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dvances in nanotechnology have

enabled the development of multi-

functional nanoparticles that can si-
multaneously perform various functions, in-
cluding targeting, imaging, and therapy.'®
Recently, superparamagnetic iron oxide
nanoparticles,'®~'2 quantum dots,”*" "> and
gold nanoparticles'®'” have been investi-
gated for potential multifunctional uses as
therapeutic agents, delivery vehicles and
imaging agents capable of visualization by
magnetic resonance imaging (MRI) or opti-
cal imaging techniques. Of the various
medical imaging systems available, com-
puted tomography (CT) is one of the most
frequently used hospital diagnostic tools
and also one of the most cost-effective. Re-
cently, we reported the synthesis of poly-
ethylene glycol (PEG)-coated gold nanopar-
ticles (GNPs) for use as a novel CT contrast
agent in blood pool imaging (angiography)
and for diagnosis of hepatoma in vivo and
suggested that GNP-based CT contrast
agents might be capable of overcoming
the limitations of conventional iodine-
based contrast agents.'® Very recently,
Popvtzer and colleagues reported that
antibody-conjugated GNPs selectively
bound to target cancer cells and showed
that such GNP—cancer cell interaction
could be imaged by CT instruments.'® How-
ever, GNP-based multifunctional nanoparti-
cles with the tripartite capacity to mediate
targeting, CT imaging, and drug delivery to
target cancer cells have not yet been
developed.

Aptamers are an emerging class of tar-

geting ligands that also serve as biological
drugs that can be used to treat various
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ABSTRACT Computed tomography (CT) is one of the most useful diagnostic tools among commonly used

biomedical imaging techniques, which also include magnetic resonance imaging (MRI), positron emission

tomography (PET), and ultrasound. However, currently available CT contrast agents, which are based on small

iodinated molecules, possess a number of limitations, including a lack of targeted molecular imaging, short

imaging time, and renal toxicity. Here, we report a multifunctional nanoparticle for targeted molecular CT imaging

and therapy of prostate cancer. By functionalizing the surface of gold nanoparticles (GNPs) with a prostate-

specific membrane antigen (PSMA) RNA aptamer that binds to PSMA, we established a targeted molecular CT

imaging system capable of specific imaging of prostate cancer cells that express the PSMA protein. The resulting

PSMA aptamer-conjugated GNP showed more than 4-fold greater CT intensity for a targeted LNCaP cell than that

of a nontargeted PC3 cell. Furthermore, the PSMA aptamer-conjugated GNPs after loading of doxorubicin were

significantly more potent against targeted LNCaP cells than against nontargeted PC3 cells.

KEYWORDS: computed tomography (CT) - aptamer - gold nanoparticle - targeted
molecular imaging - drug delivery

diseases.?®~2° As escort molecules, aptam-
ers are able to deliver drugs,®'3% or nano-
particles encapsulating drugs,?' =2 to target
cells via high-affinity, specific binding. Re-
cently, we showed that a prostate-specific
membrane antigen (PSMA)-specific
aptamer formed a 1:1 physical complex
with doxorubicin (Dox) via intercalation,
and thereby delivered this anticancer drug
to target prostate cancer cells.?® Thus, the
PSMA aptamer (A10 RNA aptamer) de-
scribed in our previous study served the
dual functions of escort molecule and drug
delivery carrier.

Here we report that PSMA-specific,
aptamer-conjugated multifunctional GNPs
are able to act as anticancer drug delivery
vehicles and as CT nanocontrast agents be-
cause of the presence of gold, resulting in
combined prostate cancer imaging and an-
ticancer therapy.
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Figure 1. Fluorescence spectra of a Dox solution (3 M) with increasing molar ratios of (a) unhybridized aptamer (from top
to bottom: 0, 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4, 5, and 6 equiv) and (b) hybridized aptamer (from top to bottom: 0, 0.2, 0.4, and 0.6

equiv).

