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ABSTRACT: Over the last decades, considerable efforts have been put into
developing active nanocarrier systems that cross the blood brain barrier (BBB) to
treat brain-related diseases such as glioma tumors. However, to date none have
been approved for clinical usage. Here, we show that a human H-ferritin (HFn)
nanocarrier both successfully crosses the BBB and kills glioma tumor cells. Its
principle point of entry is the HFn receptor (transferrin receptor 1), which is
overexpressed in both BBB endothelial cells (ECs) and glioma cells. Importantly,
we found that HFn enters and exits the BBB via the endosome compartment. In
contrast, upon specifically targeting and entering glioma cells, nearly all of the HFn
accumulated in the lysosomal compartment, resulting in the killing of glioma tumor
cells, with no HFn accumulation in the surrounding healthy brain tissue. Thus, HFn
is an ideal nanocarrier for glioma therapy and possesses the potential to serve as a
therapeutic approach against a broad range of central nervous system diseases.

KEYWORDS: human H-ferritin nanocarrier, blood brain barrier, transferrin receptor 1, receptor-mediated transcytosis,
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The blood brain barrier (BBB) represents a protective
interface between the central nervous system (CNS)
and peripheral blood circulation. It is mainly composed

of vascular endothelial cells of the brain capillaries surrounded
by pericytes and astrocytes.1 The BBB is essential for
maintaining homeostasis of the CNS and prevents entry of
potential neurotoxins into the brain. Due to its highly selective
permeability, the BBB also presents a formidable obstacle to the
successful delivery of drugs into the brain. Both large molecules
and the majority of antitumor drugs fail to pass the BBB, thus
preventing effective treatment of brain-related diseases.
Although dozens of new targeting biomarkers have been
discovered and significantly benefit patients with peripheral
tumors, none of these therapies improve the overall survival
rate in brain tumor patients,2 partly due to the fact that the
presence of the BBB prevents both early diagnosis and effective
drug delivery.3 Therefore, one of the biggest challenges for
successful diagnosis and therapy for brain tumors is to traverse
the BBB.4

One promising strategy for transporting drugs across the
BBB barrier is to target endogenous receptor-mediated
transport (RMT) systems. One such system of highly expressed

receptors in BBB endothelial cells (BBB ECs) includes three
major receptors, namely, transferrin receptor 1 (TfR1), insulin
receptor, and low-density lipoprotein receptors.5

Among these, TfR1 has been studied in great detail and thus
represents a potential candidate for translational research.6,7

Importantly, TfR1 is expressed at high levels at the BBB as well
as on brain tumor tissues, and the expression levels of TfR1 on
tumors correlates well with the pathological grades of brain
tumors.8,9 TfR1 mediates iron delivery to the brain via binding
and intracellular trafficking of the iron-binding protein
transferrin (Tf).10 Due to the high concentrations of
endogenous Tf present in the bloodstream, neither Tf nor Tf
mimetic peptides are ideal RMT-targeting ligands, as the
injected RMT delivery system would compete with endogenous
Tf for TfR1 binding.11,12 To overcome this challenge,
antibodies binding to epitopes on the extracellular domain of
TfR1 distal to the Tf-binding site5 have previously been
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developed. Despite substantial anti-TfR1 antibody binding and
endocytosis into BBB endothelial cells, limited transcytosis into
the brain parenchyma has been observed, primarily because of
the accumulation and degradation of anti-TfR1 antibodies in
the endothelial lysosomes.7,13,14

While tuning the binding affinities of anti-TfR1 antibodies
improved intracellular trafficking and transcytosis of BBB,13,15

such manipulation also presents several additional challenges.
Fusion proteins usually possess poor stability and immunoge-
nicity;16 in addition, the delivery efficiency of the antibody is
low and the amounts of antibodies taken up by the brain are
limited.5 An equally important point to consider is the high cost
of antibody engineering, rendering this approach unfeasible for
clinical use.
The development of nanotechnologies allows for new

approaches for delivering therapeutics to specific target
sites.17 Combining with specific ligands, the nanocarriers are

considered as one of the most promising and versatile drug
delivery systems for otherwise inaccessible regions such as the
brain.18,19 Because of their ideal size, high cargo loading,
controlled drug release, and suitable pharmacokinetics, nano-
carriers are now considered to be powerful tools for brain
disease therapy.16,18,19 Previous reports have shown that brain-
targeted nanocarrier enhanced the distribution of drugs in the
brain; however, the poor selection between normal brain and
diseased brain restricted the application of this strategy.16 Dual
targeting strategies using systems anchored to BBB-targeting
ligands and targeted tumor cell-binding ligands are favorable to
improve selective brain distribution.
Numerous efforts have been made to develop active targeting

nanocarriers that cross the BBB and target glioma tumors in the
last decades, and few of them reached the clinical trial stage, but
none have been approved for clinical use.1,16,18,20 Chemically
prepared nanocarriers are hard to translate from bench to

Figure 1. HFn successfully crosses the BBB and accumulates in glioma tumors. (A) Illustration of the in vitro BBB model. (B, C) Transcytosis
of HFn and LFn in an in vitro BBB model: (B) mouse; (C) human. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired Student’s t-
test. (D) In vivo imaging of IRdye800-HFn and IRdye800-LFn that were intravenously injected into healthy mice (n = 3, upper panel) and
U87MG orthotopic tumor bearing mice (lower panel). Red circles indicate the brain area. (E) Quantitative analysis of the fluorescence signals
of IRdye800-HFn and IRdye800-LFn in the brain area of healthy mice and glioma tumor mice. Mean ± SEM, n = 3. **p < 0.01, ***p < 0.001,
****p < 0.0001, unpaired Student’s t-test.

