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Abstract 

The G4 DNAzyme holds significant potential for applications in bioanalysis and determination owing to its peroxidase mimetic activity and DNA 

programmability. Ho w e v er, its clinical practicability is constrained by limited cat alytic activit y and supplement ary assembly requirements, at- 
tributed to weak π–π st acking , deficient active-site components, and ion-dependent assembly mechanisms. Thus, we constructed a highly 
active self-contained intramolecular G4 / hemin DNAzyme through the direct co v alent cross-linking of catalytic core components in v olving the 
hemin prosthetic group, G4 pocket, and distal ligand-like assistant nucleotide (adenine or cytosine). Detailed in v estigations of the catalytic effi- 
ciency and mechanism confirmed the formation of a compact catalytic active center through co v alent bonding, which enhanced the catalysis to a 
stage comparable to that of horseradish peroxidase in localized surroundings. The superior ready-made cat alytic modularit y with programmability 
enabled the highly sensitive in situ imaging analysis of HER2 protein in breast cancer specimens. This study provides a po w erful tool f or disease 
marker imaging detection with high sensitivity and immediate availability. 
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rtificial enzymes can be engineered and programmed via
iomimetic design to achieve or surpass the catalytic effi-
iency of natural enzymes [ 1 , 2 ]. They have been extensively
pplied in biomedicine and environmental protection [ 3–
 ]. The G-quadruplex (G4) peroxidase-mimicking DNAzyme
xhibits the manipulability and programmability of nucleic
cids and has been continuously modified for optimal per-
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design through allosteric control, and broad applications in
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bioanalytical and biomedical fields [ 4 , 11–13 ]. However, its
limited catalytic capacity and supplementary assembly re-
quirements hinder its clinical practicability. 

Many strategies have been proposed to improve the per-
formance of G4 / hemin. Such strategies have been focused
on its catalytic core structure, which includes a hydropho-
bic hemin-binding site provided by the G4 pocket, guanine
bases functioning as the proximal axial ligand of hemin, and
a distal ligand responsible for general acid–base catalysis [ 14–
16 ]. For the G4 pocket, structural transformation due to se-
quence differences, particularly in flanking regions, suggests
that the parallel structure exhibits better performance than
mixed and hybrid forms, which is related to ion induction [ 17–
20 ]. The modulation of distal ligand analogs, either by exoge-
nous addition [adenosine triphosphate (ATP) or spermidine]
or internal nucleobase modification [adenine (dA) or cytosine
(dC)] is widely acknowledged as highly effective for promot-
ing catalysis [ 21–24 ]. This process mimics an adjustable his-
tidine reagent that performs general acid–base catalysis and
activates H 2 O 2 prototropic cleavage during peroxidase catal-
ysis, thereby improving catalytic performance [ 25 ]. In addi-
tion to the investigation of individual G4 sequences and nu-
cleobase modifications, covalent modification with hemin rep-
resents another significant approach for G4 DNAzyme en-
hancement. Several studies have investigated the simple cova-
lent conjugation of G4 sequences with hemin, exploring their
catalytic capabilities, mechanisms, and applications [e.g. im-
munohistochemistry (IHC) and chemiluminescence] [ 26–28 ].
Importantly, hemin-related covalent modifications, including
free non-G4 sequences, G4, amino acids, and short peptides,
are gradually overcoming the weak catalytic capacity limita-
tion of DNAzymes and addressing the limitations of tradi-
tional proteases, leading to the evolution of DNAzymes [ 11 ,
29–31 ]. 

Our previous studies have demonstrated that the covalent
attachment of hemin plays a unique role in enhancing its ac-
tivity owing to its increased solubility [ 32 , 33 ]. Furthermore,
the zippered G4 / hemin DNAzyme (Z-G4 / H), formed through
short-oligonucleotide covalent-hemin neighbor hybridization
with G4 sequences, exhibits excellent catalytic capabilities,
a more rapid catalytic rate, and high environmental toler-
ance compared with that of classic G4 / hemin DNAzymes (C-
G4 / H) [ 34 ]. The close physical proximity of hemin (catalytic
active center) to the dA / dC (distal ligand analog supplement)-
modified G4 structure through adjacent hybridization con-
tributes to the high performance of DNAzymes [ 14 , 25 ]. How-
ever, the conventional ion-dependent assembly and zippered
hybridization assembly of G4 DNAzymes involve the inter-
molecular assembly of catalytic core components through the
weak π–π stacking of noncovalent bonds [ 35 ]. This inter-
molecular assembly impacts the extent of tight binding at the
catalytic active center of the DNAzyme, constraining its cat-
alytic capacity [ 14 ]. Furthermore, owing to the ion-dependent
assembly and hybridization process of DNAzymes, they are
not readily available for immediate use, which limits their
practicability [ 19 ]. 

Thus, according to the distance-dependent organization of
catalytic active centers reported in prior research, we engi-
neered a covalently nucleotide-modified G4-hemin DNAzyme
complex (Co-G4N / H) through the direct covalent cross-
linking of the hemin prosthetic group, ligand-like assistant
nucleotide, and G4 structure to achieve enhanced catalytic
performance. The intramolecular Co-G4N / H functions as a
self-contained DNAzyme, featuring a tightly bound active 
center connected by a robust covalent bond, offering an en- 
hanced and ready-made catalyst for high efficiency and im- 
mediate application. We investigated its performance and ad- 
vantages in bulk and localized surroundings, as well as cat- 
alytic characteristics and efficient assembly principles. No- 
tably, several studies investigating the simple covalent con- 
jugation of G4 with hemin and the enhancement of the G4 

DNAzyme catalytic performance using adjacent adenine nu- 
cleotides have been conducted. Considerably, we construct a 
G4 DNAzyme that mimics HRP through the tight conjuga- 
tion of three catalytic core component. Ultimately, the Co- 
G4N / H formed by the covalent conjugation of the three com- 
ponents exhibits significantly higher catalytic efficiency and 

stability than the simple-covalent G4 DNAzyme and nonco- 
valent adenine-modified G4 DNAzyme. Furthermore, we em- 
ployed the cell surface HER2 protein, which is considered a 
superior marker for the diagnosis and targeted drug therapy 
of breast cancer, as a paradigm [ 36 , 37 ]. Leveraging the pro- 
grammability and immediate availability of Co-G4N / H, we 
propose a highly sensitive and practical approach for detecting 
the HER2 protein on the surface of breast cancer cells. Thus,
a robust grading application of HER2 protein was achieved 

in formalin-fixed paraffin-embedded (FFPE) tissue specimens 
from patients with breast cancer. 

