Bane

/

I\

=y

DNA aptamer-micelle as an efficient detection/
delivery vehicle toward cancer cells
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We report the design of a self-assembled aptamer-micelle nano-
structure that achieves selective and strong binding of otherwise
low-affinity aptamers at physiological conditions. Specific recogni-
tion ability is directly built into the nanostructures. The attachment
of a lipid tail onto the end of nucleic acid aptamers provides these
unique nanostructures with an internalization pathway. Other
merits include: extremely low off rate once bound with target cells,
rapid recognition ability with enhanced sensitivity, low critical
micelle concentration values, and dual-drug delivery pathways.
To prove the potential detection/delivery application of this apta-
mer-micelle in biological living systems, we mimicked a tumor site
in the blood stream by immobilizing tumor cells onto the surface
of a flow channel device. Flushing the aptamer-micelles through
the channel demonstrated their selective recognition ability under
flow circulation in human whole-blood sample. The aptamer-
micelles show great dynamic specificity in flow channel systems
that mimic drug delivery in the blood system. Therefore, our DNA
aptamer-micelle assembly has shown high potential for cancer cell
recognition and for in vivo drug delivery applications.
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any interesting nanomaterials, either natural or artificial,

have been designed to perform unique functions through

the process of molecular self-assembly. In nature, the apopto-
some (1) is one such example. Individual apaf-1 protein does
not have a biological function; however, when forming a complex
with cytochrome—c, several individual proteins self-assemble into
a wheel structure called an apoptosome. Once formed, the apop-
tosome can then recruit and activate the otherwise inactive pro-
caspase-9 that can then activate other caspases and trigger a cas-
cade of events leading to apoptosis. Learning from nature,
chemists have created various artificial nanostructures. Micelle
is one of such examples. Polymeric micelles have been subjected
to extensive studies in the field of drug delivery, functioning as
drug solibilizers and carriers (2). More recently, a micelle con-
structed as a hybrid from hydrophilic oligonucleotide and hy-
drophobic polymer (3, 4) has drawn close attention. In aqueous
solutions, this type of amphiphilic block copolymer can self-assem-
ble into a three-dimensional spherical micelle structure or a nanor-
od-like micelle structure. This type of micelle has been shown to
efficiently carry a variety of cargos to cells, including antisense
oligonucleotides (5) and drug molecules (6). To perform efficient
targeted delivery, folic acid, a type of cancer cell recognition
molecule modified on a piece of short, complementary DNA, was
clicked onto the micelles based on Watson—Crick base pairing (6).
Aside from Watson—Crick base pairing, single-stranded oligo-
nucleotides can recognize other target molecules based on non-
covalent interactions, such as hydrophobic interaction and
hydrogen bonding. This type of oligonucleotide ligand is known
as an aptamer that can tightly bind to specific target molecules,
such as small molecules, proteins, and even cancer cells (78-9).
Compared to antibodies, aptamers possess a few critical advan-
tages, such as small size, lack of immunogenicity, and ease of
synthesis and modification (10, 11). We believe that attaching
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a hydrophobic tail to the end of an aptamer should result in a
highly ordered micelle-like structure. In this type of aptamer as-
sembly, the aptamer strand would not only act as the building
block for the nanostructure, but also perform a recognition func-
tion to its specific target. Furthermore, densely packing aptamers
on such an assembly could create a multivalent effect, leading to
greatly improved binding affinity of the aptamers. Engineering
this type of aptamer micelle can be simple and could result in
enhanced binding capability to its specific targets. Micelles are
also considered to be dynamic and soft materials. Because the
cell membrane is basically a dynamic lipid bilayer, a “soft” nano-
material might produce some interesting interactions with it,
particularly where such interactions involve cell permeability
and drug delivery. In fact, we have generated a pool of aptamers
specifically targeting various cancer cells (9, 12), thus paving the
way for the construction of aptamer micelles with applications in
diagnosis and targeted therapy.

