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a b s t r a c t

In situ stimuli-responsive nanodevices have gained substantial attention in recent years owing to their

remarkable potential to enhance tumor imaging and therapeutic effects. Herein, we formulated a pH-

responsive, aptamer-functionalized DNA tetrahedral nanoplatform (ASTD) for improved visualization of

survivin mRNA and chemo/gene therapy. ASTD, assembled by four single-stranded DNA, integrates pH-

responsive i-motif sequences, survivin mRNA-targeted molecular beacons and AS1411 aptamers. Taking

advantage of the tumor-targeting ability of AS1411 aptamer, ASTD monomers self-assemble into a mul-

tifunctional DNA polymeric tetrahedron (ASPD) on the tumor cell surface upon exposure to acidic tu-

mor microenvironment. ASPD exhibits enhanced cellular uptake, superior survivin mRNA imaging, and

efficient survivin gene silencing. Furthermore, Dox-loaded ASPD shows a significant antitumor effect, re-

sulting in approximately 66% apoptosis of tumor cells. This study develops a dynamic DNA tetrahedral

nanoplatform with diagnostic and therapeutic dual-functionalities, offering a promising strategy for ad-

vancing precise cancer theranostics.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Over the past few decades, integrating cancer diagnosis and

therapy within a single drug delivery platform has been applied

as a transformative approach in the precision medicine of cancer

[1,2]. Theranostics enables personalized cancer treatment by using

targeted imaging agents to identify tumors and simultaneously de-

livering therapeutic drugs. It streamlines clinical workflows while

improving treatment accuracy compared to conventional sequen-

tial strategies [3,4]. Molecular beacons (MBs), as a powerful ther-

anostic tool, have gained wide attention in cancer research due to

their role in early detection, imaging, and targeted therapy [5–7].

MBs are hairpin-shaped nucleic acid probes that can be labeled by

fluorescent tags. The fluorescent tags remain quenched and will re-

cover fluorescence once they hybridize with complementary tar-

get mRNA sequences [8,9]. Therefore, MBs are highly sensitive to

detecting cancer biomarkers and meanwhile perform the function
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of gene silencing [10,11]. One of the promising cancer biomark-

ers is survivin. It is highly expressed in most cancers including

lung, breast, colorectal, pancreatic, and brain cancer, but almost ab-

sent in normal adult tissues [12,13]. This makes survivin a valuable

tumor-specific marker for cancer diagnosis. Moreover, survivin is

involved in tumor growth, proliferation, and apoptosis evasion [14].

Therefore, it is also an attractive potential candidate for anti-cancer

treatments.

Given that the application of MBs is mainly limited by ineffi-

cient targeted delivery and cellular uptake, a critical challenge is to

design a dual-functional nanoplatform, simultaneously sensing tu-

mor biomarkers and delivering therapeutic medicine. DNA nanos-

tructures have received extensive attention as delivery nanoplat-

forms for theranostics in recent years owing to their excellent

biocompatibility and unparalleled ability to incorporate nucleic

acids through complementary base pairing [15–18]. Moreover, DNA

nanostructures can efficiently deliver the chemotherapeutic drug

doxorubicin (Dox) [19–21]. As a classic anthracycline antibiotic,

Dox intercalates into the molecules between the planar bases of

https://doi.org/10.1016/j.cclet.2025.111541
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Scheme 1. Schematic illustration of aptamer-targeted and acid-driven in situ as-

sembly of DNA polymeric tetrahedron for potentiated survivin mRNA fluorescence

imaging and chemo/gene therapy.

