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(57) ABSTRACT

Methods and systems for radiation therapy involve admin-
1stering a payload / combmation of biocompatible high-Z
and semiconductor NPs to tissue, such as a tumor or an
cye. Ionizing radiation may be directed towards the payload,
and 1onized electrons generate Cerenkov radiation (CR).
The CR interacts with semiconductor NPs to produce che-
mical species that are damaging to cells. The payload may
be administered via injection or via a radiotherapy (RT)
device that includes NPs 1n a biodegradable polymer matrix.
Biodegradation of the polymer matrix, which results
release of 1ts payload, may be remotely activated using, for
example, electromagnetic or sound waves. The payload may
include one or more immunologic adjuvants capable of pro-
moting an immunologic response at remote sites (such as a
metastatic tumors) that are separate from the site at which
the NPs and adjuvants were administered.
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FIGURE 5A
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SYSTEMS, METHODS, AND
BIOMATERIALS FOR RADIATION
THERAPY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. Applica-
tion No. 16/090,315 filed Oct. 1, 2018, which represents the
national stage entry of PCT International Application PCT/
US2017/025728 filed Apr. 3, 2017, which claims priority to
U.S. Provisional Application Serial No. 62/316,831, filed
Apr. 1, 2016, and entitled, “Smart Radiotherapy”, all of
which are mcorporated herem by reference 1n their entirety.
The references cited 1n the above provisional patent applica-
tion are also hereby mcorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This mnvention was made with government support
under NIH/NCI 1 K01 CA172478-01 awarded by the
National Institutes of Health. The government has certamn
rights m the mvention.

FIELD OF THE INVENTION

[0003] This document concerns an mvention relating gen-
erally to radiation therapy (radiotherapy), and more specifi-
cally, to methods, systems, and biomaterials capable of
leveraging Cerenkov radiation to boost radiotherapy dose /
damage to tissue.

BACKGROUND

[0004] Cancer 1s a leading cause of death worldwide, with
over 14 million new cases diagnosed each year. In the Uni-
ted States, one 1n three persons 1s diagnosed with cancer n
his or her lifetime. The World Health Organization estimates
the number of cancer cases will grow to about 25 million per
year by 2030. In addition to the severe human suffering 1t
intlicts, cancer imposes an enormous global economic bur-
den, at over US $2 trillion per year.

[0005] Currently, radiation therapy (radiotherapy) 1s used
in the treatment of most cancer patients, either by itself or in
combination with other treatment approaches such as sur-
oery and chemotherapy. Radiation therapy 1s a treatment
technique that delivers 1on1zing radiation to a defined target
volume 1n a patient. Conventional external beam radiation
therapy, also referred to as “teletherapy,” 1s commonly
administered by directing a linear accelerator (“linac’), or
cobalt-60 (90Co) teletherapy unit, to produce beams of
1onizing radiation that irradiate the defined target volume
in a patient. The radiation beam 1s a beam of radiation that
may be delivered to the target region from several different
directions, or beam paths. Alternatively, in brachytherapy,
x-ray-emitting radioisotopes (1n the form of metallic seeds)
may be implanted 1nto tissue to be treated.

[0006] Preferably, radiation 1s delivered 1n such a manner
that the surrounding healthy tissue does not receive radia-
tion doses 1 excess of climically acceptable tolerances. The
likelithood and extent of damage to healthy cells tends to
increase with the duration of treatment with radiation.
Thus, there 1s a strong need for methods and systems that
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are able to increase damage to targeted (diseased) cells and/
or reduce damage to healthy tissue.

SUMMARY OF THE PRESENT DISCLOSURE

[0007] Exemplary systems and methods for radiation ther-
apy 1mvolve administering a payload / combination of bio-
compatible high atomic number (high-7) nanoparticles
(NPs) and semiconductor NPs to a tissue site of a subject,
such as a tumor, the eye, etc. A first radiation may be direc-
ted at the site at which the payload was administered. A
second radiation 1s generated via mteraction of the high-Z
NPs with the first radiation. Additionally, chemical species
are generated via interaction of the semiconductor NPs with
the second radiation. The chemical species are damaging to
cells at the tissue site. The first radiation may be 10nizing
radiation delivered as, for example, x-rays, and the second
radiation may be Cerenkov radiation. The high-Z NPs may
emit electrons via photoelectric interaction with the first
radiation, and the electrons may further damage cells at the
tissue site. The Cerenkov radiation may be generated via
interaction of the electrons with tissue of the subject. The
first radiation may be applied via an external radiation
source, or a local (iternal) radiation source, such as an
implanted x-ray emitting radioisotope.