Materials and methods 

Materials and reagents 

All the DNA oligonucleotide sequences used in this study 
and the related abbreviations are listed in Supplementary 
Table S1 . Unmodified DNA oligonucleotides were synthe- 
sized by Sangon Biotech (Shanghai) Co. Ltd. Modified and 

high-performance liquid chromatography-purified oligonu- 
cleotides were obtained from Takara Biotechnology (Dalian,
China). Their concentrations were determined by measuring 
the absorption values at 260 nm obtained via ultraviolet–
visible (UV–VIS) spectroscopy and the extinction coefficients 
provided by Integrated DNA Technologies (OligoAnalyzer 
v3.1 tool, http:// sg.idtdna.com/ calc/ analyzer ). All the oligonu- 
cleotides were dissolved in a 1 × Tris-EDTA (TE) buffer 
(10 mM Tris–HCl, 1 mM ethylenediaminetetraacetic acid,
pH = 8.0) and stored at −20 

◦C. All the other reagents were 
of analytical grade. All the buffer solutions were prepared us- 
ing Millipore-Q water ( ≥18 M, Milli-Q, Millipore). G4s were 
prepared by heating the DNA samples at 95 

◦C for 5 min, fol- 
lowed by overnight cooling to room temperature (RT) and 

storage at 4 

◦C until use. 
Hemin; 2,2 

′ -azino-bis (3-ethylbenzothiazoline-6-sulfonic 
acid (ABTS 2 −); luminol; polyethylene glycol 4000 (PEG4000); 
absolute ethanol; HRP; and dimethyl sulfoxide (DMSO) were 
purchased from Sangon Biotech (Shanghai) Co. Ltd. The 
fluorescent substrate 10-Acetyl-3,7-dihydroxyphenoxazine 
(ADHP) was purchased from TargetMol (Shanghai, China).
Hemin and ADHP were dissolved in DMSO as a stock so- 
lution and diluted to the required concentration using a 50 

mM Tris–HCl buffer (pH = 7.0, 25 mM KCl) prior to use.
Freshly prepared ABTS 2 − and luminol were dissolved in ul- 
trapure water to a concentration of 4 mM prior to use. HRP 

and PEG4000 were dissolved in ultrapure water to concentra- 
tions of 200 and 25 mg / ml prior to use, respectively. Except 
for the pH and ion analyses, all the experiments were per- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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ormed in 50 mM Tris–HCl (pH = 7, 25 mM KCl). Tetraethyl
rthosilicate (98%) was purchased from Sigma–Aldrich. SU8-
035 and propylene glycol methyl ether acetate were pur-
hased from Suzhou Research Materials Micro-Tech. Fluoro-
arbon oils, HFE-7100 and HFE-7500, were purchased from
M. The silicone elastomer polydimethylsiloxane (PDMS)
as purchased from the Dow Chemical Company. 

easurement of DNAzyme activity 

he annealed classic G4 sequences (C-G4s) (45 nM) diluted
rom the corresponding stock solution were incubated with
emin (45 nM) in a 50 mM Tris–HCl buffer for 30 min
t 37 

◦C to form G4 / hemin complexes. Covalent G4 probe
as directly diluted to a concentration of 45 nM. The HRP

oncentration was 2 μg / ml. Thereafter, ABTS 2 − (2 mM) and
 2 O 2 (50 mM) were added. Afterward, the products were an-

lyzed via UV–VIS spectroscopy over the range of 400–500
m. Experiments on catalytic kinetics were performed at 418
m for 150 s. The initial rate (V0, nM / s) of the oxidation reac-
ion was calculated from the slope of the linear portion of in-
reases in the concentration of ABTS •− versus time (25 s). The
BTS •− concentration was calculated based on the extinction
oefficient of ABTS •− (36 000 M 

−1 ·cm 

−1 ). For fluorescence
xperiments, HRP (0.4 μg / ml) and G4 DNAzymes (9 nM),
DHP (100 nM), and H 2 O 2 (1 mM) were mixed, and the
roducts were analyzed via fluorescence spectroscopy over the
ange of 550–650 nm. Experiments on catalytic kinetics were
erformed at 585 nm for 200 s. For chemiluminescence exper-
ments, HRP (2 μg / ml) and G4 DNAzymes (45 nM), luminol
2 mM), and H 2 O 2 (50 mM) were mixed, and the products
ere analyzed using a microplate reader for 120 s. 

ircular dichroism measurements 

ircular dichroism (CD) spectra were recorded using a CD
pectropolarimeter (Applied Photophysics) over a wavelength
ange of 200–350 nm. The G4 solutions (5 μM) were ob-
ained by directly diluting DNA stock solutions with 50 mM
ris–HCl buffers (pH = 7.0, with or without 25 mM KCl). A

amp was placed under a stable stream of dry purified nitrogen
99.99%) during experimentation. 

nalysis of interactions between G4 and hemin 

olecules 

he 3D-NuS program (specializing in G4 construction) was
mployed to predict and model the finalized 3D structure of
4. The hemin molecule was docked via noncovalent dock-

ng, and the covalent-hemin molecule was docked via cova-
ent docking. Molecular docking was implemented using the
utoDock 4.2.6 software package in a global docking manner.
he docking time was set to 50, and the rest of the parameters
ere taken as default values. 

ecay kinetics of DNAzymes and DNAzyme 

ctivities under different conditions 

 2 O 2 (2 mM) was added to evaluate the decay kinetics of the
4 DNAzymes (1 μM) by recording the absorbance at 402
m over time. The activities of the DNAzymes at different pH
evels were evaluated in a 20 mM Britton–Robinson buffer
pH = 2.83–7.08, 20 mM acetic acid, 20 mM orthophospho-
ic acid, 20 mM boric acid, and 100 mM KCl). The activities of
the DNAzymes at different H 2 O 2 concentrations were inves-
tigated in a Tris–HCl buffer containing 5, 10, 25, 50, 100, and
250 mM H 2 O 2 , respectively. The activities of the DNAzymes
under different K 

+ conditions were investigated in a Tris–HCl
buffer containing 0, 5, 10, 25, 50, 75, and 100 mM K 

+ , respec-
tively. The data were converted into V0 values, as described
above. All the measurements were performed in triplicate. 

Fabrication of droplet generation microchip 

A microfluidic chip was fabricated via soft lithography tech-
nology. The AutoCAD software was employed to design the
pattern, which was transferred to the photomask. Thereafter,
the SU-8 3035 photoresist was coated onto the silicon wafer
and solidified via ultraviolet exposure to specific areas pro-
tected by the photomask. After developing the photoresist and
post-baking, the mold was produced. The silicone elastomer
PDMS precursor (10:1) was poured onto the mold and cured
at 75 

◦C for 1 h to replicate the mold. Afterward, the pat-
terned PDMS was peeled, punched with inlets and outlets, and
bonded with a clean glass slide to form a complete microflu-
idic chip. Finally, 1% (w / w) perfluorodecyltriethoxysilane so-
lution was injected into the channels, followed by incubation
at 75 

◦C for 1 h. 

