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Abstract

Despite the promise of combination cancer therapy, it remains challenging to develop targeted 

strategies that are nontoxic to normal cells. Here we report a combination therapeutic strategy 

based on engineered DNAzyme molecular machines that can promote cancer apoptosis via 

dynamic inter- and intracellular regulation. To achieve external regulation of T-cell/cancer cell 

interactions, we designed a DNAzyme-based molecular machine with an aptamer and an i-motif, 

as the MUC-1-selective aptamer allows the specific recognition of cancer cells, and the i-motif is 

folded under the tumor acidic microenvironment, shortening the intercellular distance. As a result, 

T-cells are released by metal ion activated DNAzyme cleavage. To achieve internal regulation 

of mitochondria, we delivered another DNAzyme-based molecular machine with mitochondria-

targeted peptides into cancer cells to induce mitochondria aggregation. Our strategy achieved an 

enhanced killing effect in zinc deficient cancer cells.
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A combination therapeutic strategy based on engineered DNAzyme molecular machines was 

designed for promoting cancer apoptosis via dynamic inter- and intracellular regulation. Our 

strategy resulted in an enhanced killing effect, demonstrated using zinc deficient cancer cells, thus 

providing a promising next-generation combination therapy for cancer.
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Introduction

Cancer is a major cause of death in the world and numerous efforts have been devoted to 

the development of better cancer treatment methods.[1] To improve the treatment effect, 

a typical strategy is to use high dosages of nonspecific chemotherapy drugs such as 

doxorubicin, paclitaxel, and methotrexate. However, extensive usage of such drugs may 

cause severe side effects by causing damages to normal cells.[2] To reduce side effects 

while maintaining cancer treatment efficacy, combination therapies hold great promise.[3] 

A typical combination therapeutic strategy is to combine immunotherapy with nanoparticle-

based drug delivery, which can induce immunological killing of cancer cells with increased 

intracellular drug concentration at the same time.[4] However, the treatment outcomes of 

some combination therapeutic methods still fail to reach the medical frontline efficacy, 

especially for methods based on T-cells,[5] owing to limitations in the design of targeting 

agents that can specifically link between T-cells and cancer cells, as the targeting agents 

usually adopts large natural or artificial structures, thus may hinder the drug delivery and 

affect the immune response.[6]
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In addition, most previous studies can only control T-cell and cancer cell recognition, even 

though tunable departure of T-cells from treated cancer cells is just as essential for cancer 

immune therapy.[7] Therefore, despite progress made in this field, it remains challenging 

to design an effective strategy to achieve the dynamic regulation of cell-cell interactions 

between T-cells and cancer cells, including cell recognition, cell-cell approaching and post-

treatment separation. In addition, for intracellular treatment, it is important to reduce the 

side effects of drugs to normal cells. As it is well documented that the increased production 

of reactive oxygen species (ROS) enables anti-cancer effects, some nearest studies found 

that mitochondrial aggregation can generate excessive ROS, resulting in cancer cell death.[8] 

Although these methods have been shown to improve cancer apoptosis, their indiscriminate 

attack on normal cells has remained unsolved.

To overcome this limitation, we report herein a combination therapeutic strategy based on 

molecular machines incorporating engineered DNAzymes and DNA aptamers to induce 

cancer apoptosis from both the extracellular control of T-cell/cancer cell interactions 

and intracellular control of mitochondrial aggregation. On one hand, cell-cell interactions 

between T-cells and cancer cells are especially attractive to researchers, as the specific 

recognitions of T-cells to the cancer cells are extremely important to build an effective 

immune therapy.[9] On the other hand, the dispersion of mitochondria in cancer cells 

increases cancer invasiveness,[10] while the aggregation of mitochondria is favorable to 

cause cancer cell death by overproducing ROS.[11] DNAzymes have the capability of 

catalyzing the breakage of ribonucleotides in the presence of specific metal ions.[12] Due 

to the abnormal level of metal ions in some highly aggressive cancers, such as zinc 

deficient pancreatic cancer cells, the internal regulation based on DNAzyme may aid the 

discovery of innovative cancer therapies with higher targeting ability and fewer side effects.
[13] Taking advantages of the susceptibility of DNAzymes to metal-dependent cleavage, we 

