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COMBINATION OF ISOLATED INDIVIDUAL ENHANCEMENTS OF X-RAY
RADIATION EFFECT BY NANOMATERIALS

CROSS-REFERENCES TO RELATED APPLICATIONS

G001} This application claias the bencfit of prionity to U.S. Provisional Application No.
62/171,169, filed Junc 4, 2015, This application also claims the benefit of prionity to U.S.
Provisional Application No. 62/191,214, filed on Jely 10, 2015, The entire disclosures of
hoth Provisional Applications are herchy incorporated by reference in their entirety for all

PUIposes.
STATEMENT REGARDING FEDERALLY-SPONSORED RESFARCH

[6602] Thig invention was made with government support under Grant No. CHE-
1307529 awarded by the National Science Foundation. The government has certain rights in

the mnvention.
FIELD

16063} The present technology relates to methods of combining chemical enbancement
and physical enhancement to produce a combined synergistic total enhancement. More
specifically, the present technology relates to methods of irradiating samples containing
nanomaterials capable of producing chemical or physical enhancement to produce combined

synergistic total enhancement.

BACKGROUND

3604} The work of using nanomaterials to enhance the effect of X-rays began more than
a decade ago."™ The origins of enhancement come from at least two main sources: (1) the
mcreased absorption of X-rays that in turn causcs an increased release of clectrons from
nanomaterials and (2} catalvtic functionality of nanoparticies enabled by X-ray generated
species sach as OH radicals in solution.'"™ Unless special care is given to isolating and
maximizing these individual scurces, they co-exast, interfere, and convolute in most
cxperiments to create a total enhancement, which can be divided mio several categories
including physical, chemical, anti-, and possibly biological enhancement. Each category of
enhancement can be further separated into many types. For instance, physical enhancement

1
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{PE) can be separated into at least two types, tvpes 1 and 2. Type 1 PE (T1PE) represents the
average or remote physical enhancement, whereas type 2 PE {(T2PE) describes the local or
nanoscale physical enhancement !> ® Unlike PE, chemical enhancement (CE) is reaction
dependent and does not require the nanoparticles to absorb X-rays much more than the
surrounding water.” However, CE does need the nanoparticles to be catalvtically active
when they interact with X-ray generated species in solution. In addition, many nanomaterials
naturallv scavenge radicals and these nanomaterials act as anti-cnhancement chemical
reagents.”! When these individual enhancements are arbitrarily combined, the total
enhancement produced is gencrally much lower than the highest possible enhancement a
nanomaterial or several of them may potentially offer. This problem can be corrected if these
ndividual enhancements are properly identified, isolated, optimized, and then combined to
achieve a much higher total enhancement. The total enhancement obtained after the
isolation-optimization-combination process may depend on the individual enhancements

through different algonthms such as addition, subtraction, or nultiplication.

[G005] Recent cfforts have been given to mvestigating individual enhancement, and some
ot the above-mentioned enhancements have been isolated. For example, TIPE has been
studied experimentally ' CE can be isolated by using small nanoparticles that do not
generate significant PE, and several CE reactions have been identified. One example of CE
is polymerization of aniline enabled by OH radical oxidation of metal nanostructures. '™
Another example is superoxide-caused catalytic conversion of intermediates ! Despite these
cfforts, there has been no attempt to combine these individually identified enhancements to
create a much higher total enhancement. Thus, there exists a need to develop methods of
beneficially and synergistically combiming the mdividual effects of physical and chenucal

enhancements to produce a higher total enhancement.
BRIEF SUMMARY

3006} In ong aspect, the present disclosure relates to a method of enhancing a chemical
reaction, the method including: 8} providing a sample including: (1} a first population of
nanomaterials inchuding (1) an active metal surface, and {11} 3 diameter in the range of I nm to
10 nm; (2) a second population of nanomaterials including a diameter in the range of 10 nm
to 1,000 nm; (3) one or more chemical reactants; and, b} irradiating the sample with

wrradiation energy for a pertod of time sufficient for the one or more chemical reactants to
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undergo a chemical reaction to vield one or more products, where the chenical reaction
occurs at a reaction rate that is increased as compared 1o a corresponding control sample. In
some embodiments, the sample includes water. In some embodiments that may be combined
with any of the preceding embodiments, the first population of nanomaterials ncludes
nanoparticles. In some embodiments, the nanoparticles mchide gold (Auy. In some
embodiments that may be combined with any of the preceding embodiments, the firgt
population of nanomaterials include a ligand including tetrakis (hydroxymethyi)
phosphonium chloride (THPC). In some embodiments that may be combimed with any of the
preceding ermabodiments, the first population of nanomaterials is present in the sample at a
concentration in the range of about 0.001 to about 6.1 weight percent first population of

nanomaterials in the sample.

6607} in some cmabodiments that may be combined with any of the preceding
embodiments, the first population of nanomaterials include a diameter in the range of 1 nm to
5 nm. In some embodiments that may be combined with any of the preceding embodiments,
the first population of nanomaterials arc present about 1 nm to about 10 nm away from the
one or more chemical reactants. In some embodiments that may be combined with any of the
preceding embodiments, the second population of nanomaterials inclodes nanoparticles. In
some embodiments, the nanoparticles melude gold (Au}. In some embodiments that may be
combined with any of the preceding entbodiments, the second population of nanomaterials
mehude a higand mchuding silica. In some embodiments that may be combined with any of
the preceding embodiments, the second population of nanomaterials is present in the sample
at a concentration in the range of about 0.1 to about 10 weight percent sccond population of
nanomaterials in the sample. In some embodiments that may be combined with any of the
preceding embodiments, the second population of nanomaterials includes a diameter in the
range of 10 am to 200 nm. o some embodiments that may be combined with any of the
preceding embodiments, the second population of nanomatenals are present about 0.1 pm to
about 10 pm away from the one or more chemical reactants. In some embodiments that may
be combined with any of the preceding embodiments, the sccond population of nanomaterials

includes an mert surface.

[6608] In some embodiments that may be combined with any of the preceding
embodiments, the irradiation energy includes X-rays. in some crobodiments that may be
combined with any of the preceding embodiments, the irradiation energy is filtered. In some

~
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embodiments that may be combined with any of the preceding embodiments, the irradiation
energy comes from multiple sources. In some embodiments that may be combined with any
of the preceding embodiments, the X-ray irradiation is at a dose rate in the range of about
(.01 Gv/min to about 100 Gy/min. In some embodiments that may be combined with any of
the preceding embodiments, the corresponding control sample is a sample which does not

inclade the first population of nanomaterials and/or the second population of nanomaterials.

6009} The present technology also includes a nanomaterial mixture including a first
population of nanomaterials and a second population of nanomaterials. The first population
of nanomaterials may be characierized by an active metal surface and a diameter in the range
of 1 am to 10 nm. For example, the diameter may be between about 1 mm and 5 nm, or
between about 1 nm and 3 nm. Additionally, the first population of nanomaternials may be
present in the sample at a concentration in the range of about 0.01 to about 0.1 weight pereent
first popelation of nanomaterials in the nanomaterial mikture, or any of the other weight

percentages discussed elsewhere mn this disclosure.

3610} The second population of nanomaterials may be characterized by a diameter in the
range of 10 nm to 1,000 am. For example, the diameter may be in the range of about 10 am
and about 100 num, about 50 nm and about 200 nm, or between about 90 nm and about 500
nm. The second population of nanomaterials may be present n the sample at a concentration
in the range of about 1 to about 10 weight percent second population of nanomaterials in the
nanomaterial mixture. In embodiments the nanomaterial mixture may also include, or may

not inchide, one or more chemical reactants,

6011} When combined with chemical reactants, the first population of nanomaterials and
the second population of nanomaterials of the nanomaterial mixture may be configured to
cause the chemical reactants to undergo a chemical reaction to vield ong or more products
when trradiated with trradiation encrgy for a period of time. The nanomaterials mav cause
the chemical reaction to occur at a reaction rate that is increased as compared to a
corresponding control sample. The irradiation energy utilized may be between about 1.0
Gy/min and about 30 Gv/min in embodiments. For example, the irradiation energy may be
up to about 3.0 Gy/mun. When uradiated, the nanomaterial mixture may cause an mcrease in
the deposition of energy from the rradiation energy when compared to the deposition of

energy from the irradiation energy in a corresponding control sample. For example, in
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embodiments the nanomatenal mixture may cause at least a 5-fold increase, at least a 10-fold
ncrease, at least an 18-fold increase, at least a 30-fold increase, or at least a 100-fold increase
in the deposttion of encrgy from the irradiation encrgy when compared to the deposition of
energy from the rradiation energy in the corresponding control sample. A chemical
enhancement to the reaction rate may also occur in combination with a physical
enhancement, and may cause at least a 2-fold increase to the reaction rate as compared to a
corresponding control sample, at least a 10-fold increase to the reaction rate, at least a 30-fold
merease to the reaction rate, and at least a 100-fold increase to the reaction rate as compared

to a corresponding control sample in embodiments.

BESCRIPTION OF THE FIGURES

G812} FiG. 1 illustrates how T1PE and CE arc generated by AuNP@S10, and THPC-
AuNPs, respectively. TEM images of AuNP@ 510, and THPC-AaNPs are also shown in the
insets. Lings and arrows are drawn to signify trajectories of clectrons released from large
AulNPs 1o silica shells and these electrons are responsible for TIPE. CE is caused by the gold

surface of the small THPC-AulNPs.

[G013] FiG. 2 illustrates descriptions of enhancement. The signals from the probe in
pure water, with CE nanoparticles, T1PE nanoparticles, and both CE and TIPE nanoparticles
are shown. If the signal from pure water is defined as /j, then the enhancements have the
same numerical values as the signal. For instance, if CE 15 1.5, then the signal of CE 15 1.5

times ;. Both scales are shown.

