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Nanotechnology has allowed the construction of various nano-
structures for applications, including biomedicine. However, a simple
target-specific, economical, and biocompatible drug delivery plat-
formwith highmaximum tolerated doses is still in demand. Here, we
report aptamer-tethered DNA nanotrains (aptNTrs) as carriers for
targeted drug transport in cancer therapy. Long aptNTrs were self-
assembled from only two short DNA upon initiation by modified
aptamers, whichworked like locomotives guiding nanotrains toward
target cancer cells. Meanwhile, tandem “boxcars” served as carriers
with high payload capacity of drugs that were transported to target
cells and induced selective cytotoxicity. aptNTrs enhanced maximum
tolerated dose in nontarget cells. Potent antitumor efficacy and re-
duced side effects of drugs delivered by biocompatible aptNTrs were
demonstrated in a mouse xenograft tumormodel. Moreover, fluoro-
phores on nanotrains and drug fluorescence dequenching upon re-
lease allowed intracellular signaling of nanotrains and drugs. These
results make aptNTrs a promising targeted drug transport platform
for cancer theranostics.

self-assembly | DNA nanomedicines | targeted anticancer drug delivery |
in vivo

Although chemotherapeutic drugs are widely used in cancer
therapy, they lack specificity and can induce cytotoxicity in

both cancerous and healthy cells, causing side effects (1), limited
maximum tolerated dose (MTD), and reduced therapeutic effi-
cacy (2, 3). A theranostic (4) platform with targeted and efficient
drug transport would solve these problems, and, by its pro-
grammability, DNA nanotechnology has been used for the ratio-
nal assembly of one-, two-, and three-dimensional nanostructures
(5–8), which have been further studied for biomedical applica-
tions, including the passive targeted transport of theranostic
agents (9–17). In addition, aptamers, as specific recognition ele-
ments, have been studied for active targeted transport of con-
ventional chemotherapeutic drugs (11, 12, 18–21). Nucleic acid
aptamers are single-stranded oligonucleotides with unique intra-
molecular conformations and specific recognition abilities to
cognate targets, including mammalian cancer cells (22–26). Re-
cent biotechnological advancements have led to a variety of tar-
geted drug transport (TDT) strategies based on aptamer–drug
conjugates or aptamer–nanomaterial assemblies (11, 12, 18–21,
27). However, these strategies have unique limitations that could
hamper the transition to clinical application, including (i) com-
plicated design, laborious and uneconomical bulky preparation of
myriad ssDNA as building blocks to construct sophisticated
nucleic acid-based nanomaterials, or laborious and inefficient
preparation of aptamer–drug conjugates (9, 11, 14, 15, 17, 18); (ii)
limited drug payload capacity and the attendant high cost, ham-
pering production scale-up (9, 11, 14, 15, 17, 18, 20, 27); (iii) poor
biodegradability, causing chronic accumulation of nanomaterials
in vivo (28, 29); and (iv) limited universality by the requirement of
specific aptamer for drug loading (20).

However, we have designed and engineered a DNA nano-
structure able to circumvent these limitations. Specifically, we
report an aptamer-tethered DNA nanotrain (aptNTr), which is
a long linear DNA nanostructure self-assembled simply from two
relatively short DNA building blocks upon initiation of aptamer-
tethered trigger probes, through a hybridization chain reaction
(8) (Fig. 1A). The programmable, periodic, and biodegradable
nature of these nanostructures provides unprecedented oppor-
tunities for biomedical applications (30–32). The conditional
formation of aptNTrs upon initiation from engineered aptamer-
trigger probes ensures that each resultant nanotrain is tethered
with an aptamer moiety on one end of the nanoconstruct. These
aptamer moieties, capable of selective recognition of cognate
target cancer cells, operate like locomotives guiding a series of
tandem dsDNA “boxcars” toward target cells. Importantly, the
periodically aligned boxcar segments provide a large number of
spatially addressable sites, allowing high-capacity loading of
therapeutics or bioimaging agents. These features are expected to
reduce the cost for DNA preparation, increase MTD, reduce side
effects, and improve therapeutic efficacy in cancer therapy. The
intrinsic biodegradability of DNA is expected to avoid the oth-
erwise in vivo chronic accumulation of nanomaterials. Moreover,
aptamers in these nanostructures are interchangeable, and this
system should be able to apply to RNA-based systems and some
other drugs, ensuring the wide applicability of this platform.
Our results show that these long aptNTrs could be easily pre-