DNAzyme activities in localized droplets 

Monodisperse microdroplets were generated from the flow-
focusing nozzles of the microfluidic chips. HFE-7500 was se-
lected as the continuous phase. The continuous and dispersed
phases flowed at 0.3 and 0.1 ml / h, respectively. One side of
the dispersed phase was injected with DNAzymes, and the
other was injected with ADHP, H 2 O 2 , and PEG4000. After the
droplets had stabilized, they were observed in the microfluidic
chip groove or collected and dropped onto a microscope slide
for observation. 

Primer exchange reaction incubation and 

polyacrylamide gel electrophoresis characterization

A primer exchange reaction (PER) concatemer was synthe-
sized using a reported method with minor modifications [ 38 ].
To enhance the signal intensity and sensitivity, we also de-
signed and synthesized PER branch 1 (B1) and 2 (B2) and the
corresponding signal output probes. The solution with a final
concentration of 1 × phosphate-buffered saline (PBS) (100
μl), MgSO 4 (10 mM), dNTP (a mixture of equal molar ra-
tios of dATP , dCTP , and dTTP; 300 μM), Bst LF polymerase
(LF = Large Fragment; Bst = Bacillus stearothermophilus ;
0.5 units / μl), Clean G (100 nM), and the hairpin (500 nM)
was obtained. The sample was first incubated with Clean G at
37 

◦C for 15 min to remove any potential dGTP to promote
PER probe extension. The introduction of Clean G can elim-
inate any stuck primer and promote PER probe extension; a
HER2 Apt-primer (10 μl, 1 μM) was added and incubated
for another 1–4 h at 37 

◦C. The reaction was ended by heat-
ing at 80 

◦C for 20 min to inactivate the Bst LF polymerase.
The length of the PER concatemers was characterized using
12% polyacrylamide gel electrophoresis (PAGE) at 110 V for
50 min at RT. The gel was imaged using a Bio-Rad ChemDoc
XR S (Bio-Rad, US A) after GelRed staining for 30 min. 
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Characterization of PER concatemer with signal 
output probe in 96-well plates 

A streptavidin-coated 96-well plate was blocked using 1%
bovine serum albumin (BSA) and 0.4 mg / ml salmon sperm
DNA for 1 h at RT [ 39 ]. Thereafter, different concentrations
of the HER2 messenger RNA (mRNA)-biotin probe were
added into a 200 μl PBS buffer for 1 h at 37 

◦C. Afterward,
the PER concatemer (100 nM) was incubated with the HER2
mRNA-biotin probe for another 2 h at 37 

◦C. Next, the Fluor-
488 P1 (300 nM), Co-G4A / H P1 (300 nM), and C-G4A / H P1
(300 nM) signal output probes were successively hybridized
with the PER concatemer for 1 h at 37 

◦C. After each step,
the cells were washed in 0.1% Tween 20 in PBS thrice. Fi-
nally, the fluorescence spectra of the Fluor-488 probe were
recorded from 530 to 590 nm at the excitation wavelength of
585 nm at 600 V. The fluorescence signal of the Co-G4A / H
or C-G4A / H catalytic probe was recorded as previously
mentioned. 

In situ imaging of HER2 protein detection in breast 
cancer cells 

To detect HER2 protein, human breast cancer cell lines SKBR-
3, MDA-MB-231, and MCF-7 were seeded on glass coverslips
pretreated with tissue culture in a 24-well plate and cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin
at 37 

◦C in a 5% CO 2 incubator. When the cells had reached
60% confluence, they were fixed in 4% paraformaldehyde for
15 min at RT after the culture medium had been removed
and washed thrice with ice-cold PBS. Endogenous peroxidase
activity was inhibited using 3% H 2 O 2 for 30 min. Nonspe-
cific binding sites were blocked with a blocking buffer con-
taining 3% BSA and 0.4 mg / ml salmon sperm DNA in PBS
at 37 

◦C for 1 h. The slides were washed twice using ice-cold
PBS until analysis. To image the protein identity on the cell
surfaces, the HER2-apt-PER concatemer (200 μl, 200 nM)
was first added into 24-well plates for 1 h at 37 

◦C. There-
after, the 200 μl 1 μM Fluor-488, C-G4A / H, and Co-G4A / H
signal probe systems were incubated with a cell for sufficient
hybridization. After reacting with the corresponding probe at
37 

◦C for 1 h, the slides were incubated with a tyramide re-
action solution containing the Alexa Fluor™ 488 tyramide
reagent (Tyr-488) (1:200) and 0.03% H 2 O 2 at RT for 10 min
in the dark in the Co-G4A / H or C-G4A / H catalytic probe
system (the Fluor-488 system did not require this step). The
cell nuclei were stained with a 4’,6-Diamidino-2-Phenylindole
(DAPI) solution. After each step, the cells were washed thrice
in 0.05% Tween 20 in PBS for 5 min. The cells on the slides
were analyzed using a Leica fluorescence microscope (Leica
DM4000, Germany) with identical parameters for exposure.
The fluorescence images of the cell slides were merged using
the ImageJ v7.0. The HRP catalytic system for HER2 protein
was assayed following the commercial tyramide signal ampli-
fication kit instructions (Invitrogen, USA). 

For flow cytometry, a suspension of 10 

6 cells was incubated
with the corresponding probe system and reacted with a tyra-
mide reaction solution. The fluorescence intensity of the cells
was recorded using a Navios Series Flow Cytometer (Beckman
Coulter International Trading Co., Ltd., China). The reagent
used in this method was the Alexa Fluor 488-tyramine cat-
alytic substrate, which exhibited the same excitation (495 nm)
and emission (519 nm) wavelengths as fluorescein isothio-
cyanate (FITC). Thus, the FITC channel for general fluores- 
cence microscopy could be used for the imaging analysis. 

