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 ABSTRACT 

The availability and reliability of strategies for molecular biosensing over a finely

adjustable dynamic range is essential to enhance the understanding and control 

of vital biological process. To expand the versatility and utility of nucleic acid-

related enzymes, we demonstrated a rational approach to acquiring tunable,

pH-dependent deoxyribozymes (DNAzymes) with catalytic activities and response

sensitivities that can be tuned through a simple change in solution pH. To do

this, we capitalized upon the pH dependence of Hoogsteen interactions and

designed i-motif- and triplex-based DNAzymes that can be finely regulated 

with high precision over a physiologically relevant pH interval. The modified 

DNAzymes are dependent upon pH for efficient cleavage of substrates, and

their catalytic performance can be tuned by regulating the sequence of inserted

i-motif/triplex structures. The principle of tunable, pH-dependent DNAzymes 

provides the opportunity to engineer pH-controlled DNA-machinery devices 

with unprecedented sensitivity to pH changes. For example, we constructed a

DNA-walker device, the stepping rate of which could be adjusted by simply

modulating solution pH within an interval of 5.6 to 7.4, as well as a DNA 

tetrahedron that can be opened at pH 6.4 and kept closed at pH 7.4. The potential 

of this approach is not limited to serve as pH-dependent devices, but rather 

may be combined with other elements to expand their practical usefulness. 

 
 

1 Introduction 

Deoxyribozymes (DNAzymes) are DNA molecules 

capable of catalyzing a wide range of chemical reactions, 

such as RNA cleavage, DNA cleavage, DNA ligation, 

RNA ligation, DNA phosphorylation, thymine dimer 

repair, porphyrin metalation, and DNA deglycosylation 

[1–9]. Due to their easy construction, high efficiency, 

and good maneuverability, DNAzymes are of growing 

interest in the field of DNA nanotechnology, bio- 

analysis, and targeted therapy [10–12]. To extrapolate 

the versatility of DNAzymes, many studies were 
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devoted to modifying their structure and function 

[13–15]. Because pH changes represent important 

signals in biological pathways that affect physical 

health [16], we concentrated on the development of 

novel DNAzymes with catalytic performance capable 

of being modulated by pH.  

Inspired by a multicomponent nucleic acid enzyme 

(MNAzyme)-design strategy [17], here, we designed 

two tunable, pH-dependent DNAzyme strategies:  

the i-motif structure-based nucleic acid enzyme 

(iMNAzyme) strategy and the triplex structure-based 

nucleic acid enzyme (TNAzyme) strategy (Fig. 1), 

both exhibiting catalytic performance that can be tuned 

by simply regulating the pH of the reaction conditions. 

The basic design method was to split the catalytic 

core of a DNAzyme and then link the partzymes   

by an i-motif or DNA triplex-structure sequence. We 

envisioned that the catalytic activities and response 

sensitivities of the iMNAzyme/TNAzyme could be 

tunable by virtue of PH-dependent transformations 

of the i-motif and triplex.  

An i-motif is a four-stranded DNA secondary 

structure that can be formed from cytosine sequences 

and stabilized by acidic conditions through inter-

calated cytosine-cytosine (+) base pairs and will 

transform into random coil conformations due to the 

deprotonation of cytosines at higher pH [18]. A DNA 

triplex is formed when pyrimidine or purine bases 

occupy the major groove of a B-form DNA double helix 

forming Hoogsteen or reversed-Hoogsteen hydrogen 

bonds with purines of the Watson–Crick base pairs. 

