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An ideal nanocarrier for efficient drug delivery must be able to target
specific cells and carry high doses of therapeutic drugs and should
also exhibit optimized physicochemical properties and biocompat-
ibility. However, it is a tremendous challenge to engineer all of the
above characteristics into a single carrier particle. Here, we show
that natural H-ferritin (HFn) nanocages can carry high doses of
doxorubicin (Dox) for tumor-specific targeting and killing without
any targeting ligand functionalization or property modulation. Dox-
loaded HFn (HFn-Dox) specifically bound and subsequently internal-
ized into tumor cells via interaction with overexpressed transferrin
receptor 1 and released Dox in the lysosomes. In vivo in the mouse,
HFn-Dox exhibited more than 10-fold higher intratumoral drug con-
centration than free Dox and significantly inhibited tumor growth
after a single-dose injection. Importantly, HFn-Dox displayed an ex-
cellent safety profile that significantly reduced healthy organ drug
exposure and improved the maximum tolerated dose by fourfold
compared with free Dox. Moreover, because the HFn nanocarrier
has well-defined morphology and does not need any ligand mod-
ification or property modulation it can be easily produced with
high purity and yield, which are requirements for drugs used in
clinical trials. Thus, these unique properties make the HFn nano-
cage an ideal vehicle for efficient anticancer drug delivery.

An ideal nanocarrier for efficient drug delivery must be able
to target specific cells and carry high doses of therapeutic

drugs and should also exhibit optimized physicochemical proper-
ties and biocompatibility (1–3). However, it is a tremendous
challenge to engineer all of the above characteristics into a single
carrier particle (4–6). Ferritin is a spherical iron storage protein
composed of 24 subunits of two types, heavy-chain ferritin (HFn)
and light-chain ferritin (LFn). Ferritin protein self-assembles natu-
rally into a hollow nanocage with an outer diameter of 12 nm and
an interior cavity 8 nm in diameter (7). The cavity is a useful
template for synthesizing highly crystalline and monodisperse
nanoparticles (NPs) (8–10). Recently, it was reported that HFn
binds to human cells via interacting with the transferrin receptor 1
(TfR1) (11). Although it is well known that TfR1 is highly ex-
pressed on human cancer cells and has long been used as a targeting
marker for tumor diagnosis and therapy, current HFn-based
methods for tumor detection and treatment still rely on func-
tionalization of HFn with recognition ligands to achieve tumor-
specific targeting (12–16).
By using the intrinsic tumor-targeting properties of HFn, we

recently reported that iron-encapsulated HFn NPs specifically
target and visualize tumor tissues without the use of additional
targeting ligands or signal molecules (17). In the present study,
we loaded HFn nanocage with doxorubicin (Dox) for tumor-specific
drug delivery. HFn nanocages can encapsulate large amounts
of foreign molecules (18–24), bind specifically to tumor cells
that overexpress TfR1 (17), and should be able to efficiently
deliver high doses of therapeutic drugs to tumors. In particular,
natural HFn nanocarriers are expected to possess an outstanding

biocompatibility and safety profile, because they exist naturally
in the human body and are composed of nontoxic elements that
therefore would not activate inflammatory or immunological
responses (25). In addition, HFn can be produced economically
in Escherichia coli and can be purified easily by exploiting their
heat-resistant property (17, 26). The production and purification
characteristics of the HFn nanocarriers are effective for scale-up
of the manufacturing process with robust and reproducible
procedures.
Although ferritin-based drug delivery has been recently de-

veloped for cancer treatment, in almost all published studies
ferritin was modified with recognition ligands to achieve tumor-
specific targeting (12–15). These extra surface modifications
destroy the intrinsic tumor-specific binding of natural ferritin
and disturb its in vivo performance and biocompatibility because
of the altered surface physicochemical properties of ferritin. In
addition, it was shown recently that the foreign ligands introduced
by genetic engineering affect the self-assembling process of ferritin
during their expression in E. coli, and thus result in a low yield of
the final products (27–29) [e.g., the typical yields of RGD-modified
HFn are less than 1/10 those of free HFn (26)].
In addition, many currently available methods for drug loading

into ferritin involves disassembling ferritin nanocages in severe
acidic pH (18–22), which irreversibly damages ferritin protein
cages and forms hole defects on the spherical protein surface
(30). The irreversible damages to ferritin will seriously affect
their in vivo stability and drug delivery efficiency. So far, most of
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the published work on ferritin-based drug delivery only reported
in vitro results (18–21), reflecting that the drug-loaded ferritin
prepared using the acidic pH method might not be suitable for in
vivo applications.

