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M
ore than a million individuals in
the United States are diagnosed
with cancer each year, and annual

cancer diagnoses worldwide number above
10 millon. Traditional approaches such as
surgery, chemotherapy, radiation therapy,
photodynamic therapy (PDT), and psoralen
þ UVA (PUVA) have shown great success in
treating various types of cancer, but many
additional lives could be saved through
development of more effective, more uni-
versally applicable, less 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 that may negatively impact pa-
tients' quality of life.1�4

These attempts to develop nanoparticu-
late anticancer drugs typically take one of
three approaches. In the first, nanoparticles
are used to aid in transport and delivery of
chemotherapeutic agents.5�8 Such a meth-
odology has shown some potential, particu-
larly in reducing the negative side-effects of
chemotherapy.9 In a second approach, the
nanoparticles themselves have been used as
a means of enhancing the normal effects of
some,more traditional treatment.8,10�15 Two
promising techniques that fall into this cate-
gory are induction of hyperthermia when
illuminating gold nanoshells with infrared
light13,14 and enhancement of reactive oxy-
gen species (ROS) generation using gold
nanomaterials and X-ray radiation.12,16�18 A
third, less-proven application of nanomater-
ials in cancer therapy is a combination of
ROS-generating PDT drugs and nanoparti-
cles that emit UV or visible light through
downconversion of X-ray radiation or upcon-
version of IR light.19�27 Of these three ap-
proaches, the use of tissue-penetrating

X-rays in the third case is perhaps the most
intriguing. Ideally, treatment using a combi-
nation of targeted drug delivery and loca-
lized X-ray activation could be used to kill
only those cells that both took up the nano-
drug andwere exposed to X-ray radiation. As
a result, the negative side-effects associated
with nonspecific uptake of chemotherapeu-
tic drugs should be greatly reduced. At the
same time, radiation doses could potentially
be reduced to the point where the systemic
effects associated with traditional radiation
therapy (e.g., nausea, fatigue) becomes rela-
tively minor or nonexistent. Unfortunately,
while such an approach with traditional PDT
drugs has potential in well-oxygenated tis-
sue, reduced ROS generation in the hypoxic
environments28�31 associated with many
tumors is likely to limit the broader utility of
ROS-dependent locally activated therapies.
In an effort to circumvent the limitations
inherent to oxygenation-dependent ap-
proaches and to take advantage of psoralen's
demonstrated immunogenic potential,32�34

we have recently pursued development of
anticancer drugs in which scintillating nano-
particles (“nanoscintillators”) can be used to
activate psoralen in deep tissue. Having
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ABSTRACT We report development of a nanoparticle-based, X-ray-activated anticancer

“nanodrug” composed of yttrium oxide (Y2O3) nanoscintillators, a fragment of the HIV-1 TAT

peptide, and psoralen. In this formulation, X-ray radiation is absorbed by the Y2O3 nanoscintillators,

which then emit UVA light. Absorption of UVA photons by nanoparticle-tethered psoralen has the

potential to cross-link adenine and thymine residues in DNA. UVA-induced cross-linking by free

psoralen upon activation with UVA light has previously been shown to cause apoptosis in vitro and

an immunogenic response in vivo. Studies using the PC-3 human prostate cancer cell line

demonstrate that X-ray excitation of these psoralen-functionalized Y2O3 nanoscintillators yields

concentration-dependent reductions in cell number when compared to control cultures containing

psoralen-free Y2O3 nanoscintillators.
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previously observed no visually or statistically signifi-
cant indication of psoralen activation when exposing
cell cultures simultaneously co-incubatedwith 8-meth-
oxypsoralen and psoralen-free nanoscintillators to
X-ray radiation, we instead turned to the use of psor-
alen that has been physically attached to nanoscintil-
lators. In the most effective drug�nanoscintillator
configuration we have tested to date, psoralen is
bound to a fragment of the HIV-1 TAT cell-penetrat-
ing/nuclear targeting peptide anchored to UVA-emit-
ting Y2O3 nanoscintillators (Scheme 1).
Experiments performed with this particular nano-