In situ imaging of HER2 protein detection in breast 
cancer tissue samples 

For further investigation, FFPE specimens with sufficient tis- 
sue were retrieved from the Department of Pathology of the 
First Affiliated Hospital of Chongqing Medical University.
This study was approved by the Ethics Committee of the First 
Affiliated Hospital of Chongqing Medical University (K2023- 
182). IHC staining FFPE sections were placed on a 60 

◦C bak- 
ing machine for 2 h and immersed in dimethylbenzene for 8 

min. Next, the hydration process was conducted with the fol- 
lowing steps using an automatic instrument (Dakewe DP260,
China): anhydrous alcohol, 95% ethanol, 85% ethanol, and 

75% ethanol; each step for 3 min. Antigen retrieval was 
achieved by heating in a 10 mM PBS buffer for 20 min at 
100 

◦C, cooling to RT, and washing with PBS thrice. 
For the breast cancer FFPE sample detection, the HER2 

protein was recognized by the oligonucleotide conjugated re- 
combinant anti-HER2 antibody. The conjugated procedure 
was performed according to the protocol on the commer- 
cial kit from Abcam (ab218260). First, the inhibition of the 
endogenous peroxidase activity and blocking of nonspecific 
binding sites were consistent with those prior. The oligonu- 
cleotide conjugated recombinant anti-HER2 antibody (10 μl 
1 mg / ml) was incubated on a slide for 1 h at 37 

◦C. Afterward,
the corresponding Co-G4A / H-PER probe was added for an- 
other 1 h of hybridization at 37 

◦C. The following fluorescent 
imaging steps by tyramide deposition were consistent with the 
cell experiment. 

Results 

Principle of Co-G4N / H assembly 

Building on our previous study, we identified the proximity of 
vital modules to the catalytic center, such as hemin, the neigh- 
boring nucleotide, and G4, as crucial in enhancing catalytic 
performance. Thus, to develop a more robust and integrated 

DNAzyme with improved catalytic efficiency, we covalently 
bound hemin, the adjacent nucleotide, and G4 together to cre- 
ate a self-contained G4 DNAzyme, which has been denoted as 
Co-G4N / H (N is the acronym for the modified nucleotide). As 
shown in Fig. 1 A, the terminal adenine-modified G4 sequence 
probe formed a covalent bond with hemin through an amide 
reaction, forming a Co-G4A / H DNAzyme. The cytosine- and 

thymine-modified G4 DNAzyme are denoted by Co-G4C / H 

and Co-G4T / H, respectively. Supplementary Fig. S1 demon- 
strates the Co-G4A / H structure. The results of mass spec- 
trometry and capillary electrophoresis experiments confirmed 

the formation of covalent DNA products ( Supplementary Figs 
S2 and S3 , and Supplementary Table S2 ). 

Catalytic activity of Co-G4N / H 

To investigate the underlying mechanisms, we initially con- 
ducted a comparative analysis of the catalytic efficiencies of 
natural protease HRP, C-G4 / H, C-G4A / H, Z-G4A / H, Co- 
G4 / H, and Co-G4A / H (Fig. 1 B). In our previous study, three 
adenine nucleotides yielded better results and achieved satu- 
ration [ 34 ]; thus, we continued using three nucleotides in this 
study. The catalytic activity was assessed through the model 
oxidation reaction of ABTS 2 −, ADHP, and luminol in the pres- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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Figure 1 ( A ) Schematic representation of the co v alent cross-linking of adenine-modified Co-G4A / H. ( B ) Schematics representations of the assembly 
str uct ure of HRP and DNAzymes. ( C ) Absorbance kinetic curves of G4 DNAzymes and HRP after incubation with 2 mM ABTS 2 − and 50 mM H 2 O 2 . ( D ) 
Fluorescent kinetic curves of G4 DNAzymes and HRP after incubation with 100 nM ADHP and 1 mM H 2 O 2 . Activity of G4 DNAzymes (V0, nM / s) after 
incubation with 2 mM ABTS 2 − and 50 mM H 2 O 2 ( E ), 100 nM ADHP and 1 mM H 2 O 2 ( F ), and 2.0 mM luminol and 50 mM H 2 O 2 ( G ). The error bars 
represent the standard deviations of three independent experiments. 
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nce of H 2 O 2 in appropriate concentrations. First, we quan-
ified the amounts of the four aforementioned DNAzymes
nd HRP using a UV–VIS absorption spectrophotometer. A
haracteristic peak of hemin was observed at 402 nm [ 29 ,
0 ] ( Supplementary Fig. S4 ), in which the measurements of
RP and DNAzyme were 2 μg / l and 45 nM, respectively. As

hown in Fig. 1 C, the UV–VIS kinetics of the ABTS 2 −-H 2 O 2

ystem were used to investigate the catalytic efficacy. The ini-
ial velocity (V0, nM / s) of Co-G4 / H increased compared to
he faint peak of C-G4 / H, indicating a slight enhancement in
the DNAzyme activity due to the efficacy of the covalent link-
age by G4 and hemin. Furthermore, a remarkable increase in
Co-G4A / H was observed over Co-G4 / H, demonstrating that
the covalent incorporation of adjacent adenine in the catalytic
active center led to superior catalytic performance. Notably,
the enhancement effect of noncovalent C-G4A / H is limited.
Additionally, Co-G4A / H exhibited a higher catalytic capac-
ity than Z-G4A / H, further narrowing the gap between Co-
G4A / H and HRP, confirming that the covalent linkage is a
more suitable arrangement. The UV–VIS absorption spectra

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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of the ABTS 2 −-H 2 O 2 system at 418 nm were in line with the
pattern observed in the results of the experiments on UV–VIS
kinetics ( Supplementary Fig. S5 A). 

The catalytic efficacy was determined by fluorescent ki-
netics and spectra experiments (Fig. 1 D and Supplementary 
Fig. S5 B), and the corresponding initial velocity and absorp-
tion peak of the ADHP oxidation results exhibited a trend
similar to that in the UV –VIS results. Similarly , the results
of the chemiluminescence experiments were consistent with
those of the aforementioned kinetics experiments, validat-
ing the enhancement of the catalytic activity of Co-G4A / H
( Supplementary Fig. S5 C) and confirming the robust catalytic
efficacy of Co-G4A / H, attributed to the appropriate covalent
cross-linking of three components, which substantially nar-
rowed the gap between G4 DNAzyme and HRP. 

It is well established that the additional nucleotide (typi-
cally adenine or cytosine), functioning as a substitute for the
distal histidine of HRP, must be at an optimal distance from
the catalytic center to function effectively. For further inves-
tigation of the role of adjacent nucleotides in enhancing co-
valent linkage, we assembled a series of Co-G4N / H variants
( Supplementary Fig. S6 ). As shown in Fig. 1 E, Co-G4A / H and
Co-G4C / H demonstrated increased catalytic rates. Specif-
ically, Co-G4C / H exhibited a higher initial velocity when
hemin and G4 were positioned at the 5 

′ end of G4 (Co-
G4C / H5), whereas Co-G4A / H3 demonstrated an optimal
performance when hemin and G4 were located at the 3 

′ end
of G4. Fluorescence kinetics experiments exhibited similar
trends to UV–VIS kinetics experiments (Fig. 1 F). The absorp-
tion and fluorescent spectra are shown in Supplementary Fig.
S7 . Disparities were observed in the chemiluminescence find-
ings due to the higher catalytic rate of Co-G4C / H5 compared
with Co-G4A / H3, which was correlated with substrate selec-
tivity (Fig. 1 G). 

