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G-quadruplex/hemin DNAzymes are promising nucleic acid catalysts due to their versatility and ease 
of use in biosensing applications. Their peroxidase-like catalytic activity can be enhanced through 
various strategies, including modifications to flanking nucleotides. In this study, the catalytic effects 
of flanking nucleotide modifications at the 3′ and 5′ ends of the DNAzyme were investigated. 
Additionally, the structural topology of the G-quadruplex/hemin DNAzymes was characterized using 
circular dichroism (CD) spectroscopy. Similar to the unmodified DNAzyme, the modified G-quadruplex 
with adenine (A) nucleotide at the 3′-terminal extension adopted a parallel topology in the presence of 
hemin. After optimizing the reaction conditions, the kinetic parameters of both original and 3′ flanking 
A modified G-quadruplex/hemin DNAzymes were evaluated using the oxidation of 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) in the presence of hydrogen peroxide (H2O2). The kinetic 
analysis revealed a significant enhancement in catalytic efficiency upon the addition of A nucleotides at 
the 3′ end. Notably, the DNAzyme with a 3′-terminal AA modification exhibited approximately a ten-
fold increase in catalytic efficiency compared to the unmodified form, as indicated by higher turnover 
numbers (kcat) and lower H2O2 substrate affinity (Km). This enhanced catalytic performance was 
further demonstrated by improved colorimetric signal detection of circulating tumor DNA (ctDNA), 
underscoring the potential of the modified DNAzymes for more sensitive detection in colorimetric 
biosensor applications.
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Nucleic acids are essential macromolecules that serve as the genetic material in all living organisms. Beyond 
their conventional genetic roles, certain nucleic acids—referred to as functional nucleic acids—carry out 
specialized tasks1. These include aptamers, which bind specific targets similarly to antibodies, and DNAzymes 
(or deoxyribozymes), which exhibit catalytic activity akin to protein enzymes. DNAzymes can catalyze a variety 
of chemical reactions, such as the cleavage and ligation of oligonucleotides2,3, and the oxidation of organic 
molecules4,5.

Among the reported DNAzymes, G-quadruplex/hemin DNAzymes have attracted considerable attention 
for their applications in biological and analytical fields6–9. First described by Travascio and colleagues in 199810, 
these DNAzymes were identified via the systematic evolution of ligands by exponential enrichment (SELEX) 
method, yielding a hemin-binding DNA aptamer that exhibited peroxidase-like catalytic activity. These 
DNAzymes consist of a guanine (G)-rich single-stranded DNA (ssDNA) folded into a G-quadruplex structure, 
bound to hemin (iron(III)-protoporphyrin IX). Functionally, they mimic the activity of horseradish peroxidase 
(HRP), catalyzing the oxidation of organic substrates in the presence of hydrogen peroxide (H2O2)11. Various 
substrates can be utilized to generate detectable signals, including ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid))10,12, TMB (3,3′,5,5′-tetramethylbenzidine sulfate)13,14, and NADH (β-nicotinamide adenine 
dinucleotide)15,16 for colorimetric detection, as well as luminol17,18, tyramine16,19, and Amplex Red20,21 for 
fluorescence-based detection. G-quadruplex/hemin DNAzymes offer several advantages over protein enzymes, 
such as greater resistance to hydrolysis and heat, lower production costs, and ease of chemical modification21,22. 
However, their catalytic efficiency remains a key limitation, as it is significantly lower than that of HRP11.

