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ABSTRACT: We designed and synthesized a modified ferritin
as a tumor-environment-responsive nanocarrier. We found that
this nanocarrier could evolve its surface properties upon sensing
a tumor-associated protease, matrix metalloproteinase-2 (MMP-2),
which initiated agglomeration, resulting in the enhancement of T,
relaxivity for magnetic resonance imaging (MRI). The designed Assembly

ferritin contained a triad of modifiers composed of (i) a “sensing”

segment (substrate peptide of MMP-2), (ii) “hydrophobic” seg- %Tz shortening

ments and (iii) a “hydrophilic” segment of polyethylene glycol in MRl

(PEG). The hydrophilic segment ensured the particles’ monodis-

persibility in aqueous conditions. In the presence of MMP-2 activity, the “sensing” segment was cleaved by the enzyme and its submerged
“hydrophobic” segments were exposed on the surface, resulting in the initiation of aggregation. Because ferritin contains ferrihydrite in its inner
space, this multimerization resulted in the enhancement of T, relaxivity, suggesting that this nanocarrier may be useful as a contrast agent
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B INTRODUCTION

One of the main goals of nanomedicine is to create a nano-
carrier that can efficiently and specifically deliver therapeutic
agents to desired target sites in the body. To enable efficient and
specific delivery, the nanocarrier needs to have the ability to
evolve its properties, such as its size and surface character, by
adapting to the surrounding environment. Examples of environ-
ment-responsive nanocarriers' > include a recent report by Bae
et al.® in which the polymer coating is detached from a nano-
particle in a target site, leading to exposure of the TAT peptide on
the particle and allowing it to penetrate its target cells.

Tumors develop unique microenvironments, such as slightly
acidic pH and higher expression of certain enzymes.” > Although
cells in a solid tumor are heterogeneous, which is one of the
reasons why the efficacy of therapeutic targeting to tumor cells is
restricted, the microenvironments surrounding the tumor cells
often share common characteristics. > Matrix metalloproteinases
(MMPs) are engaged in the degradation of extracellular matrices
and are tightly associated with malignant processes of tumors,
including metastasis and angiogenesis. In particular, MMP-2 has
been identified as one of the key MMPs. MMP-2 belongs to a
category of type IV collagenases and plays a critical role in the
degradation of basement membranes. Enhanced expression of
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MMP-2 has been reported in many types of human tumors,® and
therefore, augmented MMP-2 activity can be used as a common
signal for tumor-specific microenvironments for prodrugs,” drug
carriers,8 and imaging agents.g’m

Recently, superparamagnetic nanoparticles that can assemble
by responding to MMP-2 activity and can consequently enhance
the contrast in magnetic resonance imaging (MRI) have been
reported."’ The selective assembly of nanocarriers in tumor sites
has many potential clinical benefits, including the ability to
induce a high local concentration of loaded agents in a specific
area. In addition, the enlarged form of these assembled nano-
carriers can provide other advantages, such as prolongation of the
retention time of the agents or signal alternation in MRL'' ™"

Hence, our goal is to make a nanocarrier that can assemble
into larger molecules at tumor sites by responding to the environ-
ment specific to a tumor. For this purpose, we focused on MMP-
2 as a trigger for the assembly and used a ferritin particle as a
nanoparticle vehicle. Ferritin is an iron-storage protein whose
structures are well conserved across species. This protein has a
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spherical hollow structure with an external diameter of 12 nm and
an internal diameter of 8 nm and is composed of 24 subunits. In the
core inner space, a variety of inorganic materials (besides iron oxide)
or small organic molecules can be loaded."* !¢ In addition, the
ferritin particle is an excellent vehicle for the multivalent display of
peptides on its surface, and prominent improvement in the binding
ability of a peptide aptamer, or binder, has been reported when the
peptide was displayed on the ferritin surface.'” These features make
ferritin attractive in nanomedical applications.w’19 Indeed, ferritin
has been proposed as a vehicle for drug delivery”®*' and as a
contrast agent in MRL'>**** Recent reports have shown that the
aggregation of ferritin can alter MRI relaxivity.'>*** In this paper,
we designed and synthesized a modified ferritin that aggregated
upon sensing the activity of MMP-2.