The relative positioning of key modules is critical, and
the optimal arrangement undeniably correlates directly with
the optimal catalytic capacity. The catalytic activity of Co-
G4N / H decreased when hemin was positioned at the 5 

′ end
of G4 and the nucleotide was positioned at the 3 

′ end (opti-
mal for enhanced performance), attributable to the separation
of hemin and nucleotide, leading to the loss of the optimal ar-
rangement ( Supplementary Fig. S8 A and B). The catalytic effi-
ciency of Co-G4N / H was reduced when hemin and nucleotide
were sequestered together by the T base at the 3 

′ terminus
of G4, due to their separation from the optimal arrangement
with the G4 structure ( Supplementary Fig. S8 C and D). These
findings demonstrate the necessity of close association among
the three critical modules for the DNAzyme to achieve opti-
mal performance in the covalent mode. 

Structural analysis of Co-G4N / H 

To elucidate the mechanism underlying the increased catalytic
efficiency resulting from the covalent linkage, the structures
of a series of Co-G4N / H were determined. First, CD was em-
ployed to characterize the Co-G4N / H assembled by various
G4 configurations (hybrid, antiparallel, and parallel) (Fig. 2 A).
As shown in Fig. 2 C, the noncovalent antiparallel sequence TA
and hybrid G4 PS2.M exhibited weak G4 CD characteristic
peaks [ 17 ] in the absence of potassium ions, although their CD
was significantly enhanced after the covalent linkage. How-
ever, these differences are not observed in the presence of
potassium ions, which play critical roles in facilitating the for-
mation of G4 configuration ( Supplementary Fig. S9 ). Regard- 
less of the configuration, the catalytic rates increased, follow- 
ing covalent linkage, particularly in a parallel Co-(G3T)A / H 

DNAzyme (Fig. 2 B). These results suggest that the covalent 
mode enhances hemin solubility [ 41 ] and promotes the for- 
mation of additional G4 structures, thereby improving the 
DNAzyme catalytic performance. 

The relative orientations of the key modules in the catalytic 
active center were further investigated via molecular dock- 
ing experiments on the C-G4A / H3 and Co-G4N / H structures 
[ 42 , 43 ]. The findings revealed that irrespective of the cova- 
lent modification, the hemin molecules exhibited π–π stack- 
ing with the end of the G4 molecules in the five DNAzyme 
groups. Notably, in all the DNAzyme groups, the Fe atom 

in the hemin molecule formed coordination interactions with 

the G base in the terminal G-quadrant, resembling the coor- 
dination structure formed between the proximal His170 and 

hemin in the HRP structure, consistent with the existing litera- 
ture ( Supplementary Fig. S10 ). Notably, Co-G4A / H3 and Co- 
G4C / H3 exhibited the shortest coordination distance of 1.7 Å
between the hemin active center and G4 when the DNAzyme 
was covalently modified. However, Co-G4T / H3 (2.1 Å) ex- 
hibited a coordination distance that was longer than those of 
Co-G4 / H (1.8 Å) and C-G4A / H3 (2.0 Å) (Fig. 2 D). The con- 
sistency of the coordination distance with previous catalytic 
results suggests that the more compact structure of the sim- 
ulated enzyme may contribute to the high catalytic activity 
of Co-G4 / H. Finally, upon comparing Co-G4A / H3 and Co- 
G4A / H5, it was observed that the adenine at the 3 

′ terminal 
was closer to the coordination center. This may account for the 
difference in the catalytic capacity between enzymes. These re- 
sults confirmed that the covalent modification narrowed the 
distance between the catalytic active centers. A strong associ- 
ation was observed between the catalytic capability and the 
proximity of the core components. Specifically, a shorter dis- 
tance corresponds to a more compact structure and enhanced 

catalytic capability. 

Peroxidation behavior and environmental influence 

of Co-G4N / H 

The catalytic activity of the DNAzyme in the ABTS 2 −-H 2 O 2 

system was primarily demonstrated through its electron trans- 
fer rate in the H 2 O 2 redox reaction [ 44 ]. Thus, to clar- 
ify the precise electron mechanism of Co-G4N / H, the im- 
pact of adding H 2 O 2 on the electronic absorption spectra 
of the DNAzymes was examined via UV–VIS spectroscopy 
( Supplementary Fig. S11 ). Following the addition of H 2 O 2 ,
all the DNAzymes exhibited a hypochromicity of the Soret 
band at 402 nm. The decay rates of the Soret band for Co- 
G4A / H and Co-G4C / H were substantially higher than that of 
C-G4A / H, even that of Z-G4A / H (Fig. 3 A). The decay rates 
of Co-G4A / H3 were highest when hemin was labeled at the 
3 

′ end (Fig. 3 B), whereas Co-G4C / H5 exhibited the fastest 
decay at the 5 

′ end (Fig. 3 C). Regardless of the hemin po- 
sition, Co-G4T / H exhibited the lowest rate. These findings 
were consistent with the catalytic performance and molecular 
docking results. They provide evidence that covalently mod- 
ified DNAzymes can achieve optimal electron transfer rates 
through the assembly of an optimal configuration, resulting in 

enhanced catalytic performance. Furthermore, as the initiator 
and accelerator of the catalytic reaction, insufficient or exces- 
sive H 2 O 2 leads to poor reaction kinetics [ 45 ]. We observed 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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Figure 2 ( A ) Schematics of the str uct ures of hybrid (PS2.M), antiparallel (TA), and parallel (G3T) DNAzymes. ( B ) Initial velocity (V0, nM / s) of the hybrid, 
antiparallel, and parallel DNAzymes after incubation with 2 mM ABTS 2 − and 50 mM H 2 O 2 , respectively. ( C ) CD spectra of the hybrid, antiparallel, and 
parallel DNAzymes. The detection was performed in 50 mM Tris–HCl (pH = 7.0) containing 0 mM KCl and 5 μM DNA at 25 ◦C. ( D ) Molecular simulation 
results of the interaction mechanism of C-G4 / H and Co-G4N / H by molecular docking. 
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hat the initial reaction rate V0 increased with an increase in
he H 2 O 2 concentration, and the rate of Co-G4A / H notably
urpassed that of C-G4A / H and even Z-G4A / H. This find-
ng confirmed the accelerated prototropic cleavage of H 2 O 2 

n Co-G4A / H, which enhances its exceptional catalytic ca-
acity, owing to the intensive covalent linkage and the nu-
leotide HRP residue-mimicking structure (Fig. 3 E). Addition-
lly, the degradation of hemin is one of the challenges affect-
ng its catalytic applications [ 46 ]. To verify the stability of
he covalent G4 DNAzyme in this study and whether it de-
rades, we conducted time-dependent UV–VIS kinetic exper-
ments to profile the catalytic activity of covalent and non-
ovalent G4 DNAzymes ( Supplementary Fig. S12 ). Report-
dly, C-G4A / H began to degrade within 30 s, whereas the
o-G4A / H constructed herein exhibited a signal decline only
fter 300 s, demonstrating significantly stronger degradation
esistance than the former. This observed enhancement may
be attributed to the combined effect of the tight spatial pro-
tection provided by the Co-G4A / H complex architecture and
antioxidant damage resistance conferred by the distal ligand-
like adenine nucleotide [ 46 ]. 