Numerous studies have sought to enhance the peroxidase-mimicking activity of G-quadruplex/hemin 
DNAzymes by modifying their G-rich ssDNA sequences. For example, Golub et al. developed a hybrid 
DNAzyme termed a “nucleoapzyme” by conjugating a G-quadruplex sequence (5′-​T​T​T​G​G​G​T​A​G​G​G​C​G​G​G​T​T​
G​G​G-3′) with a DNA recognition element, resulting in improved catalytic performance23. Other efforts involved 
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covalently linking hemin to G-quadruplex sequences (5′-​G​T​G​G​G​T​A​G​G​G​C​G​G​G​T​T​G​G-3′ and 5′-​T​G​G​G​T​A​G​
G​G​C​G​G​G​T​T​G​G​G​A​A​A-3′), enhancing both catalytic efficiency and thermal stability24,25. Dimeric DNAzymes 
constructed from the monomeric sequence 5′-​G​G​G​T​A​G​G​G​C​G​G​G​T​T​G​G​G-3′ exhibited even higher activity26, 
and multimeric DNAzymes were reported to show synergistic catalytic effects exceeding the sum of individual 
monomers (5’-​G​T​G​G​G​T​A​G​G​G​C​G​G​G​T​T​G​G-3’)27. Several additives have also been shown to enhance catalytic 
activity. For instance, ATP not only boosts the activity of G-quadruplex/hemin DNAzymes (5′-​T​G​G​G​T​A​G​G​G​
C​G​G​G​T​T​G​G​G​A​A​A-3′) but also stabilizes ABTS•⁺ radicals28. Spermine is another potent additive, significantly 
increasing activity for several DNAzyme sequences (5’-​G​T​G​G​G​T​A​G​G​G​C​G​G​G​T​T​G​G-3’ and 5’-​T​G​G​G​T​A​
G​G​G​C​G​G​G​T​T​G​G​G​A​A​A-3’)29. Among the many strategies explored, modifying the flanking sequences—
particularly by appending adenine (A) or cytosine (C) residues to the 3′ or 5′ ends—has been extensively studied. 
For example, flanking G-quadruplex/hemin DNAzymes (5′-​G​G​G​T​G​G​G​T​G​G​G​T​G​G​G-3′) with cytosine triplets 
(dCCC) at both ends significantly improved activity11. The position of the flanking nucleotides was also found 
to influence enhancement; placing cytosine at the second position of the 3′ end yielded the greatest activity30. A 
comprehensive study modifying each terminal position with all four nucleotides (5′-​G​G​G​T​A​G​G​G​C​G​G​G​T​T​G​
G​G-3′) found that only adenine at the 3′ end enhanced catalytic activity31. Similar improvements were observed 
with dA-flanked tetramolecular G-quadruplexes (5′-GGGG-3′, 5′-GGGGG-3′, and 5′-GGGGGG-3′)32, as well 
as modified constructs with two identical 3′ ends on a single DNA strand33. Flanking both the 5′ and 3′ ends 
with dA (5′-​G​G​G​T​G​G​G​T​G​G​G​T​G​G​G-3′ and 5′-AGGGGA-3′) or using G-modified bases (such as 8-bromo-2′-
deoxyguanosine) also confirmed the catalytic enhancement effect of dA16. Additionally, repeating dA units in the 
loop regions of G-quadruplex structures (5′-​G​G​G​T​G​G​G-Xₙ-​G​G​G​T​G​G​G-3′) showed similar benefits34. While 
dC flanking improves activity primarily by increasing hemin binding affinity11, dA flanking enhances activity 
without directly contributing to hemin binding31,35 and does not interfere with G-quadruplex formation30.

Despite these findings, kinetic data on modified DNAzymes remain limited. Kinetic studies are essential for 
understanding the fundamental catalytic behavior of DNAzymes, as they provide key parameters that describe 
enzyme-like function. Most previous investigations have relied primarily on velocity to demonstrate the effects 
of G-quadruplex/hemin DNAzyme modifications31–34. While velocity reflects the overall catalytic rate, other 
critical parameters are necessary to fully characterize catalytic behavior. These include the Michaelis–Menten 
constant (Km), which represents the substrate concentration required to reach half of maximum velocity (νmax); 
the turnover number (kcat), which indicates the maximum number of substrate molecules converted to product 
per unit time; and the catalytic efficiency (kcat/Km), which integrates catalytic rate with substrate affinity to 
provide a comprehensive measure of catalytic effectiveness. Such kinetic information is vital for the rational 
development of G-quadruplex/hemin DNAzymes with efficiencies approaching those of natural enzymes such 
as horseradish peroxidase (HRP). To the best of our knowledge, detailed kinetic parameters for G-quadruplex/
hemin DNAzymes modified with a 3′ flanking adenine have not yet been reported.

This study aimed to investigate the kinetics behavior of the modified G-quadruplex/hemin DNAzymes with 
flanking adenine nucleotides. The fundamental knowledge of DNAzyme catalysis could be used to develop 
the modified G-quadruplex/hemin DNAzymes with higher catalytic efficiency. Many previously reported 
G-quadruplex/hemin DNAzymes share a common core sequence, 5′-​G​G​G​T​A​G​G​G​C​G​G​G​T​T​G​G​G-3′, as shown 
in Figure S1 and all the DNA sequences used in this study are listed in Table S1. In this study, we selected 
this core sequence as a model (Fig. 1A) to investigate the effects of flanking nucleotide modifications (Fig. 1B) 
on catalytic performance using ABTS and H2O2 as substrates (Fig. 1C). The catalytic activities of unmodified 
and flanking-modified DNAzymes were compared. After optimizing reaction conditions, we employed circular 
dichroism (CD) spectroscopy to confirm G-quadruplex topology. Since the highest activity was observed with 
dA flanking at the 3′ end, we further conducted kinetic analyses of these modified DNAzymes. The improved 
catalytic activity was validated through enhanced colorimetric detection of circulating tumor DNA (ctDNA), 
demonstrating their potential application in sensitive biosensing platforms.