pared through self-assembly. Specific aptamer–target interaction
permitted selective recognition and internalization into target
cancer cells. The tandem “boxcars,” as described above, allowed
for high drug payloads, and the drug-loaded aptNTr complexes
showed high stability. aptNTrs can be constructed using aptamers
targeting a variety of cancer cells and can be loaded with many
types of therapeutic or bioimaging agents, indicating the wide
applicability. In addition to good biocompatibility shown under
our experimental conditions, these nanotrains selectively trans-
ported anticancer drug payload to target cancer cells and off-
loaded drugs to induce potent cytotoxicity, while dramatically
reducing drug toxicity in nontarget cells, indicating selective cy-
totoxicity and the enhancement of MTD. In vivo evaluation of
this TDT system using a mouse xenograft tumor model demon-
strated potent antitumor efficacy and reduced side effects of
drugs delivered via aptNTrs. Moreover, an array of fluorophores
modified on building blocks allowed imaging of intracellular
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behaviors of nanotrains in target cancer cells. Upon drug off-
loading, drug fluorescence dequenching also served as a real-time
imaging and signaling mechanism of drug release at target cells.
Overall, these results make aptNTrs a promising TDT platform
for targeted cancer theranostics.

Results and Discussion
Construction and Characterization of aptNTrs.As a proof of concept,
two hairpin monomers (M1, M2, sequences in Table S1) were
designed such that the stored energy in the loops is protected by
the corresponding stems, preventing their polymerization in the
absence of an initiation probe. To construct aptNTrs, aptamer
sgc8, which can bind to target human protein tyrosine kinase 7
(PTK7), overexpressed on target CEM (human T-cell acute lym-
phocytic leukemia) cell membrane but not on nontarget Ramos
cells (24, 33), was chosen as a model. To initiate NTr self-assem-
bly, a DNA trigger probe was modified on the 5′-end of sgc8. The
selective recognition ability of this chimeric aptamer–trigger probe
(sgc8–trigger) was verified (Fig. S1). Introduction of sgc8–trigger
to a mixture of M1 and M2 initiates the autonomous polymeri-
zation of these building blocks through mutual hybridization,
resulting in the self-assembly of sgc8-tethered DNA nanotrains
(sgc8–NTrs) (Fig. 1A). The molar ratio of sgc8–trigger to mono-
mers in the initial reaction mixture was optimized (Fig. S2), and
a 1:10 ratio was used in subsequent studies. The aptamer-initiated
nanotrain formation was demonstrated using atomic force mi-
croscopy (AFM). In contrast to unpolymerized monomers (Fig.
1A, 1), nanotrains of up to hundreds of nanometers were observed
(Fig. 1A, 2). Agarose gel electrophoresis followed by fluorescence
imaging of FITC labeled on sgc8–trigger and ethidium bromide
for all DNA species further verified the assembly of long nanotrains
in the presence of sgc8–trigger (Fig. 2A) and the incorporation of
sgc8 to these nanotrains (Fig. S3). The long nanochains provided
correspondingly high numbers of “boxcar” compartments for
subsequent drug loading.