A typical pH-dependent rate profile was created to char-
acterize the effect of the adjacent adenine or cytosine on Co-
G4N / H as a distal His42 mimic [ 23 ]. The results indicated
that the dA / dC-modified Co-G4A / H and Co-G4C / H were
markedly sensitive to a pH range of 4–6 [ 14 ], contrary to the
Co-G4 / H without nucleotide modifications, which exhibited
low activity and near pH insensitivity (Fig. 3 D). The marked
differences in the pH-rate profiles of the DNAzymes suggested
that the dA / dC modification as the endogenous active species
mimics the role of amino acid residue in protease function-
ing as a general acid–base catalyst and substantially enhances
the catalytic capability of Co-G4A / H. The pH acceleration
phase of Co-G4A / H preceded that of Co-G4C / H, aligning

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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Figure 3 ( A ) Decay kinetics of C-G4 / H, Z-G4A / H, Co-G4A / H5, and Co-G4A / H3 at 402 nm in the presence of H 2 O 2 (2 mM). Decay kinetics of 
Co-G4N / H3 ( B ) and 2 μM Co-G4N / H5 ( C ) at 402 nm in the presence of H 2 O 2 (2 mM). ( D ) DNAzyme activity of the six DNAzymes as a function of pH. 
DNAzyme activity of C-G4 / H, Z-G4A / H, Co-G4 / H, and Co-G4A / H as a function of the H 2 O 2 substrate concentration ( E ) and K + concentration ( F ), 
respectiv ely. T he error bars represent the standard de viations of three independent e xperiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with the disparity in the pKa values between ATP and CTP
(the pKa values of A TP.H+ / A TP and CTP.H+ / CTP are 3.6
and 4.1, respectively) [ 25 ], demonstrating the dominant roles
of Co-G4A / H and Co-G4C / H, respectively. 

It is noteworthy that previous reports suggest that G4 struc-
tures may undergo transformation at pH < 4 [ 47 ], which
could also contribute to the reduced catalytic activity of G4
DNAzyme at such pH values in this study. All the pH acceler-
ations of Co-G4N / H, as mentioned above, are consistent with
their catalytic capacity, substantiating the significant contribu-
tions of adenine and cytosine to DNAzyme construction. 

K 

+ plays a significant role in stabilizing DNAzymes for G4
topology folding [ 48 ]. As shown in Fig. 3 F, the increase in
potassium ion concentration led to significant changes in Co-
G4A / H and Co-G4C / H. The plateau phase of Co-G4A / H
was achieved with a lower potassium ion concentration (5
mM) compared with that of Co-G4C / H, which requires ∼25
mM. Furthermore, Co-G4A / H exhibited the highest V0 in
the absence of potassium ions compared with the other three
DNAzymes. Additionally, to eliminate the ionic strength ef-
fect, we investigated the catalytic activity with lithium ion
(Li + ) employed as a control. Li + did not have any enhancement
effects on the catalysis, confirming that K 

+ indeed promotes
G4 catalysis ( Supplementary Fig. S13 ). These findings demon-
strate that the covalent assembly mode of Co-G4A / H is more
efficient than additional zippered hybridization and noncova-
lent ion-assisted assembly, as it can be assembled without the
assistance of ions. 
In vestig ating the catalytic capability of Co-G4N / H 

in localized droplets 

The catalytic capacity of enzymes in confined spaces is essen- 
tial for biosensing applications that are dependent on enzyme- 
catalyzed interfaces. It is significant for the highly sensitive 
detection of low-concentration targets, particularly in the en- 
zyme catalysis of the imaging analysis of diagnostic applica- 
tions [ 49 , 50 ]. Thus, following the successful construction of 
Co-G4A / H with high efficiency and a ready-made assembly,
we investigated its catalytic capabilities in localized droplets 
and anticipated its potential in localized catalytic applications 
at interfaces. DNAzymes with ADHP substrates and H 2 O 2 

were separately introduced into the microfluidic chip through 

distinct channels, resulting in the formation of water-in-oil 
droplets containing a DNAzyme catalytic system, generat- 
ing digital out-of-fluorescence signals for the analysis of the 
DNAzyme catalytic capability in localized droplets in the or- 
der of microliters (Fig. 4 A). 

To assess the catalytic activity of Co-G4N / H in local- 
ized droplets, we comparatively analyzed Co-G4A / H3, Co- 
G4 / H3, C-G4 / H, and the natural protease HRP. Based on 

the hemin cofactor quantification, the DNAzyme concentra- 
tion was 9 nM when HRP was 0.4 μg / ml, and we contin- 
ued to use this enzyme concentration in the droplet system.
After incubating the enzyme-catalyzed droplets at RT for 5 

min, they were observed in the microfluidic chip observation 

cell (Fig. 4 B). The fluorescence intensity of Co-G4 / H3 signif- 
icantly exceeded that of noncovalent C-G4 / H, with adenine- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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Figure 4 ( A ) Schematics of the Co-G4A / H nucleic mimic enzyme-catalyzed system in localized droplets. Fluorescence imaging analysis ( B ) and 
fluorescence quantitative analysis ( C ) of C-G4 / H, Co-G4 / H3, Co-G4A / H, and HRP-catalyzed droplets in the microfluidic chip observing groove by 
incubating at RT after 5 min. Optimization of Co-G4A / H3 liquid drop catalytic system at ( D ) substrate ADHP concentration, ( E ) H 2 O 2 concentration, ( F ) 
buffer pH, and ( G ) incubation time at RT. Fluorescence imaging analysis ( H ) and fluorescence quantitative analysis ( I ) of enzyme concentration gradients. 
T he enzyme-catalyz ed droplets w ere collected in a test tube and incubated at R T f or 6 h. Scale bar: 250 μm. T he error bars represent the standard 
deviation of three independent experiments. 
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odified Co-G4A / H3 exhibiting a catalytic capacity compa-
able to HRP. These findings were further supported by the
uorescence quantification results obtained using ImageJ (Fig.
 C), indicating that Co-G4A / H3 exhibited a catalytic capac-
ty similar to that of HRP in droplets. 