Results and Discussion

Aptamer Micelle Construction. As indicated in the scheme (Fig. 14),
we have attached a simple lipid tail phosphomidite with diacyl
chains onto the end of an aptamer inserted with a PEG linker.
This amphiphilic unit self-assembled into a spherical micelle
structure, as demonstrated in the transmission electron micro-
scope (TEM) image (Fig. S1B). The aptamer used in this case
is called TDOS, which was selected specific to Ramos cells (a
B-cell lymphoma cell line) (12). As shown in Fig. S1B, the TDOS-
micelle has an average diameter of 68 + 13 nm that is consistent
with the hydrodynamic diameter measured by Dynamic Light
Scattering (DLS) of 67.22 nm (Fig. S1C).

Enhanced Binding at Physiological Temperature. Interestingly and
surprisingly, the formation of an aptamer—micelle was found to
enhance the binding capability of otherwise low-affinity aptamers
at physiological temperature. TDOS is such an aptamer. At 4 °C,
TDOS showed high affinity and selectivity for its target protein,
immunoglobin heavy mu chain receptor on cell surface (13) that
indicates that this surface cell membrane protein has an upregu-
lated expression in Ramos cells. On the other hand, TDOS did not
bind with Ramos cells at 37 °C (Fig. 1B), which could seriously hin-
der its potential in vivo applications. However, when TDOS is used
for micelle formation, the TDO5-micelle was also found to have
excellent binding selectivity at 37 °C. As shown in Fig. 1B, when
binding with target cells, about 80-fold enhancement in fluores-
cence intensity was observed for TDOS5-micelle, whereas no bind-
ing shift was found with control cells.
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(A). Schematic illustration of aptamer-micelle formation. All the related sequences are listed in Table 1. (B). Flow cytometric assay to monitor

the binding of free TDO5 (250 nM) and with Ramos cells (target cells) and HL60 (control cells) at 37 °C for 5 minutes. The blue and black curves represent
the background binding of unselected DNA library or library-micelle. The gray curves represent the binding of TDO5 or TDO5-micelle. (C). Flow cytometric
assay to monitor the binding of free aptamer (250 nM) and aptamer-micelle (250 nM based on lipid unit concentration) with target cells (K562) and control
cell (CCRF-CEM) at 37 °Cfor 5 minutes. Neither FITC-KK nor FITC-KB aptamers bind (or bind only weakly) to the target cells. However, FITC-KK-micelle and FITC-KB-
micelle show increased binding to the target cells. All probes (FITC-KK, FITC-KB, FITC-KK-micelle, FITC-KB-micelle) do not bind with control cells.

The dissociation constants of the aptamer—micelles were also
investigated. Because a similar size of polymer micelle (60 nm)
was estimated to have 1,000 copies of units (14), one TDOS5-
micelle (68 nm) is assumed to have the same estimated unit num-
bers. As shown in Fig. $24, the TD05-micelle has a K; of 116 nM.
If one TDOS5-micelle has 1,000 copies of DNA-lipid units, the
dissociation constant after constructing the micelle structure
would be greatly decreased from 88 nM (for free TDOS) to
0.116 nM (for TDOS-micelle). This approximate 750-fold in-
crease in binding affinity might be ascribed to the multivalent
effect from multiple aptamer binding.

Based on these findings, the lipid tail plus linker modification
can be a universal strategy to promote the binding abilities of
low-affinity aptamers, as demonstrated by the improved binding
behaviors observed after attaching lipid tails onto the end of two
other low-affinity aptamers, KK and KB (Fig. 1C).

Extremely Low k.. Generally, a low off rate tends to indicate that
the binding is strong and difficult to be replaced. To test the
micelle’s binding strength in comparison to single aptamer, the
kogr rate of our aptamer—micelle was examined by a competition
experiment. As shown in Fig. 2, after 1 d of competition with un-
labeled TDOS5-aptamer, almost all the bound labeled TDOS was
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replaced. Plotting the competition data of free TDOS5 showed an
exponential decay with a ko of —4.4 X 107 S~! (R? = 0.93844).
In contrast, after the same competition condition, a very low per-
centage of bound TDOS-micelles was replaced by free TDOS
with a ko of —1.5x 1076 S71 (R? = (.23481). We noticed that
the coefficient for the data fitting in TDOS5-micelle case is quite
low, which indicates that the off rate pattern of TDOS5-micelle
might not be the same as the exponential pattern. Similar low
off rates and low R? were observed for the other two aptamer—
micelles based on KK and KB aptamers (Fig. S2B).

