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into emitted UV energy and wherein the shell, when present,
contains a plasmonics active material; wherein the nanopar-
ticle has on a surface thereof at least one psoralen compound
capable of activation by the emitted UV energy, and the use
of the functionalized nanoparticle in a method of treating a
cell proliferation disorder such as cancer.
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FUNCTIONALIZED METAL-COATED
ENERGY CONVERTING NANOPARTICLES,
METHODS FOR PRODUCTION THEREOF
AND METHODS FOR USE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional patent
application 61/228,224, filed Jul. 24, 2009, the entire con-
tents of which are hereby incorporated by reference. This
application is related to U.S. patent application Ser. No.
11/935,655, filed Nov. 5, 2007; U.S. patent application Ser.
No. 12/059,484, filed Mar. 31, 2008; U.S. patent application
Ser. No. 12/389,946, filed Feb. 20, 2009; U.S. patent appli-
cation Ser. No. 12/417,779, filed Apr. 3, 2009; U.S. provi-
sional patent application 61/171,152, filed Apr. 21, 2009;
U.S. provisional patent application 61/161,328, filed Mar.
18, 2009; U.S. provisional patent application 61/171,158,
filed Apr. 21, 2009; and U.S. provisional patent application
61/042,561, filed Apr. 4, 2008, the entire contents of each of
which are hereby incorporated by reference.

The present invention was made under a joint research
agreement between Immunolight, LI.C and Duke Univer-

sity.
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to nanoparticles, having an
optional plasmonics-active shell and functionalized with at
least one photoactivatable pharmaceutical agent, that are
capable of converting energy from one energy level to an
energy level capable of activating the photoactivatable phar-
maceutical agent, methods for the production of the nano-
particles and methods for their use, particularly in the
treatment of cell proliferation disorders.

Description of the Related Art

More than a million individuals are diagnosed with cancer
in the United States each year, and annual cancer diagnoses
worldwide number above ten millon.# Although traditional
approaches such as surgery, chemotherapy, radiation
therapy, photodynamic therapy (PDT), and psoralen+UVA
(PUVA) have shown some success in treating certain types
of cancer, there is a strong need to develop effective,
universally applicable, and non-invasive means of therapy.
To that end, the rapidly developing field of nanomedicine
has attempted to leverage the untapped potential of nano-
materials as a means of improving drug targeting to and
uptake by tumors, locally activating therapeutic agents, and
limiting side-effects which may negatively impact patients’
quality of life.”

These attempts to use nanomaterials to cure cancer have
typically taken one of three approaches. In the first
approach, nanoparticles have been used to aid in transport
and delivery of chemotherapeutic agents.< Such methodolo-
gies have shown some potential, particularly in reducing the
unpleasant side-effects associated with chemotherapy.” In a
second approach, the nanoparticles themselves have been
used as a means of enhancing the normal effects of some
more traditional treatment techniques.” Two promising tech-
niques which fall into this category are induction of hyper-
thermia by illuminating gold nanoshells with infrared light,”
or enhanced reactive oxygen species (ROS) generation using
solid gold nanoshells and X-ray radiation.” The third use of
nanomaterials for cancer therapy is combination of ROS-
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generating PDT drugs with nanomaterials which emit visible
light when excited by X-ray radiation (scintillators).

Of these three approaches, the third is perhaps the most
intriguing and exhibits some unique advantages. In theory,
only those cells which both take up the nanodrug and receive
X-ray radiation stand a significant chance of dying during
treatment. As a result, the side-effects associated with non-
specific uptake of chemotherapeutic drugs should be greatly
reduced. At the same time, radiation doses should theoreti-
cally be able to be reduced to a point where systemic effects
are minor or nonexistent. Unfortunately, while such an
approach with traditional PDT drugs may have potential in
well-oxygenated tissue, reduced ROS generation in the
inherently hypoxic environment of many tumors’ is likely to
limit the broader utility of ROS-dependent X-ray activatable
therapies.

The field of nanobiotechnology has experienced an explo-
sive growth due to improved understanding of the charac-
teristics and properties of nanoparticles and to rapid
advances in the methods for their fabrication. With ongoing
improvements in the techniques and technology needed for
consistent production of nanomaterials, as well as a con-
tinually-improving understanding of their characteristics
and potential, there has been a steady increase in the variety
of laboratory-fabricated nanoparticles. Even with these
improvements in the research laboratory, however, the types
of particles which are commercially available are still lim-
ited to just a few categories.

Two of the first types of nanoparticles reliably synthesized
in the laboratory were solid metal nanospheres of gold and
silver,! typically produced in aqueous solution using a metal
salt and a suitable reductant such as sodium citrate or sodium
borohydride. Improvements in wet synthetic techniques
since these early studies have expanded the range of solid
noble metal nanoparticle shapes to include silver rods,>>
plates,%*° prisms'' and cubes,'*'* as well as gold rods,'*>*
disks,?>%7 plates,?®° prisms,>' > cubes***° and stars.
Each of these size-tunable particle shapes and morphologies
exhibit unique plasmonic properties which can strongly
enhance electromagnetic fields, making them useful for both
intracellular and extracellular biochemical sensing of bio-
targets such as DNA and mRNA,3**® or proteins and pep-
tides****° via surface plasmon resonance®>>'->* or surface-
enhanced Raman scattering (SERS).*°**%> An added
advantage of noble metal nanoparticles (e.g., gold and
silver) is that they are easily functionalized and essentially
non-toxic to cells and higher organisms, making in vivo and
in vitro bioanalyses practical.

Somewhat more recently, dye-dope and dye-
bound®* silicon dioxide (SiO,) nanoparticles have also
found significant use as substrates for biochemical sensing
when functionalized with nucleic acids, peptides or pro-
teins 0% @#d 1o therein 1 jlce oold and silver, Si0, is particularly
appealing for in vivo and in vitro sensing because it is easily
fabricated, easily functionalized and relatively non-toxic.

Intrinsically fluorescent semiconductor quantum dots
(e.g. Cd:Te, Cd:Se, Zn:S, etc.) have been used for a range of
applications including analytical chemistry, biochemical
sensing, and study of cellular uptake, fate and transport.®®-%°
The inherent toxicity of cadmium limits the utility of these
materials in vivo, but they are eminently suited to a wide
range of short-term in vitro studies during which longer-
term toxicity is not an issue.

One approach to minimize the toxicity discussed above is
to coat intrinsically-toxic nanomaterials with SiO,,”%"?
thereby limiting the bioavailability of whatever toxins are
present. This approach, in fact, has the potential to passivate

36-38

d56—63



US 9,662,389 B2

3

a wide range of nanomaterials or, alternatively, allow more
facile surface functionalization with biochemically-sensitive
species. To this end, a number of researchers have added
SiQ, shells to quantum dots,”®” iron oxide,”®”® or solid
noble metal nanoparticles.”-#* Alternatively, SiO, nanopar-
ticles themselves can be coated with gold or silver to
produce plasmonic nanoshells which can be tuned from the
near UV to the near IR.*>-°% Various photochemical methods
have been reported for the fabrication of gold nanoparticles
and gold films [A. Pal, T. Pal, D. L. Stokes, and T. Vo-Dinh,
“Photochemically prepared gold nanoparticles: A substrate
for surface-enhanced Raman scattering”, Current Science,
84, 1342-1346 (2003); M. Volcan, D. L. Stokes and T.
Vo-Dinh “4 Sol-Gel Derived AgCl Photochromic Coating
on Glass for SERS Chemical Sensor Application”, Sensors
and Actuators B, 106, 660-667 (2005)] A. Pal, D. L. Stokes
and T. Vo-Dinh, “Photochemically Prepared Gold Metal film
in a Carbohydrate-based Polymer: a Practical Solid sub-
strate for Surface-enhanced Raman Scattering, Current Sci-
ence, 87, 486-491 (2004) and references therein|.

There are also wet chemistry methods described in the
literature [Oldenburg, S. J., Averitt, R. D., Westcott, S. L.,
and Halas, N. I. Nanoengineering of Optical Resonances.
Chemical Physics Letters 288, 243-247 (1998); Jensen, R.
A, Sherin, J. and Emory, S. R. Single Nanoparticle Based
Optical pH Probe. Applied spectroscopy, 61, 8, 832-838
(2007); Oldenburg S. J., Westcott S. L., Averitt R. D., and
Halas, N. J. Surface enhanced Raman scattering in the near
infrared using metal nanoshell substrates. Journal of
Chemical Physics, 111, 10, 4729-4735 (1999); and refrences
therein]. An approach to form a gold shell around a core
material is seed-mediated growth. The first step involves the
use of chemical linkers to attach small Au or Ag seeds (from
few nanometers to larger seeds depending on the core
dimension) on the core surface. Several linkers can be used;
a direct approach commonly described in the literature is to
aminate the surface of the material to allow the adsorption
of the seeds. Molecules with dual functionality act as
linkers; an amino group to adsorb to the seeds or a thiol
group to covalently bond the seeds on one side, and a
carboxy-group, phosphonate-group, sulfonate-group on the
other side to bind to the core surface, such as Y,Oj, silica,
polystyrene. Other approaches include using different cou-
pling chemistry to bind two chemical groups attach to the
core surface and the seeds. EDC (1-Ethyl-3-[3-dimethylam-
inopropyl]carbodiimide hydrochloride) -mediated coupling
chemistry, for instance, enables the crosslinking of an amine
and a carboxyl group. N-hydroxysuccinimide (NHS) cou-
pling chemistry enables the formation of an amide bond
between a primary amine and the succinimide ester. The
second step in the seed mediated growth involves the
attachment of additional gold, silver, silica, titania, alumina,
yttria, etc. onto the nucleated seeds. As an example, a
common approach to ripening of a gold layer is to use
potassium carbonate and HAuCl, in the presence of form-
aldehyde. Alkoxides are frequently employed for thickening
of silica or titania shells, and similar precursor compounds
can be used when forming shells of alumina, yttria, etc.

Phototherapy There are two main types of reactions in
phototherapy:

Type 1 reactions involve electrons and hydrogen atoms,
which are transferred between photo-active molecules (also
called photosensitizers) and substrates or solvent molecules.
Oxygen may participate in subsequent reactions: e.g., pso-
ralens in photopheresis and PUVA.

40
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Type 1I reactions involve singlet oxygen formation by
energy transfer from PA molecules in the lowest triplet state
to oxygen in the ground state: e.g., photodynamic therapy
(PDT).

Psoralen System. Psoralen (FIG. 1) is the parent com-
pound in a family of natural products known as furocou-
marins. Psoralens are a class of photo-mutagenic and photo-
chemotherapeutic molecules that covalently modify nucleic
acids. They belong the family of small molecules that
intercalate into and photoalkylate double stranded DNA.
The primary target of psoralens are thymidine residues, and
these molecules form both monoadducts and interstrand
crosslinks The reaction takes place between the 3,4 (pyrone)
or 4'5' (furan) double bonds of the psoralen and the 5,6
double bond in pyrimidines.