[0008] In certamn implementations, the combination of
NPs may be administered via injection. In other implemen-
tations, the combination of NPs may be alternatively or
additionally administered via a radiotherapy (RT) device,
such as a coated fiducial marker, a spacer, a beacon, or an
injectable gel. The RT device may include a polymer matrix
that 1s biodegradable, such that the RT device releases at
least a portion of 1ts payload via biodegradation of the poly-
mer matrix. Biodegradation of the polymer matrix may be
remotely activated using, for example, electromagnetic or
sound waves.

[0009] In various implementations, the payload may
include one or more immunologic adjuvants capable of pro-
moting an immunologic response to targeted cells. Advan-
tageously, the response could reach remote sites (such as
metastasized tumors) that are separate from the site at
which the adjuvants were administered. The immunologic
adjuvants may 1nclude, for example, monoclonal antibodies,
cell surface receptor mhibitors, antigens from cancer cells,
ctc. The payload may alternatively or additionally include,
for example, other pharmaceuticals that can work synergis-

tically with the NPs and/or the immunologic adjuvants.
[0010] The disclosed methods and systems are able to

leverage Cerenkov radiation 1 a potent approach that
could substantially reduce treatment times for radiotherapy.
Further advantages and features of the mvention will be
apparent from the remainder of this document in conjunc-
tion with the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 depicts application of 1onmizing radiation,
and 1nteraction of resulting electrons with tissue to generate
Cerenkov radiation (CR), which 1n turn excites production
of reactive oxygen species (ROS), such as hydroxyl and
superoxide radicals, on the surface of nanoparticles (NPs).
[0012] FIG. 2A depicts an exemplary radiotherapy (RT)
device with a hollow core and NPs embedded 1n a biode-
gradable polymer matnx.
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[0013] FIG. 2B depicts release of NPs 1n the RT device of
FIG. 2A and diffusion of released NPs.

[0014] FIG. 3 depicts a process by which immunologic
adjuvants (immunoadjuvants), which may be delivered to
tissue via mjection or via the payload of an RT device, pro-
mote an immune response to cells (such as those of a metas-
tasized tumor) that are not co-located with cells at the tissue
site at which the adjuvants were administered.

[0015] FIG. 4 depicts a model of diffusion of NPs (such as
titanium oxide) from a RT device / biomaterial 1into tissue.
[0016] FIG. 5A represents CR production per unit dose
deposition 1nside a target volume by external radiation
sources: 6 MV (megavoltage) and ¢Co.

[0017] FIG. 5B represents CR production per unit dose
deposition 1nside a target volume by internal radiation
sources: 9Co, 18F and 192[r. It 18 noted that different
source-target geometries were used m order to be close to
clinical scenarios.

[0018] FIG. 6 represents titanium oxide (titania) concen-
tration m tumor (radius < 2 ¢cm) after 14-day diffusion with
20 ug/g mitial concentration. It 1s noted that different sized
NPs can be used for different sized tumors.

[0019] FIG. 7 represents the mimmimum concentration of
titania 1 tumor (radius = 1 ¢cm) with up to 30-day diffusion
and 20 ug/g mitial concentration.

[0020] FIG. 8 represents A549 cell survival fraction with
2 Gy (gray) radiation and 0.5 ug/g of titania NPs; 6 MV
radiation was delivered using a Clinac TX (*p<0.03). It 1s
noted that groups with no radiation showed no significant
difference, which meant titania NPs by themselves had no
or little effect on cell survival fraction.

[0021] FIG. 9 provides an exemplary radiotherapy process
involving the use of exemplary NP payloads.

[0022] FIG. 10 depicts an exemplary radiotherapy system
which may be used with exemplary NP payloads.

[0023] 'The foregoing and other aspects and advantages of
the mvention will appear from the following description. In
the description, reference 1s made to the accompanying
drawings that form a part hercof, and 1n which there 1s
shown by way of 1illustration preferred implementations of
the mvention. Such implementations do not necessarily
represent the tull scope of the mvention. It 1s noted that the
components depicted 1n the figures are not necessarily to
scale.

DETAILED DESCRIPTION OF THE PRESENT
DISCLOSURE

[0024] Cerenkov radiation (CR) 1s electromagnetic radia-
tion (light) emission resulting when charged particles (such
as electrons) travel through a dielectric medium faster than
the phase velocity of light in the medium. CR has a broad-
band spectrum with a large percentage falling in the ultra-
violet region. Radiotherapy beams may produce CR within
tissue, but the CR has limited penetration and by 1itself 1s
relatively metiective mn radiation therapy.

