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Activatable theranostics are novel clinical solutions for early recognition, diagnosis,
monitoring, and prognosis of diseases by enhancing contrast in various imaging modalities
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followed by tailored therapy.[!] Light, typically a wavelength-selected laser, as an
exogenous stimulus with the advantage of spatiotemporal selectivity, has been extensively
employed for photothermal, photodynamic, and/or photo-triggered chemo/gene therapy.[2]
Photothermal therapy (PTT) that employs photothermal conversion agents (PTCAS) to
destroy cancer tissues/cells by absorbing and transferring optical laser irradiation energy into
heat has been increasingly recognized as a promising minimally invasive alternative to
traditional cancer treatments.[2d: 3] Due to the relatively low absorption/scattering of skin,
tissue, blood, and water in the transparency window (650~950 nm), near-infrared (NIR)
light mediated PTCAs have shown effectiveness in in vivo PTT treatment.[4]

A variety of organic/inorganic compounds/nanomaterials, such as indocyanine green (ICG),
polyaniline nanoparticles (NPs), polypyrrole NPs, metal NPs (Au, Ag, Pd, and Ge),
semiconductor NPs (Cu,_xSe and CuS), carbon-based materials (carbon nanotubes and
graphenes), have been widely explored as PTCAs for PTT.[22 5] However, most of these
PTCAs are nonbiodegradable, immunogenic, with poor pharmacokinetics or potential long-
term toxicity, which limit their clinical use.[3: 6] Therefore, development of novel
biodegradable PTCAs with negligible toxicity and immunogenicity, suitable
pharmacokinetics, high tumor accumulation rate, and real-time visualization is highly
desirable to improve their in vivo PTT of cancer.

Indocyanine green (ICG), a FDA-approved NIR dye, owing to its serious photobleaching,
short bloodstream circulation half-life and low tumor accumulation rate, is not an effective
PTT agent.[”] Recently, NIR dye-loaded micelles have been reported to overcome several
above mentioned shortcomings for both NIR fluorescence imaging and PTT.[8] Due to the
fact that both fluorescence imaging and phototherapy are strongly dependent on the light
excitation wavelength, high fluorescence quantum yield (QY) of the dye is required for
fluorescence imaging, at the expense of lowering the photothermal conversion efficiency for
PTT. Therefore, the attainment of balance between the dual roles of imaging contrast and
photothermal conversion for both optical imaging and PTT is a grand challenge.

Recently, several naturally occurring protein macromolecules have emerged as a novel class
of drug delivery vehicles.[®] For example, albumin-based drug delivery systems such as
methotrexate-albumin conjugate, albumin-binding prodrug of doxorubicin (DOX), and
albumin paclitaxel nanoparticle (Abraxane®) have been evaluated in the clinic.[] Ferritin
(FRT), a major iron storage protein in humans and most living organisms, has also been
applied for efficient drug delivery.[20] FRT nanocage is composed of 24 subunits, which
self-assemble into a cage-like nanostructure, with external and internal diameters of 12 and
8 nm, respectively. In nature, the internal cavity is suitable for loading different species.[*!]
We have demonstrated that doxorubicin precomplexed with Cu(ll) can be loaded onto RGD
modified apoferritin nanocages with high efficiency, and zinc hexadecafluorophthalocyanine
(ZnF41gPc) can be conveniently encapsulated into RGD4C-modified apoferritins
(RFRTSs).[20] FRT and its derivatives show great potential as a new type of drug carrier with
high loading rates, good tumor selectivity and small particle size. More importantly, FRT as
a natural polymer causes fewer concerns than synthetic carriers for clinical translation.

Adv Mater. Author manuscript; available in PMC 2015 October 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 4

Herein, for the first time, we report a novel “chameleon” theranostic platform based on an
NIR dye (new cyanine green, IR820)[12] Joaded ferritin (DFRT) nanocages with strong
absorbance in the NIR region, due to the strong interaction between IR820 dye and FRT,[13]
for photoacoustic/fluorescence multimodal imaging-guided PTT. With separated excitation
wavelengths, 550 nm for fluorescence imaging with high fluorescence quantum yield (QY)
and 808 nm for photoacoustic imaging (PAI) and PTT with high photothermal conversion
efficiency, we successfully achieved simultaneous optimization of dual roles between
imaging contrast and photothermal conversion for imaging-guided PTT.