RESULTS AND DISCUSSION

In the present study, we used a PSMA-specific A9
RNA aptamer with a 21-base (CGA); extension at the
3’ end. Because Dox intercalates preferentially into con-
secutive —CG— base pairs,?’ fusing of the (CGA); re-
peating oligonucleotide (ONT) to the original PSMA
aptamer significantly enhanced Dox-loading capacity,
providing binding sites for at least 6—7 Dox molecules
in the extended region instead of the single Dox mol-
ecule bound by the original PSMA aptamer.

To determine how many Dox molecules could actu-
ally be loaded onto the PSMA aptamer—(CGA); after hy-
bridization with the complementary sequence, 5'-
(TCG);-3', we measured Dox intercalation by
monitoring Dox fluorescence quenching. As the
amount of added unhybridized or hybridized aptamer
increased, there was a sequential decrease in the native
fluorescence spectrum of Dox that ultimately reached
a maximum level of fluorescence quenching (Figure 1).
Consistent with predictions, the loading capacity of
the hybridized aptamer was 7.5 Dox per aptamer and
was much higher than that of the unhybridized
aptamer (0.6 Dox per aptamer). On the basis of this re-
sult, we introduced the PSMA aptamer with the (CGA),
extension onto the surface of GNPs, with the goal of
achieving high-level drug loading. A schematic depic-
tion of the preparation of Dox-loaded aptamer—GNP
conjugates is shown in Figure 2. Citrate-stabilized GNPs,
serving the CT contrast agent function, were synthe-
sized using a citrate reduction method.?® In the first
step, citrate-stabilized GNPs were coated with 5’-SH-
functionalized capture ONTs composed of an A, spacer
and a (TCG); ONT, which hybridizes with the PSMA
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aptamer—(CGA); and creates the double-stranded GC-
rich region that accommodates multiple Dox mol-
ecules. In the second step, the PSMA aptamer—(CGA);,
serving both targeting and drug carrier functions, was
conjugated to the capture ONT-modified GNPs via hy-
bridization between the capture sequence and the ex-
tended sequence of the PSMA aptamer. Dynamic light
scattering was used to measure the hydrodynamic size
of the GNPs and to confirm that capture ONTs and the
extended aptamers were conjugated sequentially in the
manner illustrated in Figure 2. The diameter of citrate-
stabilized GNPs was 12.7 = 3.3 nm. Afterimmobilization
of capture ONTs, NP diameter increased to 21.3 = 5.8
nm and was further increased to 29.4 = 7.7 nm by sub-
sequent hybridization of PSMA aptamer—(CGA), sug-
gesting that capture ONTs and aptamers were sequen-
tially introduced onto the surface of GNPs. The extent
magnitude of the observed size increase was in good
agreement with the data of Javier and colleagues (Fig-
ure 3).% In the final step, Dox was loaded onto PSMA
aptamer-conjugated GNPs via intercalation. The
amount of Dox loaded was 615 = 34 Dox molecules
per GNP, calculated indirectly by measuring the amount
of unloaded Dox remaining after purification of the
drug-loaded conjugate by centrifugation. On the basis
of the estimate of 7.5 loadable Dox molecules per hy-
bridized PSMA aptamer—(CGA);/(TCG); ONT, it may be
inferred that each GNP contained approximately 82
copies of the hybridized aptamer.

We next examined whether PSMA aptamer-
conjugated GNPs could preferentially bind to target LN-
CaP prostate epithelial cells that overexpressed PSMA
antigen in the plasma membrane. PC3 prostate epithe-
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Figure 2. (a) Schematic illustration of the method for preparing Dox-loaded aptamer-conjugated GNPs. (b) PSMA aptamer
and ONT sequences used to synthesize Dox-loaded aptamer-conjugated GNPs.