[0025] Referring to FIG. 1, a first radiation 100 (which
may be 1omzing ¢lectromagnetic radiation such as x-rays)
may be directed at a tissue site 1035, such as a tumor with
cancerous cells or an eye. The tissue site 105 may include
first nanoparticles (NPs) 110, such as high atomic number
(high-7) nanoparticles (e.g., gold NPs, gadolinium NPs, and
iron oxide NPs), as further discussed below. Tissue at the
tfissue site 105, and/or the first NPs, receive the radiation
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100 and release electrons 120 via the photoelectric effect
or other 1onization 115. Electrons 120 traveling through tis-
sue with sufficient velocity will generate CR 125, which
may be recerved by second NPs, such as semiconductor
NPs at the tissue site 105 (e.g., titanium oxide, zinc oxide,
etc.), as also discussed below. In certain implementations,
the second NPs are titanium dioxide (titania), which 1s an
mert semiconductor with a band gap of about 3 eV (elec-
tronvolts). After bemg excited by CR 125, titamia can form
electron-hole pairs (135A, 135B) and induce the production
of reactive oxygen species (ROS), such as superoxide and
hydroxyl. ROS are able to damage DNA and bring about
cell death.

[0026] The NPs may be administered m multiple ways.
Referning to FIG. 2A, 1n certain implementations, a “smart
R1” device 200 can incorporate a potent payload 205 with,
for example, a combination of high-Z NPs and semiconduc-
tor NPs. Concentrations of, for example, up to 7 mg/g high-
7. could be employed 1n combination with semiconductor
NPs of various concentrations shown to boost damage to
cancer cells, such as concentrations discussed below 1n the
context of the presented study. The payload 205 may be
embedded 1 a polymer matrix 210 designed to contain a
high concentration of NPs. The RT device 200 may include
an RT biomaterial core 215, such as a fiducial marker, bea-
con, etc. To allow for mcreased payload sizes, the RT bio-
material 215 may be hollow. Referring to FIG. 2B, the poly-
mer matrix 210 may be biodegradable, such that once the
RT device 200 1s 1n place (at the tissue site), the polymer
matrix 210 may degrade 220. As the polymer matrix 210
degrades, the payload 205 may be eluted / released directly
into the tissue (such as a tumor). The polymer matrix 210
may 1nclude, for example, PLGA (poly(lactic-co-glycolic
acid)), chitosan, or other biocompatible polymers and
blends thereof. Once released, the payload diffuses 228§
into surrounding tissue. In other implementations, the com-
bination of NPs may be directly administered at the tissue
site. For example, the NPs may be delivered via intratumoral
injection, 1f deemed appropriate. The injection may include
an 1mjectable gel containing the NPs. As will be further dis-
cussed, during radiotherapy, the NPs will sigmificantly
enhance local tumor cell kill, allowing for the primary
dose to normal tissue to be minimized.

[0027] Thus, during radiotherapy, the high-7Z nanoparti-
cles can emit electrons due to the mteraction of the radio-
therapy photons (first radiation) with the high-Z nanoparti-
cles (via, for example, the photoelectric etffect). The emitted
electrons can themselves amplity the damage to cancer
cells. The emitted electrons trom the high-Z NPs also n
turn generate Cerenkov radiation. Because of the presence
of the semiconductor NPs (such as titanmia or zinc oxide
NPs), the Cerenkov radiation produces highly damaging
ROS that turther amplify the dose to the cancer cells, includ-
ing typically radioresistant cells (1.¢., cells that resist treat-
ment by application of radiation). Hence the cancer cells are
impacted 1n multiple ways, which allows for a substantial
reduction of current typical radiotherapy treatment times
and maximization, or at least a substantial enhancement, of
therapeutic efficacy. Because the primary radiotherapy
beam also generates Cerenkov radiation, this additional Cer-
enkov radiation can promote further generation of ROS and
hence increase damage to targeted cells. Because the com-
bination of these two types of NPs (1.e., high-7Z and semi-
conductor) can substantially reduce radiotherapy treatment
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times, this approach can reduce wait times and increase the
number of patients that can be treated in the clinic. This 1s
particularly advantageous 1n resource-limited settings.
[0028] In certain implementations, the payload / NPs at
the core of exemplary RT devices could turther be functio-
nalized with immunologic adjuvants. For cancer treatment,
for example, such an approach could help prime the treat-
ment of metastasized tumors, such that the radiotherapy pro-
cess 1mpacts not just wrradiated sites, but remote sites that
are not directly targeted with radiation. Referring to FIG.
3, radiation 300 1s applied to tumor 305, which has had a
payload of NPs and immunologic adjuvants 310 imected
or implanted via a RT device. The immunologic adjuvants
310 may be carried by lymphatic vessels 315 to lymph node
320. Antigen presenting cells (APCs) mn lymph node 320
help turn naive CDS8 cells mto cytotoxic CDS8 cells 325.
CDS8 cells 325A are able to attack and kill metastatic
tumor 330 (without application of radiation at the remote
sites), which may be spread to multiple sites mn the patient.
CDS cells 325B could also attack the mrradiated tumor 305.
[0029] Examples of potentially suitable adjuvants include,
for example, granulocyte macrophage colony-stimulating
factor (GM-CSF), anti-CD40 (cluster of differentiation
40), PD-1 (programmed cell death protein 1) path mhibitors,
ant1 CTLA-4 (cytotoxic T-lymphocyte-associated protemn 4)
monoclonal antibodies, and other compounds approved by
the U.S. Food and Drug Administration (FDA) to treat can-
cer or other targets.

