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Abstract: Protein cage architectures such as virus capsids and ferritins are versatile nanoscale platforms
amenable to both genetic and chemical modification. Incorporation of multiple functionalities within these
nanometer-sized protein architectures demonstrate their potential to serve as functional nanomaterials with
applications in medical imaging and therapy. In the present study, we synthesized an iron oxide (magnetite)
nanoparticle within the interior cavity of a genetically engineered human H-chain ferritin (HFn). A cell-
specific targeting peptide, RGD-4C which binds Rvâ3 integrins upregulated on tumor vasculature, was
genetically incorporated on the exterior surface of HFn. Both magnetite-containing and fluorescently labeled
RGD4C-Fn cages bound C32 melanoma cells in vitro. Together these results demonstrate the capability
of a genetically modified protein cage architecture to serve as a multifunctional nanoscale container for
simultaneous iron oxide loading and cell-specific targeting.

Introduction

The intersection of chemistry, biology, and nanotechnology
is expected to make significant contributions to the field of
medical diagnosis and therapeutics. For example, quantum dots
or fluorochrome-conjugated macromolecules have been devel-
oped for cell and tissue imaging agents.1-4 Iron oxide nano-
particles are being developed for use in biomedical applications
such as hyperthermia cancer therapy and as magnetic resonance
imaging (MRI) contrast agents.5-16

The utility of iron oxide nanoparticles for biomedical ap-
plications is dependent on the size homogeneity, magnetic

properties, and the ability to target specific cells and/or tissues.
Preparation of nanoparticles of a desired size, with narrow size
distribution, is critical because magnetic properties of iron oxide
particle are significantly affected by particle size. The simul-
taneous incorporation of cell-specific targeting could allow
precise imaging of desired tissues such as tumors. The aim of
this study is to demonstrate that a single protein cage architecture
possesses the chemical plasticity to both form ferromagnetic
iron oxide nanoparticles with narrow size distribution and
simultaneously incorporate an active cell-specific targeting
ligand on the protein cage exterior.

Protein cage architectures are precisely assembled from a
limited number of protein subunits and present three distinct
interfaces that can be exploited in order to impart functionality
by design: the interior, exterior, and the interface between
subunits.17,18 The subunits have versatility in that they can be
easily modified using genetic and chemical means. We are
therefore able to simultaneously impart multiple functionality
(targeting and mineralization/entrapment) to a single protein
cage.3,19,20
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The interior cavity of the protein architecture can act as a
size-constrained reaction vessel for synthesis of nanoparticles
with narrow size distribution.17,18 The protein cage containers
themselves have an extremely homogeneous size distribution,
and this homogeneity of the template leads to homogeneity of
the templated material. Various inorganic nanoparticles have
been synthesized within a range of protein cage architectures.21-37

Although the container-like protein cages share common features
being comprised of a limited number of protein subunits to form
container-like architectures, there is no single protein cage which
perfectly satisfies the required chemical properties for all
nanoparticle synthesis. To prepare ferrimagnetic iron oxide
nanoparticles, ferritins are perhaps the best choice of protein
cage due to their inherent native function which is the sequestra-
tion and storage of Fe as Fe2O3.38-40

Ferritins are a family of proteins found in all domains of life,
which are composed of 24 subunits to form a cage architecture
of 12 nm diameter with an interior cavity of 8 nm diameter.41

Mammalian ferritins consist of a mixture of two different types
of subunits known as H (heavy) and L (light) chain.39 H chain
includes a catalytic ferroxidase site, which catalyzes the
oxidation of Fe(II) to Fe(III), but this site is absent from the L
chain subunit.41 In ferritin, oxidation of Fe(II) to Fe(III) leads
to nucleation of iron oxide due to the insolubility of Fe(III). In
this study, we show that a genetically engineered ferritin mutant,
comprised of only H chain subunits, has distinct advantages as
a nanoscale template for iron oxide nanoparticle synthesis.