Results and discussion
Catalytic activity of G-quadruplex/hemin DNAzyme with nucleotide modifications
To investigate the effect of flanking nucleotides on the catalytic activity of G-quadruplex/hemin DNAzymes, 
a series of DNAzyme variants were designed by appending nucleotides (A, C, T, or G) to either the 3′ or 5′ 
ends of the core sequence. The catalytic activity of each variant was evaluated relative to the unmodified 
DNAzyme. In the catalytic reaction, ABTS serves as the electron donor, transferring electrons to H2O2, which 
results in the formation of the oxidized product ABTS•⁺. This green-colored product is detectable by UV–vis 
spectrophotometry at 420 nm. The results revealed distinct differences in catalytic activity among the modified 
DNAzymes. Notably, enhanced catalytic activity was observed in variants with adenine (A) and cytosine (C) 
modifications (Fig. 2A,B). Among these, modifications at the 3′ end consistently exhibited significantly higher 
catalytic activity than those at the 5′ end for both A and C. This trend may be attributed to the preferential 
stacking of hemin at the 3′ end, as previously suggested in the literature31,32,36,37. The highest catalytic activity 
was observed with the adenine-modified DNAzyme at the 3′ end. In contrast, modifications with thymine (T) 
or guanine (G) showed no improvement in catalytic performance (Fig. 2C,D). These findings are consistent with 
earlier reports indicating that A and C modifications enhance the activity of G-quadruplex/hemin DNAzymes, 
whereas T has minimal effect30. This difference may be explained by the distinct chemical properties of the 
nucleotides: adenine and cytosine possess unprotonated nitrogen atoms and exocyclic amino groups (-NH2), 
which can mimic the function of the distal histidine residue in horseradish peroxidase (HRP), facilitating the 
formation of reactive oxidation states in the iron porphyrin core. In contrast, thymine lacks both unprotonated 
nitrogen and exocyclic amino groups, potentially limiting its ability to enhance catalysis. Furthermore, a single 
adenine modification induced a greater catalytic enhancement than a triple cytosine modification, likely due 
to lower G-quadruplex formation and adenine’s higher electron density compared to cytosine12. In addition, 
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the flanking nucleotide modification seems not to affect the folding of G-quadruplex structure confirmed 
with the CD spectra (Figure S2A–S2F) and the binding of these modified G-quadruplex structures to hemin 
analyzed with UV–Vis absorption spectra (Figure S2G–S2L) except for the 3’ CCC modification compared with 
the unmodified G-quadruplex/hemin DNAzyme. However, DNAzyme 3’ CCC still exhibits greater catalytic 
activity compared to the unmodified one. The consistently greater activity enhancement observed with 3′-end 
modifications, as opposed to 5′-end modifications, further supports previous findings on the positional effects 
of flanking nucleotides31,32.

Optimization of experimental conditions for catalytic activity study
To optimize the experimental conditions, the DNAzyme modified with two adenine nucleotides at the 3′ end 
(DNAzyme 3′ AA), which demonstrated the highest catalytic activity, was selected for further investigation. 
Various G-rich sequences capable of forming G-quadruplex structures, as well as a range of buffer systems for 
activity assays, have been reported in the literature, including Tris–HCl, HEPES, and MES buffers23–28,31. It is 
well established that the formation of G-quadruplex structures requires monovalent cations such as K⁺ or Na⁺ 
for structural stabilization38. In line with previous studies, the G-quadruplex structure was initially annealed 
and incubated with hemin in Tris–HCl buffer supplemented with 50  mM K⁺, and the catalytic activity was 
subsequently measured in 25 mM MES buffer (pH 5.1) containing 200 mM NaCl, 10 mM KCl, 1% DMSO, and 
0.05% Triton X-10031,39. To evaluate the effect of potassium ion concentration on catalytic performance, the 
DNAzyme was annealed in 10 mM Tris–HCl buffer (pH 8.0) with varying concentrations of KCl (0–200 mM). 
Surprisingly, no significant differences in catalytic activity were observed across the tested KCl concentrations 
(Fig. 3A). As a result, subsequent experiments utilized DNAzymes annealed in 10 mM Tris–HCl buffer (pH 8.0) 
without additional KCl.

Fig. 1.  Schematic of G-quadruplex/hemin DNAzyme modifications and their catalytic reaction. The 
core sequence of our design based on the sequence alignment of previously reported G-quadruplex/
hemin DNAzymes23–29,31 (A). G-quadruplex/hemin DNAzyme and its derivatives with flanking nucleotide 
modification at either 3’ or 5’ end (B). The G-quadruplex/hemin DNAzyme preparation and the catalytic 
activity of DNAzyme using ABTS and H2O2 as substrates (C).
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It is worth noting that free hemin can independently catalyze peroxidase-like reactions, albeit at a much slower 
rate than the G-quadruplex/hemin complex40. Therefore, the effect of hemin concentration on catalytic activity 
was assessed. The G-quadruplex structure alone showed no catalytic activity in the absence of hemin (Fig. 3B). 
Activity increased with rising DNAzyme:hemin ratios, reaching a maximum at a 1:10 ratio, beyond which no 
further enhancement was observed—consistent with previous findings4. Accordingly, a 1:10 DNAzyme:hemin 
ratio was adopted for subsequent assays. In earlier reports, G-quadruplex structures were formed by heating the 
DNAzyme at 90 °C for 5 min, followed by slow cooling to room temperature over two hours, and incubation with 
hemin for 30 minutes39. To streamline this process, different cooling durations were tested. Notably, reducing 
the cooling time to 15 min yielded catalytic activity comparable to the standard two-hour protocol (Fig. 3C). 
Therefore, in subsequent preparations, hemin was added immediately after the heating step, omitting the 
cooling phase altogether. Finally, the optimal incubation time with hemin was determined. Maximum catalytic 
activity was observed with a 30-min incubation (Fig. 3D), consistent with previous findings for the unmodified 
DNAzyme (Figure S3). Based on these optimizations, the final preparation protocol involved annealing the 
DNAzyme in 10 mM Tris–HCl buffer (pH 8.0) without KCl, heating at 90 °C for 5 min, immediate addition of 
hemin at a 1:10 DNAzyme:hemin ratio, and incubation for 30 min. These refinements significantly reduced the 
preparation time while preserving robust catalytic activity, thereby enhancing experimental efficiency.