DFRT was formed by ‘opening’ and ‘closing’ the FRT nanocages in the presence of dye
molecules. The dye encapsulation was carried out using direct and step-wise change of pH
of the solutions from 2 to 7.4.110. 141 Both FRT and DFRT were characterized similarly by
atomic force microscopy (AFM) (Figure 1). Figure 1a and 1b shows the AFM image of the
original FRT as well-defined spherical nanoparticles. The 3D AFM image clearly visualizes
the protein coats on the surface of FRT in Figure 1b. DFRT appears to be slightly larger and
more variable in size than FRT (Figure 1c). As shown in Figure 1d, the diameter of FRT is
around 12 nm (determined by AFM measured height), matching the theoretical value, and
slight broadening in the X-Y direction due to nanoparticle compression and AFM-tip size.
Histogram distribution of the equivalent spherical diameter ((6V/n)Y/3) for the FRT and
DFRT nanoparticles shown in Figure 1e indicate significant loading of IR820 dye
molecules.

Next we investigated the photophysical and photochemical properties of DFRT using optical
absorption and fluorescence spectra. Figure 2a and Figure S1 showed UV-Vis absorbance
spectra of FRT, IR820 dye, and DFRT. The IR820 dye exhibits a strong peak at 687 nm, and
a weak shoulder at 825 nm. FRT without dye shows virtually no absorption in the range of
500 ~ 900 nm. After the dye is loaded into FRT, DFRT exhibits a weak shoulder at 761 nm,
and a strong peak at 835 nm. The remarkably red-shifted absorption may be attributed to the
strong interaction between dye and FRT. The loading process is accompanied with a color
change of the solution from dark green to brown (Figure S2a). The absorption spectrum of
DFRT is different from that of unloaded IR820 dye (Figure S2b—d). With different mole
ratios of ferritin and IR820 such as 1:50, 1:80, and 1:100, the IR820 loading efficiencies
were 17.32, 25.11, and 29.53 wt%, respectively. We chose the mole ratio of 1:50 for the
remaining experiments.

The fluorescence excitation spectrum of IR820 dye shows the two excitation wavelengths at
550 and 770 nm, respectively (Figure S3). As shown in Figure 2b, both IR820 dye and
DFRT exhibited a shift in emission peaks from 604 nm to 834 nm as the excitation
wavelength was changed from 550 nm to 770 nm. The results also show fluorescence
quenching, most likely owing to the tight packing of IR820 dye molecules after being loaded
into FRT. The quenching efficiency of IR820 dye in DFRT upon 550 nm excitation is
~20%, but almost ~80% upon 770 nm excitation. Based on these results, we selected 550 nm
for fluorescence imaging with high fluorescence QY and 808 nm for PTT with high
photothermal conversion efficiency. Upon separated excitation wavelengths, the dual roles
of DFRT between contrast agent and PTCA are easy to alternate for imaging and PTT.
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To further verify the red-shifted absorption and fluorescence quenching of dye loaded FRT,
we chose ICG, a FDA-approved NIR dye, for comparison. The similar results were observed
in Figure S4. ICG has a strong peak at 683 nm, and a weak shoulder at 780 nm. After being
encapsulated into FRT, ICG-FRT exhibits a weak shoulder at 725 nm, and a strong peak at
800 nm. The loading process is also accompanied by a color change of the solution from
light green to black (Figure S2). A marked fluorescence quenching of ICG upon 760 nm
excitation was found after FRT loading. Interestingly, there is ~4.5 fold fluorescence
enhancement of ICG at 700 nm emission peak upon 630 nm excitation in ICG-FRT system.
Therefore, the ICG-FRT is also suitable for simultaneous optimization of imaging and PTT
using separated wavelengths, 630 nm for fluorescence imaging with high fluorescence QY
and 808 nm for PAI and PTT with high photothermal conversion efficiency. These results
suggest the great potential of FRT as a new type of carrier for dye delivery, fluorescence and
PA imaging, and enhanced PTT treatment.