have previously employed metal ion-specific RNA-cleaving DNAzymes and their respective 

substrate strands as building blocks to design different control switches for regulating 

the cell behaviors including cell-cell conjunctions and disaggregation of both individual 

cells and multicellular spheroids.[14] However, the cholesterol anchors and pH-sensitive 

fluorescence markers limited its applications due to the lack of targeting ability and 

quenching of fluorescence under tumor microenvironment. To overcome these limitations, 

we construct molecular machines by using RNA-cleaving DNAzymes modified with 

different functional tags, thus allowing specific interactions between cells or mitochondria to 

obtain a more efficient cancer combination therapy.

Results and Discussion

As shown in Scheme 1, for the external regulation of cell-cell interactions between T-cells 

and cancer cells, a Zn2+-specific DNAzyme[15] (chain-1) is modified with double lipid tails 

at the 5´-end, allowing the substrate chain to be spontaneously inserted into a live cell 

surface through hydrophobic interactions.[16] In addition, an i-motif sequence is inserted 

between the lipid tail and the DNAzyme part, allowing pH-sensitive structure transformation 

to regulate the distance between linked cells.[17] The corresponding substrate (chain-2) 

is modified with an aptamer at the 5´-end for the specific linkage of MUC-1 proteins 

overexpressed on cancer cell surface.[18] The 3´-ends of chain-1 and chain-2 are tagged 
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with fluorescent markers (Alexa Fluor 488 (AF 488) for chain-1 and carboxy tetramethyl 

rhodamine (TAMRA for chain-2). AF 488 and TAMRA are stable at acidic pH, which is 

favorable for real-time fluorescence tracking under tumor acidic microenvironment.[19] To 

monitor the distance between T-cells and cancer cells, a complementary strand of i-motif 

with a lipid anchor at 3´-end (chain-3) is attached to the T-cell surface and hybridized with 

the i-motif part of chain-1. A corresponding quencher of TAMRA, BHQ2, is tagged at the 

5´-end of chain-3. The cell-cell distance can be revealed by the efficiency of the quenching 

effect between TAMRA and BHQ2.[20] Through the hybridization of these three DNA 

chains, a DNAzyme molecular machine allowing precise regulation of cell-cell interactions 

between T-cells and cancer cells is obtained, enabling cancer cell recognition, T-cell/cancer 

cell approaching, and post-treatment separation. Engineered with aptamer, i-motif, and 

FRET pairs, the DNAzyme molecular machine is capable to sense and respond to the 

tumor microenvironment.[21] Using the tumor marker MUC-1 as the target protein,[22] the 

aptamer sequence allows the specific recognition of cancer cells.[23] Next, the tumor acidic 

microenvironment triggers the transformation of i-motif sequence from a straight strand to 

a folded structure, shortening the distance between cancer cells and T-cells to induce the 

killing of cancer cells. Then T-cells are released by metal ion (Zn2+) activated DNAzyme 

cleavage, enabling quick release of T-cells from treated cancer cells. During the whole 

process of external regulation, the cell-cell distance can be revealed by monitoring the 

fluorescence intensity of TAMRA. Under a weak alkaline pH value, the i-motif sequence 

kept straight, thus the TAMRA is closer to and quenched by its quencher. When the pH 

value is acidic, the i-motif folds, which cause the releasing of TAMRA from the quencher 

and light up.

To further realize the internal regulation of intracellular mitochondria, the enzyme and 

substrate strands of Zn2+-specific DNAzyme are wrapped into liposomes separately, and 

both DNAzyme (chain-4) and its substrate (chain-5) are modified with a mitochondrial 

localization peptide tail at the 5´-end, allowing mitochondrial targeting.[24] Via the 

hybridization of chain-4 and chain-5, the separated mitochondria start to link with each 

other and form large mitochondria aggregates, enabling overproduction of intracellular ROS 

to promote cancer cell death. The disassembly of mitochondria can be controlled by Zn2+ 

ions mediated substrate cleavage. Thus, a DNAzyme molecular machine allowing dynamic 

control of mitochondria behaviors is achieved. Compared with a zinc deficient environment 

in cancer cells, which can reduce the cleavage of substrate, thus favors the hybridization of 

these two chains, DNAzyme cleavages happens in normal cells having normal zinc levels. 