6614} FIG. 3 illustrates the results of enhancement measurement using one Cu filter on
the X-ray source. The total enhancements {open circle) are shown, as well as the chemical
enhancement without TIPE (solid square) and T1PE without CE (open triangle). All
measuwrements were performed with DMSO. Filiered spectrum is shown in FIG. 4. All

enhancements shown here are relative, meaning no enhancement has a value of 1.0

6015} FIG. 4 illustrates the calculated X-ray spectrum filtered with one Cu filter. Peak

flux was normalized to the peak flux of the unfiltered spectrum.

3816} FiG. 5A dlustrates the results of enhancement measurements using no filters.
FIG. 3B lustrates the results of enhancement measurements using the double filter of one
Cu and one Sn filter on the X-ray source. The total enhancements {open circle) are shown, as

5
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well as the chemical enhancement withowt T1PE {solid square) and T1PE without CE {open
triangle). All measurements were performed with DMSO. Filtered spectrum is shown in
FIG. 4 and FIG. 7. All enhancements shown here are relative, meaning no enhancement has

avalueof 1.0,

[6617] FIG. 6 illustrates the calculated X-ray spectrum without filters. Peak flux was

normalized to the peak flux of the unfiltered spectram.

3618} FiG. 7 illustrates the calculated X-ray spectrum filtered with a double filter of one
Cu filter and one Sn filter. Peak flux was normalized to the peak flux of the unfiltered

spectrum.

16619} F1G. 8 illustrates the measured net CE (solid symbols) ¢/ and calculated CE

£¢z (open symbols) as a function of dose rate in all three cases shown in FIG. 3 and FIG.

SA-FIG. 8B, The dose rates were cross calibrated with Fricke dosimetry. The dashed line is

for visual guidance using a -t 1 formula, where a=3, b=3, and x is the effective dose rate.

6624} FIG. 9 illustrates the simulated enhancement (relative) using rate equations 1o

. . . g
mode] chemical enhancement described previously P

b All rate constants were kept the same
as betfore except the constant responsible for chemical enhancement was changed for each X-
ray spectral case. (eneral agreements exist between experimental and simulation resuls.
Saturation is observed for higher dose rate cases including both unfiltered and one Cu filter
case. The simulation shows a slight quadratic trend for the lowest dose rate range associated

with the double Cu/Sn filter case.

[6021] Fi1G., 10 ilhustrates the depiction of total eshancement as the muoltiplication of type

1 phvsical enhancement and chemical enhancement.

DETAILED DESCRIPTION
3622} The following description is presented to enable a person of ordinary skill in the
art to make and use the varicus embodiments. Descriptions of specific devices, techniques,
and applications are provided only as examples. Vartous modifications to the examples
described hereim will be readily apparent to those of ordinary skill in the art, and the general
principles defined herein may be applied to other examples and applications without

departing from the spirtt and scope of the varicus embodiments. Thus, the varicus

6
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cmbodiments are not intended to be imited to the examples described herein and shown, but

are to be accorded the scope consistent with the claims.
Introduction

[0623] The present disclosure relates to methods of combining chemical enhancement
and physical enhancement to produce a combined synergistic total enhancement, and more
specifically to methods of irradiating samples containing nanomaterials capable of producing

chemical or physical enhancement to produce combined synergistic total enhancement.

6624} The present disclosure is based, at least in part, on Applicant’s discovery of how
to combine mdividual enhancement mechanisms {¢.g. physical and chemical enhancement) of
X-rav effects by nanomaterials to, surprisingly, create a much stronger total enhancement.
Ooly recently have these individual enbancement mechanisms been isolated and measured.
However, there was no record on how to use them collectively or whether there s any
advantage of using them together. Here it 1s shown for the first time that there are surprising
and significant benefits for combining these individual enhancement mechanisms {o achieve
a much stronger total cnhancement. An example is shown in which onc enhancement of type
1 physical enhancement (T1PE) of 5.5 told is combined with another enhancement of net
chemical enhancement (CEO) of 2.0 fold (measered without the presence of T1PE causing
nanomaterials) to generate a total enhancement of 18.0 fold by using the same two
nanomaterials i a mixture. Applicants found that the total enhancement follows a
multiplication algorithm between the experimentally determined T1PE and CE. CE in this
example is different from CEO and is a function of CEG and the dose rate, which may be

controlled bv T1PE and other parameters.

16625] Overall, the methods and compositions described herein allow one to achieve a
surprisingly high total enhancement that is unattainable through other methods of using only
one kind or type of enhancement mechanism. Further, fewer/lower concentrations of
nanomaterials may be used to achieve the same fotal enhancement that would arise using only
one of chemical or physical enhancement. Furthermore, the methods and compositions
described herein aliow one to arrange nanomatenials at different locations such as, for
example, places maceessible to large TIPE nanoparticles, such as in the cell nuclet where

only small, less than 20 nm nanoparticles may enter. The present disclosure also opens the
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door for using multiple X-ray sources with different X-ray energy spectra to maximize T1PE

and CE separately and then together the total enhancement can be much greater.
Definitions

10626} Unless specifically mdicated otherwise, all technical and scientific terms used
herein have the same meaning as commonly understood by those of ordinary skill in the art to
which this technology belongs. In addition, any method or material similar or equivalent to a
method or material described heren can be used in the practice of the present technology.

For purposes of the present technology, the following terms and phrases are defined.

16627} The terms “a,” “an,” or “the” as used herein not only include aspects with gne
member, but also include aspects with more than one member. For instance, the singular
forms “a,” “an,” and “the” include plural referents unless the context cleardy dictates

otherwise.

6628} “Active metal surface” may refer to a surface of a nanomatenal that is
catalytically active. For example, the surface may be at least partially free of higands or other
connected matenals to maimntain surface catalytic activity. By being catalvtically active, the
metal surface may increase the rate of a chemical reaction. such as for chemical reactants
included n a solution with nanomaterials of the present technology, while the metal surface

may not be consumed or undergo any permanent chemical change.

[6629] “Chemical Enhancement” or “CE” may refer to further catalytic modifications by
nanomaterials in addition to physical enhancements. Chemical enhancement may utilize

reactive oxygen specics generated in a surrounding medium, such as water, for example, and
thus to cavuse chemical enhancement, the nanomaterials may absorb X-rays less strongly than

the absorption to produce physical enhancement.

6634} “Chemical Reactants” may refer to one or more chemical species that are utilized
or activated, or changed by reaction in the disclosed methods. The reactants may be activated
by the nanomaterials to cause a rate of reaction of the chemical reactants to increase.
Chemical reactants may include any materials involved 1 a chemical reaction where the
reaction rate may be increased by chemical or physical enhancement with the nanomaterials

of the present disclosure.
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16031} An “inert” surface may refer to properties or characteristics of nanomaterials for
producing physical enhancement where the surface does not have catalytic activity. For
example, the nanomaterials may have a shell or coating that reduces or prevents surface
activity of the nanomaterial. The mert surface may be a coating applied about a

nanomatenal, such as a sthica coating as discussed below in the Example section.

[6632] “Type 1 Physical Eohancement” or “TIPE” may refer to released photoclectrons
from an absorbing material on a nanoparticle after absorption of primary X-ray photons. The
released photoclectrons may be energetic enough to travel micrometers or tens of

micrometers in a surrounding media, such as water, for example.

16033} “Type 2 Physical Enhancement”™ or “T2PE” may refer to released low-energy
photoelectrons (<25 keV) and secondary electrons generated by absorption of primary X-ray
photons. These electrons can generate greater densities of energy deposition about the
absorbing materials duc to the shorter distances thev travel in a surrounding media, such as

water, for example.

NS

6634} As used berein, the symbol “(@” may identify particles positioned nside of other
particles. For example, “A@B” may identify that particles of “A” are disposed within
particles of “B.” The particles of “B” may be positioned or coupled as a shell about the

particles of “A”, and may be a complete or incomplete shell in embodiments.
Samples

[6835] Nanomaterials may be used to enhance the effects of irradiation energy when such
cnergy comes into contact with a sample or comes into contact with a target in a sample. As
described above, these enhancements of the cffects of 1rradiation energy contacting
nanomaterials may be divided into . g. chemical enhancements and physical enhancements.
Various samples {e.g. sclutions, subjects, ete.}, which may contain ong or more targets, may
be used in which these enbancement etfects occur according to the methods of the present

disclosure, as will be readily understood by one of skill in the art.

3036} In some embodiments, a sample of the present disclosure is or includes a solution
or mixture. Solutions of the present disclosure may be agueous solutions that include, for
cxample, water. In such solutions, water may be the only aqueous component of the solution,

or the solution may contain other solvents and/or solutes. Solutions may also be smaller or

9



WO 2016/196783 PCT/US2016/035502

more specific vohumes or areas within a larger body or mass {e.g a subject). For example,
when the subject is a human, the sohution may be a region of the human’s blood stream. Une
of skill 1 the art will readily recognize additional types of solutions that may be used in the

methods described herein.

[6637] In some embodiments, a sample of the present disclosure 1s or includes a subject.
Subjects of the present disclosure may be bodies or masses that may be subjected to the
methods described herein. For example, a subject may be a iving system such as a hiving
cell, cell culture, tissue, organ, or organism. In some embodiments, the subject is a hiving
human or other mammal. One of skill wn the art will readily recognize additional tvpes of

subjects that may be used in the methods descnibed herein.

[0038] Targets of the present disclosure may include e 2. molecules, compositions, ¢tc.
that are intended to experience a chemical or physical change as a result of the enhancement
cffects of uradiation energy n the presence of nanomaterials of the present disclosure. For
example, the target may be a chemical reactant that is capable of forming one or more
products. In some embodiments, the target may be a BNA or RNA molecule. In some
embodiments, the target may be a therapeutic agent. One of skill in the art will readily

recognize additional types of targets that may be used in the methods described heren.
Nanomaterials for Chemical Enhancement

[6639] The present disclosure relates to methods of producing synergistic effects of
rradiation energy on nanomaterials by combining chemical and physical enbancements.
Accordingly, disclosed herein are nanomatenals that are capable of producing chemical
enhancement. The nanomaterials may be composed, at least in part, of an organic material,
an inorganic material, or a combimation of an organic material and an inorganic material. In
some embodiments, the nanomaterials are nanoparticles. The nanoparticle may be a metal-

based nanoparticle where the nanoparticle is composed, at least in part, of a metal.