Cell-targeting moieties can be exposed on the exterior surface
of protein cage architectures by means of both genetic and
chemical modification.3,42 It has been shown by in vivo phage
display techniques that certain small peptides are able to

selectively target to the vasculature of a variety of tissues,
organs, and tumors.43-46 One representative example of this is
the RGD-4C peptide (CDCRGDCFC), which binds selectively
to integrinsRvâ3 and Rvâ5 which are up-regulated on rapidly
dividing cells.43 Since these integrins are up-regulated in
angiogenic tumor vasculature, the RGD-4C peptide can be
utilized as a cancer cell targeting ligand. It has been demon-
strated that RGD-4C conjugated to a small heat shock protein
(sHsp) or quantum dots, as well as RGD-4C conjugated to the
anti-cancer agent, doxorubicin, all exhibit cancer cell targeting
specificity.3,47,48

In the present work, we investigated the capacity of the ferritin
to incorporate RGD-4C peptide on its exterior surface without
disrupting the overall cage architecture or the ability of the
protein to spatially direct the biomimetic mineralization to
ferrimagnetic iron oxide nanoparticles. We also investigated the
in vitro cancer cell specific targeting of the RGD-4C ferritin
variant.

Experimental Section

Cloning of Human H Chain Ferritin (HFn). Human normal
skeletal muscle cDNA was obtained from Invitrogen (D8090-01;
Carlsbad, CA). The gene encoding the human H chain ferritin (HFn)
was amplified by polymerase chain reaction (PCR) using a forward
primer (5′ A GTC GCC CAT ATG ACG ACC GCG TCC 3′;
boldfacing delineates anNdeI site) and reverse primer (5′ GCCGGA
TCC TTA GCT TTC ATT ATC AC 3′; boldfacing delineates aBamHI
site) for amplification. The PCR 572 bp product was subsequently
cloned into theNdeI and BamHI restriction sites of the pET-30a(+)
plasmid (Novagen). The plasmid vector was transformed into XL2 Blue
ultracompetentEscherichia coli(E. coli; Stratagene, La Jolla, CA) and
plated on LB with kanamycin plates for selection. Positive colonies
were grown overnight in 3 mL of LB with 30 mg/L kanamycin medium.
The HFn plasmid DNA was isolated using Perfectprep Plasmid Mini
(Effendorf, Hamburg, Germany) and inserted DNA was sequenced on
an ABI 310 automated capillary sequencer using Big Dye chain
termination sequence technology (Applied Biosystem, Foster City, CA).

Mutagenesis of RGD-4C Peptide Conjugated Ferritin (RGD4C-
Fn). The N-terminal of the HFn is exposed on the exterior surface of
the assembled ferritin cage. Therefore, the RGD-4C peptide was
incorporated at the N-terminus of the HFn subunit to present 24 copies
of the targeting peptide. To accomplish this, anAatII restriction site
was introduced into the native HFn for subsequent incorporation of
the RGD-4C peptide sequence. Primers were designed as follows to
change a tyrosine (ACC) to a serine (TCC) at amino acid position 3 of
HFn: (+) 5′ GAA GAA GAT ATA CAT ATG ACG TCC GCG TCC
ACC TCG CAG GTG 3′; (-) 5′ CAC CTG CGA GGT GGA CGC
GGA CGT CAT ATG TAT ATC TCC TTC 3′. To incorporate the
RGD-4C peptide sequence onto the N-terminus of the HFn, the
complimentary primers 5′ GC GAC TGC CGC GGA GAC TGC TTC
TGC GGA GGC GGA ACG T 3′ and 5′ TCC GCC TCC GCA GAA
GCA GTC TCC GCG GCA GTC GCA CGT 3′ were designed and
inserted into the introducedAatII site of the plasmid. Three glycine
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residues and one threonine residue were added after the RGD-4C
peptide to allow for some structural flexibility. These mutagenesis
experiments resulted in the change of the original HFn amino acid
sequence MTTAS to MTCDCRGDCFCGGGTSAS. The RGD4C-Fn
plasmid was isolated and sequenced as previously described for HFn.

