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cis-Diamminedichloroplatinum(II) (cisplatin) is a potent
chemotherapeutic agent for the treatment of a broad range
of cancerous tumors."? Despite its excellent antitumor
efficacy, the major drawbacks of cisplatin include its lack of
tumor specificity and severe side effects.’! In addition, certain
tumor-cell types develop resistance to cisplatin from exposure
to the drug.l'! Strategies that allow the delivery of cisplatin
specifically to tumor cells are highly desirable. Several
strategies have been reported for the delivery of cisplatin
specifically to tumor sites,**! the most common of which is to
use antibody (Ab) recognition against different cell-surface
targets.*® The binding of Abs to the cell-membrane recep-
tors triggers receptor-mediated endocytosis, with the result of
improved therapeutic efficacy.”! Despite this success, the use
of Abs as cell-specific homing agents poses significant
challenges. Ab conjugations are difficult to control and
typically show poor site specificity for the conjugation and
inconsistent binding affinity.”) The antibody-based drug-
delivery system also tends to be immunogenic,'”! so it
requires extra humanization steps, which make it more
difficult for clinical application.

Nucleic acid based aptamers provide excellent alterna-
tives to antibodies as cell-specific agents. They are single-
stranded oligonucleotides identified through an in vitro
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selection process, termed system evolution of ligands by
exponential enrichment (SELEX), to bind the target mole-
cules selectively.'") Many aptamers identified by SELEX
have nearly identical binding affinity and specificity to those
of Abs. Aptamers are much easier to prepare and to scale up.
They are generally considered nonimmunogenic and can be
gradually degraded by nucleases and cleared from the blood
to cause minimal system toxicity. Functionalizations of
aptamers to facilitate site-specific conjugation are also
straightforward. Thus, aptamers are promising targeting
ligands"*2* and have been used in targeted drug-delivery
systems, most of which are block-copolymer nanoparti-
cles”?) Although these new nanotechnology-based plat-
forms look promising, the clinical benefit of nanoparticles for
targeted cancer therapy is yet to be demonstrated.

Liposomes are by far the most successful drug-delivery
systems;® a number of liposome-based systems have been
approved by the US Food and Drug Administration for
disease treatment in the clinic.”!! Liposomes have been shown
to increase the plasma residence time of aptamers.*? Previous
efforts on liposomal drug delivery have focused on develop-
ing long-circulating liposomes that target cancerous tumor
tissues through the enhanced permeation and retention
(EPR) effect,*3 a passive targeting mechanism. However,
cancer targeting entirely based on EPR still has undesirable
systemic side effects and suboptimal antitumor efficacy:*>>!
clinical studies of a cisplatin-containing liposome showed only
poor to moderate therapeutic efficacy.””*! Delivery vehicles
with active tumor-targeting capability could, in principle,
improve this significantly.®”!

Personalized chemotherapy is an unmet challenge in
cancer treatment. Despite the existence of rough empirical
dosage guidelines, the individual patient response can deviate
strongly from average behavior. This problem is especially
acute for chemotherapy agents, for which drug overdosage
can have severe consequences. At present, once an initial
dosage is administered, the side effects and drug effectiveness
can no longer be modulated if there are no “antidotes” to the
treatment. However, the discovery of good antidotes or
neutralizers for each individual drug molecule is not an easy
task, if even practical. Moreover, there are no known ways to
“multiplex” different antidotes to control complex treatment
profiles with multiple drugs.

We report here the controlled formulation of aptamer-
conjugated, cisplatin-encapsulating multifunctional lipo-
somes. Cancer-cell-specific targeting and drug delivery are
demonstrated by using this delivery platform. Furthermore,
we also show for the first time that a complementary DNA
(cDNA) of the aptamer can function as an antidote to disrupt
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aptamer-mediated targeted drug delivery. This strategy for
reversible delivery can, in principle, be adapted to a broad
range of chemotherapy agents.

