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Abstract

Activatable aptamers have emerged as promising molecular tools for cancer theranostics, but
reported monovalent activatable aptamer probes remain problematic due to their unsatisfactory
affinity and poor stability. To address this problem, we designed a novel theranostic strategy of
DNA nanotriangle-scaffolded multivalent split activatable aptamer probe (NTri-SAAP), which
combines advantages of programmable self-assembly, multivalent effect and target-activatable
architecture.

Methods: NTri-SAAP was assembled by conjugating multiple split activatable aptamer probes
(SAAPs) on a planar DNA nanotriangle scaffold (NTri). Leukemia CCRF-CEM cell line was used as
the model to investigate its detection, imaging and therapeutic effect both in vitro and in vivo. Binding
affinity and stability were evaluated using flow cytometry and nuclease resistance assays.

Results: In the free state, NTri-SAAP was stable with quenched signals and loaded doxorubicin,
while upon binding to target cells, it underwent a conformation change with fluorescence activation
and drug release after internalization. Compared to monovalent SAAP, NTri-SAAP displayed
greatly-improved target binding affinity, ultralow nonspecific background and robust stability in
harsh conditions, thus affording contrast-enhanced tumor imaging within an extended time window
of 8 h. Additionally, NTri-SAAP increased doxorubicin loading capacity by ~5 times, which further
realized a high anti-tumor efficacy in vivo with 81.95% inhibition but no obvious body weight loss.

Conclusion: These results strongly suggest that the biocompatible NTri-SAAP strategy would
provide a promising platform for precise and high-quality theranostics.
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Introduction

The development of theranostic agents that can
simultaneously support sensitive imaging and precise
therapy against diseases such as cancer is expected to
significantly facilitate advances in personalized
medicine [1]. Nucleic acid aptamers, which are
single-stranded RNA or DNA with highly selective
binding affinity to various targets including cancer
markers and cells, provide a promising molecular tool

for cancer theranostics [2]. Conventionally, aptamer-
incorporated theranostic probes rely solely on
initiative enrichment of reporters and drug payloads
in target domains, thus achieving differential signal
intensity and weakened toxicity [3-5]. In view of their
constant signaling and indiscriminate drug release,
the above always-on probes are inevitably accused of
high background, poor imaging contrast, delayed
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diagnosis and toxicity to normal tissues [6].
Alternatively, activatable aptamer probes with
target-triggered signal change and drug response
architectures have been designed, benefiting from the
“induced-fit effect” of aptamers [7, 8]. For example,
our group developed a smart split aptamer-based
activatable theranostic probe, which successfully
realized cancer-activated in vivo imaging and in situ
drug release [9]. Because the probe could only be lit
up by targets, the imaging sensitivity was greatly
improved and the nonspecific toxicity was effectively
reduced. However, due to their unsatisfied affinity,
small payload, poor stability and fast excretion under
physiological conditions, the reported monovalent
activatable aptamer probes do not meet clinical
requirements. Hence, there is still an urgent need to
explore novel activatable theranostic agents with
robust in vivo applicability.

The multivalent effect is commonly used in life
processes to enhance affinity and selectivity for
molecular recognition, which is a synergistic effect
resulting from the simultaneous interaction of ligands
clustering on one entity with multiple receptor sites
on another [10,11]. Inspired by nature, multiple
identical aptamers have been modified on scaffolds
such as metallic nanoparticles (NPs) and liposomes,
or embedded in DNA nanostructures via rolling circle
amplification (RCA) and hybridization chain reaction
(HCR) to improve avidity [12-15]. Nevertheless, most
of the developed multivalent theranostic platforms
still adopt the always-on design pattern, which will
easily lead to limited sensitivity, time-consuming
diagnosis and side effects due to lack of target
activation [5,16-18]. Encouragingly, our group has
recently developed an activatable theranostic
platform based on assembly of multiple activatable
aptamers on spherical Au@Ag/Au NPs [19]. By
adopting a target-responsive architecture, the
platform realized contrast-enhanced image-guided
site-specific  cancer thermotherapy. But, this
multivalent strategy is limited by imprecise control of
aptamer density and spatial orientation, which is
crucial for binding improvement. Besides, using
non-biodegradable metallic NPs as the scaffold will
also pose potential biotoxicity.