Based on these extremely low off rates, considering the fact
that both aptamer—micelle and cell membrane have hydrophobic
and hydrophilic portions, we speculate that the aptamer—micelle
can be integrated into the cell membrane facilitated by the lipid
tail and that the preferred thermal stability does not allow the
aptamer—micelle to easily diffuse out. To determine whether
our aptamer—micelles could fuse with cell membrane, we doped
TDOS5-micelles with a special dye that only fluoresces inside cells
(CellTracker™) (see scheme in Fig. 34). As shown in Fig. 3B and
C, after incubating the cells with free cell tracker for 12 h, a strong
fluorescence signal was observed inside the cells, whereas a very
weak fluorescene signal was present after 2 h of incubation. In
contrast, it was only after an incubation of 2 h with dye-doped
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Table 1. All of the oligonucleotides used in this work

Name

Sequence

Aptamer-micelles and FAM-TDO5-micelle
library-micelle
Biotin-TDO5-
micelle
TMR-TDO5-micelle

KK-micelle
KB-micelle
Library-micelle

FAM-TDO5
FAM-KK

Aptamers and library

FAM-KB
FAM-library
TDOS for Au NP

Library for Au NP
Biotin-TDO5 for

flow channel
Biotin-sgc8 for

5’-lipid tail-(CH,CH,0),,-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC TCC
CGG TGA-FAM-3’

5’-lipid tail-(CH,CH,0),,-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC TCC
CGG TGA-biotin-3’

5’-lipid tail-(CH,CH,0),,-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC TCC
CGG TGA-TMR-3’

5’-lipid tail-(CH,CH,0),,-ATC CAG AGT GAC GCA GCA GAT CAG TCTATCTTC TCCTGATGG GTT

CCT AGT TAT AGG TGA AGC TGG ACA CGG TGG CTT AGT-FAM-3’
5'- lipid tail-(CH,CH,0),,-ACA GCA GAT CAG TCTATC TTC TCCTGATGG GTT CCT ATT TAT AGG
TGA AGC TGT-FAM-3'

5'- lipid tail-(CH,CH,0),,~-(N)n*-FAM -3'

5-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTC TCC TCC CGG TGA-FAM-3’

5’-ATC CAG AGT GAC GCA GCA GAT CAG TCT ATC TTC TCC TGA TGG GTT CCT AGT TAT AGG

TGA AGC TGG ACA CGG TGG CTT AGT-FAM-3’

5’-ACA GCA GAT CAG TCTATC TTCTCC TGATGG GTT CCT ATT TAT AGG TGA AGC TGT-FAM-3'

5’-NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN-FAM -3'

5'-Cy5-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTCAGG GTCTCCTCCCGG TGATTTTTITTTT
TTT TTT-biotin -3’

5’-Cy5-NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN NNN TTT

TTT TTT TTT TTT-biotin -3’
5’-AAC ACC GGG AGG ATA GTT CGG TGG CTG TTC AGG GTCTCCTCCCGG TGATTIT TTIT TTT
T-biotin-3’
5-ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GAT TTT TTT TTT-biotin-3’

flow channel

** n is base number which is equal to the corresponding aptamer sequences.

TDOS5-micelles that most of the cells produced a strong fluores-
cence signal (Fig. 3D). To determine whether some or all the
aptamer—micelles remained on the cell surface, we post-incubated
streptavidin-quantum dots 705 (QD705) with the cells after
binding biotin-labeled TDOS5-micelle to the cells. Fig. 3E shows
a strong red fluorescence signal around the cell membrane that
indicates that at least some of the aptamer-micelles remained
bound to the cell membrane after the dye was released. Exposing
the cells to strong UV illumination for a long time leads to cell
apoptosis and the leakage of activated fluorescent cell tracker dyes
into the incubation buffer. As shown in Fig. 3E, a strong green
fluorescent signal was observed outside the apoptotic cells whereas
a clear QD705 halo remained where the cell membrane would
have been, indicating the integration of the aptamer—micelle into
the membrane (Fig. 3E inset). Based on our real-time monitoring of
the fluorescence from the cell tracker at room temperature
(Fig. 3F), fusion of the micelles with the cell membranes occurs
within minutes.