For further investigation, we optimized four key experimen-
al factors (substrate ADHP concentration, H 2 O 2 concentra-
ion, reaction time, and buffer pH) to enhance the enzymatic
ctivity. The results indicated that the optimal substrate con-
centration for Co-G4A / H3 catalysis in the droplet was 10 μM
(Fig. 4 D), and the H 2 O 2 concentration was 10 mM (Fig. 4 E).
Figure 4 F shows that the signal-to-noise ratio reached its max-
imum when the enzyme-catalyzed droplet was incubated for
5 min at RT for detection, with a gradual decrease with an
increase in the incubation time. The buffer pH of the droplet
system may impact droplet stability and subsequently affect
the Co-G4A / H3 catalysis. As shown in Fig. 4 G, the highest
signal-to-noise ratio of Co-G4A / H3 catalysis was achieved at
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a buffer pH of 7. The corresponding fluorescence imaging of
the droplets is shown in Supplementary Fig. S14 . 

Based on the optimized enzymatic reaction conditions,
we investigated the minimum catalytic concentration of Co-
G4A / H and HRP in the optimal droplet system. Considering
the volatility of HFE-7500 and the slow enzymatic reaction
rate at a low enzyme concentration, we collected the gener-
ated droplets using a centrifuge tube and transferred them
onto a slide to observe them and obtain images. As shown in
Fig. 4 H, naked-eye observation revealed that the fluorescent
droplets catalyzed by Co-G4A / H3, C-G4 / H, and HRP were
distinguishable from the background. Fluorescence quantifi-
cation was conducted using the ImageJ for comparison (Fig.
4 I). The results showed that Co-G4A / H3 and HRP were dis-
tinguishable from the background at a minimal concentra-
tion of 9 pM, whereas traditional C-G4 / H required 900 pM,
demonstrating that the covalent linkage Co-G4A / H3 exhib-
ited a catalytic ability comparable to that of HRP in such lo-
calized droplets. The efficient localized catalytic capability of
Co-G4A / H3 indicates its potential for highly sensitive imag-
ing applications with low-abundance targets at interfaces. 

Practical applications of Co-G4N / H in in situ 

imaging 

As a crucial protein marker in breast cancer, the accurate as-
sessment of HER2 protein expression is essential for clinical
management and prognostic prediction in patients [ 36 ]. Given
the enhanced catalytic capability of Co-G4A / H and its DNA
programmability, we integrated Co-G4A / H with PER isother-
mal amplification for HER2 protein in situ imaging. The PER
is an emerging isothermal amplification technology that can
efficiently amplify long single-stranded DNA with a specific
sequence under the catalysis of DNA polymerase [ 51 ]. Re-
cently, it has been applied in the field of biosensing, demon-
strating its potential for advancing molecular detection meth-
ods. Here, the HER2 protein was initially identified using the
HER2-apt probe comprising a HER2 aptamer and PER se-
quence. A long single strand with a specific sequence generated
by PER amplification was subsequently introduced, followed
by incubation with the Co-G4A / H probe. The highly sensitive
in situ imaging of the HER2 protein was achieved through cat-
alytic fluorescent tyramine deposition on the cell surface. To
enhance sensitivity, we explored the efficacy of two-branch
PER amplification, specifically PER-B1 and PER-B2. A con-
trol system using Fluor-488 fluorescent and C-G4A / H probes
combined with PER and HRP-based tyramine signal amplifi-
cation strategy (TSA) catalysis was developed for the assay. 

The PER amplification efficiency was confirmed through
PAGE validation, demonstrating the feasibility of PER and
the two-branch PER ( Supplementary Fig. S15 ). We assessed
the catalytic capability of Co-G4A / H-PER amplification in
a 96-well plate. HER2 mRNA functioned as the target, and
the Co-G4A / H-PER catalytic system was introduced to val-
idate the signal output ability of the Co-G4A / H-PER probe
by catalyzing the ADHP / H 2 O 2 substrate. Fluor-488-PER
and C-G4A / H-PER probes were used as controls. The re-
sults demonstrated evident fluorescence signals from the three
groups of signal probes following hybridization, confirming
the successful hybridization of the PER amplification prod-
uct with the signal probe ( Supplementary Fig. S16 ). Regard-
ing catalytic activity, the Co-G4A / H-PER probe exhibited a
lower detection limit compared with the control Fluor-488- 
PER and C-G4A / H-PER groups (0.61 nM versus 1.63 and 

2 nM), suggesting its promising application potential for the 
imaging detection of the HER2 protein. 

The aforementioned results have demonstrated the feasi- 
bility of a Co-G4A / H-PER-based HER2 protein in situ de- 
tection strategy, which was further validated on the cell sur- 
face. SKBR3 cells with positive HER2 expression were used 

as a model, and the fluorescence images of the cells were cap- 
tured using an inverted fluorescence microscope. Aptamer se- 
quences targeting the HER2 protein were initially screened.
As shown in Supplementary Fig. S17 A, the aptamer 2 se- 
quence yielded a complete and robust fluorescence signal and 

was consequently selected as the final aptamer sequence in 

this study. We optimized the tyramine fluorescent substrate 
and H 2 O 2 concentration in the catalytic system, determining 
that the optimal ratio and concentration of the tyramine sub- 
strate (Tyr-488) and H 2 O 2 were 1:200 and 0.03%, respec- 
tively ( Supplementary Fig. S17 B and C). 

Under optimal experimental conditions, we developed a 
highly sensitive imaging detection strategy based on Co- 
G4A / H-PER to visualize SKBR3 cells (Fig. 5 A). The profi- 
ciency test of PER and its two-branch PER on SKBR3 cell sur- 
face imaging detection was conducted. Fluor-488-PER and C- 
G4A / H-PER systems were employed as controls. As shown in 

the fluorescence imaging figure and the quantified fluorescence 
values obtained using ImageJ (Fig. 5 B and C), the fluorescence 
signals of the three systems were enhanced with an increase in 

the PER branches, with Co-G4A / H-PER exhibiting the high- 
est signal intensity at each level. The secondary branch signal 
enhancement of Fluor-488-PER was minimal, possibly due to 

potential quenching effects from fluorescent probe stacking 
commonly observed in DNA assembly. Compared with com- 
mercial HRP-based TSA kits, Co-G4A / H-PER consistently 
demonstrated superior signal amplification attributed to ef- 
ficient Co-G4A / H combination and isothermal amplification 

technology, confirming the efficacy of the proposed strategy. 
Finally, to validate the feasibility of this approach, SKBR3 

cells were used as a positive cell model while HER2-negative 
MDA-MB-231 and MCF-7 cells with low HER2 expression 

functioned as controls. No discernible fluorescence signal was 
detected in MDA-MB-231 or MCF-7 cells; however, a solid 

green fluorescence signal was observed on the surface of 
SKBR3 cells with high HER2 expression (Fig. 5 D). Flow cy- 
tometry experiments confirmed these observations (Fig. 5 E),
demonstrating the viability and specificity of the Co-G4A / H- 
PER-based in situ protein detection strategy for cell surface 
HER2 protein detection. 