Purification and Characterization of Ferritin. The HFn and
RGD4C-Fn were expressed inE. coli where they self-assembled into
the 24 subunit cages. Cultures of 1 L each ofE. coli (BL21 (DE3):
Novagen) containing pET-30a(+) HFn or RGD4C-Fn plasmid were
grown overnight in LB medium with 30 mg/L kanamycin. RGD4C-Fn
protein production was induced by IPTG (1 mM), and cells were
incubated for an additional 4 h. After the incubation, cells were collected
by centrifugation and then the pellets were resuspended in 45 mL of
lysis buffer (100 mM HEPES, 50 mM NaCl, pH 8.0). Lysozyme,
DNAse, and RNAse were added to final concentrations of 50, 60, and
100µg/mL, respectively. After 30 min incubation at room temperature,
the solution was subjected to French press followed by sonication on
ice. The solution was centrifuged to removeE. coli debris. The
supernatant was heated at 60°C for 10 min, precipitating many of the
E. coli proteins, which were removed by centrifugation. The supernatant
was subjected to size exclusion chromatography (SEC; Amersham-
Pharmacia, Piscataway, NJ) with a Superose 6 column to purify HFn
or RGD4C-Fn. The protein cages were characterized using SEC,
dynamic light scattering (DLS; Brookhaven, 90Plus particle size
analyzer), and transmission electron microscopy (TEM; LEO 912AB).
Protein concentration was determined by absorbance at 280 nm.
Typically yields were 100 mg for HFn and 10 mg for RGD4C-Fn
(isolated protein) per 1 L batch.

Iron Oxide Mineralization and Characterization. A degassed
solution (8.0 mL of 100 mM NaCl) was added to a jacketed reaction
vessel under an N2 atmosphere followed by addition of HFn (2.0 mg,
3.9 nmol) or RGD4C-Fn (2.1 mg, 3.9 nmol) in 100 mM NaCl (either
of HFn or RGD4C-Fn is 1.0 mg/mL) to the vessel. The temperature of
the vessel was kept at 65°C using circulating water through the jacketed
flask. The pH was titrated to 8.5 using 50 mM NaOH (718 Auto
Titrator, Brinkmann). Fe(II) was added (12.5 mM (NH4)2Fe(SO4)‚6H2O)
to attain a theoretical loading factor of 1000 Fe (313µL), 3000 Fe
(939 µL), or 5000 Fe (1566µL) per protein cage. Stoichiometric
equivalents (1:3 H2O2:Fe(II)) of freshly prepared degassed H2O2 (4.17
mM) was also added as an oxidant (reaction 1). The Fe(II) and H2O2

solutions were added simultaneously at a constant rate of 31.3µL/min
(100 Fe/(protein‚min)) using a syringe pump (Kd Scientific). H+

generated during the reaction was titrated dynamically using 50 mM
NaOH to maintain a constant pH 8.5. The reaction was considered
complete 5 min after addition of all the iron and oxidant solutions.
After the completion of the reaction, 200µL of 300 mM sodium citrate
was added to chelate any free iron. Horse spleen apo ferritin (Sigma
Chemicals Ltd., USA) was also subjected to the mineralization reaction
with a theoretical loading factor of 1000 Fe/cage using the same
procedure. The mineralized sample was analyzed using SEC with
Superose 6. Absorbances at 280 and 410 nm were simultaneously
monitored for protein and mineral, respectively. The sample was imaged
by TEM, and electron diffraction and electron energy loss spectroscopy
(EELS) data were collected on all samples.

Magnetic characterizations of the mineralized samples were per-
formed on a physical properties measurement system (PPMS; Quantum
Design). Dynamic and static magnetic measurements were carried out
using an alternating current magnetic susceptibility (ACMS) and a
vibrating sample magnetometer (VSM) option, respectively. ACMS
measurements were performed under a 10 Oe field at frequencies of
100, 500, 1000, 5000, and 10 000 Hz, with no direct current (dc)
background, while the temperature was varied from 100 to 4 K. The
superparamagnetic blocking temperature was determined from suscep-

tibility curves. VSM measurements were performed under a magnetic
field up to 80 kOe at 5 K.

C32 Amelanotic Melanoma Cell Culture. Human amelanotic
melanoma cell line, C32, was purchased from the American Type
Culture Collection (ATCC CRL-1585). C32 cells were cultured in
Minimum Essential Medium Eagle (MEME, ATTC 30-2003) supple-
mented with 10% fetal bovine serum (Atlanta Biologicals, Norcross,
GA), 100 units/(mL of penicillin) and 100µg/(mL of streptomycin) at
37 °C in 5% CO2 atomosphere.