6644} Certain features of the present disclosure relate to nanomaterials capable of
producing chemical enhancement that contain a metal surface. The metal sarface may cover
the euntire surface of the nanomaterial, or the metal surface may cover a portion of the

nanomaterial. Suitable metals may include, for example, gold, platinum, osmium, indium,

10



WO 2016/196783 PCT/US2016/035502

rhenium, tungsten, sitver, hafnium, rhodium, ruthenium, palladnim, cobalt, mckel, tron,

copper, and rare-carth metals.

[6041] Nanomaterials of the present disclosure that are capable of producing chemical
cuhancement generally contain an active surface (e. g. the metal surface of the nanomaternial 1s
catalytically active}. Nanomatenals for chemical enhancement may include one or more
higands attached to the nanomaterial. Generally, such higands should have propertics that
allow the nanomatenal to be water soluble, as well as lack a charge that would hinder radical
or radical intcrmediates from approaching the metal surface of the nanomaterials. By way of
example, carboxylic acids, such as citrate, are charged molecules that scavenge radicals (e.2
superoxide) and are therefore not suitable for supporting chemical enhancement. Ligands
having charged functional groups that react with intermediates may render the metal sarface
of nanomaterials less catalvtically active and are therefore not suitable for supporting
chemical enhancement. In some embodiments, even when a nanomaterial for chenucal
enhancement has attached, at its surface, one or more ligands, at least a portion of the sarface
of the nanomatenial remains cxposed {e.g. not attached to a ligand or the attached higand still
permits access to the nanomatenial surface) such that this surface may remain catalvtically

active.

[6642] Ligands that may be attached to a nanomaterial tor chemical enhancement may
include, for example, alcohols (-OH) such as THPC (Tetrakis(hydroxymethyljphosphonium
chionide), ethers and poly ethers (-O-) such as polyethylene glveol (PEG) and thiolated PEG,
pynidines such as pynidine octancthiols, amines such as thiol-PEG-NH; (deprotonated
amines), and anilines or ketones. Ligands for chemical enhancement may be charged ligands
as long as there is only one charged functional group and it is attached to the metal surface of
the nanomaterial, leaving the rest in solvent. One such example is a thiol ligand. Although a
thiol ligand 1s commonly used at pH 7 and 1s 1 the deprotonated form {anion), it 1s still
possible to use this tvpe of ligand if the thiol end 1s linked to the metal surface of the

nanomaterial and therefore cannot interfere with enhancing the reaction to be catalyzed.

[6043] Nanomaternials for use in chemical enhancement may have a variety of sizes. In
some embodiments, the nanomaterial is about 1 nm to about 100 nny in diameter. In some
embodiments, the nanomaterial 1s about 0.5 nm 1o about 30 nm in diameter. The diameter of

the nanomaterial may be, for example, about 1 nm to about 5 am, about 3 nm to about 10 nm,

i
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about 10 nm to about 15 nm., about 13 nm (o about 20 nm, about 20 nm to about 25 nm, about
25 nm to about 30 nm, about 30 nm to about 35 nm, about 35 nm to about 40 nm, about 40
nm to about 45 nny, about 45 nm to about 30 nm, about 50 to about 75 nm, or about 75 nm to
about 100 nm. The diameter of the nanomaterial may be, for example, about 1 nm fo about
10 nm, about 10 nm to about 20 nm, about 20 nm to about 30 nm, about 30 nm to about 40
nm, about 40 am to about 50 nm, or about 30 nm to about 100 nm. The diameter of the
nanomatenal may be, for exarmple, about 1 noto about 15 nm, about 15 mm to about 30 nm,
about 30 nm to about 50 nm, or about 50 nm or more in diameter. The diameter of the
nanomaterial may be, for example, about 1 nim to about 3 nm, about 3 nm to about 5 nm,
about 5 nm to about 7 nm, or about 7 nm to about 10 nm. The diameter of the nanomaterial
may be, for example, about 1 nm to about 7 nm, about 1 nm to about 9 nm, about 1 nm fo
about 20 nm, about 1 nm to about 30 nm, about 1 rum to about 40 nm, or about | nm o gbout
50 nm or more in diameter. The diameter of the nanomaterial mayv be, for example, about 0.5
nm, gbout 1 nm, about 2 nm, about 3 nm, about 4 nm, about 3 nm, about 6 nm, about 7 nm,
about 8 nm, about 9 nm, about 10 nm, about 11 nm, about 12 nm, about 13 nm, about 14 nm,
about 15 nm, about 16 nm, about 17 nm. about 18 nm, about 19 nm, about 20 nm. about 21
nm, about 22 nm, about 23 nm, about 24 nm, about 25 nm, about 26 nm, about 27 nm, about
28 nm, about 29 nm, about 30 nm, about 31 sun, about 32 nm, about 33 nm, about 34 nm,
about 33 nm, about 36 nm, about 37 nm, about 38 nm. about 39 nm, about 40 nm, gbout 41
nm. about 42 nm, about 43 nm. about 44 nm, about 45 nm, about 46 nm, about 47 nm, about
48 nm, about 49 nm, or about 50 nm or more in diameter. Generally speaking, for chemical
enhancement, smaller size nanomaterials will generate a more profound enhancement doe to

the high surface-ic-volume ratio for a fixed amount of nanomaterials.

3644} For chemical enhancement, the concentration of nanomaterials in a sample may
vary. In some embodiments, the concentration of nanomaternials in the sample is m the range
of about 0.001 to about 0.1 weight percent of nanomaterials 1 sample. For example, the
concentration of nanomaterials in the sample may be in the range of about §.001 to about
$.005, about 0.005 to about 0.01, about 0.01 to about 0.05, about .05 to about 0.1, about 6.1
1o about 0.2, about 0.2 to about 0.3, about 0.3 to about 0.4, about (.4 to about 0.5, about 0.5
to about 8.6, about 0.6 to about 0.7, about 0.7 to about 0.8, or about 0.8 1o about 0.9 weight
percent of nanomaterials in sample. The concentration of nanomaterials in the sample may

be, for example, in the range of about 0.001 o about 0.01, about 6.01 to about 0.1, or about

74}

0.1 to about 0.9 weight percent of nanomaterials in sample. The concentration of
i
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nanomaterials in the sample may be, for example, in the range of about 0.005 to about 0.01,
about 0.01 to about 0.5, or about 0.5 to about 0.9 weight percent of nanomaterials in sample,
The concentration of nanomaterials in the sample may be, for example, about 0.001 to about
4.05, about 8.001 to about 0.5, or about 0.001 to about 8.9 weight percent of nanomatenals in
sample. The concentration of nanomatenals i the sample may be, for example, about 8.001,
about 0.002, about 0.003, about 0.004, about 0.003, about 0.006, about 0.007, about 0.008,
about 0.009, about 0.01, about 0.02, about 0.03, about 0.04, about 0.05, about 0.06, about
(.07, abouot 0.08, about 6.09, abouot 0.1, about 0.2, about 0.3, about .4, about 4.5, about 0.6,

about 0.7, about 0.8, or about 0.9 weight percent of nanomatedals in sample.
Nanomaterials for Physical Enhancement

[0045] The present disclosure relates to methods of producing synergistic effects of
trradiation encrgy on nanomaterials by combining chemical and phyvsical enhancements.
Accordingly, disclosed herein arc nanomaterials that are capable of producing phyvsical
enhancement. The nanomaterials may be composed, at least in part, of an organic material,
an inorganic material, or a combination of an organic material and an inorganic material {e.g.
a combination of more than one organic material and more than one inorganic material). In
some crmbodiments, the nanomaterials are nanoparticles. The nanoparticle may be a metal-

based nanoparticle where the nanoparticle 1s composed, at least in part, of a metal.

3046} Certain features of the present disclosure relate to nanomaterials capable of
producing physical enhancement that contain e.g. a metal surface, semiconductor surface, or
insulator surface. One or more {e.2. a mixture) of these surfaces may cover the entire surface
of the nanomaterial or a portion thercof. Suitable metals may include, for example, gold,
platinum, titanium, tungsten, silver, and rare-earth metals. Suitable semiconductor surfaces

may include, for example, GaAs, PbS, Si, Ge, Cu:0, and CdSe. Suitable insulator sarfaces

may include, for example, 510, Zn(, AL, Ti0,, and oxides of rare earth metals,

[6047] Nanomaternals of the present disclosure that are capable of producing physical
cnhancement may contain an inert surface {e.g. at least a portion of the surface of the
nanomaterial 1s cataiviically ert) or they may contain an active surface {e.g. at least a
portion of the surface of the nanomaterial is catalvtically active). Generally, a nanomaterial
that is outside the target or chemical reactant does not requitre an inert surface, whereas a
nanomaterial that is near the target or chemical reactant will have an inert surface. A wide
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variety of nanomaterials may be used for physical enhancement, regardless of surface.
Generally speaking, less active or inert surface nanomaterials may produce greater physical
cnhancement. Further, and generally speaking, the thinner the surface coverage of a
nanomaterial for physical enhancement, whether it 1s a laver of inorganic matenals such as
silica or an organic ligand laver such as PEG, the greater the type 1 physical enhancement
due to weaker attenuation of clectrons leaving the nanomaterials that cause type 1 physical

enhancement.