The above experiments reveal the potential fusion between
aptamer—micelles and the cell membrane. Thus, the interaction
process between aptamer—micelles and cells is speculated to be
fluidic in nature, involving specific interaction-induced nonspeci-
fic insertion (see Supporting Information Fig. S9 for detailed
hypothesized mechanism and related experiments).

TDO5-Micelle Helps Cell Internalization. Although some of the
aptamers by themselves lack an internalization pathway, the in-
troduction of this unique nanostructure formation allows the
aptamer—micelles to, ultimately, penetrate the cells they target.
As shown in Fig. 4, a clear fluorescence signal inside the cells
confirmed by optical imaging with confocal Z-axis depth scanning
was observed. Because TDO5 alone does not internalize, there
must be another mechanism occurring that might be related to
membrane recycling. This interesting internalization pathway
created by the attachment of the lipid tail, as detailed above, can
widen aptamer applications in therapy that usually requires
conjugated drug delivered into the cells.
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Fig.2. Time course of displacement of FITC-TDOS5 (A) or FITC-TDO5-micelle (B) bound onto the target cells by competition with an excess of non-labeled TDO5.
Cells were incubated with binding buffer containing 250 nM FITC-labeled probes for 20 minutes at 4°C. Then 2.5 uM non-labeled TDO5 was added
to the cells and flow cytometric measurements were carried out at times as shown in the x-axis. The fluorescence intensity before the displacement was
normalized to 100% binding. The fluorescence intensity of each data point was normalized to the binding percentage.
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Fig. 3. (A). Design scheme of dye-doped micelles. Bright field and fluores-
cent images of Ramos cells after incubation with free CellTracker™ Green
BODIPY for 2 h (B) and 12 h (C), or incubation with biotin-TDO5-micelle
doped with CellTracker™ Green BODIPY for 2 h (D). Image E is the enlarged
fluorescent image after postlabeling the biotinylated TDO5 aptamer with
QD705 streptavidin. The inset in image C is the enlarged individual cell
image. The inset in image E is the fluorescent image of the dead cell. (F).
Real-time monitoring of doped special dyes released from the core of the
micelles and activated by intracellular enzymes.

Rapid Identification With High Sensitivity. This TDOS5-micelle de-
monstrated extremely rapid recognition of the target cells. As
shown in Fig. S34, after an incubation of only 30 s at 37°C, a
45-fold enhancement in fluorescence intensity when binding with
target cells was observed for TDOS5-micelle. Again, no significant
binding was observed for the control cells. Although a targeting
time shorter than 30 s might be possible, we did not attempt it
because of experimental difficulties. Because every piece of
DNA-lipid is labeled with one single FITC dye at the 3’ end, one
recognition event from one aptamer-micelle can induce multiple-
dye staining to target cells. Therefore, this aptamer—micelle
structure is suggested to provide an additional signal enhance-
ment. As shown in Fig. S3B, even at about 0.005 nM (or 5 nM,
based on DNA-lipid concentration), noticeable fluorescence shift
was still observed when binding with target cells.

Trace Cell Detection in Whole Blood Sample. To evaluate the detec-
tion ability of TDOS-micelle in a complex environment, we
spiked one million target cells/control cells directly in 50 uL
human whole blood sample (about 310 million cells) and then
incubated the TDOS5-micelle with the cell mixture at 37 °C for
5 min. Based on the flow data shown in Fig. 5, obvious binding

Fig. 4. The enlarged fluorescence image (A), bright field image (B), and
stack image after Z-depth scanning (C) of Ramos cells after incubation with
TMR-TDO5-micelle in complete cell medium at 37 °C for 2 h. The cross mark in
image C indicates that the brightest fluorescence signal comes from inside
the cell. (D) Colocalization of TMR-TDO5-micelle (red) and AF633-transferrin
(blue) in endosomes.
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Fig. 5. Flow cytometric assay to monitor the binding of 250 nM TDO5-
micelle or library-micelle (based on lipid-unit concentration) with cell mixture
made by spiking 1 million Ramos (target cells, A,C and D) or HL60 (control
cells, B) in 50 uL male whole blood. The incubation time varied from 5 m
(A & B) to 1 h (C) and 2 hours (D). The gray and black curves represent
the binding of unselected DNA library-micelle and TDO5-micelle, resp.

shift was observed when binding to the target cells, but no signif-
icant binding shift happened in the control cell mixture. Similar to
control, no binding shifts happened in the absence of spiked
target cells in whole blood sample (see Fig. S44). These flow data
prove that the aptamer-micelle can detect trace target cells
selectively, even in a complex environment.