Cell-Targeting Assay of Mineralized RGD4C-Fn.The mineralized
RGD4C-Fn with a loading factor of 3000 Fe/cage was used to evaluate
the ability of the protein cage to target cancer cells. The mineralized
HFn cages (3000 Fe/cage) was used as a control. C32 cells were
cultured in a six-well polystyrene plate. After 2 days of incubation,
MEME was removed from the well followed by addition of 1 mL of
mineralized protein (200µg/mL) in Dulbecco’s phosphate buffered
saline (DPBS) and then incubated at 37°C for 30 min. After the
incubation, the solution was aspirated and washed 2 times with DPBS.

Cells were fixed in 3% glutalaldehyde in 0.1 M potassium sodium
phosphate buffer (PSPB) at pH 7.2 for 10 min at room temperature.
Following removal of gultalaldehyde, 1 mL of DPBS was added and
cells were scraped using a rubber policeman and then centrifuged. Cell
pellets were mixed with 50µL of 4% agar solution and allowed to
solidify. Agar pellets were then placed in 3% gultalaldehyde in PSPB
overnight at 4°C. Glutalaldehyde was removed and pellets were rinsed
2× with PSPB for 10 min each time. The pellets were then fixed for
4 h at room temperature followed by dehydrations steps of 50, 50, 70,
95, 100, 100, and 100% ethanol for 10 min each. Propylene oxide was
used as a transitional solvent before infiltration with Spurr’s embedding
resin.49 Cell pellets were thick and thin sectioned prior to imaging by
TEM. The surface lengths of the cells were measured and the number
of iron oxide clusters were counted on each image, to estimate the
number of cluster per micrometer of cell surface.

Labeling of Ferritin with Activated Fluorescein Dye. Fluorescein-
5-maleimide, which is capable of reactivity with cysteine residues
present on proteins, was used for fluorescence labeling of ferritin. Either
HFn or RGD4C-Fn in buffer (100 mM HEPES, 50 mM NaCl, pH6.5)
was reacted with fluorescein-5-maleimide (Molecular Probes, Eugene,
OR) in a concentration of 3 mol equiv per ferritin subunit at room
temperature for 30 min followed by overnight incubation at 4°C.19,20

Fluorescein-labeled protein cages were purified from free dye using
SEC as described above. The number of fluorescein linked per protein
cage was determined using absorbance spectroscopy as previously
described.19

Fluorescence-Activated Cell Sorting (FACS) Analysis of C32
Cells Incubated with Fluorescein-Conjugated RGD4C-Fn.Flow
cytometry was performed on a FACSCalibur (Becton Dickinson,
Mountain View, CA) and analyzed using Cell Quest software (Becton
Dickinson). In order to perform the analysis, C32 cells were nonen-
zymatically removed from cell culture dishes by DPBS (without Ca2+

and Mg2+) with 1% ethylenediaminetetraacetic acid (EDTA), washed
once with serum containing MEME, and then suspended in DPBS (with
Ca2+ and Mg2+). The cells were incubated with fluorescently labeled
protein cages (normalized to 2µM fluorescein) in DPBS (with Ca2+

and Mg2+) at a concentration of 2.5× 106 cells/mL on ice for 20 min.
After the incubation, the cells were washed 2 times with DPBS (with
Ca2+ and Mg2+) and then resuspended in DPBS (with Ca2+ and Mg2+).
To demonstrate selective binding of RGD4C-Fn to cancerous cells, a
control experiment using non-cancerous T cells, which do not express
Rvâ3 integrins, were subjected to FACS analysis in the same manner
as the C32 cell experiments described earlier. The binding specificity
of RGD4C-Fn was also investigated in competition experiments, in
which C32 cells were preincubated with increasing concentrations (55
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3Fe2+ + H2O2 + 2H2O98
65°C

Fe3O4 + 6H+ (1)
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µg/mL to 1.1 mg/mL) of either RGD4C-Fn or HFn (unlabeled) prior
to incubation with fluorescently labeled RGD4C-Fn.