We next studied the potential of DFRT in PTT of cancer by measuring the temperature
elevation of FRT, IR820 dye, and DFRT in aqueous solutions exposed to an 1 W/cm? 808
nm laser for 5 min (Figure 2c¢). No obvious temperature change was observed in the control
group of pure FRT, due to the lack of absorption of FRT in the range of 500 ~ 900 nm.
Upon same laser exposure, IR820 dye and DFRT (80 ug/mL of dye) raised the temperature
by 18.34 and 28.38 °C, respectively. These results suggest significantly higher photothermal
conversion efficiency of DFRT over the IR820 dye upon 808 nm excitation. The effective
photothermal conversion also supports the use of DFRT for PAIIS] (Figure 2d). The best
excitation wavelength range is from 800 to 850 nm. To achieve in vivo simultaneous PAI
and PTT, we chose 808 nm as the excitation wavelength for PAI.

Encouraged by high photothermal conversion efficiency of DFRT upon 808 nm excitation,
we next investigated in vitro PTT efficacy and cytotoxicity of DFRT. Live/dead cells were
differentiated by Calcein AM (live cells, green fluorescence) and propidium iodide (PI)
(dead cells, red fluorescence) co-staining after PTT treatment (Figure 3a). In the control
groups (IR820 dye or DFRT only), all the cells displayed green fluorescence, so IR820 dye
or DFRT has no measurable cytotoxicity. Upon laser irradiation at different power densities,
both IR820 dye and DFRT show laser dose-dependent PTT effect on 4T1 cells. All cells
were Killed after being incubated with DFRT (50 pg/mL of IR820 dye) and exposed to the
NIR laser at 1 W/cm? for 5 min. As shown in Figure S5, on the boundary of the laser spot,
only cells within the laser spot were killed, showing the intense homogeneous red
fluorescence. The cells outside the region of the laser spot stayed alive, showing strong
green fluorescence.

To further evaluate the cytotoxicity and PTT efficacy of DFRT, the viability of 4T1 cells
after being exposed to various concentrations of DFRT for 24 h without laser irradiation
were assessed (Figure 3b). We found DFRT exhibited negligible toxicity at all the test
concentrations. Even with 400 ug/mL of DFRT, the cell viability is over 90%, which
suggests that DFRT alone has negligible adverse effect on tumor cells. To verify the
improved PTT efficacy induced by DFRT, three groups including FRT, IR820 dye and
DFRT were compared at the same conditions with increasing laser power. For FRT group,
no PTT effect was observed at all studied laser power densities. Upon laser irradiation, both
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IR820 dye and DFRT induced a laser dose-dependent cytotoxicity to 4T1 cells, which was

significantly different from that of control groups as shown in Figure 3c. DFRT exhibited a
much better PTT efficacy than IR820 dye under the same conditions, which is attributed to

high photothermal conversion efficiency of DFRT over IR820 dye. The above results are in
good agreement with live/dead cell staining results.

To investigate the stability of DFRT at the cellular level, we prepared the FITC-conjugated
Cy5.5 loaded FRT (FITC-FRT-Cy5.5). FITC was covalently coupled to primary amines of
FRT. Cy5.5 was loaded by FRT using the same method. After 6 h incubation of FITC-FRT-
Cy5.5 with 4T1 cells, then we used LysoTracker to stain lysosome and observed FITC-FRT-
Cy5.5 using a confocal laser scanning microscopy (CLSM). Figure S6 clearly showed the
blue fluorescence signals from Lysotracker match well with the fluorescence signals from
FITC-FRT (green) and Cy5.5 (red), suggesting FITC-FRT and Cy5.5 colocalized within the
lysosomes. These results indicate FITC-FRT-Cy5.5 is stable in lysosome within 6 h
incubation. It would be reasonable to believe that DFRT is also stable in lysosome.