048] Nanomaterials for physical enhancement may include one or more tigands
attached to the surtace of the nanomaterial. Generally, nanomatenals for physical
enhancement that contain a surface which does not permit solubility in a given sample may
include one or more ligands attached to the surface to promote solubility in the given sample.
To provide an cxample of nanomaterials that will not need additional such ligands to promote
solubility, nanomatenials having an msulator surface including e.g. silica (810; or silicon
dioxide) generally do not need anv additional attached ligands to promote solubility ne.g.

watct.,

6049} Generally speaking, any ligands or surface layer or coating on nanomaterials for
type 1 physical enhancement should not hinder the effective release of electrons. The release
{or lack thereot) of electrons may be a function of various factors including e.g. the density
and thickness of the surface layer {e. g the sarface and any attached ligands). To prevent the
release of clectrons, the density of the surface laver may be e.g between 1.0 g/em’ and 20
g/em’, and preferably 1.0 g/om’ and 3 g/em’. The thickness of the layer may be e.g. less than
500 nm and preferably less than 50 nm. An example of such a layer 1s 20 nm thick silica of
density of 2.3 g/om’. Another example of such a layer is 2000 mw PEG, density of 1.2 g/om’
and less than 10 nim thick measured from the surface of the nanomaterial to the exterior ot the

PEG layer.

3050} Ligands that may be attached to a nanomatenal for physical enhancement may
include, for example, alcohols (-OH) such as THPC (Tetrakisthydroxymethyliphosphoniim
chloride), ethers and poly ethers (-0-) such as polyethylene glycol (PEG) and thiolated PEG,
pyridines such as pyridine octancthiols, amines such as thiol-PEG-NH, (deprotonated
amines), and anilines or ketones. Ligands for physical enhancement may be charged ligands

as long as there is only one charged functional group and it 1s attached to the surface of the
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nanomaterial, leaving the rest in solvent. These higands are preferred if physical
enhancement nanomaterials are within 1-1,000 nm of the target. One such example is a thiol
ligand. Although a thiol ligand is commonly used at pH 7 and is in the deprotonated form
{anion}, it is still possible to use this type of hgand 1fthe thiol end 15 hinked to the surface of
the nanomaterial. When the nanomaterials for physical enhancement are 10 nm to 100 nm
away from the target, other higands such as citrate and cetyl trimethylammonivm bromide
(CTAB) ligands with multiple charged functional groups per ligand may be used. Generally
speaking, when a nanomaterial for type 1 physical enhancement is greater than 10 nm in

distance from a target, then charged ligands and various other types of higands may be used.

{3651} For nanomaterials capable of generating phyvsical enhancement, following
irradiation with irradiation energy, energy deposition is gencrally enhanced in the region
adjacent to the nanomaterial. The enbancement in the deposition may include an increase in
the deposition of energy that 13, for example, a 2-fold increase, a 4-fold increase, a 6-fold
increase, an 8-fold increase, a 10-fold increase, a 15-fold increase, a 20-fold increase, a 30-
fold increase, a 40-fold imcrease, a 50-fold increase, a 60-fold increase, a 70-fold increase, an
80-fold moerease, a 90-fold merease, a 100-fold increase, a 120-fold increase, or a 150-fold or
more increase in the deposition of encrgy from wradiation encrgy when compared to the
deposition of energy from the wrradiation cnergy in the background solution or a

corresponding contro sample.

[G052] Nanomaterials for use in physical enhancement may have a variety of sizes. In
some embodiments, the nanomaternial 1s about 10 num to about 1,000 run 0 diameter or about
11 nm to about 1,000 nm in diameter. The diameter of the nanomaterial may be, for
example, about 10 nm to about 50 am, about 30 nm to about 100 am, about 100 nm to about
150 nm, about 150 nm to about 200 nm, about 250 nm to about 300 nm. about 300 am to
about 350 nm, about 330 nm to about 400 nm, about 400 nm to about 430 nm, about 450 nm
1o about 500 nm, about 500 nm to about 550 nm, about 330 nm to about 600 nm, about 600
am to about 650 nm, about 650 nm to about 700 nm, about 700 nm to about 750 nm, about
750 ant to about 800 mm, about 800 nm to about 850 nm, about 850 nm to about 900 nm,
about 900 nm {0 about 930 nm, or about 950 nm to about 1,000 nm. The diameter of the
nanomaterial may be, for example, about 10 nm to about 200 am, about 100 nm to about 200
nm, gbout 200 nm to about 400 nm. about 300 nm to about 500 nm, about 500 nm to about

700 nm, or about 700 nm to about 1,000 nm. The diameter of the nanomaternial may be, for
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example, about 10 nm to about 30 nm, about 30 nm to about 50 nm, abouat 30 nm to about 73
nm, about 73 nm o about 100 nm, about 100 nm to about 125 nm, about 125 nm to about 150
nm, about 130 nm to about 175 nm, about 175 nm to about 200 nm, or about 200 nm to about
225 nm. The diameter of the nanomatenal may be, for example, about 50 nm to about 150
nm, about 50 nm to about 200 nm, about 50 nm to about 225 nm, about 30 nm to about 250
nm, about 50 am to about 300 nm, about 100 nm to about 400 nm, about 100 nm to about 500
nm, gbout 100 nm to about 600 nm, about 100 nm to about 700 nm. about 100 nm to about
800 nm, about 100 nm to about 900 nm, or about 100 nm to about 1,000 nm. The diameter of
the nanomaterial may be, for example, about 10 am, about 11 nm, about 15 nm, about 20 nm,
about 25 nm, about 30 nm. about 35 nm, about 40 nm. about 45 nm, about 50 nm, about 53
nm, about 60 yun, about 65 nmy, about 70 nm, about 75 nm, about 30 nm, about 85 nm, about
90 nm, about 100 nm, about 110 nm, about 120 nm, about 130 nm, about 140 am, about 150
nm. about 160 nm, about 170 nm, about 180 nm. about 190 nm, about 200 nm, about 210 nm,
about 220 nim, about 230 om, about 240 nm, about 250 nm, about 260 nm, about 270 nm,

about 280 nim, about 290 nmy, or about 300 nm or more in diameter.

[B053] For physical enhancement, the concentration of nanomaterials 1n a sample may
vary. In some embodiments, the concentration of nanomatenials in the sample 1s in the range
of about 1 to about 10 weight percent of nanomaterials in sample. The concentration of
nanomaterials in the sample may be, for example. in the range of about 1 to about 1.5, about
1.5 to about 2, abowut 2 to about 2.5, about 2.5 10 abowut 3, about 3 to about 3.5, about 3.5 {0
about 4, about 4 to about 4.5, about 4.5 to about 3, about 5 to about 3.3, about 3.5 to about 6,
about 6 to about 6.5, about 6.5 to about 7. about 7 to about 7.5, about 7.5 to about &, about 8
to about 8.5, about 8.5 to about 9, about 9 to about 9.5, or about 9.5 to about 10 weight
percent of nanomaterials in sample. The concentration of nanomaterials in the sample may
be, for example, in the range of about | to about 3, about 1 to about 5, about 1 to abowt 7, or
about 1 to about 9 weight percent of nanomaterials in sample. The concentration of
nanomaterials n the sample may be, for example, in the range of about 2 to about 4, about 4
to about 6, about 6 to about &, or about 8 to about 10 weight percent of nanomaterials in
sample. The concentration of nanomatenals in the sample may be. for example, about 1,
about 1.2, about 1.4, about 1.6, about 1.8, about 2, about 2.2, about 2 4, about 2.6, about 2.8,
about 3, about 3.2, about 3 .4, about 3.6, about 3.8, about 4, about 4.2, about 4.4, about 4.6,
about 4.8, about 5, about 5.2, about 5.4, about 5.6, about 5.8, about 6, about 6.2, about 6.4,

about 6.6, about 6.8, about 7, about 7.2, about 7.4, about 7.6, about 7.8, about &, about 8.2,
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about 8.4, about 8.6, about 8.8, about 9, about 9.2, about 9.4, about 9.6, about 9.8, or about 10

eight percent of nanomatenals in sample.
Irradiation Energy

10054} Certain aspects of the present disclosure relate to the use of irradiation energy.
Irradiation energy as described berein may be used in methods of combining chemical and
physical enhancements to achieve an overall synergistic cnhancement of the effect of
wradiation energy on nanomaterials. For example, a nanomatenial-containing sample of the
present disclosure may be irradiated with trradiation energy for a penod of time sufficient for
the one or more chemical reactants to undergo a chemical reaction to vield one or more

products.

[B055] Various types of wradiation energy may be used according to the methods of the
present disclosure. For example, the irradiation may be X-rays. Other ionizing radiation may
be used such as, for example, high encrgy electrons, MeV gamma rays, and X-rays from
various sources including accelerator-based laser produced mounochromatic X-ravs. The

source of X-rays may also be a commercial microfocus X-ray source.

[6856] Various doses of irradiation energy may be used in the methods described herein
The rradiation energy dose may be at least about 0.1 Gy/min, at least about 0.5 Gy/mun, at
least about 1 Gy/min, at least about 2 Gv/min, at least about 3 Gy/min, at least about 4
Gy/min, at least about 5 Gy/min, at least about 6 Gy/min, at least about 7 Gy/min, at least
about 8 Gv/min, at least about 9 Gy/min, at least about 10 Gy/oun, at least about 11 Gy/nun,
at teast about 12 Gy/min, at least about 13 Gy/min, at least about 14 Gy/mun, at least about 15
Gy/min, at least about 16 Gy/min, at least about 17 Gy/min, at least about 18 Gyv/min, at lsast
about 19 Gy/min, at least about 20 Gy/nun, at least about 21 Gy/min, at least about 22
Gy/min, at least about 23 Gy/nun, at least about 24 Gy/mun, at least about 25 Gy/mun, at east
about 50 Gy/min, at least about 75 Gy/min, or at least about 100 Gyv/min. The trradiation
may be at a dose rate in the range of about 0.1 Gy/mun to about 100 Gy/min, about 0.1
Gv/min to about 10 Gy/min, about 10 Gy/nun to about 530 Gy/mun, about 30 Gy/min to about

75 Gy/min, or about 75 Gv/min to about 100 Gy/min.

{6057} Exposure of sample to rradiation energy according to the methods of the present

disclosure may occur for vartous times which may vary according to ¢. . the dose rate of the
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trradiation energy. In some embodiments, a sample 18 irradiated with irradiation energy fora
time period in the range of 30 seconds to | hour. The time period for uradiating a sample
with irradiation encrgy may be, for example, about | minute to about 5 mimutes, about 5
minutes 1o about 10 nunutes, about 10 nunutes to about 20 nunutes, about 20 nunutes to
about 30 minutes, about 30 munutes to about 40 minutes, about 40 minutes to about 50
minuies, or about 50 minutes to | hour. One of skall in the art would readily understand
additional suitable trradiation dosing and time periods of wradiation in view of the present

disclosure.