The recognition of guanidine requires the cytosine  

in the third strand to be pronated; therefore, triplex 

formation will only work under certain low-pH 

conditions [19]. We hypothesized that both of these 

structures would be suitable scaffolds for ultra-sensitive,  

 

Figure 1 Design principle of the (a) iMNAzyme and (b) TNAzyme. A schematic shows their construction and pH-guided assembly/
disassembly. Substrates cleaved by an assembled iMNAzyme/TNAzyme in the presence of cofactors (Mn2+ and Cu2+) under appropriate 
pH conditions. 
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pH-controlled DNAzyme design, because they possess 

two essential characteristics: (1) structure transfor-

mation with high pH-response sensitivity, and (2) the 

capacity to undergo a transition over the physiological 

pH interval. Therefore, the introduction of an i-motif/ 

triplex structure might allow for better control and a 

tunable, pH-triggered DNAzyme over a physiological 

pH range. Since pH change is capable of being 

manipulated and often associated with different 

diseases (e.g., pH deregulation is emerging as an 

important hallmark of cancer) [16], i-motif/triplex 

structures could be accessible for developing pH- 

response DNA machinery and drug-releasing DNA 

nanostructures at specific pathology associated pH 

values. 

The design principle for the iMNAzyme/TNAzyme 

is illustrated in Fig. 1, with both constructed on   

the split DNAzyme F-8(X), which is a Mn2+- and 

Cu2+-dependent DNAzyme reported by Tang [20] 

that can efficiently catalyze nucleotide excision at a 

thymine (T)-containing DNA substrate with a catalytic 

rate of 0.0487 h−1. The iMNAzyme is composed of 

two partial enzymes (partzymes I and II) split from 

F-8(X) that are directly linked by an i-motif sequence 

to form the integral iMNAzyme (Fig. 1(a)), while the 

TNAzyme is composed of three partzymes: TNAzyme 

I, II, and III. The inserted DNA triplex structure can 

be assembled to form a complete TNAzyme in the 

presence of an additional single-stranded TNAzyme 

III with TNAzyme I and II (Fig. 1(b)). Partzymes I 

and II of iMNAzyme/TNAzyme contain two domains, 

including substrate-recognition arms that bind substrate 

and partial catalytic core sequences engineered by 

splitting the catalytic core of F-8(X) into two parts. 

Upon i-motif-/triplex-structure assembly and stability 

under lower pH conditions, partzymes I and II are 

pulled closer and then combined to create a complete 

catalytic core. In contrast, i-motif/triplex structures are 

disassembled under higher pH conditions, resulting in 

partzyme separation and destruction of the catalytic 

core. We hypothesized that the iMNAzyme/TNAzyme 

could catalyze substrate cleavage under lower pH 

conditions based on the assembly of the catalytic 

core, whereas its catalytic activity would be rapidly 

weakened at higher pH conditions. 

2 Results and discussion 

First, we tested the iMNAzyme to verify the feasibility 

of our approach. Based on our strategy, we designed 

one iMNAzyme (iMNAzyme-3), with partzymes split 

from G7 and C8 sites of F-8(X). The sequences are 

shown in Table S1 in the Electronic Supplementary 

Material (ESM). The polyacrylamide gel results (Fig. S2 

in the ESM) demonstrated that the iMNAzyme cleaved 

the fluorophore (FAM)-labelled DNA substrate LS-1 in 

a similar fashion to the original DNAzyme, indicating 

that the reconstructed iMNAzyme retained adequate 

catalytic activity. iMNAzymes with partzymes split at 

three other possible positions (iMNAzyme-3-2 (C9
↓G10), 

iMNAzyme-3-3 (A5
↓T6), and iMNAzyme-3-4 (C15

↓G16)) 

were also tested (Fig. S3 in the ESM), but all displayed 

negligible catalytic activities. This was likely due to 

the catalytic core structure being destroyed by the 

inserted i-motif or interfered due to increased steric 

hindrance. 

Next, we optimized the Mn2+ and Cu2+ requirements 

for optimal catalytic activity, with Mn2+ and Cu2+ con-

centrations necessary for optimal cleavage measured 

at 20 mM and 12.5 μM, respectively (Fig. S4 in the 

ESM). These optimization conditions were used for all 

further experiments.  