The melting temperatures of the DNAzymes are approximately 70 °C, much higher than 

37 °C where the cells are cultured; thus, the substrates remain tightly bound. The halves 

of the cleaved substrates have much lower melting temperatures of approximately 20 °C; 

therefore, the substrates will be dissociated at 37 °C upon metal treatment (Table S1). The 

characterization of these sequences were provided in Figure S1–2. As a result, this design is 

favorable to reduce cytotoxicity in non-target cells to avoid side effects.[25]

Using pancreatic cancer cells (PANC-1), which is zinc deficient endogenously, as proof-of-

concept,[26] we aimed to achieve the dynamic control of T-cell/cancer cell interactions and 

intracellular mitochondria interactions by the engineered DNAzyme molecular machines. 

Taken together, this strategy aims to achieve tumor microenvironment-responsive dynamic 
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control of cell behaviors from both outside and inside, thus paving the way towards the 

further development of combination cancer therapy.

Before cell experiments, first we validated the pH-sensitive structure change of i-motif 

and DNAzyme-catalyzed substrate cleavage by gel electrophoresis. The mixture of chain-1 

(containing a sequence of Zn2+-specific DNAzyme and i-motif), chain-2 (containing 

fragments of substrate and MUC-1 aptamer), and chain-3 (containing a complementary 

strand of i-motif) were treated with H+ or Zn2+, respectively. Both H+ and Zn2+ treatment 

led to the emergence of a band with lower molecular weight, indicating the departure 

of chain-3 under acidic pH and the cleavage of chain-2 by Zn2+ (Figure S3). For the 

following cell-cell interaction tests, T-cells modified with chain-1/chain-3 and cancer cells 

modified with chain-2 were mixed and T-cell/cancer cell assembly could be achieved 

via the hybridization between chain-1, chain-2, and chain-3. As shown in Figure 1a, the 

DNAzyme molecular machines constructed by chain-1, chain-2 and chain-3 were applied 

for the external regulation of T-cell/cancer cell interactions by the following five steps: 

recognition, assembly, approaching, widening, and disassembly. The dynamic regulation of 

cell-cell interactions between T-cells and cancer cells corresponding to the above five steps 

was confirmed by cell microscopic images (Figure. 1b). When the cells were mixed, cell-cell 

assembly could be achieved instantly (Video S1). After different incubation times (0 min-60 

min), the cells were sent for flow cytometry analysis (Figure S4), and the fluorescence 

intensity reached the maximum after 30 min incubation, which was in accordance with 

the confocal fluorescence images (Figure 1b, step 1). After the cell-cell assembly, the 

fluorescence of TAMRA was quenched by BHQ2 (Figure 1b, step 2), indicating a proper 

insertion and hybridization of three chains. Only a weak TAMRA signal could be detected 

by flow cytometry analysis, which was corresponding well with the confocal fluorescence 

images (Figure S5a, Figure 1b, step 2). As we decreased the solution pH to 6.0, the 

TAMRA fluorescence was obviously restored as the acidic pH induced the folding of 

chain-1, causing the departure of BHQ2 at the 5´-end of chain-3 (Figure 1b, step 3).The 

same trends were detected by flow cytometry analysis (Figure S5b). After the pH was tuned 

back to neutral, the TAMRA fluorescence was quenched again due to the structure recovery 

of chain-1 (Figure 1b, step 4). Next, with the addition of Zn2+, substrate chain-2 was cleaved 

from the ribonucleotide cleavage site, causing immediate cell disassembly (Video S2), as 

T-cells were cut from cancer cells (Figure 1b, step 5). The dynamic regulation of cell-cell 

interactions between T-cells and cancer cells could be clearly shown from the histogram of 

the average red and green fluorescence of T-cells and cancer cells (Figure S6). The loading 

amounts of dye-tagged DNA strands on the cell surface were optimized (Figure S7), and 

the loading amount of chain-1 and chain-2 on the surface of cancer cell was calculated 

to be 4.96×109 and 5.51×109 molecules per cell respectively, while the loading amount 

of chain-2 on the surface of PANC-1 cell was 4.98×109 molecules per cell. (Figure S8, 

