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Activatable split aptamer probe with target-induced shape change
and thermosensitivity was first developed. Triggered by proteins
on cell surface, the probe could assemble into a desired binding
shape, thus affording a FRET-based tumor cell assay. Moreover, a
reversible cell catch/release strategy was realized through mild
temperature switching (4 °C/37 °C).

Target binding-induced conformational alteration is critical
for molecular probes in monitoring and manipulating biological
species in real time, in situ and in vivo.! Aptamers can bind to
certain targets by folding into well-defined three-dimensional
conformations.? The flexible shape change as well as high
affinity, high specificity, easy synthesis and facile modification,
make aptamers attractive as next-generation molecular tools
for bioanalysis and biomedicine.3 And with development of the
cell-SELEX, which evolves aptamers against intact cells, the
application of aptamers in cancer study has been promoted.* A
variety of aptamers for various cancers, such as leukemia, lung
cancer and so on, have been selected and used for cell
detection, drug delivery and tumor marker discovery.*°

However, these tumor cell-specific aptamers are generally
long oligonucleotides containing 30-100 bases.3**" Design of
molecular probes using intact aptamers may pose limitations.
First, efficiency and accuracy of synthesis will decrease with
the increasing length of aptamers. Second, longer aptamers
bear more secondary structures unfavorable for target binding,
thus reducing effective probe concentration. Third, overlong
sequences will increase challenges in designing activatable
aptamer probes (AAPs) with target-induced large-scale shape
alteration. For this reason, intact aptamers-based methods are
still widely used in current cancer study, although they need
time-consuming washing and lack real-time responses.® In
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recent years, our group has made a great effort to develor
AAPs for theranostics.® Several competitive binding-ba.cu
AAPs were designed and applied in cancer imaging inside
mice.®>%" Nevertheless, these AAPs still have problems ...
much longer sequences than original aptamers, as well as fals
positive and background elevation due to undesired stimu”
such as nuclease degradation. Hence, there is an urgent nee '
for novel concepts to design AAPs with both short sequer- »
and tumor cell-specific conformational activation.

Split aptamers consist of two fragments derived from parei t
aptamers.” In the free state, the two strands are independent
and nonfunctional. Once encountering targets, split ones cz 1
assemble to a desired binding conformation.® Compared with
intact aptamers, split ones are much shorter, thus showir 3
merits of lower synthesis cost, less ineffective structures ana
simpler design for AAPs.° Also, different from competiti\ 2
binding-based strategies, the shape change of split ones coula
just be induced by targets, suggesting a good anti-interferen~
performance. But in contrast to hundreds of intact aptame. ..
only several split ones have been developed and their targets
focus on small molecules and biomolecules, such as cocaine
thrombin, and so on.!° Split aptamers for complex ar.i
dynamic targets like living cells have rarely been reported.

Herein, we present a rational and smart example of tumor
cell-specific split aptamers being engineered and applied, t v
using Sgc8 aptamer against leukemia CCRF-CEM cells'! as .
main model. Sgc8 was evolved by cell-SELEX and identified t_
interact with a cancer-associated membrane protein tyrosin .
kinase-7 (PTK-7).12 To simplify sequence screening, Sgc8c \
truncated version of Sgc8'3) was finally adopted to design s~ it
strategies. As shown in Figure 1A, the secondary structur of
Sgc8c was roughly a stem-loop hairpin shape. Due to bases Nc.
23-30 (5’-3’) in the loop region were not essential for targ .
binding,3 cleavage sites were selected among these 8 base .
Three split ways were then designed, generating 6 fragmen’
and 9 pairs of split aptamers. And their binding ability to targe’
cells was inspected using flow cytometry with Cy5-labeled b
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Figure 1. Screening of tumor cell-specific split aptamers. (A) Design of split strategies for Sgc8c, generating 6 DNA fragments and 9 pairs of split aptamers. (B) Histogram of tiic
fluorescence ratios of CCRF-CEM to Ramos cells (Fecrr.cem/Framos) after incubation with 9 pairs of split aptamers respectively. The fluorescence was detected using flow cytomet

(Incubation: on ice and 60 min. Concentration: 25 nM for a strands and 200 nM for Cy5-b strands. Error bars: standard deviations from three repeated experiments.)

