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Abstract

Inspired by this elegant system of cellular adaptivity, we herein report the rational design of a 

dynamic artificial adaptive system able to sense and respond to environmental stresses in a unique 

sense-and-respond mode. Utilizing DNA nanotechnology, we constructed an artificial signal 

feedback network and anchored it to the surface membrane of a model giant membrane vesicle 

(GMV) protocell. Such a system would need to both senses incoming stimuli and emit a feedback 

response to eliminate the stimuli. To accomplish this mechanistically, our DNA-based artificial 

signal system, hereinafter termed DASsys, was equipped with a DNA trigger-induced DNA 

polymer formation and dissociation machinery. Thus, through a sequential cascade of stimulus-

induced DNA strand displacement, DASsys could effectively sense and respond to incoming 

stimuli. Then, by eliminating the stimulus, the membrane surface would return to its initial state, 

realizing the formation of a cyclical feedback mechanism. Overall, our strategy opens up a route to 

the construction of artificial signaling system capable of maintaining homeostasis in the cellular 

micromilieu, and addresses important emerging challenges in bioinspired engineering.

Cells are constantly bombarded by incoming signals and cues from the outside environment. 

Some of these signals are adverse, e.g., invasion of foreign pathogens. Nonetheless, cells are 

capable of recognizing changes to the cellular micromilieu and then appropriately respond 

to, or otherwise dispense with, these stimuli in a manner that affords homeostasis by the 

ability to constantly return to prestimulus state.1–5 Mimicking this dynamic cellular 
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adaptivity ensembles through the design and construction of artificial signaling systems 

based on the functional integration of artificial cell-like entities (protocells) is a major 

challenge that has important technological implications in bottom-up synthetic biology, 

bioinspired engineering and microscale engineering of intelligent machines and devices.6,7

Recently, a range of studies focused on simulating cell-like functions, such as membrane 

gating, gene circuit and cascade, genetic replication and cell proliferation have been 

reported.8–11 However, the development of protocell equipped with artificial signaling 

system that exhibiting cellular adaptivity with recyclable capability remains a considerable 

challenge. So far, colloidosomes undergoing cell-like autonomous shape oscillations and 

feedback-induced temporal control of breathing polymersomes, as well as beating vesicles 

that cause dynamic membrane deformation have been demonstrated to show the stimulation-

responsive protocell behavior.12–15 Nevertheless, these studies mainly focused on 

morphology deformations upon activation by external or internal triggers.

To fabricate an artificial signal system into synthetic protocells, our group conceptualized 

the rational design of a dynamic network able to sense and respond to environmental stresses 

in a unique sense-and-respond mode. As a powerful molecular tool for engineering artificial 

molecular systems, DNA nanotechnology provides an opportunity to develop artificial 

dynamic networks capable of monitoring environmental changes.16 Based on dynamic DNA 

operations, sophisticated artificial molecular signaling systems have already been developed, 

including neural network computation,17 adaptive immune responsive circuits,18 logic 

gates19 and molecular cascades.20,21 Contributing to this array of groundbreaking 

discoveries, we herein report the design of a protocell with a built-in artificial signal system 

able to sense environmental stresses and activate cyclical feedback, thus exhibiting a simple 

form of cellular adaptivity.

With this in mind, we constructed a DNA-based artificial signal system (DASsys) and 

anchored it to the surface membrane of a model giant membrane vesicle (GMV) protocell to 

replicate, through biomimicry, cellular adaptivity with important implications for 

environmentally induced signaling and triggering of feedback networks. This process is 

established by dynamic DNA operations on the GMVs membrane surface and enzymes in 

solution (Figure 1). Through a sequential cascade of stimulus-induced DNA strand 

displacement reaction, the DNA-based artificial signal system, or DASsys, exhibits an active 

response to environmental stimulus and then eliminates the stimulus, thus setting up a 

cyclical feedback component with the aim of maintaining a pre-established baseline, as 

noted above.

The following summarizes the reactions involved in each of the adaptivity steps, including, 

as noted previously, external stimulus, cell sensing and self-protection, stimulus elimination 

and cell recovery. These steps consisted of a network that belongs to an incoherent 

feedforward loop.4 Initially, ssDNA was assigned as the external stimulus. Meanwhile, 

cholesterol (chol)-labeled DNA trigger could spontaneously anchor on the GMV protocell’s 

membrane surface by hydrophobic interaction with its lipid bilayer. Afterward, DNAzyme 

was immobilized on the membrane surface by complementary base pairing with the DNA 

trigger. The binding efficiency of DNA trigger and DNAzyme was tested in solution (Figure 
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S1), and both DNA trigger and DNAzyme hybrids could be successfully anchored on the 

membrane surface and used as sensors for detecting stimulus (Figure S2). The addition of 

the stimulus to the sensory system leads to signal transduction of DNAzyme and activation 

of the DNA trigger by DNA strand displacement reaction, setting the stage for sensing to 

take place on the GMVs membrane. Next, upon recognition of stimulus, DNA monomers 