Table S2). The stability of the fluorescent markers tagged on DNA strands were tested at 

different pH values,[27] and the results confirmed the good stability of AF 488 and TAMRA 

tagged on DNA strands (Figure S9). A control experiment using chain-2 without MUC-1 

aptamer confirmed the targeting ability of the aptamer part, as the cell surface fluorescence 

was significantly reduced (Figure S10). Next, we evaluated the targeting specificity of 

chain-2 to PANC-1 cells. PANC-1 cells and HEK293 cells were treated with chain-2 (tagged 
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with TAMRA), and then tested by confocal microscopy and flow cytometry. As shown 

in Figure S11, the average fluorescence of PANC-1 cells was much higher than normal 

cells, which confirmed the targeting ability of chain-2 to PANC-1 cells. Another control 

experiment using chain-2 with mutated MUC-1 aptamer part (chain-20) was performed by 

flow cytometry (Figure S12), and the results showed neglectable fluorescence of chain-20 

treated PANC-1 cells. To evaluate the release efficiency of T-cells, the interaction between 

T-cells and cancer cells without the addition of Zn2+ was tested. As shown in Figure S13, 

the T-cells remained to be connected with the cancer cells after 1 h. When the mutation 

was introduced to DNAzyme or substrate, the T-cell/cancer cell assemblies could not be 

disassembled, indicating the catalytic function caused cleavage by DNAzyme (Figure S14–

15).[28] A positive control using RNase A showed similar disassembly suggested that the 

cleavage of adenine ribonucleotide (rA) in the substrate was likely to induce the cell 

disassembly (Figure S16). In addition, other metal ions (Na+, K+, Mg2+, Cu2+) did not 

induce the cell disassembly, indicating Zn2+-specific cleavage (Figure S17). Besides, the 

cleavage rate was obviously increased with the increased concentration of Zn2+ (Figure 

S18), which suggests that the T-cells can be cut from cancer cells when zinc ion level in 

the microenvironment increases to normal, allowing T-cells to leave killed cancer cells and 

to search for new targets. According to the above results, we chose 1 mM Zn2+ to achieve 

immediate cell disassembly within 10 min.

Next, the reversible distance control between T-cells and cancer cells was evaluated by 

tuning the pH value (Figure 1c). As shown in Figure 1d, the fluorescence of TAMRA on 

cancer membrane was quenched under a weak alkaline pH value (pH=7.5). The TAMRA 

was gradually lighted up when the pH value was tuned to acidic (pH=6.0). After the pH 

value was gradually adjusted back to weak alkaline, the fluorescence intensity was decreased 

again. The average red and green channel intensity (Figure S19) confirmed that the distance 

between T-cell and cancer cell after linkage could be reversibly and precisely regulated 

by pH control. This reversible distance control could be done up to five cycles, and the 

performance remained satisfactory (Figure S20). Chain-1 containing multiple i-motif pieces 

(2–3 repeated segments) was also tested (chain-14, chain-16), and the fluorescence images 

indicated that one or two i-motif pieces in chain-1 could achieve ideal reversible distance 

control, while the fluorescence recovery was relatively weak by chain-1 containing three 

i-motif pieces (Figure S21–23). Therefore, in this work, we chose chain-1 containing a 

single i-motif piece for the experiments. A control test using T-cells modified with a DNA 

chain without i-motif sequence or with mutated i-motif sequence (Table S1) and cancer 

cells modified with chain-2 was performed to form cell assemblies, and the experimental 

results showed no change of red fluorescence, indicating no distance change (Figure S24–

26). Moreover, cancer cells and T-cells without any modification could not form assembly, 

confirming the recognition efficiency of our strategy (Figure S27). Together, the above 

results confirmed the viability of the external regulation of T-cell/cancer cell interactions 

based on our design.