Psoralen compounds absorb UVA and UVB photons, and
emit visible light. FIGS. 2A and 2B show excitation and
emission fluorescence spectra of psoralens. [Source: T. Vo-
Dinh et al, J. Agric. Food Chem., 36, 335 (1988)]

U.S. Pat. No. 6,235,508 further teaches that psoralens are
naturally occurring compounds which have been used thera-
peutically for millennia in Asia and Africa. The action of
psoralens and light has been used to treat vitiligo and
psoriasis (PUVA therapy; Psoralen Ultra Violet A). Psoralen
is capable of binding to nucleic acid double helices by
intercalation between base pairs; adenine, guanine, cytosine
and thymine (DNA) or uracil (RNA). Upon sequential
absorption of two UV-A photons, psoralen in its excited state
reacts with a thymine or uracil double bond and covalently
attaches to both strands of a nucleic acid helix. The cross-
linking reaction appears to be specific for a thymine (DNA)
or a uracil (RNA) base. Binding proceeds only if psoralen is
intercalated in a site containing thymine or uracil, but an
initial photoadduct must absorb a second UVA photon to
react with a second thymine or uracil on the opposing strand
of the double helix in order to crosslink each of the two
strands of the double helix, as shown below. This is a
sequential absorption of two single photons as shown, as
opposed to simultaneous absorption of two or more photons.

E OCH; g
DNA strand PSORALEN DNA strand
lUVA (first photon)

OCH;

Monoadduct

lUVA (second photon)
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-continued

OCH; E
Diadduct

Interstrand cross-link

In addition, the reference teaches that 8-MOP is unsuit-
able for use as an antiviral, because it damages both cells and
viruses. Lethal damage to a cell or virus occurs when the
psoralen is intercalated into a nucleic acid duplex in sites
containing two thymines (or uracils) on opposing strands but
only when it sequentially absorbs 2 UVA photons and
thymines (or uracils) are present. U.S. Pat. No. 4,748,120 of
Wiesehan is an example of the use of certain substituted
psoralens by a photochemical decontamination process for
the treatment of blood or blood products.

Additives, such as antioxidants are sometimes used with
psoralens, such as 8-MOP, AMT and [-IMT, to scavenge
singlet oxygen and other highly reactive oxygen species
formed during photoactivation of the psoralens. It is well
known that UV activation creates such reactive oxygen
species, which are capable of seriously damaging otherwise
healthy cells. Much of the viral deactivation may be the
result of these reactive oxygen species rather than any effect
of photoactivation of psoralens. Regardless, it is believed
that no auto vaccine effect has been observed.

Research in this field over-simplifies mechanisms
involved in the photoactivating mechanism and formation of
highly reactive oxygen species, such as singlet oxygen. Both
may lead to inactivating damage of tumor cells, viruses and
healthy cells. However, neither, alone or combined, lead to
an auto vaccine effect. This requires an activation of the
body’s own immune system to identify a malignant cell or
virus as threat and to create an immune response capable of
lasting cytotoxic effects directed to that threat. It is believed,
without being limiting in any way, that photoactivation and
the resulting apoptosis of malignant cells that occurs in
extracorporeal photophoresis causes the activation of an
immune response with cytotoxic effects on untreated malig-
nant cells. While the complexity of the immune response
and cytotoxic effects is fully appreciated by researchers, a
therapy that harnesses the system to successfully stimulate
an auto vaccine effect against a targeted, malignant cell has
been elusive, except for extracorporeal photopheresis for
treating lymphoma.

Midden (W. R. Midden, Psoralen DNA photobiology, Vol
11 (ed. F. P. Gaspalloco) CRC press, pp. 1. (1988) has
presented evidence that psoralens photoreact with unsatu-
rated lipids and photoreact with molecular oxygen to pro-
duce active oxygen species such as superoxide and singlet
oxygen that cause lethal damage to membranes.

U.S. Pat. No. 6,235,508 teaches that 8-MOP and AMT are
unacceptable photosensitizers, because each indiscrimi-
nately damages both cells and viruses. Studies of the effects
of cationic side chains on furocoumarins as photosensitizers
are reviewed in Psoralen DNA Photobiology, Vol. I, ed. F.
Gaspano, CRC Press, Inc., Boca Raton, Fla., Chapter 2. U.S.
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U.S. Pat. No. 6,235,508 gleans the following from this
review: most of the amino compounds had a much lower
ability to both bind and form crosslinks to DNA compared
to 8-MOP, suggesting that the primary amino functionality
is the preferred ionic species for both photobinding and
crosslinking.

U.S. Pat. No. 5,216,176 of Heindel discloses a large
number of psoralens and coumarins that have some effec-
tiveness as photoactivated inhibitors of epidermal growth
factor. Halogens and amines are included among the vast
functionalities that could be included in the psoralen/cou-
marin backbone. This reference is incorporated herein by
reference.

U.S. Pat. No. 5,984,887 discloses using extracorporeal
photopheresis with 8-MOP to treat blood infected with
CMV. The treated cells as well as killed and/or attenuated
virus, peptides, native subunits of the virus itself (which are
released upon cell break-up and/or shed into the blood)
and/or pathogenic noninfectious viruses are then used to
generate an immune response against the virus, which was
not present prior to the treatment.

A survey of known treatment methods reveals that these
methods tend to face a primary difficulty of differentiating
between normal cells and target cells when delivering treat-
ment, often due to the production of singlet oxygen which is
known to be non-selective in its attack of cells, as well as the
need to perform the processes ex vivo, or through highly
invasive procedures, such as surgical procedures in order to
reach tissues more than a few centimeters deep within the
subject.

U.S. Pat. No. 5,829,448 describes sequential and simul-
taneous two photon excitation of photo-agents using irra-
diation with low energy photons such as infrared or near
infrared light (NRI). A single photon and simultaneous two
photon excitation is compared for psoralen derivatives,
wherein cells are treated with the photo agent and are
irradiated with NRI or UV radiation. The patent suggests
that treating with a low energy irradiation is advantageous
because it is absorbed and scattered to a lesser extent than
UV radiation. However, the use of NRI or UV radiation is
known to penetrate tissue to only a depth of a few centime-
ters. Thus any treatment deep within the subject would
necessarily require the use of ex vivo methods or highly
invasive techniques to allow the irradiation source to reach
the tissue of interest. Also, this patent does not describe
initiation energy sources emitting energy other than UV,
visible, and near infrared energy; energy upgrading other
than within the range corresponding to UV and IR light, and
downgrading from high to low energy.

Chen et al., J. Nanosci. and Nanotech., 6:1159-1166
(2006); Kim et al., JACS, 129:2669-2675 (2007); U.S.
2002/0127224; and U.S. Pat. No. 4,979,935 each describe
methods for treatment using various types of energy acti-
vation of agents within a subject. However, each suffers
from the drawback that the treatment is dependent on the
production of singlet oxygen to produce the desired effect on
the tissue being treated, and is thus largely indiscriminate in
affecting both healthy cells and the diseased tissue desired to
be treated.

U.S. Pat. No. 6,908,591 discloses methods for sterilizing
tissue with irradiation to reduce the level of one or more
active biological contaminants or pathogens, such as viruses,
bacteria, yeasts, molds, fungi, spores, prions or similar
agents responsible, alone or in combination, for transmis-
sible spongiform encephalopathies and/or single or multi-
cellular parasites, such that the tissue may subsequently be
used in transplantation to replace diseased and/or otherwise
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defective tissue in an animal. The method may include the
use of a sensitizer such as psoralen, a psoralen-derivative or
other photosensitizer in order to improve the effectiveness of
the irradiation or to reduce the exposure necessary to ster-
ilize the tissue. However, the method is not suitable for
treating a patient and does not teach any mechanisms for
stimulating the photo sensitizers, indirectly.

U.S. Pat. No. 5,957,960 discloses a two-photon excitation
device for administering a photodynamic therapy to a treat-
ment site within a patient’s body using light having an
infrared or near infrared waveband. However, the reference
fails to disclose any mechanism of photoactivation using
energy modulation agent that converts the initiation energy
to an energy that activates the activatable pharmaceutical
agent and also use of other energy wavebands, e.g., X-rays,
gamma-rays, electron beam, microwaves or radio waves.

U.S. Pat. No. 6,235,508 discloses antiviral applications
for psoralens and other photoactivatable molecules. It
teaches a method for inactivating viral and bacterial con-
taminants from a biological solution. The method includes
mixing blood with a photosensitizer and a blocking agent
and irradiating the mixture to stimulate the photo sensitizer,
inactivating substantially all of the contaminants in the
blood, without destroying the red blood cells. The blocking
agent prevents or reduces deleterious side reactions of the
photosensitizer, which would occur if not in the presence of
the blocking agent. The mode of action of the blocking agent
is not predominantly in the quenching of any reactive
oxygen species, according to the reference.

Also, U.S. Pat. No. 6,235,508 suggests that halogenated
photosensitizers and blocking agents might be suitable for
replacing 8-methoxypsoralen (8-MOP) in photopheresis and
in treatment of certain proliferative cancers, especially solid
localized tumors accessible via a fiber optic light device or
superficial skin cancers. However, the reference fails to
address any specific molecules for use in treating lympho-
mas or any other cancer. Instead, the reference suggests a
process of photopheresis for antiviral treatments of raw
blood and plasma.

U.S. Pat. No. 6,235,508 teaches away from 8-MOP and
4'-aminomethyl-4,5',8-trimethylpsoralen (AMT) and many
other photoactivatable molecules, which are taught to have
certain disadvantages. Fluorescing photosensitizers are said
to be preferred, but the reference does not teach how to
select a system of fluorescent stimulation or photoactivation
using fluorescent photosensitizers. Instead, the fluorescing
photosensitizer is limited to the intercalator that is binding to
the DNA. The reference suggests that fluorescence indicates
that such an intercalator is less likely to stimulate oxygen
radicals.

U.S. published application 2002/0127224 discloses a
method for a photodynamic therapy comprising administer-
ing light-emitting nanoparticles and a photoactivatable
agent, which may be activated by the light re-emitted from
the nanoparticles via a two-photon activation event. An
initiation energy source is usually a light emitting diode,
laser, incandescent lamp, or halogen light, which emits light
having a wavelength ranging from 350 to 1100 nm. The
initiation energy is absorbed by the nanoparticles. The
nanopartuicles, in turn, re-emit light having a wavelength
from 500 to 1100 nm, preferably, UV-A light, wherein the
re-emitted energy activates the photoactivatable agent. Kim
et al., (JACS, 129:2669-75, Feb. 9, 2007) discloses indirect
excitation of a photosensitizing unit (energy acceptor)
through fluorescence resonance energy transfer (FRET)
from the two-photon absorbing dye unit (energy donor)
within an energy range corresponding to 300-850 nm. These

10

15

20

25

30

35

40

45

50

55

60

65

8

references do not describe initiation energy sources emitting
energy other than UV, visible, and near infrared energy;
energy upgrading other than within the range corresponding
to wavelength of 350-1100 nm, and downgrading from high
to low energy.

These references fail to disclose any mechanism of pho-
toactivation of photoactivatable molecules other than by
direct photoactivation by UV, visible, and near infrared
energy.

Therefore, there still exists a need for better and more
effective treatments that can more precisely target the dis-
eased cells without causing substantial side-effects or col-
lateral damages to healthy tissues, and which are capable of
treating disorders by non-invasive or minimally invasive
techniques.

Cell Penetrating Peptides (CPP) and Nuclear Targeting
Peptides (NTP) for Cellular Delivery of Nanoparticles

An important element involves effective intracellular
delivery of the nanoparticle-based drug systems into the
cells and inside the nucleus in order to bind to DNA. Viral
vectors have been proposed for DNA delivery but these
approaches are limited by non-specificity and inherent risks
of virus-induced complications. Liposomes and micelles
have been used for the delivery of water soluble drugs and
poorly soluble drugs, respectively. Coated with polyethylene
glycol, PEG (i.e. PEGylated), liposomes have been exten-
sively investigated because of their capability to remain
sufficiently long in the blood in order to accumulate in
various pathological areas(passive targeting) with the com-
promised leaky vasculature, such as tumors [D. D. Lasic, F.
J. Martin (Eds.), Stealth Liposomes, CRC Press, Boca
Raton, 1995.].