DNA. Among various DNA nanostructures, DNA tetrahedron (TD) is

widely utilized for delivering drugs and functional oligos due to

its efficient self-assembly, rigid framework, and symmetric three-

dimensional structure [22–24]. However, certain limitations of TD

still need to be addressed. Aptamers have been incorporated into

TD to improve its tumor-targeting efficiency [25,26]. Aptamers are

single-stranded nucleic acid ligands binding to a wide range of

target molecules with high affinity and specificity. For example,

AS1411 aptamer has a strong affinity to nucleolin highly expressed

in breast cancer cells. Loading AS1411 aptamer in TD can sig-

nificantly enhance its tumor-targeting ability [22,27,28]. Further-

more, dynamic stimuli-responsive assembly strategies have gained

widespread interest in improving TD’s internalization and accu-

mulation efficiency and amplifying imaging signals [29–31]. Con-

sidering the acidic tumor microenvironment (TME), pH-sensitive

DNA i-motif which undergoes a sharp structural transition from a

random coil to a quadruplex at acidic conditions is employed to

construct in situ stimuli-responsive nanostructures [32–34]. Moti-

vated by these advances, integrating TDs with aptamers and pH-

responsive i-motifs can facilitate cancer theranostics.

In this work, we fabricated a pH-responsive DNA tetrahedron

(ASTD) that integrates AS1411 aptamer, survivin-targeted MB, and

pH-responsive i-motif sequence. As shown in Scheme 1, four func-

tionalized DNA strands were designed to construct ASTD, and then

the chemotherapeutic drug Dox was intercalated to form ASTD-

Dox. ASTD-Dox maintained monomeric dispersion at physiological

pH and activated a dual-functional mechanism upon encountering

tumor cells. AS1411 aptamer specifically targeted nucleolin, which

is abundantly expressed and localized at the surface of cancer cells.

Meanwhile, the acidic tumor environment triggered the reconstitu-

tion of two split i-motif DNA strands from different ASTD-Dox to

form hand-in-hand DNA polymeric tetrahedrons (ASPD-Dox). This

pH-triggered assembly of ASPD-Dox resulted in increased size, im-

proved affinity, and enhanced cellular uptake. After the cellular

internalization of ASPD-Dox, the survivin-targeted MB hybridized

with survivin mRNA to silence survivin expression, and unfasten

the MB’s stem-loop structure. Unlocked MB restored fluorescence

for real-time imaging of survivin mRNA. Survivin silencing and re-

leased Dox achieved combinative chemo/gene cancer therapy. In

summary, ASTD as a stimuli-responsive DNA theranostic nanoplat-

form exhibits great potential for integrated diagnosis and precision

therapy applications.

The successful assembly and pH-responsive behavior of ASTD

were systematically characterized. The monomer was constructed

by annealing four DNA single strands (L1–L4), and each strand was

modified with distinct functional elements. Strands of L1 and L2

contain two split i-motif sequences that pair together to form a

complete i-motif by pH-driven aggregation. L3 contains a MB la-

beled with Cy5/BHQ2 for survivin mRNA visualizing and silencing.

L4 has an AS1411 aptamer for targeting tumor cells. Agarose gel

Fig. 1. Characterization of the TD-based tumor theranostic nanosystem and detec-

tion performance of DNA tetrahedral in vitro. (A) 2% agarose gel electrophoresis

analysis of the ASTD under pH 7.4 and the pH-driven ASPD under pH 6.5. AFM

images of (B) ASTD, and (C) ASPD. Scale bar: 150nm and 750nm. (D) CD spectra

characterization of the feasibility of the pH-driven DNA polymeric tetrahedron

assembly under different pH values. (E) Verification of the formation of i-motif

structure in ASTD (500nmol/L) under different pH conditions (pH 5.4, 6.5, and

7.4) by UV absorption spectra. (F) UV–vis-NIR spectra of ASTD, Free Dox, and

ASTD-Dox, respectively. (G) Feasibility of survivin target activation before and after

assembly at 37 °C. Probe concentration: 200nmol/L; MB concentration: 200nmol/L.