Structural characterization of G-quadruplex/hemin DNAzyme with AA nucleotide 
modifications
The topology of the G-quadruplex structure plays a critical role in determining the catalytic activity of 
G-quadruplex/hemin DNAzymes. Previous studies have shown that G-quadruplexes can adopt various 
conformations—parallel, antiparallel, and hybrid—with the parallel topology typically exhibiting the highest 
catalytic efficiency26,41. Circular dichroism (CD) spectroscopy is widely employed to differentiate among these 
conformations25. To evaluate the structural impact of adenine modifications at the 3′ end, the G-quadruplex 
topologies of the unmodified DNAzyme and the DNAzyme with 3′ AA flanking nucleotides were analyzed by 
CD spectroscopy in the presence and absence of hemin after annealing in Tris–HCl buffer (pH 8.0). Notably, 

Fig. 2.  Comparison of the catalytic activity of G-quadruplex/hemin DNAzymes with nucleotide modifications; 
DNAzyme modified with A nucleotides (A), C nucleotides (B), T nucleotides (C), and G nucleotides (D). Data 
presented ± S.D. * P value < 0.01, ** P value < 0.001.
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G-quadruplex formation was observed only in the presence of hemin, as evidenced by the appearance of 
characteristic CD signals. Both DNAzyme variants exhibited a negative peak around 240 nm and a positive peak 
around 260 nm, consistent with the spectral signature of a parallel G-quadruplex conformation (Fig. 4A,B). 
These findings confirm that the G-rich core sequence retains its ability to fold into a parallel G-quadruplex 
structure, even with 3′ AA modification, in agreement with prior reports26,30,31,34. Interestingly, the results 
also suggest that hemin alone can facilitate the folding of these sequences into a G-quadruplex structure in the 
absence of potassium ions, highlighting its role as a structural co-factor in K⁺-free buffer conditions. However, 
it is important to note that CD analysis suggests the presence of K⁺ ions is not essential for G-quadruplex 
formation when hemin is present. Annealing the G-quadruplex structure in Tris–HCl buffer, either with or 
without K⁺, yielded comparable catalytic activities in MES buffer, which does contain K⁺. These results indicate 
that, for potential biological applications, the presence of K⁺ ions in the surrounding medium is unlikely to exert 
a significant influence on the catalytic activity of the G-quadruplex/hemin DNAzyme.

Kinetic study of G-quadruplex/hemin DNAzymes
The kinetic parameters of both unmodified and modified G-quadruplex/hemin DNAzymes were evaluated 
by monitoring the oxidation of ABTS in the presence of H2O2. The reaction was tracked by measuring the 
change in absorbance at 420 nm over time. Initial velocities (νo) were determined for each DNAzyme (2.5 nM) 
across a range of ABTS concentrations (0.1–6.0 mM), while maintaining a fixed H2O2 concentration of 300 mM. 
Michaelis–Menten plots for each DNAzyme variant are shown in Fig. 5A–D. Kinetic parameters were calculated 
using KaleidaGraph software based on triplicate measurements (with individual replicates shown in Figure S4), 
and are summarized in Fig. 5E. The results demonstrated that all modified DNAzymes exhibited a substantial 
increase in maximum reaction velocity (νmax), with approximately a 12.5-fold enhancement relative to the 
unmodified DNAzyme. The extent of catalytic enhancement did not vary significantly with the number of 
adenine residues (1 to 3) appended to the 3′ end, consistent with previous findings31. However, all modified 
DNAzymes showed higher Michaelis constants (Km), indicating a reduced affinity for the ABTS substrate. This 
suggests that although A-modifications enhance catalytic turnover, they do not improve substrate binding 
affinity, necessitating higher ABTS concentrations to achieve νmax. Importantly, the turnover number (kcat) for 

Fig. 3.  The condition optimization of catalytic activity of DNAzyme with 3’ AA nucleotide modifications; 
the KCl concentrations (A), the DNAzyme:hemin ratio (B), the cooling down period (C), and the hemin 
incubation time (D). Data presented ± S.D.
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all modified DNAzymes was also markedly increased, by approximately 12.5-fold, compared to the unmodified 
DNAzyme. Among the variants, DNAzyme 3′ AA exhibited the highest substrate conversion rate from ABTS2⁻ 
to ABTS•⁺. Additionally, the overall catalytic efficiencies (kcat/Km) of all modified DNAzymes were superior to 
that of the unmodified counterpart. Both DNAzyme 3′ AA and DNAzyme 3′ AAA exhibit nearly a two-fold 
increase in catalytic efficiency compared with the unmodified DNAzyme, while DNAzyme 3′A demonstrates an 
approximately three-fold improvement. Although all three 3′-end adenine modifications lead to similar increases 
in νmax and kcat values, their catalytic efficiencies are not identical. This difference arises because DNAzyme 3′ A 
possesses a lower Km value than the other two modified DNAzymes.