ACS Nano Article

DOI: 10.1021/acsnano.7b06969
ACS Nano XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acsnano.7b06969


bedside because of their complicated synthesis procedures and
long-term toxic effects. Bionanoparticles composed of natural
polymers, such as amino acids or albumin, are better suited for
developing biocompatible nanocarriers; however, they have
other disadvantages such as batch-to-batch variability as well as
limited ability for controlled modifications,18 rendering their
use challenging.
Ferritin is a natural spherical iron storage protein composed

of a self-assembled 24-subunit protein shell with an outer

diameter of 12 nm and interior cavity diameter of 8 nm.21

Mammalians have two types of ferritin, namely, heavy chain
ferritin (H-ferritin) and light chain ferritin (L-ferritin). Recent
studies found that human H-ferritin (HFn) specifically binds to
TfR1 (human HFn receptor, hHFR), and we demonstrated
that HFn and Tf share the same receptor, TfR1, although they
bind to different epitopes on TfR1.22,23 Recently, we reported
that HFn nanocarriers selectively deliver both loaded drugs and
encapsulated iron oxide nanoparticles into peripheral tumors in

Figure 2. Specific receptor-mediated binding of HFn to BBB and subcellular localization of HFn in BBB ECs and tumor cells. (A)
Immunofluorescence (IF) analysis showed that m(h)HFR (green) colocalizes with blood vessel endothelial marker CD31 (red) in normal
mouse brain tissue sections (clinical human nonglioma brain tissue sections, lower panel). mHFR and hHFR were stained by FITC-labeled
HFn. The Pearson colocalization coefficient of HFn and CD31 in mouse brain tissue was determined as 0.9073, and that in human brain
tissue as 0.8842. Scale bar = 50 μm. (B) Antibody blocking assay to test binding of HFn to mouse BBB EC bEnd.3 cells (upper panel) and
human BBB EC hCMEC/D3cells (lower panel). Rab, rabbit anti-mHFR antibody; mAb, mouse anti-hHFR antibody. (C) In normal mouse
and human BBB ECs, the localization of HFn (in green: labeled with FITC, left top and middle panels; stained by anti-HFR antibody, right
top and middle panels) was different from that of HFn in human glioma tumor cells (lower panel). Mouse BBB EC, bEnd.3 cells; human BBB
EC, hCMEC/D3cells. Lysosomes were stained in red using the LAMP1 marker. The nuclei of cells were DAPI-stained (blue). For mouse and
human BBB ECs, the subcellular localization of HFn at 4 h postincubation is shown. For glioma tumor cells, the subcellular localization of
HFn at 5 min and 2 h postincubation is shown. Scale bar = 10 μm. (D) Percentage of lysosomal colocalization in BBB ECs and glioma tumor
cells. For mouse and human BBB ECs, percentage of lysosomal colocalization after 4 h uptake is shown. Control, background signal was
checked in the absence of protein. *p < 0.05, **p < 0.01, ****p < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons test). For
human glioma cells, the percentage of lysosomal colocalization 2 h postincubation is shown. ****p < 0.0001, unpaired Student’s t-test.
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vivo by TfR1-mediated specific targeting without additional
modification of extra targeting ligands.22,24,25 In contrast,
human L-ferritin (LFn), possessing a structure similar to
HFn, is unable to target malignant cells.23,26−28

Here, we set out to explore the capabilities of HFn
transporting across the intact BBB in healthy mice and
targeting glioma tumors in an intracranial orthotopic
glioblastoma mouse model.

RESULTS AND DISCUSSION

HFn Traverses the BBB and Targets Glioma Tumor
Cells. To investigate whether HFn possesses the ability to
traverse the BBB, we performed a BBB transcytosis assay both
in vitro and in vivo. In a BBB transcytosis assay using in vitro
models constructed of either human or mouse BBB ECs
(Figure 1A), we found that HFn effectively traversed both the
mouse and human BBB (Figure 1B,C). In comparison, control
human L-ferritin failed to traverse the BBB. The rate of HFn
transport across the BBB was between 5 to 6 times higher than
that of LFn after 1 h of incubation with ferritin proteins (Figure
1B,C). To evaluate whether our HFn nanocarriers are able to
transcytose, we also employed a coculture model consisting of
mouse BBB ECs and pericytes. The rate of HFn transport
across the coculture BBB model was similar to the rate
observed in the monoculture BBB model (Figure S1A,B).
Importantly, we found that HFn nanocarriers maintain their
intact structure after traversing the BBB (Figure S1C,D).
Together, these results clearly demonstrated that HFn has the
ability to traverse the BBB in vitro.
To test whether HFn traverses the BBB in vivo, we

systemically administered HFn into healthy mice. As shown
in Figure 1D, intravenously (i.v.) injected HFn penetrated the
brain after being transported across the intact BBB. While
fluorescent IRdye800-conjugated HFn was detected specifically
in the brain, no significant accumulation of fluorescence signal
was detected in the brain of mice administered with the same
dose of IRdye800-LFn. Quantitative analysis showed that the
intensity of HFn saw a 5-fold increase compared with the LFn
in the brain area of mice as early as 1 h after administration
(Figure 1E, healthy mouse). Moreover, the in vivo brain signal
of IRdye800-HFn slowly increased and reached its maximum
intensity at 4−6 h postinjection and persisted thereafter (Figure
1D and E), which is consistent with the elimination half-life of
HFn in the blood of healthy mice.24,25 Histopathologic analysis
(see Figure S2) showed that, after penetrating the BBB, HFn
accumulated in the brain parenchyma area, as measured by
Prussian blue staining of magneto-HFn in this location. In
comparison, we did not detect any chromogen signal in the
brain sections of mice administrated with magneto-LFn,
indicating that control LFn was unable to penetrate the BBB
in vivo. Taken together, our results indicated that i.v.-injected
HFn successfully traverses the BBB.
In order to explore whether HFn targets glioma tumor cells

after traversing the BBB in vivo, we employed an orthotopic
mouse model bearing luciferase-expressing human glioma
tumor U87MG to perform the analysis.
As shown in Figure 1D (tumor bearing mice), i.v.-injected

