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a b s t r a c t

Precise tumor targeting and therapy is a major trend in cancer treatment. Herein, we designed a tumor

acidic microenvironment activatable drug loaded DNA nanostructure, in which, we made a clever use of

the sequences of AS1411 and i-motif, which can partially hybridize, and designed a simple while robust

DNA d-strand nanostructure, in which, i-motif sequence was designed to regulate the binding ability of

the AS1411 aptamer to target tumor. In the normal physiological environment, i-motif inhibits the tar-

geting ability of AS1411. In the acidic tumor microenvironment, i-motif forms a quadruplex conformation

and dissociates from AS1411, restoring the targeting ability of AS1411. Only when acidic condition and

tumor cell receptor are present, this nanostructure can be internalized by the tumor cells. Moreover, the

structure change of this nanostructure can realize the release of loaded drug. This drug loaded A-I-Duplex

DNA structure showed cancer cell and spheroid targeting and inhibition ability, which is promising in the

clinical cancer therapy.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In cancer targeted therapy, it is essential to reduce the side ef-

fects of drug on normal cells. Precise tumor targeting and ther-

apy is a major trend. Molecules that can smartly recognize tumor

are usually employed. Constructing tumor environment activatable

drug delivery systems is a new research direction. The nucleic

acid aptamer is an oligonucleotide sequence screened by system-

atic evolution of ligands by exponential enrichment (SELEX) tech-

nique. Aptamer can bind to specific targets with high affinity and

specificity [1]. Due to good biocompatibility and easy modifiabil-

ity, aptamers are widely applied as targeting molecules in various

drug delivery systems, such as drug molecules [2,3], nanoparticles

[4], liposomes [5], inorganic materials [6-8], exosomes [9], nucleic

acid nanostructures [10], and in diagnostics [11-14]. Aptamers re-

duce the side effects through binding with the biomarkers overex-

pressed on the surface of tumor cells. However, tumor biomarkers

are also expressed at low level on the surface of normal cells, re-

sulting in toxicity to normal cells during cancer therapy. Therefore,

developing new intelligent aptamers to enhance targeting precision

and reduce side effects is currently a key issue that needs to be ad-

dressed. Here, we proposed the concept of inhibiting the targeting
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ability of aptamers under normal physiological conditions, while

restoring the targeting ability of aptamers in the tumor microenvi-

ronment, thereby improving the tumor targeting accuracy.

The microenvironment is an important characteristic of tumor.

Due to the hypoxic state of the tumor microenvironment and the

fast metabolism of cancer, the significant accumulation of hydro-

gen ion makes the tumor microenvironment acidic [15]. Utilizing

the pH difference between the tumor microenvironment and the

normal physiological environment, here, we designed a DNA strand

containing pH-responsive i-motif to regulate the targeting ability of

aptamer. The i-motif structure forms in cytosine-rich (C-rich) DNA

sequences under slightly acidic conditions (pH 5.5–7.0), where cy-

tosines protonate and pair to create a four-stranded helix [16]. In

contrast, G-quadruplex structures form in guanine-rich sequences

stabilized by Hoogsteen hydrogen bonding and cation coordination,

typically under low pH and specific ion concentrations [17]. Con-

sidering the special C-rich sequence of i-motif, guanine-rich (G-

rich) AS1411 was chosen as the targeting ligand. AS1411 is a 26-

base G-rich oligonucleotide that can form G-quadruplex conforma-

tion, whose primary molecular target is nucleolin [18]. Nucleolin

is one of the most abundant nucleolar proteins in the nucleus of

normal cells and is overexpressed in the cytoplasm of metastatic

and rapidly dividing cells, and on the cancer cell membrane [19].