Notably, DNAzyme 3′ A showed the highest catalytic efficiency, with a kcat/Km value of 158.51 ± 25.05 s⁻1·mM⁻1—
approximately three times greater than the unmodified DNAzyme. These results underscore the significant 
role of 3′-end A modifications in enhancing the catalytic performance of G-quadruplex/hemin DNAzymes, 
primarily by increasing turnover rates without compromising structural integrity or requiring enhanced 
substrate binding31.

Next, the initial velocity (νo) of G-quadruplex/hemin DNAzymes (2.5  nM) was measured across a range 
of H2O2 concentrations (5–700  mM), while maintaining a constant ABTS concentration of 2.0  mM. The 
corresponding Michaelis–Menten plots for each DNAzyme variant are presented in Fig.  6A–D. Kinetic 
parameters were determined using KaleidaGraph software based on triplicate measurements (with individual 
data shown in Figure S5), and are summarized in Fig. 6E. Consistent with earlier results, the modified DNAzymes 
exhibited a significant increase in νmax, with values approximately sevenfold higher than that of the unmodified 
DNAzyme. Interestingly, while most modified variants showed Km values similar to the unmodified DNAzyme, 
the DNAzyme with a 3′ AA modification displayed a markedly reduced Km—approximately 1.6-fold lower. 
This decrease suggests that the 3′ AA modification enhances the DNAzyme’s affinity for H2O2, allowing it to 
reach maximum velocity at lower substrate concentrations. All modified DNAzymes demonstrated elevated 
turnover numbers (kcat) compared to the unmodified version. Specifically, DNAzyme 3′ A, DNAzyme 3′ AA, 
and DNAzyme 3′ AAA showed kcat increases of approximately eightfold, sixfold, and 6.8-fold, respectively. 
Furthermore, the catalytic efficiencies (kcat /Km) of all modified DNAzymes were significantly higher than 
that of the unmodified DNAzyme. Among them, DNAzyme 3′ AA exhibited the highest catalytic efficiency, 
attributed to its combination of enhanced kcat and reduced Km. These findings underscore the unique advantage 
of the 3′ AA modification in improving the overall catalytic performance of G-quadruplex/hemin DNAzymes, 
particularly in terms of substrate affinity and turnover rate.

Previous studies have established that the catalytic cycle of G-quadruplex/hemin DNAzymes involves 
multiple steps, with the rate-limiting step being the initial reaction of H2O2 with hemin to form a highly reactive 
porphyrin-hydrogen peroxide radical cation intermediate16,31,32,42. The kinetic data presented herein highlight 
the pivotal role of H2O2 concentration in governing the overall reaction rate. Given that the DNAzyme with 
a 3′ AA modification exhibited the highest catalytic efficiency (kcat/Km) under varying H2O2 concentrations, 
this variant was selected for further evaluation as a signal transducer in a colorimetric biosensor for circulating 
tumor DNA (ctDNA) detection. ctDNA—fragments of DNA released from tumor cells into the bloodstream—
has emerged as a promising biomarker for liquid biopsy-based cancer diagnostics43,44. Multiple technologies, 
including quantitative PCR (qPCR), digital PCR, targeted deep sequencing, and whole-genome sequencing, 
have been developed for ctDNA detection, offering valuable potential for early cancer diagnosis45,46. Among 
these, biosensors stand out for their versatility and user-friendly platforms. While highly sensitive techniques 
such as electrochemical, surface-enhanced Raman scattering (SERS), and fluorescence-based biosensors 
have demonstrated excellent performance in ctDNA analysis43, they often require sophisticated instruments, 
expensive reagents, and skilled personnel. In contrast, colorimetric biosensors—relying on visible color changes 

Fig. 4.  CD spectra of DNAzyme (A) and DNAzyme with 3’ AA (B) in the presence (orange) and absence of 
hemin (blue). Average data from three replicates.
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upon target recognition—are gaining traction for their simplicity, cost-effectiveness, and potential for point-of-
care applications47–49. G-quadruplex/hemin DNAzymes are frequently employed as catalytic signal transducers 
in colorimetric biosensors due to their ability to catalyze peroxidase-like reactions6,7,50–54. Enhancing the 
catalytic activity of DNAzymes offers a direct route to improving biosensor sensitivity. In this study, we 
designed a colorimetric biosensor for ctDNA detection utilizing G-quadruplex/hemin DNAzymes as the signal 
transduction element (Fig. 7A). The ctDNA target sequence used in this study is derived from the KRAS gene. 
This gene was selected as a model target because KRAS mutations are commonly found in various types of cancer, 
including pancreatic, colorectal, and lung cancers55,56. The biosensor setup involved immobilizing a biotinylated 
Capture strand (blue) onto agarose beads via streptavidin–biotin binding. The Capture strand was designed to 
hybridize with one segment of the ctDNA target (red), while the other half of the target sequence hybridized 