(H) Time-dependent fluorescence recovery of ASTD alone or addition of DNA

target (survivin) (200nmol/L) at 37 °C. (I) Fluorescence responses of the ASTD to

the different concentrations of the DNA target (survivin mRNA) from 2nmol/L

to 200nmol/L at 37 °C. nM=nmol/L. (J) The linear relationship between the

fluorescence intensity and the concentration of the DNA target. (K) Fluorescence

emission intensity of ASTD to several DNA targets (1. survivin target, 2. GalNAc-T

target, 3. C-myc target, 4. K-ras target, 5. HER-2 target, 6. TK1 target, 7. PBS) at

the same concentration (200nmol/L). (L) Fluorescence emission intensity of ASTD

under different numbers of mismatched bases of survivin mRNA analogs. Data are

presented as the mean ± SD (n=3). ∗∗∗P<0.001.

electrophoresis was performed to investigate the self-assembly of

ASTD and the pH-triggered transition to ASPD. As shown in Fig. 1A,

the successfully assembled ASTD migrated more slowly than the

individual ssDNA strands, while the supramolecular ASPD was re-

tained in the gel pores. AFM imaging further revealed the morpho-

logical changes from monomeric ASTD to polymeric ASPD (Figs. 1B

and C). The formation of the polymeric structure and significantly

increased size caused the retention of ASPD in agarose gel. Cir-

cular dichroism (CD) spectrophotometry showed that ASTD had

a positive peak at 275nm and a negative peak at 245nm, which

red-shifted to 285 and 250nm (Fig. 1D), indicating the formation

of intact intermolecular i-motifs under acidic conditions. Further-

more, ultraviolet (UV) absorption at 295nm progressively increased

as the pH decreased from 7.4 to 5.6 (Fig. 1E), consistent with the

formation of intact i-motif structures as previously reported [35].

These results demonstrated the successful construction of ASTD

and the pH-driven ASPD assembly under acidic conditions.

To enhance therapeutic efficacy, Dox was intercalated into ASTD

to form ASTD-Dox. The UV–vis-NIR spectra showed a characteristic

absorption peak at 510nm for ASTD-Dox, distinct from that of Dox
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at 480nm. The red-shifted absorption peak of ASTD-Dox suggested

the successful loading of Dox into ASTD (Fig. 1F). Then, the encap-

sulation efficiency of Dox was calculated (Fig. S1 in Supporting in-

formation). The concentration of ASTD was set at 200nmol/L, and

the ratio of ASTD to Dox was tested at a range of 1:50 to 1:300.

After balancing the encapsulation efficiency and utilization rate of

Dox, the ratio of 1:200 with an encapsulation efficiency of 75.43%

was selected for subsequent experiments.

The specificity and sensitivity of ASTD in detecting survivin

mRNA highlight its potential as a reliable diagnostic tool, paving

the way for further exploring its intracellular performance. To de-

tect survivin mRNA by fluorescent visualization, the MB in ASTD

was labeled with the fluorophore Cy5, and its fluorescence was

quenched by the quencher BHQ2. The stem-loop MB can recog-

nize and hybridize with survivin mRNA to form stable duplexes,

resulting in the structural rearrangement and fluorescence recov-

ery of Cy5. The ability of ASTD to detect survivin mRNA was ex-

amined at 37 °C. As shown in Fig. 1G, the MB, ASTD, and ASPD

exhibited almost similar fluorescence recovery when exposed to

survivin mRNA for the cell-free test. Next, the time-dependent

study of ASTD fluorescence recovery revealed that ASTD rapidly

responded to survivin mRNA and reached the maximum recov-

ered fluorescence within 10min (Fig. 1H). To further investigate

the ASTD’s responsiveness to different concentrations of survivin

mRNA, we examined the concentrations of survivin mRNA ranging

from 2nmol/L to 200nmol/L. A linear relationship between fluo-

rescence intensity and survivin mRNA concentration was observed

(Figs. 1I and J), indicating that ASTD can effectively detect different

concentrations of survivin mRNA.

Achieving a reliable sequence-specific distinction among ho-

mologous transcripts is essential to utilize mRNA as a diagnos-

tic biomarker. To assess the specificity of ASTD, survivin mRNA

and diverse cellular mRNAs of GalNAc-T, C-myc target, K-ras, hu-

man epidermal growth factor receptor 2 (HER-2), and thymidine

kinase 1 (TK1) were tested at an equivalent molar concentration.