To demonstrate the effectiveness of our approach, we use
an aptamer derived from AS1411, a 26-mer DNA aptamer
that was recently discovered to have high binding affinity to
nucleolin (NCL),* a bcl-2 mRNA binding protein involved
in cell proliferation.!! NCL overexpression on the plasma
membrane has been linked to various human diseases such as
breast cancer,*! therefore it provides a potential target for
cancer-cell-specific drug delivery. AS1411 has been shown to
exhibit antiproliferation activity in several cancer cell lines,
including breast cancer cells (for example, MCF-7 and MDA -
MB-231 cells®), presumably through its binding to NCL.[!
Thus, AS1411 is a promising targeting ligand for breast
cancer. The sequence of the aptamer used in this study (called
the NCL-aptamer) is 5-GGT GGT GGT GGT TGT GGT
GGT GGT GGT TTIT TTIT TTT TT-cholesterol-3'. The
cholesterol tag immobilizes the aptamer on the liposome
surface by inserting into the hydrophobic lipid membrane.
The 12 extra T bases at the 3'-terminus ensure that the binding
domains of the aptamer extend away from liposome surface,
because the aptamer’s capability of binding to the target may
otherwise be compromised. To confirm the internalization of
the aptamer by the MCF-7 cells, we labeled the AS1411
aptamer, as well as a control DNA of a scrambled sequence,
with a 5-end TAMRA dye, and then incubated them
separately with MCF-7 cells at 37°C for 10 h. The NCL-
aptamer-treated cells showed much stronger TAMRA fluo-
rescence in the cytoplasm than the control-DNA-treated cells
(data not shown) when they were analyzed with a confocal
microscope. The fluorescence was observed predominantly in
the cytoplasm instead of in the nucleus of the MCF-7 cells,
which was consistent with the projected endocytosis-based
internalization mechanism.

The study mentioned above suggests that the NCL-
aptamer may facilitate the endocytosis of drug-delivery
vehicles. We next prepared NCL-aptamer-functionalized lip-
osomes (NCL-aptamer-liposomes) of approximately 200 nm
in diameter. The parental liposomes were formulated by
following published procedures,”**! and were composed of
hydrogenated soy phosphatidylcholine (HSPC), cholesterol,
and distearoyl phosphatidylethanolamine derivatized with
methoxy poly(ethylene glycol) with a molecular weight (M)
of 2000 Da (mPEG2000-DSPE) at a molar ratio of 2/1/0.16.
Such a composition renders liposomes with high rigidity and
low permeability at 37°C because of the relatively high
transition temperature of HSPC.*! The inert, hydrophilic
PEG is commonly used in the formulation of liposomes for
reduced nonspecific uptake.

The NCL-aptamer-liposome was prepared by mixing the
above-mentioned reagents with the cholesterol-tagged NCL-
aptamer during the hydration step of the liposome formula-
tion. To monitor the internalization of the liposomes, we
encapsulated calcein, a hydrophilic dye that has been
frequently used for tracing cell fusion and division because
of its impermeability to cell membranes. MCF-7 cells
(NCL(+)) and LNCaP cells (NCL(—)) were incubated
separately with calcein-containing NCL-aptamer-liposomes
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for 5h, washed with phosphate-buffered saline (PBS), and
then fixed with formaldehyde before being examined with a
confocal microscope. Strong fluorescence was observed in the
MCEF-7 cells treated with NCL-aptamer-liposomes, whereas
the fluorescence of the LNCaP cells treated with the NCL-
aptamer-liposomes was noticeably much weaker (Figure 1).
This study demonstrated that the binding capability of the

Figure 1. Confocal images of MCF-7 (top) and LNCaP (bottom) cells
treated with NCL-aptamer-functionalized liposomes containing calcein.
From left to right: fluorescence image, transmission image, and
overlay.