We then investigated the reaction kinetics, obtaining 

cleavage rates (kobs) of ~0.0533 h−1, with the catalytic 

efficiency of iMNAzyme-3 only slightly decreased as 

compared to that of the DNAzyme on which it was 

based (Fig. S5(a) in the ESM). To accelerate the reaction 

rate, 100 μM H2O2 was added to the reaction system 

[9], with the observed kobs increasing to 0.0489 min−1 

(65-fold increase), indicating that the reaction can be 

almost completed in just 40 min (Fig. S5(b) in the 

ESM). These data demonstrated that iMNAzyme-3 

could function as a feasible DNAzyme capable of 

cleaving DNA substrates with high efficiency.  

To estimate the effective catalytic pH range and the 

potential to tune response sensitivity, we evaluated 

the catalytic activity of iMNAzyme-3 over the physio-

logical pH range within an interval from 5.6 to 7.8. As 

expected, this construction rendered iMNAzyme-3 

dependent upon pH for efficient cleavage (Fig. S6 in 

the ESM). iMNAzyme-3 was inactive at pH 5.6, but 

exhibited the highest activity at pH 6.4. Above this 
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pH, catalytic activity rapidly deceased, from pH 6.4 

to pH 7.8. This strategy delivered a DNAzyme with a 

cleavage transition at pH 6.4 (0.2-unit precision) and 

with a total of 2.0 pH-unit response range. Both the 

i-motif insertion and the DNAzyme itself influenced 

this cleavage behavior. Higher pH levels resulted in 

dissembled i-motif structure, resulting in destruction 

of the catalytic core, whereas lower pH levels reduced 

the catalytic activity of the DNAzyme (Fig. S7(a) in the 

ESM). Because the catalytic activity of F-8(X) was also 

decreased by lower pH, we estimated the influence of 

the inserted i-motif in part by comparing the catalytic 

activity of iMNAzyme-3 with the original F-8(X)  

(Fig. S7(a) in the ESM). A subtraction method was 

used to obtain a result (Fig. S7(b) in the ESM) that 

showed increased interference of the inserted i-motif 

sequence upon increases in pH. Furthermore, the 

catalytic activity of iMNAzyme-3 could be altered 

repeatedly by converting solution pH (Fig. S8 in   

the ESM). Similarly, one TNAzyme was constructed 

(TNAzyme-2) and verified as a tunable, pH-dependent 

DNAzyme in addition to iMNAzyme-3. When three 

partzymes were present simultaneously, no catalytic 

activity was observed when TNAzyme-3 was removed 

from the reaction solution. TNAzyme-2 exhibited a 

cleavage transition at pH 7.0, and nearly ceased to be 

effective at pH 5.6 and 7.6 (Fig. S9 in the ESM). These 

results suggested the possibility of “fine-tuning” the 

catalytic performance of DNAzymes over a physiological 

pH interval by the insertion of an i-motif/triplex 

sequence into the catalytic core of an original 

DNAzyme. 

To estimate the potential to tune iMNAzyme 

catalytic performance, we investigated the effects of 

the following characteristics: (1) base pairs connecting 

the i-motif structure and the catalytic core (Fig. 2(a)), 

(2) the number of cytosine layers (Fig. 2(d)), and (3)  

the sequence of the i-loop (Fig. 2(g)) on catalytic 

activity and the cleavage-transition pH point. The 

results highlighted qualitative trends, including that 

iMNAzyme cleavage activities can be significantly 

promoted by longer connections between base pairs 

(iMNAzyme-4 > iMNAzyme-3 > iMNAzyme-2 >  

iMNAzyme-0), more cytosine layers (iMNAzyme- 

2-6C > iMNAzyme-2-5C > iMNAzyme-2-4C > 

iMNAzyme-2-3C), and i-loops containing more 

thymines (iMNAzyme-2-4C-TTT > iMNAzyme-2-4C- 

ATT > iMNAzyme-2-4C-AAT > iMNAzyme-2-4C-AAA) 

