1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 October 12.

-, HHS Public Access
«

Published in final edited form as:
ACS Appl Mater Interfaces. 2016 October 12; 8(40): 26630-26637. doi:10.1021/acsami.6b10255.

Cerenkov Radiation Induced Photodynamic Therapy Using
Chlorin e6-Loaded Hollow Mesoporous Silica Nanoparticles

Anyanee Kamkaewl ¥ Liang Chengl:2# Shreya Goel3*, Hector F. Valdovinos#4, Todd E.
Barnhart?, Zhuang Liu2, and Weibo Cail:3:4:5"
1Department of Radiology, University of Wisconsin - Madison, Madison, WI 53705, USA

2Institute of Functional Nano & Soft Materials (FUNSOM), Collaborative Innovation Center of
Suzhou Nano Science and Technology, Soochow University, Suzhou, Jiangsu 215123, China

SMaterials Science Program, University of Wisconsin — Madison, Madison, WI 53705, USA
“Department of Medical Physics, University of Wisconsin - Madison, Madison, WI 53705, USA

SUniversity of Wisconsin Carbone Cancer Centre, Madison, WI, USA

Abstract

Traditional photodynamic therapy (PDT) requires external light to activate photosensitizers for
therapeutic purposes. However, the limited tissue penetration of light is still a major challenge for
this method. To overcome this limitation, we report an optimized system that uses Cerenkov
radiation for PDT by using radionuclides to activate a well-known photosensitizer (Chlorin €6,
Ceb). By taking advantage of hollow mesoporous silica nanoparticles (HMSNS) that can
intrinsically radiolabel oxophilic zirconium-89 (89Zr, t;,»= 78.4 h) radionuclide, as well as possess
great drug loading capacity, Ce6 can be activated by Cerenkov radiation from 89Zr in the same
nanoconstruct. /n1 vitro cells viability experiments demonstrated dose-dependent cell
deconstructions as a function of concentration of Ce6 and 89Zr. /n vivo studies show inhibition of
tumor growth when mice were subcutaneously injected with [89ZrJHMSN-Ce6 and histological
analysis of tumor section showed damage to tumor tissues, implying that reactive oxygen species
mediated the destruction. This study offers a way to use internal radiation source to achieve deep-
seated tumor therapy without using any external light source for future applications.
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Introduction

Photodynamic therapy (PDT) has emerged as a new frontier in biomedical research. In
typical PDT, external light is needed to activate photosensitizers (PS) causing cell damage.
In this case, treatment of deep-seated tumors is not always effective since most of the light
wavelengths (between 400-800 nm) are absorbed and scattered by biological tissues.? Thus,
a fiber light source is required to treat deep tissues that are endoscopically accessible.2: 3 A
recent advanced approach that attempted to overcome the limitation of tissue penetration of
light is the use of chemi/bioluminescent systems that can avoid the external light and use
chemi/bioluminescence is an internal light source.# ®