We next investigated the feasibility of using DFRT for in vivo multimodal imaging-guided
PTT. To achieve the simultaneous optimization of NIR fluorescence and PA imaging, we
used the separated wavelengths to excite DFRT, 550 nm for fluorescence imaging with high
fluorescence QY and 808 nm for PAI with high photothermal conversion efficiency. Nude
Mice with subcutaneous 4T1 tumors were selected as the animal model. When the tumors
reached 60 mm3, the mice were treated with intravenous injection of DFRT (2 mg/mL of
IR820 dye, 200 pL). NIR fluorescence imaging was employed to monitor the
pharmacokinetics of DFRT in vivo. As shown in Figure 4a, distributed DFRT fluorescence
was found over the whole body at early time points after injection. With time, the whole
body signal gradually decreased and the tumor signal increased. The tumor can be easily
differentiated from the surrounding normal tissue with good contrast from 4 to 24 h post-
injection. At the 24 h time point, the major organs of unloaded dye or DFRT injected mice
were harvested for ex vivo imaging (Figure 4b). Meanwhile, the PAI was also used to
observe the PA signal change in tumor tissues. Figure 4c shows the snapshots of in vivo two
dimensional (2D) and 3D cross section ultrasonic (US) and PA images upon 808 nm
excitation of tumor area after intravenous injection of IR820 dye or DFRT in mice at
multiple time points. The gradual increase of PA signals was observed in the tumor regions
of DFRT treated mice.

DFRT accumulation in the tumor was quantified by dye fluorescence intensity (Figure 4d).
The average fluorescence intensity from dye acquired in the tumor areas quickly arose
within 1~4 h post-injection and reached a plateau during 4~24 h post-injection followed by
slight decrease over time. Meanwhile, the quantification of tissues/organs distribution was
carried on ex vivo imaging (Figure 4E). The relative uptake efficiency (10.48 + 0.93 %) of
DFRT is ~4-fold higher than that of IR820 dye (2.64 % 0.20 %), which suggested that FRT
carrier significantly improved the tumor accumulation rate of dye. The strong fluorescence
signals in the liver and spleen may be attributed to the macrophage clearance of IR820 dye
and DFRT from blood. Strong kidney signals imply renal clearance of IR820 dye and
DFRT. Semi-quantification of PA signals in the tumor area revealed that the average tumor
PA intensity (0.95 £ 0.01 a.u.) of DFRT was ~2.6-fold stronger than that of IR820 dye (0.37
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+ 0.02 a.u.) (Figure 4f), which further confirm that FRT carrier can significantly improve
tumor accumulation of the dye molecules. The color of tumor tissue turned dark with
increased accumulation of DFRT at late time points after intravenous injection (Figure S7).

Based on effective DFRT-induced PTT in vitro and high tumor accumulation rate of DFRT
invivo, the in vivo PTT studies were carried out on the same animal model. According to the
observation from fluorescence and PA imaging, the most suitable time point to implement
PTT is at 24 h postinjection of DFRT. Upon 808 nm laser irradiation, thermal imaging was
employed to monitor the temperature change in vivo using an infrared (IR) thermal camera
(Figure 5a and c). For mice injected with DFRT, the tumor temperature changes were 23.8
or 42.2 °C within 10 min, upon 0.5 or 1 W/cm? 808 nm laser irradiation, respectively. No
significant temperature rise was observed in other body parts of the mice (Figure S8). In
contrast, upon 1 W/cm?2 808 nm laser irradiation, the local temperature changes of tumors
treated with PBS or IR820 dye were increased by about 7.2 or 11.1 °C, respectively. Figure
5b shows 3D color Doppler images of tumor before and after PTT treatment. While the
tumor displayed clear blood flow prior to the treatment, no blood flow was observed in the
tumor after, which can be attributed to the destruction of the blood vessels of tumor tissue
during treatment.