lial cells, which do not express detectable levels of
PSMA, were used as a negative control. Cells were incu-
bated with PSMA aptamer-conjugated GNPs (1 nM) or
OPTI-MEM medium only (control) at 37 °C for 2 h and
next washed with phosphate buffered saline (PBS) to re-
move unbound NPs. The molar concentration of GNPs
was measured by UV—vis spectrophotometry (molar
extinction coefficient for 13 nm GNP at 520 nm: 2.7 X
108 M~ cm™1).3% To visualize GNPs, we stained treated
cells using a silver enhancement kit. Figure 4 shows
silver-stained optical images of LNCaP and PC3 cells in-
cubated with or without PSMA aptamer-conjugated
GNPs. There were no clear black spots in the magni-
fied images of either cell type after incubating in me-
dium alone (Figure 4a,c). However, as seen in the mag-
nified image of Figure 4b, numerous black spots
representing aggregated silver metal deposited on
GNPs were clearly identifiable in LNCaP cells after treat-
ment with extended PSMA aptamer-conjugated GNPs.
In contrast, no such silver-enhanced spots were detect-
able in PC3 cells treated with the same GNP conjugate.
Furthermore, inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) was used to quantify the
PSMA aptamer-conjugated GNPs that were taken up by
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cells. ICP-AES analysis revealed that uptake of the PSMA
aptamer-conjugated GNPs by LNCaP cells was ~3 times
higher than that by PC3 (Figure S1 in the Supporting In-
formation). These results clearly indicate that hybridized
PSMA aptamer-conjugated GNPs have the ability to
bind specifically to target LNCaP prostate cancer cells.
Next, we investigated the ability of hybridized
aptamer-conjugated GNPs to serve as a targeted CT
contrast agent. LNCaP and PC3 cells were incubated
with hybridized aptamer-conjugated GNPs (5 nM) at
37 °C for 6 h, washed three times with PBS, and resus-
pended in 100 uL of PBS. The attenuation of CT inten-
sity is expressed in Hounsfield units (HU) and was mea-
sured using clinical CT at 80 kVp after immersing each
sample in a water bath (Figure 5). Figure 5a shows the
actual CT images of LNCaP and PC3 cells incubated
with or without PSMA aptamer-conjugated GNPs. The
CT image of LNCaP cells treated with PSMA aptamer-
conjugated GNPs was much brighter than that of PC3
cells treated with the same GNPs, and these latter im-
ages were similar to CT images of nontreated LNCaP
and PC3 cells, the scramble aptamer-conjugated GNPs
treated LNCaP cells, and PBS-only controls. A quantita-
tive analysis of the CT intensity of each sample is shown
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Figure 3. Hydrodynamic size distribution of (a) citrate-stabilized GNPs, (b) 5'-HS-A+,-(TCG),-3'-modified GNPs, and (c) GNPs

conjugated with PSMA aptamer—(CGA); via hybridization.

in Figure 5b. The HU value for LNCaP cells treated with
PSMA aptamer-conjugated GNPs (130 = 17 HU) was
more than 4-fold greater than that for PC3 cells (28 =
3 HU). In contrast, little difference in the HU values is ob-
served between nontreated and the scramble aptamer-
conjugated GNP-treated LNCaP cells, indicating high
target specificity of the PSMA aptamer. These results
suggest that PSMA aptamer-conjugated GNPs have the
potential to be used as a CT contrast agent to detect
prostate cancer with high sensitivity and specificity.

(© ()