As an alternative, structural DNA
nanotechnology with programmable self-assembly
and spatial addressability has demonstrated great
potential for precise organization of functional
molecules [20, 21]. By varying the length of the
intervening duplex, an optimal ligand density on the
DNA scaffold could be manipulated, thus achieving
balance between unfavorable steric obstruction and
effective local density. In particular, for planar DNA
nanostructures, multiple ligands could be decorated

on one face with uniform orientation such that a
maximized local density and availability of ligands
might be possible for multivalent binding with
dramatic enhancement in avidity [22, 23]
Additionally, DNA is inherently biocompatible [20,
21], thus clearing a critical obstacle of self-toxicity for
the clinical use of DNA nanostructures. We thereupon
envisage that if a planar DNA nanostructure could
scaffold multiple activatable aptamers, a novel
multivalent theranostic platform would be developed
with superb functionality, good biocompatibility and
robust in vivo applicability.

NTri-SAAP

Scheme 1. Assembly structure and working principle of NTri-SAAP for cancer
theranostics. By conjugating DNA nanotriangle (NTri) scaffold and multiple split
activatable aptamer probes (SAAPs) via streptavidin—biotin (SA-Bio) interaction, the
NTri-SAAP is assembled. The CG base pair regions allow doxorubicin (Dox)
intercalation. In the free state, the NTri-SAAP is a flat, double helix-jointed structure
with quenched fluorescence and loaded drugs. Once it encounters the target cell,
SAAP can disassemble due to aptamer binding-triggered shape change, thus leading to
signal activation and partial drug release. The remaining drugs can then be further
freed after internalization.

Herein, to develop a planar multivalent
theranostic system, DNA nanotriangle (NTri), one of
the simplest planar DNA structures with high
assembling efficiency, was employed as the model
scaffold. By arming the NTri with multiple split
activatable aptamer probes (SAAPs) in a site and
orientation controllable manner, a novel theranostic
strategy of NTri-scaffolded multivalent SAAP
(NTri-SAAP) has been put forward. As illustrated in
Scheme 1, the SAAP monomer, which supported an
activatable theranostic in our previous study [9],
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consists of a long DNA strand (Apt-L) and a short one
(S). The Apt-L strand comprises two cancer-targeted
split aptamer fragments and a linker DNA co-labeled
with a fluorophore (F) and biotin (Bio). The S strand is
complementary to the linker and attached by a
quencher (Q), thus resulting in quenched fluorescence
in the free state after hybridization of Apt-L with S.
The NTri scaffold is assembled from three
Bio-modified exterior strands (a, b, and c) and an
inner strand (d). Through the specific streptavidin—
biotin (SA-Bio) interaction, SAAP monomers can be
precisely positioned on the three corners of NTri as
target binding and signaling domain. And, to ensure
sufficient rotational flexibility, three non-pairing
thymidine residues were added, overhanging on the
terminals of the NTri, just like the hinge domain of an
antibody. Meanwhile, by utilizing the abundant CG
base pairs designed in double helix regions,
anticancer drugs such as doxorubicin (Dox) can be
loaded via intercalation [3, 5]. The assembled
NTri-SAAP thus displays a roughly flat structure like
a “triangle UFO”, keeping the signal quenched and
drugs packed in the absence of targets. Upon binding
to target cancer cells, the flexible SAAPs undergo
conformational changes to form recognition shapes,
thus forcing disassembly of Apt-L/S hybrid regions
with activated fluorescence emission and slight drug
release from SAAP. Later, the activated NTri-SAAP is
internalized into target cells and frees Dox due to
forces from the intracellular pH, ionic and nuclease

environment [3]. As an activatable design, the
NTri-SAAP will reduce background, enhance image
contrast, speed diagnosis and eliminate side effects.
As a planar multivalent binding system, the
NTri-SAAP is expected to improve affinity and
stability substantially for uses in biofluids, by virtue
of the increased local ligand density and reduced
steric constraint. And, as a DNA-composed
theranostic platform, the NTri-SAAP would surely be
biocompatible.