(DMs) are recruited by the DNA trigger, as responding effectors, and DNA polymer is 

formed on the membrane surface. Upon binding with the toehold of DM1, the hairpin 

structure of DM1 is unfolded by chol-labeled DNA trigger. The unfolded DM1 continues to 

recruit DM2 through binding its toehold, followed by the formation of the DNA polymer on 

the surface of sensing GMVs in principle of hybridization chain reaction (HCR). Then, the 

stimulus is cleaved in two by DNAzyme in the present of bivalent magnesiumion, the 

cleaved product, binds with the toehold of DNA polymer leading to its disassembly in the 

presence of T4 Polynucleotide Kinase and Bsm DNA polymerase. Accordingly, the DNA 

polymer is reversed, and DNA trigger again binds with DNAzyme. Upon the elimination of 

stimulus, the membrane surface is fully recovered and able to respond to the next incoming 

stimulus. This DASsys was optimized and worked perfectly in Tris-HCl buffer solution 

(Figure S3, S4 and S5). The kinetic reaction of DNA-based artificial signal system was also 

characterized, as shown in Figures S6–S10. Moreover, this DNA-based artificial signaling 

system shows good sensitivity and precision (Figure S11, S12), due to the specific base-

pairing of complementary DNA sequences.

To anchor DASsys on the membrane surface of GMVs, our model protocell, a chemically 

modified DNA trigger, the 3’-end of which was labeled with cholesterol and the 5’-end of 

which was labeled with 6-carboxyfluorescein (FAM) dye, was used. Biomimetic GMVs 

were prepared and used as previously reported.22 The immobilization of DNA trigger and 

DNAzyme on membrane surface was verified by confocal microscopy and flow cytometry 

(Figure S2).

Having anchored the DNA-based sensor on the membrane surface, the signal transduction of 

DASsys was tested. To monitor this process, FAM-labeled DM2 and Cy5-labeled DNAzyme 

were used. Upon the addition of stimulus, GMVs anchored with the DNA-based sensor were 

observed under confocal microscope. As shown in Figure 2a, the fluorescence intensity of 

Cy5 on the membrane surface gradually decreased, indicating that the addition of the 

stimulus leads to signal transduction of DNAzyme and activation of the DNA trigger by 

DNA strand displacement reaction. Meanwhile, the fluorescence intensity of FAM on the 

membrane surface gradually increased, indicating that DMs had been recruited by the DNA 

trigger and that DNA polymer was formed on the membrane surface. For the control system 

absent stimulus, only negligible increase in green fluorescence intensity on the membrane 

surface was observed over a period of hours, reflecting the low background for DMs without 

stimulus (Figure 2b).

In DASsys, recognition of stimulus by DNAzyme turns on the DNA polymer formation on 

the surface of GMVs, and the produced DNA polymer acts as self-protection from 

environmental stimulation. However, the membrane surface of GMVs will not recover to 

prestimulus state if the DNA polymer does not disassemble. Herein, two enzymes, T4 PNK 

and DNA Bsm polymerase, were used to disassemble the DNA polymer on the membrane 
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surface. Since the 3’-end of cleaved stimulus has bound to the 2’, 3’ cyclic phosphate group 

(Figure S13, S14), which blocked the strand extension by DNA Bsm polymerase, T4 PNK 

now takes action to remove the 3’ cyclic phosphate group, allowing the cleaved stimulus 

product to be extended by the DNA Bsm polymerase (Figure S15).23 Thus, once the cleaved 

product has been separated from DNAzyme, it binds with the toehold of DNA polymer and 

acts as a primer for DNA extension in the presence of DNA polymerase. Subsequently, the 

DNA polymer immobilized on the membrane surface was disassembled (Figure S16, S17).