The fluorescence intensity responding to survivin mRNA was re-

markably higher than that of non-target mRNAs (Fig. 1K and Fig. S2

in Supporting information). Then, the specificity of ASTD was fur-

ther evaluated on modified survivin mRNAs with mismatched 1,

2, or 3 bases. The results showed that even one base mismatch

significantly reduced the fluorescence recovery of ASTD (Fig. 1L

and Fig. S3 in Supporting information). These results demonstrated

that ASTD can specifically recognize survivin mRNA and effectively

monitor its concentration by fluorescence recovery.

A typical hallmark of cancer is the acidic TME. Upon exposure

to the acidic extracellular environment, ASTD will assemble into

hand-in-hand DNA polymeric tetrahedrons (ASPD) by the reconsti-

tution of split i-motif DNA strands. Given that efficient cellular up-

take is a critical step in performing functions, we incubated MDA-

MB-231 breast cancer cells with ASTD under different pH condi-

tions to test if the dynamic stimuli-responsive assembly of ASPD

improves cellular internalization and amplifies imaging signal. Both

confocal imaging and flow cytometry results showed that the re-

covered fluorescence signal of Cy5 in MDA-MB-231 cells increased

as extracellular pH decreased from 7.4 to 5.6 (Figs. S4A–C in Sup-

porting information), suggesting that the pH-driven assembly of

ASPD enhanced its cellular internalization. Subsequently, the MB,

ASTD, and ASPD were incubated with MDA-MB-231 cells for 4h at

37 °C to compare their cellular uptake efficiency. Confocal imaging

results revealed that the recovered Cy5 fluorescence signal in the

ASPD group was remarkably stronger than that in the ASTD group,

and the MB group showed negligible fluorescence, consistent with

the flow cytometry results (Figs. S5A–C in Supporting information).

These results further demonstrated that the significantly improved

cellular uptake efficiency is based on the formation of ASPD.

We subsequently assessed if the efficient cellular uptake of

ASPD by tumor cells is also mediated by AS1411 aptamer. The

MB labeled with only Cy5 instead of Cy5/BHQ2 was employed to

construct ASPD-Cy5, the fluorescence of which can be excited di-

rectly without binding to target mRNAs for recovery. The MDA-

MB-231 breast cancer cells incubated with ASPD-Cy5 (+AS1411

aptamer) exhibited much stronger fluorescence intensity of Cy5

than that incubated with SPD-Cy5 (-AS1411 aptamer) after 4h, and

also stronger than that of ASPD-Cy5 treated normal MCF-10A cells

without membrane nucleolin (Fig. 2A). These results indicate that

AS1411 aptamer significantly improved the tumor-targeted ability

of ASPD and enhanced its cellular internalization. Next, we ex-

amined the endolysosomal escape capability of ASPD-Cy5 by us-

ing LysoTracker, a lysosomal marker in viable cells, to visualize

its subcellular localization. The Cy5 signal overlapped with the

LysoTracker signal after 2h of incubation of MDA-MB-231 cells

with ASPD-Cy5. However, the overlap of signals diverged after 6h

(Figs. 2B–D), indicating the endolysosomal release of ASPD-Cy5

into the cytoplasm of tumor cells.