HFn nanocarriers quickly accumulated in the brain area, with
kinetics similar to that observed in healthy mice. Intriguingly,
the accumulated HFn did not distribute evenly throughout the
brain; instead, it localized specifically within the bioluminescent
U87MG tumor (Figure S3A). No significant accumulation of

fluorescence signal in the brain area was detected in the control
experiment (Figure 1D).
Quantitative analysis of the fluorescent signal showed that

the HFn accumulation in the brain of glioma-bearing mice was
more than 10-fold higher than that of LFn in control mice
across all four time points (p < 0.0001 at 3 h postinjection and
p < 0.001 at other time points postinjection, Figure 1E). Similar
to the kinetics of HFn accumulation in normal mice, HFn
enrichment in the brain area of glioma U87MG-bearing mice
reached its maximum at 4−6 h postinjection and was
maintained thereafter (Figure 1E). These observations
indicated that, following BBB crossing, HFn specifically targets
glioma tumor cells.

Transcytosis of HFn Mediated by Its Receptor. As most
biologics cannot be passively delivered across the BBB,
receptor-mediated transcytosis constitutes a promising alter-
native, e.g., TfR1-mediated transport of Tf across the BBB.5 We
have previously shown that HFn can act as an endogenous
ligand of TfR1 and be targeted to non-brain tumor cells22 for
tumor diagnosis22 and therapy;24 thus we proposed that HFn
overcomes the BBB via receptor-mediated transport.
To confirm our hypothesis, we first tested whether BBB ECs

express HFRs by performing immunofluorescence staining
experiments. As shown in Figure 2A, the staining of FITC-
labeled HFn with healthy mice brain sections and human
clinical nontumor brain tissue sections were colocalized with
brain endothelial cells, indicating that brain ECs express HFR
(HFn receptor). The expression of mHFR in BBB ECs was
confirmed by colocalization analysis (Figure S4D). In addition,
both mouse HFR (mHFR, TIM-2) and human HFR (hHFR,
TfR1) were shown to be highly expressed in the ECs of BBB
(Figure S4), and anti-m(h)HFR antibodies significantly
decreased the binding of HFn to mouse (human) BBB ECs.
Together, these results indicate that HFR is highly expressed in
BBB ECs (Figure 2B).
Previous studies indicated that, following uptake by either

HFR-positive T cells or kidney cells, HFn transits through the
endosome and eventually enters the lysosomal compart-
ment.23,29,30

In order to determine the intracellular location of HFn in EC
cells of the BBB, we performed an immunofluorescence assay.
We first exposed mouse bEnd.3 cells to HFn, LFn, and anti-
mHFR antibody, respectively, at equal concentrations for 2 h to
allow mHFR binding, internalization, and intracellular sorting,
before identifying the location of these proteins. HFn started to
localize specifically on the cell membrane of bEnd.3 shortly
after incubation (Figure S5C, left). After a 2 h incubation, the
majority of the internalized HFn nanocarriers were located in
the vesicles in the cytoplasm of mouse BBB ECs (Figure 2C,
upper left panel). No significant binding of LFn to bEnd.3 was
observed in the control experiment (Figure S5C, right). Less
than 15% of the internalized HFn colocalized with lysosome-
associated membrane protein (Lamp-1) (Figure 2D, upper
panel), indicating that very little HFn reached the lysosome
compartment. In contrast, the high level of colocalization
(more than 76%) of anti-mHFR antibody and lysosomes
indicated that the antibodies were primarily sorted to the
lysosome compartment after cell entry (Figure 2C, upper right
panel; Figure 2D, upper panel). Subcellular localization of the
internalized HFn in human BBB ECs (hCMEC/D3) was
similar to that observed in mouse BBB ECs. Most internalized
HFn nanocarriers were found to be located in the cytoplasm,
with little signal detected in the lysosomes (Figure 2C, middle
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left panel; Figure 2D, middle panel). In contrast, anti-HFR
antibodies were mainly sorted to the lysosomal compartment,
which is consistent with previous studies (Figure 2C, middle
right panel; Figure 2D, middle panel).13,14 The intracellular
distribution of HFn nanocarriers in endothelial cells of both
mouse and human BBB (Figure 2C, D) suggests that HFn
crosses the BBB via HFR-mediated RMT. Together, these
results support the assumption that HFn acts as a ligand of
HFR and crosses the BBB via HFR-mediated RMT (Figure
S6).
Since HFn specifically accumulated in the brain tumor sites,

we investigated the subsequent subcellular localization of HFn
in U87MG tumor cells. Expression levels of hHFR were
confirmed for human glioma cell U87MG by flow cytometry
analysis (Figure S5A). The specific binding of HFn and
U87MG cells was analyzed by flow cytometry and immuno-
fluorescence (IF) (Figure S5B and D). Surprisingly, more than
90% of all lysosomes contained HFn after a 2 h incubation
(Figure 2C, lower panel; Figure 2D, lower panel). At 4 h
postincubation, nearly all of the HFn accumulated in lysosomes
(Figure S5D). Thus, HFn appeared to be internalized and
translocated into lysosomes. This is in contrast to the
subcellular localization of HFn in BBB ECs (see Figure 2C).
Taken together, our results suggest that HFn possesses

properties conducive with the aim of traversing the BBB for the
purpose of targeting tumors in the brain.
HFn Distinguishes Glioma Tumors from Normal Brain