It was demonstrated in 1988 that the 86-mer trans-
activating transcriptional activator, Tat, protein encoded by
HIV-1, was efficiently internalized by cells in vitro when
introduced in the surrounding media [M Green, P. M.
Loewenstein, Autonomous functional domains of chemically
synthesized human immunodeficiency virus tat trans-activa-
tor protein, Cell 55 (1988) 1179-1188; A. D. Frankel, C. O.
Pabo, Cellular uptake of the tat protein from human immu-
nodeficiency virus, Cell 55 (1988) 1189-1193.]. It has been
shown that short peptides could provide an active transport
mechanism to facilitate nanoparticles to cross cell mem-
branes and enter cells and nucleus [R. D. Egleton, T. P.
Davis, Bioavailability and transport of peptides and peptide
drugs into the brain, Peptides 18 (1997) 1431-1439.]. In this
approach, which has become a useful and effective tech-
nique for overcoming the cellular barrier for intracellular
drug delivery, certain proteins or peptides can be tethered to
drug to form a construct that exhibits the capability to
translocate across the plasma membrane and deliver the
payload intracellularly. These proteins or peptides contain
domains of less than 20 amino acids,are often referred to as
Protein Transduction Domains (PTDs), or cell-penetrating
peptides (CPPs). Nuclear Targeting Peptides (NTPs) are
CPPs that allow intracellular transport of drug systems
inside the nucleus.

A wide variety of peptides, either derived from proteins or
synthesized chemically, have been developed and used for
cellular membrane translocation. These peptides include
Antennapedia (Antp) [A. Joliot, C. Pernelle, H. Deagostini-
Bazin, A. Prochiantz, Antennapedia homeobox peptide regu-
lates neural morphogenesis, Proc. Natl. Acad. Sci. USA 88
(1991) 1864-1868], VP22 [G. Elliott, P. O’Hare, Intercellu-
lar trafficking and protein delivery by a herpesvirus struc-
tural protein, Cell 88 (1997) 223-233], transportan [M.
Pooga, M. Hallbrink, M. Zorko, U. Langel, Cell penetration
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by transportan, FASEB J. 12 (1998) 67-77.], model amphip-
athic peptide MAP [J. Ochlke, et al., Cellular uptake of an
alpha-helical amphipathic model peptide with the potential
to deliver polar compounds into the cell interior non-
endocytically, Biochim. Biophys. Acta 1414 (1998) 127-
139.], signal sequence-based peptides [M. Rojas, J. P. Dona-
hue, 7. Tan, Y. Z. Lin, Genetic engineering of proteins with
cell membrane permeability, Nat. Biotechnol. 16 (1998)
370-375.1 and synthetic polyarginines [S. Futaki, et al.,
Arginine-rich peptides. An abundant source of membrane-
permeable peptides having potential as carriers for intrac-
ellular protein delivery, J. Biol. Chem. 276 (2001) 5836-
5840.]

TAT peptide (TATp), which is derived from the transcrip-
tional activator protein encoded by human immunodefi-
ciency virus type 1 (HIV-1) [K. T. Jeang, H. Xiao, E. A.
Rich, Multifaceted activities of the HIV-1transactivator of
transcription, 1at, J. Biol. Chem. 274 (1999) 28837-288401]
has been a widely used CPP system. The transduction ability
of Tat protein is due to the positive charge in the transduction
domain of TAT (TATp), which extends from residues 47-57:
Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg,  which
contains six arginines (Arg) and two lysine residues [S. R.
Schwarze, K. A. Hruska, S. F. Dowdy, Protein transduction:
unrestricted delivery into all cells? Trends Cell Biol. 10
(2000) 290-295.]

Josephson et al provided the first example of CPP-
mediated nanoparticulate delivery in 1999 [L. Josephson, C.
H. Tung, A. Moore, R. Weissleder, High-efficiency intrac-
ellular magnetic labeling with novel superparamagnetic-Tat
peptide conjugates, Bioconjug. Chem. 10 (1999) 186-191.
The fluorescence microscopy studies on the live cells
revealed that The conjugate was shown to accumulate first
in lysosomes, followed by intense localization within the
nuclei.

Other CPP systems have also been used for cellular
uptake and drug delivery. MAP has the fastest uptake,
followed by transportan, TATp (48-60), and penetratin.
Similarly, MAP has the highest cargo delivery efficiency,
followed by transportan, TATp (48-60), and penetratin. For
a review, see Ref [Vladimir P. Torchilin, Tat peptide-medi-
ated intracellular delivery of pharmaceutical nanocarriers,
Advanced Drug Delivery Reviews 60 (2008) 548-558, and
reference therein]

SUMMARY OF THE INVENTION

Accordingly, one object of the present invention is to
provide a functionalized nanoparticle that can convert X-ray
energy into UV energy, and thereby activate a psoralen
molecule bound directly or indirectly to the nanoparticle
core.

A further object of the present invention is to provide a
method for treatment of a cell proliferation disorder, such as
cancer, by administration of a functionalized nanoparticle of
the present invention to a subject in need thereof, and
applying X-ray energy to the functionalized nanoparticle in
situ in the subject.

Another object of the present invention is to provide a
pharmaceutical composition comprising the functionalized
nanoparticle of the present invention.

These and other objects of the present invention, either
individually or in combinations thereof, have been satisfied
by the discovery of a functionalized nanoparticle, compris-
ing:

a core, optionally having a shell on at least a portion

thereof, wherein the core comprises a material that can
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convert applied X-ray energy into emitted UV energy
and wherein the shell, when present, comprises a
plasmonics active material;

wherein the nanoparticle has on a surface thereof at least
one psoralen compound capable of activation by the
emitted UV energy.

BRIEF DESCRIPTION OF THE FIGURES

The above and other objects, features and advantages of
the present invention will become more apparent from the
following detailed description taken with the accompanying
drawings in which:

FIG. 1 shows the chemical structures of various psoralen
compounds.

FIGS. 2A and 2B show excitation and emission fluores-
cence spectra of psoralens.

FIG. 3 shows UV-visible absorption spectra of cubic
Y,0; and gold-coated Y,O; dispersed using 10 mM tri-
arginine.

FIGS. 4A and 4B show a representative TEM image of
as-purchased Y,O, nanoparticles and a representative TEM
image for Y,Oj; particles coated with a gold shell using the
synthetic procedure described herein, respectively.

FIG. 5 shows diffractograms for both the initial cubic
Y,O; nanoparticles (lower trace) and the final gold-coated
core-shell particles (upper trace).

FIGS. 6A and 6B show UV-Vis absorbance spectra for
gold-coated Y,O; particles before and after functionaliza-
tion with various dyes.

FIGS. 7A and 7B show fluorescence spectra of the free
NHS-functionalized dyes (A) and the same dyes attached to
TAT tethered to gold-coated Y,O; nanoparticles (B).

FIG. 8 shows a MALDI-MS spectrum of TAT function-
alized as described above, showing strong peaks at
m/z=2254/2276, corresponding to peptide functionalized
with three psoralen molecules.

FIG. 9 shows two examples of structures fitting within a
broader class of psoralen-linked nanoparticle materials.

FIG. 10 illustrates procedures that can be used for quan-
titative determination of psoralen bound to gold-coated
Y,O; nanoparticles

FIGS. 11A-111 show representative images for cell cul-
tures using gold-coated Y,O; nanoparticles functionalized
with psoralen attached to the particle surface via TAT with
various conditions.

FIGS. 12A-121 show representative images of tests on
PC-3 cells under various conditions.

FIG. 13 shows quantitative results from cell number/
density measurements of images similar to those in FIGS.
12A-121.

FIG. 14 shows absorption spectra to show how the X-ray
excited nanoparticle luminescence spectrum (right hand
trace) at least partially overlaps the psoralen absorption
spectrum (left hand trace).

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

One embodiment of the present invention relates to a
functionalized nanoparticle, comprising:

a core, optionally having a shell on at least a portion
thereof, wherein the core comprises an energy modulation
agent that can convert applied X-ray energy into an emitted
UV energy, and wherein the shell, when present, comprises
either (1) a plasmonics-active material, (ii) a material
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designed to protect the core, (iii) a biocompatible material

designed to make the core biocompatible, or a combination

thereof;
wherein the nanoparticle has on a surface thereof at least
one psoralen or psoralen derivative capable of activation by
the emitted UV energy.
A further embodiment of the present invention relates to
a method for using the functionalized nanoparticle of the
present invention in a method for treating a cell proliferation
disorder, particularly the treatment of cancer, wherein the
method comprises administering to a subject in need thereof
the functionalized nanoparticle of the present invention, and
applying X-ray energy, which is converted by the nanopar-
ticle core to a UV energy that is emitted from the core,
wherein the emitted UV energy activates the psoralen or
psoralen derivative, which upon activation causes a desired
cellular change, thus treating the cell proliferation disorder.
In a preferred embodiment, the core has on its surface a
plasmonics active material, preferably a shell of gold or
silver or other materials, which enhances or intensifies either
or both of the applied X-ray energy or emitted UV energy.
Various methods and materials for the treatment of cell
proliferation disorders and for photobiomodulation are dis-
closed in U.S. patent application Ser. No. 11/935,655, filed
Nov. 5, 2007; U.S. patent application Ser. No. 12/059,484,
filed Mar. 31, 2008; U.S. patent application Ser. No. 12/389,
946, filed Feb. 20, 2009; U.S. patent application Ser. No.
12/417,779, filed Apr. 3, 2009; U.S. provisional patent
application 61/171,152, filed Apr. 21, 2009; U.S. provisional
patent application 61/161,328, filed Mar. 18, 2009; U.S.
provisional patent application 61/171,158, filed Apr. 21,
2009; and U.S. provisional patent application 61/042,561,
filed Apr. 4, 2008, all of which have been incorporated by
reference above. The present invention represents an
improvement and refinement of the methods and materials
of these previous applications, particularly for the area of
treatment of cell proliferation disorders, preferably cancer
treatment.
1) The energy modulation agent materials for the core of the
present invention functionalized nanoparticle can include
any materials that can absorb X ray and emit UV energy
in order to activate the psoralen or psoralen derivative.
The energy modulation agent materials include, but are
not limited to metals (gold, silver, copper, gallium, plati-
num, palladium, nickel, aluminum, etc.) and metal alloys
comprising a combination of the above materials
metal alloys
metal oxides (e.g., TiO,)
quantum dots;
semiconductor materials;
scintillation and phosphor materials;
materials that exhibit X-ray excited luminescence
(XEOL);

organic solids, metal complexes, inorganic solids, crys-
tals, rare earth materials (lanthanides), polymers, scin-
tillators, phosphor materials, etc.; and

materials that exhibit excitonic properties.

Quantum dots, semiconductor nanostructures. Various
materials related to quantum dots, semiconductor materials,
etc. can be used as energy modulation agent systems. For
example CdS-related nanostructures have been shown to
exhibit X-ray excited luminescence in the UV-visible region
[Hua et al, Rev. Sci. Instrum., 73, 1379, 2002].

Scintillator Materials as energy modulation agent sys-
tems. Various scintillator materials can be used as energy
modulation agents since they absorb X-ray and emit lumi-
nescence emission, which can be used to excite the psoralen
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or psoralen derivative. For example, single crystals of
molybdates can be excited by X-ray and emit luminescence
around 400 nm [Mirkhin et al, Nuclear Instrum. Meth. In
Physics Res. A, 486, 295 (2002].