Figure 4. Silver-stained optical microscope images of LNCaP cells (a,b)
and PC3 cells (c,d) following different 2 h treatments. (a) LNCaP and (c)
PC3 cells incubated with OPTI-MEM medium (negative control). (b) LN-
CaP and (d) PC3 cell treated with 1 nM PSMA aptamer-conjugated
GNPs. White arrows indicate silver-enhanced GNPs.
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After demonstrating the potential of hybridized
aptamer-conjugated GNPs as a targeted CT contrast
agent, we next examined the potential use of the GNPs
as a drug delivery carrier. Dox-loaded PSMA aptamer-
conjugated GNPs, prepared as illustrated in Figure 2,
contained approximately 615 Dox molecules per GNP.
Because Dox is a fluorescent molecule and has an abil-
ity to penetrate plasma cellular membrane, it is easy to
examine whether or not the drug is delivered to target
cells. After treating LNCap and PC3 cells with Dox-
loaded aptamer-conjugated GNPs, uptake of Dox by
each cell was assessed by confocal laser scanning mi-
croscopy (CLSM) and flow cytometry. In the CLSM im-
ages, strong fluorescence was observed mostly in the
cytoplasm of LNCaP cells, whereas no fluorescence sig-
nal was seen in PC3 cells (Figure S2 in the Supporting In-
formation), indicating that highly selective, differential
delivery of Dox to target cancer cells was attained. Fur-
thermore, distinct shift of cell population with high fluo-
rescence was observed for the conjugate GNP-treated
LNCaP cells but not for the case of PC3 cells in the flow
cytometry experiment (Figure S3 in the Supporting In-
formation). These results clearly demonstrate the feasi-
bility of aptamer-conjugated GNPs as a drug delivery
vehicle in a targeted manner. Although GNPs are gen-
erally known to be biocompatible and nontoxic, we
evaluated the toxicity of PSMA aptamer-conjugated
GNPs by measuring cell viability using MTT (3-4,5-
dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide)
assays. As shown in Figure 6a, LNCaP and PC3 cells in-
cubated for 24 h with increasing amounts of PSMA
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Figure 5. (a) CT images and (b) HU values of PBS, LNCaP, PC3 cells, and LNCaP and PC3 cells treated with PSMA aptamer-
conjugated GNPs (5 nM) or scramble aptamer-conjugated GNPs (5 nM) for 6 h (n = 3).

aptamer-conjugated GNPs exhibited no appreciable
loss of viability, even at conjugate concentrations as
high as 20 nM, a concentration much higher than that
needed to load 5 M Dox. Next, we examined the cyto-
toxic effect of parent Dox (5 wM) and Dox-loaded
aptamer-conjugated GNPs (5 wM Dox equivalent) on
LNCaP and PC3 cells (Figure 6b). MTT assays revealed
that Dox-loaded aptamer-conjugated GNPs were sig-
nificantly more cytotoxic toward targeted LNCaP cells
than the nontargeted PC3 cells (cell viability 50 + 6%
for LNCaP versus 71 + 6% for PC3; p < 0.05,n = 5). The
difference in the cytotoxicity result is considered more
significant because parent Dox killed PC3 cells slightly
more effectively than LNCaP cells (cell viability 60 = 8%
for LNCaP versus 51 = 6% for PC3). Cytotoxicity of par-
ent Dox and Dox-loaded GNPs as a function of concen-
trations is seen in Figure 6c¢. In addition, the cytotoxic-
ity of the Dox-loaded conjugate toward LNCaP cells was
nearly equipotent to that of parent Dox. The observed
cytotoxicity of Dox-loaded aptamer-conjugated GNPs is
likely attributable to free Dox liberated from the conju-
gate by diffusion or through degradation of the PSMA
aptamer inside cells. Drug release experiments showed

EXPERIMENTAL SECTION

Measurements: The hydrodynamic particle size of PSMA
aptamer-conjugated GNPs was measured using an ELS 8000
light-scattering spectrophotometer (Otsuka Electronics Korea,
Seoul, South Korea). Silver-stained cells were visualized using a
Leica DMRBE optical microscope (Leica Microsystems AG, Wet-
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that approximately 35% of Dox was released within
1 h, suggesting that drug release was relatively fast (Fig-
ure 7).