Tissues. To confirm that HFn specifically targets tumor cells,
we identified the exact location of IRdye800-HFn nanoparticles

in mice (hereafter called Luc-mCherry-U87MG-tumor mice)
bearing orthotopic luciferase-expressing mCherry+ U87MG
human glioma tumor. The position and size of the U87MG
tumor in the brain of Luc-mCherry-U87MG-tumor mice were
defined by measuring the bioluminescence (BLI) signal of the
luciferase upon intraperitoneal injection of luciferin (Figure 3A
and E); that is, two U87MG tumors were visualized, with the
bigger one near the calvarium (Figure 3A). As shown in Figure
3B, i.v.-injected HFn nanocarriers accumulated in two areas that
overlapped with those identified by bioluminescence. Near
infrared fluorescence (NIRF) imaging following isolation of the
main organs isolated from Luc-mCherry-U87MG-tumor mice
confirmed HFn nanoparticle accumulation in the tumor-
bearing brain (Figure 3C). In addition to the brain, liver and
kidney, as the main organs for ferritin nanoparticle metabo-
lism,24,25 also exhibited strong HFn accumulation (Figure 3C
and F).
To confirm that HFn distinguishes glioma tumors from

normal brain tissues, we examined the margins of tumors
indicated by signals of mCherry expressed in U87MG tumor
cells and IRdye800-HFn, respectively, in whole brain tissue
(Figure 3D, upper panel) and corresponding brain sections
(Figure 3D, lower panel). As shown in Figure 3D, we found
that both signals overlapped to a considerable degree, similar to
the signals of mCherry and Cy5.5-labeled HFn (Figure 3G).
Moreover, the amount of accumulated HFn nanocarriers was
10-fold higher in the tumor area compared to adjacent healthy
brain tissue (Figure S3C).

Figure 3. Injection of HFn results in its accumulation in glioma tumors, whereas normal brain tissues remain HFn-free. (A) 3D
bioluminescence tomography of orthotopic glioma tumors based on the BLI signal of U87MG in vivo. (B) Photoacoustic imaging of U87MG-
bearing mouse in vivo after i.v. injection of IRdye800-HFn. Scale bar = 4 mm. (C) Ex vivo NIRF imaging of the main organs of U87MG
orthotopic mice. (D) Brain (upper panel, scale bar = 4 mm) and brain section (lower panel, scale bar = 1 mm) in the whole ex vivo tumor
bearing mouse. The dashed rectangular area of the brain section was zoomed in for details. (E) Ex vivo bioluminescence imaging of the main
organs of U87MG orthotopic tumor bearing mouse. (F) Ex vivo NIRF imaging of the main organs of orthotopic tumor bearing mouse after
intravenous injection of Cy5.5-HFn nanoparticles. (G) Confocal imaging and HE staining analysis of the sections U87MG orthotopic tumor
after administration of Cy5.5-HFn. Scale bar = 200 μm.
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As shown in Figure S7, experiments with clinical glioma
tissues support these findings. These results confirmed that,
after crossing the BBB, HFn specifically targets and accumulates
in tumor tissues.
Taken together, our results provide strong evidence that HFn

is transported across the BBB via HFR, followed by specific
targeting of glioma tumor cells in a highly cell-type-specific
manner.
HFn Nanocarriers Kill Glioma Tumor. The ability to

effectively overcome the BBB and the selective glioma targeting
property of HFn nanocarrier may offer a therapeutic
opportunity for treating brain cancers. To test this hypothesis,
we used Dox-loaded HFn (HFn-Dox, prepared as we
previously reported24) and measured its antiglioma activity in
orthotopic luciferase-expressing U87MG tumor bearing mice.
The results of our characterization of HFn-Dox, including

Cryo-EM, DLS, and SEC analysis, stability, and drug release of
HFn-Dox are shown in Figure S10. The integrity of HFn-Dox
nanoparticles after traversing the BBB was also confirmed. The
orthotopic glioma mice exhibited severe body weight loss and
short survival time (typical less than 18 days), as the growing
tumor severely affected normal brain function.31 The potential
therapeutic window was chosen on the basis of the proliferation
curve of U87MG tumor cells growing in the brain (Figure S8).
HFn-Dox nanoparticles were i.v. injected at a Dox dose of 1
mg/kg mice weight three times every 3 days starting 9 days
post-tumor cell implantation in the mouse brain. The same
dose of free Dox and nontargeted liposomal Dox (Doxil) or
HFn empty protein nanoparticles were also administrated as
negative controls. On day 6 (before administration), 9, 12, and
15, the therapeutic responses indicated by the BLI signals were
monitored and quantified.
The HFn-Dox treatment in the U87MG-bearing mice

resulted in a visible regression of tumor growth (Figure 4A

and B) and thus an extended survival time (median survival 30
days) (Figure 4C), which is a significant improvement over free
Dox (Kaplan−Meier, p = 0.0019) as well as Doxil treatment
(Kaplan−Meier, p = 0.0023). In contrast, tumors in HFn- or
free-Dox-treated mice grew rapidly. Although Doxil exhibited
slight inhibitory effects on tumor growth, the median survival
time in Doxil-treated mice (16 days) differed little from that in
free Dox or HFn protein treated groups (16 days and 16 days,
respectively) due to its severe side effects24 (Figure 4C,D).
HFn-Dox treatment showed delayed body weight loss
compared to the other three treatments (Figure 4D), which
may be the combined result of effective tumor regression and
lower toxicity. Together, these results indicate that HFn-Dox
significantly suppresses the growth of orthotopic glioma tumors
in vivo.
To investigate the potential side effects of HFn-Dox in mice,

we evaluated their biosafety. Healthy BALB/c mice were i.v.
injected with the same dose of HFn-Dox as the therapeutic
dose used in brain tumor mice therapy. As shown in Figure
S11, administration at these concentrations showed no
significant effect on the body weight of healthy mice. None
of the main organs exhibited any significant pathological
changes.