Solid Materials as energy modulation agent systems:
Various solid materials can be used as energy modulation
agents due to their X-ray excited luminescence properties.
For example CdS (or CsCl) exhibit luminescence when
excited by soft X-ray [Jaegle et al, J. Appl. Phys., 81, 2406,
1997].

XEOL materials: lanthanides or rare earth materials, such
as Y,O; [L. Soderholm, G. K Liu, Mark R. Antonioc, F. W
Lytle, X-ray excited optical luminescence . XEOL. detection
of x-ray absorption fine structure . XAFZ, J. Chem. Phys, 109,
6745, 1998], Masashi Ishiia, Yoshihito Tanaka and Tetsuya
Ishikawa, Shuji Komuro and Takitaro Morikawa, Yoshinobu
Aoyagi, Site-selective x-ray absorption fine structure analy-
sis of an optically active center in Er-doped semiconductor
thin film using x-ray-excited optical luminescence, Appl.
Phys. Lett, 78, 183, 2001]

U.S. Pat. No. 7,008,559 (the entire contents of which are
incorporated herein by reference) describes the upconver-
sion performance of ZnS where excitation at 767 nm pro-
duces emission in the visible range. The materials described
in U.S. Pat. No. 7,008,559 (including the ZnS as well as Er**
doped BaTiO; nanoparticles and Yb** doped CsMnCl,) are
suitable in various embodiments of the invention.

Core-shell particle characterization: A number of material
characterization techniques have the potential to provide
useful information regarding the size and structure of the
core-shell particles produced in this work. UV-visible
absorption spectroscopy, for example, can quickly and easily
provide information regarding whether plasmonic gold
structures in solution are solid gold nanoparticles or shells
deposited around a dielectric core.®5%3, X-ray diffraction
spectroscopy (XRD) provides similar information, with the
added benefit that core and shell identity and structure (cubic
vs. hexagonal or amorphous structures, for example) can
often be definitively determined.’*°'*? Transmission elec-
tron microscopy (TEM) provides further analytical informa-
tion by allowing direct visualization with nanometer-scale
resolution.

FIG. 3 shows UV-visible absorption spectra of cubic
Y,0; and gold-coated Y,O; dispersed using 10 mM tri-
arginine. The absorption spectrum of Y,O; alone (lower
trace) is fairly featureless, showing absorption due to the
tri-arginine near 200 nm and a gentle slope associated with
scattering and absorption by the Y,O; nanoparticles extend-
ing into the visible portion of the spectrum. The gold-coated
Y,O; (upper trace), on the other hand, exhibit a strong
absorption band at 546 nm which is characterisitic of the
plasmonics resonance band due to the gold shell around the
Y,O; cores. Prior experience and the scientific literature
indicate that this plasmon band would be centered at or
below 530 nm if it were due to solid gold nanoparticles in
solution.'?3-3° Red-shifting of the plasmon absorption to
546 nm is consistent with the presence of a gold shell around
a dielectric core. Since there are no other potential core
materials in our initial reaction solutions, this core material
can be assigned to Y,O;. Previously published models for
plasmonic absorption by gold shells around SiO, nanopar-
ticles®-** suggest that the shell thickness for these gold-
coated Y,O; nanoparticles is similar to the radius of the
dielectric core. Any further calculation of the core-shell
radial ratio based purely on UV-visible absorption spectra is
hindered by the irregular shape and polydispersity of the
Y,0; cores.
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Transmission electron microscopy (TEM) provides addi-
tional evidence for the presence of gold-coated Y,O; par-
ticles. FIG. 4A, for example, shows a representative TEM
image of as-purchased Y,O; nanoparticles. The particles are
quite polydisperse, but exhibit an average diameter of
approximately 35 nm. FIG. 4B shows similar images for
Y, 0, particles coated with a gold shell using our synthetic
procedure. Like the underlying Y ,O; cores, the gold-coated
yttrium oxide particles are somewhat polydisperse with an
average diameter of approximately 50 nm.

Perhaps the most conclusive demonstration that these
nanoparticles are in fact gold-coated Y,O; comes from
comparison of XRD data. FIG. 5 shows diffractograms for
both the initial cubic Y,O, nanoparticles (lower trace) and
the final gold-coated core-shell particles (upper trace).
Strong peaks at 20=29, 33.7, 48.5 and 57.5 degrees in the
lower trace are indicative of cubic Y,0;. The most pro-
nounced features in the upper trace are two gold-associated
peaks at 20=38.2 and 44.4 degrees. In addition, the four
strongest cubic Y,O; peaks at 26=29, 33.7, 48.5 and 57.5
degrees are also visibly superimposed on the baseline dif-
fractogram from the gold nanoshells. The reason for the
broadening of the Y,O, peak at 20=29 degrees is not
definite, but may be a result of gold-Y,O; interactions or,
alternatively, the preferential size-selection of small Y,O;,
particles during the 8200 RCF centrifugation used to remove
large Y,O; particles and aggregates.

Characterization of Peptide Binding: The nature of metal-
thiol binding in general and gold-thiol binding in particular
has been extensively discussed in the literature. Briefly, it
has been well established that both thiol and dithiol func-
tional groups rapidly form strong bonds with metallic gold
and silver surfaces. These bonds are quite robust, with bond
energies around 40 kcal/mol.'**'*! As a result, gold-thiol
and silver-thiol linkages are one of the preferred methods for
anchoring both chemical and biochemical sensing function-
ality to noble metal nanoparticles. Our laboratory has pre-
viously used this binding chemistry when designing pH-,
DNA-, and mRNA-sensitive SERS-active nanoparticles and
nanoprobes, as well as for tracking cellular uptake, fate and
transport of noble metal nanoparticles.'**-'*”

While it is difficult to directly measure the number of
peptide molecules anchored to the gold-coated Y,O; nano-
particles prior to functionalization with some fluorescent or
absorptive label, simple mathematical modeling can be used
to predict the maximum number of nuclear targeting peptide
molecules which can theoretically anchor to the gold shell.
Highly-charged peptides such as the nuclear targeting pep-
tide we have used in this work are known to primarily exist
in extended conformations. As a result, such molecules can
generally be modeled as jointed chains with some effective
length and Gaussian-like movement. As shown in Equation
1, this effective length (R) can be estimated as the product
of the size of the individual “links” in the chain (L) and the
square root of the number of “links” in the chain (N).

R=L™N (Eqn. 1)

For the TAT sequence used in this work, [L=0.5 nm and
N=10, giving an estimated effective length R equal to 1.6
nm. If we make the further assumption that the peptide
occupies an area defined by a 45 degree cone on the surface
of the gold-coated Y,O, nanoparticle, the surface area (A)
occupied by a single peptide molecule can be estimated
using Equation 2.

A=(@*R?)12 (Eqn. 2)
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For R=1.6 nm we would estimate that each peptide
molecule occupies approximately 4 nm? on the nanoparticle
surface. Since a sphere with a diameter of 50 nm has a
surface area of 7850 nm?, the maximum number of peptide
molecules which can theoretically bind to a single gold-
coated Y,0O; nanoparticle without inhibiting peptide motion
after binding is on the order of 2000 per particle. This
theoretical surface density falls within the same order of
magnitude as that measured by a variety of groups for short
DNA bound to gold nanoparticles or planar gold sub-
strates.! #8131

With approximately 10'* nanoparticles per mL as esti-
mated using the average diameter of the Y,O; core particles
(~35nm), the density of Y, 05 (5.1 g/lcm?) and the total mass
of Y,O; initially dispersed in solution (10 mg/mL), the
above peptide-per-particle estimate indicates that a maxi-
mum of 2x10"7 TAT molecules must be present in each mL
of'solution during functionalization for full surface coverage
of the gold-coated Y,O; nanoparticles. Note that this esti-
mate does not take into account the large fraction of fused
particles and aggregates removed by the 8200 RCF centrifu-
gation step, which could reduce the number of TAT mol-
ecules needed for full surface coverage. At a concentration
of 1 mg/ml, the amount of TAT available during the
nanoparticle functionalization step is 0.7 mM, meaning that
there are approximately 4x10'” TAT molecules present in
each ml. of solution during reaction. This is twice the
concentration theoretically required for complete surface
coverage.

Characterization of Dye Binding: Coupling of NHS-
functionalized molecules to primary amines, like the metal-
thiol binding chemistry discussed above, is quite robust and
has found broad application in a number of fields. In
particular, NHS-functionalized fluorescent dyes such as
those used in this study are preferred methods for fluorescent
labeling of biomolecules such as peptides and proteins. In
part, this is because the amide bonds formed when using
NHS-based coupling to primary amines are as robust as the
amide bonds along the peptide/protein backbone, and would
be expected to remain intact for any conditions under which
the peptide/protein backbone remains intact. This character-
istic in particular makes NHS-based coupling to biomol-
ecules especially attractive.

It is difficult to directly monitor binding of the TAT
peptide to the surface of the gold shell using only UV-vis
absorption because the absorption spectra of tri-arginine and
TAT are both dominated by absorption by the peptide
backbone. UV-vis absorption (FIG. 4) or fluorescence mea-
surements (FIG. 5) after functionalization of TAT with
various absorptive and fluorescent dye molecules followed
by multiple washing steps to remove dissolved and phy-
sisorbed dye or dye-peptide conjugates, however, can pro-
vide fairly simple confirmation of peptide binding to the
gold-coated Y,O; nanoparticles.

FIGS. 6A and 6B show UV-Vis absorbance spectra for
gold-coated Y,O; particles before and after functionaliza-
tion with various dyes. Absorption by psoralen and Alexa
546 attached to the particle-bound TAT peptide is clearly
visible when comparing their absorption spectra (traces (i)
and (ii)) to that of the dye-free gold-coated Y,O, nanopar-
ticles (trace (v)). Absorption by Marina Blue and Alexa 350
is not obvious in the raw spectra shown in FIG. 4A (traces
(iii) and (iv)), but the presence of these dyes can be clearly
seen in the difference spectra shown in FIG. 4B following
subtraction of the baseline due to the gold-coated Y,O;
core-shell particles (traces (iii-diff) and (iv-diff)).
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FIGS. 7A and 7B show fluorescence spectra of the free
NHS-functionalized dyes (A) and the same dyes attached to
TAT tethered to gold-coated Y,O; nanoparticles (B). For
unbound dye molecules in the absence of nanoparticles, the
fluorescence maxima for Alexa 350 (d), Marina Blue (c),
psoralen (a) and Alexa 546 (b) are visible at 455, 458, 503
and 570 nm, respectively. The apparent emission maxima of
the dyes shift somewhat following dye attachment to the
particle-tethered nuclear targeting peptide, yielding maxima
at 454, 439, 462 and 572 nm, respectively. These shifts in the
wavelength of maximum fluorescence are most likely due to
absorption of emitted photons by gold-coated Y,O; nano-
particles between the emitting fluorophores and the detector.

A more definitive means of examining the extent to which
the nuclear targeting peptide is functionalized with the
various dyes is MALDI-MS. As the binding chemistries for
all the NHS esters used in this work are similar, we have
used SPB as a model compound when determining binding
efficiency. One mg/ml. TAT (0.7 mM) was added to 1
mg/mL SPB (2.6 mM) in 10% v/v DMSO, and allowed to
react with vigorous stirring in the dark at room temperature.
The reaction was quenched with 50 mM L-lysine after one
hour to minimize further dye attachment to the targeting
peptide after that point in time, and the dye-functionalized
peptide was analyzed by MALDI-MS.