(Figure S1, Figure 1B). It was revealed that sequence
completeness had an obvious effect on binding. The removal
of 4 or more bases led to a loss of affinity. But two bases “TA”
(Nos. 27, 28) were dispensable, thus affording an optimal
cleavage site and a pair of split Sgc8c (Sgc8c-3a/Sgc8c-2b).
Then, a comparison of split ones (Sgc8c-3a/Cy5-Sgc8c-2b) with
the parent aptamer (Cy5-Sgc8c) was performed. As displayed
in Figure 2A, at the temperature for Sgc8 evolving (on ice), the
split Sgc8c exhibited a much higher fluorescence response to
target CCRF-CEM cells than control probe Cy5-Sgc8c-2b. And
the fluorescence intensity from split Sgc8c was equivalent to
that from Cy5-Sgc8c, suggesting split ones might assemble into
an aptamer-target complex to afford a similar affinity as its
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Figure 2. Comparison of the split aptamer (Sgc8c-3a/Cy5-Sgc8c-2b) with the parent
aptamer (Cy5-Sgc8c). (A) Flow cytometry assays of CCRF-CEM or Ramos cells after a 90-
min incubation with different probes at different temperatures. (Sgc8c-3a: 320 nM;
Cy5-Sgc8c-2b: 40 nM; Cy5-Sgc8c: 40 nM.) (B) The corresponding histogram of the
fluorescence ratios of CCRF-CEM to Ramos cells (Fecre.cem/Framos)- (Error bars: standard
deviations from three repeated experiments.)
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parent. But considering that intact Sgc8c could achieve a goou
binding to target cells after incubation for less than 45 min®",
and split Sgc8c need a 90 min-incubation for stable binding, wc
speculated that affinity of split aptamers might be slig ..
weaker than intact ones. Interestingly, a temperature
dependent binding was measured for split Sgc8c. V.....
increase of temperature, the signal of CCRF-CEM cells labeled
by split Sgc8c gradually decreased. Especially at 37 °C, ..
Sgc8c nearly totally lost its recognition activity, showing
same fluorescence response as control. This was differer’
from its parent, which could hold a good binding at up i~
42 °C.** And considering that 37 °C wouldn’t negatively affe t
cell viability and target proteins, we guessed the failure In
recognition might be due to inactivity of split Sgc8c itself. t
was split design that introduced a novel thermosensitivity into
tumor cell-specific aptamers. Specificity was also investigate 1
using Ramos cells as control. Split Sgc8c always showed much
lower nonspecific responses than Cy5-Sgc8c, and held a muca
higher signal-to-background ratio at the optimal temperature
(Figure 2B, Figure S2). We deduced that the much shorti r
sequence of split ones might reduce secondary structures anu
weaken nonspecific binding. Thereupon, a novel split Sgc?
probe against CCRF-CEM cells was developed with goo
affinity and specificity as well as temperature-sensitivity.

We next illuminated the assembly behavior of split Sgc8c on
target cell surface using a FRET-based AAP strategy. As seen .1
Figure 3, Sgc8c-3a was labeled by Cy3 at the 3’-termin |
(Sgc8c-3a-Cy3) and Sgc8c-2b was labeled by Cy5 at the 5 -
terminal (Cy5-Sgc8c-2b). It was envisaged that a target-drive 1
self-assembly of Sgc8c-3a-Cy3 and Cy5-Sgc8c-2b on cell surfac -
could keep Cy3 in close proximity to Cy5, thus leading to ¢
activated FRET signal. To verify this assumption, CCRF-CE}
cells after incubation with different probes were tested wit
flow cytometry at FL2 (Cy3 channel), FL3 (Cy3-Cy5 FR-T
channel) and FL4 (Cy5 channel) respectively. Sgc8c-3a-( v3-
treated cells (group 1) showed faint signal at both FL2 and Fr_.
After added with Sgc8c-2b, the signal at FL2 was enhanced du -
to interaction of split Sgc8c and target cells, but the signal -
FL3 did not change obviously (group 2). When Sgc8c-2b w«¢
substituted by Cy5-Sgc8c-2b (group 3), an obvious sign#’
decrease at FL2 and a great signal increase at FL3 were bot
observed, indicating an activated FRET. By analyzing the sign~'
variation of groups 3-5, a same conclusion was gotte:
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Figure 3. Schematic illustration and flow cytometry investigation of the target-driven
assembly of split aptamers on cell surface based on FRET using Cy3-Cy5 as the donor-
acceptor pair. CCRF-CEM cells were incubated with different probes on ice for 90 min
and then measured at different channels. [FL2 (Cy3): 488 nm excitation and 564-606
nm emission; FL3 (FRET): 488 nm excitation and 670 nm long pass emission; FL4 (Cy5):
633 nm excitation and 653-669 nm emission. DNA concentration: 25 nM 3a/200 nM 2b.]

revealing that the enhanced signal at FL3 was not due to
simple adsorption or binding of Cy5-Sgc8c-2b to cells. It was
believed that in presence of target cells, two independent and
nonfunctional split fragments could be induced by cell surface
proteins to assemble into a desired binding shape similar to
the intact aptamer. Also, the target-driven assembly of FRET-
based split Sgc8c on living cell surface was testified to be
selective (Figure 4), which strongly supported an effective and
activatable assay for tumor cells. Subsequently, the effect of
several factors on assembly of split Sgc8c was tested (Figure
S3). It was found that FRET signals were dependent upon the
ratio and concentration of two strands as well as incubation
time of probes and cells. In addition, a temperature-controlled
reversible assembly of split Sgc8c on CCRF-CEM cell surface
was detected (Figure S4). This promises a great potential of
applications in controllable manipulation of tumor cells.

