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Abstract

The detection of RASSF1A (Ras-associated domain family 1 isoform A) promoter methyl-
ation in body fluids can offer a powerful tool for the early diagnosis of bladder cancer.
Zinc finger proteins (ZFPs) serve as sequence-specific recognition elements for targeting
double-stranded DNA sequences. Here, we report a cyclic olefin copolymer (COC) chip-
integrated ZFP array-based molecular sensor that bypasses the need for bisulfite conver-
sion and PCR amplification to recognize the specific site of DNA methylation in the
RASSF1A promoter. Building upon the SEER-LAC (SEquence-Enabled Reassembly of (3-
Lactamase) framework, we engineered a dual-recognition split-enzyme system in which
a COC chip-immobilized ZFP array confers sequence specificity while a co-recruited me-
thyl-binding domain (MBD) enforces methylation-dependent gating, together driving the
proximity-induced reconstitution of functional (3-lactamase at methylated target loci. Ac-
cordingly, this sensor specifically reassembles and restores enzymatic activity only in the
presence of specific methylated DNA in the RASSF1A promoter region. We demonstrate
that this dual-component array effectively differentiates methylation status with high
specificity. Given its rapid turnaround and non-PCR-based mechanism, this system can
be well-suited for developing diagnostic assays for bladder cancer, offering a potential
alternative to conventional epigenetic screening methods.

Keywords: zinc finger protein array; methyl-binding domain; mCpG detection; cyclic
olefin copolymer chip; RASSF1A hypermethylation; bladder cancer

1. Introduction

Cancer is one of the leading causes of death in the United States and is associated
with significant mortality and morbidity worldwide. Among various cancers, bladder
cancer is the fifth most common cancer, with an estimated 400,000 new cases annually
worldwide and 212,546 deaths in 2020 [1]. One of the distinctive features of bladder cancer
is that 70-80% of newly diagnosed cases are non-invasive (no muscle invasion), and ap-
proximately 50% of them recur, accompanied by an advanced stage of disease and poor
prognosis [2,3]. Bladder cancers will then need recurrence monitoring with repeated urine
cytology, a standard invasive diagnostic method [3]. However, the gold-standard inva-
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sive method has significant limitations, especially for detecting low-grade tumors, be-
cause it is costly and often uncomfortable for patients [4-7]. These limitations highlight
the need for new approaches to bladder cancer detection and progression with reliable,
non-invasive biomarkers that can be detected in liquid biopsies such as urine, and that
may improve the early detection and monitoring of bladder cancer [7].

Among the molecular alterations associated with bladder carcinogenesis, epigenetic
changes have attracted considerable attention because they frequently occur at an early
stage of tumor development [8]. In particular, aberrant DNA methylation within CpG is-
lands in gene promoter regions is a well-established mechanism of transcriptional silenc-
ing in cancer [9]. Such methylation-mediated inactivation is especially relevant for tumor
suppressor genes, which normally regulate cell-cycle progression, apoptosis, and genomic
stability [9]. RASSF1A (Ras-associated domain family 1 isoform A) is a well-characterized
tumor suppressor gene that is frequently inactivated by promoter hypermethylation in
bladder cancer [7,10,11]. Because tumor-derived DNA is released into body fluids, detec-
tion of promoter-specific methylation in RASSF1A represents a promising strategy for the
non-invasive molecular diagnosis of bladder cancer.

Despite the diagnostic potential of DNA methylation markers, their routine clinical
application remains limited by the constraints of conventional analytical methods. Cur-
rent methods for the detection of DNA methylation biomarkers involve bisulfite treatment
where the cytosines in the DNA are converted to uracil residues, and the modified DNA
is used as a template in a real-time PCR [12]. The amplicons are treated with primers of
the known sequence to detect the presence of the biomarker of interest [13]. This is also
called combined bisulfite restriction analysis (CoBRA) and methylation-specific PCR
(MSP) [12,14], which are labor-intensive and time-consuming. Another major problem as-
sociated with bisulfite treatment is obtaining false-positive results due to incomplete bi-
sulfite treatment [15].