FIG. 8 shows a MALDI-MS spectrum of TAT function-
alized as described above, showing strong peaks at
m/7=2254/2276, corresponding to peptide functionalized
with three psoralen molecules. The peak at 2276 is due to
peptide molecules which are positively charged due to Na+
rather than H+. The weaker peaks at m/z=2524/2546 are due
to peptide molecules which have bound four psoralen mol-
ecules. The lack of peaks at m/z=1441/1463 indicates that
there are few or no unfunctionalized TAT molecules, high-
lighting the efficiency of the dye functionalization reaction
even under the unoptimized conditions described above.

The functionalized nanoparticles of the present invention
most preferably comprise a rare-earth oxide (Y,0;) core and
a noble metal (Au, Ag, etc.) shell, which can be prepared
using a simple photochemical method. We have further
anchored a cysteine-terminated cell penetrating/nuclear tar-
geting peptide to these nanoparticles, and demonstrated the
ability to functionalize the peptide with a variety of fluo-
rescent dyes. The dye molecules retain their ability to
fluoresce after attachment to the nuclear targeting peptide
anchored to the gold shells, indicating that these hybrid
nanoparticles should remain visible within cells when taken
up via either endocytosis, phagocytosis, or a combination of
these and other cellular uptake processes which may be
modulated by the influence of nuclear transport or cell
penetrating peptides to aid movement through or across
the cell membrane. The details of the cellular uptake mecha-
nism(s) involved in nanoparticle uptake are yet to be eluci-
dated in the scientific literature.

The core of the present invention functionalized nanopar-
ticle preferably has an average diameter of 50 nm or less,
more preferably 30 nm or less, most preferably from 5-15
nm. The combination of core and full shell of the present
invention preferably has a total average diameter of 50 nm
or less, more preferably 30 nm or less, most preferably from
10-15 nm. The average diameter of the nanoparticle can play
an important role in getting the functionalized nanoparticle
of the present invention into a target cell, particularly into a
cancer tumor cell.

Gold Nanoshells for Coating Core The toxicity of energy
modulation agent materials is often not known. It is, there-
fore, desirable to coat the energy modulation agent materials
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with an inert coating. Gold-coated (or other materials such
as silica) nanoparticles (NPs) are good starting candidates
for nanoparticles (N)-based drug development. The metal
NPs are easy to prepare and the chemistries to bind biomol-
ecules to these materials are well established. Furthermore
gold in particular is an inert material that can be conve-
niently used in animals and humans. Gold nanoparticles are
quite inert and have even been suggested for use as a
contrast agent in CT imaging. Gold nanoparticles are attrac-
tive because gold has been approved and used for treatment
of human disease (e.g. theumatoid arthritis) [Mottram P L.
Past, present and future drug treatment for rheumatoid
arthritis and systemic lupus erythematosus. Immunol Cell
Biol.,81:350-353 (20030}

Nuclear Membrane Transport Peptides To develop an
effective psoralen-based drug system, it is important that the
psoralen molecule enter the cell and preferably the nucleus
in order to bind to DNA. We have investigated the use of
nuclear membrane transport peptides (NTP) for this pur-
pose, particularly the TAT (48-57) protein. Previous research
has shown the usefulness of this NTP approach [Alexander
G. Tkachenko, Huan Xie, Donna Coleman, Wilhelm
Glomm, Joseph Ryan, Miles F. Anderson, Stefan Franzen,
and Daniel L. Feldheim, Multifunctional Gold Nanopar-
ticle-Peptide Complexes for Nuclear Targeting, J. Am.
Chem. Soc., 2003, 125 (16), pp 4700-4701]

A preferred embodiment of the present invention shows
that TAT-functionalized UVA-scintillating nanoparticles fur-
ther functionalized with psoralen show some X-ray activated
efficacy against human cancer cell lines. The literature lists
a number of potentially useful peptides, each of which could
be used in the present invention [Ref: Handbook of Cell-
Penetrating Peptides, Ulo Langel (ed.), 24 edition, Taylor
and Francis, New York, N.Y., 2007]

The most well-characterized of the cell penetrating/
nuclear transport peptides are the transactivator of HIV
transcription (Tat) peptide, Antennapedia (Antp), Herpes
simplex virus (HSV-1) type 1 protein (VP22), transportan,
penetratin, model amphipathic peptide (MAP), engineered
polyarginines, and selectively substituted polyarginines
Other peptide sequences have shown potential, as well. TAT
(48-57) is the most heavily investigated, but all of these
sequences have demonstrated the ability to travel into the
cytosol and many have shown potential as nuclear targeting
domains. The activity and behavior of any particular cell-
penetrating/nuclear transport peptide appears to vary some-
what as a function of cell line and cargo.

Development of psoralen-linked nanoparticles FIG. 9
shows two examples of structures fitting within this broader
class of potential materials. The first has no shell because the
X-ray luminescent nanoparticles are either minimally toxic
or inherently non-toxic. The second has an inert shell (e.g.,
gold) to improve biological compatibility and/or reduce
toxicity in the case of intrinsically-toxic scintillating nano-
materials. In this particular work, we have used commer-
cially available Y,O; nanoparticles modified with psoralen-
functionalized Arg-Arg-Arg-OH (tri-arginine), and Y,O;
coated with a nanometers-thick gold shell modified with a
psoralen-functionalized, thiolated version of the HIV TAT
peptide (residues 48-57, sequence Arg-Lys-Lys-Arg-Arg-
Arg-Gln-Arg-Arg-Cys-CONH,, molecular weight 1442
g/mol, hereafter referred to as “TAT™). Both Y,0," and this
particular segment of TAT® have been shown to be non-
toxic, thereby making this specific nanomaterial-peptide-
psoralen formulation a preferred first-generation drug.
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FIG. 10 illustrates procedures that can be used for quan-
titative determination of psoralen bound to gold-coated
Y,O; nanoparticles

Fabrication of Y,O; nanoparticles functionalized with
psoralen is a relatively straightforward process. As discussed
in the literature, the surface-associated CO, typically present
on cubic-phase Y,O; after annealing can be displaced by
both carboxylic and phosphonic acids.” The proper choice of
surface modifier depends on the next step in the particle
functionalization process. If strong, semi-permanent bonds
with the Y,O; surface are required, then phosphonic acids
appear to be nearly ideal. If the particle surface is to be
further coated with SiO,, Au, Ag, etc., however, we have
found that carboxylic acids (such as short peptides, for
example) are preferable to phosphonic acids due to the
weaker nature of the carboxylic acid-Y,O; interaction and
the ease with which carboxylic acids can be displaced from
the Y,O; surface. As an added benefit, a carefully-chosen
carboxylic acid can actively assist in formation of gold,
silver, silica, etc. shells on the Y,O; core particles.

As an example, we have developed a photochemical
procedure in which tri-arginine acts as both a nanoparticle
dispersant and a reactant when coating gold shells on Y,Oj.
Briefly, 10 mM tri-arginine (Bachem, Torrance, Calif.) dis-
solved in sterile water for injection (SWFI, EMD Chemicals,
Gibbstown, N.J.) and filtered at 0.22 microns is added to dry,
autoclaved Y,O; nanoparticles (Nanostructured and Amor-
phous Materials, Los Alamos, N. Mex. and Meliorum Tech-
nologies, Rochester, N.Y.) to yield a final particle concen-
tration of 10 mg/ml.. The mixture is ultrasonicated for 30
minutes, and the resulting solution is moderately stirred in a
sealed, autoclaved glass bottle for 24 hours. Large agglom-
erates and fused aggregates from the annealing process are
removed by centrifugation at 8200 RCF for three minutes,
and the centrifugate is combined with a 1:1 volume of 5.7
mM gold tri-bromide (AuBr;, 99.99% purity, Alfa Aesar,
Ward Hill, Mass.) dissolved in SWFI and sterile filtered at
0.22 microns. Within seconds of mixing, the dark red-brown
color from the AuBr; disappears and the solution turns to a
pale yellow. This solution is then exposed to high-intensity
fluorescent light for a minimum of 16 hours at room tem-
perature, during which the pale yellow color is replaced by
a deep purple. This nanoshell-containing solution is charac-
terized by strong absorption at ~546 nm, which is indicative
of the presence of gold nanoshells around Y,O; cores.
Combination of tri-arginine and AuBr; in the absence of
Y,0; also produces a pale yellow initial solution, but the
final solution remains clear and colorless after exposure to
fluorescent light at room temperature.

Following attachment of gold nanoshells to the Y,O,
cores, further functionalization with the thiol-modified
nuclear transport peptide simply requires particle purifica-
tion via triplicate centrifugation at ~16 k RCF with redis-
persion in SWFI, followed by final redispersion in a 1
mg/mL solution of sterile-filtered TAT (SynBioSci, Liver-
more, Calif.) dissolved in SWFI. This solution is reacted at
room temperature for two hours with moderate mixing, after
which the TAT-functionalized, gold-coated Y,O; nanopar-
ticles are purified by triplicate centrifugation with final
redispersion in sterile filtered 5 wt % dextrose (Mallinckrodt
Baker, Phillipsburg, N.J.) prepared using SWFI. These pso-
ralen-free, TAT-functionalized particles are used as a control
to ensure that enhanced ROS generation due to X-ray
interaction with the gold nanoshells does not result in visibly
increased cell death. Such increases in ROS-induced cell
death can partially or completely mask cell death due to
psoralen activation by the UVA-emitting Y,O; nanoparticles
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and, if present, would lead to significant artifacts during
qualitative examination of drug activation.

Psoralen (or a psoralen derivative) can be added to the
TAT-functionalized gold-coated Y,O; nanoparticles by
reacting succinimidyl-[4-(psoralen-8-yloxy)|butyrate (SPB,
Pierce, Rockford, I11.) with the thiol-tethered targeting pep-
tide. SPB is a N-hydroxysuccinimide ester of psoralen
which efficiently attaches psoralen to primary amines such
as the lysine side-chains and N-terminus of TAT. We use
typical NHS ester functionalization conditions when conju-
gating psoralen to the nanoparticle-TAT complex, with 100
microliters of 10 mg/ml. SPB in endotoxin-free DMSO
(Sigma-Aldrich, St. Louis, Mo.) added to each ml. of
nanoparticles and allowed to react in the dark at room
temperature with moderate mixing for one hour. The drug-
functionalized nanoparticles are centrifuged once at 16 k
RCF, and washed with 25% v/v DMSO to remove any
unbound SPB. The particles are then centrifugally cleaned
three times with SWFI to remove the DMSO, and finally
redispersed in sterile filtered 5 wt % dextrose for addition to
cell cultures.

Fabrication of Y,O; particles with psoralen attached via
reaction of SPB with either amine-terminated phosphonic
acids or tri-arginine uses a procedure similar to that
described above. The primary differences are that the par-
ticles lack a gold shell, and they do not have a transport
peptide attached to their surface.

Demonstration of cellular activity of psoralen-linked
nanoparticles on cancer cells using X-ray activation During
in vitro testing, a small volume of the purified nanoparticle
solution is added to PC-3 cells plated in six-well culture
plates 24 hours prior to treatment. The cells are allowed
several hours for nanoparticle uptake and transport to the
nucleus, at which time the cultures are exposed to UVA light
(Stratagene, Garden Grove, Calif.) or X-ray radiation (Pan-
tax). The culture media is changed immediately after UV or
X-ray exposure, and the cultures are incubated under stan-
dard conditions.

