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ABSTRACT: One mechanism of photodynamic therapy
(PDT) for the ablation of tumors is to induce apoptosis.
Visualization of apoptosis during PDT in real-time is of great
benefit for predicting and evaluating therapeutic outcomes.
Herein, we engineered a highly stable and sensitive caspase-3
ferritin activatable probe (FABP/ZnPc) for simultaneous
delivery of a photosensitizer (ZnPc) and real-time visualization
of apoptosis during PDT. Upon near-infrared (NIR) light
irradiation, ZnPc becomes active and initiates apoptosis, upon which the outer layer of the FABP/ZnPc is degraded by the
apoptotic marker, caspase-3, to boost strong fluorescent signals, ultimately allowing real-time imaging of apoptosis. Our results
demonstrate the utility of FABP/ZnPc as a tool for PDT and simultaneous imaging of caspase-3 activation in vitro and in vivo.
Overall, the ability of FABP/ZnPc to image apoptosis during PDT will not only facilitate optimizing and personalizing the PDT

strategy but is also important for understanding the mechanisms of PDT.
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B INTRODUCTION

Photodynamic therapy (PDT) is clinically approved for the
treatment of various diseases, including cancers.”* Theoret-
ically, PDT utilizes thermoneutral light of specific wavelengths
to excite nontoxic photosensitizers to produce toxic reactive
oxygen species (ROS) and/or singlet oxygen ('O,), leading to
selective tissue destruction and vascular damage.”” The
advantages of PDT over other conventional cancer treatments
are the superiority of noninvasive, low systemic toxicity and
therefore minimal side effects.”® Notably, PDT is an alternative
treatment strategy for those suffering from chemo/radio
resistance because it kills cancer cells through another pathway.
One of the most possible mechanisms of PDT for tumors is to
induce apoptosis by generating ROS and/or '0,.%” Direct and
simultaneous visualization of apoptosis during PDT will help
(i) investigate the relationship between PDT cytotoxicity and
cellular changes; (ii) elucidate the complex mechanism of PDT
of diseases; (iii) predict and evaluate therapeutic effects,”
especially for those suffering from chemo/radio resistance;” and
(iv) facilitate the photosensitizer screening and optimiza-
tion.””"?

Many studies have reported that apoptosis is initiated during
PDT,”"'® but few of those works clarify the details of
apoptosis during the therapy. To date, the gold standard
approach to confirm apoptosis is using dye-labeled Annexin V
for recognition of phosphatidylserine (PS) on the apoptotic cell
membrane. Although simple, the method is indirect and is not
completely specific to apoptosis.'” Alternatively, a family of
cysteine dependent aspartate-directed proteases (caspases) has
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attracted great interest in apoptosis imaging, because these
proteinases are closely relevant and crucial mediators/effectors
to apoptosis.'* >> A number of innovative methods have been
developed to image caspase expression in live cells."> Among
them, fluorescence resonance energy transfer (FRET) based
fluorogenic probes, which are composed of a peptide backbone
conjugated with a FRET pair, are promising agents in apoptosis
imaging due to their improved target-to-background ratio,
sensitivity, and specificity.”*™** Particularly, we previously
reported real-time imaging of caspase-8 and caspase-3 cascade
activation with a peptide transfection agent.'” In addition, a
multicolor activatable nanocomplex was also developed for
simultaneous visualization of caspase-8/9/3 activation. ° Such
FRET-based activatable probes targeting caspases for apoptosis
imaging are reported elsewhere as well.***>*" Additionally,
engineered fluorescent and luminescent proteins are also
developed for caspase-mediated apoptosis imaging.’'~*
These strategies always require tedious steps to visualize the
caspase activation process, for example, adding exogenous
apoptosis inducers or using genetically engineered cells.
Although some fluorescent photosensitizer conjugates are
able to simultaneously provide static caspase imaging during
PDT,” ™ the sensitivity and in vivo applications of these
photosensitizer based probes are a concern due to the low
photostability and structural stability of fluorescent photo-
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Figure 1. Design and preparation of FABP/ZnPc: (a) compositions and constructions of FABP/ZnPc and (b) schematic presentation of the
molecular mechanism of intracellular FABP/ZnPc for real-time monitoring of caspases-3 activation during photodynamic therapy (PDT).

sensitizer.”””” Moreover, complex synthetic steps are always
required for a limited number of photosensitizers to construct
such linear peptide probes that requires the photosensitizers to
be fluorescent and easy to be modified. Given these
considerations, development of a facile, stable, and sensitive
apoptosis imaging agent during PDT with high signal-to-
background ratio is highly desirable.