Results and Discussion

We have combined two important aspects of biological
approaches to materials synthesis to form functional magnetic
materials with the ability to target specific cells. Cell and tissue
specific targeting peptides (RGD-4C), identified by in vivo
phage display, have been genetically incorporated into the
subunits of human H-ferritin (HFn), giving rise to a self-
assembled cage architecture capable of both cell targeting and
biomimetic mineralization. In this study, we present data on
the ferrimagnetic iron oxide nanoparticle synthesis and char-
acterization using both the HFn cage architectures and the cancer
cell targeting variant of the HFn cage architecture, RGD4C-
Fn. In addition, the efficacy of cell targeting is demonstrated
on fluorescently labeled HFn and RGD4C-Fn using FACS
analysis.

Both the HFn and RGD4C-Fn were heterologously expressed
in E. coli. The purified proteins were analyzed by transmission
electron microscopy, which revealed that both HFn and RGD4C-
Fn adopted the expected spherical cagelike structures with a
diameter of approximately 12 nm and that the two cages were
indistinguishable (Figure 1). The self-assembled cages were
further assessed using dynamic light scattering and found to be
monodisperse in solution (Figure 1) with no significant differ-
ence in size between HFn (mean) 13.4 nm) and RGD4C-Fn
(mean) 14.0 nm). Likewise, analysis of both HFn and RGD4C-
Fn protein cage architectures by size exclusion chromatography
exhibited identical elution times (data not shown). These results
indicate that fusion of the RGD-4C peptide to the N-terminus

of the HFn subunit does not interfere with the self-assembly of
the subunits to form the characteristic 24 subunit protein cage
architecture of ferritin.

The purified protein cages were subjected to synthetic iron
oxide mineralization under conditions of elevated pH and
temperature in order to direct the formation of the ferrimagnetic
phase Fe3O4 (or γ-Fe2O3). Briefly outlined, solutions of Fe(II)
and oxidant (H2O2) were added via syringe pump to the apo-
ferritin cages under an atmosphere of N2 at pH 8.5 and elevated
temperature (65°C) over a defined time period (10, 30, or 50
min). The reaction was performed using a range of stoichio-
metric “loading factors” ranging from 1000 to 5000 Fe/cage.
In the presence of the HFn, or RGD4C-Fn, a homogeneous
brown colored solution was obtained after the reaction for all
loading factors. Control reactions, run in the absence of the
protein cages, resulted in bulk precipitation of the iron oxide
from solution. Unstained products of protein-mediated miner-
alization were observed by TEM and showed electron-dense
nanoparticles (Figure 2). The average diameter of the particles
increased from 3.8 to 6.0 nm as the loading factor was increased
from 1000 to 5000 Fe/cage. There was no significant difference
in particle size between the products mediated by the HFn and
RGD4C-Fn. This indicates that RGD-4C peptide, on the exterior
surface of the cage, had little effect on the mineralization
process, even though there are four cysteine residues present in
the peptide. Electron energy loss spectroscopy of the particles
showed the iron L23 spectrum (Figure 3) and selected area
electron diffraction from a collection of particles in both the
mineralized RGD4C-Fn and HFn exhibited powder diffraction
patterns, which could be ascribed to either maghemite or
magnetite (Figure 3 and Table 1).

Figure 1. TEM images (left) and DLS analysis (right; insets are the corresponding correlation functions) of empty HFn and RGD4C-Fn. Both HFn and
RGD4C-Fn show 12-14 nm in diameter.
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It should be noted that the size (volumes) of the Fe3O4 cores
formed inside of the HFn and RGD4C-Fn are smaller than those
formed inside horse spleen ferritin (both prepared in this
experiment and in a previous report24) and closer to the
theoretical core diameters calculated for a uniform spherical
particle of the cubic iron oxide (either Fe3O4 or γ-Fe2O3) phase
at these loading stoichiometries (Figure 2 and Table 2). This
suggests that the HFn and the RGD4C-Fn mutant are superior