Recently, image-guided therapy has been developed as a tool to optimize therapeutic
efficacy.5-2 In PDT, imaging can provide useful information regarding the size and location
of tumors which help to optimize the time window for PDT regimens, as well as monitor the
therapeutic efficacy.19-14 Positron emission tomography (PET) is a powerful whole body
imaging technique, with unlimited tissue depth penetration, compared to other optical
imaging modalities.1® Therefore, combination of PET and PDT would be a great candidate
to treat cancer. Cerenkov radiation (CR) happens when charged particles, such as p* and
generated from radioactive decay emit UV and visible light (250-600 nm) in a broad energy
range while traveling through a dielectric medium faster than the speed of light.16 Here, we
hypothesized that CR emitted from radionuclides typically used in PET could serve as a
depth-independent light source for photodynamic therapy. Recent advances in technology
for detection of low-intensity light have enabled the application of CR as a light source for
molecular imaging, either alone or in complexation with energy-harvesting materials such as
quantum dots and porphyrins.17=23 Moreover, CR was recently demonstrated for
photodynamic therapy using titanium dioxide (TiO,) as an energy receptor.24 However, the
efficiency of the CR activated PDT was low since the radionuclide (3*Cu or 18F) was
administrated separately from the photosensitizer.
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In this study, zirconium-89 (89Zr) with higher energy p emitters (909 keV) and longer half-
life (t7,,= 78.4 h) was employed as a CR source to excite chlorin e6 (Ce6) to generate
reactive oxygen species (ROS). Ce6 has a strong absorption band peaking at 400 nm, which
matches with the CR luminescence of 89Zr. To achieve high energy transfer efficiency,
hollow mesoporous silica nanoparticles (HMSNSs) were used as a carrier to encapsulate Ce6
molecules and 89Zr isotope, simultaneously. The as-formed nanoconstructs [89ZrJHMSN-
Ce6 were found to be efficient in photo-mediated tumor cell destruction, both /n vitroand in
vivo. CR from 89Zr was able to transfer its energy to Ce6 nearby to generate enough ROS to
cause PDT in tumor cells and tissues. /n7 vivo photo-induced therapy was carried out in a
murine breast tumor model by subcutaneous injection of [39ZrJHMSN-Ce6 without using
any external light source, achieving excellent therapeutic efficacy. At the same time, the
radiolabeled [89ZrJHMSN-Ce6 nanoconstruct could also be used for PET image-guided
PDT. Thus, our work presents a simplified approach to prepare a multifunctional PET
image-guided cancer therapeutic agent with promising potential for future clinical
translation.

Synthesis and characterization of [89Zr]HMSN-Ce6

Uniform HMSNs were synthesized following our previous procedure.2® Figure 1a shows the
representative transmission electron microscopy (TEM) image of HMSNs with the size of
~110 nm, and the thickness of HMSNs shell was measured to be ~25 nm. After that, the
surface of HMSNs was functionalized with -NH, groups with (3-
aminopropyl)triethoxysilane (APTES). The resulting HMSN-NH, was well-dispersed in
water and the hydrodynamic size was measured to be 130 + 2.1 nm (polydispersity index =
0.09, Figure 1b). The concentration of -NH, groups, determined by a Kaiser Test kit was
100 nmol/mL. The amine functionalized HMSNs were then loaded with Ce6 followed by
chelator-free radiolabeling with 89Zr. The loading efficiency of Ce6 was measured to be 90
+ 5 % (Figure 2a). After centrifugation and several rounds of washing, the supernatant was
just slightly green implying that most of the Ce6 molecules were loaded inside the hollow
cavity of HMSN-NH, (Figure 2b). Zeta potential of Ce6, HMSN-NH, and HMSN-Ce6 in
PBS was measured to be —26.6 mV, +9.06 mV and —-13.3 mV, respectively, indicating the
successful incorporation of Ce6 in HMSN-NH,. UV-vis-NIR spectra confirmed that HMSNs
did not affect the optical properties of Ce6 (Figure 2c). Due to a diffusion gradient, Ce6
slowly diffused out of HMSNSs over time at 25 °C as shown in Figure 2d (UV absorbance of
Ceb6 loaded in HMSN-Ce6 at day 1, 2, 3, 7 and 14 reduces over time). Based on quantitative
analysis, Ce6 was released from HMSNs over time in PBS; ~ 9 %, 22 %, 49 % and 56 % at
days 2, 3, 7 and 14 respectively.

After loading Ce6 into HMSN-NH,, 89Zr was intrinsically incorporated in the nanoparticles
by chelating with the deprotonated silanol groups on the silica surface to form [89Zr]JHMSN-
Ce6 nanoconstructs (Figure 2a). Intrinsic labeling of silica nanoparticles (MSNs, bMSNs
and dSNs) was previously reported by our group.28: 27 Here, we applied the same
methodology to radiolabel 89Zr on HMSN-Ce6. Briefly, HMSN-Ce6 were incubated

with 89Zr (40 MBq, specific activity ~20 GBg umol™1) in 0.1 M HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonicacid) buffer, pH 7-8 for 3 h at 37 °C, with
constant vigorous shaking to obtain ~ 40 % labeling yield. In addition, more than ~ 80 %
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labeling yield could be obtained by incubating the sample mixture at high temperature

(75 °C). Considering that Ce6 rapidly released from the nanoconstructs at high temperatures
due to enhanced diffusion, we preferred to perform radiolabeling at 37 °C. Moreover, the
[89Zr]HMSN-Ce6 nanoconstruct showed high stability (> 80 %) in mouse serum up to 7
days (Figure 3a).