Results
Human HFn was expressed and purified from E. coli, as pre-
viously described (17). HFn-Dox NPs were prepared by loading
Dox into the cavities of HFn nanocages through disassembling
HFn in 8 M urea in the presence of Dox, followed by a reas-
sembling process with a series of stepwise gradients of urea from
8 M to 0 M in PBS buffer (Fig. 1A). The loading of Dox into the
HFn nanocages is dependent on their electrostatic interactions.
Because the pKa of Dox is 8.2 (31), it can easily bind to the
negatively charged internal surface of ferritin (32) in the neutral
loading buffer. Size-exclusion chromatography confirmed the
successful loading of Dox into HFn nanocages, and the amount
of encapsulated Dox was determined to be 33 Dox molecules per
HFn nanocage (Fig. S1A). Purified HFn-Dox NPs were further
analyzed by cryoelectron transmission microscopy. Both HFn
and HFn-Dox were monodispersed in solution with a well-defined
spherical morphology (Fig. 1B). Dynamic light scattering (DLS)
analysis showed that the HFn-Dox NPs had a narrow size distri-
bution, and there was no significant difference observed in size
between HFn (mean = 14.1 nm) and HFn-Dox (mean = 14.2 nm)
(Fig. 1C). The CD spectra of HFn-Dox were almost identical to
that of HFn (Fig. S1B), indicating that Dox loading does not affect
the structural conformation of the HFn nanocage, implying that it
refolds into its native state upon the loading process.
The stability of HFn-Dox NPs was evaluated by incubating

HFn-Dox in mouse serum at 37 °C, and monitored for Dox release
by HPLC. No substantial drug release from HFn nanocages

was detected over a 60-h period of incubation (Fig. 1D),
suggesting that HFn-Dox NPs is sufficiently stable during
delivery of its drug load through the systemic circulation.
HFn nanocages disassemble into protein subunits under acidic

conditions and release the encapsulated molecules (33). To verify
the pH-dependent kinetics of drug release of our HFn-Dox NPs,
they were incubated either at pH 7.4 or pH 5.0 at 37 °C for 60 h
and the release of Dox was monitored using HPLC (Fig. 1E). At
pH 7.4, HFn-Dox NPs were stable, and no significant release of
free drug was observed over 60 h of incubation. In contrast, at
pH 5.0, free Dox was detected with a drug release half-life of 14 h
and reached a maximum release of 87 ± 3% at 60 h. These results
suggest that a potential endo/lysosome-based drug release mech-
anism exists for the HFn drug delivery vehicle.
We have previously shown that HFn can specifically target

tumor cells that overexpress TfR1 (17). To confirm the specific
binding of HFn-Dox NPs to live tumor cells, flow cytometry and
confocal analysis were performed on TfR1 overexpressed HT-29
human colon cancer cells after incubation with HFn-Dox. HFn-
Dox, as expected, bound to HT-29 cells (Fig. 2A), and the binding
was significantly inhibited by an anti-TfR1 mAb (Fig. S2), indi-
cating a specific binding of HFn-Dox to TfR1 on HT-29 cells. We
further quantitatively compared the binding activity of HFn-Dox
and HFn to TfR1 using competitive binding assay. HT-29 cells were
incubated with Cy5.5-labeled HFn in the presence of increasing
concentrations of unlabeled HFn or HFn-Dox. Analysis of the
competitive binding curves demonstrated that the IC50 values for
HFn-Dox and HFn were 0.25 ± 0.010 μM and 0.26 ± 0.012 μM
under identical experimental conditions (Fig. 2B), confirming that
Dox loading has no effect on the tumor cell binding activity of the
HFn nanocage.
To further test its in vivo tumor-targeting capability, HFn-Dox