platforms for the homogeneous nucleation of iron oxide inside
of the protein cage as compared to horse spleen apo-ferritin.
This interesting difference is probably due to the difference of
subunit composition between HFn and horse spleen ferritin.
Native mammalian ferritins consist of mixtures of two different
subunit types: H (heavy) and L (light) chain. Horse spleen
ferritin is a mixture of about 15% H chain and 85% L chain
subunits, while HFn is a homopolymer of only H chain.39 The
H chain contains a catalytic ferroxidase site (absent in L chain),
which is responsible for Fe(II) oxidation to Fe(III).41 In ferritin,
oxidation of Fe(II) is followed by spontaneous nucleation due
to extremely low Fe(III) solubility. The enhanced control over
particle size exhibited by our results with HFn suggests that
the ferroxidase site plays an important role in iron oxide
nucleation even under these fairly harsh synthetic conditions.
It further suggests also that under these (nonphysiological)
conditions the ferroxidase site in HFn is able to utilize H2O2, a
function previously only ascribed to related bacterioferritins.

For both the HFn and RGD4C-Fn the mineralization occurred
in a spatially selective manner and the reaction did not disrupt
the protein cage in any measurable way. SEC analysis of the
RGD4C-Fn before and after mineralization with 3000 Fe/cage
(Figure 4) showed coelution of the protein cage (280 nm) and
the mineral core (410 nm), whereas before the mineralization,
protein shows no absorption at 410 nm. In addition, the retention
time of the mineralized protein cage was identical to the cage
before mineralization. This elution behavior indicates the
protein-mineral composite nature of the material and suggests
that the overall structure of the protein cage has not been

Figure 2. TEM images and size distribution histograms as measured by
TEM of mineralized RGD4C-Fn, HFn, and HoSpFn under various loading
factors of Fe. The values shown on the histograms are mean( standard
deviation: (A) RGD4C-Fn 1000 Fe/cage; (B) RGD4C-Fn 3000 Fe/cage;
(C) RGD4C-Fn 5000 Fe/cage; (D) HFn 3000 Fe/cage; (E) HoSpFn 1000
Fe/cage. The size of the particles formed inside of RGD4C-Fn increase
with increasing loading factor of Fe per cage. There is no significant
difference in size between particles formed inside of HFn and RGD4C-Fn
under the same loading factor. Particles formed within HoSpFn are larger
in size and wider distribution than those formed within RGD4C-Fn.

Figure 3. (A) EELS of mineralized RGD4C-Fn with loading factor of 3000
Fe/cage. (B) Selected area electron diffraction pattern of mineralized
RGD4C-Fn with loading factor of 3000 Fe/cage.

Table 1. d-Spacing for Maghemite and Magnetite and Measured
d-Spacing for Mineralized RGD4C-Fn with a Loading Factor of
3000 Fe/Cage

d-spacing of maghemite d-spacing of magnetite measd d-spacing

2.518 2.532 2.54
1.476 1.485 1.49

Table 2. Comparison of Measured Iron Core Diameter in
RGD4C-Fn, Previously Reported Iron Core Diameter in Horse
Spleen Fn, and Calculated Theoretical Diameter

theor iron loading,
atoms/(protein cage)

mean iron core
diam in RGD4C-Fn, nm

mean iron core diam
in horse spleen Fn, nm

calcd theor iron
core diam, nm

260 5.7b 2.3
1000 3.8a 5.9,a 7.5b 3.6
3000 5.5a 8.4b 5.2
5000 6.0a 6.2

a The data were obtained in this experiment.b The data were from
ref 24.
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significantly perturbed by the mineralization process. The iron
oxide mineral is clearly encapsulated and sequestered within
the protein cage as a result of the mineralization reaction.

Magnetic characterization using a physical properties mea-
surement system (PPMS) was used to probe the size-dependent
magnetic properties of the mineralized cages. Using alternating
current magnetic susceptibility (ACMS), the blocking temper-
ature (Tb) of the samples was found to increase with increasing
particle size from 11 K for the 1000 Fe loading to 27 K for the
3000 Fe loading to 36 K for Fe loading factor of 5000 ions, as
shown in Figure 5. Data was analyzed using the Neel-Arrhenius
equation