For invivo DFRT-induced PTT treatment, eight groups of 4T1 tumor-bearing mice (4-6
mice/group) were designated as follows: untreated mice (control, n = 6), mice with PBS
administration and laser irradiation (PBS + Laser, n = 6), mice with FRT administration but
no laser irradiation (FRT, n = 4), mice with FRT administration and laser irradiation (FRT +
Laser, n = 4), mice with dye administration but no laser irradiation (IR820 dye, n = 4), mice
with dye administration and laser irradiation (IR820 dye + Laser, n = 5), mice with DFRT
administration but no laser irradiation (DFRT, n = 4), and mice with DFRT administration
and laser irradiation (DFRT + Laser, n = 6). The same 808 nm laser density (0.5 W/cm?) and
exposure time (10 min) was applied in all eight treatments. While the tumors in the control
groups all grew at similar speeds, the tumors in both the IR820 dye/laser and DFRT/laser
groups exhibited remarkable delay in tumor growth or tumor regression after two weeks
(IR820 dye/laser vs. Ctl, P < 0.05; DFRT/laser vs. Ctl, P < 0.001) (Figure 5d). In the DFRT
+ laser group, all the tumors were effectively ablated, leaving scars at their original sites
without showing reoccurrence (Figure S9). Additionally, it is also worth noting that the
DFRT group exhibited significantly higher PTT therapeutic efficacy than the IR820 dye/
laser group on day 14 (DFRT/laser vs. IR820 dye/laser, P < 0.0001). As shown in Figure 5e,
DFRT administration and laser irradiation greatly prolonged mice survival over 40 days,
without a single death or tumor reoccurrence. In contrast, for the IR820 dye/laser group, all
the mice had to be sacrificed on day 20 due to the extensive tumor burden. Mice in other
control groups showed average life spans of ~14 days since treatment started. Hematoxylin
and eosin (H&E) staining of tumor sections were collected from four laser irradiation groups
of mice at 2 h after laser irradiation (Figure 5f). For the PBS/laser and FRT/laser groups, the
histological section showed observable errhysis and an infiltration of small number of
inflammatory cells without tissue structure damage. For the IR820 dye/laser group,
inflammatory cell infiltration, cell death and errhysis with partial tissue structure damage
was observed. For the DFRT/laser group, similar (results) were observed; however, instead
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of errhysis with partial tissue structure damage, serious tissue structure damage was
(detected). In the high resolution H&E images (Figure S10), we found significant cancer cell
damage with nuclear membrane fragmentation and nuclei shrinkage with karyorrhexis and
pyknosis in the DFRT/laser group. The irreversible condensation of chromatin and
karyorrhexis in the nuclei of tumor cells led to intensive necrosis or apoptosis. The results
indicated that the in vivo PTT therapeutic efficacy of DFRT was significantly higher than
that of IR820 dye.

Furthermore, no significant body weight variation was noticed after DFRT-induced PTT
treatment (Figure S11). After DFRT administration and laser irradiation, main organs from
different groups of mice, as seen through H&E stained images (Figure S12), showed no
obvious damage or inflammation. In accordance with the fact that DFRT has low
cytotoxicity and immunogenicity, it is valid to surmise that circulating DFRT does not
induce discernable toxic side effects to treated animals. Thus, due to its excellent theranostic
capability without noticeable toxicity and immunogenicity, DFRT is a suitable candidate for
multimodal imaging-guided PTT in vivo.

The following may be considered in future applications of DFRT for cancer theranostics: 1)
control of the arrangement of dye molecules inside FRT; 2) precise control of the size of
DFRT; 3) enhanced knowledge of the stability of DFRT in vivo; 4) modification of the
surface of FRT with specific biomarkers to further improve the tumor accumulation rate of
DFRT,; 5) systematic assessment of the toxicity, biocompability, immunogenicity,
pharmacokinetics, and biodistribution of DFRT in vivo.