Selective Recognition Ability of aptNTrs. The selective binding
ability of sgc8–NTrs to target CEM cells, but not to nontarget
Ramos cells, was verified through flow-cytometric analysis (Fig. 2
B and C), providing a basis for the locomotive action of aptamer
moiety guiding nanotrains toward target sites. The amplified
fluorescence signal intensities of CEM cells bound by sgc8–NTrs
further suggested the presence of multiple building blocks in
one nanotrain. To study the universality of aptamers for aptNTr
construction, another aptamer, AS1411, which can specifically
recognize many types of cancer cells (34), was used to construct
AS1411-tethered nanotrains, which showed specific recognition
of target Huh7 cells (human hepatoma cells) (Fig. S4). However,
in this study, sgc8–NTrs were used for subsequent studies. For
efficient drug transport, it is essential that macromolecular drug
transporters be internalized by diseased cells. Previous work
showed that sgc8 was specifically internalized by target CEM cells
via endocytosis (35). Compared with the results of a study using
sgc8–NTrs at 4 °C (Fig. S5), tetramethylrhodamine (TAMRA)-
labeled sgc8–NTrs were selectively internalized into target CEM
cells at physiological temperature (37 °C; Fig. 2D and E). Thus, the
large sizes, selective recognition, and internalization capability of
aptNTrs all point to their potential as TDT drug transporters
with high payload capacity (Fig. 1B).

High Drug Payload Capacity of aptNTrs. The sgc8–NTrs were then
evaluated as carriers for cargo loading. It was previously noted that
the DNA building blocks in these nanotrains provide many spa-
tially addressable sites for functionalization, allowing cargos to be
loaded by either chemical modification or physical association. In
this study, two types of cargos were loaded: 13-nm gold nano-
particles (AuNPs) and chemotherapeutic drugs. The AuNPs were
attached to the thiol groups modified on the 5′-ends of M1 and
M2. The AuNPs-loaded nanotrains were then confirmed by
transmission electron microscopy (Fig. S6). This allows loading
nanotrains with cargos that can be conjugated with AuNPs. Che-
motherapeutic drugs were also loaded on the nanotrains.

Fig. 1. Schematics of the self-assembly of aptamer-
tethered DNA nanotrains (aptNTrs) for transport of molec-
ular drugs in theranostic applications. (A) Self-assembly of
aptNTrs from short DNA building blocks (1) upon initiation
from a chimeric aptamer-tethered trigger probe. The re-
sultant long nanotrains (2) were tethered with aptamers
working as locomotives on one end, withmultiple repetitive
“boxcars” to be loaded with molecular drugs (3). AFM
images (1–3) showed themorphologiesof the corresponding
nanostructures [1,M1+M2; 2, sgc8–NTrs; 3, sgc8–NTrs loaded
with molecular drugs (Dox)]. (B) The drugs were specifically
transported to target cancer cells via aptNTrs, unloaded, and
induced cytotoxicity to target cells. The fuorescence of drugs
loaded onto nanotrains was quenched (“OFF”), but was re-
covered upon drug unloading (“ON”), enabling this plat-
form to signal target recognition and drug unloading.
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Chemotherapy is still one of the primary cancer therapies, but the
lack of specificity and potential side effects, as well as limited
MTD and therapeutic efficacy, of these drugs (1, 2) make targeted
and high-capacity drug transport particularly important. Several
widely-used anthracycline anticancer drugs, including doxorubicin
(Dox), daunorubicin (DNR), and epirubicin (EPR), were used as
drug cargo models. Because it is well known that these drugs can
preferentially intercalate into double-stranded 5′-GC-3′ or 5′-CG-
3′, resulting in the quenching of drug fluorescence (fluores-
cence “OFF”) (20, 27, 36), M1 andM2 were designed such that all
their sequences would form drug intercalation sites (ACG/CGT)
in nanotrains, with each pair of M1 and M2 contributing an av-
erage of 16 sites. Consequently, each individual nanotrain needs
only one aptamer locomotive for targeting, whereas all of the
remaining dsDNA “boxcars,” as characterized above, are used to
carry a high payload of drugs, thus reducing the amount of DNA
otherwise required to transport a specific amount of drugs. Drug
loading on nanotrains by intercalation, as verified by fluorescence
spectrometry, showed the gradual quenching of fluorescence with
increasing equivalents of sgc8–NTrs (Fig. 3A for Dox, and Fig. S7
for DNR and EPR). Because the molar ratio of sgc8–trigger to
M1/M2 in the initial reaction mixture was 1:10, one nanotrain
should theoretically average about 160 drug loading sites. Under
these conditions, drug fluorescence with a sgc8–NTr/drug molar
ratio of 1/50 was dramatically quenched (Fig. 3A). This verified the
high drug payload capacity, and 1/50 of this ratio was used in
subsequent studies. It is worth noting that high drug payload ca-
pacity and the use of short DNA building blocks should sub-
stantially reduce the overall cost of reproducing this type of DNA-
based TDT nanostructures.