We validated the proposed strategy using 16 clinical FFPE 

breast cancer samples to assess its clinical applicability. All 
the samples underwent initial semi-quantitative analysis for 
HER2 protein via clinical IHC and were categorized into 

HER2 3+, HER2 2+, HER2 1+, and HER2 negative (HER2 

0) four subgroups (four cases of each) based on the Amer- 
ican Society of Clinical Oncology scoring system and IHC 

staining results. The HER2 protein expression of the spec- 
imens was assessed using the highly efficient Co-G4A / H- 
PER in situ detection strategy (Fig. 6 A). First, sodium do- 
decyl sulfate–polyacrylamide gel electrophoresis experiments 
confirmed the successful conjugation of the antibodies and 

oligonucleotide sequences ( Supplementary Fig. S18 ). In Fig.
6 B and Supplementary Fig. S19 , the green fluorescence in the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf227#supplementary-data
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Figure 5 ( A ) Schematic of Co-G4A / H-PER system (a) and HRP-based TSA (b) catalyzing the substrate tyramine-fluorophore for the sensitive detection of 
HER2 protein on breast cancer cells. ( B ) Fluorescence imaging and ( C ) quantification of SKBR-3 breast cancer cells using the Fluor-488-PER, 
C-G4A / H-PER, and Co-G4A / H-PER systems by ImageJ. ( D ) Fluorescence imaging of SKBR-3, MCF-7, and MDA-MB-231 cells using the Co-G4A / H-PER 

system. Scale bar: 25 μm. ( E ) Flow cytometric analysis of (a) blank control, (b) MDA-MB-231, (c) MCF-7, and (d) SKBR-3 cells using the Co-G4A / H-PER 

system. 
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issue samples gradually increased with increased levels of
ER2 expression, consistent with the IHC findings. Promi-

ent green fluorescence was observed in tissues with high ex-
ression of HER2 (HER2 3+ and HER2 2+), whereas only
eak green fluorescence was detected in tissues with low ex-
ression of HER2 (HER2 1+ and HER2 negative). Using the
roposed approach, we achieved an accurate grading of HER2
rotein expression through fluorescence (Fig. 6 C), consistent
ith the IHC results (all quantified using ImageJ) (Fig. 6 D).
hese findings show that the Co-G4A / H-PER-based strategy

or detecting HER2 protein exhibits strong specificity and fea-
ibility when applied to clinical samples, thereby facilitating
recise molecular tumor typing and targeted therapy. 
 

Discussion 

Based on our previous research and the existing literature, the
positioning and proximity of the key core modules in the cat-
alytic active center of G4 DNAzymes are crucial in enhanc-
ing catalytic efficiency. These core modules include the hemin
cofactor, backbone G4 sequence, and nucleotide ligand. Nei-
ther the traditional weak π–π stacking of C-G4 / H nor the
zippered hybridization of Z-G4 / H can lead to intermolecu-
lar assemblies between the core modules. Consequently, they
cannot establish a more tightly integrated catalytic active cen-
ter for enhanced catalytic capacity or acting as readily avail-
able catalytic modules for practical applications. Thus, to en-
hance the catalytic capability and address the limitations as-
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Figure 6 ( A ) Schematic of the Co-G4A / H-PER system catalyzing the substrate tyramine-488 for the sensitive detection of HER2 protein on the FFPE 
sample of patients with breast cancer. ( B ) Fluorescence, IHC, and HE imaging of HER2 protein quantitative grading on an FFPE sample of patients of 
breast cancer using a Co-G4A / H-PER system. ( C ) Spearman’s rank correlation coefficient analysis between HER2 protein quantitative grading and the 
fluorescence quantification value by ImageJ from fluorescence imaging. ( D ) Spearman’s rank correlation coefficient analysis between Co-G4A / H-PER 

and the IHC mean value. Scale bar: 25 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sociated with assembly requirements, this study focused on
the covalent linkage of the hemin, ligand nucleotide, and G4
structure through amide reaction to develop a compact and
efficient intramolecular covalent G4 DNAzyme (Co-G4N / H).
Through designing a series of Co-G4N / H with different mod-
ification positions of hemin, diverse types and positions of
nucleotide modifications, and various G4 topologies, we in-
vestigated the catalytic performance and established general
rules for the efficient assembly of Co-G4N / H. The study find-
ings demonstrate that the (i) covalent attachment of hemin
ligands to adenine- or cytosine-modified G4 ends can enhance
the proximity of the G4 DNAzyme core modules, promoting
the formation of more G4 DNAzyme structures and facilitat-
ing higher electron transfer rates during catalytic reactions,
thereby enhancing the activity of G4 DNAzymes. (ii) Adenine
or cytosine modifications near the active site may mimic the
effect of His42 in enhancing the catalytic activity of HRP and
augment the catalytic capability of Co-G4N / H. The location
and distance of nucleotide ligands in the active center of G4
DNAzymes affect its catalytic ability, with shorter distances to
the active center are correlated with more robust catalytic ca-
pabilities. (iii) Compared with C-G4 / H, Co-G4N / H exhibits
reduced dependence on metal ions and does not require an
further assembly steps; thus, it is advantageous in complex
environments in the pre-assembled form. 

The Co-G4A / H3 catalyst with superior performance was
employed in the localized environments to investigate its
catalytic activity and potential for confined-space catalysis,
 

demonstrating an efficacy comparable to that of HRP in 

the droplet-based system. Moreover, G4 DNAzyme exhibits 
higher thermal stability and a broader pH tolerance range 
compared with HRP [ 13 ]. Additionally, its DNA programma- 
bility endows it with extensive application potential in molec- 
ular diagnostics and various tasks, including isothermal am- 
plification and IHC. Therefore, we harnessed the high cat- 
alytic efficiency and DNA programmability of Co-G4A / H3,
integrating it with PER isothermal amplification technology 
to enable the in situ imaging of HER2 protein in cells and 

tissues. Notably, the proposed approach enabled the accurate 
grading of HER2 protein expression in clinical tissue samples,
exhibiting a high degree of concordance with conventional 
clinical IHC technology. The highly efficient and ready-made 
catalytic signal reporting element Co-G4N / H showed excel- 
lent potential for clinical application in imaging analysis. This 
study provides a fresh perspective for investigating the cat- 
alytic capacity of G4 / hemin DNAzymes, offering a practical 
detection tool for identifying low-abundance markers in clin- 
ical settings. 
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