Results and Discussion

Construction and characterization of the
multivalent NTri-SAAP system

The planar nanotriangle (NTri) DNA scaffold
was constructed based on a rational design according
to previous studies [24, 25]. Specifically, it was
prepared from three exterior DNA strands (a, b and c)
and an inner DNA strand (d) based on programmable
self-assembly [26]. As listed in Table S1, each exterior
strand could hybridize to d with 21 bases, thus
affording two turns of B-form DNA. And, a 5-base
pair extending arm at each corner was designed to
facilitate incorporation of functional domains. The
stepwise assembly of NTri was confirmed by native
polyacrylamide gel electrophoresis (PAGE) with a
high yield of >90% (Figure S1). Then, the NTri was
functionalized with SAAP monomers via a
streptavidin—biotin (SA-Bio) interaction, to develop a
multivalent DNA nanostructure (NTri-SAAP) with

controllable spatial orientation and density
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Figure 1. Characterization of the formation and activation of NTri-SAAP. (A) Native PAGE analysis
of the stepwise addressability of NTri-SAAP. (Lane 1, SAAP; Lane 2, NTri; Lane 3, SAAP and SA; Lane
4, SAAP, SA and NTri). (B) Flow cytometry assays of CEM or Ramos cells after incubation with
different probes in PBS with Mg2* supplied. (C) The corresponding histogram of the fluorescence
ratios of CEM to Ramos cells for probes in (B). Error bars represent standard deviations from three

repeated experiments.
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of ligands. The SAAP monomer was
constructed using the sequence of a
previously-developed  split  activatable
aptamer probe targeting human leukemia
CCRF-CEM cells, which was demonstrated
to be activated by tyrosine kinase-7 (PTK 7)
on the target cell surface with consequential

o\ fluorescence emission and drug release [9].

Importantly, the high density of PTK 7 on
the CEM cell surface (~28 nm between
adjacent receptors) makes it possible to

realize multivalent binding with a
multivalent ligand system, which may
greatly improve avidity [10, 27]. The

formation of NTri-SAAP was verified by gel
retardation assay. As shown in Figure 1A,
distinct band lag was observed in Lane 4,
revealing successful self-assembly of
NTri-SAAP with increased mass and
geometrical size. The four bands with
different gradients were guessed to
correspond to three assembly products
(monovalent, divalent, and trivalent
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NTri-SAAP) and residual SAAP (with SA). And,
luminance analysis disclosed that multivalent probes
accounted for 73.2% of the total products, appearing
as the main product. Then, atomic force microscopy
(AFM) and dynamic light scattering (DLS) analyses
were performed, which further supported the
formation of NTri-SAAP (Figure S2 and Figure S3).
The former revealed an increased size from NTri
(~9%2 nm) to NTri-SAAP (~32x5 nm), and the latter
confirmed the average hydrodynamic diameters of
NTri and NTri-SAAP as ~10.2 nm and ~33.7 nm,
respectively. These values are in close agreement with
the predicted sizes of the model structures.
Additionally, fluorescence spectral measurements
disclosed that the NTri-SAAP was successfully
assembled with quenched signals, while the presence
of SA and/or NTri did not affect the fluorescence of
Cy5 dye (Figure S4).

To  inspect the  feasibility @ of  the
NTri-SAAP-based multivalent activatable strategy,
flow cytometry assays of target CEM cells were
performed by using human lymphoma Ramos cells as
a negative control. Figure 1B displays the
fluorescence responses of these two cell lines to
different probes, including Cy5-Apt-L (monovalent
always-on probe), SAAP (monovalent activatable
probe), NTri-Cy5-Apt-L  (multivalent always-on
probe) and NTri-SAAP (multivalent activatable
probe). To make a reasonable comparison, the
concentrations of these probes were regulated to have
the same amount of Cy5. It was shown that after a
simple wash-free incubation, both SAAP monomer
and multivalent NTri-SAAP were activated by target
cells so as to have higher signal responses to CEM
cells than Ramos cells. In contrast, NTri-SAAP
realized a much higher activation efficiency with
dramatically lowered background and greatly
improved affinity (Figure S5). Compared with
always-on probes, such as Cy5-Apt-L and
NTri-Cy5-Apt-L, SAAP had a lower background due
to the activatable design. But interestingly, the
nonspecific response to Ramos cells was further
reduced by NTri-SAAP. Fluorescence spectral tests
revealed that NTri-SAAP was activated more slowly
than SAAP by cDNA, a complementary DNA strand
acting as a target mimic (Figure S6). We thus
speculated that it might be steric effects that
decreased nonspecific activation and further
contributed to the ultralow background. As for the
improved binding affinity, studies confirmed that it
could not be achieved by simply mixing SAAP and
NTri without SA conjugation (Figure S7), and the
NTri-SAAP as a whole unit was bound to the CEM
cell surface (Figure S8). It was thus believed that the
increase in positive signal derived from the