Herein, we present a novel nanocomplex that enable effective
PDT of MDA-MB-435 tumors and provide real-time imaging
of caspase-3 activation (Figure 1). The complex is based on a
biocompatible ferritin nanoparticle (FRT), a major iron storage
protein composed of 24 subunits of L- and H-chains with
varied proportion. FRT subunits can self-assemble into a cage-
like structure at neutral conditions and disassemble at acidic
conditions. Both ferritin surface and inner cage are ideal for
modification with different agents depending on the purposes
of constructing this complex. Importantly, FRT will cause less
clinical concerns than traditional synthetic carriers as a natural
existing polymer. We have previously reported that successfully
utilizing FRT based probe for imagin§ extracellular proteinase
in a tumor bearing mouse model,*’ and in this work the
applications of FRT were designed to investigate intracellular
apoptosis related proteinase during PDT. Specifically, FRT was
modified with NIR dye labeled caspase-3 specific substrates
(Figure S1) and black hole quencher-3 (BHQ3) (Figure S2) on
the outer layer and denoted as FABP. A metal-chelated
photosensitizer, zinc(II) phthalocyanine (ZnPc), was embed-
ded inside the nanosenor for a therapeutic role by simply
mixing and named as FABP/ZnPc (Figure 1a). Upon NIR laser
irradiation, the built-in photosensitizer ZnPc will be activated
and generate ROS/'O, to induce apoptosis. Then, the caspase-
3 specific peptide substrate labeled on the outside of the FABP/
ZnPc will be cleaved by activated caspase-3 and boost strong
fluorescence signals in a time-dependent manner. Compared
with the fluorescent photosensitizer conjugated linear peptide
probes for apoptosis detection during PDT, the PDT-
activatable FRT nanocomplex presented in this contribution
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holds multiple NIR dyes on a single particle with high
photostability. It is therefore ideal for detecting of caspase-3
activation both in live cells and in vivo in real-time, which
facilitates understanding of PDT-induced apoptosis mecha-
nisms as well as predicting personalized treatment outcome
(Figure 1b). Importantly, the ample encapsulated ZnPc (>60%,
w/w) in FABP can be simply replaced with other kind of
photosensitizer by mixing, allowing a broad option of
photosensitizer for evaluations.

B MATERIALS AND METHODS

Preparation of Hybrid Ferritins. For CyS.5-tagged peptide
coupling, N-succinimidyl-4-maleimidobutyrate (800 nmol in 10 uL
DMSO) was added into a ferritin solution in PBS (50 nmol, 500 uL).
The mixture was incubated in a 1.5 mL eppendorf tube at room
temperature for 1 h with gentle shaking with a pH of 7.4. The
conjugated ferritin was purified by NAP-S column pre-equilibrated
with PBS buffer and concentrated to 0.5 mL by the YM-10 centricon.
Subsequently, a total of 80 nmol of CyS.5-tagged peptide (NH2-Gly-
Asp-Glu-Val-Asp-Ala-Pro-Cys-OH) in PBS was added into the
conjugated ferritin solution, and the reaction proceeded at room
temperature overnight with gentle shaking. The resulted FRT-C3 was
purified by NAP-5 column pre-equilibrated with PBS buffer. For
quencher conjugation, BHQ3 succinimide ester (400 nmol in 30 yL of
DMSO) was added into the ferritin solution (S0 nmol in 500 uL of
PBS). The mixture was incubated in an eppendorf tube at room
temperature for 1 h with gentle shaking. The resulting FRT-BHQ3
was purified by the NAP-5 column pre-equilibrated with PBS buffer.