It has been reported that AS1411 can bind to the nucleolin and
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inhibit the cancer cells [20]. Here, we designed a functional strand

S-I possessing potential i-motif structure, and 9-nt sequence of S-I

is complementary to a part of AS1411 aptamer, and their combi-

nation was called A-I involving an “AND” gate. In normal physio-

logical environment, the targeted ability of AS1411 is inhibited by

S-I. In acid tumor microenvironment, i-motif structure thus sepa-

rates from AS1411 and the targeting ability of AS1411 can be re-

stored. Only when both H+ and nucleolin are present, the AS1411

binds with the receptor and the S-I completely separates from

AS1411.

Furthermore, we attached A-I to a DNA duplex to form A-

I-Duplex for achieving targeted drug delivery (Fig. 1). The anti-

cancer drug doxorubicin (Dox) was inserted in DNA duplex form-

ing A-I-Duplex@Dox. The sequences are listed in Table S1 (Support-

ing information). Different from general drug delivery systems, the

therapeutic target of A-I-Duplex@Dox is the tumor acidic microen-

vironment and tumor cell receptor. When A-I-Duplex@Dox reaches

acidic tumor microenvironment, the formation of quadruplex of i-

motif and the binding of aptamer with nucleolin lead to the disso-

ciation of S-I and AS1411, thereby releasing part of the drugs and

being taken up by tumor cells. The remaining drug was delivered

into tumor cells along with A-I-Duplex, thus improving the treat-

ment efficiency.

Preparation of A-I: Due to hypoxia and acidic intracellular or-

ganelles in the tumor, lactic acid is produced significantly, thus

lowering the pH value of the tumor microenvironment compared

to the normal physiological environment [21]. The normal physi-

ological pH is around 7.4, while the pH value of tumor microen-

vironment is 6.5–7.2 [22]. Considering pH range surrounding tu-

mor tissues, we chose the i-motif strand with responsive pH range

between 6.4 and 7.0 and midpoint pH of 6.71 [23]. To improve

the binding rate of S-I and AS1411 (S-A), a 9-base sequence that

is complementary to AS1411 was added based on the i-motif se-

quence. The hybridization rate of S-I and S-A evaluated by NUPACK

was up to 99% [24].

The assembly of A-I was verified by 20% native polyacrylamide

gel electrophoresis (PAGE). The clear line 3 indicated high yield of

A-I (Fig. S1A in Supporting information). The line 4 presents Ctrl-

A-I (without pH responsiveness), assembled by S-A and comple-

mentary strand Ctrl-S-I, set as control group. To test the stability

of A-I in acidic environment without nucleolin, we labeled 5′s end

Fig. 1. Schematic diagram of cellular internalization and intracellular anti-cancer

drug release of A-I-Duplex@Dox.

of S-A and 3′s end of S-I with Cy5 and BHQ2, respectively. Fluores-

cence quenching occurs when S-I and S-A are combined. When H+

and nucleolin are present, the dissociation of the two strands leads

to Cy5 fluorescence recovery. Fluorescently labeled A-I was equili-

brated in phosphate buffered solution (PBS) at pH 7.4 or 6.5 for

different times (Fig. S1B in Supporting information). Obvious flu-

orescence quenching indicated the successful hybridization of S-A

and S-I. After equilibrium in buffer at pH 6.5 for 24h, the fluores-

cence intensity of Cy5 of A-I in PBS at pH 6.5 remained consistent

with A-I in PBS (pH 7.4), which indicated that A-I is stable in acidic

environment.

It was reported that the i-motif is able to perform proton re-

sponse when it is partly paired forming duplex [25,26]. To further

verify the proton response ability of i-motif in the acidic environ-

ment after the formation of the duplex, circular dichroism (CD)

spectroscopy was used to identify the structural changes of A-I at

different pH values. As shown in Fig. S1C (Supporting information),

in pH 7.4 PBS, the A-I showed positive and negative peaks at 265

and 238nm, which were similar to the characteristic CD spectra

of B-DNA duplex, while spectra of A-I at pH 6.5 showed positive

and negative peaks at 280 and 238nm, which means that the con-

formational change of A-I was happened when pH changed, sug-

gesting the i-motif in A-I duplex was still able to perform proton

response [27]. In control group, the characteristic peaks of Ctrl-A-I

in CD spectrum at different pH environments did not change (Fig.