drug formulation over the course of several months
indicate that it is nontoxic to PC-3 human prostate
cancer cells at concentrations approaching 30 μg/mL
in the absence of X-ray radiation. Approximately one
week after X-ray exposure, however, the cell number of
cultures incubated with Y2O3 nanoscintillators functio-
nalized with the HIV-1 TAT fragment but lacking psor-
alen (hereafter referred to as “TAT-Y2O3”) is 75 ( 8.3%
(one standard deviation, number of replicates “n” = 26)
that of cultures exposed to an equal dose of X-ray
radiation in the absence of Y2O3 nanoscintillators.
When compared to these same control cultures lacking
Y2O3, the cell number for PC-3 cultures exposed to
X-ray radiation following incubation with Y2O3 nanos-
cintillators functionalized with the HIV-1 TAT fragment
with a single psoralen molecule bound to its N-termi-
nus (hereafter referred to as “PsTAT-Y2O3”) is reduced
to 66 ( 8.1% (one standard deviation, number of
replicates “n” = 26). When these results are normalized
against the cell number of cultures irradiated after
incubation with TAT-Y2O3 to correct for the well-estab-
lished ability of hard matter to amplify the antitumor
effects of X-ray radiation, the relatively modest 9%
absolute difference in cell number increases somewhat
to 12%. These differences in relative cell number are
statistically distinguishable at Y2O3 concentrations
from ∼9.5 to ∼95 μg/mL, as determined by t-tests,
and show clear concentration dependence. These
results represent the first evidence of drug-associated,

X-ray-activated reductions in cell growth for psoralen
tethered to scintillating nanomaterials. The anticancer
immunogenic potential of this and future formulations,
of course, can be fully evaluated only in vivo.

APPROACH

As with more traditional light-activated therapies,
the X-ray-excited nanoscintillator emission spectrum
must at least partially overlap the psoralen absorption
spectrum, as shown in Figure 1. This fundamental
requirement indicates that many or most currently
available scintillators will be inappropriate for psoralen
activation (in large part because they have generally
been developed for use with silicon-based photode-
tectors, which are most sensitive in the green and red
portions of the visible spectrum rather than the UV).
The range of suitable materials for in vitro and in vivo

use is further limited by the necessity that the nanos-
cintillators be insoluble in water, as solid-state scintil-
lators lose their emissive properties upon dissolution.
Lack of toxicity is also desirable, but is not necessarily
critical if the nanoscintillators are demonstrably less
hazardous than the disease to be treated. Both con-
cerns can potentially be addressed if the nanoscintilla-
tors can be covered with some optically transparent
coating (e.g., SiO2) that is impermeable to water and
toxins.
Table 1 lists a small subset of the UVA-emitting

scintillators that can potentially activate DNA mono-
adduct or diadduct formation (e.g., cross-linking) by
psoralen.35�59 Several of thesematerials such as cubic-
phase Y2O3, a scintillator whose emission is due to
recombination of self-trapped excitons at defect sites
within the bulk matrix,56 are commercially available as
nanoscintillators or can be readily synthesized in the
laboratory using publishedmethods.60�64 Others, such
as the cerium-doped perovskites YAlO3:Ce and LuAlO3:
Ce, whose scintillation is associated with energy trans-
fer from the bulk matrix to the cerium dopant,65�67 are

Scheme 1. Attachment of TAT and PsTAT to Y2O3

nanoscintillators.

Figure 1. Absorption of psoralen and scintillation by Y2O3.
The X-ray-excited scintillation spectrum of Y2O3 nanopar-
ticles (gray trace) partially overlaps the absorption spec-
trum of psoralen (black trace). Spectral overlap between
320 and 405 nm has the potential to produce psoralen-DNA
monoadducts and diadducts (cross-links).
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less immediately available as nanoparticles but may be
superior psoralen activation sources due to their emis-
sion wavelengths and the efficiency with which they
downconvert X-ray photons to UVA photons.
In these particular studies, we have used commercially