[B058] In some embodiments, wradiation energy used n the methods of the present
disclosure 1s filtered. Irradiation encrgy may be filtered through, for example, a copper (Cuw)
filter or a tin {Sn) filter. In some embodiments, irradiation energy used in the methods of the
present disclosure originates from multiple sources. For example, if the targets is in a human
body, one can use a low energy source in the form of a catheter implant to deliver 10-30 keV
X-ravs to the sample or target, and another source of X-rays in the form of a microfocus X-
ray tube located outside the body to deliver 60-160 keV X-rays to the sample or target. The
penetration depth of 10-30 keV X-rays is only a few millimeters, whereas that for 60-160

keV X-rays is several to tens of thousands of centimeters in the human body.
Enhancing Chemical Reactions

3059} Certain aspects of the present disclosure relate to enhancing a chemical reaction.
Chemical reactions may be enhanced by combining chemical and physical enhancements to
achieve an overall svnergistic enhancement of the effect of irradiation encrgy on

nanomaterials according to the methods of the present disclosure.

10864 Chewmical reactions as described herein may occur at a reaction rate that s
increased as compared to the reaction rate in a corresponding control sample based on the
chemical enhancements (CE) previously discussed, which may occur in addition to physical
enhancement, as a combination such as discassed throughout the present disclosure, or
separately from physical enhancement in disclosed embodimenis. In some embodiments, the
rate of the chemical reaction is mcreased 1 the range of at least a 1.1-fold increase as
compared to a corresponding control sample. The enhancement in the reaction rate may be
increased by, for example, at least a 1.2-fold merease, a 1.5-fold mcrease, a 1 8-fold increasg,
a 2-told mcrease, a 4-fold increase. a 6-fold increase. a 8-fold increase, a 10-fold increase, a
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12-fold increase, a 15-fold mercase, a 20-fold increase, a 25-fold ncrease, a 30-fold increase,
a 35-fold increase, a 40-fold increase, a 45-fold increase. a 30-fold increase, a 35-fold
increase, a 60-fold increase, a 63-fold increase, a 70~-told increase, a 75~-fold ncrease, a 80-
fold increase, a 85-fold increase, a 90-fold increase. a 93-fold increase, a 100-fold increase,
or more as compared to the reaction rate in a corresponding control sample in embodiments.
When considered in combination with physical enhancements, as previously discussed, the
combined cohancement mayv be a multiple of the two enhancement numbers, as additionally
explained below i the examples. As one non-limiting example, a 30-fold increase in CE
with a 7-fold increase in T1PE produces a 210-fold total enhancement. Additionally, a 10-
fold mcrease in CE with a 15-fold increase 1o T1PE produces a 150-fold total enhancement

from CE and TiPE.

16061} Various appropriatc corresponding control samples may be used herein, as will be
readily apparent to one of skill in the art. For example, the corresponding control sample
may be a sample that does not contain nanomaterials capable of generating chemical
enhancement, a sample that does not contain nanomaterials capable of generating physical
enhancement, a sample that does not contain any nanomaterials capable of generating either
chemical or phyvsical enhancement, or a sample that does not contain any nanomaterials at all

{e.g asample of water).
EXAMPLES

3662} The following examples are offered to illustrate provided embodiments and are

not intended to lumit the scope of the present disclosure,

Example 1: Multiplication Algorithm for Combined Physical and Chemical

Eshancement of X-ray Effect by Nanomaterials

[6063] Thig Example demonstraies the synergistic combination of individual physical and
chemical enhancements. The total enhancement obtained from mixing (1} silica-covered 90-
nm gold nanoparticles and (2) tetrakis (hvdroxymethyl) phosphonium-covered 2-nm goid
nanoparticles, that individually under X-ray irradiation produced type 1 physical
enhancement and chemical enhancement respectively, was studied experimentally and
theoretically. The total or combined enhancement was shown to be the multiphcation of the

two individual enhancements, and this algorithm is derived from the original definition of
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physical and chemical enhancement. The maximum total enhancement was 18 fold, whereas
the maximum measured type 1 physical enhancement was 7 fold and the derived chemical
enhancement was 3.9 fold; all three were achieved under different conditions. Simulation
results using rate equations for chemical enhancement were obtained and were found to agree

with the measured total enhancements.

16064} In this Example, Applicants investigated how T1PE and CE interact with each
other. When two or more enhancements are combined, the total enhancement depends on the
individual cohancements in a complex wav. Since anti-enhancement generally reduces all
other enhancements, it should follow a subtraction algorithm between anti-enhancement and
other ndividual enhancements. The enhancements may also reinforce cach other. For
example, TIPE and CE may interact with cach other. Because CE is dose rate dependent and
hecause T1PE is equivalent to increasing the dosc rate, the total enbancement should be
dependent on both TIPE and CE. Demonstration and verification of these algorithms are
critical because if it is a multiplication algorithm for TIPE and CE, then the total
enhancement can be much higher than cither individually. The highest solated T1PE
reported in the literature was up to 6 fold and the highest CE was 30 fold ' 7 If the two
enhancements follow a multiplication algorithm, then the total enhancement is greater than
180-fold enhancement, whereas an addition algonthm will give only 35 fold total
cnhancement. A multiplication algorithm would encourage onc vot to spend all the effort to
maximizing individual enhancements, but instead optimizing the combined total

enhancement from moderately high individeal enhancements.

[3665] In this Example, nanomatenials were chosen that have only T1PE and CE
respectively and mixed together to study the combined effect of TIPE and CE. Inorderto
produce T1PE, nanoparticles are needed that have large diameters, low surface areas, and
iert surfaces. To create hugh CE, on the other hand, small diameter, hugh surface area, and
active surface nanoparticles are needed. These two sets of characteristics for the
nanomaterials lie at the opposite ends of the parameter space defining nanomaterials and
waply that two different kinds of nanomatenials are needed. Furthermore, these two
nanomaterials should not interfere with cach other with respect to their solubility and stability
50 that they still maintain their functionalities when mixed. Although it is possible to use just
one kind of AuNPs to accomplish both T1PE and CE, 1t 15 difficult for a nanoparticle to meet
all the requirements.
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{06666} Specifically, in this Example a chemically inert nanomaterial AuNP@Si0; to
generate T1PE was used, and a chemically active, small tetrakis (hyvdroxymethyl}
phosphonium chloride (THPC)-coated AulNPs to create CE was used. fn the work shown
here, TIPE 15 of the order of several fold at the rate of 1 fold per 1 weight percent (wp) of
gold in water using AsNP@8S10,, and CE is about 1 to 3 fold with 0.02 wp of gold 1n water
using THPC-AaNPs. it was found that the total enhancement depends on the two
cuhancements through a multiplication algorithm. The outcome shown here exemplifies the
mportance of categorizing these enhancements, which enables isolation of individual
enhancements o that they can be optimized and recombined to generaie a much higher total

cnhancement.
Experimental and Theoretical Methods

0067} The overall experimental procedure of combining T1PE from large AuNPwS:i0,
and CE from small THPC-AuNPs as well as theoretical simulation using rate equations are
described here. Briefly, large gold nanoparticles (AuNPs) in silica shells (AuNP@ S$10,)
were synthesized using a seed growth method modified from an established method M M
Smal] tetrakis (hydroxymethyl) phosphonium chloride (THPC) stabilized AulNPs (THPC-
AuNPs) were synthesized using an cstablished method ' A microfocus X-rav source with a
tungsten target and two sets of filters (Cu filter and Cu + Sn filters) to produce three unigue
X-ray spectra (including the unfiltered X-ray spectrum) was used in the experiments. The
dostmetric reaction of 3~carboxycourmarin acid (3-CCA) to 7-hydroxycoumarin-3-carboxylic
acid {7-OH-CCA) was used to measure the enhancement and Fricke dosimeter was used fo
measure the dose rate associated with the three X-rav spectra.’™! Modeling of the algorithm
enhancement using rate laws was carried out using a previously established method P! FIG. 1
shows the two nanomatenals separately achieving TIPE and CE, and together, greater total
enhancement. The following sections give the details of these experimental and theoretical

procedures.
Chemicals

[G068] 30 wp gold (HI) chlonde solution 1n dilute HCI (HAuCly), hvdroguinone,
trisodium citrate, polyvinylpyrrolidone (PVP, 40 kD MW}, tetracthy] orthosilicate (TEQS), 3-
carboycoumann acid (3-LCCA}, sodium borchydride (NaBHy), tetrakis (hydroxymethyl)
phospohonium chlonde (THPC) 80% in water were purchased from Sigma-Aldrich and used
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as is. Ammonium hydroxide (28 wp), sodium hydroxide pellets (NaQH), dimethyl sulfoxide
{(BMSO), potassium phosphate dibasic and potassium phosphate monobasic were purchased
from Fisher Scientific and used as is. Ethanol 200 proof (Koptee) was obtained from VWR
International. Metal foils of 0.127 mm thick Cu (99.9%) and 0.25 mm thick Sn (99.988%) as
X-ray filters were obtained from Alfa Acser and Strem Chemueals Inc . respectively. Milli-Q

(M) water was used exclusively.
Gold Core-Silica Shell Nanoparticles (AuNP@ 510,
i Y

3669} These particles were made according o a procedure published recently. Briefly,
large AulNP cores were synthesized first. Thev were then coated with PVP ligands and the
PVP-coated AuNPs were coated with a laver of silica by reacting with TEOS in the presence
of NHzOH. AuNP@8i10; was concentrated by centrifigation to about 15 wp of gold in

water.
2.5 mm THPC stabilized AulNFPs (THPC-AulNFs)

[6674] in a beaker, 1 mL 6 M NaOH and 12 ul. THPC was added to 45.5 mL M{Q water
with stirring. Separately, 35 pl of HAuCls was added to 1.965 mL of MQ water. Under
vigorous stirnng, the gold sohution was quickly added to the beaker. The solution was
allowed to stir for 5 min. afier which the beaker was sealed with parafilm and stored m the
dark at 4°C for 24 hours. Dialysis was performed to purify the THPCU-AaNPs. FisherBrand
dialysis tubing [12k-14k MWCO] was used and dialysis water was changed 3 times overa 24
hours period. Once purtfied, the solution was concentrated approximately 17 fold using
centrifugal filtration at 5k rpm for 8 nun. {Amicon Ultra-15 Centrifugal Filter Unit, 30k
MWC(O), The concentration was verified by dissolution in agua regia and measured by AA

and the size was measured with TEM t0 2.3 £ 0.75 nm.
TEM Imaging

6671} Samples were prepared by drop drving 15 pb of sample on a lacey carbon gnid
{Ted Pellalnc.}. TEM was performed with a JEQL 1230 operated at 100 kVp.