Dox was used as a model drug in our further study, and we
next evaluated the stability of sgc8–NTr–Dox complexes through
a drug diffusion experiment using MINI Dialysis Units, and
results showed negligible drug diffusion from sgc8–NTrs in
contrast to fast diffusion from a free drug solution, indicating
the high stability of sgc8–NTr–Dox complexes (Fig. 3B). Fur-
thermore, the stability and integrity of these complexes were also
demonstrated by AFM images displaying comparable morphol-
ogies and length frequency distributions of unloaded sgc8–NTrs
and sgc8–NTr–Dox complexes (Fig. 1A, 2 and 3, and Fig. S8).

Selective Drug Transport via aptNTrs and Real-Time Monitoring of
Intracellular Drug Unloading. To evaluate the selectivity of sgc8–
NTrs for transport of molecular drugs, drug uptake was studied
with CEM and Ramos cells (Fig. 3 C–F). Cells were treated with
free Dox, as a control, or Dox transported by sgc8–NTrs, re-
spectively, followed by microscopic examination. In addition,
transferrin–Alexa 633 was used to locate the endosomes (35).
The recovery of Dox fluorescence (fluorescence “ON”) after
release from nanotrains enabled the real-time signaling of in-
tracellular drug unloading. Strong Dox fluorescence signals were
observed in both CEM and Ramos cells treated with free Dox
(Fig. 3 C and E). When cells were treated with sgc8–NTr–Dox
(Fig. 3 D and F), Dox fluorescence intensity comparable to that
of the corresponding cells treated with free Dox was observed
only in CEM cells, but not in Ramos cells. This indicates the
selectivity of Dox transport mediated by aptNTrs. Presumably,
Dox unloading from internalized nanotrains is through simple
diffusion and facilitated by intracellular factors such as pH, ionic
environment, and nuclease degradation (9, 10, 20). Moreover, in

Fig. 2. Characterization of the formation, selective
cancer cell recognition, and internalization of sgc8–
NTrs. (A) Agarose gel electrophoresis showing the
self-assembly of sgc8–NTrs initiated by sgc8–trigger.
(B and C) Flow-cytometric results showing the selec-
tive recognition abilities of sgc8–NTrs to CEM cells
(B), but not to Ramos cells (C). The presence of mul-
tiple monomers on one nanotrain resulted in signal
amplification of sgc8–NTr-bound CEM cells [lib, sgc8,
M1, M2: labeled with FITC; (M1+M2): unpolymerized
M1 and M2]. (D and E) Confocal laser-scanning mi-
croscopy images displaying the internalization of
sgc8–NTrs into target CEM cells. Cells were incubated
with sgc8–NTrs (100 nM sgc8–trigger equivalents) at
37 °C for 2 h, followed by transferrin–Alexa 633
staining. The intracellular TAMRA fluorescence sig-
nal (denoted by arrows in D) colocalized with Alexa
633 signal indicates the internalization of sgc8–NTrs
through endocytosis (M2: labeled with TAMRA).
(Scale bars: D, 100 μm; E, 10 μm.)
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CEM cells treated with sgc8–NTr–Dox, colocalization of Dox
and Alexa 633 signals was observed, indicating that some Dox
was unloaded after sgc8–NTr–Dox was internalized through
endocytosis. The cytosolic Dox signal outside the endosomes
might have resulted from the escape of Dox from the endo-
somes, or from Dox uptaken by cells following release from
nanotrains at the cell membrane. To further examine the in-
tracellular behaviors of drugs and nanotrains in target cells,
a fluorophore cyanine 5 (Cy5), was used as a model and chem-
ically modified on M1 and M2 to construct sgc8–NTrs. CEM
cells were then treated with free Dox and sgc8–NTr–Dox for
different time lengths, followed by confocal microscopy obser-
vation of Dox and Cy5 fluorescence. In cells treated with free