B EXPERIMENTAL SECTION

Synthesis of Fer-PPD. The peptide (FAM-Lys-Pro-Leu-Gly-
Leu-Ala-Gly-Ahx-Ahx-Ahx-Cys-NH,, FAM: 5(6)-carboxyfluor-
escein, Ahx: 6-aminohexanoic acid) was synthesized using the
standard Fmoc solid-phase method, purified using reverse-phase
HPLC, and identified by MALDI-TOF MS. The peptide was
dimerized through the disulfide bond by air oxidation. The
side chain of a Lys residue of the peptide was reacted with an
N-hydroxysuccinimide (NHS) ester of a PEG derivative (average
molecular weight: 5 kDa, SUNBRIGHT ME-050AS, NOF,
Tokyo), followed by purification with size exclusion chromatog-
raphy (Sephadex G-50). The disulfide bond in the dimer was
reduced with tris[2-carboxyethyl] phosphine hydrochloride
(TCEP-HCl), followed by size exclusion chromatography.
The obtained peptide—PEG conjugate was coupled with horse
spleen ferritin (Sigma Aldrich, St. Louis) using succinimidyl-
4-[ N-maleimidomethyl] cyclohexane-1-carboxy-[ 6-amidocaproate]
(LC-SMCC, Thermo Scientific Pierce, Waltham). Next, cystamine
was coupled to this conjugate using 1-ethyl-3-[3-dimethylamino-
propyl] carbodiimide hydrochloride (EDC+HCI). Doxorubicin hy-
drochloride was combined with succinic anhydride, and the
obtained derivative was added to the modified ferritin with EDC-
HCI and sulfo-NHS (Thermo Scientific Pierce, Waltham). After
each reaction of ferritin with the reagents above, ultrafiltration and
dialysis were thoroughly carried out to remove excess reagents.
Thus, we prepared the ferritin modified with peptide—PEG con-
jugates and doxorubicin. The concentration of the ferritin was
determined using a DC protein assay (Bio-Rad). The number of
the peptide—PEG conjugates introduced onto one particle of Fer-
PPD was estimated to be 9—14 by the absorption band of FAM at
494 nm using the modified ferritin having only peptide—PEG
conjugates (Fer-PP). The coupling with doxorubicin was confirmed
by the broadening of the absorption band with a rise of absorption at
550—600 nm, accompanied by a visual change from yellowish green
to reddish brown. Peptide cleavage between Gly and Leu by MMP-2
was analyzed by reverse-phase HPLC and MALDI-TOF MS. After
treatment of the substrate peptide with MMP-2, the cleaved peptide
fragment (FAM-Lys-Pro-Leu-Gly-OH) was detected: m/z calcd
772.8 [M + H]", found 771.8. Amounts of the cleaved pepti-
de—PEG fragment were estimated by the elution peak area on
HPLC (Cosmosil C18-AR-II column, detected at 440 nm, corre-
sponding to the absorption band of FAM) using a standard curve.

Dynamic Light Scattering. The hydrodynamic diameter of
Fer-PPD was estimated by dynamic light scattering (DLS)
measurements using a Zetasizer Nano ZS (Malvern). The
aggregate formation was evaluated by monitoring the z-average
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Figure 1. Design of the modified ferritin, Fer-PPD, and a schematic
illustration of the assembly of ferritin.

diameter. Fer-PPD was incubated in 40 mM Tris - HCI, 150 mM
NaCl, 10 mM CaCl,, pH 7.4 at 37 °C.

Transmission Electron Microscopy. The sample solution
was absorbed onto a collodion-coated copper EM grid (200
mesh). After washing with water, the samples on the grid were
negatively stained with aqueous uranyl acetate (2% w/v). The
micrographs were obtained using a Hitachi H-7500 electron
microscope operating at 80 or 100 kV.