CONCLUSIONS

In conclusion, by conjugating GNPs with an ONT-
hybridized, PSMA-specific aptamer, which forms a GC-
rich duplex that acts as a loading site for the chemo-
therapeutic agent Dox, we have constructed a
multifunctional nanoparticle that enables combined
prostate cancer imaging by CT and anticancer therapy.
PSMA aptamer-conjugated GNPs were able to specifi-
cally bind to target prostate cancer cells that overex-
pressed PSMA antigen, allowing visualization of target-
specific binding by silver staining and clinical CT
instrumentation. Further, we demonstrated that Dox-
loaded aptamer-conjugated GNPs are able to kill target
cancer cells more effectively than nontarget cells, sug-
gesting target-specific drug delivery. We anticipate that
the present GNP conjugate system could be applied to
the design of similar multifunctional NPs through the
use of other disease-specific aptamers and imaging
nanoprobes.

zlar, Germany) equipped with 100X, 200X, and 400X objec-
tives. Images were acquired using a CoolSNAPTMfx CCD cam-
era driven by MetaMorph imaging software (Universal Imaging
Co, Downingtown, PA). Dox fluorescence was monitored at an
excitation wavelength of 480 nm, and emission was recorded
over a 500—700 nm interval (3 mm slit) on an RF-5301PC spec-
trofluorometer (Shimadzu, Kyoto, Japan).
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Figure 6. In vitro cell viability measured by MTT assays. LNCaP and PC3 cells were incubated with (a) different concentra-
tions of PSMA aptamer-conjugated GNPs for 24 h, (b) free Dox (5 M) or Dox (5 pM)-loaded PSMA aptamer-conjugated GNPs
(8.14 nM), and (c) various concentrations of Dox or Dox-loaded PSMA aptamer-conjugated GNPs for 2 h. Cells were then
washed and incubated for an additional 24 h prior to measurement of cell viability as described in the Experimental Sec-

tion; *p < 0.05, LNCaP versus PC3 cells (n = 5).

Preparation of 13 nm GNPs: In a 250 mL round-bottomed flask
equipped with a condenser, 100 mL of T mM HAuCl, was heated
to a boil with vigorous stirring. Next, 10 mL of 38.8 mM sodium
citrate was added quickly, which resulted in a color change from
blue to burgundy. After further stirring at the same tempera-
ture for 10 min, the resulting solution was cooled to room
temperature.

Aptamer Synthesis: The sequences of the extended PSMA
aptamer (A9 CGA aptamer) and the scramble aptamer?® were 5'-

70
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Figure 7. Time-dependent release profile of parent Dox from
Dox-loaded PSMA aptamer-conjugated GNPs (n = 3).

GGG AGG ACG AUG CGG ACC GAA AAA GAC CUG ACU ucu
AUA CUA AGU CUA CGU UCC CAG ACG ACU CGC CCG ACG ACG
ACG ACG ACG ACG ACG A-3" and 5’-CAG GCA UGC CUA GCU
AAG CAG CCC AUG GCU UAU GCG CGG AAU AUU GGC UuC CGU
UCU CGA CGA CGA CGA CGA CGA CGA-3’ (extended sequence
of aptamer is underlined), respectively. Each aptamer was syn-
thesized by in vitro transcription (12 h at 37 °C) from a double-
stranded DNA template that included the T7 RNA promoter us-
ing a MEGAscript kit (Ambion, Austin, TX). Following
transcription, samples were treated with DNase for 10 min at 37
°C. Aptamers were purified by LiCl precipitation.