Dox (Fig. S9A), drug was diffused into cells within a short period.
Whereas in cells treated with sgc8–NTr–Dox, Dox fluorescence
intensity was gradually enhanced (Fig. S9B). Moreover, com-
pared with free Dox, Dox transported by aptNTrs was initially
colocalized with nanotrains and then gradually unloaded and
distributed in other intracellular areas in a time-dependent
manner. Overall, sgc8–NTrs selectively delivered Dox into target
cells, and fluorophores modified on nanotrains as well as drug
fluorescence dequenching enabled both intracellular signaling of
drug unloading and intracellular monitoring of drug and nano-
train behaviors at target cancer cells, providing the basis for fu-
ture theranostic applications.

In Vitro Selective Cytotoxicity of Anticancer Drugs Transported by
aptNTrs. Having established that Dox can be selectively trans-
ported into target cells by nanotrains, the resultant cytotoxicity
was evaluated by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.
In this assay, both target CEM cells and nontarget Ramos cells
were treated with free Dox and sgc8–NTr–Dox complexes, re-
spectively. Free drug showed dose-dependent cytotoxicity in both
CEM cells and Ramos cells. In contrast, only in target CEM cells
(Fig. 4) did Dox transported by sgc8–NTrs induce dose-dependent
cytotoxicity comparable to that of free Dox. This demonstrated
the robust cytotoxic efficacy of sgc8–NTr–Dox in target cells and
the excellent selective cytotoxicity of this molecular drug trans-
ported by aptNTrs. In contrast, the lack of cytotoxicity of sgc8–
NTrs in either CEM or Ramos cells indicates the biocompatibility
of these transporters under our experimental conditions (Fig.
S10A). We next studied whether aptNTrs maintained selectivity
in cancer cell recognition as well as drug delivery under a physi-
ological environment, where nucleases could cleave DNA-based
drug carriers before reaching target cells, resulting in loss in
selectivity. In this study using cell culture medium containing
FBS at 37 °C, the selective recognition ability of sgc8–NTrs was
verified using target CEM cells and nontarget Ramos cells (Fig.
S10 B–D), and potent cytotoxicity was confirmed for Dox de-
livered via sgc8–NTrs in CEM cells, but much less cytotoxicity in
nontarget Ramos cells (Fig. S10 E and F). This indicates the
selectivity of cancer cell recognition and drug delivery under a
simulated physiological environment, providing the basis for
subsequent in vivo evaluation of this TDT platform. In addition,
the selective cytotoxicity of DNR and EPR transported by sgc8–
NTrs was demonstrated with CEM cells and Ramos cells using
an MTS assay (Fig. S11). In nontarget Ramos cells that simulate
normal tissue cells in vivo, the dramatic reduction of cytotox-
icities induced by drugs delivered by aptNTrs compared with free
Dox suggests the increase of MTD in nontarget cells in vitro, and
is expected to increase MTD of drugs transported by aptNTrs in