Fig. 5.  The Michaelis–Menten plot of DNAzyme (A), DNAzyme 3′ A (B), DNAzyme 3′ AA (C), and 
DNAzyme 3′ AAA (D) with varied ABTS concentrations at 300 mM H2O2 concentration and kinetics 
parameters (E). Data presented ± S.D.
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with a Signal strand carrying the G-quadruplex/hemin DNAzyme (grey). In the presence of ctDNA, the Signal 
strand becomes anchored to the bead surface via hybridization, allowing the DNAzyme to catalyze a substrate 
oxidation reaction and generate a visible green color. In contrast, in the absence of ctDNA, no hybridization or 
signal generation occurs. To assess the improvement in biosensor performance, both unmodified DNAzyme and 
3′ AA-modified DNAzyme were incorporated into the Signal strand by appending a 5′ extension containing a 
target-complementary sequence (red), resulting in constructs termed Signal and Signal 3′ AA, respectively. This 
experimental configuration enabled a direct comparison of the catalytic activity and detection sensitivity of the 
DNAzyme variants within a practical biosensing platform.

The immobilization efficiency of the biotinylated Capture strand on agarose beads was determined to 
be 79.44%, as calculated from the absorbance at 260 nm of the Capture strand solution before and after the 

Fig. 6.  The Michaelis–Menten plot of DNAzyme (A), DNAzyme 3′ A (B), DNAzyme 3′ AA (C), and 
DNAzyme 3′ AAA (D) with varied H2O2 concentrations at 2.0 mM ABTS concentration and kinetics 
parameters (E). Data presented ± S.D.
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immobilization process (Figure S6). To ensure functional integration into the biosensor system, the catalytic 
activities of the Signal and Signal 3′ AA constructs were compared with those of the corresponding DNAzyme 
and DNAzyme 3′ AA controls. The results confirmed that both Signal and Signal 3′ AA retained catalytic activities 
comparable to their respective free DNAzymes (Figure S7). According to the activity assay, the unmodified 
DNAzyme exhibited substantially lower catalytic activity than the modified DNAzyme 3′ AA. To evaluate their 
performance in a biosensing context, both DNAzymes were incorporated into the signal transducer component 
of a colorimetric biosensor by extending their 5′ ends with sequences complementary to the target. The resulting 
constructs—Signal (unmodified DNAzyme) and Signal 3′ AA (modified DNAzyme)—were then assessed for 
signal generation. As expected, the unmodified construct produced a markedly weaker colorimetric response 
than the modified construct, consistent with their respective catalytic activities. Additionally, the specificity 
of hybridization among the single-stranded DNA (ssDNA) components of the biosensor was validated, 
demonstrating that each ssDNA strand selectively hybridized with its intended complementary sequence 
(Figures S8–S9). As a proof of concept, the biosensor’s ability to detect varying concentrations of ctDNA was 
evaluated. The ctDNA target at concentrations of 0, 25, 50, 75, 100, and 125 pmol was incubated with a fixed 

Fig. 7.  Schematic representation of the colorimetric ctDNA detection based on G-quadruplex/hemin 
DNAzyme (A). In the absence of the ctDNA target, no color change is observed after substrate addition. In the 
presence of ctDNA target, DNAzyme in the Signal catalyzes the reaction producing a green-colored solution. 
The darker green signal could be observed with the Signal 3’ AA compared to the Signal. The colorimetric 
detection of ctDNA target. Signal with different amounts of ctDNA target (B), Signal 3’ AA with different 
amounts of ctDNA target (C), Signal with ctDNA target and random sequence (D), and Signal 3’ AA with 
ctDNA target and random sequence (E). Data presented ± S.D. * P value < 0.01, ** P value < 0.001.
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amount (150 pmol) of either Signal or Signal 3′ AA prior to interaction with the immobilized Capture strand. 
Following a washing step to remove unbound components, ABTS and H2O2 substrates were added, and the 
absorbance at 420 nm (A420) was measured after 10 min of incubation at room temperature. As expected, the 
system incorporating Signal 3′AA displayed a pronounced increase in the colorimetric signal at A420 with rising 
ctDNA concentrations, whereas the system with Signal exhibited only a slight increase (full-range sensogram 
shown in Figure S10). For Signal 3′AA, however, the A420 values approached saturation at higher ctDNA 
concentrations (100–125 pmol), likely due to the limited amount of Capture-functionalized agarose beads. For 
the unmodified Signal construct, a slight increase in A₄₂₀ was observed with increasing ctDNA concentrations; 
however, the difference between 0 and 50 pmol ctDNA was minimal and difficult to distinguish (Fig. 7B). In 
contrast, the Signal 3′ AA construct exhibited a markedly enhanced A420 response with increasing ctDNA 
concentrations, enabling clear differentiation even at lower target levels (Figs. 7C). Furthermore, the visible color 
change associated with Signal 3′ AA was significantly more pronounced, underscoring the improved catalytic 
performance of the 3′ AA-modified G-quadruplex/hemin DNAzyme and its contribution to increased biosensor 
sensitivity. To further assess the biosensor’s specificity, a 75 pmol random DNA sequence was used as a negative 
control. For comparison, a random DNA sequence with a GC content similar to that of the KRAS target was 
used. Matching the GC content provides a more appropriate control by minimizing differences in hybridization 
behavior and structural stability. The results showed that Signal 3′ AA generated a distinct colorimetric signal 
in response to the ctDNA target, whereas no significant color change was observed with the random sequence. 
In Fig. 7D,E, the “control” condition refers to reactions without a single-stranded DNA (ssDNA) target, while 
the “random” condition refers to reactions with a non-specific ssDNA sequence. These findings further confirm 
the high specificity and superior catalytic activity of Signal 3′AA, underscoring its potential for sensitive and 
selective ctDNA detection.