DISCUSSION

In this study, we demonstrated that HFn nanocarriers
specifically bind BBB ECs, traverse the BBB, and target glioma
tumor cells via interaction with the HFR. Upon entering BBB
ECs, our HFn nanocarrier accumulated in endosomes, but not
in lysosomes, resulting in its effective crossing of the BBB. In
contrast, upon entering glioma cells, nearly all of the HFn
accumulated in the lysosomal compartment. In a proof-of-
principle experiment using Dox-loaded HFn particles, tumor
growth was clearly suppressed, and the life span of the tumor-

Figure 4. HFn-encapsulated Dox effectively improves antiglioma tumor activity. (A) In vivo BLI images of GBM tumor cells in orthotopic
mice that were intravenously injected with different formulations, i.e., HFn-Dox, Doxil, free Dox, and HFn protein. (B) Quantitative analysis
(n = 5) of the BLI signals of (A). The red arrows indicate the time points of administering. (C) Animal survival curves in different groups.
Asterisks indicate that the difference between HFn-Dox and free Dox or Doxil was statistically significant (Kaplan−Meier, p = 0.0019 and
0.0023, respectively). (D) Effect of different treatments on mouse body weight (mean ± SD, n = 5).
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bearing mice was substantially prolonged. This unexpected
combination of properties renders HFn an ideal candidate for
brain-tumor-specific therapy.
While both HFn nanocarriers and HFR (e.g., TfR1)

antibodies enter the BBB ECs, only HFn nanocarriers locate
in endosomes and then traverse the BBB, whereas TfR1
antibodies accumulate in the lysosomes. The difference in
localization between HFn and TfR1 antibodies is likely due to
its different binding affinities with TfR1.13,15 Chuang and
colleagues have shown that high-affinity anti-TfR1 antibodies
facilitate the trafficking of the antibody−TfR1 complex to
lysosomes for degradation, while accumulation of low-affinity
antibodies was found to be reduced in lysosomes of BBB ECs.13

It has been previously reported that the binding affinity of the
antibody used here is significantly higher than that of the HFn
nanocarrier.23 Thus, binding affinity with TfR1 may be the key
factor that determines the subcellular location of HFn
nanocarriers and anti-TfR1 antibodies in BBB ECs.
In contrast, when HFn nanocarriers enter the glioma tumor

cells, nearly all accumulated in the lysosomes. As a matter of
fact, several groups including ours demonstrated earlier that
HFn nanocarriers accumulated in the lysosomes after they
enter different types of tumor cells, such as human colon cancer
cells,25 breast cancer cells,32 melanoma cells,24 and pancreatic
cancer cells.33 The different behavior of HFn nanocarriers in
BBB ECs and tumor cells may be due to the different
expression levels of TfR1. Our results show that the expression
of TfR1 in glioma cells is more than 10-fold higher than that of
BBB ECs. Recently, Niewoehner et al. reported that the
multivalent binding mode of TfR1 antibodies to TfR1
commonly results in their sorting into the lysosomal compart-
ment, whereas antibodies with monovalent TfR1 binding mode
accumulate less in lysosomes and more in endosomes.14

Because of the symmetrical structure of HFn, we infer that
there would be more than one binding site for TfR1 in the
protein shell of HFn. Thus, when the amounts of TfR1 on
tumor cells are excess, the interactions of HFn−TfR1 tend to
exhibit a multivalent binding mode, which results in HFn
accumulation in the lysosomes. Another possible explanation
for the sorting behavior of HFn is that BBB ECs have better
transcytosis ability than glioma tumor cells.5 Thus, after entry
into the cells, HFn nanocarriers tend to be transported across
the BBB ECs, whereas in glioma tumor cells, HFn nanocarriers
accumulate in the lysosomes.
In our in vivo animal experiments, we found that HFn was

transported across the intact BBB via HFR; after crossing the
BBB, HFn specifically recognized the HFR-positive glioma
tumors and distinguished the tumor cells from normal brain
tissues. Such glioma tumor targeting of HFn nanocarriers in
vivo is likely related to the following phenomena: (1) Glioma
tumor cells commonly express high levels of HFR (e.g., TfR1),
which are approximately 10−100-fold higher than those in
normal cells;34 (2) HFn nanocarriers are preferentially
incorporated by receptor-positive cells, a process that occurs
in a threshold-dependent manner, thus enabling HFn nano-
carriers to specifically distinguish tumor cells from normal
cells;35 (3) a hallmark of glioma is the formation of new
vasculature.36 At the early stage of brain tumor vessel
formation, the newly formed capillaries are still continuous
but fenestrated, allowing the penetration of spherical molecules
with less than 12 nm size.37 The diameter of spherical HFn
protein is 12 nm, an ideal size for EPR effects for
macromolecular nanocarriers.38 Thus, except for its active

BBB-crossing and tumor-targeting abilities, HFn also possesses
the passive targeting property for even small brain tumors. Our
data clearly show that HFn nanocarriers are able to detect small
U87MG orthotopic tumors (∼1 mm) (Figure S3); thus HFn
presents a promising tool for early diagnosis or treatment of
brain tumor.
After encapsulating Dox (HFn-Dox), the HFn nanocarriers

inhibited orthotopic tumor growth and substantially prolong
the survival of tumor-bearing mice. Importantly, HFn nano-
carriers exhibit a better tumor inhibition rate and lower side
effects compared to nontargeted clinically approved Doxil,
which further confirms the benefits of the active targeting
property of the HFn nanocarrier. Moreover, previous studies
established that the HFR (e.g., TfR1) is widely expressed in
various human brain tumors.8,9 As a result, several therapies
based on HFR targeting have already been evaluated in clinical
trials.39 Hence, the HFn nanocarrier is a promising candidate
for clinical brain tumor therapy.
In addition, HFn-Dox exhibited excellent biosafety in vivo. In