To further confirm the energy transfer phenomenon, [89ZrJHMSN-Ce6 was imaged using
IVIS system with an emission filter 690 — 710 nm to collect only Ce6 emission and the
excitation was blocked. Solution containing only 89Zr or HMSN-Ce6 did not emit any signal
when using the emission filter (tubes 1&2, Figure 3b) only, while strong fluorescence was
observed from solution containing [89Zr]HMSN-Ce6 (tube 3, Figure 3b) indicating that CR
from 89Zr could be transferred to Ce6 molecule and emission signal could be obtained
without using any external light source.

In vitro CR induced PDT

To determine the efficacy of our nanoconstructs for CR induced PDT, breast cancer cells
(4T1) were treated with different concentrations of [89ZrJHMSN-Ce6. Cells treated with
[89Zr]HMSN-Ce6 were found to be damaged more than those treated with HMSN-Ce6 only,
at the same concentration of Ce6. Moreover, the decrease in cell viability was also found to
be Ce6-dose-dependent, when the amount of 89Zr (20 pCi or ~1 MBq) was kept constant;
higher amount of Ce6 causing more cell damage (Figure 4a). Interestingly, at 40 uM of Ce6
loaded inside HMSN, the nanoconstructs became toxic to the cells, so 20 uM of Ce6 in
HMSN was used to further optimize the dosing regimen with 89Zr. We found that PDT
induced killing of 4T1 cells was also dependent on the amount of 89Zr. However, at high
radioactivity (50 uCi or ~2 MBq), 89Zr showed some cell toxicity (Figure 4b). Thus,
[9Zr]HMSN-Ce6 with 20 uM of Ce6 and 20 uCi of 89Zr were finally chosen for the
following cells experiments. Moreover, treatment of [89ZrJHMSN-Ce6 on cancer cells
significantly decreased cell viability compared to the cells treated with other controls
including 89Zr only, HMSN-NH, and HMSN-Ce6 (Figure 4c).

In addition, -y-H,AX assay based on immunofluorescence microscopy was performed to
assess DNA damage in PDT treatment. HoAX is a variant sequence of histone H,A that
plays an important role in DNA damage response induced by different genotoxic stresses.28
On exposure to ionizing radiation or chemical agents, chromatin domains around DNA
double-stranded breaks (DSBs) in the affected cells are rapidly surrounded by
phosphorylated H,AX (y-HoAX). Therefore, y-HoAX could be used as a quantitative
marker of DSBs in various applications; the detection of -y-H,AX cores in cell nuclei can be
easily done by using immunofluorescence microscopy.2% 30 As shown in Figure 4d,
immunofluorescence images revealed low fluorescent signal of -y-H,AX in control cells and
cells treated with HMSN-Ce6 in the absence of 89Zr, as well as cells incubated with 89Zr. In
contrast, the cells cultured in the presence of [89Zr]HMSN-Ce6 nanoconstructs showed a
remarkably higher density of -y-H,AX foci, indicating greater number of DNA double-
strand breaks. All collected results reveal the potential of [39ZrJHMSN-Ce6 nanosystem as
an effective CR activated PDT.
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In vivo Cerenkov radiation induced photodynamic therapy

To demonstrate the /n vivo applications of Cerenkov radiation induced PDT, a single dose of
[89Zr]HMSN-Ce6 (15 MBq, 50 pL) was intratumorally administered into 4T1 tumors in
Balb/c mice (average tumor size ~ 200 mm3). Prolonged tumor retention of [39ZrJHMSN-
Ce6 was observed by position emission tomography (PET). Representative maximum
intensity projection (MIP) PET images showed that the nanoconstruct was retained inside
the tumor area up to 14 observation days (Figure 5a). Moreover, 89Zr remained intact in the
HMSNSs, as evidenced by very little bone uptake of free 89Zr (89Zr is a well-known
osteophilic cation)3L, observed within the experimental time (Figure 5b).