MRI Measurements and Data Analysis. Samples were put
into a 96-well tube (INA OPTIKA, Osaka, Japan) and imaged at
room temperature (23 °C). The MRI acquisitions were per-
formed in a 7.0 T, 40 cm bore magnet (Kobelco and Jastec, Kobe,
Japan) interfaced to a Bruker Avance-I console (Bruker Biospin,
Ettlingen, Germany). A 35 mm diameter birdcage coil (Rapid
Biomedical, Limper, Germany) was used for measurement of the
samples. 2D single-slice multiecho imaging was performed to
generate T, maps with the following parameters: pulse repetition
time (TR) = 3,000 ms, echo time (TE) = 10 to 200 ms, number
of echoes = 20, matrix size = 256 X 256, slice orientation =
horizontal, field of view = 25.6 X 40.0 mm, slice thickness = 1
mm, and number of acquisitions = 2. For these images, the
nominal voxel resolution was 100 um X 156 yum X 1000 ym.
The total acquisition time for multiecho imaging was 25.6 min.
Quantitative T, maps were calculated by nonlinear least-squares
fitting using multiecho imaging.

B RESULTS

The designed ferritin had tripartite modifiers including (i) a
“sensing” segment, (ii) “hydrophobic” segments and (iii)
a “hydrophilic” segment (Figure 1). The “sensing” segment is a
hexapeptide (Pro-Leu-Gly-Leu-Ala-Gly) that is known to be a
substrate peptide for MMP-2 and thus can be cleaved between
Gly and Leu in the presence of the enzyme.” Three moieties
contributed to the “hydrophobic” segments. One of these
moieties is the hydrophobic 6-aminohexanoic acid (Ahx-Ahx-
Ahx) that was linked to the C-terminus of the “sensing” segment.
The second hydrophobic segment is a cross-linker, succinimidyl-
4-[N-maleimidomethyl] cyclohexane-1-carboxy-[ 6-amidocaproate],
which links the Cys at the C-terminus of Ahx-Ahx-Ahx with the
ferritin surface. The third hydrophobic segment is doxorubicin,
which was linked onto the ferritin surface using cystamine as a
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Figure 2. Analysis of Fer-PPD by SDS—PAGE (a) and native PAGE
(b) in the presence and absence of MMP-2. Fer-PP is ferritin modified
with peptide—PEG conjugates. The same amount of Fer-PPD was
loaded onto the two lanes in (b).

linker. We used S kDa polyethylene glycol (PEG) for the
“hydrophilic” segment, which was linked to the side chain of
Lys at the N-terminus of the “sensing” segment. Carboxyfluor-
escein (FAM) was conjugated as a tracer at this Lys residue.
Overall, the designed ferritin, which we named Fer-PPD, is
covered by a hydrophilic PEG moiety, which can be removed
by MMP-2 cleavage at its substrate peptide. After the ablation,
the ferritin exposes its hydrophobic surface, composed of the
three moieties, and initiates to form aggregates by virtue of
hydrophobic interactions. Fer-PPD was synthesized by chemical
modification of commercial horse spleen ferritin. The number of
the peptide—PEG conjugates introduced onto one particle of
Fer-PPD was estimated to be 9—14 by the absorption band of FAM
at 494 nm using a modified ferritin that had only peptide—PEG
conjugates (Fer-PP).