our previous report, we already demonstrated that HFn-Dox
significantly reduced the cardiotoxicity of Dox, increasing the
maximum tolerated dose of Dox from 5 mg/kg to 20 mg/kg.
Importantly, 96 h 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).24 The
accumulated dose of HFn-Dox in this study was 3 mg/kg.
Thus, the administration of HFn-Dox did not induce significant
toxicity in the liver, kidney, or spleen. Importantly, HFn-Dox
did not exhibit significant toxicity to healthy brain tissues. The
reasons for this lack of toxicity may be manifold. First, HFn
nanocarriers specifically recognize glioma tumor cells. As a
result, the accumulated HFn nanocarriers in the tumor area are
more that 10-fold higher than that in the healthy brain tissues;
second, HFn nanocarriers are preferentially incorporated by
receptor-positive cells in a threshold-dependent manner. Here,
we compared the uptake ratio of HFn in glioma tumor, BBB
ECs, and astrocytes. The results demonstrated that glioma
tumor cells take up more than 10-fold higher HFn than that of
normal neuron cell astrocytes; no significant uptake of HFn was
observed in normal neuron cells (Figure S9); lastly, the HFR
(e.g., TfR1)-mediated transcytosis is bidirectional.40 In healthy
brain tissues, the penetrating HFn nanocarriers accumulated
near the blood vessels (Figures S2D and S3C). Since HFn
nanocarriers did not accumulate in the normal brain cells, they
may partially return to blood circulation.

CONCLUSION

Taken together, our HFn nanocarriers possess several
important characteristics that are of advantage for translation
into clinical brain tumor therapy.
First, HFn nanocarriers possess excellent biotoxicity/

biodegradability. Naturally existing in humans, HFn nano-
carriers consist of amino acids that do not activate
inflammatory or immunological responses.21

Second, HFn nanocarriers possess high loading efficiency
and controlled drug release properties. The nanocage
architecture of HFn allows for easy encapsulating of a variety
of drugs with high loading efficiency.24 Moreover, the HFR
(TfR1)-mediated endocytosis is a useful pathway for drug-
selective delivery.41 Our previous studies demonstrated that the
HFR-mediated endocytosis endows HFn with a controlled drug
release property.24,25
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Third, HFn nanocarriers possess excellent dual tumor-
targeting properties. Without any ligand modification, HFn
specifically recognizes tumor cells through HFR-mediated
tumor targeting;21 in addition, the outer diameter of HFn is
12 nm, which is ideal for anticancer nanomedicine because HFn
can fully overcome the physiological barriers posed by the
tumor microenvironment and passively penetrate the tumor
tissues via EPR effects.42 Both active and passive tumor
targeting render HFn an excellent choice for tumor therapy in
vivo.
Fourth, HFn nanocarriers are effectively produced in E. coli

at a high yield (more than 300 mg/L in this work), and the
loading process of drugs or imaging moieties inside the
nanoparticle is relatively simple.
Lastly, HFn nanocarriers exhibit BBB-traversing and the

glioma-targeting abilities, which render HFn nanocarriers to be
promising candidates for effective brain tumor therapy.
On the basis of all of the above-mentioned properties of

HFn, we propose that the HFn nanocarrier is an ideal
nanocarrier for brain-tumor-specific therapy. Also, the HFn
nanocarrier possesses the potential to serve as a therapeutic
approach against a broad range of CNS diseases.

MATERIALS AND METHODS
Cellular Culture. The luciferase- and mCherry-transfected human

glioblastoma cell line U87MG (U87MG-Luc-mCherry) was obtained
from the Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences, and the mouse brain endothelial cells bEnd.3 were
obtained from ATCC. Both types of cells were cultured in DMEM
medium (Sigma-Aldrich) containing 10% fetal calf serum (Sigma-
Aldrich), penicillin (100 U/mL, Sigma-Aldrich), and streptomycin
(100 μg/mL, Sigma-Aldrich) at 37 °C with 5% CO2. U87MG cells
were cultured in T-75 flasks (Corning) and passaged by trypsin-EDTA
digestion twice a week.
The immortalized human brain capillary endothelial cell line

hCMEC/D3 was obtained from INSERM, France. Cells were cultured
in EBM-2 medium supplemented with growth factors, hydrocortisone,
ascorbate, 2.5% fetal calf serum (Sigma-Aldrich), and antibiotics
(Gibco Life Technologies Inc., UK) at 37 °C with 5% CO2.
Cell-Binding Assays. The binding activities of HFn and LFn

nanoparticles to mouse BBB EC bEnd.3 cells and human BBB EC
hCMEC/D3 cells were detected using a FACSCalibur (Becton
Dickinson) flow cytometry system and analyzed using Cell Quest
software (Becton Dickinson). To perform the binding analysis, 100 μL
detached brain endothelial cell suspensions (2.5 × 106 cells/mL) were
incubated with 0.4 μM FITC-HFn for 45 min at 4 °C in phosphate-
buffered saline (PBS) containing 0.3% bovine serum albumin (BSA).
After three washes in cold PBS, cells were analyzed immediately using
a FACSCalibur flow cytometry system. FITC-conjugated LFn protein
was used as a negative control.
The expression of TIM-2 in mouse BBB EC bEnd.3 cells was

detected by a FACSCalibur (Becton Dickinson) flow cytometry
system. A 100 μL amount of detached bEnd.3 mouse brain endothelial
cell suspensions (2.5 × 106 cells/mL) was incubated with rat anti-
mouse TIM-2 monoclonal antibody (1:100, Clone RMT2-1, Santa
Cruz) for 45 min at 4 °C in PBS containing 0.3% BSA. After three
washes in cold PBS, cells were incubated with Alexa Fluor 488 goat
anti-rat secondary antibody (1:200, A-11006, ThermoFisher). After
another three washes in cold PBS, cells were analyzed immediately
using a FACSCalibur flow cytometry system. Rat IgG protein was used
as a negative control.
The expression of TfR1 in human BBB EC hCMEC/D3 was

detected also by a FACSCalibur (Becton Dickinson) flow cytometry
system. A 100 μL amount of detached hCMEC/D3 suspensions (2.5
× 106 cells/mL) was incubated with mouse anti-human TfR1
monoclonal antibody (1:100, CloneM-A712, BD Pharmingen) for
45 min at 4 °C in PBS containing 0.3% BSA. After three washes in

cold PBS, cells were incubated with Alexa Fluor 488 goat anti-mouse
secondary antibody (1:200, A-32723, ThermoFisher) and analyzed
after another three washes in cold PBS using a FACSCalibur flow
cytometry system. Mouse IgG protein was used as a negative control.