Since highly efficient and stable chelator-free radiolabeling could be achieved with
[89Zr]HMSN-Ce6 nanoconstructs, we hypothesized that radiation from even small amounts
of radioactivity would efficiently induce Ce6 for PDT over a long period of time. We
performed /n vivo CR induced PDT to confirm the efficacy of our nanoconstruct and
observed that tumor growth in mice injected with [89ZrJHMSN-Ce6, 30 uM of Ce6 and 400
HCi of 89Zr in a total volume of 50 pL (n = 4), was completely inhibited within 14 days post
injection (p.i., Figure 6). In contrast, the tumors with no injection grew rapidly. Mice
injected with [39ZrJHMSN nanoconstructs or HMSN-Ce6 showed tumor growth inhibition
initially; yet after day 8 p.i. the tumors growth continued (n = 4, Figure 6). Overall, the
percentage reduction in tumor size after 14 days p.i. in mice injected with [89ZrJHMSN-Ce8,
[89Zr]HMSN and HMSN-Ce6 was calculated to be 75 %, 20 % and 32 % respectively,
relative to the control group. To further understand the effect of CR-induced PDT on tumor
tissues, hematoxylin and eosin (H&E) staining was performed on tumor tissue sections, to
visualize the apoptosis and resultant morphology of tumor tissues 7 days post-treatment. The
results indicated that most of the tumor tissue in the [89Zr]HMSN-Ce6 nanoconstruct group
was destroyed, while the tissues in the other three control groups mainly retained their
normal morphology (Figure 6d).

Detection of ROS generated in the system was attempted by using various singlet oxygen
probes. However, UV based measurement was not successful because CR interfered with the
signal. In addition, fluorescence based assay with singlet oxygen sensor green (SOSG) did
not give reliable data due to similar concerns. By performing MTT assay with extensive
controls, the results suggested that the ROS could be the major factor in destroying the cells.
Moreover, detection of the DNA damage via fluorescence cell imaging (Figure 4d) showed
the expected outcomes from the treatment group. In addition, after /n vivo experiment, ex
vivo histological analysis (Figure 6d) revealed destruction of tumor only in the group
exposed to CR induced PDT. Taking all the results together, we conclude that the ROS
generated in this system is the key to diminish cell viability.

Our study here demonstrated the innovative concept of new generation PDT agents where
external excitation source is not necessary, especially useful for deep-seated tumor therapy.
Hollow structures of silica nanoparticles are beneficial for drug loading as well as
intrinsically radiolabeling of oxophilic radioisotopes like 89Zr. Unlike the previous study that
used CR activated inorganic PS, TiO,, by injecting the PS nanosystem and radioisotopes
separately,?4 our system encapsulated PS and radioisotope in the same nanoconstuct.
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One concern that arises from using CR activated PDT is the loss of selectivity since
excitation source cannot be focused on only the tumor area as in conventional laser-induced
PDT. However, the major advantage of using CR is the treatment of deep-seated tumors and
tumors in the regions that external light cannot reach. To overcome the potential drawback,
the system needs to be modified and optimized to allow high accumulation in tumor areas
but little in the normal tissues, especially in the RES organs, liver and spleen, to avoid side
effects of ROS generation from the nanosystem.