As a proof-of-concept for mimicking in vivo environments, the external regulation of 

T-cell/cancer cell interactions by DNAzyme molecular machines (constructed by chain-1, 

chain-2, and chain-3) was further investigated using cell spheroids. Firstly, DNAzyme 

controlled interaction between separated T-cells (chain-1/chain-3 modified) and a cancer 
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spheroid (chain-2 modified) was realized (Figure 2a). A cancer cell spheroid modified with 

chain-2 could form assembly with separated T-cells modified with chain-1/chain-3. After the 

addition of Zn2+ ions, the T-cells could be released from the cancer spheroid (Figure 2b, 

Figure S28, Video S3). In contrast, cancer cell spheroid and T-cells without any modification 

could not form assembly (Video S4).

Next, the assembly and disassembly between two cell spheroids (a cancer cell spheroid 

modified with chain-2 and a T-cell spheroid modified with chain-1/chain-3) were tested 

(Figure 2c). As shown in Figure 2d, the T-cell and cancer cell spheroids were observed to be 

linked after encountering. After adding Zn2+ ions, the connected double spheroid assembly 

was disassociated, showing the feasibility of DNAzyme molecular machines when applied 

to cell spheroids (Video S5). As a control, T-cell spheroid and cancer cell spheroid without 

any modification were also assessed, and no connections could be observed within 30 min 

(Figure S29, Video S6).

Finally, the external interaction control between a T-cell spheroid (modified with chain-1 

and chain-3) and a single layer of cancer cells (modified with chain-2) was tested (Figure 

2e). As shown in Figure 2f, the T-cell spheroid could be linked to the cancer cell layer after 

approaching. After Zn2+ ions were added, the T-cell spheroid was disconnected from the 

bottom and then linked to another location on the cancer cell monolayer (Video S7). Control 

experiments (a T-cell spheroid above a cancer cell layer without any modification) showed 

that no linkages could be observed within 30 min (Video S8). Another control experiment 

by adding PBS showed no signs of disconnection (a T-cell spheroid modified with chain-1 

and chain-3 linked with a single layer of cancer cells modified with chain-2), which ruled 

out the possibility that the disconnection of T-cell spheroids was caused by the liquid flow 

(Video S9). The above results confirmed that the DNAzyme molecular machines enabled 

point-to-point migration of T-cell spheroids by rolling on the cancer cell layer, indicating 

potentials of our design for cancer therapy, as T-cells can be controlled to link cancer cells at 

a certain location and then leave for targets at other places.

For internal regulation of mitochondria in cancer cells, where the dispersion of mitochondria 

leads to cancer invasion, a DNAzyme molecular machine (composed by chain-4 and 

chain-5, Table S1) engineered with mitochondria location peptides is delivered into cancer 

cells to induce mitochondria aggregation, leading to overproduction of ROS and cause 

cancer cell death. This aggregation can be disassembled via specific metal ions. Here the 

Zn2+ induced substrate cleavage was confirmed by gel electrophoresis (Figure S30). Before 

cell experiments, the interaction of mitochondria was investigated extracellularly. As shown 

in Figure 3a, the mitochondria extracted from living cells were divided into two groups, and 

their surface was linked with chain-4 (a Zn2+-specific DNAzyme tagged with AF 488) and 

chain-5 (a substrate strand tagged with TAMRA), respectively. When these two groups of 

mitochondria were mixed, mitochondrial aggregation could be formed. As shown in Figure 

3b, mitochondrial assemblies could be observed clearly under confocal microscope images. 

After adding Zn2+ ions, substrate chain-5 was cleaved, causing immediate disconnection 

within 30 min. TEM images also confirmed the DNAzyme controlled assembly and 

disassembly of mitochondria. (Figure 3c). Afterwards, the intracellular mitochondrial 

interactions were tested in living cells (Figure 3d). To improve transfection efficiency, 
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chain-4 and chain-5 were wrapped into liposomes respectively, and then incubated with 

PANC-1 cells for intracellular delivery (Figure S31). As shown in Figure 3e, when PANC-1 

cells were treated with chain-4 (2 μL, 100 μM) for 1 h, and subsequently treated with 

chain-5 (2 μL, 100 μM) for an additional 1 h, extensive mitochondrial aggregation were 

observed. After different incubation times (0 min-90 min), the cells were sent for flow 

cytometry analysis, and the fluorescence intensity reached the maximum after 60 min 

incubation (Figure S32), which was in accordance with the confocal images (Figure 3e). 