Meanwhile, when we lengthened the incubation time from 5 min
to 2 h, smaller binding shifts were observed (Fig. 5C and D). It is
suggested that the susceptibility of DNA to enzyme digestion in
plasma at 37 °C after long incubation is the main reason for the
reduced binding shifts (15). The nuclease digestion of DNA probes
has been investigated before and there are modifications one can
do to increase the stability of these DNA aptamers (16, 17).

We do not believe that the higher nonspecific binding of
DNA-micelles after long incubation in this complex environ-
ment causes the smaller binding shifts. As shown in Fig. 5 and
Fig. S44, the nearly identical fluorescence intensities of library-
micelle were observed irrespective of how long it was incubated
with whole-blood cell mixture. Comparing the increased nonspe-
cific bindings with increased incubation time in pure buffer sam-
ple, as shown in Fig. S4B, we think that the difference in total cell
numbers in these two different cases may well lead to different
nonspecific interaction patterns. Because the total cell number
is extremely high per-whole-blood cell mixture sample (about
311 million cells), but much lower for the pure buffer incubation
(only 1 million cells), the micelle concentration per cell should be
extremely low. This leads to the absence of significant nonspecific
binding, even after 2 h of incubation for whole-blood cell mixture.

Aptamer-Micelle Targeting In a Flow Channel Under a Continuous
Flow. To investigate whether aptamer—micelles can be used for
selective targeting under the dynamic fluid conditions of blood
circulation, a simplified flow channel was used to mimic the cir-
culatory environment. While we understand there is a significant
difference between the fluidic channel and the blood vessel, we
believe that this flow dynamic study will give us hint about future
possibilities in using this micelle system as a detection/delivery
system with dynamic specificity. As shown in the scheme in
Fig. 64, two biotin-labeled aptamers (biotin-sgc8 and biotin-
TDOS5) were individually immobilized onto either side of a glass
channel by using avidin-biotin interactions. Following this step,
their corresponding target cells (CCRF-CEM for sgc8 and
Ramos for TDOS) were flowed through and captured by the
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immobilized aptamers. In this way, two different cell zones were
established in the flow channel: CCRF-CEM in the control cell
zone and Ramos in the target cell zone for TDOS aptamer.

As the first step, the targeting ability of aptamer—micelle
spiked in a simple pure binding buffer system at 37°C inside
the flow channel under continuous flushing was evaluated. For
micelle-buffer incubation, either FITC-TDOS5-micelle or FITC-
library-micelle diluted in binding buffer was continuously flushed
through the two cell zones sequentially at 37°C for 5 min at
300 nL/s. The same results were observed irrespective of which
direction the DNA-micelle was sucked through the two types of
cell zones. A representative result after micelle-buffer incubation
with FITC-TDOS-micelle is shown in Fig. S5. In this case, strong
fluorescence signal was seen from the target cell zone, but no
noticeable fluorescence signal from the control cell zone. In con-
trast, no fluorescence signal was observed in either cell zone after
incubating with a control FITC-library-micelle or free FITC-
TDOS aptamer at 37 °C.

As the second step, blood circulation in living systems was
mimicked to further test the targeting ability of aptamer—micelle
spiked in complex human whole blood sample under continuous
flushing at 37 °C. To avoid cleaning difficulties, a simplified flow
channel made of double glass slides was preferred over a PDMS
flow channel for micelle-blood incubation. Representative results
after micelle-blood incubation are presented in Fig. 6. As in the
micelle-buffer incubation system, strong fluorescence signal was
seen from the target cell zone after incubation with TDOS5-micelle
spiked in whole blood sample, but no noticeable fluorescence
signal from control cell zone was seen. In contrast, no fluorescence
signal was observed in either cell zone after incubating with a
control FITC-library-micelle spiked in whole blood sample.