Although the intratumoral administration of drugs is a viable therapy for a some tumors,
such as hepatocellular (radionuclide therapy through chemoembolization), lung, head and
neck or brain cancers,32-3 intravenous (i.v.) administration of nanomaterials will expand the
application of CR induced PDT to a variety of primary and metastatic tumors. However, i.v.
injection of nanoparticles usually suffers from high uptake in healthy organs like liver,
kidneys and spleen, relative to that in tumors. In this case, decorating the nanomaterials with
tumor targeting ligands might help in increasing tumor uptake. Silica nanoparticles have
been studied extensively and structure modification with tumor homing ligands have been
reported.36 Recently, biodegradable mesoporous silica nanoparticles (0MSNs) and HMSNSs
were designed by our group to carry large payloads of drugs (small and large) and
functionalized with tumor-specific antibody or small peptides (cRGD) to specifically target
the tumor vasculature.2>: 27: 37 Folic acid has also been used to coat the HMSNSs surface for
tumor targeting purposes, along with imaging dyes and tumor drug (DOX) loaded inside the
pores to generate multifunctional nanosystems for cancer imaging and therapy.38 In addition
to avoid the possible side-effects that might occur from uncontrolled ROS generation by CR,
proper size of nanoparticles and choice of tumor targeting groups must be selected to allow
high accumulation in the tumor in a short period, and reduced accumulation in RES organs
at the same time. Bio-distribution of the nanoconstructs needs to be studied carefully to
obtain the best system for CR induced PDT.

The focus of the manuscript is to demonstrate an improved concept for enhanced CR-
induced PDT of tumors. Since we do not have tumor-targeting groups attached to the
nanoconstructs, we did not test the /n vivo biodistribution of the nanoparticles. Further
studies for the surface modification and improvement of the approach are currently
underway in our lab. Moreover, based on preliminary PET imaging we can see the injected
nanoparticles diffuse from the tumor and end up in the liver and spleen due to uptake by the
macrophages, as is well-documented for nanomaterials > 7-10 nm. Further optimization
needs to be performed in order to further investigate the CR-mediated PDT effect of these
nanoparticles via i.v. administration. At this stage, we would like to initiate the concept of
using HMSNSs for enhanced CR induced PDT. Overall, promising results from our study
indicate the great potential of these nanoconstructs for CR induced PDT, and suggest further
improvements needed in the nanoconjugate design to eliminate the current drawbacks.

Conclusions

In summary, we report the first /7 vivo CR induced PDT by using HMSNs. The Ce6 was
efficiently loaded into the hollow structure of HMSNSs. Intrinsic 89Zr labelling property of
HMSNSs held the PET radionuclide and PS closed enough to allow efficient energy transfer
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process between the components. 89Zr employs high energy B emitters and long half-life
which are suitable for long-term photodynamic treatments. Results collected from in vitro
and /n vivo experiments confirmed the PDT effects resulting from CR. Tumor targeting with
an i.t. administration was suggested to minimize off-target toxicity and offer higher potential
for clinical translation. Since CR is low-intensity light, using p emitters with higher energy
such as yttrium-90 (2,281 keV) could increase CR intensity and further enhance the PDT
effects. Although we focused on the therapy, the approach described here could open up new
opportunities to develop better systems to treat a variety of tumors in a depth-independent
manner.

Material and Methods

897r Production

897r-oxalate with a specific activity of >20 GBg/umol of Zr was isolated and purified
according to our previously reported procedures.3°

Synthesis of HMSN-NH,

According to the well-established procedures in literature,2> uniform HMSNSs (~ 130 nm)
were synthesized by coating the 100 nm sized dSiO, nanoparticles with a shell of
mesoporous silica, followed by etching away the solid silica core. After that, the as-
synthesized HMSNs were surface functionalized with -NH, groups and the amine
concentration (nmol/mL) was measured using a Kaiser Test kit, Sigma-Aldrich (St. Louis,
MO).

Synthesis of HMSN-Ce6

HMSN-NH, (0.5 mg) was dispersed in water (pH 5.5, 0.5 mL); then Ce6 (10 mg/mL in
DMSO, 50 uL) was added into the solution. The mixture was stirred at 3000 rpm for 24 h.
Next, the nanoparticles were centrifuged and washed 3 times with water to remove the
unloaded Ce6. The HMSN-Ce6, obtained as a green pellet that was well-dispersed in water,
PBS and HEPES buffers.