An antibody blocking assay was performed to test whether TIM-2
or TfR1 is the binding receptor of HFn to BBB EC cells. Briefly, 0.4
μM FITC-HFn was incubated with BBB EC cells in the presence or
absence of a10-fold molar excess of anti-TIM-2 Ab (Clone RMT2-1,
Santa Cruz) or mouse anti-human TfR1 monoclonal antibody (1:100,
CloneM-A712, BD Pharmingen). After three washes in cold PBS, cells
were analyzed immediately using a FACSCalibur flow cytometry
system. FITC-conjugated LFn protein was used as a negative control.

Analysis of Cellular Uptake, Subcellular Localization, and
Colocalization. The cellular uptake and subcellular localization of
HFn or LFn nanoparticles and distributions of HFn protein in cells
were studied by a confocal laser scanning microscope (CLSM)
(Olympus FluoView FV-1000, Tokyo, Japan). Briefly, bEnd.3,
hCMEC/D3, or U87MG cells were plated on poly-L-lysine-treated
coverslips (BD Biosciences) and cultured in a six-well plate (Corning)
for 12 h before using. After stimulation for 5 min, 1 h, 2 h, and 4 h
with 1 μM FITC-HFn/FITC-LFn nanoparticles/rat anti-TIM-2
antibody (1:10, Clone RMT2-1, Santa Cruz)/mouse anti-human
TfR1 monoclonal antibody (1:10, CloneM-A712, BD Pharmingen),
cells were washed with PBS, fixed in 4% cold formaldehyde in PBS for
5 min, and then permeabilized with 0.1% Triton X-100. After three
washes in PBS, cells were blocked in 5% normal goat serum for 30 min
at room temperature. To observe the localization of antibodies, cells
were incubated with Alexa Fluor 488 goat anti-rat secondary antibody
for anti-TIM-2 antibody (1:200, A-11006, ThermoFisher) and Alexa
Fluor 488 goat anti-mouse secondary antibody for anti-TfR1 antibody
(1:200, A-32723, ThermoFisher) for 1 h at 37 °C. To visualize
lysosomes, cells were incubated with a mouse anti-Lamp1 mAb (1:50,
clone H4A3; Santa Cruz) at 37 °C for 1 h, then washed three times
with PBS and incubated with goat anti-mouse IgG1 conjugated with
AlexaFluor555 (1:500; Invitrogen) at 37 °C for 1 h. Finally, the nuclei
of cells were stained by 4′,6-diamidino-2-phenylidole (DAPI, 1 μg/mL,
Roche Applied Science) for 10 min at room temperature. The
fluorescence signals were examined with a CLSM (Olympus FluoView
FV-1000, Tokyo, Japan). A 60× oil objective was used to capture all
images with a digital zoom factor of 2−4×. The colocalization analysis
of HFn/Lamp1 and anti-TIM-2 antibody/Lamp1 was performed using
the FluoView colocalization tool (Olympus FluoView FV-1000,
Tokyo, Japan). Three experiments with at least 10 cells quantified
per experiment were performed. The statistical analysis was done in
Graphpad Prism (Graphpad Inc., version 6.02).

In Vitro Transcytosis Assay. Mouse BBB EC bEnd.3 cells and
human BBB EC hCMEC/D3 cells were used to generate an in vitro
BBB model as previously reported.14,43,44 BBB EC cells were plated on
gelatin-coated 0.4 μm pore size Transwell plates (24 mm Transwell,
Corning) at a density of 6 × 104 cells/cm2 in culture media and were
allowed to grow for 48−72 h to reach confluency. The transcytosis
assay was performed when the trans-endothelial electrical resistance
(TEER) of this model reached 100 Ω·cm2. FITC-labeled HFn or LFn
(100 μg) in fresh culture media was then added to the top (apical)
chamber. Transcytosis of the ferritin proteins were determined by
collecting samples from the bottom (basal) chamber at the time points
of 30, 60, and 120 min, following the addition of the FITC-labeled
ferritins. The concentration of ferritins in the basal chamber was
analyzed based on the linear relation of protein concentration and
FITC fluorescence determined in a spectrofluorometer Varioskan
Flash spectral scanning multimode reader (ThermoFisher Scientific)
using excitation at 490 nm and emission at 525 nm. Experimental
conditions were prepared in triplicates.

Animal Models. All animal studies were performed following the
ethics protocol approved by the Institutional Animal Care and Use
Committee at the Institute of Biophysics, Chinese Academy of
Sciences. Male BALB/c nude mice (6−7-week-old) were obtained
from Vital River Laboratories (Beijing). Mice were housed under
standard conditions with free access to sterile food and water. To
establish the U87MG intracranial orthotopic glioblastoma mice model,
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mice were anesthetized using 2.0% isoflurane and then positioned in a
stereotactic instrument. The top of the animal’s head was cleaned with
70% ethanol and betadine. A linear skin incision was made over the
bregma, and 3% hydrogen peroxide was applied to the periost with a
cotton swab. A 27G needle was then used to drill a burrhole into the
skull 0.5 mm anterior and 2 mm lateral to the bregma. A 10 μL
gastight syringe (Hamilton) was then used to inject 10 μL of the
U87MGcell suspension (1 × 106 cells in PBS) in the striatum at a
depth of 2.5 mm from the dural surface. The injection was done slowly
over 10 min. The burr hole was occluded with glue to prevent leakage
of cerebrospinal fluid, and the skin was closed with surgical clips. For
whole-body imaging, each tumor-bearing mouse was injected with dye-
labeled ferritin nanoprobes (10 mg protein/kg body weight) via tail
vain.
Bioluminescence Imaging and 3D Reconstruction. Bio-