Comparison of cell density in treated+irradiated cell cul-
tures and control cultures several days after treatment pro-
vides a qualitative measure of the extent to which drug
activation is reducing cell growth rates or, in the ideal case,
inducing cell death. Similar techniques (such as cell density
measurement following MTT or WST staining) are routinely
used as a “first pass” when examining toxicity or chemo-
therapeutic efficacy. FIG. 5§ shows representative images
demonstrating the difference in cell density for drug-func-
tionalized Y,O; nanoparticles exposed to X-ray radiation
versus positive and negative control cultures, and FIG. 11
shows representative images for the case of gold-coated
Y,O; nanoparticles functionalized with psoralen attached to
the particle surface via TAT. While qualitative in nature,
these in vitro results provide an indication of the potential
for activation of particle-tethered psoralen by UV light
and/or X-ray radiation.

As shown in FIGS. 11A through 11C, the mere presence
of'Y,O; or psoralen-functionalized Y ,0; does not appear to
affect cell density in the absence of UV light or X-ray
radiation. This finding is consistent with the use of Y,O; in
digestive studies® and with past reports indicating that the
material is intrinsically non-toxic.” Some decrease in cell
density is evident when cells are treated with Y,O; nano-
particles and exposed to either UV light or X-ray radiation
(FIGS. 11E and 11H). The fundamental biological source of
these reductions in cell density cannot be determined based
on the current results because simple number density mea-
surements, like clonogenic experiments, are unable to pro-
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vide a biomolecular context for reduced rates of cell growth
or increased rates of cell death. More recent experiments
using lower concentrations of Y,O; nanoparticles have
shown no appreciable increases in cell death due to UV or
X-ray exposure in the absence of psoralen. As a result, it
may be that the reduced cell densities in the UV and X-ray
control cultures are a result of direct UV and X-ray inter-
action (heating, ROS generation, etc.) with the large amount
of Y,O, nanoparticles used in our initial experiments (100
pg/mL).

When PC-3 cell cultures containing psoralen-functional-
ized Y,O; nanoparticles are exposed to UV light or X-ray
radiation, an additional reduction in cell density becomes
apparent (FIGS. 11F and 111). As noted above, the source of
these reductions in cell density cannot be definitively deter-
mined by the current round of experiments, but it would
seem reasonable to conclude that the lack of direct toxicity
associated with the psoralen-functionalized Y,O; nanopar-
ticles themselves would remain self-consistent, as would
any activity associated with direct interactions of Y,O5 and
UV light or X-ray radiation. As a result, the observed
reductions in cell density may be related to the combined
effects of UV or X-ray exposure and activation of psoralen
tethered to Y,0;.

The distinction between UV-particle or X-ray particle
interactions and psoralen activation is much more clear-cut
for the case of gold-coated Y,O; nanoparticles functional-
ized with psoralen via the TAT peptide. FIGS. 12A through
12C show representative images of PC-3 cells not exposed
to nanoparticles or psoralen (A), PC-3 cells treated with
gold-coated Y,O; nanoparticles lacking tethered psoralen
(B), and PC-3 cells treated with psoralen-functionalized
gold-coated Y,O; (C). No appreciable reduction in cell
density is visible when comparing these control cultures,
indicating a lack of substantial intrinsic toxicity in the
absence of UV light or X-ray radiation. Cell density remains
self-consistent for cell cultures illuminated with UV light in
the presence and absence of psoralen-free gold-coated Y,O,
nanoparticles (FIGS. 12D and 12E). Cell density falls pre-
cipitously in PC-3 cultures treated with psoralen-function-
alized gold-coated Y,O; exposed to UV light, a finding
which is consistent with psoralen activation in the normal
manner. Cell exposure to 2 Gy X-ray radiation appears to
cause minor reductions in cell density in both the presence
(FIG. 12G) and absence (FIG. 12H) of gold-coated Y,O;
nanoparticles when compared to control cultures (FIGS.
12A and 12B). Cell cultures treated with psoralen-function-
alized gold-coated Y,O; nanoparticles show an additional
decrease in cell density upon exposure to 2 Gy X-ray
radiation when compared to X-ray and particle+X-ray con-
trols. Given that the psoralen-functionalized nanoparticles
themselves display minimal toxicity in the absence of UV or
X-ray activation, given that the Y,O; cores emit UVA light,
and given that UVA light is known to be the traditional
means of psoralen activation, it appears possible that UVA
photons emitted by the gold-coated Y ,O; nanoparticles may
be activating psoralen.

FIG. 13 shows quantitative results from cell number/
density measurements of images similar to those in FIG. 12,
produced by counting the number of cells in the field of view
for 10 separate images at each experimental condition. Error
bars correspond to one standard deviation.

As with more traditional light-activated therapies based
on energy transfer, it is essential that the X-ray excited
nanoparticle luminescence spectrum (right hand trace) at
least partially overlaps the psoralen absorption spectrum
(left hand trace) as shown in FIG. 14. This fundamental
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requirement, of course, indicates that many scintillators will
be inappropriate for psoralen activation (in large part
because most of them have been developed for optimal
detection by silicon-based detectors,” whose greatest sensi-
tivity is in the green and red portions of the visible spec-
trum). The range of suitable materials for in vitro and in vivo
use is further limited by the requirement that the scintillating
nanoparticles not be water-soluble, as scintillators lose their
X-ray optical luminescence upon dissolution. Lack of tox-
icity is also desirable, but is not necessarily critical if the
scintillating nanoparticles are only slightly toxic or can be
covered with some optically transparent coating which is
impermeable to toxins.

TABLE 1

Several UVA-emitting scintillating nanoparticles.

photons per

Material Mmax) (nm) MeV at 662 keV Weaknesses Ref
CeBr3 371 68000 WS AA
CeCl3 350 46000 WS AB
GdAIO3: Ce 335-360 9000 NCN AC
K2CeCl5: Ce 370 30000 WS AD
K2LaBr5: Ce 355-390 40000 WS AE
K2LaCl5: Ce 340-375 39650 WS AF
K2Lal5: Ce 340-380 29000 WS AG
KYP207: Ce 380 10000 NCN AH
LaBr3: Ce 355-390 67500 WS Al

LaCl3: Ce 330-355 49000 WS AT

LuAlO3: Ce 365 16350 NCN AK
LuPO4: Ce 360 17200 NCN AL
PbSO4 340-380 10000 X AM
PrBr3: Ce 365-395 21000 NCN, WS AN
Y203 370 15480 — AO
YAIO3: Ce 345-365 18360 NCN AP

Light yield (photons per MeV of absorbed X-ray radiation) at 662 keV describes how
efficiently each material converts X-ray photons into UVA photons. WS = water soluble,
NCN = No commercially-available nanoparticles. TX = toxic.

Table 1 lists a small subset of the UVA-emitting scintillators
which have potential as psoralen activators.” Several of
these materials such as cubic Y,O;, LaBr;:Ce, etc. are either
commercially available as nanoparticles or can be easily
synthesized in the laboratory using published methods.®
Others, such as the cerium-doped perovskites YAIO;:Ce and
LuAlO;:Ce, are less immediately available as nanoparticles
but may be superior psoralen excitation sources depending
on the quantum efficiency with which they down-convert
X-ray photons to UVA photons. Many of the most efficient
scintillators are unfortunately highly hygroscopic or water
soluble, but this weakness may potentially be overcome by
encasing them in a water-tight shell.

These cell density results provide evidence that psoralen
tethered to scintillating nanoparticles is useful for treating
tumor cells and ultimately assisting in the fight against
cancer. In particular, with the use of X-ray radiation, such a
particle-psoralen configuration has unique potential as a
non-invasive anti-cancer treatment modality for deep-tissue
tumors in hypoxic environments, due to their ability to
inhibit cell growth and/or induce apoptosis.

The functionalized nanoparticles of the present invention
can be incorporated into pharmaceutical compositions suit-
able for administration. Such compositions typically com-
prise the functionalized nanoparticles and a pharmaceuti-
cally acceptable carrier. The pharmaceutical composition
can optionally comprises one or more additives having a
complementary therapeutic or diagnostic effect, wherein the
additive is one selected from an antioxidant, an adjuvant, or
a combination thereof.
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As used herein, “pharmaceutically acceptable carrier” is
intended to include any and all solvents, dispersion media,
coatings, antibacterial and antifungal agents, isotonic and
absorption delaying agents, and the like, compatible with
pharmaceutical administration. The use of such media and
agents for pharmaceutically active substances is well known
in the art. Except insofar as any conventional media or agent
is incompatible with the active compound, use thereof in the
compositions is contemplated. Supplementary active com-
pounds can also be incorporated into the compositions.
Alternatively, combined therapies (e.g., NP+Psoralen and
chemotherapy; NP+Psoralen and hyperthermia, NP+Pso-
ralen and regular radiation therapy, etc) can also be used.
Modifications can be made to the compound of the present
invention to affect solubility or clearance of the compound.
These molecules may also be synthesized with D-amino
acids to increase resistance to enzymatic degradation. If
necessary, the activatable pharmaceutical agent can be co-
administered with a solubilizing agent, such as cyclodextran.

A pharmaceutical composition of the invention is formu-
lated to be compatible with its intended route of adminis-
tration. Examples of routes of administration include par-
enteral, e.g., intravenous, intradermal, subcutaneous, oral
(e.g., inhalation), transdermal (topical), transmucosal, rectal
administration, and direct injection into the affected area,
such as direct injection into a tumor. Solutions or suspen-
sions used for parenteral, intradermal, or subcutaneous
application can include the following components: a sterile
diluent such as water for injection, saline solution, fixed oils,
polyethylene glycols, glycerin, propylene glycol or other
synthetic solvents; antibacterial agents such as benzyl alco-
hol or methyl parabens; antioxidants such as ascorbic acid or
sodium bisulfite; chelating agents such as ethylenedi-
aminetetraacetic acid; buffers such as acetates, citrates or
phosphates, and agents for the adjustment of tonicity such as
sodium chloride or dextrose. The pH can be adjusted with
acids or bases, such as hydrochloric acid or sodium hydrox-
ide. The parenteral preparation can be enclosed in ampoules,
disposable syringes or multiple dose vials made of glass or
plastic.

Pharmaceutical compositions suitable for injectable use
include sterile aqueous solutions (where water soluble) or
dispersions and sterile powders for the extemporaneous
preparation of sterile injectable solutions or dispersion. For
intravenous administration, suitable carriers include physi-
ological saline, bacteriostatic water, or phosphate buffered
saline (PBS). In all cases, the composition must be sterile
and should be fluid to the extent that easy syringability
exists. It must be stable under the conditions of manufacture
and storage and must be preserved against the contaminating
action of microorganisms such as bacteria and fungi. The
carrier can be a solvent or dispersion medium containing, for
example, water, ethanol, polyol (for example, glycerol,
propylene glycol, and liquid polyethylene glycol, and the
like), and suitable mixtures thereof. The proper fluidity can
be maintained, for example, by the use of a coating such as
lecithin, by the maintenance of the required particle size in
the case of dispersion and by the use of surfactants. Pre-
vention of the action of microorganisms can be achieved by
various antibacterial and antifungal agents, for example,
parabens, chlorobutanol, phenol, ascorbic acid, thimerosal,
and the like. In many cases, it will be preferable to include
isotonic agents, for example, sugars, polyalcohols such as
manitol, sorbitol, sodium chloride in the composition. Pro-
longed absorption of the injectable compositions can be
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brought about by including in the composition an agent
which delays absorption, for example, aluminum monoste-
arate and gelatin.