After demonstrating ASPD’s enhanced tumor targeting and

cellular uptake, we next evaluated its ability to image endoge-

nous survivin mRNA for precise cancer diagnosis. The real-time

monitoring of endogenous survivin mRNA is a valuable method

of cancer diagnosis. Therefore, we incubated MDA-MB-231 cells

with ASPD to explore the ability of ASPD to visualize cytoplasmic

survivin mRNA. As shown in Fig. S6 (Supporting information), the

Cy5 fluorescence in MDA-MB-231 cells showed a time-dependent

Fig. 2. Cellular uptake and endosomal escape triggered by ASPD. (A) Confocal microscope images of MDA-MB-231 and MCF-10A cells incubated with ASPD-Cy5 (+aptamer),

and SPD-Cy5 (-aptamer) at 37 °C for 4h, respectively. (B) Confocal microscopy images of the subcellular localization of MDA-MB-231 cells incubated with ASPD-Cy5 (ASTD-

Cy5 at pH 6.5) for 2 and 6h, respectively. (C, D) The corresponding diagrams show the fluorescence signal overlap of Lysotracker and ASPD-Cy5 on the arrows drawn in the

images. Scale bar: 20 μm. Probe concentration: 200nmol/L; MB concentration: 200nmol/L.
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Fig. 3. The specificity of survivin mRNA imaging in MDA-MB-231 cells. (A) Spe-

cific imaging and (B) semi-quantitative analysis of survivin mRNA in MDA-MB-231

cells by ASPD (anti-survivin) and ASPD-Ran (anti-random sequence). Probe concen-

tration: 200nmol/L; MB concentration: 200nmol/L. (C) Confocal fluorescence imag-

ing and (D) semi-quantitative analysis of survivin mRNA dynamic change levels in

MDA-MB-231 cells by the ASPD. Scale bar: 20 μm. Here, the MDA-MB-231 cells were

divided into three groups in advance. The first group was transfected with survivin

mRNA mimics to increase survivin mRNA expression levels; the second group was

an untreated group that served as a control; and the third group was transfected

with anti-survivin mRNA to decrease survivin mRNA expression levels. The data are

presented as the mean ± SD (n=3). ∗P<0.05, ∗∗∗P<0.001.

increase, and the maximal intensity was observed at 4h post-

incubation. This verified that ASPD was progressively internalized

and recognized intracellular survivin mRNA. To further verify the

fluorescence recovery of MB in ASPD is triggered by hybridizing

with survivin mRNA rather than self-degradation, ASPD-Ran with

a non-targeting control probe was constructed. MDA-MB-231

cells incubated with ASPD exhibited significant Cy5 fluorescence,

whereas the ASPD-Ran treated group showed negligible sig-

nals (Figs. 3A and B). This confirmed the feasibility of ASPD for

recognizing intracellular survivin mRNA.

To evaluate ASPD’s ability to detect dynamic mRNA concentra-

tions, survivin mRNA mimics were transfected into MDA-MB-231

cells to simulate a high concentration, and anti-survivin mRNA

sequences were transfected to knock down the concentration.

The survivin mRNA mimics treated group exhibited significantly

stronger fluorescence than the control group, while the anti-

survivin mRNA sequences treatment caused weaker fluorescence

(Figs. 3C and D). These results demonstrated that ASPD can detect

the change in intracellular survivin mRNA level to reflect different

stages of tumorigenesis. Overall, ASPD exhibits high specificity

and selectivity in recognizing survivin mRNA, underscoring its

potential for precise molecular detection in complex biological

environments.

The combinative chemo/gene therapeutic potential of ASPD-

Dox was evaluated based on survivin mRNA silencing and the

chemotherapeutic drug Dox. To assess the efficacy of ASPD, we

first examined its gene-silencing effects. Quantitative reverse tran-

scription polymerase chain reaction (qRT-PCR) showed that ASPD

caused the largest decrease of survivin mRNA, approximately 70%

compared to the phosphate buffered saline (PBS) control group

(Fig. 4A). Then, the western blot analysis revealed that around 72%

of the survivin protein was knocked down by ASPD compared to

the control (Figs. 4B and C). Moreover, the results of both qRT-

PCR and western blot indicated that ASPD demonstrated a more

potent capacity to downregulate survivin compared to ASTD. This

finding suggests that the pH-driven ASPD assembly strategy effec-

tively achieved nucleic acid drug delivery and enhanced gene si-

lencing. The biocompatibility of the nanocarrier was first evaluated

by testing the ATD and APD without survivin-targeted MB and Dox

before measuring the therapeutic effects of ASPD-Dox. CCK-8 as-

says showed that the cell viability of MDA-MB-231 cells exceeded

95% after 24h of incubation with ATD and APD at a high concen-

tration (800nmol/L) (Fig. 4D), confirming that the nanocarrier is

not cytotoxic.