multivalent binding system of NTri-SAAP, in which
an increased local ligand density could effectively
facilitate target binding events. For always-on probes,
a similar multivalent effect was also found, but the
difference was that the multivalent NTri-Cy5-Apt-L
elevated both positive signals and background in
comparison with Cy5-Apt-L monomers. Nevertheless,
due to the multivalent effect, these two multivalent
systems  both  displayed  higher  signal-to-
background ratios (S/B) than the corresponding
monomers for in vitro CEM cell analysis (Figure 1C).
And from another point of view, the activatable
probes showed higher contrast than always-on
probes. This was consistent with previous reports [6,
28]. Specifically, the S/B value of NTri-SAAP was ~4
times and ~3 times higher than that of SAAP and
NTri-Cy5-Apt-L, respectively. The results
substantially supported the feasibility of the
NTri-SAAP strategy for sensitive analysis of cancer
cells.

Evaluation of the binding performance of the
multivalent NTri-SAAP system

The poor binding stability of conventional
aptamer probes in biofluid is still a critical obstacle to
their in vivo application. One important cause is the
low level of Mg?* in biofluid, which acts as a
chaperone in conformational folding of aptamers [29,
30]. We thereupon investigated the binding property
of NTri-SAAP in several representative buffers,
including binding buffer, PBS with Mg?* supplied
(+Mg), and PBS without Mg?* supplied (-Mg). Among
them, binding buffer prepared by adding Mg?+, BSA,
yeast-tRNA and glucose into PBS, was employed as
an ideal buffer for aptamer binding, because it is used
in cell-SELEX processes routinely. As illustrated in
Figure 2, SAAP was susceptible to the environment.
After removal of cofactors, its binding ability dropped
sharply. Especially in PBS (-Mg), affinity loss was
observed with an ~91% drop in S/B. In contrast,
NTri-SAAP kept relatively stable avidity to CEM cells
in different buffers. Even in the harshest PBS (-Mg), its
S/B value could still retain ~35% of that in binding
buffer. It was obvious that NTri-SAAP had a better
binding stability than SAAP, which might result from
the collective action of the multivalent effect and
weakened conformational energy penalty for
increased mass [30]. The stable binding performance
would surely facilitate the use of NTri-SAAP in real
biological systems.

Binding affinity against target cancer cells is also
an important parameter to evaluate for theranostic
probes. As shown in Figure 2C, the binding affinity of
NTri-SAAP against CEM cells was further measured
using flow cytometry, in comparison with SAAP. It
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Figure 2. Binding performance investigation of NTri-SAAP by flow cytometry, in comparison with SAAP monomer. (A) Binding stability of NTri-SAAP in different buffers. (B)
Corresponding histogram of the normalized fluorescence ratios of CEM cells to Ramos cells for probes and buffers in (A). (C) Binding affinity comparison of NTri-SAAP and

SAAP (the inset) against CEM cells.

was disclosed that multivalent NTri-SAAP could
afford a higher binding affinity, having a calculated
equilibrium dissociation constant (K;) in the
nanomolar-to-picomolar range (K; = 3.41 *+ 0.88 nM),
which was ~2.5 times that of monovalent SAAP (K; =
8.58 £ 0.93 nM, the inset in Figure 2C).