Sterile injectable solutions can be prepared by incorpo-
rating the active compound in the required amount in an
appropriate solvent with one or a combination of ingredients
enumerated above, as required, followed by filtered steril-
ization. Generally, dispersions are prepared by incorporating
the active compound into a sterile vehicle that contains a
basic dispersion medium and the required other ingredients
from those enumerated above. In the case of sterile powders
for the preparation of sterile injectable solutions, methods of
preparation are vacuum drying and freeze-drying that yields
a powder of the active ingredient plus any additional desired
ingredient from a previously sterile-filtered solution thereof.

Oral compositions generally include an inert diluent or an
edible carrier. They can be enclosed in gelatin capsules or
compressed into tablets. For the purpose of oral therapeutic
administration, the active compound can be incorporated
with excipients and used in the form of tablets, troches, or
capsules. Oral compositions can also be prepared using a
fluid carrier for use as a mouthwash, wherein the compound
in the fluid carrier is applied orally and swished and expec-
torated or swallowed. Pharmaceutically compatible binding
agents, and/or adjuvant materials can be included as part of
the composition. The tablets, pills, capsules, troches and the
like can contain any of the following ingredients, or com-
pounds of a similar nature: a binder such as microcrystalline
cellulose, gum tragacanth or gelatin; an excipient such as
starch or lactose, a disintegrating agent such as alginic acid,
Primogel, or corn starch; a lubricant such as magnesium
stearate or Sterotes; a glidant such as colloidal silicon
dioxide; a sweetening agent such as sucrose or saccharin; or
a flavoring agent such as peppermint, methyl salicylate, or
orange flavoring.

For administration by inhalation, the compounds are
delivered in the form of an aerosol spray from pressured
container or dispenser which contains a suitable propellant,
e.g., a gas such as carbon dioxide, or a nebulizer.

Systemic administration can also be by transmucosal or
transdermal means. For transmucosal or transdermal admin-
istration, penetrants appropriate to the barrier to be perme-
ated are used in the formulation. Such penetrants are gen-
erally known in the art, and include, for example, for
transmucosal administration, detergents, bile salts, and
fusidic acid derivatives. Transmucosal administration can be
accomplished through the use of nasal sprays or supposito-
ries. For transdermal administration, the active compounds
are formulated into ointments, salves, gels, or creams as
generally known in the art.

The compounds can also be prepared in the form of
suppositories (e.g., with conventional suppository bases
such as cocoa butter and other glycerides) or retention
enemas for rectal delivery.

In one embodiment, the active compounds are prepared
with carriers that will protect the compound against rapid
elimination from the body, such as a controlled release
formulation, including implants and microencapsulated
delivery systems. Biodegradable, biocompatible polymers
can be used, such as ethylene vinyl acetate, polyanhydrides,
polyglycolic acid, collagen, polyorthoesters, and polylactic
acid. Methods for preparation of such formulations will be
apparent to those skilled in the art. The materials can also be
obtained commercially. Liposomal suspensions (including
liposomes targeted to infected cells with monoclonal anti-
bodies to viral antigens or liposmes with bioreceptors tar-
geted to tumor cells) can also be used as pharmaceutically
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acceptable carriers. These can be prepared according to
methods known to those skilled in the art, for example, as
described in U.S. Pat. No. 4,522,811.

It is especially advantageous to formulate oral or paren-
teral compositions in dosage unit form for ease of admin-
istration and uniformity of dosage. Dosage unit form as used
herein refers to physically discrete units suited as unitary
dosages for the subject to be treated; each unit containing a
predetermined quantity of active compound calculated to
produce the desired therapeutic effect in association with the
required pharmaceutical carrier. The specification for the
dosage unit forms of the invention are dictated by and
directly dependent on the unique characteristics of the active
compound and the particular therapeutic effect to be
achieved, and the limitations inherent in the art of com-
pounding such an active compound for the treatment of
individuals.

The pharmaceutical compositions can be included in a
container, pack, kit or dispenser together with instructions
for administration.

In using the present invention functionalized nanoparticle
for treatment of a cell proliferation disorder such as cancer,
the treatment can be a single treatment (combination of
administration of the functionalized nanoparticle and appli-
cation of X-rays), or can be a series of treatments (where
each separate treatment can include both administration of
the functionalized nanoparticle and application of X-rays, or
the first treatment and any subsequent treatment may include
administration of functionalized nanoparticle, while apply-
ing X-rays at intervals as desired, such as 1-4 treatments per
day for a period of 5-15 days). The total X-ray dosage is
preferably from 1-4 Gy per application, with more prefer-
ence given to the lower doses of X-ray to avoid damage to
target or non-target cells due to the X-rays themselves.

In a further embodiment, the nanoparticle comprising the
energy modulation agent core and a shell has a Protein
Transduction Domain (PTD), or cell-penetrating peptide
(CPP) attached to the shell to aid the composition to gain
access to the interior of the target cell or nucleus. Nuclear
Transporting Peptides (NTPs) are CPPs that allow intracel-
Iular transport of drug systems inside the nucleus.

A wide variety of peptides are usable, including, but not
limited to, Antennapedia (Antp) [A. Joliot, C. Pernelle, H.
Deagostini-Bazin, A. Prochiantz, Antennapedia homeobox
peptide regulates neural morphogenesis, Proc. Natl. Acad.
Sci. USA 88 (1991) 1864-1868], VP22 [G. Elliott, P. O’Hare,
Intercellular trafficking and protein delivery by a herpesvi-
rus structural protein, Cell 88 (1997) 223-233.], transportan
[M. Pooga, M. Hallbrink, M. Zorko, U. Langel, Cell pen-
etration by transportan, FASEB 1 12 (1998) 67-77.], model
amphipathic peptide MAP [J. Oehlke, et al., Cellular uptake
of an alpha-helical amphipathic model peptide with the
potential to deliver polar compounds into the cell interior
non-endocytically, Biochim. Biophys. Acta 1414 (1998) 127-
139.], signal sequence-based peptides [M Rojas, J. P. Dona-
hue, 7. Tan, Y. Z. Lin, Genetic engineering of proteins with
cell membrane permeability, Nat. Biotechnol. 16 (1998)
370-375.], and synthetic polyarginines [S. Futaki, et al.,
Arginine-rich peptides. An abundant source of membrane-
permeable peptides having potential as carriers for intrac-
ellular protein delivery, J. Biol. Chem. 276 (2001) 5836-
5840.]

A more preferred CPP is the TAT peptide (TATp), which
is derived from the transcriptional activator protein encoded
by human immunodeficiency virus type 1 (HIV-1) [K. T.
Jeang, H. Xiao, E. A. Rich, Multifaceted activities of the
HIV-1 transactivator of transcription, Tat, J. Biol. Chem. 274
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(1999) 28837-28840.]. The transduction ability of Tat pro-
tein is due to the positive charge in the transduction domain
of TAT (TATp), which extends from residues 47-57: Tyr-
Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg, which con-
tains six arginines (Arg) and two lysine residues [S. R.
Schwarze, K. A. Hruska, S. F. Dowdy, Protein transduction:
unrestricted delivery into all cells? Trends Cell Biol. 10
(2000) 290-295.]

Other CPP systems that can be used in the present
invention include, but are not limited to, MAP, transportan,
TATp (48-60), and penetratin. Similarly, MAP has the high-
est cargo delivery efficiency, followed by transportan, TATp
(48-60), and penetratin. For a review, see Ref [Vladimir P.
Torchilin, Tat peptide-mediated intracellular delivery of
pharmaceutical nanocarriers, Advanced Drug Delivery
Reviews 60 (2008) 548-558, and reference therein]

EXAMPLES

Materials:

Yttrium oxide nanoparticles were purchased from
Nanoscale and Amorphous Materials, Inc. (Los Alamos, N.
Mex.) or Meliorum Technologies, Inc. (Rochester, N.Y.).
Tri-arginine (H-Arg-Arg-Arg-OH) acetate was purchased
from Bachem (Torrance, Calif.), and gold tribromide
(AuBr;) was purchased from Alfa Aesar (Ward Hill, Mass.).
Dimethyl sulfoxide (DMSO) was purchased from CalBio-
Chem (La Jolla, Calif.) and was used as received. A cysteine-
modified version of the TAT peptide (residues 49-57,
sequence Arg-Lys-Lys-Arg-Arg-Arg-Gln-Arg-Arg-Cys-
CONH,, molecular weight 1442 g/mol, hereafter referred to
as “TAT”) was custom-synthesized by SynBioSci (Liver-
more, Calif.). Succinimidyl-[4-(psoralen-8-yloxy)|butyrate
(SPB) was purchased from Pierce (Rockford, Ill.), and
Marina Blue, Alexa 350 and Alexa 546 NHS esters were
purchased from Invitrogen (Carlsbad, Calif.). Ultrapure 18.2
ME deionized (DI) water purified with a Millipore Synergy
filtration system (Millipore, Billerica, Mass.) was used to
make all solutions.

Yttrium Oxide Dispersion: Tip sonication was used to
disperse autoclaved Y,O; nanoparticles at 10 mg/mL in 10
mM tri-arginine solution which had been pre-filtered at 0.22
microns. Following moderate mixing in a sealed, sterile
container on a stir plate for 24 hours to allow tri-arginine
attachment and improved Y,Oj; dispersion, the solution was
centrifuged at 8200 RCF to remove fused particles and large
aggregates.

Gold Shell Formation: Supernatant from the initial Y,O,
dispersion was diluted 1:1 (v/v) with 5.7 mM AuBr; dis-
solved in sterile DI water and pre-filtered at 0.22 microns,
then exposed to high-intensity fluorescent light (Commer-
cial Electric, Model 926) for 16 hours in a sealed, sterile
glass container with moderate mixing. During the time
course of this photochemical process the reddish-brown
AuBr; solution turns yellow immediately after addition of
the Y,O, in tri-arginine; becomes clear and visually color-
less; then develops an intense purple color as Au shells form
on the Y,Oj; cores. In the absence of the Y,O; cores, neither
the intense purple color associated with plasmonic absorp-
tion by gold nanoshells nor the deep red color associated
with solid gold nanoparticles appears. Use of heat rather
than light in the presence of Y,Oj particles tends to produce
a large number of solid gold nanoparticles rather than or in
addition to core-shell structures, as evidenced by strong
absorption at ~530 nm.

Particle Functionalization with TAT: Gold-coated Y,O,
nanoparticles were centrifuged at 16 k RCF for 15 minutes,
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and the pellet was re-dispersed in a 50% volume of sterile DI
water by brief tip sonication. The particles were further
purified by two additional centrifugations at 16 k RCF for 15
minutes each, with re-dispersion in a 100% volume of sterile
DI water following the second centrifugation and final
re-dispersion in a 100% volume of 1 mg/mL (0.7 mM) TAT
peptide dissolved in sterile DI water and pre-filtered at 0.22
microns.

This solution was vigorously mixed at room temperature
for one hour to allow thiol anchoring to the gold shell via the
c-terminal cysteine residue.

Peptide Functionalization with Dye Molecules: The TAT-
functionalized, gold-coated Y,O; particles were purified by
triplicate centrifugation at 16 k RCF, with the first two
re-dispersions in sterile DI water and the final re-dispersion
in sterile 100 mM bicarbonate buffer at pH 9.0. Each NHS
ester (SPB, Alexa 350, Marina Blue and Alexa 546) was
dissolved at 10 mg/ml. in DMSO, and 100 microliters of a
given NHS-fuctionalized dye was added to a 1 mL aliquot
of TAT-functionalized, gold-coated Y,O,. The solutions
reacted for one hour at room temperature in the dark with
vigorous mixing to allow attachment of dye molecules to
primary amines along the TAT peptide (such as the N
terminus and the lysine side chains).