S1D in Supporting information).

Verification of the logic gate of A-I: To test the pH actuation

and nucleolin actuation of A-I, we labeled S-A and S-I with Cy5

and BHQ2, respectively, for monitoring the cellular uptake of A-

I. The Ctrl-A-I was set as control to eliminate the non-specific

adsorption factors of cells to the sample, and the targeting abil-

ity of S-A is completely inhibited in Ctrl-A-I. Samples were in-

cubated with nucleolin-positive A549 and nucleolin-negative L02

cells for 15min. The amount of delivered sample was estimated by

the fluorescence intensity of the Cy5. As shown in Fig. 2A, in con-

trol groups, both A549 and L02 cells exhibited no obvious uptake

of Ctrl-A-I, suggesting that the targeting function of AS1411 was

severely inhibited in Ctrl-A-I. In experimental groups, the A549

cells in acidic media exhibited significantly higher fluorescence

than the cells in neutral media, which verified the i-motif sepa-

rated from AS1411 to form quadruplex in acidic environment, and

the targeted ability of AS1411 was restored. In addition, the fluo-

rescence intensities of L02 cells in acidic and neutral media were

much lower, and showed no significant difference, which further

indicated that A-I had good stability under acidic conditions, and

most A-I retained double-stranded configuration in the absence of

nucleolin.

In order to eliminate the factor of uptake difference in uptake

between different cells, and to more intuitively and quantitatively

reflect the uptake of samples by cells, flow cytometry experiment

was conducted to detect the fluorescence intensity of each cell un-

der different conditions (Fig. 2B). According to the experimental

results, the fluorescence intensity of A549 cells treated by A-I at

pH 6.5 was significantly stronger than that at pH 7.4, indicating

that the targeting ability of AS1411 in A-I in acidic environment

was much stronger than that in neutral environment. Furthermore,

pH-dependent uptake was observed in L02 cells. Both A549 and

L02 cells showed low uptake of Ctrl-A-I, and there was negligible

change of intracellular fluorescence between pH 7.4 and pH 6.5.

The flow cytometry result was basically consistent with the result

of the cell uptake experiment. In addition, to further verify the reg-

ulatory effect of i-motif on the targeting ability of AS1411, we also

verified the pH actuation of A-I on nucleolin-positive HeLa cells.

The results of cellular uptake and flow cytometry experiments on

HeLa cells showed pH-dependent phenomenon (Fig. S2 in Sup-

porting information). Therefore, the above experiments verified the
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Fig. 2. Verification of the “AND” gate of A-I. (A) High content images of A549 cells and L02 cells incubated with different samples (500nmol/L) for 15min. The small

pictures on both sides represent the different states of the samples under different conditions. The black ellipse and the red star represent BHQ2 and Cy5, respectively. (B)

Flow cytometry of Ctrl-A-I and A-I (500nmol/L) were incubated with A549 and L02 cells, respectively, for 15min. (C) Schematic diagram of A-I-Duplex. (D) The PAGE image

of A-I-Duplex analysis the stability of A-I-Duplex in media containing 10% FBS. Lanes 1–5: S-D, S-D-A, S-D+ S-D-A, A-I-Duplex, Ctrl-A-I-Duplex, respectively. (E) PAGE analysis

of A-I-Duplex and S-D-A in 10% FBS DMEM for different time. (F) Band intensity of the gel electrophoresis images in (E). (G) The drug loading profiles of A-I-Duplex. (H) The

release profiles of A-I-Duplex@Dox in PBS at different pH values. Scale bar: 50 μm.

feasibility of the “AND” gate of A-I. To some extent, the i-motif can

regulate the targeting function of aptamer AS1411.