was radiolabeled with 125I and injected i.v. for tumor-bearing
mouse imaging. Because of the resolution limit of the clinical
γ-camera (34), mice were imaged when tumor volumes were
>1 cm3. As shown in Fig. 2C, the HT-29 tumor was clearly vi-
sualized with a high contrast to the nonspecific organ back-
ground, which was rapidly cleared from the body within 24 h,
indicating that HFn-Dox is capable of binding specifically to
tumors in vivo and can be eliminated rapidly from the body if not
bound to the desired tumors. These results suggest that this
newly developed HFn nancarrier should be able to deliver the
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Fig. 1. Preparation and characterization of HFn-Dox NPs. (A) Schematic de-
piction of the Dox loading process. (B) Cryo-EM images of HFn nanocages (Left)
and HFn-Dox NPs (Right). (C) DLS analysis of HFn nanocages and HFn-Dox NPs.
(D) Stability of HFn-Dox NPs in mouse serum at 37 °C over 60 h of incubation
(n = 3, bars represent means ± SD). (E) The kinetics of Dox release from HFn-
Dox at pH 5.0 and pH 7.0 at 37 °C (n = 3, bars represent means ± SD).
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Fig. 2. HFn-Dox specifically targets tumor cells in vitro and in vivo. (A) Flow
cytometric analysis of the specific binding of HFn and HFn-Dox to HT-29
colon cancer cells. (B) Inhibition of the binding of Cy5.5-labeled HFn to HT-29
cells by unlabeled HFn or HFn-Dox. The IC50 values of HFn and HFn-Dox were
0.25 ± 0.010 μM and 0.26 ± 0.012 μM, respectively (n = 4, bars represent
means ± SD). (C) In vivo nuclear imaging of HT-29 tumors. Mice were
injected i.v. with 400 μCi of 125I-labeled HFn-Dox and imaged for 24 h.
Arrows mark the tumor location.
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encapsulated Dox to tumors in vivo while being efficiently cleared
from healthy organs, thus avoiding systemic adverse reactions.
To explore the underlying mechanisms of HFn-Dox inter-

nalization and intracellular drug release, we labeled HFn-Dox
with Cy5.5 on the surface of HFn nanocages and incubated them
with HT-29 tumor cells for fluorescence microscopy observation.
Cells were stained with the lysosomal marker Lamp1 to observe
the potential lysosome-based drug release process. As shown in
Fig. 3, HFn-Dox rapidly bound to the surface of HT-29 cells
once incubated with the cells. At 24 h postincubation, HFn-Dox
was located in both the cytoplasm and lysosomes, as shown by its
colocalization with Lamp1 (Fig. 3 B, F, J, and N). At 48 h
postincubation, the majority of HFn-Dox was found in lysosomes
(Fig. 3 C, G, and K), where Dox was gradually released from
HFn nanocages and subsequently translocated into the nucleus
(Fig. 3O). At 72 h, cell nuclei were intensely stained with Dox,
and cells were found to be in the process of apoptosis (Fig. 3
I and P). After release of the encapsulated Dox, HFn nanocages
were finally biodegraded into free amino acids within the lyso-
somes, as evident from the decline of Cy5.5 fluorescence (Fig.
3D), which marked the surface of HFn. These data demonstrate
that the specific binding of HFn-Dox to HT-29 tumor cells leads
to the endocytosis of HFn-Dox with subsequent trafficking of
HFn-Dox into lysosomes, followed by the intracellular drug re-
lease and tumor cell apoptosis.
To study the pharmacokinetic behavior of HFn-Dox NPs, healthy

BALB/c mice were administered HFn-Dox i.v.; the plasma samples
at different time points over the course of 25 h were collected and
the Dox concentration was measured by its fluorescence (Fig. 4A).
The measured blood elimination half-life and area under the con-
centration time curve (AUC) of HFn-Dox were 256 ± 19.0 min and
1,192 ± 99.38%ID·mL−1·min−1 (percentage of injected dose per
milliliter per minute) . In contrast, the blood half-life and AUC
of free Dox at the same dose were only 21 ± 6.4 min and 5.7 ±
0.33%ID·mL−1·min−1. The significantly longer plasma half-life
and higher AUC of HFn-Dox are likely to improve drug retention
in the systemic circulation and facilitate time-dependent drug
accumulation in tumors.