We then investigated the split aptamer-assisted assembly of
tumor cells on microwell surface. The avidin-coated 96-well
microplate was modified with Biotin-T1o-Sgc8c-3a (Figure 5A).
In presence of Sgc8c-2b, target cells could be captured on well
surface after a simple incubation on ice due to target-driven
assembly of split aptamers. Once temperature was adjusted to
37 °C, pre-captured cells would be released into supernatants.
After optimizing the modification concentration of Biotin-Tio-
Sgc8c-3a (Figure S5), a series of experiments were conducted
to confirm the above idea. As displayed in Figure 5B, cells were
only captured in Sgc8c-3a-coated wells incubated with both
CCRF-CEM cells and Sgc8c-2b (group d), showing a density of
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Figure 4. Selective detection of CCRF-CEM cells using a FRET-based AAP strategy. Flow
cytometry assays of cells after incubation with Sgc8c-3a-Cy3/Cy5-Sgc8c-2b (25 nM/200
nM) on ice in the dark for 90 min.
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Figure 5. Temperature-controlled reversible assembly and disassembly of target ce s
on microplate well surface assisted by split aptamers. (A) Schematic illustration of the
principle. (B) Feasibility investigation. (a-f: bright-field images. a: capture of CCRF-CE"
cells in a blank well added with Sgc8c-2b; b: capture of CCRF-CEM cells in a Sgc8c-= -
coated well; c: capture of Ramos cells in a Sgc8c-3a-coated well added with Sgc8c-2b: d:
capture of CCRF-CEM cells in a Sgc8c-3a-coated well added with Sgc8c-2b; e: release
d after incubation on ice for 1 h, f: release of d after incubation at 37 °C for 1 h.)

4638+394 cells/mm? (Figure S6). In other control groups (a-c).
few cells were observed. Next, the feasibility of temperatur -
controlled cell release was testified by incubating pre-captured
cells for 1 h on ice and at 37 °C, respectively. It was shown th t
pre-captured cells were not released on ice (group e), in which
case a density of 4200+551 cells/mm? was observed. 1
contrast, incubation at 37 °C effectively released pre-captured
cells by destroying split Sgc8c-target ensembles (group f), t+- .
inducing a sharp fall of cell density to 1816 cells/mm .
Combined with the temperature switch, split aptamer could
control assembly and disassembly of tumor cells on microwe
surface. Then, influence of the capture/release process on ce !
viability was inspected (Figure S7), which confirmed that th s
strategy not only was mild and biocompatible, but also could
remove dead cells. Also, the recycling performance of Sgc8 -
3a-coated wells for reversible cell manipulation was testifie 1
(Figure S8), which showed that the mild temperature switci
did not harm well surface coating and supported a circular us¢ .

Finally, we explored generality of the split aptamer-base.
strategy for temperature-controlled manipulation of tur or
cells. Another pair of split aptamer (ZY11la and ZY11b) der: ed
from the parent aptamer ZY11, which was selected against
human hepatocellular cancer SMMC-7721 cells through ce -
SELEX in our group, was used. Flow cytometry assays reveale .
a thermosensitive binding activity of split ZY11l (Figure S¢,.
Then, the two pairs of split aptamers were applied to coller .
respective target cells from mixed cell samples by using the
temperature-controlled cell assembly strategy. As presented '
Figure 6, before a capture process, both green CCRF-CEM ¢-"
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and blue SMMC-7721 cells were observed. After incubation on
ice in a Sgc8c-3a-coated well with Sgc8c-2b and a ZY1lb-
coated well with ZY11a respectively, green cells and blue cells
were absolutely separated. Next, by adjusting temperature to
37 °C, cell release was realized. Accordingly, CCRF-CEM and
SMMC-7721 cells were collected in respective supernatants.
The successful separation and harvest of different cells in
mixed samples was thus demonstrated, which again supported

the effectiveness and specificity of split aptamers.
Catch Release Release-supernatant

Before catch

Figure 6. Selective capture and separation of mixed cell samples. The calcein-AM-
labeled CCRF-CEM cells (green) and the Hoechst-33342-labeled SMMC-7721 cells (blue)
were mixed with a ratio of 1:1. Fluorescence images were recorded before or after
capture/release treatments using (A) Sgc8c-3a-coated wells added with Sgc8c-2b, or (B)
ZY11b-coated wells added with ZY11la. (Each image is the merged one of green and

blue fluorescence.)

In summary, a novel tumor cell-specific split aptamer probe
composing of two strands with <30 bases was generated from
an intact sequence with >80 bases. Compared with its parent,
split aptamer held a similar target binding, less nonspecific
adsorption and an additional thermosensitivity. By using a Cy3-
Cy5 FRET strategy, target-driven self-assembly of split ones
into desired binding shape on cell surface was demonstrated.
The large-scale shape change facilitates exploring AAPs to
detect tumor cells. Assisted by split aptamers, temperature-
controlled reversible assembly of target cells on microwell
surface was realized. In view of the significance of tumor cell
catch/release study,'> such a mild, biocompatible and reusable
strategy is expected to be integrated in microfluidic chips to
develop novel devices for circular tumor cell researches. It is
also believed that the split strategy might be applicable to not
only hairpin shape but also other aptamer structures, such as
V-shape (Figure S10) and three-way junction architectures?®.
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