available ∼12 nm diameter cubic-phase Y2O3 nanoscin-
tillators functionalized with a psoralen-containing, thiol-
modified fragment of the HIV-1 TAT peptide (“PsTAT-
Y2O3”, peptide sequence psoralen-Arg-Lys-Lys-Arg-Arg-
Arg-Gln-Arg-Arg-Cys-CONH2). Our own prior research68

and that of various other researchers69�71 have shown
that this peptide sequence can improve the uptake,
intracellular transport, and nuclear localization of biomo-
lecules and nanoparticles. A similar peptide of identical
amino acid sequence but lacking psoralen was attached
to Y2O3 nanoscintillators (“TAT-Y2O3”) for use as a control
when determining the extent to which intrinsic
X-ray�Y2O3 interactions and particle adhesion to the cell
culture plates affected cell number. Both Y2O3

72,73 and
this particular segment of the HIV-1 TAT sequence74�76

have been shown to be nontoxic in the absence of X-ray
exposure, thereby making this nanodrug formulation a
first-generation candidate for further proof-of-concept
studies. Further research and development with more
strongly emitting nanoscintillators and the increasing
variety of cell penetrating/nuclear targeting peptides
are likely to yield more active nanodrug candidates.

RESULTS AND DISCUSSION

Like clonogenics,77�79 trypan blue staining,77,80 or
mitochondrial activity assays,80 cell number measure-
ment cannot in and of itself identify the biochemical
pathway or pathways by which a drug candidate acts.
Careful experimental design, however, does allow

determination of the extent to which the presence of
a psoralen moiety at the N-terminus of the PsTAT
peptide affects the proliferation of cell cultures incu-
bated with PsTAT-Y2O3 versus cell cultures incubated
with equivalent concentrations of TAT-Y2O3. Logically,
any relative increase or decrease in cell number for PC-
3 cell cultures exposed to the PsTAT-functionalized
nanodrug in the presence or absence of X-ray exposure
must be attributed to the presence of the N-terminal
psoralen moiety. Further, any differences in the PsTAT-
Y2O3/TAT-Y2O3 cell number ratio in the presence versus
the absence of irradiation can reasonably be attributed
to interactions between PsTAT-Y2O3 and X-ray radia-
tion, although the specific nature of those interactions
cannot be determined on the basis of cell number
measurements.
Figure 2 shows a representative visible-wavelength

methylene blue absorption spectrum following de-
sorption from cells using 1:1 (v/v) ethanol/0.1 M HCl.
The absorption profile matches that published by prior
users of this assay, confirming the lack of dimer
formation.81�86 Using the absorption intensity at
∼660 nm, this assay has been shown to allow reliable
quantitative determination of cell number in a variety
of plating formats.83

Figure 3a shows visible-wavelength methylene blue
absorption results at ∼660 nm for cultures with and
without TAT-Y2O3 (squares) or PsTAT-Y2O3 (diamonds)
in the absence of X-ray exposure. The data have been
normalized against the particle-free controls incorpo-
rated into each six-well plate, allowing correction for
minor plate-to-plate variability in the cell seeding den-
sity, the quality of the cell culture coating, plate-to-plate
temperature variations during handling, etc. A decrease
in the normalized cell number relative to particle-free
controls is apparent at a PsTAT-Y2O3 concentration of
95 μg/mL, but no visually or statistically significant
difference is apparent at lower concentrations of either
TAT- or PsTAT-functionalized nanoscintillators in the

Figure 2. Visible-wavelength methylene blue absorption
spectrum. The relative visible-wavelength absorption of
methylene blue at ∼660 nm following desorption from cell
culturewith acidified ethanol is an accepted indicator of cell
number density.