Although circulation velocity in living systems might be much
faster than 300 nl/s in most locations (18), we would expect the
aptamer—micelle to have recognition to the target cells better
than, or at least equal to that which is shown in this dynamic in-
cubation channel with a faster circulation rate. Based on our in
vitro study of the effect of the incubation time on cell recognition
ability using fixed cell numbers (Fig. S4B), increasing incubation
time resulted in a decrease of selectivity and ; thus, a shorter in-
cubation time might either have no effect at all, or it might even

Glass

A
@ Avidin

Biotin-aptamer

L0 R R R Y
S

Aptamer micelle Glass |
B TDOS5-micelle blood incubation

C Library-micelle blood incubation

D Free TDOS blood incubation

Fig. 6. Simplified flow channel response to cell-staining assay. (A). Stepwise
immobilization scheme of the flow channel. Representative images of the
bright field and fluorescent images of control cells (CCRF-CEM) and target
cells (Ramos) captured on the flow channel surface incubated with FITC-
TDO5-micelle (B), or FITC-library-micelle (C) or free FITC-TDO5 (D) spiked
in human whole blood sample under continuous flow at 300 nL/s at 37 °C
for 5 m. All the scale bars are 100 pm.
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lead to better binding selectivity, especially considering the rapid
identification ability of aptamer—micelles. These results indicate
that the aptamer—micelle can perform selective recognition in a
complex environment that mimics (18) blood circulation.
Moreover, this aptamer—micelle was found to have low CMC
and low cytotoxicity to the cells (Fig. S6). As such, this type of
aptamer—micelle is proposed to be an efficient drug delivery
vehicle for target cells without the need for internalization of
the aptamer’s target molecule. Instead, aptamer—micelles can
simply interact with the cell membrane and quickly release the
doped hydrophobic molecules into the cells that is similar to
the published polymeric micelle system (14). Meanwhile, how-
ever, through membrane replacement, aptamer—micelles perme-
ate cells. Thus, this type of aptamer—micelle offers two kinds of
drug delivery pathways: direct releasing of doped drug and inter-
nalization by direct drug-aptamer—micelle conjugation. Finally,
by replacing PEG-lipid with therapeutic aptamer drug-lipid, the
heterogeneous aptamer—micelle can specifically deliver aptamer
drugs around the target cell surface. For instance, by lipid tail plus
linker modification, we can construct a lipid molecule from
Macugen, an Food and Drug Administration-approved aptamer
selected against vascular endothelial growth factor. By replacing
PEG-lipid with Macugen-lipid in Fig. S8, we expect that this
aptamer—micelle will be able to draw all the Macugen-lipids
to a specific tumor cell surface that would greatly increase the
localized drug concentration to enhance inhibition potency.

Conclusion

In summary, we have developed an aptamer—micelle assembly
for efficient detection/delivery targeting specific cancer cells. This
aptamer—micelle enhances the binding ability of the aptamer
moiety at physiological temperature, even though the correspond-
ing free aptamer loses its binding ability under the same condition.
The merits of aptamer—micelles include greatly improved binding
affinity, low k¢ once on the cell membrane, rapid targeting ability,
high sensitivity, low CMC values, and the creation of a dual drug
delivery pathway. Most importantly, the aptamer—micelles show
great dynamic specificity in flow channel systems that mimic drug
delivery in a flowing system. All of these advantages endow this
unique assembly with the capacity to function as an efficient
detection/delivery vehicle in the biological living system.