(Figs. 2(b), 2(e), and 2(h)). Additionally, iMNAzymes 

with longer connections between base pairs have a 

lower cleavage-transition pH (Fig. 2(c), Fig. S10(a) in the 

ESM, iMNAzyme-0 ≈ iMNAzyme-2 > iMNAzyme-3 ≈ 

iMNAzyme-4, translated from pH 6.6 to 6.4); however, 

the cleavage-transition pH decreased for iMNAzymes 

containing more cytosine layers (Fig.2(f), Fig. S10(b) 

in the ESM, iMNAzyme-2-3C ≈ iMNAzyme-2-4C < 

iMNAzyme-2-5C ≈ iMNAzyme-2-6C, translated from 

pH 6.4 to 6.6), and i-loops containing more Ts (Fig. 2(i), 

Fig. S10(c) in the ESM, iMNAzyme-2-4C-AAA < 

iMNAzyme-2-4C-AAT < iMNAzyme-2-4C-ATT < 

iMNAzyme-2-4C-TTT, translated from pH 5.6 to 6.4). 

The most remarkable influencing factor was the 

sequence of the i-loop. We predicted that the probable 

reason for the shift in transition pH point was due  

to the different stabilities associated with the i-motif 

structures, i.e., the more stable the i-motif structure, 

the easier its formation; therefore, it maintained a 

higher transition point, because it was able to be 

stabilized under higher pH conditions. 

We then estimated the potential tunability of 

TNAzyme catalytic performance. We investigated the 

effects of the following characteristics: (1) base pairs 

connecting the DNA triplex structure and catalytic 

core (Figs. 3(a)–3(c)) and (2) relative content of CGC/ 

TAT triplets in the triplex structure (Figs. 3(d)–3(f)). 

The results highlighted qualitative trends, including 

promotion of TNAzyme-related cleavage activities by 

longer connections between base pairs (TNAzyme-3 > 

TNAzyme-2 > TNAzyme-1 > TNAzyme-0) and lower 

relative content of CGC/TAT triplets (TNAzyme-2-0.5 > 

TNAzyme-2-0.6 > TNAzyme-2-0.7 > TNAzyme-2-0.8) 

(Figs. 3(b) and 3(e)). Additionally, the cleavage-transition 

pH increased for TNAzymes with longer connections 

between base pairs (Fig. 3(c), Fig. S11(a) in the   

ESM, TNAzyme-3 ≈ TNAzyme-2 > TNAzyme-1 > 

TNAzyme-0, translated from pH 7.0 to 6.4) and a 

higher relative content of CGC/TAT triplets (Fig. 3(f), 

Fig. S11(b) in the ESM, TNAzyme-2-0.5 > TNAzyme- 

2-0.6 > TNAzyme-2-0.7 > TNAzyme-2-0.8, translated 

from pH 6.6 to 7.2).  

A series of efficient iMNAzymes/TNAzymes 

exhibiting different catalytic transition pH points 
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ranging from pH 5.6 to 7.2 were constructed (Fig. S12(a) 

in the ESM). To estimate the response sensitivities, 

we compared the ratio of their best cleavage yield to 

that observed under pH 7.4. Our results revealed that 

it was unequal, ranging from to 1.7 to 84.6 (Fig. S12(b) 

in the ESM). Among all constructed iMNAzymes/ 

TNAzymes, TNAzyme-3 showed significant catalytic 

behavior, because it exhibited both good catalytic 

efficiency (catalytic yield at ~60% over 10 h without the 

addition of H2O2) and response sensitivity (cleavage 

yield at pH 6.6 nearly 50-fold larger than that observed 

at pH 7.4).  

Here, for the first time, we demonstrated how the 

incorporation of an i-motif/triplex structure along 

with sequence manipulation could tune DNAzyme 

catalytic performance. The unique advantage of the 

i-motif-/triplex-based systems reported here is their 

capability to simultaneously tune catalytic transition, 

activity, and response sensitivity with high precision. 

