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Near-infrared fluorescence (NIRF) imaging is emerging as an important tool in preclinical
studies.[2-5] As the technology is being established and implemented worldwide, a wave of
effort has been spurred to develop novel imaging probes that can accurately recognize and
report diseases, such as cancer.[3€] One common drawback of NIRF imaging, however, is
its high background and as a consequence of that, low specificity.[:8] To address this issue,
we and others have developed activatable probes with various approaches. Such probes,
constructed by bringing into proximity an energy donor and receptor, are designed to be
fluorescently quenched at a quiescent stage but activatable when encountering a specific
trigger, which leads to a structural or conformational change and restores fluorescence
activities.[7-91 This technique allows the signals to be only amplified at diseased areas upon
a designated environment change, a feature which can greatly improve the signal-to-
background ratio.

One such trigger that has been intensively investigated is proteases—enzymes that recognize
and hydrolyze peptide substrates.[8:10-11] The overexpression of proteases was found to be
constantly associated with pathological events like cancer. Matrix metalloproteinases
(MMPs), for instance, are a family of enzymes critical to extracellular matrix remodeling.
Their upregulation was found to play an important role in tumor invasiveness, metastasis,
and angiogenesis.[12-15] Such an implication has made MMP a good tumor marker and a
common target in the design of activatable probes.[16-1%1 We and others have previously
developed activatable probes, based on either peptide,[16:19.20] polymer, [17.21.22] or
inorganic nanoparticles, 23241 of MMP targeting specificity. On the other hand, the use of
protein as a building block to construct MMP-activatable probes has, to the best of our
knowledge, never been reported. Compared with other macromolecules such as polymers,
there are a limited number of chemical groups on the protein surface that can be used for
conjugation. It is therefore challenging to integrate an MMP substrate, a dye molecule, and
its corresponding quencher into such a platform with accurate control, while not disturbing
the functions of the parent proteins.

Herein, we report a successful case of using a heavy-chain ferritin cage as the scaffold to
build MMP-specific activatable probes. Ferritins are a family of proteins that are found in
many types of animals, plants, and prokaryotes, with the primary function being iron
storage. Each ferritin molecule is made of 24 subunits, which are self-assembled, in a non-
covalent fashion, into a cagelike nanostructure.[25] Such an intriguing architecture of
ferritins has attracted previous research interest in their use as nanoreactors to synthesize
nanomaterials.[26-28] Their potential in the field of optical imaging, however, has seldom
been studied. Recently, it was found that despite the rigid architecture, the association
among the ferritin subunits is pH-dependent, which means that the nanostructure can be
broken down in an acidic environment and can be restored at neutral pH.[2%] By mixing two
or more types of ferritin cages and subjecting the mixture to such a transition, one can arrive
at ferritins with hybrid features.[3%] The use of such a strategy to load multiple motifs onto a
single ferritin nanostructure, however, has never been exploited.

In the current study, we harnessed such a disassemble/ reassemble nature as the driving
force to pack an energy pair into a ferritin nanostructure to arrive at activatable probes
(Scheme 1). Specifically, we coupled Cy5.5-tagged peptide (Cy5.5-Gly-Pro-Leu-Gly-Val-
Arg-Gly-Cys) and BHQ-3 (BHQ =black hole quencher), a widely utilized quencher of
Cy5.5, onto ferritins to create two sets of protein cages. The details of conjugation can be
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found in the Supporting Information. For peptide conjugation, a bifunctional compound, A-
succinimidyl-4-maleimidobutyrate (TCI America), was first coupled onto the ferritin surface
to bridge the particle with Cy5.5-Gly-Pro-Leu-Gly-Val-Arg-Gly-Cys. We then mixed and
broke down both types of proteins to subunits at pH 2, and subsequently tuned the pH back
to neutral, with the anticipation of restoring the protein nanostructure, this time, in a hybrid
fashion. The core peptide sequence, Pro-Leu-Gly-Val-Arg (PLGVR), has proven selectivity
for multiple types of MMPs (such as MMP-2, -9, -13), which we validated in our previous
investigations.[23] We assumed that the conglomeration of both dyes and quenchers on the
protein surface will induce a quenched state to the overall nanostructure. Subsequently,
when the probes are exposed to an MMP-rich environment, the PLGVR substrate will be cut
off, thus leading to the release of Cy5.5 and the restoration of fluorescence activity (Scheme
1). The detailed ligand coupling and purification procedures can be found in the Supporting
Information. By tuning the reaction ratio, we were able to obtain ferritins with a ratio of one
dye/quencher to one ferritin subunit, which was validated by mass analysis (Figure S1 in the
Supporting Information).