[0030] Such a combination of NPs with immunologic
adjuvants dehivered / administered slowly 1n-situ can allow
for treatment of metastatic disease and prevention of cancer
recurrence. Such treatment of metastatic tumors greatly
reduces systemic toxicity (by, for example, reducing or
elimimating the need for radiotherapy, chemotherapy, etc.),
which 1s a cntical barrier / concern of conventional
approaches. It 1s noted that the exemplary high-Z and sema-
conductor NPs are both relatively non-toxic by themselves,
even 1f they escape into the blood stream. In addition to
immunologic adjuvants, the RT device / payload / mjection
may also be provided with other compounds and synergistic
pharmaceutical agents to further enhance outcomes of the
treatment.

[0031] The rate and timing of the release of NPs (includ-
ing immunologic adjuvants or other compounds added to
the payload) can be tailored or otherwise controlled so as
to achieve a desired outcome. For example, in exemplary
implementations, the polymer weight or type can be custo-
mized to adjust the rate of biodegradation. This facilitates
coordination of NP mfusion with radiation therapy sche-
dules. Because the payload may diffuse ditferently depend-
ing on the NPs/ compounds and on the tissue through which
the NPs diffuse, rate of polymer matrix biodegradation may
be based at least 1n part on anticipated diffusion rate. Faster
biodegradation may be desirable, for example, when diffu-
sion times are expected to be higher, as the time for diffu-
sion atfects the distribution and concentration of NPs 1n the
tissue that 1s to be 1irradiated. Stmalarly, 1f the delay between
administration of NPs and 1rradiation 18 great, the polymer
may be tailored to slow the rate of biodegradation so as to
slow or delay the diffusion of NPs. In other implementa-
tions, the RT device may be configured to be remotely acti-
vated using, for example, sound or electromagnetic waves.
For example, the polymer may be stimulated to begin bio-
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degradation when needed or desired. The activation may be
timed based on, for example, radiotherapy schedules.

[0032] Further advantages of exemplary RT devices
include reduction of 1mage artifacts due to the hollow core
design. It has been shown that currently-used RT devices
can cause 1mage distortions as high as the distortion caused
by solid metals. Using NPs 1n hollow core can provide con-
trast but reduce distortions, due to the small size of the NPs,
around which electromagnetic waves are relatively less

distorted.
[0033] Additionally, the semiconductor NPs could be

doped with multimodal 1mage contrast agents to enhance
imaging during cancer treatment. Examples of such agents
could be gadolimium nanoparticles which can provide mag-
netic resonance 1mage (MRI) contrast and computerized
tomography (CT) imaging contrast.

[0034] Advantageously, the NPs can be programmed to
serve as an 1n-situ biosensor that can monitor treatment out-
comes. Functionalized NPs could interact with analytes pre-
sent 1n the tumor microenvironment, such as antigens gen-
crated during radiotherapy. That interaction could translate
to electrochemical, electrochemiluminescent, magnetic,
oravimetric, or optical signals, which can be detected by
imaging. The NPs may be functionalized via, for example,
attachment of antibodies (immunoadjuvants) or other bio/
chemical molecules/compounds to the NPs.

[0035] In exemplary implementations, the NPs may have
diameters varying from a few nanometers up to several
microns, or other sizes as deemed suitable. The NPs may
be formed, for example, to be spheres, rods, cubes, ellipti-
cal, or core-shell structures. Exemplary RT devices may be,
for example, 3 to 5 mm m length, and 0.5 to 1.5 mm 1n
diameter, although the RT devices can have other dimen-
sions to suit different applications. The hollow core, and
the dimensions thereof, can be adjusted to provide for vary-
Ing concentrations and quantities m the payloads of NPs
(and other compounds) to be administered.