We next measured the tissue and intratumoral Dox concen-
trations in mice bearing HT-29 tumors after i.v. administration of
HFn-Dox NPs and compared with the same dose of free Dox and
nontargeted liposomal Dox (Doxil). At 1, 4, and 24 h postin-
jection the tumors and normal tissues were excised and the
concentration of Dox was measured. As shown in Fig. 4B, the
intratumoral Dox concentration of the HFn-Dox–treated group
showed about a 10-fold and fivefold increase compared with that
in the free Dox and Doxil-treated group, respectively, at all of
the three time points. The dramatically enhanced tumor drug
uptake of the HFn-Dox group is attributed both to the high
blood AUC and to the TfR1-mediated active tumor targeting.
Equally important, HFn-Dox significantly reduced Dox con-
centrations in healthy organs over free Dox and Doxil, including
the muscle, lung, kidney, spleen, intestine (Fig. S3) and heart (Fig.
4C). In particular, the encapsulation of Dox into HFn nanocages
resulted in a 3.0- to 16.8-fold decrease in the drug concentration
in the heart compared with free Dox and Doxil at 1, 4, and 24 h
postinjection. This resulted in a substantial decrease in Dox-
associated cardiomyopathy in the HFn-Dox–treated group, as
shown by the H&E staining of heart sections and the heart weight
test (Fig. S4). The increase of tumor exposure and decrease of
healthy organ exposure to Dox indicate higher achievable drug
doses when the dose-limiting heart toxicity is controlled.
We further examined the total body clearance of HFn-Dox by

measuring the Dox contents of excreted excrement and carcass
retention. Ninety-six hours after i.v. injection of HFn-Dox into
healthy mice over 70% of HFn-Dox was eliminated from the
body via the kidney (into urine) and liver (into feces) (Fig. 4D),
further confirming that HFn-Dox NPs can be efficiently cleared
from the body, thus resulting in minimal exposure of healthy organs
to Dox. The total body clearance experiment in HT-29 tumor-
bearing mice showed that about 55% of the i.v. injected HFn-
Dox was cleared from the whole body within 96 h postinjection
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Fig. 3. Confocal images of the intracellular uptake of HFn-Dox and delivery
of Dox to the nucleus in HT-29 tumor cells. HT-29 cells were incubated at
37 °C with Cy5.5-labeled HFn-Dox for the times indicated, followed by
staining with the lysosomal marker Lamp1 to show the process of HFn-Dox
cellular trafficking (A–L). HT-29 cells were incubated with HFn-Dox to show
the trafficking of Dox to the nucleus (M–P). (Scale bar, 20 μm.)

A

B

D

C

Fig. 4. Plasma pharmacokinetics, tissue biodistribution, and total body
clearance of HFn-Dox NPs. (A) Plasma concentrations of Dox as a function of
postinjection time. (B and C) The concentrations of Dox in tumor (B) and
heart tissue (C) at 1, 4, and 24 h postinjection (n = 4, bars represent means ±
SD, Student t test, *P < 0.01, **P < 0.001 versus HFn-Dox–treated mice). (D)
Elimination of HFn-Dox and free Dox in excrement and retained doses in
carcass of healthy mice within 96 h after i.v. injection (n = 4, bars represent
means ± SD).
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(Fig. S5). The difference in body clearance between the two
groups again indicates the specific accumulation of HFn-Dox
in tumors.
To assess the Dox-associated toxicity of HFn-Dox NPs, we