Ferritin without iron inside, apoferritin, is used throughout in our
study. To achieve the final hybrid ferritins (FABP/ZnPc), both types
of ferritins were mixed and broken down to subunits by adjusting the
pH to 2.0, and 100 L of ZnPc (0.5 mg/mL) in DMSO was added
with shaking. After 1 h, the pH was adjusted back to 7.4 with 1 M
NaOH with gentle shaking. Free ZnPc was removed by NAP-S
column pre-equilibrated with PBS buffer and the solution was
concentrated to 0.5 mL by the YM-10 centricon. The final product
was named as FABP/ZnPc. The purity of FRT, FRT-C3, FRT-BHQ3,
FABP, and FABP/ZnPc were confirmed by SDS-PAGE. The amount
of CyS.5 conjugated onto FRT was calculated according to the
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Figure 2. Characterizations of FABP/ZnPc: (a) NIR-UV—vis absorbance spectra of FRT-C3, FRT-BHQ3, ZnPc, FABP, and FABP/ZnPc. Insert:
TEM images of FABP/ZnPc. Ex/em of Cy5.5, 675/695 nm. (b) Fluorescence intensity change over time of FABP/ZnPc (containing 0.45 uM of
FRT-C3) with activated caspase-3. (c) Protease response of FABP (containing 0.45 uM of FRT-C3) in the presence of caspase-3 with different
concentrations (0, 2, S, 10 nM) and a caspase-3 inhibitor. Inner photos are fluorescence images of (1) FABP without caspase-3, (2) FABP with
caspase-3 inhibitor, and (3) FABP with caspase-3. (d) Stability test of FABP/ZnPc (containing 20 yg/mL of ZnPc) under laser irradiation. In the
chart are photos of (1) FABP/ZnPc without laser irradiation, (2) FABP/ZnPc with laser irradiation at 150 mW/cm? for 10 min, and (3) FABP/

ZnPc w/o laser irradiation at pH = 2.

standard curve: y = 0.026x + 0.026. The amount of BHQ3 conjugated
on FRT was calculated according to the standard curve: y = 0.004x +
0.044.

Characterization of Hybrid Ferritins. The loading efficiencies of
ZnPc to ferritin was determined using the UV—vis-NIR spectrometer
by measuring absorbance of free ZnPc. Free ZnPc was dissolved in
DMSO at different concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL),
and absorbance was measured by a UV—vis-NIR spectrometer. The
amount of loaded ZnPc in hybrid ferritin was calculated according to
the standard curve (y = 3.351x + 0.3). Fluorescence intensity of the
hybrid ferritins were measured by a fluorescence spectrophotometer.
To optimize the FABP composition, background fluorescent signals
from different ratios of FRT-C3 and FRT-BHQ3 groups were
measured and recorded. The fluorescent signals decreased folds were
calculated. The size distribution and the zeta potential of hybrid
ferritins was measured by dynamic light scattering. The morphology of
FABP/ZnPc was observed by transmission electron microscopy
(TEM).

Fluorescent Recovery of Hybrid Ferritin. FRT-C3 and FRT-
BHQ3 were mixed at pH of 2.0 for 30 min, then the pH was adjusted
to 7.4 with 1 M NaOH. After the protein cage was reassembled,
caspase-3 of different concentration (2 nM, S nM, 10 nM) was added
to the solution and incubated in reaction buffer (S0 mM HEPES, 100
mM NaCl, 10 mM DTT, 0.1% CHAPS, 10% glycerol, pH = 7.4). For
control groups, caspase-3 inhibitor was added to FABP 10 min before
caspase-3 was added. The fluorescence activity change of the hybrid
ferritin was measured in a cuvette with excitation and emission
wavelengths at 675 and 695 nm, respectively, by a fluorescence
spectrophotometer. A linear relationship was found between caspases-
3 concentration and FABP. The stabilty of FABP/ZnPc in different
solutions was investigated.

Detection of Reactive Oxygen Species (ROS). The human
breast cancer cell line MDA-MB-435 and mouse embryonic fibroblast
cell line NIH3T3 were cultured in DMEM medium containing 10%
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fetal bovine serum and 1% penicillinstreptomycin at 37 °C with 5%
CO,. MDA-MB-435 cells (1 X 10° cells/well) were seeded on 96-well
plates and incubated in complete medium for 24 h at 37 °C. The
medium was then replaced with fresh culture medium containing
FABP/ZnPc and free ZnPc at different concentrations (20, 10, S, 2,
and 1 pug/mL) and incubated for 4 h at 37 °C. Then, fresh culture
medium containing 10 uM DCFH-DA was added and incubated for
another 20 min. After washing three times, they were irradiated with a
630 nm laser at a power of 150 mW/ cm? for 3 min. The fluorescence
of DCF was detected with the fluorescence microplate reader with 488
nm excitation and 525 nm emission.