[0036] Exemplary approaches disclosed herein provide
for a potent combination of high-Z and semiconductor nano-
particles that can synergistically leverage both the photo-
electric effect and Cerenkov radiation (which may be
referred to as “double radiotherapy™) to enhance damage
to target cells during radiotherapy / radiosurgery. In exemp-
lary 1mplementations, R1 devices can enable substantial
reduction 1n radiotherapy treatment times for both external
beam radiotherapy (using, for example, photons, electrons,
protons, gamma-rays, etc.) as well as brachytherapy (that 1s,
internal radiotherapy) 1n applymmg double radiotherapy to
help maximize damage to diseased cells.

[0037] Exemplary methods and systems can be used to
substantially enhance radiotherapy treatment of, for exam-
ple, cancer, such as pancreatic cancer, lung cancer, breast
cancer, prostate cancer, and other cancer sites (which may
use RT biomatenials), with enhanced therapeutic etficacy.
Moreover, exemplary implementations can be applied to
treat other conditions and diseases with little or no modifi-
cation. For example, the disclosed approach can be applied
to treating macular degeneration, such as wet age-related
macular degeneration (AMD) diseased cells. In such appli-
cations, a combination of NPs may be used without a poly-
mer matrix because of the anatomy of the eye as compared
with tumors. For example, with tumors, currently-used RT
devices may be substituted with exemplary R1 devices
loaded with payloads as discussed here. For other diseases
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(such as ocular diseases), such RT devices may not be
desired because of, for example, the anatomy or physiology
of the targeted tissue site.

[0038] Advantageously, by simply replacing current mert
RT devices like fiducials and spacers, exemplary RT devices
disclosed here can be used with no additional clinical pro-
cedure or discomfort to patients. Consequently, given the
direct delivery mto the tumor sub-volume, implementing
the approach being discussed would not mvolve added risk
Or Iconvenience.

[0039] The discussion now turns to a study investigating
the feasibility of exploiting the CR present during external
beam radiotherapy (EBRT) for significant therapeutic gain,
using titania NPs delivered via exemplary RT biomaterials.
Monte Carlo radiation transport stmulations have been used
to calculate the total CR yield 1nside a tumor volume during
EBRT compared to that of the radionuclides. Also consid-
ered 18 mtratumoral titamia delivery using RT devices (e.g.,
fiducials) loaded with NPs. The mtratumoral distribution /
diffusion of titama released from the fiducials was calcu-
lated. To confirm the CR mduced enhancement in EBRT
experimentally, 6 MV radiation was used to 1wrradiate
human lung cancer cells with and without titania NPs, and
clonogenic assays were performed. For a radiotherapy bio-
material loaded with 20 ug/g of 2-nm titamia NPs, at least
1 ug/g could be delivered throughout a tumor sub-volume of
2-cm diameter after 14 days. This concentration level could
inflict substantial damage to cancer cells during EBRT. The
Monte Carlo results showed the CR yield by 6 MV radiation
was higher than by the radionuclides of interest and hence
oreater damage may be obtammed during EBRT. In-vitro
study showed significant enhancement with 6 MV radiation
and titania NPs. These findings demonstrate the approach of
capitalizing on CR present during megavoltage EBRT to
boost damage to cancer cells. Monte Carlo simulations
show that the CR energy fluence 1s i the order of nlJ/cm?
tor radionuclides, and mlJ/cm? for radiotherapy beams. The
oreater CR present in EBRT could thus be leveraged to sub-
stantially amplity damage to cancer cells using titania NPs
as a photosensitizer targeted at the tumor.

[0040] Methods for Monte Carlo simulation of CR pro-
duction. Monte Carlo simulation was done using Geant4
for both external beam radiation and radionuclides 1n a
water phantom. To facilitate this study, the Geant4 standard
clectromagnetic physics option 3 was used. Dose deposition
by radiation sources and CR production spectra in the exci-
tation range of titama (200-400 nm) were calculated.
[0041] Based on Eqns. (1) and (2), the CR production
depends on charged particle energy and on the water refrac-
tive mdex:

AN [ ! J[l 1} W
— =27z 1 — — i
d g N4 2

2 (2)
p= \/I[Ent mcz}

[0042] Here, dN/dx 1s the production of CR per unit length
of the electron track and o 1s the fine structure constant, 1/
137. P 1s the relativistic phase velocity, which 1s given by
equation (2).n 1s the water refractive index, and A, and A, are
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the CR wavelengths between which the calculations are per-
formed. The energy-dependent refractive mdex of water was
used as reported by Daimon and Masumura.