luminescence imaging (BLI) was performed using the Xenogen IVIS
Lumina II system (PerkinElmer, Waltham, MA, USA). Eight minutes
after intraperitoneal injection of D-luciferin (150 mg/kg), animals were
imaged, and the same procedure was repeated at the specified time.
Imaging signals in regions of interest were quantified in units of mean
photons per second per square centimeter per steradian (p/s/cm2/sr).
Three-dimensional bioluminescence tomography based on the
Bayesian approach for reconstructing the U87MG orthotopic tumor
mouse model was performed as previously reported,45 and images
were prepared by IVIS Living Image 3.0 software (PerkinElmer, USA).
Photoacoustic Imaging. All phantoms and in vivo photoacoustic

imaging experiments were conducted using a multispectral photo-
acoustic tomography system (inVision, iTheraMedical GmbH,
Munich, Germany). The system consists of a tunable laser with
working wavelengths ranging from 680 to 960 nm. The light pulses
excited photoacoustic signals were acquired using a multielements
cylindrically focused ultrasound transducer. The phantom was made
up of polyurethane with two cylindrical spaces inside for measuring the
photoacoustic signals of the probes. Prior to the experimental
procedure, animals were mounted on an animal holder with a thin
plastic membrane to avoid directly touching the water in an imaging
chamber, and they were moved horizontally under isoflurane
anesthesia. Images were scanned slice by slice. Each slice (0.8 mm)
was acquired 10 times at each moving step for averaging. Six different
wavelengths, 715, 730, 760, 773, 800, and 850 nm, were used to
generate multispectral photoacoustic information. The intracranial
orthotopic glioblastoma mice models were scanned from head to neck
at the time point of preinjection, 2 and 4 h postinjection of probes.
The acquired data were reconstructed into images by a model-based
method. We unmixed the signals of oxygen hemoglobin, dioxygen
hemoglobin, and the probes by multispectral analyses to obtain more
information.
A precision xyz-stage with a minimum step size of 1 μm was used to

move the transducer and the fiber ring along a planar 2D trajectory. At
every position, the acquired signal was averaged over two to four laser
pulses. The time of arrival and the intensity of the laser pulses were
recorded using a silicon photodiode (DET10A, Thorlabs). This
information was used to synchronize the acquisition and compensate
for pulse-to-pulse variations in laser intensity. The analog photo-
acoustic signals were amplified using a 30 dB preamplifier (5676/
115VAC, Panametrics Olympus NDT) and digitized using an
oscilloscope (Infinium 54825A, Agilent). The photoacoustic and
ultrasound images were reconstructed as follows: the a-scan from each
position of the transducer was band-pass filtered with 100% fractional
bandwidth, which compensated for laser intensity variations and
envelope detection. The a-scans were then combined to reconstruct a
3D intensity image of the target. No further postprocessing was done
on the images. Ultrasound images were acquired using a 5 or 25 MHz
transducer.
NIRF Imaging. All ex vivo and in vivo NIRF imaging experiments

were conducted with an IVIS Spectrum imaging system (PerkinElmer,
USA). For in vivo IRdye800-labeled probe imaging, the tumor mouse
models were scanned at the time point of preinjection, 1, 3, 6, and 24 h
postinjection of the probes into tail veins right after photoacoustic
imaging. A filter set with excitation and emission wavelengths of 745

and 800 nm, respectively, was used to measure the fluorescent signal of
IRdye800. For in vivo and ex vivo Cy5.5-labeled probe imaging,
excitation and emission wavelengths of 673 and 707 nm, respectively,
were used to measure the fluorescent signal of Cy5.5. To avoid the
fluorescence quenching, the ex vivo imaging of the excised organs was
performed immediately after mice were sacrificed without perfusion.
Imaging data were processed and analyzed by IVIS Living Image 3.0
software (PerkinElmer, USA).

Therapy Studies. For therapy studies, 20 male BALB/c nude mice
bearing U87MG tumors were randomly assigned into four groups (n =
5 mice per group). All mice were treated intravenously with drugs via
vain tail on day 9, day 12, and day 15 postimplantation of U87MG
cells. Drugs were administrated at 1 mg/kg Dox equivalent for free
Dox, HFn-Dox, and Doxil, respectively, and at 24 mg/kg HFn
equivalent for HFn-Dox and the HFn control. The BLI fluorescence
imaging analysis was used to evaluate the therapeutic efficiency of
different types of formulations from 5 to 30 days after tumor cells were
implanted.

Fluorescence Imaging of Brain Tissues and Sections Using
the in-House Stereotactic Microscopy System. The in-house
stereofluorescence imaging of brain tissues and brain sections was
performed as reported previously.46 Briefly, a stereofluorescence
microscope was coupled with a conventional camera and a low-
temperature CCD (PIXIS CCD, Princeton Instruments, Trenton, NJ,
USA) to acquire both white-light and fluorescent images. For
measurement of IRdye800, a 785 nm diode laser was used (Ex =
775 nm, Em = 800 nm); for measurement of mCherry protein, a Leica
M205FA automated fluorescence stereomicroscope was used (Ex =
585 nm, Em = 620 nm).

All of the fluorescent images of organs were acquired with an
aperture of F1.4 and an exposure time of 0.1 s. The fluorescent images
of brain slices were captured with an aperture of F1.4 and an exposure
time of 1.0 s.
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