Cell Viability Assays. The cell viability assays was performed by a
standard MTT assay. MDA-MB-435 cells (1 X 10* cells/well) and
NIH3T3 cells (1 X 10* cells/well) was seeded on 96-well plates and
incubated for 24 h at 37 °C. The cells were treated with ZnPc and
FABP/ZnPc at different concentrations (50, 25, 12.5, 6.25, and 3 ug/
mL) and incubated for 4 h at 37 °C. After incubation, the cells were
washed twice with serum-free medium and irradiated with a 630 nm
laser at 150 mW/cm? for 3 min. In another group, the cells were
washed twice with serum-free medium and without irradiation to verify
the cell viability in dark conditions. After 6 h incubation, cell viability
with irradiation and without irradiation was evaluated by the MTT
assay.

Calcein AM and propidium iodide (PI) costaining was also
conducted for cell viability assay. Briefly, MDA-MB-435 cells (1 X
10° cells/well) were seeded on six-well plates and incubated for 24 h at
37 °C. Cell culture media were replaced by fresh culture media
containing 25 pug/mL FABP/ZnPc. After incubated for 4 h, cells were
irradiated by a 630 nm laser (150 mW/cm?) for 3 min and then
washed with PBS three times. After incubation for another 6 h, the
cells were stained with calcein AM and PI, which indicate live and dead
cells. Afterward, the cells were imaged by fluorescence microscopy.

Cellular Uptake Assay. MDA-MB-435 cells were cultured in
DMEM medium containing 10% fetal bovine serum and 1% penicillin-
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Figure 3. Cell uptake of FRT-C3. MDA-MB-435 cells and NIH3T3 cells were incubated with FRT-C3 for 4 h and then fixed and imaged by confocal
microscopy. Free FRT was added 30 min before FRT-C3 to saturate the receptors on the cell membrane.
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Figure 4. Visualization of caspase-3 activation in MDA-MB-435 cells during PDT. (a) Confocal images of MDA-MB-435 cells and NIH3T3 cells
incubated with FABP/ZnPc and FABP in the absence and presence of laser and hydrogen peroxide. (b) Real-time visualization of caspase-3
activation in MDA-MB-43$ cells during PDT. The cells were incubated with FABP/ZnPc (containing 0.15 4M of FRT-C3) for 4 h and then treated
with 630 nm laser (150 mW/cm? 3 min). Images were collected at different time points after laser irradiation over 3 h by confocal laser scanning
microscopy.
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streptomycin at 37 °C in a CO, incubator. MDA-MB-435 cells (3 X
10* cells/well) were seeded onto an eight-chamber slide and incubated
in complete medium for 24 h at 37 °C. FRT-C3 were added to the
solution and incubated for 4 h, respectively. After washing with PBS
(pH = 7.4) three times, cells were fixed in cold ethanol at —20 °C for
1S min. Then, the slides were mounted with DAPI and imaged by a
laser scanning confocal fluorescence microscope (Leica, German).

In Vivo NIRF Imaging and PDT Studies. Animal experiments
were conducted under protocols approved by the Animal Care and
Use Committee (CCACUCC) of Xiamen University. The MDA-MB-
43S animal tumor models were prepared by subcutaneous injection of
5 X 10° cells in 100 uL of PBS into the right shoulder of nude mice.
NIRF imaging studies were performed when tumors reached a size
approximate to 80 mm?®. We intratumorally (i.t.) injected FABP/ZnPc
(1.0 mg ZnPc/kg) in SO uL of PBS and irradiated by a 630 nm laser
for 20 min (150 mW/ cm?). Then, NIRF images was captured at time
point of 0.5, 1, 2, 4, 6, and 12 h after laser irradiation (n = S). Three
control groups in different conditions were also performed for NIRF
imaging: (1) FABP/ZnPc (1.0 mg ZnPc/kg), without irradiation; (2)
FABP, with irradiation; and (3) FABP, without irradiation.

PDT studies were performed when tumors reached a size
approximately to 80 mm?®. MDA-MB-435 tumor-bearing mice were
randomly divided into S groups (n = S per/group): (1) FABP/ZnPc
(1.0 mg ZnPc/kg), with (w/) 630 nm laser irradiation (150 mW/cm?,
20 min); (2) FABP/ZnPc (1.0 mg ZnPc/kg), without (w/o)
irradiation; (3) FABP, with 630 nm laser irradiation (150 mW/cm?,
20 min); (4) FABP, without irradiation; (S) untreated. All the
nanocomplexes were injected once and the laser irradiations were
performed once for treatment. The size of tumors was measured by a
digital caliper every other day and the tumor volume was calculated as
vol = ab?/2 (a is the longer diameter and b is the shorter diameter).
The body weights of all mice were measured every other day.