To achieve coupling of the signal transduction process with dynamic DNA assembly on 

GMVs, FAM-labeled DM2 was used, and the system was tested upon the addition of 

stimulus and enzymes consecutively. As shown in Figure 3, during the signal transduction 

process, including the recognition of stimulus and DNA polymer formation, fluorescence 

intensity on the membrane surface increases rapidly within 15 min. Upon the addition of 

enzymes, decreased fluorescence intensity was observed, indicating the disassembly of DNA 

polymer on the membrane surface. This observation shows that the signal transduction 

process had coupled with dynamic DNA assembly to detect external stimuli and transduce 

the detected signal into the output to evoke subsequent reactions, all of which represents an 

organism’s adaptation to environmental change (Figure S18).5,24–26

An adaptive system can both respond to an incoming stimulus and then recover to 

prestimulus level, enabling cells to continue sensing and responding to changes in their 

micromilieu.4,27,28 To verify the returning of DNAzyme on the membrane surface after the 

cleavage of stimulus, the fluorescence intensity of Cy5-labeled DNAzyme and FAM-labeled 

trigger was monitored by confocal microscopy. As shown in Figure 4a, the intact 

fluorescence intensity of FAM on the membrane surface indicated that the trigger was stable 

and could be anchored on the membrane surface during the whole process. Meanwhile, the 

decreased fluorescence intensity of Cy5 indicated that DNAzyme had been released from the 

membrane surface in the presence of stimulus. Importantly, the recovery of fluorescence 

intensity of Cy5 could be observed after prolonged incubation time, indicating the rebinding 

of DNAzyme with DNA trigger anchored on the membrane surface (Figure 4a, left).

To verify the recyclable signal system on the membrane surface, FAM-labeled DM2 was 

used. Upon the addition of stimulus, DNA strand displacement occurred, and the result was 

reflected by the increased green fluorescence intensity on the membrane surface. 

Meanwhile, once stimulus was cleaved into two pieces by DNAzyme, one of the cleaved 

pieces bound with the toehold of DNA polymer containing FAM-labeled DM2 and 

dissociate the fluorescence DNA polymer in the presence of DNA polymerase, as indicated 

by the decrease of green fluorescence intensity on the membrane surface (Figure 4a right). 

The signaling process is recyclable and can be switched on and off by supplementing DM1 

and stimulus to the external solution, which results in the generation of reciprocal signal 

transduction of DASsys (Figure 4b). Significantly, the counteracting reaction was related to 

recovery reaction as designed, and the interactive cycle formed after recovery reaction was 

completed in DASsys. Thus, DASsys equipped GMVs represents a de novo synthetic 

approach that exhibits finely tuned continuous self-adjustment, integrated functionalities, 

and adaptivity to environmental stimulation.
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In summary, our study reports the construction of a DNA-based signal system capable of 

responding to environmental stimuli, thus providing an engineering approach to induce 

interaction between protocell and the environment. GMVs equipped with DASsys not only 

sense and respond to stimuli but also can self-renew by recycling to prestimulus state, 

thereby permitting continuous sensing and responding in the micromilieu. The simplicity of 

this concept suggests that it will be broadly applicable to diverse stimuli and thus open up a 

wide range of applications in establishing self-protection in protocell communities and 

bioinspired nanotechnology.
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Figure 1. 
Construction of DASsys model GMV protocell. (a) Design concept of DASsys-based 

protocell model responding to environmental stimulation. (b) Recyclable DASsys anchored 

on the membrane surface.
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Figure 2. 
Confocal image of GMVs modified with DNA-based sensor with (a) and without (b) the 

addition of stimulus. The fluorescence intensity of FAM or Cy5 was calculated. Scale bar is 

5 μm.
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Figure 3. 
Schematic representation of stimulus-induced DNA polymer assembly and disassembly after 

the addition of PNK and Bsm DNA polymerase. (a) Confocal images of DNA polymer 

anchored on membrane surface before (first panel) and after (second panel) the addition of 

PNK and Bsm DNA polymerase. (b) The mean fluorescence intensity of DNA polymer was 

calculated, and the plot shows the assembly and disassembly of DNA polymer in the 

presence of stimulus (S) and enzymes (b-p). Scale bar is 5 μm.
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Figure 4. 
Schematic representation of recyclable DNA-based artificial signal system. (a) Confocal 

images of FAM-labeled trigger and Cy5-labeled DNAzyme on membrane surface at the 

different time period. The fluorescence intensity of Cy5 with (FCy5) or without (Fcontrol) 

addition of stimulus was measured, and the value of FCy5/Fcontrol was calculated. The 

decreased and subsequently increased fluorescence intensity of Cy5 indicated the release 

and rebinding of DNAzyme with trigger anchored on the membrane surface (a, left). The 

increased and subsequently decreased fluorescence intensity of DNA polymer indicated the 
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assembly and disassembly of DNA polymer in response to an external stimulus (a, right). 

Scale bar is 5 μm. (b) Confocal images of GMVs equipped with DASsys for repeated 

cycling in response to external stimuli. The plot shows the assembly and disassembly of 

DNA polymer for repeated cycles. Arrows indicated the supplementation of stimulus and 

DM1. Scale bar is 2 μm.
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