In summary, we have developed a near-infrared dye IR820 loaded ferritin (DFRT) nanocage
with strong absorbance in the NIR region for simultaneous fluorescence/photoacoustic/
photothermal multimodal imaging-guided enhanced photothermal therapy (PTT). Using
separated wavelengths excitation, 550 nm for fluorescence imaging with high fluorescence
quantum yield and 808 nm for PAl and PTT with high photothermal conversion efficiency,
the optimization of both imaging and PTT is achieved in our system. The cancer theranostic
capability using DFRT was carefully investigated both in vitro and in vivo. Most
intriguingly, 100% in vivo tumor elimination is achieved by intravenous injection of DFRT,
under a low laser power density of 0.5 W/cm? without weight loss, tumor recurrence and
noticeable toxicity. This concept of protein-based theranostics can potentially be applied for
clinical translation of personalized nanomedicine with targeted dye/drug delivery, diagnosis,
and treatment.
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Figure 1.
(a) Topological image of FRT in partial layer coverage on mica surface with 40 nm color-

scale for the height. (b) Selected FRT nanocages are presented on a 20 nm grid in 3D to
visualize protein coats with color-scale from 8-12 nm in the insert. (c) A representative
AFM image of DFRT on mica surface with 80 nm color-scale for the height. (d) Section plot
along the blue line in (a) and white line in (c), showing DFRT are larger and more variable
in size. (e) Histogram distribution of the equivalent spherical (Eqg.) diameter (Eq. Diameter =
(6V/)13) for the FRT and DFRT nanoparticles, showing significant loading of the dye.
inset: 3D visualization of DFRT nanoparticles placed on a 100 nm grid.
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Figure 2. Characterization of DFRT
(a) UV-Vis absorbance spectra of FRT, IR820 dye, and DFRT. (b) Fluorescence emission

spectra of IR820 dye and DFRT. (c) Temperature elevation of aqueous solution samples
with same concentration as a function of irradiation time and (d) Photoacoustic (PA)
spectrum of DFRT.
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Figure 3. In vitro cell experiments
(@) Fluorescence images of Calcein AM/PI co-stained 4T1 cells with free IR820 dye or

DFRT (50 pg/mL dye) incubation for 6 h after being exposed to the 808 nm laser at different
power densities of 0.5 and 1 W/cm? for 5 min. The cells incubated with same concentration
of free IR820 dye or DFRT without laser irradiation were chosen as control. (b) Viability of
4T1 cells after being incubated with various concentrations of DFRT for 24 h. (c) Viabilities
of 4T1 cells after DFRT-induced photothermal therapy at different laser power densities.
Cell viability was normalized to the control group without any treatment. Error bars were
based on the standard deviations of five parallel samples.
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Figure4. In vivo NIR fluorescence (FL) and photoacoustic (PA) imaging
(a) Invivo NIR FL images after intravenous injection of DFRT in mice at different time

points; (b) ex vivo NIR FL images of mouse tissues (from left to right: heart, liver, spleen,
lung, kidneys, tumor), harvested at a 24 h time point post-injection of free IR820 dye or
DFRT. (c) Invivo two dimensional (2D) and 3D cross-section ultrasonic (US) and PA
images of tumor tissues after intravenous injection of free IR820 dye or DFRT in mice at
different time points. (d) Time-lapse FL signal change of tumors followed by intravenous
injection of DFRT. () Biodistribution of free IR820 dye or DFRT in 4T1 tumor-bearing
nude mice at 24 h post-injection. (f) Time-lapse PA signal change of tumors followed by
intravenous injection of free IR820 dye or DFRT. (mean * standard deviation; n = 3 per

group)
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Figure5. In vivo photothermal therapy
(a) Thermal images of 4T1 tumor-bearing mice with injection of free IR820 dye or DFRT

and exposure to 808 nm laser. (b) 3D color Doppler images of tumor before and 12 h after
PTT treatment. (c) Heating curves of 4T1 tumors upon laser irradiation as a function of
irradiation time. (d) Tumor growth curves of different groups of 4T1 tumor-bearing mice
after treatment. Tumor volumes were normalized to their initial sizes. Error bars represent
the standard deviations of 4—6 mice per group. * P < 0.01. (e) Survival curves of tumor-
bearing mice after various treatments. DFRT injected mice after PTT treatment showed
100% survival over 40 days. (f) H&E staining of tumor sections collected from different
groups of mice at 2 h after laser irradiation.
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