Statistical Analysis. Results were presented as the mean + SD.
Statistical analysis was performed using one-way ANOVA followed by
the Bonferroni multiple comparison test. P < 0.0S was considered
statistically significant.

B RESULTS AND DISCUSSION

Preparation, Optimization, and Characterization of
FABP/ZnPc. To develop the probe that can treat cancer and
also assess its own therapeutic outcome, we first chemically
conjugated a FRET pair before attaching it to FRT and then
exploited the FRT assemble/disassemble property to load a
metal photosensitizer (ZnPc) inside its self-assembled cage.
Specifically, the caspase-3 specific peptide substrate (NH,-Gly-
Asp-Glu-Val-Asp-Ala-Pro-Cys-OH) was synthesized, labeled
with a highly fluorescent NIR dye, CyS.S (ex/em, 675/695
nm), and named C3 (Figures S1—S3). A difunctional linker, N-
succinimidyl-4-maleimidobutyrate, was purposely conjugated
onto FRT before coupling C3 onto it via thiol-maleimide
reaction. The final product was purified by a disposal NAP-S
column and named FRT-C3. Black hole quencher-3 (BHQ3)
was also conjugated onto another batch of FRT (FRT-BHQ3)
and purified (Figures S2 and S3). After that, the two sets of
modified FRT were mixed, and the pH was adjusted to 2.0,
conditions that cause each FRT to disassemble into subunits
(Figure 1a). After changing the pH back to neutral, a FRT-C3/
FRT-BHQ3 hybrid FRT (FABP) was constructed. The amount
of CyS5.5 or BHQ3 on FRT was calculated according to
standard curves shown in Figure S4. Intact FABP holds low
fluorescent signals due to the energy transfer between FRT-
BHQ3 and FRT-C3. To minimize the fluorescence background
and hence increase the sensitivity of FABP, background signals
were optimized and evaluated based on different ratios of FRT-
C3 and FRT-BHQ3 (2:1, 1:1, 1:3, 1:5, and 1:9, FRT-C3
concentration was fixed at 0.45 yM) as shown in Figure SS.
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Figure S. In vivo fluorescence imaging of caspase-3 dependent
apoptosis during PDT mediated by FABP/ZnPc. MDA-MB-435
tumor-bearing mice were intratumorally administered with FABP/
ZnPc (containing 0.45 uM of FRT-C3 and 1.0 mg ZnPc/kg) or FABP
(containing 0.45 uM of FRT-C3), respectively. Tumor site was
irradiated by a 630 nm laser at 150 mW/cm?* for 20 min. Then,
fluorescent images were acquired 0.5, 1, 2, 4, 6, and 12 h after
irradiation for all groups. (a) Caspase-3 activation mediated
fluorescent signal increase after PDT over time. (b) Quantification
of fluorescent signals in each group after PDT at indicated times.

When the ratio of FRT-C3 to FRT-BHQ3 reached 1:5, a 6.09
+ 0.68 fold decrease in signal was observed. Adding more
amount of FRT-BHQ3 did not quench the fluorescent signal
any further, suggesting the optimal ratio of FRT-C3/FRT-
BHQ3 is 1:5 (Figure SSab). Compared with FRT, the size of
FABP increased to 14.2 + 2.68 nm and the zeta potential
increased to —4.64 + 0.63 from —9.07 + 1.24 due to the
labeling of C3 and BHQ3 (Figure SSc).