Fig. 3. Targeted drug transport using aptNTrs with high payload capacity
and stability. (A) Fluorescence spectra of Dox (2 μM) with increasing equiv-
alents of sgc8–NTrs (shown by values from top to bottom). The fluorescence
quenching indicates drug loading into sgc8–NTrs. The apparent Dox fluo-
rescence quenching with as low as 1/50 NTr equivalents reflects high drug
payload capacity. (B) Scattered data points showing the fluorescence in-
tensities of Dox diffused from free Dox or sgc8–NTr–Dox (Dox: 30 μM) during
dialysis to outside PBS buffer at different time points. Data were fit to a drug
release model by nonlinear regression (fit lines shown in solid). The negli-
gible drug diffusion from nanotrains, in contrast to fast diffusion from free
Dox, indicates the high stability of sgc8–NTr–Dox complexes. (C–F) Confocal
laser-scanning microscopy images displaying the intracellular signaling of
drug unloading and selective drug transport to target cells by sgc8–NTrs.
Target CEM cells (C and D) and nontarget Ramos cells (E and F) were treated
with free Dox (C and E; 2 μM) and sgc8–NTr–Dox (D and F; 2 μM Dox
equivalents), followed by transferrin–Alexa 633 staining. The comparable
intracellular Dox fluorescence intensities in C and D, but significantly lower
intensities in F than E, indicate the selectivity of drug transport via sgc8–NTrs
(Insets: enlarged cells). (Scale bar: 100 μm.)

Fig. 4. Selective cytotoxicity of molecular drugs (Dox) transported by
aptNTrs. (A and B) MTS assay results showing that Dox transported by sgc8–
NTrs (sgc8–NTr–Dox) selectively induced potent cytotoxicity and inhibited
cell proliferation in target CEM cells (A), but not in nontarget Ramos cells (B),
in contrast to nonselective cytotoxicity induced by free Dox in both target
and nontarget cells.
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vivo. The selective and potent in vitro therapeutic efficacy in-
dicated that aptNTr is a promising TDT platform.

In Vivo Efficacy of Anticancer Drugs Transported via aptNTrs. We
next evaluated the in vivo therapeutic efficacy (i.e., anticancer
therapeutic potency and side effects) of anticancer drugs (Dox)
delivered by this TDT platform using a CEM s.c. mouse xeno-
graft tumor model, which was developed by s.c. injection of
CEM cells in the back of NOD.Cg-Prkdc (scid) IL2 mice. After
dorsal tumor nodules grew to ∼100 mm3, mice were divided into
three groups for comparative efficacy studies, in which the fol-
lowing regimens were administered by i.v. injections every other
day: (i) sgc8–NTrs, (ii) free Dox, and (iii) sgc8–NTr–Dox. The
Dox dosage was kept the same in groups i and ii at 2 mg/kg,
which has been reported for use in this mouse strain (27), and
the aptNTr dosage in group i was accordingly maintained the
same to that in group iii. Tumor size and body weight were
monitored every other day. Results (Fig. 5A) showed that,
compared with blank drug carriers (sgc8–NTrs), both sgc8–NTr–
Dox and free Dox caused significant inhibition of tumor growth,
with stronger potency of sgc8–NTr–Dox formulation than free
Dox. The stronger potency of sgc8–NTr–Dox than free Dox was
attributed to such features of aptNTrs as specific targeting ability
and larger molecular weight, which lead to relatively long drug
clearance time from blood, relatively high concentration of ac-
cumulated drugs, and long drug retention time in tumor. Con-
sistently, both sgc8–NTr–Dox and free Dox led to longer mouse
survival time than sgc8–NTrs, with longer survival time in sgc8–
NTr–Dox-treated group than free Dox-treated group (Fig. 5B).
The inhibition of tumor growth and the elongation of mouse
survival time demonstrated the potent anticancer efficacy of
drugs delivered via aptNTrs. One primary aim of developing
TDT platforms is to reduce the potential nonspecific toxicity in
normal tissues and the resultant side effects of drugs. To study
whether aptNTrs reduced the side effects of Dox, mouse body
weight variations before and after drug administration were ex-
amined. Results in Fig. 5C indicate that mice treated with free
Dox lost significantly more weight than those treated with sgc8–
NTr–Dox, whereas those treated with sgc8–NTrs showed slight
body weight increase. These results clearly demonstrated the
reduction of drug side effects using aptNTrs, as well as the
biocompatibility of aptNTrs. As shown before, increased MTD
of sgc8–NTr–Dox compared with free Dox was demonstrated
using an in vitro nontarget Ramos cells simulating normal tissue
cells in vivo (Fig. 4B and Fig. S11 B and D). We thus speculate
that, with the use of MTD of sgc8–NTr–Dox (higher than that of
free Dox), stronger therapeutic potency would be achieved than
using MTD of free Dox in this study. Detailed study of this would
be our interest in future. Overall, these data demonstrated the
potent antitumor efficacy and the reduced side effects of drugs
delivered via aptNTrs.