Preparation and stability of A-I-Duplex: In drug delivery field,

DNA structure is an excellent tool for drug delivery due to good

biocompatibility [28]. We decided to apply A-I into DNA duplex

forming A-I-Duplex for targeted drug delivery. As shown in Fig. 2C,

A-I-Duplex was assembled by three strands: S-I, S-D-A containing

S-A, and S-D. The gel electrophoresis analysis exhibited one obvi-

ous band for each intermediate in the assembly of A-I-Duplex (Fig.

2D), suggesting successful construction of the functional nanos-

tructure.

Aptamer has relatively poor biostability due to nuclease hydrol-

ysis in vivo. Chemical modification is a common strategy to im-

prove the biostability of aptamer, such as terminal modification to

block the exonuclease attack [29], modification on the nucleic acid

backbone of aptamer [30,31], conjugation of aptamer to nanopar-

ticles [32]. The aptamer is easily compatible with the nucleic acid

structure, utilizing nucleic acid structure to protect aptamer is also

a common method. Previous studies have proven that dsDNA is

more stable than ssDNA in biological media. Therefore, to test the

stability of A-I-Duplex in vivo, we incubated S-D-A and A-I-Duplex

with the same concentration in DMEM media containing 10% fetal

bovine serum (FBS) for different times, respectively. Then, struc-

tural integrity of them was characterized via 20% native PAGE (Fig.

2E). The result showed that the majority of A-I-Duplex remained

stable after 12h incubation, while S-D-A started to degrade. Af-

ter 24h incubation, the remaining amount of A-I-Duplex was ba-

sically twice that of S-D-A (Fig. 2F). From the results above, A-I-

Duplex was more stable than S-D-A, and the duplex structure of

A-I-Duplex showed protection effect to aptamer in biological me-

dia.

Drug loading and in vitro drug release: Theoretically, Dox is

mainly embedded in the G–C sequences of the DNA backbone

[33,34]. The fluorescence quenching occurs when Dox is inserted

into the DNA duplex. When the ratio of A-I-Duplex to Dox was

1:12.5 and 1:10, the fluorescence curves were substantially coinci-

dent and fluorescence of Dox was nearly quenched, which meant

that the drug loading has reached saturation (Fig. 2G). Thus, the

ratio of A-I-Duplex to Dox was 1:12.5. The A-I and Ctrl-A-I-D to

Dox ratio were 1:5 and 1:12.5, respectively, which means that the

drug in A-I-Duplex@Dox released outside tumor cells was approx-

imately 40% (Fig. S3 in Supporting information). Additionally, we

evaluated the release of Dox from A-I-Duplex in PBS at different

pH (pH 7.4, 6.0 and 5.0). As shown in Fig. 2H, the release of drug

reached equilibrium at 24h. For 48h, less than 10% of Dox was re-

leased from A-I-Duplex at pH 7.4 (physiological environment) and

the release rate of Dox at pH 6.0 was less than 20%. At pH 5.0,

close to the pH of lysosomes in tumor cells, the drug release effi-

ciency reached about 48% after 48h, which suggested that the re-

lease of drug gradually increased with the internalization of tumor

cells in lysosomes.

In vitro cellular uptake of A-I-Duplex@Dox: To test whether the

logic gate will be affected after the linkage of A-I and duplex, the

cellular uptake of A-I-Duplex@Dox was studied. The drug release

of A-I-Duplex@Dox includes extracellular and intracellular drug re-

lease. When A-I-Duplex@Dox arrived at acidic tumor microenvi-

ronment, S-I dissociated from AS1411 because of proton response

and the combination of aptamer and nucleolin, resulting in the

release of a small amount of Dox outside cells. And then, A-I-

Duplex@Dox was internalized by cells via nucleolin-mediated path-

way to bring the remaining drugs into the tumor cells. As shown

in Fig. 3A, compared to A549 cells treated with A-I-Duplex@Dox

at pH 7.4, the fluorescence intensity of A549 cells treated by A-

I-Duplex@Dox at pH 6.5 was obviously stronger, and the cellular

uptake of A-I-Duplex@Dox by L02 cells at pH 7.4 and 6.5 was lit-
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Fig. 3. (A) Fluorescent images of cells incubated by different samples at pH 7.4 or

6.5. (B) Flow cytometry of A549 and L02 cells after incubation with different sam-

ples for 30min. Scale bar: 50 μm.

tle. Furthermore, the accumulations of Dox in A549 and L02 cells

treated with Ctrl-A-I-D@Dox were low.