Materials and Methods

Materials. Unless specified, chemicals were purchased from Sigma-Aldrich
and used without further purification. DNA synthesis reagents were pur-
chased from Glen Research. The single-walled carbon nanotubes were pur-
chased from Unidym, Inc. with <5wt% ash content (CAS number: 7782-42-5).
CellTracker™ Green BODIPY (C2102) and Qdot 705 streptavidin conjugate
(Q10161MP) were purchased from Invitrogen. All flow cytometry data were
acquired with a FACScan cytometer (Becton Dickinson Immunocytometry Sys-
tems). Ramos (CRL-1596, B-cell line, human Burkitt's Lymphoma), CCRF-CEM
(CCL-119, T-cell line, human Acute Lymphoblastic Leukemia), K562 (CCL-243,
chronic myelogenous leukemia, and HL60 (CCL-240, acute promyelocytic leu-
kemia) were obtained from American Type Culture Collection. The NB4 cell
line was kindly provided by Shands Hospital. All cell lines were
cultured in RPMI 1640 medium (ATCC) supplemented with 10% fetal bovine
serum (heat inactivated, GIBCO) and 100 IU/mL penicillin-streptomycin (Cell-
gro). The wash buffer contained 4.5 g/L glucose and 5 mM MgCl, in Dulbec-
co’s PBS (Sigma). Binding buffer used for the aptamer binding assays was
prepared by adding yeast tRNA (0.1 mg/mL) (Sigma) and BSA (1 mg/mL)
(Fisher) into the wash buffer to reduce background binding.

Synthesis of Aptamer-Lipid Sequence. An ABI3400 DNA/RNA synthesizer
(Applied Biosystems) was used for the preparation of all DNA sequences.
All oligonucleotides were synthesized based on solid-state phosphoramidite
chemistry at a 1 pmol scale. The aptamer-lipid sequences listed in Table 1
were synthesized in controlled-pore glass columns with a 3'-(6-FAM), TAMRA
or biotin TEG covalently linked to the CPG substrate. The complete aptamer-
lipid sequences were then deprotected in AMA solution (concentrated am-
monia hydroxide: methylamine equals 1:1) at 65 °C for 15 min for FAM/biotin
labeling or a solution of methnol: tert-butylamine: water (1:1:2) at 65 °C for
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3 h for TMR labeling. A ProStar HPLC (Varian) with a C8 column (from Alltech)
was used for probe purification. Deprotected sequences were purified with
a linear elution gradient with triethylammonium acetate in acetonitrile chan-
ging from 20% to 70% over a 30 min period. The collection from the first
HPLC separation was then vacuum dried. Spacer phosphoramidite 18 was
used as the linker between DNA and lipid tail. Lipid tail phosphoramidite dis-
solved in methylene chloride was directly coupled onto the sequence by the
synthesizer. The synthesis of lipid tail phosphoramidite is described in S/ Text
section. A Cary Bio-300 UV spectrometer (Varian) was used to measure ab-
sorbance for probe quantification.

Micelle Characterization. TEM images were obtained after negative staining
with 1% aqueous Uranyl Acetate by using a transmission electron microscope
(Hitachi H-7000). The TEM samples were dropped onto standard holey
carbon-coated copper grids. DLS measurements were carried out at room
temperature by using a Brookhaven Zeta PALS analyzer. Aptamer—-micelles
were dissolved in PBS buffer by using a transmission electron microscope
(Hitachi H-700).

Flow Cytometric Analysis. To demonstrate the cell-specific targeting capabil-
ities of aptamer-lipids, fluorescence measurements were made by using a
FACScan cytometer (Becton Dickinson Immunocytometry Systems). The bind-
ing was performed by the following procedure. 250 nM aptamer—-micelle/
library-micelle (based on lipid unit concentration) in binding buffer was
added to about 1 million cells in the individual flow tubes. The prewarmed
mixture was incubated at 37 °C in a cell incubator for various time periods.
After incubation, the cells were immediately washed twice with cold washing
buffer. The fluorescence was determined by counting 15,000 events.

Competition assays to measure the off rate of the aptamer-cell interaction
(kotf) were performed as follows. An aptamer concentration of 250 nM was
incubated with cells for 20 min at 4 °C for 20 min to allow the aptamer to bind
to the target in the cell membrane. After the incubation, the cells were
washed to remove unbound aptamer. Finally, the labeled cells were incu-
bated with 2.5 uM of unlabeled aptamer at 4 °C for various incubation times.
The mean fluorescence intensity was measured at different incubation times
after a brief vortexing of the cell mixture. kos was obtained by fitting the
dependence of the binding percentage over time to the equation Y = YO0 +
Aexp (kostX) where Y is a binding percentage and X is time. The fluorescence
intensity before the displacement was normalized to 100% binding. Addi-
tionally, the equilibrium dissociation constants (K4) of the aptamer-cell inter-
actions were obtained by fitting the dependence of fluorescence intensity of
specific bindings on the concentrations of the aptamers to the equation Y =
BmaxX/(Kq + X) by SigmaPlot (Jandel).