TABLE 1. UVA-Emitting Scintillating Nanoparticlesa

material λmax (nm)

photons per

MeV at 662 keV limitation ref

CeBr3 371 68 000 WS 35
CeCl3 350 46 000 WS 36
GdAlO3:Ce 335�360 9000 NCN 37
K2CeCl5:Ce 370 30 000 WS 38
K2LaBr5:Ce 355�390 40 000 WS 39
K2LaCl5:Ce 340�375 39 650 WS 39, 40
K2LaI5:Ce 340�380 29 000 WS 39, 41
KYP2O7:Ce 380 10 000 NCN 42
LaBr3:Ce 355�390 67 500 WS 43�46
LaCl3:Ce 330�355 49 000 WS 43, 45, 46
LuAlO3:Ce 365 16 350 NCN 47�50
LuPO4:Ce 360 17 200 NCN 51
PbSO4 340�380 10 000 TX 52�54
PrBr3:Ce 365�395 21 000 NCN, WS 55
Y2O3 370 15 480 56
YAlO3:Ce 345�365 18 360 NCN 49, 50, 57�59

a 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.
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absence of X-ray irradiation. As expected based on the
demonstrated lack of toxicity for Y2O3

72,73 and this
portion of the TAT peptide,74�76 these results confirm
the lack of strong intrinsic toxicity for TAT-Y2O3 and
PsTAT-Y2O3 in the absence of X-ray irradiation.
This picture changes substantially upon addition of

X-ray radiation. Figure 3b shows cell number results for
PC-3 cell cultures incubated with TAT-Y2O3 (squares) or
PsTAT-Y2O3 (diamonds) at particle concentrations ran-
ging from 2.9 to 95 μg/mL prior to irradiation. As in
Figure 3a, thedatahavebeennormalizedagainst in-plate

controls lacking either of the nanoscintillator formula-
tions. In addition to correcting for minor plate-to-plate
variability in cell seeding, plate handling, etc., this normal-
ization additionally allows straightforward correction for
theestablishedability of X-ray radiation todirectly impact
cell viability and propagation, such as is intentionally
used when treating cancer with radiotherapy.
As can be seen in Figure 3b, X-ray exposure following

incubationwith either TAT-Y2O3 or PsTAT-Y2O3 reduces
cell number in a particle dose-dependent manner at
Y2O3 concentrations between 9.5 and 95 μg/mL when
compared to irradiated particle-free control cultures.
Specifically, X-ray irradiation of PC-3 cell cultures incu-
bated with 2.9�95 μg/mL TAT-functionalized Y2O3

reduces the normalized cell number from 1.00 (
0.042 (one standard deviation) at 2.9 μg/mL Y2O3 to
0.98 ( 0.070 at 9.5 μg/mL, 0.75 ( 0.083 at 29 μg/mL,
and 0.52 ( 0.076 at 95 μg/mL Y2O3. For cultures
incubated with PsTAT-functionalized Y2O3 prior to irra-
diation, the normalized cell number decreases from
0.96( 0.050 at 2.9μg/mLY2O3 to 0.86( 0.089 at 9.5μg/
mL, 0.66 ( 0.082 at 29 μg/mL, and 0.41 ( 0.067 at 95
μg/mL Y2O3. The general trend of reduced cell number
densities at elevated particle concentrations is not
unexpected, as X-ray interaction with hard matter is
known to enhance the effectiveness of radiotherapy
independent of PDT or PUVA effects.20,25,87,88 Interest-
ingly, however, the cell number of cultures incubated
with PsTAT-Y2O3 is universally lower than that of PC-3
cell cultures incubated with an equal concentration of
TAT-Y2O3 prior to X-ray irradiation. This distinction is not
evident at the lowest particle concentration tested, but
at TAT-Y2O3 and PsTAT-Y2O3 concentrations greater
than or equal to ∼9.5 μg/mL differentiation between
cultures incubated with TAT-Y2O3 versus PsTAT-Y2O3

prior to X-ray exposure is both visually and statistically
apparent (Figure 3b and Table 2).
These differences in cell number become more evi-