For quantitative evaluation of chain-4 and chain-5 in PANC-1 cells, the loading efficiency 

of chain-4 and chain-5 in liposomes was estimated to be 50.0% and 52.6%. (Figure S33, 

Table S3). After adding Zn2+ ions, mitochondrial disconnection was clearly observed after 

30 min under both red and green fluorescent channels. 3D cell images (Figure 3f) and 

TEM images (Figure 3g) further confirmed the aggregation of intracellular mitochondria 

under the treatment of chain-4 and chain-5. To confirm that such mitochondrial aggregation 

was driven by DNAzyme hybridization instead of other nonspecific interactions, control 

experiments testing extracellular mitochondria or mitochondria in PANC-1 cells without 

any modification did not show aggregation under TEM images (Figure S34–35). To test 

the mitochondrial targeting ability, Mito-Tracker Red were used to stain PANC-1 cells 

treated with chain-4. The fluorescence of Mito-Tracker and chain-4 was highly overlapped, 

indicating good mitochondrial targeting effect of chains modified mitochondria location 

peptides (Figure S36). To further test whether the mitochondrial aggregation was realized 

by the hybridization of chain-4 and chain-5, PANC-1 cells were treated with only chain-4 

and incubated for 1 h. As shown in Figure S37, no assembly was observed, with neglectable 

fluorescence change, which confirmed the hybridization induced aggregation. When these 

two chains were incubated with HeLa cells and HEK293 cells (with intracellular free zinc 

concentration higher than PANC-1 cells, as verified by zinc indicator), the aggregation 

degree of mitochondria was not so obvious as that in zinc deficient PANC-1 cells (Figure 

S38–39).[29] The above results suggested that the degree of mitochondrial aggregation is 

associated with the intracellular zinc concentration, as mitochondrial aggregation is more 

likely to occur in zinc deficient cancer cells instead of normal cells, which is favorable for 

precise cancer treatment.

Next, the established combination therapy has been tested in zinc deficient PANC-1 

cells under acidic environment. As shown in Figure 4a, the surviving cancer cells were 

examined by Annexin-V-FITC/PI staining for determining the cancer cell-killing effect by 

the following different treatment conditions: (i) control PANC-1 cells without any treatment, 

(ii) PANC-1 cells mixed with unmodified T-cells, (iii) chain-7 (chain-2 without fluorescence 

marker) modified PANC-1 cells mixed with chain-6 (chain-1 without fluorescence marker)/

chain-8 (chain-3 without quencher) modified T-cells (DNAzyme molecular machines 

for external control of T-cell/cancer cell interactions), (iv) PANC-1 cells mixed with 

liposome wrapped chain-9 (chain-4 without fluorescence marker)/chain-10 (chain-5 without 

fluorescence marker, DNAzyme molecular machines for internal control of mitochondrial 

aggregation), (v) PANC-1 cells mixed with liposome wrapped chain-9/chain-10, followed 

by incubation with unmodified T-cells, (vi) chain-7 modified PANC-1 cells mixed with 

liposome wrapped chain-9/chain-10, followed by incubation with chain-6/chain-8 modified 

T-cells (combination therapy). Afterwards, the apoptosis extent of cancer cells was examined 
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by Annexin-V-FITC/PI staining (Figure 4b). From the microscopy images, it could be 

seen that the apoptosis fluorescent intensity was highest in cells under combination 

treatment with both the external and internal regulation by DNAzyme molecular machines. 