Selectivity and sensitivity investigation of the
multivalent NTri-SAAP system

Next, the specificity of NTri-SAAP was
investigated. NTri-Control, which was assembled
from NTri scaffold and control probes with little
affinity to target CEM cells, was utilized as a negative
control probe. Two cancer cell lines (Ramos and U266)
and one normal cell line (L02) were used as negative
control cells. Flow cytometry analysis indicated that
NTri-SAAP had a much higher fluorescence response
to CEM cells than NTri-Control, due to its substantial
activation based on recognition-induced conforma-
tional change (Figure 3A). By contrast, for the other
three control cell lines, the signal intensities of
NTri-SAAP were slightly lower than that of
NTri-Control, because the latter had a slightly higher
background [9]. The results confirmed that the
NTri-SAAP strategy could afford high sequence
specificity and selective binding to target cells.
Confocal microscopy subsequently verified that the
fluorescence activation of NTri-SAAP was triggered

by target membrane proteins, thus leading to distinct
red halos around cells (Figure 3B). This finding was in
line with the previous report [9, 31].

To further evaluate the sensitivity of the
NTri-SAAP strategy, a quantitative analysis of CEM
cells was implemented using flow cytometry (Figure
S9). Samples with cell numbers ranging from 0 to
290,000 were obtained by serial dilution. It was
observed that the number of events detected in the
upright region positively correlated with the number
of prepared CEM cells. A quasi-linear correlation with
a regression equation of log(y) = 1.4092 x log(x) -
21938 was acquired, indicating a good linear
correlation in the range of 58 to 290,000 cells (Figure
3C). The lowest number of CEM cells detected was 58
in 150 pL binding buffer, which was comparable to
other activatable aptamer-based approaches [9, 28,
32].

Drug loading and release characteristics of the
multivalent NTri-SAAP system

The drug loading capacity of NTri-SAAP was
investigated by taking Dox as a drug model. Previous
reports have shown that Dox could preferentially
incorporate into double-stranded CG base pairs with
quenched fluorescence [3, 5, 9]. Hence, fluorescence
spectroscopy was used to evaluate the drug loading
capacity of multivalent NTri-SAAP, NTri scaffold and
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Figure 3. Specificity and sensitivity investigation of the multivalent NTri-SAAP system. (A) Flow cytometry assays of different cells, incubated with NTri-SAAP or NTri-Control.
(B) Confocal microscopy images of CEM cells incubated with NTri-SAAP or NTri-Control, showing the binding of NTri-SAAP on cell membrane surface (scale bar: 10 ym). (C)
Calibration curve illustrating the relationship between the amount of CEM cells counted by hemocytometer and the number of CEM cells detected with NTri-SAAP. Error bars

represent standard deviations from three repeated experiments.

SAAP monomer as carriers (Figure 4A and Figure
§10). It was found that the fluorescence intensity of
Dox decreased gradually with an increase in probe
concentration, which suggested effective drug loading
for all three carriers. However, benefiting from the
combination of NTri and SAAP, the loading capacity
of NTri-SAAP was revealed to be ~6 times that of
SAAP and ~2 times that of NTri. We next inspected
the stability of Dox-loaded NTri-SAAP (NTri-SAAP-
Dox) at physiological temperature, in comparison
with Dox-loaded SAAP (SAAP-Dox). As presented in
Figure 4B, NTri-SAAP-Dox and SAAP-Dox both
displayed desirable stabilities in PBS and 10% fetal
bovine serum with little drug leaking, suggesting a
potential in vivo drug delivery application. But, when
exposed to cell lysate or a high dose of nuclease, Dox
was successfully released with restored fluorescence
due to degradation of DNA carriers (Figure S11),
which implied potential drug freeing after cell
internalization. Additionally, under the same
condition, SAAP-Dox was observed to be more
susceptible to nuclease attack, showing much quicker
fluorescence restoration than NTri-SAAP-Dox. It was
guessed that larger DNA structures are more stable
[33, 34]. Overall, NTri-SAAP was superior to SAAP in
both drug loading and nuclease resistance, thus
promising better performance in theranostics.

To investigate the cellular internalization-
induced drug release of NTri-SAAP-Dox, CEM cells

treated with NTri-SAAP-Dox, pure Dox and
NTri-SAAP were analyzed on a confocal microscope.
Hoechst 33342 was utilized as a nuclear staining
reference (Figure 4C). It was revealed that, similar to
other multivalent systems [10, 35], NTri-SAAP with or
without Dox loading could aggregate on the target
cell surface for ligand binding-induced receptor
clustering, and then enter into cells through
receptor-mediated endocytosis after a longer period
of incubation. Due to pH/ionic perturbation or
nuclease degradation in cytoplasm [3], Dox could be
released from NTri-SAAP-Dox, restoring fluores-
cence. Note that the weak signal of Dox might be a
result of incomplete release or diffusion into the
nucleus with quenched fluorescence. In addition, a
few drugs that were released on the cell surface due to
target activation could also permeate into cells just
like free Dox. This implied that the NTri-SAAP
strategy could achieve efficient drug delivery to target
cells.