dent after correction for the intrinsic X-ray�hard matter
interactions, which have been utilized so effectively in
radiation therapy.89�92 To that end, Figure 3c displays
the renormalized cell number of PC-3 cultures incubated
with PsTAT-Y2O3 versus TAT-Y2O3 with (squares) and
without (diamonds) X-ray irradiation. The value of 0.98
( 0.024 at 2.9 μg/mL in the absence of X-ray exposure,
for example, confirms that the cell number of PC-3
cultures exposed to 2.9 μg/mL PsTAT-Y2O3 is approxi-
mately equal to that of cultures exposed to 2.9 μg/mL
TAT-Y2O3 in the absence of irradiation. As noted above,
this baseline cell number remains stable in the absence
of irradiation up to particle concentrations of 95 μg/mL
in the absence of X-ray exposure, at which point the cell
number of cultures incubated with PsTAT-Y2O3 falls to
0.92( 0.110 versus that of cultures incubated with TAT-
Y2O3. The cause for this decrease in cell number at high
particle concentration in the absenceof X-ray radiation is
not yet clear, but will be a subject of future studies.

Figure 3. Normalized cell number density of PC-3 human
prostate cancer cell cultures treated with TAT-Y2O3 or
PsTAT-Y2O3 with and without X-ray exposure. (A) Control-
normalized relative cell number of cultures incubated with
TAT-Y2O3 (black squares) or PsTAT-Y2O3 (gray diamonds),
but not exposed to X-ray radiation. (B) As in (A), but
approximately one week after X-ray irradiation. (C) Relative
cell number of cultures incubated to PsTAT-Y2O3 versus
TAT-Y2O3 with (gray diamonds) and without (black squares)
of X-ray exposure. Y2O3 concentrations are defined as the
concentration in culture, and error bars represent one
standard deviation.
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For irradiated versus nonirradiated PC-3 cell cultures,
the normalized data in Figure 3c indicate that there is
no obvious PsTAT-Y2O3 versus TAT-Y2O3 effect at a Y2O3

concentration of 2.9 μg/mL. A clear, visually and sta-
tistically significant downward trend in the relative cell
number ratio is observable for irradiated cell cultures at
PsTAT-Y2O3 concentrations from 9.5 to 95 μg/mL.
Specifically, the cell number ratio for PC-3 cultures
irradiated after incubation with PsTAT-Y2O3 versus

TAT-Y2O3 falls from 0.96 ( 0.058 (one standard
deviation) at 2.9 μg Y2O3 per mL to 0.93 ( 0.061 at
9.5 μg/mL, 0.88 ( 0.060 at 29 μg/mL and 0.79 ( 0.077
at PsTAT-Y2O3 and TAT-Y2O3 concentrations of 95 μg/
mL. The number of replicates (“n”) at each concentra-
tion and the p values for differentiation of the PsTAT-
Y2O3:TAT-Y2O3 cell number ratio in the presence or
absence of X-ray exposure as determined using an
unpaired, one-tailed t-test are listed in Table 3.
Although the calculated p value at the lowest tested
concentration of PsTAT- and TAT-Y2O3 provides little
suggestion that psoralen activation upon irradiation
significantly affects PC-3 cell growth or viability at this
particle concentration, statistically significant differ-
ences in the PsTAT-Y2O3:TAT-Y2O3 cell number ratio
become evident at higher Y2O3 concentrations. At 9.5
μg/mL Y2O3, for example, the probability of a false
positive result for irradiated versus unirradiated cul-
tures falls below 1%, as evaluated by an unpaired
one-tailed t-test. The likelihood of a false positive
result decreases yet further as the concentrations of
PsTAT-Y2O3 and TAT-Y2O3 are increased, falling below
10�4 (e.g., 0.01%) at Y2O3 concentrations above
29 μg/mL.

The broader anticancer potential of the in vitro

results detailed above is not yet clear and cannot be
evaluated in the absence of an intact, functional
immune system because the underlying hope in cou-
pling psoralen to UVA-emitting nanoscintillators is to
activate psoralen's demonstrated immunogenic prop-
erties by exposing deep-seated tumors to both the
nanodrug and X-ray radiation. Such studies are
planned, as are in vitro experiments examining the
effectiveness of PsTAT-Y2O3 against other cell lines.
Similarly, investigations attempting to determine the