performed a single-dose tolerability study. Healthy BALB/c mice
were i.v. administered HFn-Dox or free Dox at increasing doses
and monitored for body weight, blood chemistry, and clinical
observations. The maximum tolerated doses (MTDs) for a single
injection of free Dox and HFn-Dox were determined to be 5 mg/kg
mouse body weight and 20 mg/kg body weight Dox equivalents,
respectively (Fig. S6). No abnormal clinical observations or ap-
preciable body weight loss were observed in mice treated with
HFn-Dox at its MTD (Fig. S6). The corresponding blood
chemistry parameters also exhibited no significant differences
relative to the PBS-treated control mice (Table S1), verifying
the safety of HFn-Dox treatment at its MTD. These results
demonstrate that the encapsulation of Dox into HFn nanocages
improves the drug’s tolerability and thus increases the absolute
concentration of Dox in the tumor.
We next evaluated the therapeutic effects of HFn-Dox at its

MTD in HT-29 tumor models and compared it with the same
dose of clinically approved Doxil. A single dose of HFn-Dox,
Doxil, free Dox, empty HFn nanocage, or PBS was injected i.v.
into mice after the tumors reached ∼100 mm3. Mice with tumor
sizes of 100 mm3 are generally used to investigate drug effects.
This is because solid tumors typically display Gompertzian kinetics
(35), and they are typically found to be in a log phase of growth
when at a size of 100 mm3, where the new tumor vessels are
robustly developing and no necrosis in the interior of the tumor
has appeared yet (36). The tumors in free Dox-, free HFn-, or
PBS-treated groups grew rapidly, and the average volume of
tumors reached >1,000 mm3 on day 18 after tumor implantation
(Fig. 5A). A single injection of Doxil (20 mg/kg Dox equivalents)
reduced the tumor growth rate slightly. Importantly, treatment with
HFn-Dox at its MTD (20 mg/kg Dox equivalents) resulted in
clearly visible regression of tumor growth, which correlated well
with a substantial increase in animal survival (Fig. 5B). The average
survival times for mice treated with PBS, free Dox, or free HFn
were 17, 18, and 18 d, respectively, whereas treatment with
Doxil increased survival to 23 d. In contrast, treatment with

HFn-Dox resulted in an 83.3% survival of mice for up to 40 d
of the experiment. This was a significant improvement over
free Dox (Kaplan–Meier, P = 0.0004) as well as Doxil (Kaplan–
Meier, P = 0007). With regard to the toxicity as detected by
the loss of body weight, HFn-Dox at MTD seemed to be well
tolerated with a mean weight loss at nadir of 6.7% (Fig. 5C).
Mice receiving Doxil at the same concentration exhibited high
toxicity, and four of seven treated mice died within 23 d post-
implantation, even though the mean body weight loss at nadir
was less than 15%, indicating a significantly higher toxicity of
Doxil than of HFn-Dox.
The low in vivo toxicity of HFn-Dox NPs is not because human

HFn does not interact with mouse cells, because we detected a
cross-reaction between human HFn and murine cell surface
receptors by flow cytometric analysis in mouse cells (Fig. S7).
To examine the universal antitumor effect of HFn-Dox NPs,

A375 human melanoma and MDA-MB-231 human breast can-
cer xenograft models were also used (Fig. S8). At the adminis-
tered dose of 20 mg/kg Dox equivalents, HFn-Dox and Doxil
showed similar inhibition of tumor growth in both model sys-
tems. However, the mice treated with Doxil experienced severe
drug toxicity, and the majority of treated mice died within 15 d
postimplantation and displayed more than 15% body weight loss
(without recovery) in both A375 and MDA-MB-231 models. The
median survival time of Doxil-treated mice was 14 d in both
A375 and MDA-MB-231 tumor models. In contrast, treatment
with HFn-Dox resulted in 100% survival of the mice in both tumor
models over the 40-d period of study. These results indicated that
HFn-Dox possesses a substantial and universal antitumor activity
with only a single-dose treatment.