3-CCA Assay

{6872} A 20 mM 3-CCA solution dissolved in 10 mbL 80 mM pH 7 4 phosphate baffer

{PB} was gently heated and stirred in a sealed flask until dissolution. The solution was then
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cooled to room temperature and kept protected from hght, 7.1 ub DMBO was added to T mL

of the 3-CCA sclution to yield a 20 mM 3-CCA/100 mM DMSBQ solution.
Xeray Source and Filters

{6673} A microfocus X-ray source with a tungsten target (PXS10-WB-10mm, Thermo-
Kevex) was used 1o all irradiation experiments. Operation parameters were 400 pA and 120
kVp with Cu and Sn foils as filters: the single filter set consists of 0.127 mum thick Cu and the
double filter set 0.127 mm Cu and 0.25 mm Sn to filter the X-ray spectrum. For X-ray
irradiation experiments without filters, the operational parameters were 200 pA 120 kVp.
The dose rate was measured using Fricke dosimeter according o the IRS protocol

{Olszanski-2002).
X-ray Irradiation Procedure

[6674] X-ray trradiation was performed as follows. Four samples were irradiated by X-
rays simultancously according to the paramcters stated above. All irradiation times were 20
min. Samples were prepared to contain 5 mM 3-CCA and 25 mM DMSO in 40 ulb water.
TIPE samples included 0 to 7.5 wp Au@Si(,. Samples for the purpose of combining TIPE
and CE included 0.02 wp THPC-AuNPs and 0 to0 7.5 wp Auw@Si0,. Control samples were

spiked afier irradiation with predetermined amounts of Au nanomatenals.

16075} Once samples were trradiated, they were diluted to 300 pl with MQ water,
vortexed, and centrifuged at 13k rpm for 10 min. to remove Au nanomaterials. A 100 pl
aligquot of supernatant was dilited to 500 uL with 80 mM pH 10 PE. Quantitative
fluorometric analysis on the final sample solutions were performed with an cxcitation
wavclength of 395 nm and emission wavelength of 442 nm (FluoroMax-P, HORIBA Jobin

Yvon).
Simulation Method

{3876} Rate Jaw equations were used to model the enhanced production of 7-0H-CCA in
the presence of Au nanomaterials. The rate equations were developed previously and
modified with the insertion of TIPE from adding AuNP@SiC,. ! The rate constants used
here are given in Table 1 below. Al rate equations were identical to those used m a previous

publication {Cheng et al.). The only rate constant that was adjusted was that controlling how
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gold nanoparticles catalyze the conversion from 3-CCA mtermediates to the final product 7-

OH-CCA. Three rate constant values are given in Table 1 and were used to simulate the

results obtained in FYG. 4. The other parameters that were different among three cases are the

dose rates without AuNP@S10, and the modified dose rates atier AuNP@S10, were

mntroduced. Experimental values of dose rates measured with Fricke dosimeter without

AuNP@Si10, and expenimental values of TIPE were used in the simulation.

Table 1: Rate constants for rate equations and enhancement simulation

Rate Constant
One filter 1.4x10°
Unfiltered 4x10°
Double filter 1.4x%10°
Linhancement
[6677] Enhancement deseribed in this Example refers to the measured fluorescent signal

from 7-OH-CCA by nanomaterials compared to that without nanomatenials. Based on this,

the enhancement for pure water 1s 1.0, This is referred to as the relative enhancement. Ttis

also possible to deseribe an absolote enhancement, which should be zero without

nanomaterials. An illustration of how these measured signals and various enhancements are

described 18 given in FIG. 2 in which the fluorescent signal of 7-OH-CCA without

nanomaterials is denoted 1. If there is only CE, then the signal is increased to Iop. Inthis

Example, relative CE (elg) 1s the ratio of I 10 /5. The net increase is Al p and the absolute

CE €fpis the ratio of Al to Iy. Similarly, if there is only TIPE, then the measured signal is

Irqpg. The net increase 18 Alyqpg. The relafive TIPE €], 5y 18 the ratio of Irpp t0 Iy, and the

absolute TIPE €4, ppis the ratio of Alrpg to Iy, When both CE and T1PE are present, the

total signal is [y, and the total enhancement er. ., is the ratio of I, to ;. I the signal

is displaved i the unit of 7, then the enhancement and signal share the same numerical

values, as shown in FIG. 2. CE can also be deseribed at a dose rate without AuNP@S1(G) as

€r5o, Which is the net CE and 1s dose rate dependent.

Results
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{6878} The nanomaterials used here are shown in FIG. 1, which tnclude THPC-AuNPs
for CE and AuNP@S10, for TIPE. FI{. 1 shows how these nanomaterials are used, and

FIG. 2 illustrates how the enhancement signals are described.

16079} The expernimentally measured results of the total enhancement are shown 1o FIG.
3 when THPC-AuNPs and AuNP@ 510, were mixed. FIG. 3 shows the measured
fluorescent signals. As described in the Method section, if the signal s displayed in the umit
Iy, which is the signal measured without any nanomaterials in water, then the signal has the
same numerical values as enhancement. Ag a reqult, the vertical axis is labeled relative
enhancement. The total enhancements {open circles) using X-rays with one Cu filter were
higher than individual enhancements, which are also shown in FIG. 3. This filtration
provided relatively high encrgy X-rays (spectrum shown in FIG. 4) and the dose rate of X-
rays was 2.3 Gv/min measured with Fricke dosimetry without the presence of nanomaterials.
The highest total enhancement is approximately 18 fold with 0.02 weight percent (wp) of
gold in water in the form of THPC-AuNP and 7.5 wp AuNP@S10,. This 1s the highest total

enhancement measured in this work.

30886} The individual enhancement results are also shown n FIG, 3) which shows TIPE
by AuNP@Si0; (open triangle} alone and CE with only THPC-AuNPs (solid square at zero
AuNP@Si0,; concentration). The measured €74p, range from 1.0 fold (no enhancement)
without AuNP@SI10, to 4.9 fold with 7.5 wp AaNP@SIO-. €lpy with only 0.02 wp THPC-
AuNPs and no AuNP@ 510, 15 2.1 fold at this dose rate. Becauase CE is dependent of dose
rate, adding AuNP@Si0, increases the dose rate and €7 ! The absolute TIPE (defined as
relative enhancement minus 1} ranges from 0.0 to 3.9 and absolute CE is 1.1 fold. This
means that adding 0.02 wp THPC-AuNPs nearly doubled the 7-OH-CCA production, and
adding 7.5 wp AuNP@ 510, to the agueous solution mereased the vield of 7-OH-CCA
production by 3.9 fold. CE, T1PE, and total enhancement were measured in the presence of
DMSO. There was no CE when only AuNP@S10, were added because the surface of
AuNPs is covered with silica, and there was no T1PE when only THPC-AuNPs are present

because of the fow weight percentage of the amount of THPC-AuNPs in water.

6681} Because CE 1s dose rate dependent, and dose rate depends not only the wattage of
the X-ray but also the X-ray encrgy spectrum, CE hence depends on the X-ray energy

spectrum as well. The wattage can be adjusted by the voltage or current or both for the
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source while the X-ray energy spectrum can be adiusted with filtration of the emitted X-ray
spectrum. In addition to a single Cu filter, the enhancements without filters and with a
double filter of Cu and Sn were also measured. FIG. 5A and FI1G. 5B shows the
enhancement resulis under these two conditions. Fi. 5A shows the results without filters.
The dose rate was determined to be 16.5 Gyv/min without AeNP@S1(d,. The X-ray spectram
is shown in FIG. 6. T1PE values €5 pp (open triangle) are lower, ranging from 1.0 (no
AuNP@S10,) to 1.8 fold with 7.5 wp AuNP@Si10,. This is neardy 3 times lower than one
filter case. With only THPC-AuNPs, the net CE 64, (solid square) is higher, at 2.9 fold.
This was the highest CE measured in this work. This 1s because without filters, X-ray
energies are much lower and can mteract with water much more effectively, effectively
resulting in lower T1PE bat higher CE that relies on water generated radicals. The total
enhancements for combined two nanomaterials were lower than those shown o FIG. 3. The

highest total enhancement {open circle) for unfiltered X-rays is about 7.0 fold.

[6082] FIG, 58 shows the results obtained with the double filter of one Cu and one Sn.
With this configuration, the X-rav dose rate at the sample was 0.82 Gy/min without
AuNP@S10,. €lpq (solid square) is 1.5 and relative TIPE €5, pp {open triangle) ranges from
1.0 to 6.4 fold with 7.5 wp AuNP@5i0,. This was the highest TIPE measured in this work
and 1t shows that T1PE favors high energy X-rays. The X-ray spectrum is shown in FIG. 7.
When THPC-AuNPs were mixed with AuNP@510,, the total enhancements {open circle) are

higher. The highest total enhancement 15 12.5 fold.