In order to endow FABP with therapeutic properties, we
encapsulated a metal-chelated photosensitizer, zinc(Il) phtha-
locyanine (ZnPc), into FABP by disassembly/reassembly of
FRT,H’15 forming the theranostic nanocomplex FABP/ZnPc
(Figure 2a, inserted). Optimizations of ZnPc encapsulated into
FABP were listed as in Table S1. Detailed loading and
characterization methods are described in Supporting Informa-
tion (Figures S3 and S6 and Table S1). The size of FABP/ZnPc
(15.16 + 1.2 nm) is about 1 nm larger than FABP alone due to
the encapsulated ZnPc, while the zeta potential of FABP/ZnPc
(—4.66 + 1.46) did not change significantly (Figure SSc).
Successful construction of FABP/ZnPc was also confirmed by
its UV—vis-NIR spectrum. As shown in Figure 2a, characterized
peaks of CyS.5 and BHQ3 in FRT-C3 (red line) and FRT-
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Figure 6. In vivo photodynamic therapy (PDT). (a) Body weight curves of MDA-MB-43S tumor-bearing mice for each group. (b) MDA-MB-43S
tumor growth rate in each groups after indicated treatments. Tumor volumes were normalized to their initial size (n = S per group). For therapeutic
groups, mice were intratumoral received with FABP/ZnPc and subjected to 630 nm laser irradiation (150 mW/cm? 20 min). Four groups of mice
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based on standard error of mean (SEM). (c) Representative photos of mice after different treatments. (d) H&E stained tumor sections collected
from different groups of mice. Severely damaged tumor tissue was observed in FABP/ZnPc group with laser irradiation. No noticeable abnormality

was found in the rest of the groups.

BHQ3 (blue line) were measured, and a blue shift induced by
BHQ3 was found after constructing of FRT-C3 and FRT-
BHQ3 together (FABP) through pH adjustment. Compared to
FABP absorbance spectrum (pink line), a shoulder at around
750 nm was found in the FABP/ZnPc phantom (tan line),
which is caused by the encapsulation of ZnPc (aqua line),
indicating the successfully loading of ZnPc into FABP. TEM
images suggest a globular morphology of FABP/ZnPc with an
average size around 15 nm (Figure 2a, inserted). Additionally,
the fluorescent signals of FRT-C3 were not affected after
encapsulation of ZnPc (Figure S7).

To access the sensitivity of FABP to caspase-3, we incubated
100 nM of FABP with capses-3 (10 nM) in a reaction buffer
(50 mM HEPES, 100 mM NaCl, 10 mM DTT, 0.1% CHAPS,
10% glycerol, pH = 7.4) and monitored fluorescent signals over
time. As shown in Figure 2b, the original quenched FABP had a
low fluorescent signal due to the incompleted quenching effect
of BHQ-3 to CyS.5; but over time, the signal gradually
increased and reached a peak after 40 min when the active
caspase-3 cleaved its substrate found on the FRT. The cleaved
substrate increases the distance between the FRET pairs found
on the hybrid FRT and causes reduced quenching effects. As
expected, no signal increase was observed in the absence of
caspase-3. Moreover, the fluorescent signal was significantly
inhibited when caspase-3 inhibitor was treated to the test group
(Figure 2c). FABP also showed a linear relationship between
the fluorescence intensity and caspase-3 concentration (r* >
0.95), indicating that the fluorescence recovery is caspase-3
dependent (Figure S8). Because the goal is to apply FABP/

ZnPc for PDT, we examined the fluorescence intensity and
stability of FABP/ZnPc under irradiation of a 630 nm laser.
The fluorescence of FABP/ZnPc did not change when
subjected to laser irradiation for 10 min at a power of 150
mW/cm? (Figure 2d). The photostability of FABP/ZnPc was
also confirmed by monitoring the morphology and size of
FABP/ZnPcby both TEM and DLS. No obvious changes were
found after laser irradiation (10 min, 150 mW/cm?) as shown
in Figure S9. FABP/ZnPc was found to be stable in H,O, PBS,
DMEM, and FBS. No obvious NIR-UV—vis absorbance spectra
changes of FABP/ZnPc in PBS were found with time,
suggesting its potential for applications in physiological
environments (Figure S10).

In Vitro Photodynamic Toxicity of FABP/ZnPc. We next
evaluated the cytotoxicity of FABP/ZnPc to MDA-MB-435
cells. First, the ROS generation property of FABP/ZnPc was
confirmed and quantified by a ROS assay kit containing 2’,7'-
dichlorodihydrofluorescin diacetate (DCFH-DA, Beyotime,
China), which can be deacetylated by intracellular esterase
into 2’,7"-dichlorodihydrofluorescin (DCFH).*' DCFH can be
rapidly oxidized to the highly fluorescent form (ex/em, 488/
525 nm) by ROS and the fluorescent intensity is proportional
to the ROS levels generated. As shown in Figure S11, FABP/
ZnPc demonstrated a similar ROS amount to that of free ZnPc,
indicating that the encapsulation does not affect ZnPc
properties, which was reported elsewhere as well.'* According
to the UV—vis-NIR spectrum of BHQ-3 and ZnPc, the main
absorbance of BHQ-3 is around 600 nm and the peak for ZnPc
is around 750 nm. The gap between BHQ-3 and ZnPc
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absorbance may reduce the effect of BHQ-3 on ZnPc
generation of ROS. In addition, the typical distance between
donor and acceptor is usually in the range of 1—10 nm for
fluorescence resonance energy transfer (FRET), while the
diameter of the ferritin nanocage is about 15 nm. The relative
long distance between BHQ-3 and ZnPc could be another
factor that keeps the ZnPc property. The MTT assay and
Calcein AM/PI staining revealed that FABP/ZnPc is nontoxic
at concentrations up to 50 pg/mL to both MDA-MB-43S and
NIH3T3 cells without laser irradiation; however, FABP/ZnPc
can cause MDA-MB-435 cancer cell death effectively (IC, = 10
pug/mL) under 630 nm laser irradiation at a power density of
150 mW/cm? for 3 min (Figure S12).