According to the existing qualitative results, it was 

possible to construct DNAzymes owning specific 

catalytic behaviors for different uses. 

To expand the functionality of the tunable, pH- 

dependent DNAzyme, we used the iMNAzyme to 

construct a DNA-walker device with a stepping  

rate adjustable by simply modulating solution pH 

Figure 2 Catalytic activities and cleavage-transition pH points of iMNAzymes can be tuned via manipulation of (a)–(c) base pairs 
connecting the i-motif structure and the catalytic core, (d)–(f) the number of cytosine layers, and (g)–(i) the loop sequence of the i-motif 
structure. (a), (d), and (g) Schematic describing the sequence tuning of the iMNAzyme. (b), (e), and (h) Catalytic activities of the 
iMNAzyme at different pH points over the physiological pH interval ranging from pH 5.6 to 7.8. Experiments were performed at
pH 5.6, 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, and 7.8. (c), (f), and (i) Histogram represents the maximum catalytic yield and 
cleavage-transition pH points for the iMNAzyme. 
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within an interval of pH 5.6 to 7.4, as well as a DNA 

tetrahedron that could be opened at pH 6.4 and 

closed at pH 7.4. 

2.1 Novel pH-driven DNA walker 

A DNA-walker device is a DNA-mechanical device 

that uses a DNA fragment to serve as a walker to 

translocate directionally along a one-dimensional 

DNA track from station to station [21, 22]. Here, we 

constructed one of the first DNA walkers with a 

stepping speed capable of regulation through a simple 

change in solution pH by introducing our tunable, 

pH-dependent DNAzyme to perform the walk. Con-

sidering maneuverability, the iMNAzyme was chosen 

to act as i-MNAzyme based walker (iE) rather than 

the TNAzyme, because the TNAzyme needs three 

partzymes, which increased the complexity of the 

walking system. Figure 4 depicts the iMNAzyme-based 

DNA-walker system. The sequences, construction, 

and mechanism of the iMNAzyme-based DNA walker 

are illustrated in the ESM. Once Cu2+ and Mn2+ are  

added to the walking buffer at the appropriate pH, 

the catalytic activity was restored and the movement 

initiated. We hypothesized that weak acidic conditions 

would induce the formation of a complete iMNAzyme 

walker that allowed procession in the appropriate 

direction (green traffic light); otherwise, the walker 

would be retarded (red traffic light) at a higher or 

lower pH due to the disassembly of the i-motif or loss 

of iMNAzyme catalytic activity. An optical iMNAzyme 

that functions as a walker should consist of both good 

response sensitivity and high catalytic efficiency. 

Considering this, we used iMNAzyme-2-6C as the 

walker iE, because it was able to reach ~60% cleavage 

yield at pH 6.6 and show appropriate response 

sensitivity (the cleavage yield at pH 6.6 was ~12-fold 

larger than that observed at pH 7.4). 

The DNA walker was purified and verified by 

native polyacrylamide gel electrophoresis (Fig. S13  

in the ESM). We observed that the constructed    

iE performed similar cleavage behavior as that of 

iMNAzyme-2-6C (Fig. S14 in the ESM). Based on 

Figure 3 Catalytic activities and cleavage-transition pHs of TNAzymes can be tuned via manipulation of (a)–(c) base pairs connecting 
the triplex structure and the catalytic core and (d)–(f) the relative content of CGC/TAT triplets in the triplex structure. (a) and (d) 
Schematic describing the sequence tuning of the TNAzyme. (b) and (e) Catalytic activities of the TNAzyme at different pH points over 
the physiological pH interval ranging from pH 5.6 to 7.6. Experiments were performed at pH 5.6, 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, and
7.6. (c) and (f) The histogram of maximum catalytic yield and catalytic transition pH point for the TNAzyme. 
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these results, five pH values (5.8, 6.2, 6.6, 7.0, and 7.4) 

were chosen to verify the feasibility of the constructed 

pH-responsive DNA walker. The movement of the  

iE walker was demonstrated by monitoring the 

differential cleavage behaviors of the DNA substrate. 