In flow cytometry analysis, A549 cells treated by the experi-

mental samples (A-I-Duplex@Dox pH 7.4, A-I-Duplex@Dox pH 6.5)

exhibited pH-dependent uptake, while that feature did not exhibit

in L02 cells (Fig. 3B). The A549 and L02 showed no obvious dif-

ference in the uptake of Ctrl-A-I-D and A-I-Duplex at pH 7.4. Com-

paring the results of the two flow cytometry analyses (Figs. 2B and

3B), we can find that the cells showed a certain uptake to Ctrl-

A-I, but almost no uptake of Ctrl-A-I-D@Dox, which may be due

to the fact that the Ctrl-A-I-D is more negative charged than that

of Ctrl-A-I, making Ctrl-A-I-D@Dox more difficult to enter into can-

cer cells. From the above results. A-I-Duplex showed pH-dependent

behavior and specificity to tumor cells. Moreover, the logic gate of

A-I-Duplex still works.

Uptake and therapeutic effect on multicellular tumor spheroids:

Two-dimensional cell culture cannot provide a true and complex

microenvironment for cells. In order to restore the true situa-

tion of tumors in the body as much as possible, we constructed

a multi-cell tumor spheroids model to simulate the real situa-

tion of tumor tissues in the body. The penetration ability of drugs

into tumor spheroids is the key for therapeutic effect. Large par-

ticle will lead to difficulty in penetration and low uptake of tu-

mor cells, resulting in poor therapeutic effect. The size of A-I-

Duplex is less than 10nm, theoretically, the penetration ability is

relatively strong. Here, we mainly studied different uptake of A-I-

Duplex@Dox at different pH by tumor spheroids. As shown in the

Fig. 4A, in the experimental groups treated with A-I-Duplex@Dox,

the fluorescence of the tumor spheroid in pH 6.5 was signifi-

cantly stronger than that in pH 7.4, indicating that the accumu-

lation of Dox in the tumor spheroid in the acidic environment was

higher. Because the targeting ability of aptamer was inhibited in

the neutral environment, but restored in acidic environment, en-

hancing the uptake of A-I-Duplex@Dox by cancer cells. In addition,

the tumor spheroids treated by Ctrl-A-I-D@Dox pH 7.4 and Ctrl-A-

I-D@Dox pH 6.5 showed weak fluorescence, which demonstrated

that the targeting ability of AS1411 was severely inhibited when

AS1411 was fully hybridized.

Fig. 4. (A) Tumor spheroids incubated with 4 μmol/L samples (A-I-Duplex@Dox pH

7.4, A-I-Duplex@Dox pH 6.5, Ctrl-A-I-D@Dox pH 7.4, Ctrl-A-I-D@Dox pH 6.5) for

1h, respectively. Scale bar: 200μm. (B) Cytotoxicity of free Dox, A-I-Duplex, A-I-

Duplex@Dox pH 7.4 and A-I-Duplex@Dox pH 6.5 to A549 and L02 cells. (C) Calcein-

AM/PI double staining assays on A549 cells and L02 cells treated by different sam-

ples after 24h. Scale bar: 50 μm. Data are presented as mean ± standard deviation

(SD) (n=5).