NCL-aptamer was well preserved during liposome formula-
tion and that the liposomes could be internalized into cells
through NCL-mediated endocytosis. The latter observation
was further confirmed by an uptake study evaluated by a
fluorescence-activated cell sorting (FACS; Figure 1 in the
Supporting Information).

We investigated the antiproliferation activity of the
aptamer-conjugated liposomes by changing the encapsulated
dye to the chemotherapy drug cisplatin. The viability of cells
treated with NCL-aptamer-liposome—cisplatin was deter-
mined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay against three control groups
(Figure 2). Besides MCF-7 cells treated with aptamer-lip-
osome-—cisplatin, we also tested MCF-7 cells treated with
aptamer-liposomes without cisplatin, MCF-7 cells treated
with random-DNA-modified liposomes containing cisplatin,
and LNCaP cells treated with aptamer-liposome—cisplatin.
Figure 2 shows the viability results from these tests. About
21.5% at day 2 and approximately 59.5% at day 4 of the
MCF-7 cells treated with aptamer—liposome—cisplatin dis-
played cell death. The two control tests involving cisplatin still
had cell viability of about 88.6 % and 88.9 % at day 4, which
suggests liposomes based on the control-DNA non-NCL-
aptamer had no significant effect on cell viability. MCF-7 cells
treated with aptamer-liposomes containing no cisplatin
showed no noticeable cell death, with a viability of about
97.8% even at day 4. Even though the AS1411 aptamer was
reported to have cytotoxicity towards MCF-7 cells®! the
quantity of aptamers used in this work was obviously not
enough to cause any cell death. It is important to note that it is
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Figure 2. Cell viability assays for different liposome/cell combinations.
Viability measured at day 2 and day 4 of the liposome/cell incubation.
Columns 1 and 2: MCF-7 cells treated with NCL-aptamer-functional-
ized liposomes loaded with cisplatin (aptamer—liposome—cisplatin or
Apt-LP-CP); columns 3 and 4: MCF-7 cells treated with a control (Ctrl)
group of DNA-functionalized liposomes loaded with cisplatin (Ctrl-LP-
CP); columns 5 and 6: MCF-7 cells treated with NCL-aptamer-function-
alized liposomes with no cisplatin (Apt-LP); columns 7 and 8: LNCaP
cells treated with NCL-aptamer-functionalized liposomes loaded with
cisplatin (Apt-LP-CP).

much more economical to use aptamers as cell-specific
targeting agents rather than therapeutic agents because the
quantity needed is much lower and aptamers are usually more
costly than small-molecule drugs.

The cytotoxicity of cisplatin to MCF-7 and LNCaP cells
has been previously evaluated, with the ICs, values being
28 um and 5.95 pm, respectively.’*>! These numbers indicate
that LNCaP cells are more prone to cisplatin-induced cell
death than MCF-7 cells. However, by confining the cisplatin
in liposomal vesicles and functionalizing the liposomes with
cell-specific aptamers, much greater cell damage was
observed for MCF-7 cells than for LNCaP cells. This
comparison further supports the enhanced, receptor-medi-
ated cell uptake and improved therapeutic efficacy of lip-
osomes containing an aptamer targeting ligand.

Even though cancer-specific treatment helps reduce side
effects, it is uncommon that a cancer-related receptor only
exists on one type of cells and not any other cells. Most
disease-related membrane receptors or biomarkers are con-
sidered to be “overexpressed” on the diseased cells, which
implies that they also exist on other cells, only at a lower level.
Therefore, overdosage may still damage normal cells and
cause side effects. In addition, depending on other factors,
such as the stage of the cancer and age of the patients, the
optimum dosage of chemotherapy drugs for each patient
needs to be determined. A simple and general way to actively
adjust the dosage according to the patient’s response would
be quite beneficial.