As seen in Fig. 4(c), sequential cleavage was observed 

according to the appearance of short, cleaved 

substrate-fragment bands (S1*, S2*, S3*, and S4*). The 

overall cleavage yields were S1 > S2 > S3 > S4, indicating 

that iE moved from S1 to S2 to S3 and, finally, to S4. 

Additionally, the cleavage yields at pH 6.6 were 

higher than those observed at pH 6.2 and pH 7.0, 

while no obvious cleaved-substrate fragments were 

observed at pH 5.8 or pH 7.4. This indicated that iE 

could pass unobstructed through the stations at pH 

6.6, slow down at pH 6.2 and pH 7.0, and be nearly 

blocked at pH 5.8 and pH 7.4. We determined that 

the walker successfully stepped over one station if  

it cleaved the substrate with >30% cleavage yield 

(dashed line in Fig. 4(c)). Therefore, at pH 6.6, the iE 

walker could step from S1 to S4. However, it walks 

over S1 at pH 6.2 and pH 7.0, and nearly remains in 

situ at pH 5.8 and 7.4. These results illustrated that iE 

migrated fastest at pH 6.6, and its walking process 

was seriously obstructed by adjustment of only 0.4 pH 

units. By choosing the proper iE sequence, we believe 

that the walking behavior could be extrapolated to 

cover different pH ranges and stepping rates. 

2.2 iMNAzyme-based DNA tetrahedron 

A DNA tetrahedron is a DNA nanocage that possesses 

remarkable nuclease resistance and is capable of 

entering live mammalian cells [23]. It has been 

successfully employed for efficient delivery and release 

of encapsulated drugs by cage disassembly or changing 

conformations with certain environmental cues [24]. 

Our strategy was to replace one side of a dsDNA chain 

with an iMNAzyme and its substrate in order to 

allow the catalytic reaction to cleave one side, resulting 

in opening of the DNA tetrahedron (Fig. 5(a)). Native 

polyacrylamide gel electrophoresis indicated that our 

DNA tetrahedron was 40% dissembled at pH 6.4, while 

remaining intact at pH 7.4 (Fig. 5(b)). Compared with 

many other nanosturctural switching methods [25, 26], 

our method cannot be reversed; however, it remains 

sensitive, easy to operate, and does not require 

additional reagents. Because pH changes are often 

associated with different diseases, this method could 

be useful to activate the functionality of drug-releasing 

DNA nanomachines at specific pH values. 

3 Conclusions 

Here, we described a strategy to modulate the cleavage 

performance of DNAzymes by regulating the solution 

pH. This tuning is accomplished by incorporating one  

Figure 4 (a) and (b) Overview of the iMNAzyme-based pH-responsive DNA-walker system. (c) Denatured polyacrylamide gel 
electrophoresis analysis and cleavage-fraction quantification of walker movement. 
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Figure 5 (a) Construction and schematic of an iMNAzyme- 
based DNA tetrahedron. (b) Native polyacrylamide gel 
electrophoresis. 

i-motif/triplex sequence into the DNAzyme catalytic 

core to form a new tunable nucleic acid-related enzyme. 

By changing the sequence of the inserted i-motif/ 

triplex, the catalytic activity was regulated and 

transition pH could be tuned across a range of pH 5.6 

to pH 7.2. Furthermore, this work represented a 

description of one of the first pH-driven DNA-walker 

devices using an iMNAzyme capable of manipulating 

the stepping speed to thereby adjust walker perfor-

mance. This method was also capable of opening a 

DNA tetrahedron structure, which provided insight 

into the development of tools to disassemble drug- 

delivered DNA nanostructures. The extraordinary 

properties of iMNAzymes/TNAzymes allow the 

potential to manipulate specific DNAs for integration 

into diverse devices. 
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