Characterization

Transmission electron microscopy (TEM) images of the nanoparticles were obtained using a
FEI Tecnai TF30 TEM at an acceleration voltage of 300 kV. UV-vis-NIR spectra were
collected from a Cary 60 UV-Vis (Agilent Technologies). The hydrodynamic diameters and
zeta potential of all nanomaterials were determined by a ZetaSizer Nano-ZS (Malvern
Instruments, USA).

Chelator-Free 89Zr Labeling

HMSN-Ce6 in HEPES buffer (pH 7.5; 0.1 M, 0.5 mL) was mixed with 40 MBq 89Zr
oxalate. Then, the pH was adjusted to 7.5 — 8 using Na,COx solution (2 M) before
incubation at 37 °C or 75 °C for 3 h. 89Zr labeling yields were monitored by thin layer
chromatography (TLC) with 0.05 M EDTA as the mobile phase. Final labeled product was
obtained by centrifugation.
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Cell Culture Experiment

4T1 murine breast cancer cells were obtained from American Type Culture Collection
(ATCC). The cells were cultured in normal RPMI-1640 medium containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C under a humidified atmosphere
containing 5% CO».

In Vitro CR induced Photodynamic Therapy

In a 96-well plate, cells were seeded at a density of 1x10% cells per well and incubated with
different concentrations of HMSN-Ce6 or [89Zr] HMSN-Ce 6 for 24 h. After removing the
culture media, cells were washed twice with PBS. Relative cell viabilities were determined
by the standard MTT assay.%0 The OD was measured at 570 nm using SpectraMax Plus 384
microplate reader. Cell viability (%) = (mean of OD of treatment group/mean of OD of
control group) x 100.

v-H2AX Immunofluorescence Analysis

4T1 cells were seeded in 18 mm glass bottom dish (1 x 10 cells per well) and cultured for
24 h. The cells were incubated with HMSN-Ce6, [39ZrJHMSN-Ce6, free Ce6 or free 89zr
(20 uCi) (10 uM of Ce6 in each sample) for 24 h. After incubation, 4% paraformaldehyde
was used to fix the cells for 10 min. Then, the cells were rinsed with PBS before
permeabilization with methanol at —20 °C, 15 min. Afterward, the cells were washed with
PBS before exposure to a blocking buffer (1% BSA in PBS solution) for 1 h at room
temperature. Primary antibody (mouse monoclonal anti-phospho-histone y-H2AX,
Biolegend) was then added in a ratio of 1:500 in blocking buffer to incubate with the cells at
4 °C for 24 h. After PBS washing, the cells were incubated with the secondary antibody
(donkey anti-mouse Cy3) in a ratio of 1:500 in blocking buffer for another 12 h at 4 °C.
Finally, cells were wash thoroughly with PBS and cell nuclei were stained with DAPI before
visualizing with a Nikon A1RS Confocal Microscope. Imaging analysis was performed
using the NIS-Elements Ar with Deconvolution package.

Tumor Models

All animal studies were conducted under the protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee (IACUC). Subcutaneous
xenografts of 4T1 were generated by injection ~50 L of RPMI-1640 medium containing
1x10°% cells onto the back of each female Balb/c mice. The mice were used when tumor
volumes reached ~200 mm3.

In Vivo CR Induced PDT

Four groups (n = 4 per group) of mice were randomly divided for various treatments: (i)
Control; (ii) HMSN-Ce6; (iii) [9Zr] HMSN and (iv) [89Zr] HMSN-Ce6. Mice were intra-
tumorally injected at a dose of 30 pM of Ce6 with 400 pCi of 89Zr (50 pL). The tumor sizes
were measured by a caliper every two days and the tumor volumes were calculated as (tumor
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length) x (tumor width)?/2. Seven days after treatment, the tumors from each group were
paraffin sections for hematoxylin and eosin (H&E) staining.
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Figure 1.
Physicochemical characterization of HMSNSs. (a) TEM image shows an average particle size

~110 nm. (Scale bar: 200 nm) Outset schematic depicts the structure of HMSN showing a
hollow cavity with a mesoporous shell. (b) DLS measurements depicting monodispersed
hydrodynamic size distribution of HMSN-NH, (polydispersity index, PDI = 0.09).