Selective cytotoxicity of the Dox-loaded
multivalent NTri-SAAP system

MTS assays were conducted to assess the
selective  cytotoxicity of NTri-SAAP-Dox. As
displayed in Figure 5A, NTri-SAAP-Dox realized a
much higher toxicity to target CEM cells than
nontarget Ramos cells. In contrast, free Dox presented
a similarly high toxicity to both cell lines due to lack of
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with the multivalent NTri-SAAP
system

To ascertain whether the NTri-SAAP
strategy could improve the performance
of activatable probes in live animals,
monovalent SAAP* and multivalent
NTri-SAAP* were injected into CEM
tumor-bearing nude mice via tail vein for
comparison. The NTri-SAAP* was
assembled from NTri scaffold and
SAAP*, which has a structure similar to
SAAP but was proved to be more stable
in biofluid due to proper enhancement of
the hybridization ability in the double
helix region [9]. As shown in Figure 6,
both monomer SAAP* and multivalent
NTri-SAAP* were effectively activated in
CEM tumor areas after injection, thus
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including the tumor site gradually
increased over time and reached the
brightest level at 60 min. Then, the signals
gradually decreased due to the
continuous clearance of probes. As for the

selectivity. As a negative control, NTri-Control loaded
with Dox (NTri-Control-Dox) was also used to treat
cells; its toxicity to CEM cells was found to be
significantly ~alleviated. More importantly, pure
NTri-SAAP showed negligible cytotoxicity. The
results implied that the drug delivery profile of
NTri-SAAP-Dox based on recognition-induced
activation and endocytosis would benefit targeted
therapy, thus contributing to an ideal vehicle with
inherent biocompatibility. Furthermore, the cytotoxic-
city of NTri-SAAP-Dox was also found to be

NTri-SAAP* group, the same trend of
signal changes was also observed.
However, unlike SAAP*, NTri-SAAP* realized a
much lower fluorescence background in the whole
body within 8 h of observation, thus contributing to
prominent fluorescent contrast of CEM tumor at most
post-injection time points. Moreover, even by
adjusting the color scale to deduct more background
signals to obtain clear tumor figures, nonspecific
fluorescence interference, especially the influence of
metabolic organs caused by SAAP*, was still much
larger than that of NTri-SAAP* (Figure S12). This
again demonstrated the advantage of the NTri-SAAP*
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strategy in ultralow background and nuclease
resistance. Of course, the activation rate of
NTri-SAAP* in CEM tumors was measured to be
slower than that of SAAP*, which was consistent with
the in vitro study where NTri-SAAP* needed a longer
time to become activated. In addition, benefiting from
its high avidity and robust stability, the fluorescence
of NTri-SAAP* could still be imaged in the CEM
tumor site at 8 h, while the SAAP* bound to CEM
tumor cells were almost eliminated along with
unmeasurable fluorescence before 6 h post-injection.
Further, ex vivo fluorescence imaging of the tumor and
major organs was performed at 8 h post-injection. The
results showed that the NTri-SAAP* mainly
accumulated in tumor and liver (Figure S13), which
further confirmed its long retention time in tumor and
suggested improved anti-tumor efficacy. And, it
should also be noted that, different from the
predominant renal clearance of SAAP*, NTri-SAAP
was excreted more through the hepatic route due to
its increased particle size, thus showing prolonged
elimination life (Figure S14) [36]. Hence, it could be
concluded that the NTri-SAAP strategy did greatly
improve tumor imaging quality.