Discussion
To date, only a handful of tumor-targeted nanocarriers and
approaches have entered clinical trials, even though targeting
of therapeutic drugs to diseased cells and tissues was first
suggested more than 100 y ago (37). Importantly, so far none
of these carriers has been approved for clinical use owing to
the complexity of designing particles that can meet all of the de-
sign criteria of targeted drug delivery (38). Our newly developed
natural HFn nanocarrier specifically delivers high doses of Dox to
tumor cells without the requirement for additional ligand modi-
fication or property modulation. In comparison with conventional
engineered NPs, the natural HFn nanocarrier system has several
advantages, discussed below.

Intrinsic Tumor Targeting Ability. Without any ligand functionali-
zation, HFn can specifically deliver Dox into tumor cells through
TfR1-mediated targeting and the following receptor-mediated
endocytosis. Artificial NPs, however, are typically modified with
targeting ligands such as antibodies or peptides using complicated
processes and expensive reagents to achieve tumor-specific tar-
geting. These complicated modification processes often result
in high cost, low purity, and variations in the final product,
which make it difficult for these artificial systems to enter into
clinical practice. In addition, the inappropriate density of targeting
ligands on the surface of carrier particles might trigger immune
responses against the carrier (39).

Favorable Pharmacokinetics and Safety Profiles. The in vivo char-
acteristics of carrier particles are largely determined by their
surface physicochemical properties. However, it is challenging
to enable an artificial particle with optimal surface character-
istics that simultaneously confer specific tumor targeting,
favorable in vivo behavior, and excellent biocompatibility. So far,
the application of any targeting NPs has not been approved
by the US Food and Drug Administration, reflecting the diffi-
culties of making NPs that can meet all of the criteria for specific
drug delivery.

A B

C

Fig. 5. Antitumor activity and toxicity of HFn-Dox NPs. HT-29 tumor cells
were implanted s.c. into mice on day 0. Mice were treated with HFn-Dox
(20 mg/kg Dox equivalents; n = 6), Doxil (20 mg/kg Dox equivalents; n = 7),
free Dox (5 mg/kg; n = 8), HFn nanocages (480 mg/kg; n = 8), or PBS (n = 6) at
day 9. (A) Tumor growth curves for mouse groups are indicated. (B) Animal
survival curves in different groups. Asterisks indicate P = 0.0004 and 0.0007
for HFn-Dox compared with free Dox and Doxil, respectively (Kaplan–Meier).
(C) The effect of different treatments on mouse body weight (bars represent
means ± SD, n = 4–8).
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HFn exists naturally in the human body and does not contain
any potentially toxic elements that would activate inflammatory
or immunological responses and thus exhibits excellent bio-
compatibility when used in vivo. In addition, the size of HFn
nanocages is 12 nm, which is ideal for anticancer nanomedicine
because they can fully overcome the physiological barriers posed
by the tumor microenvironment and actively make their way
deep into the tumor tissues (40). Combined with their intrinsic
tumor-targeting property, HFn-Dox NPs showed a long plasma
half-life (256 ± 19.0 versus 21 ± 6.4 min for free Dox) and high
AUC (1,192 ± 99.38 versus 5.7 ± 0.33%ID·mL−1·min−1 for free
Dox), high drug accumulation in tumors (10-fold higher than in
free Dox-treated mice and fivefold higher than in Doxil-treated
mice), and low drug exposure of normal organs and were effi-
ciently cleared from the body. These properties of HFn nano-
cages largely improve the therapeutic efficiency of Dox while
reducing its toxic side effects.

Excellent Antitumor Activity. In all three tumor models used here,
HFn-Dox NPs displayed a significantly longer median survival
time, as well as lower toxicity compared with the clinically approved
Doxil, demonstrating a substantial antitumor activity of HFn-Dox.
The improved antitumor effects of HFn-Dox over Doxil can be
explained by the combined contribution of active tumor target-
ing, efficient endocytosis, and optimal physicochemical properties
of HFn.