Recent advances in DNA-based biosensors have been driven by the integration of
diverse transduction modalities—including electrochemical, optical, electrochemilumi-
nescent, and photoelectrochemical platforms—with functional nanomaterials, which to-
gether enable multiplexed and point-of-care detection [16,17]. Nonetheless, translating
these hybrid systems into practical biosensing platforms remains challenging because of
difficulties in achieving reproducible DNA immobilization and the poor electrical con-
ductivity of certain nanomaterial supports [18], prompting the development of signal am-
plification strategies such as gold nanoparticle-assisted enhancement and the high DNA-
loading capacity of porous nanomaterials [19,20]. Despite these advances, achieving high
selectivity while maintaining simplified assay design and practical applicability remains
an important challenge.

To overcome these critical problems, a zinc finger protein (ZFP)-based DNA detec-
tion platform without chemical conversion or amplification can prove to be much more
useful and efficient, because it is a rapid and non-PCR-based technique for the detection
of the desired sequences of dsDNA with high specificity [21]. The Cys2-His2 zinc finger
(ZF) domain is one of the most prevalent DNA-binding modules in eukaryotic genomes;
each ~30-amino-acid unit folds into a B« architecture stabilized by the tetrahedral coor-
dination of zinc via two conserved cysteine and two histidine residues, augmented by
hydrophobic core packing [22,23]. Each ZF is capable of detecting three nucleotides in the
major groove of the double-stranded (ds) DNA [24]. Modular assembly enables the effi-
cient construction of a tandem array of multi-fingers [25,26]. Critically, a ZFP array com-
prising six Cys2-His2 fingers engages a contiguous 18-nucleotide recognition sequence —
a binding footprint that exceeds the theoretical minimum required for unique genomic
addressability, thereby enabling unambiguous locus-specific targeting within the
RASSF1A promoter region without cross-reactivity. We previously demonstrated the util-
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ity of a ZFP array integrated with the SEER-LAC (SEquence Enabled Reassembly of [3-
Lactamase) system, a split-protein reporter platform in which signal generation depends
on target-guided reassembly [21]. This architecture offers a useful framework for se-
quence-specific DNA detection without PCR amplification. The specific sequences of
dsDNA were detected by ZFPs with high specificity and selectivity [21].

For application to epigenetic cancer diagnostics, a methyl-binding domain (MBD),
which selectively recognizes methylated CpG sites in dsDNA, must be incorporated.
Thus, combining sequence-specific recognition by a ZFP array with methylation-sensitive
binding by a MBD would enable the development of a dual-recognition biosensing plat-
form for promoter-specific methylation analysis. In this design, the ZFP array anchors the
system to the target RASSF1A promoter sequence, while the MBD simultaneously inter-
rogates the methylation status of the bound DNA. As the primary capture element of the
dual-recognition sensing platform, engineered ZFPs are immobilized on a cyclic olefin
copolymer (COC) chip—a thermoplastic substrate offering negligible autofluorescence,
high optical transmittance, and manufacturing scalability —thereby establishing a solid-
phase interface at which sequence-specific target capture, methylation interrogation, and
proximity-dependent (3-lactamase reassembly are spatially co-localized.

In the present study, we developed a rapid, non-PCR-based detection platform using
an engineered ZFP/MBD array on the COC chip to identify methylated DNA within the
promoter region of RASSF1A associated with bladder cancer. Our results demonstrate
that the ZFP array, in combination with MBDs, can distinguish methylated from non-
methylated RASSF1A DNA with promoter specificity. These findings have two important
implications. First, they support the feasibility of a rapid epigenetic detection strategy that
avoids the technical limitations associated with conventional bisulfite-PCR-based assays.
Second, they provide a targeted framework for the non-invasive detection of bladder can-
cer—related methylation biomarkers, supporting the broader development of molecular
diagnostic approaches that may reduce reliance on invasive surveillance procedures.