Because phosphate-buffered saline (PBS) is widely used in biological experiments due to its physiological 
compatibility, we also compared different buffer systems commonly applied to G-quadruplex/hemin DNAzymes, 
including Tris–HCl, MES, HEPES, and PBS. Our results revealed that annealing the G-quadruplex/hemin 
DNAzyme in Tris–HCl buffer and conducting the catalytic assay in MES buffer yielded the highest catalytic 
efficiency. Although MES is not typically used in biological systems, its application in our biosensor is feasible. 
If necessary, DNA molecules can be precipitated and isolated from biological samples prior to analysis, enabling 
effective use of the biosensor under MES buffer conditions.

In summary, this work provides fundamental insights into the role of flanking nucleotide modifications, 
highlighting the influence of a 3′ adenine extension on the kinetic behavior of G-quadruplex/hemin DNAzymes. 
The enhanced catalytic performance of the 3′ AA-modified DNAzyme was further demonstrated by the 
improved sensitivity of ctDNA detection in a colorimetric biosensor. These results advance our understanding 
of DNAzyme kinetics and may guide the rational design of DNAzyme-based catalysts with peroxidase activities 
approaching those of natural HRP enzymes. The catalytically enhanced G-quadruplex/hemin DNAzyme thus 
represents a promising candidate for applications ranging from biomolecular assays to industrial catalysis.

Conclusions
In this study, the catalytic activities of G-quadruplex/hemin DNAzymes modified with flanking nucleotides 
at the 3′ and 5′ ends were systematically evaluated using ABTS and H2O2 as substrates. Among the tested 
nucleotide modifications, adenine (A) conferred the most significant catalytic enhancement, while cytosine (C) 
yielded moderate improvements. In contrast, modifications with thymine (T) or guanine (G) had negligible 
effects on catalytic activity. Notably, modifications at the 3′ end proved more effective than those at the 5′ end 
in enhancing catalytic performance. Furthermore, increasing the number of flanking A nucleotides from one 
to three at the 3′ end did not produce substantial differences, suggesting a plateau in the enhancement effect 
beyond a single A addition. Circular dichroism (CD) spectroscopy confirmed that all G-rich sequences retained 
the ability to adopt parallel G-quadruplex structures in the presence of hemin, even with AA modifications 
at the 3′ end. Kinetic analyses demonstrated that 3′ A-modified DNAzymes exhibited significantly enhanced 
catalytic turnover rates (kcat), although this modification did not improve substrate binding affinity (Km). Among 
the variants, the DNAzyme with a 3′ AA modification achieved the highest catalytic efficiency, particularly 
when H2O2—the rate-limiting substrate in the reaction—was varied. As a proof of concept, we applied this 
optimized DNAzyme in a colorimetric biosensor for circulating tumor DNA (ctDNA) detection. The enhanced 
catalytic activity of the 3′ AA-modified DNAzyme translated into markedly improved signal output and 
sensitivity, enabling reliable detection at low target concentrations. These findings demonstrate that strategic 
3′ end modifications can significantly enhance the catalytic performance of G-quadruplex/hemin DNAzymes 
and hold promise for advancing their application in sensitive biosensing platforms and other DNAzyme-based 
technologies.

Experimental section
Materials
Single-stranded oligonucleotides and modified oligonucleotides (sequences listed in Table S1) were purchased 
from Integrated DNA Technologies Pte. Ltd. Tris was obtained from Omnipur (China), while hydrochloric 
acid (HCl), sodium hydroxide (NaOH), 2-(N-morpholino)ethanesulfonic acid (MES), potassium chloride 
(KCl), sodium chloride (NaCl), Triton X-100, dimethylsulfoxide (DMSO), hemin, and 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) were procured from Sigma-Aldrich (Canada). Hydrogen peroxide 
(H2O2) was purchased from Merck (Germany), sodium dihydrogen phosphate (NaH2PO4) from Qrec (New 
Zealand), and streptavidin-modified agarose beads from Thermo Fisher Scientific.
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Methods
Preparation of G-quadruplex/Hemin DNAzyme
Single-stranded DNA (ssDNA) was annealed in 10 mM Tris–HCl buffer (pH 8.0) containing 50 mM KCl by 
heating at 90 °C for 5 min, followed by cooling to room temperature for 2 h to form the G-quadruplex structure. 
The mixture was then incubated with hemin in MES buffer (25 mM MES, pH 5.1, containing 200 mM NaCl, 
10 mM KCl, 1% DMSO, and 0.05% Triton X-100) for 30 min.