One unique feature of aptamers is that their activity can
be strongly inhibited by their complementary DNAs
(cDNAs) because the complementary base pairing disrupts
the aptamer’s target-binding conformation. Nucleic acid
based antidotes are not only easy to obtain but also have
predictable toxicity profiles, which thus eliminates the safety
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issue associated with antidotes. There have been reports of
applying cDNAs as effective inhibitors to deactivate ther-
apeutic aptamers in animals and in humans.”>>* However,
the use of cDNA to inhibit an aptamer’s cell-targeting
capability as a way to terminate drug delivery has not been
demonstrated. Drug carriers such as liposomes can carry
many different drug molecules, therefore the cDNA of the
targeting aptamer can serve as a “universal” antidote to
reduce the efficacy of all of these drugs on the target cells.
Neutralized aptamer-based delivery systems lose their dis-
ease-targeting capability. Even though cisplatin can still
passively diffuse out of the liposomes and into healthy and
cancerous cells before the liposome is cleared out of the
plasma, the efficiency of nontargeting liposomal drug delivery
is usually poor, as demonstrated by the control experiments in
the current work, as well as reports from other research labs
and clinical trials.**>¥ Therefore, the cDNA-antidote-caused
reduction in drug-delivery efficiency could be valuable for
reversing adverse drug effects.

We explored whether we could use the cDNA of the
aptamer to actively regulate cell uptake of the liposome.
Complementary DNA can disrupt the G-quadruplex struc-
ture of NCL-aptamer that is critical for the binding to NCL.
Therefore, it may be used, when needed, to deactivate the
NCL-aptamer on the liposome surface and inhibit cell uptake
of the liposomes. Additionally, excess cDNA can be gradually
degraded in vivo and rapidly cleared from circulation, so the
possibility of cytotoxicity is low. The cDNA employed had a
20-base sequence of 5'-CCA CCA CCA CCA CAA CCA CC-
3’, which was composed of all 2’-O-methyl-modified RNA
bases for improved resistance to nuclease degradation in the
cell-culture media. We first tested the concentration depend-
ence of the cDNA on cisplatin delivery and on cell viability.
Prior to the addition of the liposomes to MCF-7 cells,
different amounts of cDNA (0-10 equiv relative to the NCL-
aptamer) were added to the cell culture. The viability of cells
treated with NCL-aptamer-liposome—cisplatin was deter-
mined by an MTT assay at day 2 and day 4. The study of
cDNA-dependent cell viability, as illustrated in Figure 3a,
suggested that the cDNA effectively blocked liposome
delivery into the cells and led to reduced cell death. The
effectiveness of the inhibition of liposome uptake by the cells
was proportional to the amount of cDNA added. In the
presence of 10 equivalents of inhibitory cDNA, the cell
viability remained above 95 % after 4 days of incubation of
NCL-aptamer-liposome—cisplatin with MCF-7 cells. By con-
trast, in the absence of cDNA, roughly 50 % cell death was
observed at day 4. The effectiveness of cDNA for inhibiting
aptamer-based drug delivery is demonstrated in vitro; this
technique can be useful for fundamental research as well as
for practical use, such as the alleviation of overdose or drug-
induced allergic reactions.

The effectiveness of antidotes is expected to be related to
how quickly they can show their inhibitory effect once they
are administered. We thus investigated the time dependence
of the cDNA-antidote effect on aptamer-based drug delivery.
The antiaptamer cDNA (10 molar equiv relative to the
aptamer) was added to the cell culture at different time
points during NCL-aptamer-liposome—cisplatin/MCF-7 incu-
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Figure 3. a) Effect of the concentration of the aptamer’s cDNA on the
viability of MCF-7 cells treated with NCL-aptamer-liposome—cisplatin.
b) Time-dependent effect of the cDNA on the viability of MCF-7 cells

treated with aptamer—liposome—cisplatin. The cDNA (10 molar equiv

relative to the aptamer) was added at different time points during the
NCL-aptamer—liposome—cisplatin/MCF-7 incubation.

bation before an MTT assay, and cell viability was evaluated
at day 2 and day 4 (Figure 3b). Cells treated with the cDNA
at the same time as liposome addition showed the highest
viability (approximately 100%) and remained nearly intact
throughout the 4 day period, which demonstrated an instan-
taneous inhibition of the aptamer by the cDNA. When the
cDNA was added 1, 2, 4, and 5 h after the addition of NCL-
aptamer-liposome—cisplatin to the cells, the cell viabilities
decreased to 83.6, 74.0, 66.7, and 42.6 %, respectively, most
likely caused by cisplatin delivered into the cells before the
cDNA was applied.