Preparation of Biotin-TDO5-Micelles Doped With Dyes. Dye-doped aptamer—
micelles were prepared by the precipitation and membrane dialysis method.
Fifteen pmol of dry biotin-TDO5-micelle (based on lipid unit) was dissolved
in 20 pL ethanol and then thoroughly mixed with 6.74 nmol CellTracker™
Green BODIPY. The solution was then added dropwise into 100 pL deionized
water while stirring. After stirring for about 3 h to evaporate the ethanol, the
aqueous solution was dialyzed against 1.5 L water (Spectra/MWCO3500) for
2 d. The water was changed five times during the dialysis period. Finally, the
solution was filtered through a 0.22 um filter to remove any undesirable
aggregates and stored at 4 °C.
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Confocal Imaging. Cell images were made with a confocal microscope setup
consisting of a Leica TCS SP5 Laser Scanning Confocal Microscope. For real-
time monitoring, fluorescent images were taken every minute at a fixed
depth. Two uM cell tracker dye and/or about 4.5 uM aptamer—micelle (based
on lipid unit concentration) were incubated with the cells in complete cell
medium at 37 °C. For the colocalization experiment, cells were incubated
with TMR-TDO5-micelle (250 nM) in RPMI-1640 complete medium at 37 °C
for 3 h, and then AF633-transferrin (60 nM) was added 30 min before the
termination of incubation. Incubation was stopped by placing the cell on
ice immediately after washing with cold washing buffer.

Flow Channel Device Preparation and Incubation Under Continuous Flow. For
micelle-buffer incubation, a PDMS flow channel was used. PDMS devices
were fabricated by using a process similar to what is described in the litera-
ture (19, 20). The layout of the device was designed in AutoCAD and printed
on a transparency by using a high-resolution printer. The pattern on the
transparency was transferred to a silicon wafer via photolithography. The
silicon wafer was etched to a depth of 25 pm in a deep reactive-ion etching
machine. The resulting silicon wafer with the desired pattern served as
a mold to fabricate a number of PDMS devices. Sylgard 184 (Corning) re-
agents were prepared and thoroughly mixed by following the manufac-
turer’s instructions. After being degassed to remove bubbles, the mixture
was cast on top of the silicon mold. After being cured at room
temperature, the PDMS layer was peeled off the silicon mold. Two wells
at both ends of the channel and one well in the middle of the channel were
created by punching holes in the PDMS. The PDMS slice was reversibly at-
tached to a clean 50 x 45 mm cover glass (Fisher) to form a device. Avidin
and biotin-aptamer solutions were added to the wells at both channel ends
sequentially (sgc8 aptamer for CCRF-CEM on the left side and TDO5 aptamer
for TDOS on the right side) and were sucked through channels by applying a
vacuum to the middle well. Then the corresponding cell solutions were put to
the corresponding end-wells, sucked slowly through the entire channel by
applying a vacuum to one of the end-wells, and incubated at 37 °C for
5 min. After washing, the DNA-micelles diluted in binding buffer were con-
tinuously flushed through the channel at 300 nL/s for 5 min by connecting a
Microsyringe pump (World Precision Instruments, Inc.) to the end-well of the
channel (dynamic incubation). The channel was ready for confocal imaging
after three washing steps. In between experiments, the PDMS devices were
cleaned by sequential sonication in 20% bleach with 0.1 M NaCl and then
50:1 water:versaclean (Fisher) at 40 °C, followed by rinsing in deionized
H,0 and drying under N,.

For micelle-blood incubation, a simplified flow channel was made from
double-glass slides glued together by double-sided tape. Instead of a micro-
syringe pump, a piece of filter paper was used to suck the solutions through
the channel with average flow rate ~300 nL/s.
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