Corresponding fluorescence intensity in Figure 4b further confirmed the above results 

(Figure 4c). It is worthy to note that PANC-1 cells treated with internal mitochondria 

modification showed the overproduction of intracellular ROS, contributing to the enhanced 

cancer cell-killing effect (Figure 4d–e). As shown in Figure S40, the ROS fluorescent 

intensity in HEK293 cells was neglectable both before and after treatment, indicating no 

significant effect on cellular viability or mitochondria state of HEK293 cells upon internal 

mitochondria modification. To further explore the location of intracellular ROS produced 

upon mitochondria aggregation, commercial tracker dyes including Mito Tracker Red (for 

targeting mitochondria) and DCFH-DA (for marking ROS) were used to stain PANC-1 cells 

with internal control of mitochondrial aggregation (Figure S41), and the results showed 

that the produced ROS was located in mitochondria.[30] Models illustrating the networks 

were given in Figure 4f, revealing the tendency for mutual regulation between internal and 

external combination therapy. Compared to control experiments under neutral pH (Figure 

S42–43), the treatment effect of the combination therapy under acidic environment was 

much better, with a higher degree of cancer cell-killing. The above results demonstrated 

the effective design of our strategy by shortening the intercellular distance under acidic 

pH. As shown in Figure S44, a lower survival rate was observed in PANC-1 cells, while 

HEK293 cells remained unaffected. Furthermore, the apoptosis fluorescent intensity in 

HEK293 cells was obviously lower than that in zinc deficient PANC-1 cells under acidic 

environment (Figure S45–46), indicating the effective design of our strategy. The cell 

viability experiments showed that the PANC-1 cells remained active after 1 mM Zn2+ 

treatment of 2 h (Figure S47), excluding the toxicity of zinc ions. These results demonstrated 

an enhanced synergistic tumor cell-killing effect of the established combination therapy.

Conclusion

In this study, we have developed a combination cancer therapy based on molecular machines 

incorporating engineered DNAzymes and DNA aptamers to induce cancer cell apoptosis 

from both intercellular regulation of T-cell/cancer cell interactions and intracellular 

regulation of mitochondrial aggregation. Compared to the conventional recognition between 

T-cells and cancer cells by using large natural or artificial structures, one major advantage 

of our strategy is the dynamic regulation of T-cell/cancer cell interactions. To achieve the 

intercellular external regulation, we designed a DNAzyme molecular machine engineered 

with aptamer and i-motif to sense and response to the acidic tumor microenvironment. 

Using the tumor marker MUC-1 as the target protein, the aptamer allows the specific 

recognition of MUC-1 on cancer cells. The acidic microenvironment of the cancer cells 

triggers the folding of i-motif sequence, shortening the intercellular distance to induce 

the killing of cancer cells. As a result, T-cells can be released by metal ion activated 

DNAzyme-based cleavage. Another advantage of our strategy is the internal control of 

mitochondrial aggregation in cancer cells. To further induce cancer cell apoptosis, a 

DNAzyme molecular machine engineered with mitochondria location peptides is delivered 

into cancer cells to induce mitochondria aggregation, generating excess amount of toxic 
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ROS. Using PANC-1 cells as an example, we demonstrate, for the first time, that such a 

combination therapy shows an improved therapeutic effect for cancer treatment. Our study 

demonstrates a powerful strategy based on DNAzymes for the tumor microenvironment-

responsive control of extracellular and intracellular cell behaviors including cell recognition, 

cell-cell approaching, post-treatment separation, and mitochondria aggregation. It not only 

offers an effective approach for regulating cell-cell interactions, but also provides a powerful 

cancer therapy that is robust, targeted, and nontoxic to normal cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Dynamic intercellular regulation. (a) Intercellular regulation of T-cell/cancer cell interactions 

by DNAzyme molecular machines constructed by chain-1, chain-2, and chain-3. Step 1–5: 

recognition, assembly, approaching, widening, and disassembly. (b) Cell images showing the 

dynamic regulation of cell-cell interactions between T-cells and cancer cells corresponding 

to Step 1–5 in (a). Color bar: 0 to 250 from bottom to top. (c) Distance control between 

T-cells and cancer cells by pH regulation. (d) Cell images showing the cell-cell distance 

changes under different pH values. BF: bight-field, TAMRA: red fluorescence, AF 488: 
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green fluorescence, Merge: mixed green and red channel. 2D coded color: pseudo-color of 

red channel intensity.
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Figure 2. 
DNAzyme controlled interaction between multicellular spheroids. (a) DNAzyme controlled 

interaction between separated T-cells (chain-1/chain-3 modified) and a cancer spheroid 

(chain-2 modified). (b) Fluorescent images showing the interactions between T-cells 

and a PANC-1 cancer cell spheroid (chains labeling, assembly, and dissociation under 

Zn2+ treatment). (c) DNAzyme molecular machines-controlled migration between a T-cell 

spheroid (chain-1/chain-3 modified) and a PANC-1 cancer cell spheroid (chain-2 modified). 