In conclusion, we have developed aptamer-liposome
bioconjugates that can effectively deliver cisplatin in a
cancer-cell-specific manner. The poor selectivity of cisplatin
was largely overcome, as evidenced by significant killing of
the target cancer cells but not the control cancer cells. The
formulation of these multifunctional aptamer-liposome-—cis-
platin conjugates was straightforward and reproducible; the
handling of the aptamer-coated liposome drug-delivery
system was also much easier than that of an antibody-based
system. The binding of the aptamer to the cell-surface
receptor can be instantaneously inhibited and disrupted by
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an antiaptamer cDNA. Our studies provide further support to
demonstrate that an aptamer-mediated cancer-targeting
strategy is highly specific and can be modulated for desired
drug-delivery applications.

Experimental Section

Liposome preparation: Stock solutions of HSPC (1.25 mg), choles-
terol, and mPEG2000-DSPE in chloroform were mixed with a
2:1:0.16 molar ratio in a scintillation vial. This mixture was blown dry
with N, and further dried under vacuum for at least 6 h. The buffer for
liposome preparation contained 25 mm 2-[4-(2-hydroxyethyl)-1-
piperazinyl]-ethanesulfonic acid (HEPES; pH 7.6), 150 mm NacCl,
Smm KCl, 1mm MgCl,, and 1 mm CaCl,. This buffer solution
(100 uL) containing cholesterol-tagged DNA (3 nmol) was added to
the dry lipids. After the mixture had been incubated for 6 h at 37°C,
liposome-preparation buffer (400 uL) containing cisplatin or calcein
was added. This solution was gently stirred and kept at 37°C for 3 h.
After that, the solution was stirred and then quickly frozen and
thawed for at least 5 cycles. The final solution was incubated at 37°C
overnight. The lipid mixture was then extruded to form liposomes of
approximately 200 nm in diameter by following the instructions from
Avanti Polar Lipids, Inc. The liposomes were purified on a column
packed with Sephadex G-100 medium to remove free cisplatin or
calcein.

Cell-specific uptake study by confocal fluorescence microscopy:
The MCF-7 and LNCaP cells, cultured as recommended by the
American Type Culture Collection (ATCC) in Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F-12K medium, respectively,
were incubated in chamber slides in the medium to allow 70%
confluence in 12-24 h. The cell medium was removed. The cells were
washed with prewarmed PBS (1 x 100 pLwell™!) and incubated with
prewarmed Opti-MEM medium (phenol red reduced) for 30 min
before the addition of the liposome solution. Cells were further
incubated for 5 h or 10 h at 37°C. At the prescheduled times, the cells
were washed with prewarmed PBS (3 x 100 nLwell ') and fixed with
4% paraformaldehyde solution for 10 min. The cells were washed
again with PBS (1x100 uLwell™") and analyzed with a confocal
fluorescence microscopy.

Viability assay: The LNCaP and MCF-7 cells were plated in 96-
well plates with the appropriate media at concentrations that allowed
70% confluence in 24 h. On the experiment day, cells were washed
with PBS buffer and incubated with Opti-MEM medium for 30 min at
37°C. After the addition of various formulations of liposomes, the
cells were incubated for 5h and then washed with PBS (2x
100 pLwell™). The cells were further incubated in prewarmed
growth medium for 48 h or 96 h. The cell viabilities were assessed
colorimetrically by following the standard MTT protocol.!
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