TABLE 2. Normalized Cell Number (#) of PC-3 Human Prostate Cancer Cell Cultures Treatedwith TAT-Y2O3 or PsTAT-Y2O3

in the Presence and Absence of X-ray Irradiationa

formulation

Y2O3concentration

(μg/mL) ( X-ray N cell # vs Y2O3-free control p vs Y2O3-free control cell # vs TAT-Y2O3 p vs TAT-Y2O3

TAT-Y2O3 95 � 20 0.97 ( 0.089 0.21
29 � 14 1.01 ( 0.046 0.36
9.5 � 21 1.01 ( 0.051 0.39
2.9 � 15 0.99 ( 0.039 0.21

PsTAT-Y2O3 95 � 20 0.90 ( 0.144 0.013 0.92 ( 0.110 0.030
29 � 14 0.98 ( 0.0360 0.19 0.97 ( 0.036 0.10
9.5 � 21 0.98 ( 0.068 0.32 0.97 ( 0.035 0.056
2.9 � 15 0.97 ( 0.046 0.058 0.98 ( 0.024 0.17

TAT-Y2O3 95 þ 33 0.52 ( 0.076 <1 � 10�4

29 þ 26 0.75 ( 0.083 <1 � 10�4

9.5 þ 33 0.92 ( 0.070 0.043
2.9 þ 28 1.00 ( 0.042 0.46

PsTAT-Y2O3 95 þ 33 0.41 ( 0.067 <1 � 10�4 0.79 ( 0.077 <1 � 10�4

29 þ 26 0.66 ( 0.082 <1 � 10�4 0.88 ( 0.060 1.2 � 10�4

9.5 þ 33 0.86 ( 0.089 1.3 � 10�3 0.93 ( 0.061 5.3 � 10�4

2.9 þ 28 0.96 ( 0.140 0.14 0.96 ( 0.058 1.2 � 10�3

a Y2O3 concentration = TAT-Y2O3 and PsTAT-Y2O3 concentrations in culture; N= total number of replicates; cell # vs Y2O3-free control = cell # of cultures exposed to TAT-Y2O3 or
PsTAT-Y2O3, normalized against in-plate controls lacking either of the nanodrugs but exposed to a matching dose of X-ray radiation; p= p value determined using a one-tailed,
unpaired t-test; cell # vs TAT-Y2O3 = cell # of cultures exposed to PsTAT-Y2O3, normalized against in-plate controls exposed to a matching dose of X-ray radiation.

TABLE 3. Normalized Cell Number (#) of PC-3 Human

Prostate Cancer Cell Cultures Treated with PsTAT-Y2O3 in

the Presence and Absence of X-ray Irradiationa

PsTAT-Y2O3/TAT-Y2O3

Y2O3

concentration

(μg/mL) ( X-ray N cell # ratio

p vs un irradiated

cell cultures

95 � 20 0.92 ( 0.110
29 � 14 0.97 ( 0.036
9.5 � 21 0.97 ( 0.035
2.9 � 15 0.98 ( 0.024
95 þ 33 0.79 ( 0.077 <1 � 10�4

29 þ 26 0.88 ( 0.060 <1 � 10�4

9.5 þ 33 0.93 ( 0.060 7.4 � 10�4

2.9 þ 28 0.96 ( 0.058 0.039

a Y2O3 concentration = TAT-Y2O3 and PsTAT-Y2O3 concentrations in culture;
N = total number of replicates; PsTAT-Y2O3/TAT-Y2O3; cell # ratio = cell # of
cultures exposed to PsTAT-Y2O3, normalized against in-plate controls incubated
with a matching concentration of TAT-Y2O3 and exposed to a matching dose of X-ray
radiation; p = p value determined using a one-tailed, unpaired t-test.

A
RTIC

LE



SCAFFIDI ET AL . VOL. 5 ’ NO. 6 ’ 4679–4687 ’ 2011

www.acsnano.org

4684

mechanism by which PsTAT-Y2O3 either kills or delays
the growth of PC-3 human prostate cancer cells are
ongoing.