The psoralen-functionalized nanoparticles were centrifu-
gally cleaned using a 1:1 volume of DMSO in water to
remove any residual SPB crystals, then all dye-functional-
ized core-shell nanoparticles were purified by triplicate
centrifugation at 16 k RCF for 15 minutes. Each centrifu-
gation step was followed by re-dispersion in a 100% volume
of sterile DI water. Presuming removal of 95+% of non-
attached dye molecules during each centrifugation step, we
estimate that no more than 0.01% of the unbound dye
remains in the final solution.

Nanoparticle Characterization: A variety of techniques
were used to characterize the gold-coated Y,O; over the
course of the fabrication process. UV-visible absorption
spectra were collected from 200 to 1000 nm using a Shi-
madzu UV-3600 UV-Vis-NIR dual-beam spectrophotometer
(Shimadzu Scientific Instruments, Columbia, Md.) and
fused silica or methacrylate cuvettes with a 1 cm path length.
Solutions were typically diluted by a factor of 10 with DI
water prior to spectral acquisition. Fluorescence spectra for
solutions of dye-functionalized nanoparticles diluted by a
factor of 100 with DI water were acquired using a Fluorolog
3 fluorimeter (Horiba Jobin Yvon, Edison, N.J.) and fused
silica cuvettes with a 1 cm path length. X-ray diffraction
(XRD) measurements were performed on dry powders using
a Philips X’Pert PRO MRD HR X-Ray Diffraction System
(PANalytical Inc., Westborough, N.J.) with a Cu K-a source
powered at 45 kV and 40 mA. A ' degree slit was typically
used, and the beam was apertured to match the sample size.
All transmission electron microscopy (TEM) images were
collected using a FEI Tecnai G* Twin (FEI Company,
Hillsboro, Oreg.) operated at 160 kV. Matrix-assisted laser
desorption and ionization—mass spectrometry (MALDI-
MS) data was collected using a Voyager-DE Pro Biospec-
trometry workstation equipped with a nitrogen laser oper-
ating at 337 nm (Applied Biosystems, Foster City, Calif.).

Obviously, numerous modifications and variations of the
present invention are possible in light of the above teach-
ings. It is therefore to be understood that within the scope of
the appended claims, the invention may be practiced other-
wise than as specifically described herein.
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The invention claimed is:

1. A functionalized nanoparticle, consisting of:

a core, having a shell on at least a portion thereof, wherein
the core is a material that can convert applied X-ray
energy into emitted UV energy and wherein the shell is
a plasmonics active material selected from the group
consisting of gold, silver, gallium, platinum, palladium,
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nickel, aluminum and metal alloys consisting of a
combination of the above materials, wherein the mate-
rial that can convert applied X-ray energy into emitted
UV energy is a material selected from the group
consisting of metals, quantum dots, semiconductor
materials, scintillation and phosphor materials, materi-
als that exhibit X-ray excited luminescence (XEOL),
organic solids, metal complexes, inorganic solids, crys-
tals, rare earth and rare earth oxide materials, polymers,
scintillators, phosphor materials, and materials that
exhibit excitonic properties, which may optionally con-
tain one or more dopants;
wherein the nanoparticle has on a surface thereof at
least one psoralen compound capable of activation
by the emitted UV energy, wherein the at least one
psoralen compound is optionally bound to the sur-
face through a linking molecule selected from
nuclear transport proteins and cell penetrating pep-
tides.
2. The functionalized nanoparticle of claim 1, wherein the
core comprises a rare earth metal oxide.
3. The functionalized nanoparticle of claim 2, wherein the
rare earth metal oxide is Y,O;.
4. The functionalized nanoparticle of claim 2, wherein the
rare earth metal oxide is doped with at least one dopant.
5. The functionalized nanoparticle of claim 1, wherein the
shell completely covers the core.
6. The functionalized nanoparticle of claim 1, wherein the
plasmonics active material is a member selected from the
group consisting of gold and silver.
7. The functionalized nanoparticle of claim 1, wherein the
psoralen compound is psoralen.
8. The functionalized nanoparticle of claim 1, wherein the
psoralen compound is a psoralen derivative.
9. The functionalized nanoparticle of claim 8, wherein the
psoralen derivative is 8-MOP.
10. The functionalized nanoparticle of claim 1, wherein
the psoralen compound is bound to the shell directly.
11. The functionalized nanoparticle of claim 1, wherein
the psoralen compound is bound to the shell through the
linking molecule.
12. The functionalized nanoparticle of claim 11, wherein
the linking molecule is a nuclear transport protein or cell
penetrating peptide selected from the group consisting of
TAT, penetratin, MAP, polyarginine, c-Fos, Antp, VP22, and
transportan.
13. The functionalized nanoparticle of claim 12, wherein
the nuclear transport protein is TAT.
14. A functionalized nanoparticle consisting of:
a core comprising Y,O;;
a shell comprising gold on at least a portion of the core;
a cell penetrating peptide molecule comprising TAT (48-
57) bound to a surface of the shell; and

at least one psoralen compound bound to a plurality of the
cell penetrating peptide molecules on a side chain or at
a distal terminus of the cell penetrating peptide from
the shell.

15. The functionalized nanoparticle of claim 14, wherein
the core has an average diameter of 100 nm or less.

16. The functionalized nanoparticle of claim 14, wherein
the combination of core and shell has an average diameter of
100 nm or less.

17. The functionalized nanoparticle of claim 16, wherein
the average diameter is 30 nm or less.

18. The functionalized nanoparticle of claim 17, wherein
the average diameter is 10 nm or less.
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19. A method for treatment of a cell proliferation disorder,
comprising:

administering to target cells in a subject in need thereof,

the functionalized nanoparticle of claim 1, and
applying X-ray energy to the target cells, causing activa-
tion of the psoralen compound,

thus causing a change in the target cells treating the cell

proliferation disorder.

20. The method of claim 19, wherein the cell proliferation
disorder is cancer.

21. The method of claim 20, wherein the target cells are
tumor cells.

22. The method of claim 19, wherein the core comprises
a material selected from the group consisting of metals,
quantum dots, semiconductor materials, scintillation and
phosphor materials, materials that exhibit X-ray excited
luminescence (XEOL), organic solids, metal complexes,
inorganic solids, crystals, rare earth and rare earth oxide
materials, polymers, scintillators, phosphor materials, and
materials that exhibit excitonic properties.

23. The method of claim 22, wherein the core comprises
a rare earth metal oxide.

24. The method of claim 23, wherein the rare earth metal
oxide is Y,O;.

25. The method of claim 23, wherein the rare earth metal
oxide is doped with at least one dopant.

26. The method of claim 19, wherein the shell is present
on at least a portion thereof.

27. The method of claim 19, wherein the shell coats
around an aggregate of nanoparticles.

28. The method of claim 19, wherein the shell comprises
a number of isolated nanoislands of metals, metal oxides or
metals alloys.

29. The method of claim 26, wherein the shell completely
covers the core.

30. The method of claim 26, wherein the plasmonics
active material is a member selected from the group con-
sisting of gold and silver.

31. The method of claim 29, wherein the plasmonics
active material is a member selected from the group con-
sisting of gold and silver.

32. The method of claim 19, wherein the psoralen com-
pound is psoralen.

33. The method of claim 19, wherein the psoralen com-
pound is a psoralen derivative.

34. The method of claim 33, wherein the psoralen deriva-
tive is 8-MOP.

35. The method of claim 19, wherein the psoralen com-
pound is bound to the shell directly.

36. The method of claim 19, wherein the psoralen com-
pound is bound to the shell through a linking molecule.

37. The method of claim 36, wherein the linking molecule
is a nuclear transport protein or a cell penetrating peptide.

38. The method of claim 37, wherein the nuclear transport
protein or a cell penetrating peptide is a member selected
from the group consisting of TAT, penetratin, MAP, pol-
yarginine, c-Fos, Antp, VP22, and transportan.

39. The method of claim 38, wherein the nuclear transport
protein is TAT.

40. A method for treatment of a cell proliferation disorder,
comprising:

administering to target cells in a subject in need thereof,

the functionalized nanoparticle of claim 14, and
applying X-ray energy to the target cells, causing activa-
tion of the psoralen compound,

thus causing a change in the target cells treating the cell

proliferation disorder.
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41. The method of claim 40, wherein the cell proliferation
disorder is cancer.

42. The method of claim 41, wherein the target cells are
tumor cells.

43. The method of claim 40, wherein the shell is present
on at least a portion thereof.

44. The method of claim 40, wherein the shell completely
covers the core.

45. The method of claim 40, wherein the psoralen com-
pound is psoralen.

46. The method of claim 40, wherein the psoralen com-
pound is a psoralen derivative.

47. The method of claim 42, wherein the psoralen deriva-
tive is 8-MOP.

48. The method of claim 40, wherein the core has an
average diameter of 100 nm or less.

49. The method of claim 40, wherein the combination of
core and shell has an average diameter of 100 nm or less.

50. The method of claim 49, wherein the average diameter
is 30 nm or less.

51. The method of claim 50, wherein the average diameter
is 10 nm or less.

52. A pharmaceutical composition, comprising the func-
tionalized nanoparticle of claim 1 and a pharmaceutically
acceptable carrier.

53. The pharmaceutical composition of claim 52, wherein
the core comprises a rare earth metal oxide.

54. The pharmaceutical composition of claim 53, wherein
the rare earth metal oxide is Y,O;.

55. The pharmaceutical composition of claim 53, wherein
the rare earth metal oxide is doped with at least one dopant.

56. The pharmaceutical composition of claim 52, wherein
the shell coats around an aggregate of nanoparticles.

57. The pharmaceutical composition of claim 52, wherein
the shell comprises a number of isolated nanoislands of
metal, metal oxide or metal alloys.

58. The pharmaceutical composition of claim 52, wherein
the shell completely covers the core.

59. The pharmaceutical composition of claim 52, wherein
the plasmonics active material is a member selected from the
group consisting of gold and silver.

60. The pharmaceutical composition of claim 52, wherein
the psoralen compound is psoralen.

61. The pharmaceutical composition of claim 52, wherein
the psoralen compound is a psoralen derivative.

62. The pharmaceutical composition of claim 61, wherein
the psoralen derivative is 8-MOP.

63. The pharmaceutical composition of claim 52, wherein
the psoralen compound is bound to the shell directly.

64. The pharmaceutical composition of claim 52, wherein
the psoralen compound is bound to the shell through the
linking molecule.

65. The pharmaceutical composition of claim 64, wherein
the linking molecule is a nuclear transport protein or cell
penetrating peptide selected from the group consisting of
TAT, penetratin, MAP, polyarginine, c-Fos, Antp, VP22, and
transportan.

66. The pharmaceutical composition of claim 65, wherein
the nuclear transport protein is TAT.

67. A pharmaceutical composition, comprising the func-
tionalized nanoparticle of claim 14, and a pharmaceutically
acceptable carrier.

68. The pharmaceutical composition of claim 67, wherein
the core has an average diameter of 100 nm or less.

69. The pharmaceutical composition of claim 67, wherein
the combination of core and shell has an average diameter of
100 nm or less.
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70. The pharmaceutical composition of claim 69, wherein
the average diameter is 30 nm or less.

71. The pharmaceutical composition of claim 70, wherein
the average diameter is 10 nm or less.

72. The pharmaceutical composition of claim 67, wherein 5
the psoralen compound is psoralen.

73. The pharmaceutical composition of claim 67, wherein
the psoralen compound is a psoralen derivative.

74. The pharmaceutical composition of claim 73, wherein
the psoralen derivative is 8-MOP. 10
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