To assess the feasibility of such an approach, we subjected the ferritin particles to different
conditions and monitored the fluorescence change by fluorospectrometry. We first mixed
the two types of ferritins, coupled with Cy5.5 (C-Fn) and BHQ-3 (B-Fn), respectively, in
Tris buffer (500 pL; 50 mM Tris, 10 mM CaCl,, 150 mM NaCl, pH 2) at a C/B ratio of 1:1
(final concentration 0.43 M for both C-Fn and B-Fn). In such an acidic environment, the
ferritin cages were decomposed into two sets of ferritin subunits. This caused a spatially
disassociated state for the dyes and the quenchers, which explained the overall maximized
fluorescence activities (excitation at 675 nm, emission at 690 nm, Figure 1). Then 1M
NaOH was added to adjust the pH back to neutral. The amount of NaOH was predetermined
to make sure the final pH was 7.4. It can be seen from Figure 1 that such an addition of
NaOH led to a dramatic decrease of fluorescence activity. This was attributed to the re-
formation of nanocages, which brought together the quenching pairs and enforced a state of
energy transfer among them. Subsequently, MMP-13 (final concentration 100 nM) was
added to the solution. We anticipated that the enzyme would cleave the PLGVR substrate
that bridged Cy5.5 and the ferritin scaffold, and as a consequence release Cy5.5 and restore
the fluorescence. Indeed, we observed an increase in fluorescence activity upon the addition
of MMP-13. After incubation, an almost full restoration of fluorescence was observed, thus
confirming the capacity of the hybrid ferritins as activatable probes. A similar test was also
performed with other MMPs (MMP-2, -9, -13, -14, -16) and similar activation patterns were
observed (data not shown). The activation, however, was not as dramatic as that for
MMP-13 (data not shown), which is in accordance with our previous observation with other
activatable formulas.[17] Therefore, MMP-13 was used in the following in vitro studies.

The composition of the hybrid ferritins, that is, the C/B ratio in the final product, may have
an impact on the probes3 activation capacity. To optimize the formula, we started with a
fixed concentration of C-Fn (0.43 M) but varied the amount of B-Fn to arrive at a group of
chimeric ferritins (C/B ratio = 2:1, 1:1, and 1:5). As a comparison, C-Fn alone (0.43 pM)
was also investigated. In the absence of MMP-13, the hybrid ferritins were very stable under
the incubation conditions (50 mM Tris, 150 mM NaCl, 10 mM CaCl,, pH 7.4, 37 °C), and
showed no change of activities over the course of observation (excitation at 675 nm,
emission at 690 nm, Figure 2a). This is not surprising since all the dye molecules were
covalently conjugated to the nanostructure. Notably, although all the hybrid formulas were
in a fluorescently quenched state, their intensities varied, with those of higher BHQ-3
composition showing lower fluorescence activities (intensities of 224.1, 207, and 165.3 a.u.
for hybrids with a C/B ratio of 2:1, 1:1, and 1:5, respectively, at £=0). C-Fn alone also
showed a certain degree of quenching effect (357 a.u. at £=0), which was attributed to self-
quenching among the Cy5.5 fluorophores.[7:8]
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The nanocages were then subjected to MMP-13 treatment (100 nM, 37°C) and their
intensity change was monitored at 690 nm. All the ferritin formulas, including C-Fn aloneg,
showed enzyme-dependent activation, and the efficiency was again composition-dependent
(Figure 2b,c). In particular, while hybrids with C/B ratios of 2:1 and 1:1 showed a close-to-
full restoration after 1 h of incubation, the formula with a C/B ratio of 1:5 showed only 60%
activation capacity. Although the detailed mechanism is unknown at this stage, we believe it
was because the excess amount of bulky BHQ-3 molecules on the ferritin surface blocked
the access of MMP enzyme to its substrate. Overall, the hybrid ferritin with a C/B ratio of
1:1 showed the highest-fold activation (about sixfold under the described conditions, Figure
2d) and was selected for further tests. We subsequently incubated such a hybrid ferritin (C/B
=1:1) with MMP-13 at different concentrations (0.5, 1, 2, and 5 nM) for 1 h, and studied its
fluorescence properties (Figure 2d). We found that the activation depended on MMP
concentration, and in the tested range the activation fold was almost linearly correlated with
the MMP concentration.