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 October 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kamkaew et al.

HMSN-NH, HMSN-Ceb [®°Zr]HMSN-Ce6
c d ;3.
s 11
2 —Ceb 3 025 1
Gl —~HMSN-Ce6 < 02
< 06 € 0.15
° g
= 8 osf 5 o
1 2
& E 02 - < 0.05
2 0 . . . 0
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
Figure2.

(a) Schematic represents the synthesis of [89ZrJHMSN-Ce6 nanoconstructs. Ce6 was first
loaded inside the hollow structure of HMSN-NH, followed by direct chelator-free labeling
with oxophilic 89Zr to form [89ZrJHMSN-Ce6. (b) Digital photos of HMSN-Ce6 show
nanoparticles in PBS before (left) and after centrifugation (right). (¢) UV-vis-NIR spectra of
Ce6 and HMSN-Ce6 in PBS (red). (d) Reduction of UV absorbance of Ce6 loaded in
HMSN-Ce6 at day 1, 2, 3, 7 and 14, indicating that Ce6 slowly releases from HMSN over
time at 25 °C.
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(a) /n vitro stability test of [89Zr] HMSN-Ce6 after incubation in mouse serum, at 37 °C for
different periods of time. (b) Luminescence imaging of PBS solution containing 89Zr (tube
1), HMSN-Ce6 (tube 2) and [39Zr]JHMSN-Ce6 (tube 3). Images were acquired using an
IVIS spectrum in vivo imaging system (emission filter 690 — 710 nm, excitation was

blocked).
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Figure 4.
In vitro Cerenkov radiation induced photodynamic therapy. (a) Cell viability of 4T1 cells

treated with various concentrations of Ce6 in HMSN-Ce6 and [89Zr]HMSN-Ce6
nanoconstructs. (b) Cell viability of 4T1 cells treated with various amounts of 89Zr in
[89Zr]HMSN-Ce6 nanoconstructs. (c) Cell viability of 4T1 cells treated with 89Zr, HMSNSs,
HMSN-Ce6 and [89Zr]HMSN-Ces6, the concentrations of Ce6 and HMSNSs were kept the
same. (d) Confocal images of -y-H,AX stained 4T1 cells treated with PBS (control), HMSN-
Ce6, free 89Zr and [89Zr]HMSN-Ce6 nanoconstructs., scale bar = 20 um. Error bars
represent SD of at least three replicates. P values: ***P < 0.001, ** P<0.01, and *P<0.5.
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Figure5.
In vivo PET imaging of [89ZrJHMSN-Ce6. (a) Maximum intensity projection PET images of

4T1 tumor-bearing mice taken at various time points (2, 7 and 14 day) post injection (p.i.) of
[89Zr]HMSN-Ce6. (b) Region-of-interest quantification of [39ZrJHMSN-Ce6 uptake in the
4T1 tumor, liver, and bone at various time points p.i. The unit is the percentage of injected
dose per gram of tissue (%ID/g). Error bars represent SD of three replicates.
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Figure®6.
In vivo Cerenkov radiation induced photodynamic therapy. (a) Tumor growth curves of

different groups of mice after various treatments indicated; control group with no injection
(black), mice injected with [89Zr]HMSN (blue), HMSN-Ce6 (green) and [39ZrJHMSN-Ce6
(red), n=4. Error bars were based on SD. (b) Representative photographs of tumors from
different groups taken at the day 16 p.i. (c) Representative photographs of mice from
different groups taken at the day 14 p.i. (d) H&E stained tumor slices collected from
different groups of mice day 7 after various treatments. Statistical analysis was calculated by
student’s T-test (*** p < 0.001, **p < 0.01, or *p < 0.05).
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