In Vitro Visualization of Caspase-3 Activation during
Apoptosis Induced by PDT. Because caspase-3 is an
intracellular proteinase, FABP/ZnPc must penetrate the cell
membrane to the cytoplasm for caspase-3 targeting. It is
reported that FRT can bind to certain cell surface receptors, for
example, transferrin receptor 1 (TfR1) that is overexpressed in
most malignant tumor cell lines compared to the normal cell
lines"”™** and undergoes endocytosis to deliver iron inside
cells.*>*>*¢ To test this, the cell penetration ability of FABP/
ZnPc was investigated by incubating FRT-C3 (CyS5.S, ex/em,
675/695 nm) with MDA-MB-435 cells and NIH3T3 cells.
After 4 h incubation, FRT-C3 were found mostly in the
cytoplasm of cells, where the caspase cascades activation will
take place, without affecting cell morphology (Figure 3).
Moreover, excess free ferritin was added to MDA-MB-43S cells
30 min prior to FRT-C3 to block the TfR1. As expected, FRT-
C3 was not internalized into negative cells and the block
groups. These in vitro data illustrate that FABP is a nontoxic
nanocarrier with effective cell permeability for intracellular
caspase-3 targeting.

The potential of FABP/ZnPc to image caspase-3 activation
during PDT in MDA-MB-435 cells was evaluated by confocal
microscopy. PDT has been reported to induce cancer cell
apoptosis through the activation of the caspase cascade
pathway.**>**" Apoptosis was validated in MDA-MB-435
cells subjected to PDT by detecting strong fluorescein
isothiocyanate labeled Annexin V (FITC-Annexin V) signals
on the cells. Similarly, strong FITC-Annexin V signals were
found on cells treated with H,0,, a known substance to induce
apoptosis. In both cases, FITC-Annexin V labeling could be
effectively inhibited when excess amounts of free Annexin V
were treated to the cells. Specific caspase-3 expression was
evaluated by Western blot. Low expression levels of activated
caspase-3 were detected in cells without PDT, while more
prominent levels of caspase-3 were found after PDT (Figure
S$13), confirming that PDT can effectively induce apoptosis of
MDA-MB-43S cells via a caspase-mediated pathway.

We then used FABP/ZnPc (0.45 uM of FRT-C3) to image
caspase-3 activity during PDT in MDA-MB-435 cells and
NIH3T3 cells. After incubation, free FABP/ZnPC was washed
off and the cells were subjected to 630 nm laser irradiation at
150 mW/cm?® FABP/ZnPc-treated cells without laser irradi-
ation were used as a control. In addition, FABP was
investigated in cells with or without laser irradiation to verify
the specificity of FABP/ZnPc to caspase-3. All cells were fixed 2
h after laser irradiation and observed under confocal
microscopy. As shown in Figure 4a, strong fluorescent signals
were observed in the cytoplasm of cells treated with FABP/
ZnPc after laser irradiation, indicating caspase-3 mediated
apoptosis. A similar distribution was observed in cells treated

with FABP/ZnPc and H,0,. However, minimal fluorescent
signals were observed in the FABP/ZnPc treated group without
laser irradiation. In the absence of ZnPc, where no ROS/'0, is
generated, no obvious fluorescent signals were found in the
cells, suggesting that the fluorescent signal recovery is apoptosis
dependent.