Conclusion
In summary, we have developed a TDT platform using self-
assembled aptNTrs. This platform presents some remarkable
features: (i) easy design and preparation: automated DNA
synthesis, only three DNA building blocks needed and the con-
sequent simple DNA sequence design and preparation, and
simple DNA nanotrain self-assembly and aptNTr–drug complex
formation; (ii) high payload capacity; the unique configuration of
aptNTrs allowed all of the duplex “boxcar” DNA, which pos-
sessed many addressable sites in one single nanotrain, to maxi-
mally contribute to cargo loading, resulting in high payloads of
drugs or bioimaging agents; (iii) reduction of the cost of DNA
preparation in reproducing this type of drug carriers, due to (a)
the use of short DNAs in aptNTrs leading to a relatively high
DNA synthesis yield compared with the use of long ones, and (b)
the maximal contribution of DNA in aptNTrs to cargo loading
resulting in the use of a relatively low amount of DNA to deliver
a specific amount of cargo; (iv) aptamer-tethered nanotrains
allow for specific targeting in cancer therapy, as demonstrated by

selective cancer cell recognition and anticancer drug delivery,
selective in vitro cytotoxicity, enhanced MTD, and reduced side
effects with potent antitumor efficacy in vivo; (v) bioimaging

Fig. 5. Potent antitumor efficacy and reduced side effects of drugs trans-
ported via aptNTrs. CEM xenograft mouse tumor model was developed by s.c.
injection of CEM cells in the back of NOD.Cg-Prkdc (scid) IL2 mice. Mice were
divided into three groups that are, respectively, treated by i.v. injections of (i)
sgc8–NTrs, (ii) free Dox, and (iii) sgc8–NTr–Dox, with 2 mg/kg Dox or Dox
equivalent dosages in ii and iii and accordingly 23 mg/kg sgc8–NTrs in i. (A)
Tumor volume up to day 10 after treatment initiation (mean ± SD; n = 5).
Asterisk on day 10 represents significant differences between tumor volumes
of free Dox- and sgc8–NTr–Dox-treated mice (*P < 0.05, n = 5; Student t test).
(B) Survival percentage of mice after treatment initiation. (C) Mouse body
weight loss at day 10 compared with day 0, after treatment initiation (mean ±
SD; n = 5). Asterisk represents significant differences between weight loss of
free Dox- and sgc8–NTr–Dox-treated mice (***P < 0.001, n = 5; one-way
ANOVA with Newman–Keuls post hoc test).
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agents coupled on nanotrains and drug fluorescence dequench-
ing upon release allow for real-time signaling of behaviors of
nanotrains and drugs at target cells; and (vi) by simple aptamer
or drug substitution, our design can be applied to a variety of
target cell types and drugs. This platform should also be appli-
cable to RNA-based systems. These make this TDT platform
widely applicable. Furthermore, the degradability of DNA would
prevent a chronic accumulation of nanomaterials with MWs
above the renal filtration cutoff, and the long linear nano-
structure of this drug transporter is expected to increase circu-
lation time in vivo, as shown in studies using filomicelles (37).
Collectively, these features are poised to make aptNTrs uniquely
attractive for the development of novel TDT platforms in
cancer theranostics.