where f is the measurement frequency,Γ0 is the attempt
frequency,Ea is the anisotropy energy, andTb is the blocking
temperature. By measuring the susceptibility of a sample at
multiple frequencies, a fit to the Neel-Arrhenius equation was
obtained. As shown in Figure 6, Neel-Arrhenius fits showed
linear behavior for all three samples. Since eq 2 is the expected
behavior of an isolated particle, the linear behavior indicates
that the particles are encapsulated within the protein cages and
clearly not interacting with each other. Vibrating sample
magnetometry (VSM) measurements revealed that all samples
exhibited superparamagnetic behavior at room temperature since
no hysteresis was observed at 300 K. At 5 K, ferrimagnetic
components were evident in the magnetic behaviors of all
samples (Figure. 7). Coercive fields (Hc) of 720, 550, and 620
G was observed for 1000, 3000, and 5000 Fe/cage, respectively.
These results indicate that magnetic properties of the mineralized
ferritin can be adjusted accordingly by controlling synthesis
conditions, in particular the Fe to protein stoichiometry.

To test the targeting efficacy of the RGD4C-Fn construct,
we compared its binding to C32 amelanotic melanoma cells.
C32 cells overexpress theRvâ3integrins on their cell surface,
and these are known to be the recognition sites for the RGD-
4C (CDCRGDCFC) peptide.43 Cells were incubated with either
the RGD4C-Fn or HFn and subsequently washed, thin-sectioned,
and imaged by TEM. As shown in Figure 8, clusters of small

electron-dense particles were easily found on the surface of the
cells, corresponding to the mineral core within the ferritin cages.
These clusters were absent in cells not incubated with mineral-
ized RGD4C-Fn or HFn. While some clusters were observed
in cells incubated with HFn, their number density was signifi-
cantly lower than for cells incubated with RGD4C-Fn cages
(roughly 50% lower). This indicates that the RGD-4C peptide
moiety affords enhanced targeting capacity to the mineralized
Fn cage.

To quantitate the cancer cell binding ability of the RGD4C-
Fn, fluorescence activated cell sorting (FACS) analysis was
performed using fluorescein-labeled cages (RGD4C-Fn and
HFn). The number of fluorescein molecules conjugated to the
protein cages was determined by absorbance spectroscopy to
be 0.6/subunit (14.4/cage) for HFn and 0.8/subunit (19.2/cage)

Figure 4. SEC of RGD4C-Fn (A) before mineralization reaction and (B)
after mineralization with 3000 Fe/cage. Elution was monitored at both 280
nm (protein) and 410 nm (iron oxide mineral). Coelution of protein and
mineral in profile B indicate the composite nature of the mineralized protein
cage.

Figure 5. (A) ACMS measurement of mineralized RGD4C-Fn with various
loading factors under 10 Oe field at 1000 Hz. (B) Plot of blocking
temperature (Tb) at 1000 Hz against particle volume for mineralized core.

Figure 6. Neel-Arrhenius fits showing the frequency dependence of the
blocking temperature of each sample, according to eq 2. Here, the inverse
blocking temperatures of the 3000 and 5000 Fe/cage samples have been
scaled by 2 to more clearly display the linearity of the data. The linear
behavior of each data set indicates that the particles are noninteracting.

ln(1/f) ) ln(1/Γ0) +
Ea

kB

1
Tb

(2)
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for RGD4C-Fn (data are not shown), whereas the number of
exterior surface exposed cysteine residues was 2 and 6,
respectively. These data suggest that the four additional cysteines
of the RGD4C peptide do not participate in the conjugation
reaction.

The result of FACS analysis indicates that RGD4C-Fn
exhibits enhanced C32 melanoma cell targeting ability (Figure
9). C32 cells incubated with fluorescein-labeled RGD4C-Fn had
a geometric (geo.) mean fluorescence intensity value of 1972,
whereas the cells exhibit autofluorescence with geo. mean
fluorescence intensity value of 36. Although the C32 cells
incubated with nontargeted ferritin cage (HFn) did exhibit some
nonspecific interaction (geo. mean fluorescence intensity value
of 568), this is significantly smaller than for cells incubated
with RGD4C-Fn. These data are consistent with those obtained
from TEM observation of C32 cells incubated with the ferritin
cages.