[6083] The results shown above indicate that the highest total enhancement is achieved
with moderately high dose rate and CE and T1PE using one Cu filter, not with either the
highest CE or TI1PE which were obtained with unfiltered X-rays and doubly filtered X-rays
respectively. The descriptions of enhancement shown in FIG. 2 can be used to derive CE for
the mixtures, which is not the same as the net CE e/ zowithout TIPE. If the experiment
design is considered as adding AuNP@Si0, first and then THPC-AuNPs, then CE can be
regarded as the enhancement by THPC-AuNPs to T1PE by AuNP@ 5810, The other way
around of using T1PE to enhancement CE is to use to derive the total enhancement algorithm,
although this was not performed because it is conceptually less clear. When there is no
THPC-AuNPs but just AuNP@S10,, there is only TIPE and the enhancement is deseribed as:
€r1pp = L%E'E‘ (1)
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16084} Adding THPC-AuNPs into the AuNP@S10; solation creates CE on top of TIPE,
and we can armive at the following equation according to the description of CE shown m FIG,

2

Trpeys )

v iTotal %)

Ecp =T (2),
ST1PE

for the total signal and the signal without CE, which is the T1PE signal. As shown in Eg. {1},
at a specific AuNP@ 510, concentration there is an enhancement (T1PE) associated with it
Adding AaNP@ 510, 1s therefore equivalent to mcreasing the dose rate and hence the total
dose by the TIPE enhancement factor, which is €7, pp. If I is chosen as the unit for the

measured signal, then numerically €54p5 = Ir1ps.

16085} Although the 3-CCA dosimetric reaction ttself or manv other reactions are neither
dose nor dose rate dependent, when 3-CCA assay 18 used with THPC-AuNPs there 1s CE
cven without AuNP@S1(,, which can also be expressed by Eq. (2)if I7pp = {5, By

definition, the combined enhancement generates the total enhancement signal:
Irotar = To€Total (3)
Using Hgs. {1} and (2}, the total enhancement signal s also:

Irora = €clripe = €cp€Tirelo {4)
Combining Eq. (3) and (4):

ecserirelo = lo€Torw {5}
Ehiminating {, on both sides of the equation arrives at:

€Total = €T1PEECE (6)

6086} This equation explains how the total enhancement is related to the individual
physical and chemical enhancements. Eq. (6) can be used to (1) predict the total enhancement
f TTPE and CE are known experimentally, (11} derive TIPE or CE if the total enhancement
and one of the two individual enhancements are known, and (i1} to verify the validity of the

algorithm when all three are known.
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16087} All three functions can be demonstrated here. Using Eq. (2), the corresponding
eqp embedded in FIG. 3 and FIG. 5A-FIG. 5B can be calculated and the values are
displayed in FIG. 8 (open symbols). Also shown in FIG. 8 are the measured net CE €/g,
(solid symbols) at three absclute dose rates calibrated with Fricke dosimetry. The three
measured €lp, values shown in FIG. 8 follow the general trend of the rest of CE, confirming
the validity of the algorithm. These three CE values and the TIPE values shown m FIG. 3

and FiG, SA-FIG. 5B can be used to predict the total enhancements under those conditions.

{3688} efp shown in FIG. 8 increases lincarly at low dose rates (< 3 Gy/min} and
saturates at high dose rates (> 3 Gy/min), e g, in the unfiltered cases. This is lower than the
value of 20 Gy/min given in an early report in which it was found that CE using 3-CCA as
the probe may mcerease (not hincarly though) up to dose rate of 20 Gy/min and saturate

between 20 and 40 Gy/min using PEG-AuNPs.

{3089} it should be noted that all the TTPE values without CE and the CE values without
T1PE shown above are obtained experimentally, whether CE saturates or TIPE follows the
same profile as a function of conceniration of AuNP@Si0,. Without wishing to be bound by
theory, it 1s not belioved that TIPE will change when CE is present due to the physical nature
of TIPE. However, because CE 15 dose rate dependent, CE values in the presence of TIPE
will be different from the oncs without TIPE. A special case is given below in which one

may predict the total enhancement using T1PE and the net CE values, e.g., CF without T1PE,

[(6690] When CE is under a non-saturation condition, Eq. (6} can be further developed
conceptually. It is shown i this work that dose rate I¥ can be adjusted by changing the X-ray
source such as adding filters or be changed by adding AuNP@Si0,. For a specific source
setting without AuNP@S1(s, the dose rate 1s described as Dy, Adding THPC-AuNPs does
not change Dy because their T1PE wfluence is negligible. Adding AeNP@Si1(, causes TIPE
to increase, which effectively increases dose rate. The results shown in FI{. 3 and FIG. 5A-
FIG. 5B as well as previously published results both indicate that adding AuNP@S10, to
water can increase the effective dose rate by many fold ! The dose rate with AaeNP@ 510,

added can be expressed, assuming a lingar relationship:

D =eripele (N
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16691} Because dose rate is measured with a specific probe reaction, which 1s 3-CCA to
7-OH-CCA conversion n this Example, the addition of nanomaterials THPC-AuNPs and
AuNP@S10, can cause CE and T1PE and the total enhancement can be greater than either of
them individually. From FiG. 8, if CE 1s linearly proportional to dose rate {betore saturation
(<3 Gy or possibly lower), which may not be true for all cases as shown in FIG. 8), then at a
certam dose rate D, CE becomes:

" D . D i . :
ccp =1+ EgEOD =14 (€lge — 1)5; = 1+ (€fgo — D€ripe (8}

[$]

This 13 because only the absolute CE part s enhanced further by the dose rate, and Eq. (6)

becomes:
T — -7 — T g 1 e T
Eroral = €ripp€or = €ppp{l + (€cgo — D)€T1pg) )

16692} The benefit of using this cquation is that it is possible to calculate the total
enhancement using the experimentally measured €/ and €%, 5 if there is no dose rate
saturation for CE. In practice, as shown in FIG. 8, CE saturates at about 3 Gy/min. Asa
result, one can use Eq. (9) to predict total enhancement before mixing the TiPE and CE
nanoparticles. The experimentally obtained total enhancement begins to deviate from Hy. (9)

above 3.0 Gy/min and only Eq. (6) will have to be used fo retrieve CE values.

16693} As mentioned above, the experimental results shown i FIG, 3, FIG. SA-FIG.
5B, and FIG. 8 were measured using rate equations in a report published eartier.” In order
to fit all three sets of data, the rate constant responsible for chemical enhancement was
adjusted. In the fitting, experimentally obtained TI1PE were used to modify the Fricke
calibrated dose rates. The fitting results are shown in FEG. 9, which shows a generally good
agreement between the simulated and experimental results. Because T1PE is approximately
hingarty proportional to concentration, the data shown in FYG. @ can also be viewed as how
the total enhancement depends on TIPE as well. The match between the experimental and
fitted results demonstrates the validity of using CE and T1PE to account for the total

enhancement, which is expressed as the multiplication of the two.
Biscussion

10694} The results presented here reveal the multiplication algorithm for combined

chenucal and type 1 physical enhancement. There are several advantages to use this
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combined enhancement methodology. First, a much higher overall enhancement may be
achieved and the algorithm may apply to many other reactions. For instance, aniline
polymerization occurring on the surface of silver core — gold shell nanostructures has a
chemical enhancement of 30 fold!™! It is not known if the polymerization reaction obeys
exactly the same saturation process as the 3-CCA reaction. If that reaction s mixed with
other types of physical enhancements such ag the type 2 physical enhancement that can be as
high as 200 fold, then it is possible to obtain a very high total enhancement value if the

multiplication algorithm holds.

[3095] Another benefit 1s that it 1s possible o reach an enhancement that otherwise 1s
difficult for etther individual enhancement mechanism. For example, the highest Au
concentration that we use here is about 7.5 wp using AuNP@Si0; and the highest
enhancement is about 5.0 fold.”! Although up to 15 wp AuNP@Si0; solution can be
prepared, it is nearly impossible to reach 15 fold enhancement with this nanomaterial alone.
With the assistance of CE from only .02 wp THPC-AuNPs, the total enhancement with the

same amount of AuNP@ 810, can generate 18 fold total enhancement.

[6096] The third advantage is that muoch fewer nanomaterials are needed for the
combined individual enhancements than individual enhancements. For example, it a 10-fold
enhancement 1s desired, then it 1s possible to use 4 wp AuNP@S8i1(; and 0.02 wp THPC-
AuNPs to gencerate such a total enhancement. On the other hand, one would need nearty 12
wp AuNP@5i0; to obtain a 10-fold T1PE if lincarly extrapolation can be done based on FiG:

5B

16097} Because T1PE 1s an average enhancement, it is not confined to the surface region
of nanomaterials that cause the enhancement. As a vesult, it 1s possible to generate TIPE
microns away from the T1PE causing nanomaterials. This allows the multiplication of TIPE
and CE to occur at a remote location from TIPE providing nanomaterials. Because CE
involves the use of the surface of nanomatenals, CE nanoparticies have to be delivered to the
target. For example, it 1s possible {o arrange a number of large AuNPs cutside the target
volume and to debiver a small amount of CE nanomaterials in the target volume, such as the
cel nucleus. It is possible for the cell to take up a large quantity of large nanoparticies in the
cvtoplasm {o create a relatively high T1PE in the nearby nucleus. Then it 1s possible to

deliver a small quantity of small nanoparticles mto the mucleus to cause CE, which could
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occur as shown in an earlier report. The combination creates a much higher total
enhancement of damage to the cell under irradiation, and the overall enhancement in the

target volume, for example the nucleus, can be much hugher than either enhancement.

3698} Another way to maximize the total enhancement is to use different X-ray encrgy
spectra to generate TIPE and CE. For exanple, if low encrgy X-ravs in the range of 10-30
keV to generate high CE and high energy X-rays in the region of 40-100 keV to generate
high T1PE are used, then it 1s possible to maximize CE and T1PE and therefore obtain a
much higher total enhancement. For much higher energy photons such as gamma rays, the
combined enhancement will be very similar to individual ones due to the unknown CE and
low PE generated from nanomaterials. The results shown here therefore indicate the

importance of using keV X-ravs for enhancement purposes.