Conjugation of PSMA Aptamers with GNPs: First, thiol-modified cap-
ture ONTs (5'-HS-CC-AAAAAAAAAA-
TCGTCGTCGTCGTCGTCGTCG-3" were added to 13 nm citrated-
stabilized GNPs (3 nmol capture ONT per 1 mL of 17 nM GNP). Af-
ter 16 h, 0.1 M sodium phosphate buffer was added to bring
the mixture to 10 mM sodium phosphate, and 1 M sodium chlo-
ride was added to bring the sodium chloride concentration to
0.1 M. This solution was gently shaken for an additional 24 h.
Next, unreacted capture ONTs were removed by centrifugation
at 20 000g for 20 min. Then, the extended PSMA aptamer was hy-
bridized to 100 pL of capture ONT-coated GNPs by initially heat-
ing the solution at 90 °C for 5 min, followed by incubation at
room temperature for 1 h. Unreacted, extended PSMA CGA
aptamers were removed by centrifugation at 20 000g for 20
min.
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Assessment of Cell Binding by Silver Staining: Gelatin-coated cover-
slips were placed in 24-well plates containing RPMI-1640. LN-
CaP and PC3 prostate cancer cells were seeded onto each cover-
slip at a density of 10° cells/coverslip and incubated for 24 h.
Cells were first preincubated with OPTI-MEM media for 30 min
and then incubated with 1 nM PSMA aptamer-conjugated GNPs
for 2 h at 37 °C. After incubating with PSMA aptamer-conjugated
GNPs, cells were washed three times with PBS, stained using a sil-
ver enhancement kit for 5 min, and then washed three more
times with PBS. Silver staining results were assessed by light mi-
croscopy, as described above.

(T Imaging and HU Measurements: LNCaP and PC3 cell were grown
in 100 mm dishes to ~100% confluence. Cells were first preincu-
bated with OPTI-MEM media for 30 min and then incubated
with 5 nM PSMA aptamer-conjugated GNPs or 5 nM scramble
aptamer-conjugated GNPs for 6 h at 37 °C. Cells were then
washed three times with PBS and trypsinized. Approximately
2.5 X 10° cells of each sample were resuspended in 100 L of
PBS. CT data were acquired using a GE Light Speed VCT 64-
detector CT (GE Amersham Healthcare System, Milwaukee, WI).
Imaging parameters were as follows: slice thickness, 0.625 mm;
pitch, 0.984:1; voltage, 80 kVp; current, 500 mA; field of view, 512
X 512, gantry rotation time, 0.4 s; table speed, 40 mm/rotation.

Dox Loading of PSMA Aptamer-Conjugated GNPs: PSMA aptamer-
conjugated GNPs (1 nM) were incubated in an aqueous solu-
tion of Dox (1 wM) for 1 h. The resulting Dox-loaded PSMA
aptamer-conjugated GNPs were collected using a Hanil Supra
22K high-speed centrifuge (Hanil Science Industrial, Incheon,
South Korea) at 20 000g for 20 min. Then, the amount of un-
loaded Dox in the supernatant was calculated from the emis-
sion intensity of Dox at 550 nm (excitation at 480 nm).

Drug Release Experiment: Dox-loaded aptamer-conjugated GNPs
(20 nM GNP) were incubated in PBS with gentle shaking. At the
indicated times, PSMA aptamer-conjugated GNPs were collected
by centrifugation and the supernatant was removed for fluores-
cence analysis. The amount of Dox released was determined by
fluorescence emission at a A\, of 550 nm, with excitation at 480
nm.
MTT Cell Viability Assay: LNCaP and PC3 cells in RPMI-1640 were
grown to 70% confluence in 96-well plates. Before incubation
with complex, cells were washed with PBS and incubated with
OPTI-MEM media for 30 min. The medium in each well was then
replaced with 100 pL of fresh medium containing different con-
centrations of PSMA aptamer-conjugated GNPs for 24 h or with
free Dox (5 wM) or Dox (5 wM)-loaded PSMA aptamer-
conjugated GNPs (8.14 nM) for 2 h, washed, and further incu-
bated in fresh media for total of 24 h. After washing the cells
twice with PBS, 100 pL of fresh culture medium was added to
each well followed by 20 pL of MTT solution (2.5 mg/mL in PBS).
The cells were then incubated for an additional 4 h at 37 °C,
and then the medium was carefully aspirated. The cells were sol-
ubilized in 200 pL of DMSO, and the absorbance in each well at
570 nm was measured using a model FL600 microplate reader
(Bio-Tek Inc., Winooski, VT).
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