Antitumor efficacy of A-I-Duplex@Dox in vitro: The difference

of cytotoxicity of A-I-Duplex@Dox in pH 7.4 and 6.5 environment

was evaluated by cell-counting kit (CCK-8). From the cell viability

assay, >95% cells incubated with A-I-Duplex were living, suggest-

ing that the cytotoxicity of A-I-Duplex was negligible (Fig. 4B). In

a Dox concentration range of 0.25–1 μmol/L, the three groups (free

Dox, A-I-Duplex@Dox pH 7.4, A-I-Duplex@Dox pH 6.5) induced

apoptosis with no significant difference. When the concentration

goes beyond 1 μmol/L, the viability of A549 cells treated by A-I-

Duplex@Dox pH 6.5 was obviously lower than that of cells treated

by A-I-Duplex@Dox pH 7.4, which meant the A-I-Duplex did real-

ize high precise drug delivery. By contrast, for L02 cells, with the

increase of concentrations, the cytotoxicity of A-I-Duplex@Dox was

basically independent of pH value. By calculation, the IC50 value

of A-I-Duplex@Dox at pH 6.5 for A549 cells is about 4.6 μmol/L,

which is lower than that of Dox for A549 cells (2.1 μmol/L). There

may be two reasons: (1) the dissociation rate of S-I and AS1411

does not reach 100% at pH 6.5, which results in a part of the tar-

geting ability of AS1411 being inhibited; (2) the surface of nucleic

acid is negatively charged, which makes A-I-Duplex@Dox have a

lower uptake than free Dox. As for control group, Ctrl-A-I-D@Dox

had no significant difference in cytotoxicity at different pH, and ex-

hibited no pH-dependent and nucleolin-dependent behaviors (Fig.

S4 in Supporting information). The above results indicate that the

targeting ability of AS1411 in Ctrl-A-I-D is greatly inhibited. Thus,

the cytotoxicity assay further verified that the i-motif did can reg-

ulate the targeting ability of AS1411, and A-I-Duplex@Dox achieved

targeted drug delivery with high precision.

To visualize cytotoxicity efficiency, cells treated by different

samples were stained by calcein-AM/propidium iodide (PI) reagent,

in which calcein-AM was used for fluorescently labeling living cells
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(green) and PI for staining dead cells (red). Based on cytotoxi-

city experiment results, the cytotoxicity of A-I-Duplex@Dox was

not much different at 4 and 8 μmol/L. Therefore, the concentra-

tion of samples in double staining experiment was determined as

4 μmol/L. As shown in Fig. 4C, in A549 cells group, from the ra-

tio of red to green, the dead cells in cell group treated by A-

I-Duplex@Dox at pH 6.5 was more than group treated by A-I-

Duplex@Dox at pH 7.4. The number of dead cells in L02 cell groups

incubated by A-I-Duplex@Dox did not differ much. The toxicity of

Ctrl-A-I-D@Dox to the two kinds of cells did not show any differ-

ence in pH. Therefore, the results of the double staining experi-

ment are basically consistent with the results of the cytotoxicity

experiment.

In summary, taking advantage of the characteristics of the

acidic tumor microenvironment, we designed a functional strand

S-I to regulate the targeting ability of AS1411. The targeting ability

of AS1411 was inhibited in normal physiological environment, but

restored in acidic tumor microenvironment. Dual targets of tumor

microenvironment and tumor cells have improved the accuracy of

targeting. Moreover, drug delivery system showed high precise tu-

mor cell targeting ability, achieving dual targeted drug delivery of

tumor cells and tumor microenvironment, providing a new idea for

realizing high-precision and high-efficiency tumor treatment. We

utilized the C-rich functional nucleic acid i-motif to complement

the G-rich AS1411 to regulate the targeting function of the AS1411,

that idea can be extended to other aptamers, for i-motifs with ap-

propriate sequences or other functional molecules to regulate the

targeting function of the aptamers. Future work should explore ex-

tending this strategy to diverse aptamers and nucleic acids, and in

vivo experiments will contribute to advancing this strategy towards

clinical applications.
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