16699} Of note 1s that as long ag the two nanomaterials do not interfere destructively with
cach other when the two nanoparticles are mixed together, which is the case here, then TIPE
and CE can co-gxist and the overall enhancement follows the multiplicity algorthm describe
here. However, if the two types of NPs cause each other to precipitate or aggregate when 3-

CCA or DMSG is added. then the combined enhancement may be lower.

160180]  Itis possible to expenimentally measure all the CE values if a much more
powerful X-ray is available. Currently the dose rate accomplished by adding AuNP@SI0;
usimg filtered X-rays cannot be reproduced using the X-ray source alone. For example, n the
one filter case the highest dose rate was achieved with the largest amount of 7.0 wp of
AuNP@S10,. This dose rate with the same X-ray spectrum cannot be obtained with the X-ray
source alone, so CE at this dose rate cannot be measured without using AuNP@S10,. Only
three data points in FIG. 8 are expenmentally measured without AuNP@Si0; and the rest

are derived using Eq. {6).

[00161] Eg. (9) may be simplified if both €7p¢ and €74 pp are low. In this case, which may
happen to samples irradiated by MeV y-rays, there is Little CE and the total enhancement 18
the same as TIPE. For the simulated results shown in FIG, 9, the fitted data show the least
degree of saturation for the lowest dose rate case (double filter) and strongest saturation at the
highest dose rate case {no filters). The simulation results confirm that the combined total
cnhancement can be satisfactorily explained by the interplay between physical and chemical
enhancement, which fit in a multiplication algorithm to give rise to the total enhancement.
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Conclusions

[60162] The expenmentally obtained total enhancement €l,,; was shown to follow a
multiplication algorithm €74 = €54 ppcip of the two non-interfering individual
enhancements of type 1 physical enhancement €} pp and chemical enhancement €/, All
enhancements were relative enhancements, meaning that the enbhancement values are 1.0
when there 18 no enhancement. The multiplication algorithm can be directly derived from the
definition of these enhancements. Chemical enhancement was found to begin to saturate at
3.0 Gy/min. No clear saturation was observed with type 1 physical enhancement at up to 30
Gy/min as a function of AuNP@Si(d, concentration. Simulation results obtained using rate
cquations for predicting chemical enbancement agreed with the expenmentally observed total
enhancements and hence confirm the validity of the algorithm that governs the total
crthancement, type 1 physical enhancement and chemical enhancement. A graphical

depiction of total enhancement is presented in FIG. 16
Farther Discussion

[08183] Enhancements to X-ray effects by nanomaterials have been discovered and there
are many basic enhancement processes. However, combining these basic enhancements is
not straightforward and, prior to the present disclosure, there has been no such combination
demonstrated experimentally or theoretically. It is foreseeable that there are many ways to
combine them and some of which may not vield further enhancement than the individual

enhancements unless the individual enhancements are properly combined.

{60164} Here Applicants have shown examples of how to properly utilize individual
cnhancements such as type 1 physical enhancement (T1PE) and chemical enbancement (CE)
to create the hughest possible total enhancement. The individual enhancements can be
controlled by adjusting the operation of the X-ray source such as either changing the wattage
of the X-ray source or adding X-ray filters to tune the X-ray spectrum. One can also change
the quantity, size and surface coating of the nanomaterials to change the effective dose rate.
Farthermore, 1t 13 possible to control the location of T1PE and CH so that CE exists m a
volume o1 region where there are no nanopaiticles that cause TIPE because TIPE can extend
1o a remote region many micrometers away from these T1PE nanoparticles, as faras 10
microns or greater distance. There must be CE nanoparticies n the region though because
CE requires the surface of CE nanoparticles. Chemical enhancement may occur within 10
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am to 1,000 nm of the target, whereas type 1 physical enhancement may occur within
microns or even tens of microns of the target. Nanomaterials for chemical enbancement may
be placed 1 i to 10 nm away from the target, and the type 1 physical enhancement
nanomaterials may be placed, for example, tens of nanometers away from the target, or | pum
to about 10 pm away from the target. One example of application is to deliver smali,
nuclear-penetrating gold nanoparticies (size smaller than 10 nm w0 diameter) so that they can
cause chemical enbancement to DNA strand breaks while delivering large gold nanoparticies
(10 to 1000 nm 10 diameter) to the cell outside the nuclei to cause significant TIPE, Together
the total enhancement to nuclear DNA strand breaks can be much greater than the two
individual enhancements. 1t is also possible to employ 100 keV X-ravs from one source to
generate T1PE ethciently and 10-30 keV X-rays from another source to generate CE
efficiently. For example, in cancer therapy the 100 keV X-ray source can be a source located
outside the body and the low energy X-ray source can be a catheter planted near the cance

site. Both sources may deliver low doses of X-rays.

[B0105]  In the example shown here, Applicants demonstrated net CE (CEQ) of 1 10 3 fold
without T1PE nanoparticles, and TIPE 1 to 7 fold with CE nanoparticles. All enhancements
are relative enhancements, meaning the enhancement is 1.0 fold when there 15 no
enhancement compared with just water, without any nanomatenial. Applicants showed that
the total enhancement follows a multiplication algorithm, so that maxinunn total
enhancement occurs when the two mdividual enhancements are moderately high and neither
is too low. In this case, the total enhancement can reach 18 fold when T1PE 15 5.0 fold and
nitial CEO 1s 2.0 fold. The actual CE 15 3.5 told when T1PE is considered. Such an

enhancement 18 not achievable with either individual enhancement.
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CLAIMS
What is claimed 1s:

I. A method of enhancing a chemical reaction, the method comprising;
a} providing a sample comprising:
(1) a first population of nanomaterials comprising (i} an active metal
surface, and (i1} a diameter in the range of 1 nm to 10 nm;
(2) a second population of nanomaterials comprising a diameter in the
range of 10 nm to 1,000 nm;
(3) one or more chemical reactants; and,
b) irradiating the sample with irradiation energy for a period of time sufficient
for the one or more chemical reactants to undergo a chemical reaction to yvield one or more
products, wheremn the chemical reaction occurs at a reaction rate that is increased as

compared to a corresponding control sample.
2. The method of claim 1, wherein the sample comprises water.

3. The method of any one of ¢laims 1 or 2, wherein the first population of

nanomaterials compriscs nanoparticles.
4. The method of claim 3, wherein the nanoparticles comprise gold (Au).

5. The method of any one of ¢laims 1-4, wherein the second population
of nanomaterials comprise a ligand comprising tetrakis (hydroxymethyl) phosphonium

chlonde (THPC) or PEG.

6. The method of any one of claims 1-5, wherein the first population of
nanomaterials is present in the sample at a concentration in the range of about 0.001 to about

0.1 weight percent first population of nanomaterials m the sample.

7. The method of any one of claims 1-6, wherein the first population of

nanomaterials comprise a diameter in the range of 1 nm to 5 nm.

8. The method of anv one of claims 1-7, wherein the first population of
nanomaterials are present about 1 nm to about 10 nm away from the one or more chemical

reactants.
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9. The method of any one of claims 1-8, wheremn the second population

of nanomaterials comprises nanoparticles.

10. The method of claim 9, wherein the nanoparticles comprise gold {Au).
11, The method of any one of claims 1-10, wherein the second population

of nanomaterials comprise a Hgand comprising silica.

12. The method of any one of ¢laims 1-11, wherein the second population
of nanomaterials is present in the sample at a concentration in the range of about 0.1 to about

10 weight percent second population of nanomaterials i the sample.

13. The method of any one of claims 1-12, wherein the second population

of nanomaterials comprises a diameter in the range of 10 nm to 200 nm.

14, 'The method of any one of claims 1-13, wherein the second population
of nanomaterials are present about 0.1 um to about 10 um away from the one or more

chemical reactants.

15, The method of any one of ¢laims 1-14, wherein the second population

of nanomaterials comprises an inert surface.

I6. The method of any one of claims 1-15, wherein the irradiation energy

comprises X-rays.

17. The method of any one of claims 1-16, wherein the wrradiation energy

is filtered.

18. The method of anv onc of clatms 1-17, wherein the irradiation energy

comes from multiple sources.

i9. The method of any one of claims 16~18, wherein the X-ray irradiation

i3 at a dose rate n the range of about 0.1 Gy/min to about 100 Gy/min.

20, The method of any one of claimas 1-19, wherein the corresponding
control sample 1s a sample which does not comprise the first population of nanomaterials

and/or the second population of nanomaterials.
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21, A nanomaterial mixture comprising:

a first population of nanomaterials, wherein the first population of
nanomaterials are characterized by (i) an active metal surface, and (11} a diameter in the range
of P mm to 10 nm;

a sceond population of nanomaterials, wheremn the second population of
nanomaternials are characterized by a diameter in the range of 10 nm to 1,000 nm; and

one or more chenical reactants, wherein the first population of nanomaterials
and the second population of nanomatenials of the nanomatenal mixture are configared to
cause the chemical reactants to undergo a chemical reaction to vield one or more products
when irradiated with irradiation energy for a period of time, and wherein the chemical
reaction occurs at a reaction rate that is increased as compared to a corresponding control

sample.

22, The nanomaterial mixture of claim 21, wherein the first population of
nanomaterials is present in the sample at a concentration in the range of absut 0.01 to about

0.1 weight percent first population of nanomaterials in the nanomaterial mixture.

23. The nanomaterial mixture of claim 21-22, wherein the second
population of nanomatenals is present in the sample at a concentration in the range of about 1

to about 10 weight percent second population of nanomaterials in the nanomatenal mixture.

24, The nanomatental mixture of clamm 21-23, wherein the uradiation

energy 1s up to about 3.0 Gy/min,

25, The nanomaterial mixture of claim 21-24, wherein the nanomaterial
mixture causes at least an 18 fold increase in the deposition of energy from the irradiation
energy when compared to the deposition of energy from the irradiation encrgy in the

corresponding control sample.
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