Materials and Methods
Preparation of sgc8–NTrs and Drug Loading into Nanotrains. Probes M1, M2,
and sgc8–trigger were individually snap cooled (heated at 95 °C for 3 min,
incubated on ice for 3 min), and then left at room temperature for 2 h. The
mixture of sgc8–trigger, M1 (5 μM), and M2 (5 μM) was left at room temper-
ature for 24 h. sgc8–NTr–Dox was prepared by mixing Dox (Fisher Scientific)
and prepared sgc8–NTrs in Dulbecco’s PBS (Sigma-Aldrich) supplemented with
MgCl2 (5 mM).

Binding Assay Using Flow Cytometry. The binding abilities of DNA probes or
sgc8–NTrs were determined by incubating dye-labeled aptamers or as-
prepared aptamer-tethered nanotrains (200 nM aptamer equivalents) with
cells (2 × 105) in binding buffer or cell culture medium (200 μL) containing
FBS [10% (vol/vol)] on ice or at 37 °C for 30 min, followed by washing with
washing buffer and suspending in binding buffer (200 μL). Random sequences
(lib) were used as controls. The fluorescence intensities of cells were de-
termined with a FACScan cytometer (Becton Dickinson Immunocytometry
Systems). Data were analyzed with the WinMDI or the FlowJo software.

In Vitro Cytotoxicity Assay. In vitro cytotoxicity was determined using CellTiter
96 Cell Proliferation Assay (Promega). Briefly, cells (5 × 104 cells per well)
were treated with sgc8–NTrs, free drug, or drug-loaded on sgc8–NTrs (sgc8–
NTr-drug) in medium (without FBS, unless denoted otherwise; 37 °C; 5%

CO2) for 2 h; and then cells were precipitated by centrifugation. The 80%
supernatant medium was removed, and fresh medium (10% FBS, 200 μL) was
added for further cell growth (48 h). After removing cell medium, CellTiter
reagent (20 μL) diluted in fresh medium (100 μL) was added to each well and
incubated for 1–2 h. The absorbance (490 nm) was recorded using a plate
reader (Tecan Safire microplate reader). Cell viability was calculated as de-
scribed by the manufacturer.

In Vivo Anticancer Efficacy Evaluation. NOD.Cg-Prkdc (scid) IL2 mice were
purchased from The Jackson Laboratory and maintained under pathogen-
free conditions. The animal use protocol was approved by the University of
Florida Institutional Animal Care and Use Committee on animal care. The
mouse xenograft tumormodel was developed by s.c. injecting 8 × 106 in vitro-
propagated CEM cells (in 100 μL of PBS buffer) into Cg-Prkdc (scid) IL2 mice
on the back. Dorsal tumor nodules were allowed to grow to a volume of
∼100 mm3 before treatment initiation. Tumor-bearing mice were randomly
assigned to three groups, with five mice in each group: (i) treated with sgc8–
NTrs; (ii) treated with free Dox; and (iii) treated with sgc8–NTrs–Dox com-
plexes. The Dox dosage was kept the same in groups ii and iii at 2 mg/kg, and
the aptNTr dosage in group iwas accordingly maintained the same to that in
group iii. Drugs were injected through tail veins every other day, and tumor
length and width for each mouse were measured with calipers every other
day. Tumor volume was calculated using the following equation:

Tumor volume= Length *Width2=2: [1]

The body weight of each mouse was also measured every other day to
monitor the potential drug toxicity. Mice were killed when tumor volume
exceeded 2,000 mm3 or developed ulceration.
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