To demonstrate the specificity for theRVâ3 intergtrins, control
(non-cancerous) T cells were analyzed for their ability to bind
RGD4C-Fn. Cells were incubated with either RGD4C-Fn or
HFn, and both exhibited a similar background level of nonspe-
cific binding, several orders of magnitude below the binding
observed in C32 experiments. Geo. mean fluorescence intensity
values of these two cases (15 and 25, respectively) were close
to that of the T cells without incubation of any fluorescently
labeled protein cage (Supporting information Figure S1). This

result clearly indicates that RGD4C-Fn cages lack specific
binding ability to non-cancerous T cell. In addition, competition
experiments were performed to evaluate the specificity of
binding. C32 cells were preincubated with increasing amounts
(55 µg/mL to 1.1 mg/mL) of either RGD4C-Fn or HFn
(unlabeled) prior to incubation with fluorescently labeled
RGD4C-Fn. FACS analysis revealed that unlabeled RGD4C-
Fn could effectively compete for binding with the labeled
RGD4C-Fn, wheras HFn was far less effective in competitive
binding (Supporting information Figure S2). Together these
results indicate that RGD4C-Fn exhibits specific targeting
capacity toward cancerous cells expressing high levels ofRvâ3

integrins. These results hold the promise for successful targeting
to angiogenic tumor vasclutature.

The result of C32 cell specific binding of RGD-4C conjugated
ferritin is similar to a previous report in which the ability of

Figure 7. Hysteresis loops (magnetization versus applied field) at 5 K for mineralized RGD4C-Fn.

Figure 8. TEM micrographs of C32 cell incubated with mineralized
RGD4C-Fn with loading factor of 3000 Fe/cage for 30 min. Arrows indicate
mineralized ferritin.

Figure 9. FACS analysis of C32 melanoma cells incubated with fluorescence-
labeled protein cages. The data are plotted as histograms with their
corresponding geometric (geo.) mean fluorescence values. The blue solid
line indicates cells not incubated with RGD4C-Fn or HFn (geo. mean)
36). The red dashed line indicates cells incubated with fluorescein-labeled
HFn (geo. mean) 568). The green filled plot indicates cells incubated
with fluorescein-labeled RGD4C-Fn (geo. mean) 1972). The increased
level of fluorescence intensity of the cells incubated with fluorescein-labeled
RGD4C-Fn indicates specific binding of the cages to C32 melanoma cells.
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small heat shock protein genetically modified to incorporate the
RGD-4C peptide to bind cancer cells was investigated.3 This
illustrates the versatility of our approach, which has wide
applicability for a variety of protein cages. A library of protein
cage architectures having a range of sizes is available and thus
extends the utility of this approach for size-dependent cage-
property selection. Furthermore, it is expected that genetic
incorporation of cell binding peptide onto the exterior surface
of protein cages has the potential for applications in cell specific
therapeutic and imaging delivery system because not only the
RGD-4C peptide but also many other cell-targeting peptides
could be incorporated into protein cage architectures using
essentially the same approach.

Conclusion

We have demonstrated that the human H-chain ferritin cage
can serve as a multifunctional platform for the biomimetic
synthesis of magnetic nanoparticles and can be engineered for
use as a cell-specific targeting moiety. The present work reveals
two important points. First, both HFn and RGD4C-Fn can be
used as a constrained reaction environment for the synthesis of
superparamagnetic magnetite and/or maghemite without per-
turbing its cage-like architecture. This means that the exterior
surfaces of protein cage architectures can be modified without
altering the function of the cage as a size-constrained reaction
vessel. Second, the mineralized RGD4C-Fn exhibits increased
specific targeting interaction with a cancer cell as compared to
the control HFn. The magnetic and cell targeting capabilities
engineered into this protein cage makes it ideal as a new

diagnostic imaging agent. This demonstrates the ability to add
multifunctionality such as cell targeting, imaging, and perhaps
therapeutic agents simultaneously to a single protein cage. The
utility of these materials for in vivo targeted diagnostic imaging
are currently being evaluated. This work extends the diverse
applications of protein cages in the field of biomedicine because
the current approach is applicable in modifying other protein
cages or introducing other cell-targeting peptides to a protein
cage.
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