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) analysis of Fer-PPD followed by CBB staining
showed two bands whose apparent molecular weights were
approximately 40 and 60 kDa (Figure 2a). The broad bands at
approximately 20 kDa likely included unmodified ferritin mono-
mers and ferritin monomers that were modified with small
molecules, such as cross-linkers and doxorubicin. The two bands
at 40 and 60 kDa corresponded to the ferritin monomers
modified with one and two peptide—PEG segments, respec-
tively. These bands were stained by iodide, which stains PEG
molecules,”® and yielded fluorescence from FAM by UV irradia-
tion. After incubating Fer-PPD with MMP-2, these two bands
disappeared. A new band that had an apparent molecular weight
of <14 kDa was detected by iodide staining and UV irradiation
but was not detected by CBB staining, which indicated that the
new band was the cleaved peptide—PEG segment. Cleavage
between Gly and Leu in the peptide segment by MMP-2 was
confirmed using HPLC and TOF MS. Native PAGE analysis of
Fer-PPD showed a broad band at masses ranging from 720 to
1,200 kDa but not near 480 kDa, which would correspond to the
mass of unmodified ferritin (Figure 2b). This result indicated
that there were apparently no Fer-PPD particles without pepti-
de—PEG segments. After the MMP-2 treatment, several bands
were visible between 480 and 720 kDa, along with band(s) tailing
from the gel top, which was just slightly stained. These bands
likely represent ferritin particles that had lost PEG segments and
therefore started to form multimers.

The aggregation properties of Fer-PPD were evaluated using
dynamic light scattering (DLS). The hydrodynamic diameter of
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Figure 3. Change of z-average over time in the presence and absence of
MMP-2. (a) 1.0 mg/mL Fer-PPD and 75 nM MMP-2 (triangle) or 1.4
mg/mL Fer-PPD (square) were incubated in 40 mM Tris-HC],
150 mM NaCl, 10 mM CaCl,, pH 7.4, at 37 °C. (b) The inhibition of
the size change by the addition of 0 (diamond), 1.5 (circle), and 3.0 uM
(triangle) MMP-2 inhibitor, SB-3CT, can be seen. 0.75 mg/mL Fer-PPD
and 75 nM MMP-2 were incubated in the same conditions as those
in (a). (c) This image shows TEM of Fer-PPD before (left) and after
(right) addition of MMP-2. Inset: unmodified ferritin. Negatively
stained with uranyl acetate.

Fer-PPD in 40 mM Tris - HCI, 150 mM NaCl, and 10 mM CaCl,,
and at pH 7.4 and 37 °C was calculated to be 25.8 (£1.4) nm,
which is larger than unmodified ferritin (17.1 (£0.8) nm)
(Figures S1 and S2 in the Supporting Information). Upon
addition of MMP-2, the z-average diameter of Fer-PPD increased
in a time-dependent manner (Figure 3a). Under the same
conditions, we confirmed that 80—90% of the substrate peptide
was cleaved within 30 min (Figure S3 in the Supporting
Information). The size increase in DLS was suppressed by
the addition of an MMP-2 inhibitor, SB-3CT (Figure 3b). These
results supported our design in which the detachment of the
hydrophilic PEG from the ferritin surface by the cleavage of
the substrate peptide by MMP-2 leads to the exposure of the
hydrophobic segments on the surface of ferritin, initiating their
aggregation.

Transmission electron microscopy (TEM) images further
supported the above conclusion. Uranyl acetate stain clearly
profiled the particulate structure of unmodified ferritin (inset in
Figure 3c); however, the outline of Fer-PPD was not well-defined
(Figure 3c). After treatment with MMP-2, the outline of Fer-
PPD was distinctly observed to be that of unmodified ferritin
(Figure 3c), indicating that the PEG shell surrounding the ferritin
particle was removed by MMP-2. Concomitantly, many agglom-
erates were found with numerous assembled ferritin particles.
Ferritin itself was not cleaved by MMP-2 during the period of
experiment, as shown by the fact that no broken or degraded
forms of the protein were observed in TEM, native PAGE, or
SDS—PAGE after treatment with MMP-2.
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Figure 4. T, of Fer-PPD and unmodified ferritin in the presence (black
bars) and absence (white bars) of MMP-2. Before T, measurement, Fer-
PPD and unmodified ferritin (1.0 mg/mL) were incubated with MMP-2
(0 or 21 nM) in the buffer at 37 °C for 24 h. *P < 0.001.