The in vivo evaluation was performed on a UM-SCC-22B (head and neck squamous cell
carcinoma) xenograft tumor model. We chose such a model because of its known high MMP
expression.[31] For animal model preparation, about 5 million cells were inoculated
subcutaneously into the right flanks of mice. The imaging was performed about one week
later when the tumor reached a size of 0.5 cm3. A total of 0.02 mg hybrid ferritin (C/B =1:1)
in phosphate-buffered saline (100 L) was injected intratumorally and the imaging was
performed at 30, 60, 90, 120, and 180 min post injection on a Maestro imaging system
(Cambridge Research & Instrumentation, Inc.). For the control group, MMP inhibitor 111
(EMD Biosciences), a broad-spectrum inhibitor of various MMPs, was injected into the
tumor 30 min prior to the probe injection.[23] As shown in Figure 3, without MMP inhibitor
the probes demonstrated an instant response upon injection, and the activity developed
steadily in the first 2 hours. On the contrary, the control group showed dramatically
decreased intensities at the tumor area at all the time points, thus confirming that the
activation was specifically governed by MMPs. We also performed a similar study on an
SCCY7 xenograft model and observed a similar activation feature (Figure S2 in the
Supporting Information).

In summary, we have reported the first case of using protein cages as a scaffold to build
protease-activatable probes. Unlike previous approaches, we harnessed the self-assembly
nature of the protein cages as a driving force to bring energy donors and receptors close to
each other. By the use of such a strategy, we were able to generate a group of hybrid
ferritins with different dye/quencher ratios. We then identified the formula with the highest-
fold activation against MMPs, and confirmed the feasibility of such a probe in a xenograft
mouse model. Such a technique can be readily applied to introduce other kinds of
functionalities onto ferritin nanoparticles with precise control. For example, we prepared
RGD-4C-labeled ferritins by following a previously published protocol.[32] We then mixed
them with Cy5.5-labeled ferritins and, by using the same disassemble/reassemble technique,
were able to arrive at hybrid ferritin nanocages with both Cy5.5 and RGD on the surface.
The cell binding assay and the in vitro fluorescence staining confirmed the integrin a3
targeting feature of the hybrid nanocages (Figures S3 and S4 in the Supporting Information).
This finding indicates the broad role such a nanoplatform can play in the field of
nanomedicine. Studies of the related applications are currently under way.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fluorescence intensity change of hybrid ferritin (C/B ratio =1:1) during the course of
disassembly, reassembly, and activation.
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Figure2.

Kinetics of fluorescence intensity change of hybrid ferritins with different C/B ratios a) in
the absence and b) in the presence of MMP-13. ¢) Activation capacities of the different
ferritin formulas derived from (a) and (b). d) Activation of the C/B =1:1 formula when
incubated with different concentrations of MMP-13 at 37°C. The activation time was 30
min.
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Figure 3.
In vivo NIRF imaging of 22B tumor xenografted mice after intratumoral injection of
ferritin-cage-based activatable probes (C/B =1:1) with and without MMP inhibitor.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 April 18.




duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Linetal. Page 9

Ferritin, dye conjugated, ﬁ‘ 5'%
with enzyme substrate

— e,
as the spacer T
| : g :
’

Ferritin, quencher
conjugated

Hybrid ferritin, Activated state
quenched state

Scheme 1.
Formation of ferritin cage-based activatable probes.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 April 18.