Examination of catalytic activity
The catalytic activity of the G-quadruplex/hemin DNAzyme was assessed by preparing the DNAzyme as 
described above and adding ABTS and H2O2 substrates to the solution. The mixture was incubated at room 
temperature for 40 min, and the absorbance was recorded at 420 nm.

Optimization of catalytic activity
KCl dependence. Annealing was performed in 10 mM Tris–HCl buffer (pH 8.0) with or without 50 mM KCl. 
DNAzyme preparation, substrate addition, and activity measurement followed the same procedure as described 
above. Hemin Ratios. Hemin concentrations were varied, using DNAzyme-to-hemin ratios ranging from 1:1 to 
1:50. DNAzyme activity was evaluated under standard conditions. Annealing Time. Annealing times were varied 
from 0 min to overnight. DNAzyme preparation and activity measurement were performed as described. Hemin 
Incubation Time. The hemin incubation time was varied from 0 min to overnight, followed by activity evaluation.

UV–Vis spectrophotometry analysis
The binding complex of the G-quadruplex and hemin was analyzed using a SHIMADZU UV-2501PC 
spectrophotometer. Hemin (1  µM) was prepared in 10  mM Tris–HCl buffer (pH 8.0), and its absorption 
spectrum was first recorded. Subsequently, the G-quadruplex strand (1 µM) was added to the hemin solution, 
and the mixture was incubated at room temperature for 10 min prior to measuring the absorption spectrum.

Circular dichroism (CD) analysis
The conformational changes of G-quadruplex structures with or without hemin were analyzed using a JASCO 
J-815 CD spectrometer. Samples were prepared at 3  µM in 10  mM Tris–HCl buffer (pH 8.0) and measured 
in a 0.1 cm path-length cuvette. CD spectra were recorded from 225 to 325 nm at 0.2 nm intervals, with data 
averaged over three scans.

Kinetic measurements
Kinetic measurements were performed in MES buffer (25  mM MES, pH 5.1) containing 200  mM NaCl, 
10 mM KCl, 1% DMSO, and 0.05% Triton X-100, using 2.5 nM DNAzyme. For ABTS kinetic studies, ABTS 
concentrations ranged from 0.1 to 6.0  mM, while the H₂O₂ concentration was fixed at 300  mM. For H₂O₂ 
kinetic studies, H₂O₂ concentrations ranged from 5 to 700 mM, with ABTS fixed at 2.0 mM. The oxidation of 
ABTS2⁻ to ABTS•⁺ was monitored by measuring absorbance at 420 nm every 15 s over a 2-min period. The 
molar extinction coefficient of ABTS•⁺ at 420 nm (ε₄₂₀) was 36,000 M−1 cm−1 31,57. Kinetic parameters (νmax, Km, 
and kcat) were determined using KaleidaGraph software (version 4.0) via nonlinear regression analysis with the 
Marquardt–Levenberg algorithm.

Immobilization of biotinylated ssDNA on streptavidin-modified beads
Biotinylated capture strands were prepared in PBS buffer (0.1 M phosphate, 0.15 M NaCl, pH 7.2) and denatured 
by heating at 90 °C for 5 min. Streptavidin-modified agarose beads were washed with PBS (pH 7.2) and incubated 
with the capture strand at room temperature for 3 h with gentle shaking. The beads were then washed three 
times with PBS and stored at 4 °C for further experiments. Absorbance at 260 nm was measured to calculate 
immobilization efficiency.

Interaction of ssDNA components
Interactions between ssDNA components were examined by annealing in 10  mM Tris–HCl buffer (pH 8.0) 
at 90  °C for 5 min, followed by cooling to room temperature for 30 min. Samples were analyzed using 12% 
polyacrylamide gel electrophoresis (PAGE) at 4 °C.

Colorimetric detection of ctDNA target
For ctDNA detection, the ctDNA target (0, 25, 50, 75, 100, and 125 pmol) and Signal strand (150 pmol; either 
Signal or Signal 3’ AA) were annealed in PBS (pH 7.2) by heating at 90 °C and cooling to room temperature 
for 30 min. The annealed complexes were incubated with capture-functionalized agarose beads, followed by 
washing with PBS (pH 7.2). Hemin in MES buffer (pH 5.1) was added, and the mixture was incubated at room 
temperature for 30 min. ABTS (20 mM) and H2O2 (25 mM) were then added, and the absorbance at 420 nm was 
recorded after 10 min. For specificity assays, random ssDNA (75 pmol) was used in place of the ctDNA target. 
All steps followed the same protocol as described above.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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