Easy Scaling-Up and Manufacturing with Robust and Reproducible
Procedures. Another main challenge for clinical translation of
engineered carrier particles is how to perform efficient scale-up
of their production while maintaining all the characteristics that
determine their therapeutic efficiency. Natural HFn nanocages
are produced in E. coli at high yield and can be easily purified by
exploiting their heat-resistant property (17, 26). In addition,
HFn exhibits favorable in vivo pharmacokinetics, excellent
biocompatibility, and tumor-targeting activity without the mod-
ification of any ligands or surface modulation of physicochemical
properties. Thus, the well-defined, single-component particle sys-
tem of natural HFn makes it easy to scale-up the manufacturing
process with reproducible procedures that fulfill the need of
clinical trials.

Universal Drug-Loading Platform. The loading of the foreign mole-
cule Dox into HFn nanocages is dependent on their electrostatic
interactions. Because the pKa of doxorubicin is 8.2 (31), it can easily
bind to the negatively charged internal surface of ferritin nanocages
(32) in the neutral loading buffer. Therefore, it can be assumed
that any small-molecule chemotherapeutic drugs that form posi-
tively charged groups in neutral aqueous solutions can be loaded
into the cavity of an HFn nanocage. Such positively charged
drugs include most of alkylating agents (41), cisplatin and
some of its derivatives (41), a number of antibiotics (such as
Dox, daunorubicin, and idarubicin) (42), and the plant alkaloid
vinblastine (43), among others. In addition, it was reported that
Cu-64 (12) and U-235 (24) radioisotopes can also be encapsulated
into ferritin nanocages by association with the metal-binding sites at
the surface of ferritin nanocages, just like the way iron ions do. Thus,
we assume that the commonly used medical radioisotopes such as
gallium-67, rubidium-82, copper-64, technetium-99m, indium-111,
xenon-133, thallium-201, and yttrium-90 can also be loaded into
HFn nanocages for tumor-targeted therapy and diagnosis. So far,
a great number of foreign molecules have been successfully
encapsulated into ferritin nanocages (18–24), indicating that
HFn is a universal drug carrier for tumor-targeted delivery.

Materials and Methods
Detailed descriptions of the preparation and characterization of the HFn-Dox
NPs, in vitro Dox release studies, antibody blocking assays, MTD, and bio-
distribution studies can be found in SI Text.

Labeling of HFn-Dox. HFn-Dox and HFn were labeled with the fluorescent dye
Cy5.5 by the following procedures. The Cy5.5-NHS ester (GE Healthcare) was
dissolved in dry DMSO (Sigma-Aldrich) and added to HFn-Dox or HFn solution
(0.1 M NaHCO3, pH 8.5), at a dye to HFn-Dox or HFn molar ratio of 10:1. The
mixture was gently stirred overnight at 4 °C in the dark and then purified on
a polyacrylamide column (molecular weight cut-off 6,000; Thermo Scientific)
to remove free dyes. The concentration of labeled Cy5.5 was determined by
measuring the absorbance at 673 nm and the concentration of HFn was
determined using a Bradford assay kit (Bio-Rad).

Iodination of HFn-Dox was performed using the Iodogen method. Briefly,
0.72 mCi of 125I (Beijing Atom High Tech) was mixed with 100 μg HFn-Dox in
100 μL PBS (0.2 M, pH 7.4) buffer and added into a vial coated with 50 μg
Iodogen (Sigma-Aldrich). After incubation for 10 min at room temperature,
the mixture was purified with a PD-10 column (Amersham). Labeling yield
and radiochemical purity of the products were measured by instant thin-
layer chromatography using 85% (vol/vol) methanol as eluant on a radio-
thin layer scanner (Bioscan).

Cell Binding Assay. The human colon cancer cell line HT-29 was obtained from
the American Type Culture Collection (catalog no. HTB-38) and was cultured
in RPMI-1640 medium (Sigma-Aldrich) containing 10% (vol/vol) FCS (Sigma-
Aldrich). Cells were tested for mycoplasma contamination before use. Flow
cytometry was used to assess the binding activity of HFn-Dox and HFn to HT-29
tumor cells. Briefly, 100-μL cell suspensions (2.5 × 106 cells per milliliter) were
incubated with 0.4 μM of Cy5.5-conjugated HFn or HFn-Dox for 45 min at
4 °C in PBS buffer containing 0.3% BSA. After three washes with cold PBS
buffer, cells were analyzed immediately on a FACSCalibur flow cytometry
system (Becton Dickinson).