CONCLUSIONS

Although the in vitro reductions in cell number ob-
served in the current study aremodest, they provide the
first ever demonstration of cell killing or growth inhibi-
tion by X-ray excited, psoralen-functionalized nanoscin-
tillators. Specifically, these cell number results provide
preliminary evidence that X-ray exposure of Y2O3 nano-
particles functionalized with a psoralen-modified nucle-
ar targeting peptide may have potential in the fight
against cancer. If psoralen continues to act via a non-
ROS-dependent mechanism after attachment to these
nanoscintillators, then such a drug�peptide�particle

nanoconjugate may have unique potential as a means
of treating deep-seated tumors in hypoxic environ-
ments. Further research is underway to determine the
mechanism of action for these particular psoralen-func-
tionalized nanoscintillators and to better quantify their
ability to inhibit cell growth and/or induce apoptosis. At
the same time,we are examining the in vitro potential of
other UV-emitting nanoscintillators such as doped oxi-
des,fluorides, andperovskites; cell-penetrating/nuclear-
targeting peptides such as penetratin, MAP, polyargi-
nine, c-Fos, Antennapedia, VP22, and transportan; and
the in vitro effectiveness of nanoscintillators functiona-
lized with a combination of psoralen-modified and
psoralen-free cell-penetrating/nuclear-targeting pep-
tides. The results of these studies will be the focus of
future reports.

EXPERIMENTAL SECTION
Nanodrug Preparation. During the synthesis of the unopti-

mized nanodrug, commercially available ∼12 nm diameter
cubic-phase Y2O3 nanoscintillators (Meliorum Technologies,
Rochester, NY) were weighed, autoclaved, and dispersed using
tip sonication at 1 mg/mL in sterile-filtered 5 mg/mL 2-chlor-
oethyl phosphonic acid (“2-CEP”, Fisher Scientific, Fairlawn, NJ)
dissolved in 100 mM pH ∼7 sodium bicarbonate (VWR, West
Chester, PA) prepared using sterile water for injection (“SWFI”,
EMDChemicals, Gibbstown, NJ). The dispersed nanoscintillators
were then vigorously mixed for 48 h at room temperature to
allow 2-CEP attachment and purified by triplicate centrifugation
at ∼15 500 RCF for 30 min (centrifuge model 5804, Eppendorf,
New York, NY). Following the third centrifugation, the particles
were redispersed in sterile-filtered TAT (SynBioSci, Livermore,
CA) or PsTAT solution (RS Synthesis LLC, Lexington, KY) pre-
pared at 1 mg/mL in pH ∼6.5 SWFI. The nanoscintillators were
again vigorously mixed for 48 h at room temperature to
allow attachment of the TAT or PsTAT peptide to the sur-
face-associated 2-CEP via thioether formation. Afterward, the
peptide�nanoscintillator conjugates were again purified by
triplicate centrifugation, with final redispersion by brief tip
sonication in sterile-filtered 5 wt % dextrose (“D5W”, Mallinck-
rodt Baker Inc., Phillipsburg, NJ) prepared with SWFI.

These TAT-Y2O3 and PsTAT-Y2O3 formulations were typically
added to cell culturewithin∼3 hof preparation andwere briefly
tip-sonicated immediately before addition to cultures to miti-
gate the potential effects of aggregation during storage.

In Vitro Nanodrug Testing. During in vitro testing, PC-3 human
prostate cancer cells (American Type Culture Collection, Rock-
ville, MD) were grown to∼70% confluence in F12-K cell culture
media (Gibco, Grand Island, NY) supplemented with 10% fetal
bovine serum (“FBS”, Gibco, Grand Island, NY), harvested by
trypsinization (Gibco, Grand Island, NY), and seeded in six-well
cell culture plates (Corning, Lowell, MA) at 104 cells per well, in
2 mL of F12-K media supplemented with 10% FBS. The cells
were allowed ∼24 h to attach; then 100 μL of D5W, D5W
containing TAT-Y2O3, or D5Wcontaining PsTAT-Y2O3was added
to each well and distributed by orthogonal mixing, increasing
the total media volume per well to 2.1 mL. After incubation for
3�4 h under standard conditions to allow nanoscintillator
uptake and intracellular transport, test cultures were exposed
to 2 Gy X-ray radiation at 160 or 320 kVp, with the dose
hardened using a 2 mm Al filter (model: X-RAD 320, Precision
X-ray Inc., North Branford, CT). Control cultures were treated
with D5W, D5W containing TAT-Y2O3, or D5Wcontaining PsTAT-
Y2O3 but were not irradiated. The culture media was removed
from all plates by aspiration immediately after X-ray exposure of

the test plates and replaced with 2 mL of F12-K supplemen-
ted with 10% FBS. The PC-3 cell cultures were then incubated
under standard conditions for 7�8 days prior to cell number
determination.