The assembly of ferritin particles is expected to result in the
reduction of the transverse relaxation times (T,),"****° and
therefore, T, of Fer-PPD in the buffer solution (40 mM Tris*
HC], 150 mM NaCl, 10 mM CaCl,, pH 7.4) was quantitatively
evaluated. T, of Fer-PPD time-dependently decreased in the
presence of MMP-2, but not in the absence of MMP-2 (data not
shown). Incubation of Fer-PPD with MMP-2 for 24 h led to an
11% decrease in the T, compared to the incubation without
MMP-2 (Figure 4, Table S1 in the Supporting Information). The
effect of MMP-2 on T, at the concentration used in this
experiment was negligible (Figure S4 in the Supporting In-
formation), indeed unmodified ferritin showed negligible change
in T after incubation with MMP-2. Considering the aggregation
properties of Fer-PPD shown in the above experiments, it was
concluded that the T, shortening was derived from the aggrega-
tion of Fer-PPD that was initiated by the detachment of the
peptide—PEG segments by MMP-2.

B DISCUSSION

As a natural protein in the body, ferritin is one of the most
promising carriers for MRI contrast agents. However, native
ferritin is a poor MRI contrast agent because its core is not usually
fully filled (approximately one-half of the maximum).”” To
resolve this drawback, a reconstituted “magnetoferritin” has been
proposed,”>*** wherein the particles are comparable in relax-
ivity to the existent superparamagnetic iron oxide contrast
agents.”>”” The ferritin particle is very small (approximately
12 nm in a diameter) and is rapidly excreted into the urinary
bladder after systemic injection. The assembly of ferritin particles
at the tumor site has the potential to prolong the retention and
enhance the signal in MRI. Our designed Fer-PPD has the ability
to initiate this assembly by sensing the microenvironment of a
tumor. The surface of Fer-PPD is ornamented with PEG,
retaining dispersibility and avoiding trapping by reticuloendothe-
lial cells.*® When Fer-PPD reaches the tumor site, it senses the
microenvironment of the tumor due to the augmented activity of
MMP-2, and the PEG moieties on the surface are detached by the
breakage in the sensing segment. The resulting Fer-PPD exposes
its sheathed hydrophobic surface, which initiates aggregation of

ferritin at the tumor site. The aggregation leads to the shortening
of T, and susceptibility effects. Therefore, Fer-PPD has the
potential to reinforce the contrast in MRI for detecting tumors
in the body. Introducing a tumor-specific ligand onto the ferritin
surface would be effective in concentrating ferritin particles at the
tumor site.**>

Although the T, shortening effect induced by the aggregation
was clear (11% shorter than unaggregated one), it was not
drastic. Furthermore, the aggregation would be suppressed
in vivo because there are many molecules in physiological fluids,
which potentially interact with the modified ferritin to interfere
with their aggregation. To improve the aggregation to achieve
better contrast, modulation of the hydrophobic segments or the
introduction of other assembling motifs** might enhance mo-
lecular assembly. In addition, congregating ferritin close to each
other (e.g., on the order of 100 nm spacing) in or out of cells or
on extracellular matrixes using a targeting ligand would be
effective to enhance the relaxivity.**

B CONCLUSION

We demonstrated that the aggregation of ferritin particles,
initiated by the action of a tumor-associated protease, MMP-2,
led to T, shortening in MRI. The ferritin particle was chemically
modified with a substrate peptide of MMP-2, three hydrophobic
segments and a hydrophilic polymer (PEG). Aggregation of the
modified ferritin was clearly demonstrated in vitro in this study.
Considering the advantages of using the ferritin particle, such as
the particle being a natural protein in the body, the inclusion
ability of a variety of molecules, and the ease of chemical and
genetic modification, ferritin particles have great potential as
nanocarriers.

B ASSOCIATED CONTENT

© Supporting Information. Figures S1—4 and Table S1.
This material is available free of charge via the Internet at
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