Next, the therapeutic efficacy of ASTD-Dox and ASPD-Dox was

examined by cell counting kit-8 (CCK-8) assay. Both ASTD-Dox

and ASPD-Dox exhibited dose-dependent cytotoxicity, and ASPD-

Dox showed significantly higher cytotoxicity to MDA-MB-231 cells

than ASTD-Dox at 600 and 800nmol/L (Fig. 4E). Furthermore, the

therapeutic effects of ASPD-Dox exhibited the strongest cytotox-

icity among all groups (Fig. 4F). Then, the calcein-AM and pro-

pidium iodide (PI) were used to stain viable and dead cells. The

ASPD-Dox group exhibited the highest fluorescence intensity of

dead cells (Fig. 4G), consistent with the results of the CCK-8 as-

say. To further distinguish tumor cells at different apoptotic stages,

MDA-MB-231 cells were stained by PI and Annexin V-fluorescein

Fig. 4. Gene silencing efficacy of survivin and gene-chemotherapy in MDA-MB-231 cells. (A) qRT-PCR analysis of survivin and (B) Western blot analysis of survivin in MDA-

MB-231 cells treated with PBS, MB, ASTD and ASPD for 24h. (C) Corresponding semi-quantitative analysis of the gray values of the western blot band of the survivin protein

by Image J software. (D) Cell viability of MDA-MB-231 cells after coincubation with various concentrations of ATD and APD. (E) Cell viability of MDA-MB-231 cells after

coincubation with various concentrations of ASTD-Dox and ASPD-Dox. (F) Cell viability of MDA-MB-231 cells after different treatments at an equivalent probe concentration

(800nmol/L). (G) Fluorescence images of calcein-AM/PI double-stained MDA-MB-231 cells in various groups. Scale bar: 100μm. (H) Annexin V-FITC/PI staining assay of

MDA-MB-231 cells after different treatments. (I) Quantitative analysis of the rate of cell apoptosis in MDA-MB-231 cells treated with various groups. Probe concentration:

800nmol/L; MB concentration: 800nmol/L. Data are presented as the mean ± SD (n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.
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isothiocyanate (FITC) after 24h treatment and analyzed by flow cy-

tometry (Figs. 4H and I). The ASPD-Dox group showed a signif-

icantly higher proportion of necrotic and apoptotic cells (∼66%)

compared to the ASPD group (∼36%) and the APD-Dox group

(∼48%), demonstrating that ASPD-Dox possesses excellent combi-

native chemo/gene therapeutic effects based on survivin mRNA si-

lencing and chemotherapeutic drug Dox.

In summary, we described a facile strategy to construct a

pH-responsive, MB and aptamer-functionalized tetrahedral DNA

nanostructure (ASTD), which showed great potential for simul-

taneous survivin mRNA imaging and combinative chemo/gene

therapy. The stimuli-responsive in situ DNA assembly mechanism

enables ASTD monomers to self-assemble into ASPD on the tumor

cell surface upon exposure to the acidic tumor microenvironment.

ASPD exhibits enhanced cellular uptake, superior survivin mRNA

imaging, and efficient survivin gene silencing. The multifunctional

ASPD-Dox exhibited precise detection of survivin mRNA, efficient

gene silencing, and controlled release of Dox, achieving excel-

lent combinative antitumor effects. Our nanoplatform showed

significant potential for advancing cancer theranostics through

its inherent biocompatibility, molecular recognition capabilities,

and modular design architecture. We anticipate that this in situ

stimuli-responsive nanoplatform will inspire further innovations in

the field of DNA nanotechnology in cancer research and treatment.
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