[0043] Note that there 1s an energy threshold for CR pro-

1

duction, ie.. ¥ " must be smaller than 1, which sets a
lower limit (about 210 keV 1n water) for the incident radia-
tion energy. During the simulation, to make sure that the cut-
off energy of charged particles was lower than the CR pro-
duction threshold, the gamma photon, electron and positron
production cutoifs were set to 0.2 mm 1n water.

[0044] Geant4.10.1 was used to simulate 1omzing radia-
tion mduced CR production 1n a 1 cm diameter spherical
volume using two external radiotherapy phase-space
sources: Varian Clinac IX 6 MV (10x10 ¢m?) and Eldorado
60Co (10x10 cm?2). The target volume was located 1n a cubic
water phantom (40x40x40 ¢cm3). The volume was placed at
maximum dose depth for both cases: 1.5 cm for 6 MV
source and 0.5 ¢cm for °Co.

[0045] 18F, 192[r and 9°Co were simulated using Geant4
radioactive decay models as 1nternal sources. For °°Co and
192]r, the sources were located 1n the center of scoring
volume, whereas °F was umformly distributed in the
volume to model climical scenarios. Target volume was the
same as that of external beam radiation.

[0046] Methods for NP delivery modeling: A schematic of
the radiotherapy biomaterials loaded with titama NPs for
sustained 1n-situ release 1s shown 1n FIG. 4, which depicts
radiation 400 irradiating tissue 405 (which may be a tumor).
While the intratumoral biodistribution of the NPs 410 1s
relatively more complex, a diffusion model with a steady
state 1sotropic release was adopted. NPs 410 diffuse directly
into the tumor 4035 over time from the radiotherapy bioma-
terial 415, assuming no NP present 1n tissue mitially, via the
following experimentally validated equation:

- - (3)
C(x,t)=C, 12#[2-\;{:&} .

[0047] Here, C, 1s the imitial NP concentration, defined at
the surface of the new design radiotherapy biomaterial.
C(x,t) 1s the final concentration at distance x and after diffu-
sion time t. D 1s the diffusion coetlicient with units cm?/s.
[0048] An in-vivo determined value, 2.2 X10-8 ¢cm?2/s, has
been published as the diffusion coetficient for 10 nm NPs.
The Stokes-Einstein diffusion formula was used to estimate
the D values for other sized NPs:

K.T (4)

D= .
Oy

[0049] In this equation, Kz 1s the Boltzmann constant, T 1s
the absolute temperature, 1 1s the viscosity of medium,
which was assumed constant, and r 1s the radius of spherical
NPs.

[0050] The mimimum concentration desired 1n each tumor
voxel was 0.625 ug/g 1n order to achieve significant thera-
peutic gain. Imitial concentration, Cs, was taken to be 20 pg/
o which has been shown to be relatively safe. A clinically
relevant wait time, 14 days, was used for the evaluation.
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[0051] Methods for in-vitro experiment: 5 nm anatase tita-
nia NPs (99.5% wt/wt) were purchased from US Research
Matenials, Inc. (Stock #: US3838). NP stock solution was
made at 1 ug 1in 10 uLL of sterile distilled water, and soni-
cated using an ultrasonic water bath for 20 minutes before
treating the cells. A549 were purchased from ATCC and
cultured in RPMI-1640 media supplemented with 10%
FBS. Cells were incubated at 37° C. in a humidified atmo-
sphere (5% CO,, 95% air).

[0052] 6 MYV radiation was delivered using a Clinac TX
machine at 100 ¢cm SAD (source-to-axis distance) with
10 ¢cm buildup and 5 ¢m backscatter (using solid water).
The beam was delivered at gantry zero with a field size of
15x15 cm?. Dose rate was set to be 400 MU (monitor units)/

min with 121.5 MU/Gy.
[0053] 500 A349 cells per well were seeded 1n 6-well

plates on day one. 0.5 ug/g (NP per cell culture media) of
NPs were treated to the cells on day three by replacing the
regular cell media with NP-added media. Radiation was
delivered on day four. Cell culture media were changed
once 24 hours after mrradiation and then biweekly. One
week after mrradiation, colonies were stained with crystal
violet (1% by weight) and counted. Experiments were run
in triplicates. Student’s t-tests were performed using
Mathematica.

[0054] Results of Monte Carlo simulation of CR produc-
tion. FIGS. 5A and 5B show the number of CR photons
produced by diftferent radiation sources. The simulation
results were normalized by CR wavelength, tumor volume,
and dose deposition. The results showed that 6 MV radiation
produced the most CR per unit dose deposition: about
10 times higher than 18F. Overall, CR yield decreased as
its wavelength mcreased. It 1s noted that 9Co was able to
produce relatively high CR whether 1t was used as an exter-
nal or an internal source.

