T clinical MRI scanner
(Siemens) before injection and at 2 h and 6 h postinjection. The MRI
scanner was equipped with a microsurface coil using a T2-weighted
spin−echo sequence (TR = 2500 ms, TE = 35 ms, average 3, FOV =
60 × 60 mm, matrix = 512 × 512, slice thickness =2 mm). Here, the
MRI acquisition parameters are different from those for in vitro
experiments because the in vivo physiological environments have
different magnetic properties from the in vitro MRI surrounding
environments, and thus different sequences are needed to acquire the
optimal MRI contrast effect for M-HFn nanoparticles.

The SPECT images are slices from the 3D reconstruction obtained
using nanoSPECT/CT (Bioscan). The image segmentation and
quantitation analysis was performed using InVivoScope 1.40 software
(Bioscan). Briefly, the volume of interests (VOIs) was obtained in the
form of a cylinder, by first circling the regions of interests (ROIs) from
the transverse profile, and then selecting the length of ROIs from the
maximum intensity projection. Following the above operation, the
values of radioactivity and volume of the VOIs were obtained from the
software. The radiotracer uptake (μCi/voxel or ID%/cm3) was
calculated by dividing radioactivity by volume from VOIs.

Biodistribution and Statistical Analyses. Female BALB/c mice
bearing HT-29 tumors were administered 20 μCi of 125I-M-HFn with
or without coinjection of a 50-fold excess of nonradiolabeled cold M-
HFn via tail vein. At 6 h postinjection, mice were sacrificed and the
samples of tumors and organs (heart, lung, liver, spleen, stomach, small
intestine, large intestine, kidney, muscle, and blood) were collected,
wet-weighed, and counted for radioactivity using a GC-1200 γ counter.
Tissue radioactivity concentrations were expressed as the percentage
of injected dose per gram of organ (%ID/g). Values are expressed as
mean ± SD (n = 5 per group). Statistical analysis was carried out using
the unpaired Student’s t-test.
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