TAT-Y2O3 and PsTAT-Y2O3 nanodrug concentrations were
confirmed by inductively coupled plasma atomic emission
spectrometry (ICP-AES) determination of yttrium content. After
the six centrifugations performed during preparation, Y2O3

concentrations were typically within ∼5% of the expected
concentration. No systematic error in the Y2O3 concentration
was observed for either TAT-Y2O3 or PsTAT-Y2O3. Because TAT
and PsTAT are tethered to the Y2O3 nanoscintillators, we pre-
sume that the TAT and PsTAT concentrations also vary to a
similar extent. We have attempted to quantify the amount of
peptide attached to the Y2O3 nanoscintillators by various
techniques (UV�visible absorption spectroscopy, fluorescence,
MALDI, LC-MS, etc.) and have repeatedly found that the amount
of peptide in the nanodrug formulation is below the limit of
detection for most of these techniques when applied to Y2O3-
containing samples. The exception is fluorescence, with which
we have detected a weak but recognizable psoralen spectrum
in the PsTAT-Y2O3 formulation. The intrinsic difficulties of
quantifying particle-tethered fluorophores (e.g., hyper/hypo-
chromism, energy transfer to/from the particle surface, path-
length effects due to scattering) unfortunately prevent a quan-
titative determination of the nanoscintillator-tethered psoralen
concentration at this time. One area of focus during future
studies, however, will be the development of improved analy-
tical methods and protocols that are better able to quantify all
components of this and other nanodrugs. Extended discussion
of these ongoing efforts is beyond the scope of this article and
will be the subject of a future report.

Determination of Relative Cell Proliferation. After incubation
under standard conditions for 7�8 days, the cell culture media
was removedby aspiration and replacedwith 1mLof 0.5% (w/v)
methylene blue hydrate (Sigma-Aldrich, Milwaukee,WI) in 50:50
(v/v) methanol/water. The cells were simultaneously fixed and
stained for 10 min, after which themethylene blue solution was
poured off and the six-well plateswere gently rinsed three times
with DI water. Upon drying in air for >48 h, 1 mL of 50:50 (v/v)
ethanol/0.1 M HCl was added to each well and the six-well
plates were gently fully homogenized on a laboratory shaker for
10 min to ensure full dye desorption from the entirety of each
well. Finally, the UV�visible absorption spectrumwasmeasured
from 400 to 800 nm using a plate reader (model: Fluostar
Omega, BMG Labtech, Cary, NC), and the absorption at
∼660 nmwas used to determine relative cell number densities.
Use of in-plate particle-free and TAT-Y2O3 controls allows for
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improved determination of nanodrug effectiveness as com-
pared to studies that cannot correct for plate-to-plate variability
in cell seeding, cell survival due to minor variations in handling,
minor differences in the duration of staining, etc. In addition, use
of acidified ethanol appears to dissolve any incidental amounts
of residual Y2O3 that may remain in the six-well culture plates
following media exchange, aspiration, methylene blue staining,
and triplicate rinsing with DI water, as we have noted no
increase in apparent absorption during control experiments
lacking methylene blue. This is perhaps unsurprising given the
small amount of Y2O3 present after somany rinses, the pH of the
dye desorption solution (∼1.3), and the ease with which Y2O3

dissolves in such acidic, HCl-containing solutions.
Data Manipulation. All calculations (e.g., normalization, t-tests)

were performed using Microsoft Excel 2003, SP3 (Microsoft,
Redmond, OR).
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