(d) Fluorescent images showing the interaction between a T-cell spheroid and a PANC-1 
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cancer cell spheroid (approaching each other, forming a linkage, and disconnecting under 

Zn2+ treatment). BF: bight-field, TAMRA: red fluorescence, AF 488: green fluorescence, 

Merge: mixed green and red channel. (e) Directional migration of a T-cell spheroid on 

a cancer cell layer controlled by DNAzyme molecular machines. (f) Bright-field images 

showing a T-cell spheroid migrating by rolling on a cancer cell layer.
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Figure 3. 
Dynamic intracellular regulation. (a) Zn2+-specific DNAzyme controlled extracellular 

mitochondrial aggregation and dissociation (group-1: chain-4 modified, group-2: chain-5 

modified). (b) Cell images showing the controlled interaction of group-1 and group-2 

extracellular mitochondria (1:1). BF: bight-field, AF 488: green fluorescence, TAMRA: 

red fluorescence, Merge: mixed green and red channel. (c) TEM images of extracellular 

mitochondria. Left: assembled mitochondria. Right: disassembled mitochondria after adding 

Zn2+ ions. (d) Internal regulation of intracellular mitochondria interactions by DNAzyme 
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molecular machines (chain-4 and chain-5, delivered by liposomes). (e) Fluorescent images 

(with squared areas zoomed) showing PANC-1 cells treated with liposomes containing 

chain-4 and chain-5 for 1 h, followed by observation under different times. BF: bight-

field, AF 488: green fluorescence, TAMRA: red fluorescence, Merge: mixed green and 

red channel. (f) 3D cell images showing assembled mitochondria. (g) TEM images of 

intracellular mitochondria. Left: assembled mitochondria in PANC-1 cells treated with 

liposomes containing chain-4 and chain-5. Right: disassembled mitochondria in PANC-1 

cells after adding Zn2+ ions.

Qian et al. Page 17

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Combination therapy with DNAzyme molecular machines. (a) Combination cancer cell-

killing by DNAzyme molecular machines. From (i) to (vi): (i) control, (ii) PANC-1 cells 

mixed with unmodified T-cells, (iii) chain-7 modified PANC-1 cells mixed with chain-6/

chain-8 modified T-cells (DNAzyme molecular machines for external control of T-cell / 

cancer cell interactions), (iv) PANC-1 cells mixed with liposome wrapped chain-9/chain-10 

(DNAzyme molecular machines for internal control of mitochondrial aggregation), (v) 

PANC-1 cells mixed with unmodified T-cells and liposome wrapped chain-9/chain-10, (vi) 

chain-7 modified PANC-1 cells mixed with chain-6/chain-8 modified T-cells and liposome 

wrapped chain-9/chain-10 (combination therapy). (b) Apoptosis fluorescent images showing 

PANC-1 cells treated with different methods, corresponding to (i) to (vi) in (a). (c) FL 

intensity comparison histogram of cancer cell-killing under different treatment in (b). (d) 

Confocal images showing relative ROS levels in unlabeled cancer cells versus labeled cancer 

cells. (e) Quantified fluorescence intensities corresponding to cell fluorescent images in 
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(d). (f) Illustration showing the combination therapy procedure. BF: bight-field, Annexin-V-

FITC: green fluorescence, PI: red fluorescence, Merge: mixed green and red channel.
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Scheme 1. 
Schematic illustration showing combination cancer treatment based on engineered 

DNAzyme molecular machines. (Left) Dynamic intercellular regulation of T-cell/cancer cell 

interactions based on chain-1, chain-2 and chain-3. The distance between T-cells and cancer 

cells can be revealed by the fluorescence signal (TAMRA). (Right) Dynamic intracellular 

regulation of mitochondria aggregation in cancer cells based on chain-4 and chain-5. Here, 

the mitochondria aggregation only happened in zinc deficient cancer cells.
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