To further evaluate the feasibility of FABP/ZnPc on
apoptosis imaging, caspase-3 activation was observed in real-
time in single live cells (Figure 4b). Cells were treated with
FABP/ZnPc as described above. Immediately after laser
treatment (150 mW/cm? 3 min), cell images were taken by
confocal microscopy at 15 min intervals for up to 3 h. A
gradually increasing signal was recorded in the cell cytoplasm
from 45 min after laser irradiation due to the degradation of
FABP/ZnPc by caspase-3. Taken together, these results
demonstrate that FABP/ZnPc is capable of real-time imaging
of apoptosis at the single cell level and has great potential for
targeted imaging of apoptosis in vivo.

In Vivo Monitoring Caspase-3 Activation during
Photodynamic Treatment of Tumor. Finally, the in vivo
evaluation of FABP/ZnPc was performed on an MDA-MB-435
tumor bearing mouse model. Tumor cells were inoculated
subcutaneously on right flanks. After about 3 weeks when the
tumor size reached 80 mm? a total of 1.0 mg of ZnPc/kg
FABP/ZnPc was injected intratumorally and imaged at
different time points (0.5, 1, 2, 4, 6, and 12 h) post laser
irradiation. As shown in Figure S, the FABP/ZnPc adminis-
trated group after PDT (150 mW/cm? 20 min) demonstrated
increased signals in the tumor area over time and reached a
peak at 2 h postinjection. Because of blood circulation and
metabolism, FABP/ZnPc is slowly washed out of the tumor
after 2 h. FABP itself is stable in physiological conditions for 24
has shown in Figure S10. No obvious fluorescent signals were
detected due to the lack of caspase-3 activation for the groups
treated with FABP/ZnPc or FABP without PDT treatment.
The tumor ablation efficiency was confirmed by further
monitoring and recording of the tumor growth rate in each
group for 14 days (Figure 6 and Figure S14). Compared to the
control groups, tumors in the FABP/ZnPc treated group were
ablated significantly after laser irradiation, while no obvious
body weight changes were found for each.

To further confirm the FABP/ZnPc-mediated photodynamic
therapy (PDT) effect, we harvested the tumor tissues treated
with FABP and FABP/ZnPc with and without NIR irradiation.
The pathological changes of tumors were observed and
analyzed by hematoxylin-eosin staining (H&E staining), in
which cell nuclei were stained dark blue by positively charged
hematoxylin and proteins or amino acids in cytoplasm were
stained pink or red by eosin. Compared with control groups,
the FABP/ZnPc administrated group clearly showed tumor
necrosis and destroyed blood vessels after laser irradiation
treatment (Figure 6d), suggesting that FABP/ZnPc effectively
destroys tumor tissue with laser irradiation via PDT. No
obvious destruction in the tumor was found in FABP/ZnPc
groups without laser irradiation.

B CONCLUSION

PDT has been considered as an alternative approach for many
diseases. Monitoring apoptosis induced by PDT plays an
important role in predicting and improving the outcome of the
treatment.*” Thus, development of effective, sensitive, and
biocompatible imaging agents would be of great benefit for
current treatment strategies. In this study, we successfully
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engineered ferritin nanocages that can effectively and
simultaneously induce PDT of tumors and image PDT-induced
apoptosis in vitro and in vivo. By tuning the ratio of dye/
quencher labeled FRTs, we were able to optimize the
composition of a hybrid FRT with effective sensitivity and
specificity to caspases-3. The feasibility of such a hybrid ferritin
nanocomplex for caspase-3 imaging during PDT was confirmed
in living cells as well as a tumor bearing model. Overall, the
FABP/ZnPc holds the advantages of high biostability, photo-
stability, improved sensitivity, and great promise for in vitro and
in vivo applications over the previous reported probes. We
anticipate that this strategy will offer new opportunity for
understanding of the mechanisms of PDT-induced apoptosis
and also be helpful for screening and evaluating the therapeutic
potential for a broad of new photosensitizers. A metal-chelated
photosensitizer was trapped in FABP in this study; alternatively,
the other kinds of photosensitizers can also be loaded into
FABP by harnessing the disassemble/self-assemble property of
FRT for therapy purposes. On the other hand, the engineered
ferritin platform can be extended to target other proteinase or
multiple targets at same time for more practical applications, for
example, investigation of caspases cascade activation during
PDT or photothermal therapy (PTT). Practically, clinical
approved photosensitizers can be loaded into the FABP
complex modified with targeted moieties for in vivo effective
PDT, providing the potential of translating the ferritin
theranostic system into the clinic.
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