[0055] Results of NP delivery modeling. With a fixed dif-
fusion time of 14 days, the needed/mimimum titama concen-
tration of 0.625 ug/g could be achieved at a distance of 1 cm
for 2 nm titamia. The diffusion distance corresponded to the
tumor radius. The distance decreased with increase 1 nano-
particle size, as would be expected (FIG. 6). For a tumor
sub-volume size of 1 cm diameter, the minimum concentra-
tion could be achieved for a range of titamia sizes up to
20 nm. There was also interest i a particular tumor size
(radius = 1 ¢m), and the concentration profile over a range
of time (7-21 days) was obtained, since the actual treatment
schedule could vary among different clinics (FIG. 7). Alto-
oether, these results showed the possibility of treatment
optimization based on climical schedule and tumor size.
[0056] Results of in-vitro experiment. As shown in FIG. 8,
adding titamia NPs alone did not increase cancer cell killing
significantly. When A549 cells were 1rradiated by 2 Gy of
6 MV radiation, cell survival remained almost the same as
that of the control group. Synergistic effect for the combina-
tion of 1onizing radiation and titamia NPs was observed n
the 6 MV experiments, where 20% more cancer cells were
killed 1n the group with both radiation and 0.5 ug/g NPs,
compared to that with radiation alone.

[0057] The Monte Carlo simulations show that much more
CR 1s produced by MV radiation than by radionuclhides.
Therefore, more titama NPs can be excited and used for
cancer cell killing. Chinically, more than one radiotherapy
biomaterial loaded with titania can be used, which would
result 1n enhanced tumor coverage. The typical number of
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radiotherapy biomaterials ranges from 2 to 5, although other
numbers may be used as deemed suitable. Alternatively or
additionally, a higher imitial concentration may be used,
which can accelerate the diffusion process.

[0058] Retferring now to FIG. 9, an exemplary process 900
begins with administration of a payload 903 via, for exam-
ple, 1njection or implantation of an RT device at a targeted
tissue site, such as a tumor or an eye. The payload may
include, for example, NPs and immunologic adjuvants in a
biodegradable polymer matrix. If the polymer matrix can be
activated remotely, a stitmulator (such as a source of electro-
magnetic or sound waves) can be used to activate the poly-
mer 910 to mitiate or accelerate biodegradation. A certain
amount of time may be allowed to pass, to allow for the
release of the NPs and a certain amount of diffusion. The
wait time may be based on, for example, the concentration
of the NPs (the higher the concentration, the less time that
may be needed), the size of the tumor (the larger the tumor,
the more time that may be needed), the size and shape of the
NPs (rounder, smaller NPs may diffuse more quickly than
large cubes), etc.

[0059] Following the wait time, 10n1zing radiation (from
an external or internal source) may be applied 915 to the site
at which the payload was admmistered. A detector may be
used to detect emissions at the tissue site 920, and the emis-
sions correlated with a treatment outcome. The NP can be
functionalized to mteract with antigens generated by radia-
tion. An mmaging detector could 1mage these interactions
and correlate them to treatment outcomes. For example,
more 1ntense readings could be positively correlated with
oreater production of neoantigens or ROS, which would be
expected to cause more damage to targeted cells. Following
the evaluation, the same (or other polymer matrix of another
RT device), which may not have been activated using the
waves previously used for activating polymer, may be acti-
vated agam using additional electromagnetic or sound
waves 910. Alternatively or additionally, depending on the
evaluation of treatment outcome, additional 10nizing radia-
tion may be applied. For example, 1n the above example, 1f
readings do not indicate sutficient production of neoantigens
or ROS, additional radiation (which may be re-aimed 1f 1t 1s
believed that the target might have been missed) may be
warranted or treatment plan adapted for greater therapeutic
outcome.

[0060] Referring to FIG. 10, an exemplary system 1000
may 1nclude a source of 1onizing radiation 1005. This may
be, for example, a source of x-rays, gamma rays, electrons,
protons, etc. The source 1005 may be capable of emitting
one or multiple radiation beams at a target. A stimulator
1010, capable of emitting, for example, electromagnetic or
sound waves, may be included 1f polymer that 1s remotely
activatable may be used. A detector 1015 may be included
to detect emissions from the vicinity of the target site. The
detector 105 may be an mmaging system, such as an optical
imaging system, that 1s capable of detecting signals resulting
from 1nteraction of functionalized NPs with proteins or anti-
oens generated 1n the tumor microenvironment due to the
irradiation or enhanced damage from Cerenkov radiation.
A controller 1020 may mclude a processor and memory
with 1structions executable by the processor. The controller
would function to control the radiation source and stimula-
tor (e.g., timing and 1ntensity of emissions), as well as the
detector and evaluation of readings therefrom.
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[0061] The present disclosure has described one or more
preterred embodiments, and 1t should be appreciated that
many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the mvention.