A cell competition binding assay was performed to quantitatively assess
the binding affinities of HFn and HFn-Dox. Cy5.5-conjugated HFn at 0.4 μM
was incubated with HT-29 cells in the presence of increasing concentrations
of unconjugated HFn or HFn-Dox from 0 to 100 μM. After three washes with
cold PBS buffer, the binding of Cy5.5-HFn to HT-29 cells was analyzed by
measuring the cell-associated fluorescence using flow cytometry. The best-fit
IC50 values were calculated by fitting the data with nonlinear regression
using GraphPad Prism 5.01 (GraphPad Software).

Cellular Uptake and Distribution. The cellular uptake and distribution of HFn-
Dox were studied by confocal laser scanning microscopy. Briefly, HT-29 cells
were seeded on poly-L-lysine–treated coverslips (BD Biosciences) and cultured
in six-well plates (Corning) in RPMI-1640 medium with 10% (vol/vol) FCS
overnight for cell attachment. Cells were then incubated with HFn-Dox (1 μM
Dox equivalents) or Cy5.5-labeled HFn-Dox (1 μM Cy5.5 equivalents) at 37 °C
for different times. After the incubation, the cells were washed with cold
PBS, fixed in 4% (wt/vol) cold formaldehyde, and permeabilized with 0.1%
Triton X-100. To visualize lysosomes, the cells were further incubated with an
anti-Lamp1 mAb (1:200, clone H4A3; Invitrogen) at 37 °C for 1 h after
blocking by 5% normal goat serum. The cells were then washed three times
with PBS and incubated with goat anti-mouse IgG1 conjugated with Alexa-
488 (1:500; Invitrogen) for 1 h at 37 °C. Nuclei were stained with DAPI (1 μg/mL;
Roche Applied Science) for 10 min at room temperature. Images were col-
lected by a confocal laser scanning microscope (Olympus). The fluorescent
signal of Alexa-488 was collected from 500 to 550 nm to avoid interference of
Dox-related fluorescence because they are both excited at 488 nm.

In Vivo Studies. All animal studies were performed with the approval of the
Chinese Academy of Sciences Institutional Animal Care and Use Committee.
For in vivo nuclear imaging, female BALB/c nude mice (Animal Center of the
Chinese Academy of Medical Science) 6 wk old were s.c. implanted with 1 × 106

HT-29 tumor cells in the right upper flank. The cells were tested for my-
coplasma contamination before implantation. When the size of tumors
reached about 1.0 cm in diameter, mice were injected i.v. with 400 μCi
of 125I-labeled HFn-Dox in 100 μL saline and imaged at 1, 2, 4, and 24 h
postinjection using an Infinia γ-camera (GE Healthcare).

For therapeutic assessment, female BALB/c nude mice bearing HT-29,
A375, or MDA-MB-231 tumors of 100 mm3 in size were randomly assigned
to four or five groups (n = 5–10 mice in each group) and i.v. administered
a single dose of HFn-Dox (20 mg/kg Dox equivalents), Doxil (20 mg/kg Dox
equivalents), free Dox (5 mg/kg), free HFn cage (480 mg/kg, equivalent to
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20 mg/kg Dox dose), or PBS. The volume of tumors and the body weight of
the mice were measured three times a week during the experimental
period. Tumor volume was determined by caliper measurements with the
formula Vtumor = L × W 2/2, where L and W refer to the maximum and
minimum diameters, respectively. In each tumor model the mice were
monitored for up to 40 d after implantation or until one of the following
conditions for killing them was met: (i ) 15% body weight loss or (ii ) tu-
mor greater than 1,000 mm3. On day 40, all surviving mice were killed.
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