To verify the imaging specificity of the
NTri-SAAP strategy, NTri-Control* was used as the
negative probe control, without tumor-bearing and
Ramos tumor-bearing mice were used as the negative
tumor control. As anticipated, under the same
condition, no obvious activated fluorescence was

Pre-Injection 5 min 10 min

CEM tumor
+NTri-SAAP*

CEM tumor
+SAAP*

Without tumor
+NTri-SAAP*

CEM tumor
+NTri-Control*

Ramos tumor
+NTri-SAAP*

15 min

observed either in tumor sites or in similar sites of
normal mice for all the control groups, thus
displaying undifferentiated fluorescence intensities
between tumor sites and muscle sites (Figure 6 and
Figure S15). In comparison, for both the
NTri-SAAP*treated group and the SAAP*-treated
group, higher fluorescence signals were acquired in
tumor sites, and the former showed higher image
contrasts within an extended time window. The
results thus implied that the NTri-SAAP strategy
could afford in vivo cancer imaging with high
specificity.

In vivo anti-tumor effect of Dox-loaded
multivalent NTri-SAAP system

We next evaluated the anti-tumor efficacy of the
Dox-loaded multivalent NTri-SAAP system by
utilizing CEM tumor-bearing nude mice. Drug
treatments were started when the tumors reached a
volume of ~100 mm? (appointed as Day 1). All the
mice were divided into four groups treated by free
Dox, NTri-SAAP*-Dox, NTri-SAAP*, and PBS,
respectively, for comparison. Dox and NTri-SAAP*-
Dox were injected intravenously at a dose equivalent
to 2 mg/kg of doxorubicin every other day, and the
amount of bare NTri-SAAP* was given according to
that of NTri-SAAP*-Dox. Tumor sizes and body
weights were monitored every other day until the
mice were sacrificed at day 13. As seen in Figure 7,
compared with PBS, bare NTri-SAAP* negligibly

60 min 120 min 180 min 360 min 480 min

x107

Radiant Efficiency

pisecjcm?)
e

Color Scale
Min = 1.38e7
Max = 5.38e7

Figure 6. In vivo time-lapse fluorescence imaging of nude mice bearing different tumors after intravenous injection with different probes. Red circles indicate tumor sites and pink

circles indicate muscle sites.
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Figure 7. In vivo anti-tumor effect evaluation of the Dox-loaded multivalent NTri-SAAP system. (A) Tumor growth profiles of mice under different treatments for 13 days. (Red
arrows indicate the treatment time points; *P<0.05, **P<0.01). (B) Representative photographs of mice in (A) for varied time periods. (C) Body weight variation of mice in (A).

affected tumor growth. Conversely, both NTri-
SAAP*-Dox and free Dox exhibited significant
inhibition of tumor growth, and NTri-SAAP*-Dox
gave a higher anti-tumor efficacy with 81.95%
inhibition. This might be attributed to the targeted
drug delivery function of NTri-SAAP*-Dox, as well as
its prolonged residence in tumor due to its specific
binding and increased particle size, in line with the
results revealed by in vivo imaging. Furthermore,
compared with the PBS group, no obvious loss of
body weight was observed in the other three groups
during treatment, thus indicating a good
biocompatibility of the NTri-SAAP strategy.

Conclusions

In summary, a novel theranostic strategy of
DNA nanotriangle-scaffolded multivalent split
activatable aptamer probe (NTri-SAAP) was first
developed.  Benefiting  from  programmable
self-assembly of DNA nanotechnology, SAAPs were
assembled on the biocompatible planar NTri with
controllable density, location and orientation. Taking
advantage of the collective action of multivalent effect
and activatable architecture, the assembled
NTri-SAAP realized greatly-improved target binding
affinity, ultralow nonspecific background and robust
stability in harsh conditions. Especially for in vivo
application, contrast-enhanced specific  tumor
imaging could be observed and the tumor imaging
window was extended to over 8 h due to improved
biostability. Furthermore, by virtue of the high Dox
loading capacity and targeted drug delivery,

NTri-SAAP rendered highly efficient cancer treatment
both in wvitro and in wvivo with 81.95% tumor
inhibition efficacy, but no observable side effects.
Collectively, the strategy combined advantages from
aspects including controllable assembly and
biocompatibility of DNA scaffolds, flexible design
and specific recognition of aptamer probes, as well as
multivalent effect and target-activatable architecture.
Due to its high affinity, low background and good
stability, NTri-SAAP might have great promise in
precise and high-quality cancer theranostics.
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