1-77. (canceled)

78. A radiation therapy method comprising:

administering a payload comprising first high z nanoparti-

cles (NPs) and second semiconductor NPs to a tissue site
of a subject; and

applying an 1onmizing first radiation directed at the site at

which the payload was administered;

wherein a second radiation 1s generated via interaction of

the first high z NPs with the first radiation;

wherein chemical species are generated via interaction of

the second semiconductor NPs with the second radiation;
wherein the chemical species are damaging to one or more
cells at the tissue site, and

wherein the first high z NPs include NPs comprising an ele-

ment having an atomic number of at least 26.

79. The method of claim 78, wherein the first high z NPs
include NPs comprising an element having an atomic number
of between 26 and 79.

80. The method of claim 78, wherein the first high z NPs
comprise at least one of gold NPs, gadolinium NPs, or 1ron

ox1de NPs.
81. The method of claim 78, wherein the second semicon-

ductor NPs are metal oxide NPs.
82. The method of claim 81, wherein the second semicon-

ductor NPs include NPs selected from the group consisting of

titanium oxide and zinc oxide.
83. The method of claim 78, wherein the second semicon-

ductor NPs are doped with an 1mage contrast agent.

84. The method of claim 78, wherein the first high z NPs
emit electrons via photoelectric mteraction with the first
radiation.

85. The method of claim 84, wherein the electrons are
damaging to one or more cells at the site.

86. The method of claim 78, wherein the first radiation 1s x-

radiation.
87. The method of claim 78, wherein the second radiation 1s

Cerenkov radiation.
88. The method of claim 87, wherein the first high z NPs

emit electrons via photoelectric mteraction with the first
radiation, and wherein the Cerenkov radiation 1s generated

via mteraction of the electrons with tissue of the subject.

89. The method of claim 78, wherein the payload 1s admi-
nistered via injection.

90. The method of claim 78, wherein the payload 1s adma-
nistered via a radiotherapy (RT) device.

91. The method of claim 90, wherein the RT device includes
a device selected from the group consisting of a fiducial mar-
ker, a radiotherapy spacer, and a radiotherapy beacon.

92. The method of claim 90, wherein the RT device includes

a hollow core.
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93. The method of claim 92, wherein at least a portion of the
payload 1s situated 1n the hollow core.

94. The method of claim 90, wherein the RT device includes
a polymer matrix.

95. The method of claim 94, wherein the polymer matrix
includes a polymer selected from the group consisting of

PLLGA and chitosan.

96. The method of claim 94, wherein the polymer matrix 1s
biodegradable, wherein the RT device releases at least a por-
tion of the payload via biodegradation of the polymer matrix,
and wherein biodegradation of the polymer matrix 1s remotely
activated by a stimulator.

97. The method of claim 78, wherein the first radiation 18
delivered via a local radiation source comprising an implanted
X-ray emitting radioisotope.

98. The method of claim 78, wherein the first radiation 1s
delivered via external beam radiotherapy (EBRT).

99. The method of claim 78, wherein the payload turther
includes one or more immunologic adjuvants.

100. The method of claim 78, wherein the chemacal species
are reactive oxygen species (ROS).
101. A radiation therapy method comprising:
administering a payload comprising high z nanoparticles
(NPs) and semiconductor NPs to a tissue site of a subject;
and

applying amegavolt iomizing radiation directed at the site at
which the payload was administered via an external

radiation beam;

wherema Cerenkovradiationis generated via interaction of
the megavolt iomzing radiation with the high z NPs at the
t1ssue site;

wherein chemical species are generated via mteraction of
the semiconductor NPs with the Cerenkov radiation;

wherein the chemaical species are damaging to one or more
cells at the tissue site, and

wherein the high z NPs include NPs comprising an element
having an atomic number of at least 26.

102. The method of claim 101, wherein the high z NPs
include NPs comprising an element having an atomic number
of between 26 and 79.

103. The method of claim 101, wherein the high z NPs com-
prise at least one of gold NPs, gadolinium NPs, or 1ron oxide
NPs.

104. The method of claim 101, wherein the semiconductor
NPs 1include NPs selected from the group consisting of tita-
nium oxide and zinc oxide.

105. The method of claim 101, wherein the payload further
includes an immunologic adjuvant.

106. The method of claim 101, wherein the chemical spe-
Cles are reactive oxygen species generated via interaction of
the semiconductor NPs with the Cerenkov radiation.
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