2. Materials and Methods
2.1. Construction, Expression, and Purification of RASSF1A Zinc Finger Proteins (ZFPs)

All ZFPs were constructed using a modular assembly method utilizing the Barbas set
of modules in a modified Sp1C framework [26]. The DNA coding region for each ZFP was
commercially synthesized by Bio Basic (Amherst, NY, USA). Both ZFPs (RASSF1A 150
and RASSF1A 407) were subcloned between Xmal and HindIII restriction sites of pMAL-
c2X Lac A-stx2 236, replacing the C-terminal stx2-236 ZFP previously constructed. An N-
terminal maltose-binding protein tag was used as a purification tag. The reagents used for
protein purification were purchased from Sigma-Aldrich (St. Louis, MO, USA). Proteins
were expressed in E. coli BL21 (Invitrogen, Carlsbad, CA, USA) upon induction with 1
mM Isopropyl p-D-1-thiogalactopyranoside (IPTG) after the cell culture attained an ODeoo
of 0.6-0.8 for 3 h at 37 °C. Cell pellets were resuspended in Zinc buffer A (ZBA: 10 mM
Tris base, 90 mM KCl, 1 mM MgCl> 100 uM ZnCl: at pH 7.5) + 5 mM dithiothreitol (DTT)
and 50 pg RNase A. After sonication, soluble proteins in the cell lysate were passed
through an amylose resin column equilibrated with ZBA+ 5 mM DTT. The column was
washed twice with 2 M NaCl in ZBA and ZBA + 1 mM tris(2-carboxyethyl) phosphine
(TCEP), respectively. The proteins were eluted in 10 mM maltose + 1 mM TCEP in ZBA.
The purity and molecular weight of the eluted ZFPs were assessed using sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentration was an-
alyzed with the Bradford assay. Proteins were stored in ZBA + 1 mM TCEP solution at 4
°C until use.
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2.2. Construction, Expression, and Purification of Methyl-Binding Domain (MBD)

The DNA coding regions for MBD1 and MBD2 were commercially synthesized from
Bio Basic. Both MBD1 and MBD2 were subcloned between Agel and BamHI sites of
PMAL-c2X stx2-233-LacB, replacing the N-terminal stx2-233 ZFP. An N-terminal maltose-
binding protein was used as a purification tag. Proteins were expressed and purified as
ZFPs.

2.3. Fabrication of the COC Chip

COC chips (TOPAS® 5013-5, Topas Advanced Polymers, Florence, KY, USA) were
fabricated by injection molding as previously described in our previous publication [27].
Briefly, polished COC disks (1 mm thickness and 76.2 mm diameter) were produced and
patterned with circular reaction sites (7 mm diameter, 9 mm center-to-center spacing) cor-
responding to the layout of a standard 96-well microplate (Figure 1A). Before use, the
chips were incubated in phosphate-buffered saline (PBS) for 15-45 min, air-dried, and the
masking tape was removed prior to surface functionalization.
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Figure 1. (A) The image of the COC spotted array chip. (B) Schematic representation of the ZFP-
MBD sensing array on a COC chip. The capture probe (LacA-ZFP) is immobilized on the COC sur-
face to recognize a specific target site on the double-stranded DNA. The detection probe (MBD-
LacB) selectively binds to methylated CpG sites adjacent to the ZFP target sequence. This dual-
binding event brings the split-enzyme fragments, LacA and LacB, into proximity, facilitating the
functional reassembly of B-lactamase. The restored B-lactamase activity is subsequently quantified

via colorimetric substrate hydrolysis, resulting in a color change from yellow to red.

2.4. ZFP Array and DNA Binding

DNA oligonucleotides were annealed as follows. Complementary pairs of forward
and reverse oligonucleotides were prepared by heating at 95 °C for 10 min, slowly cooled
down to 55 °C at a rate of 1 °C per 40 s, and then incubated for 15 min at 55 °C. Subse-
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quently, the oligonucleotides were cooled to 4 °C at a rate of 1 °C per 40 s to form the
double-stranded DNA. The sequences of oligonucleotides are provided in Figure S1 of the
Supplementary Information.

ZFP immobilization and reaction area were confined by placing a silicone gasket
(Grace Bio-Labs, Bend, OR, USA) with a diameter of 6 mm and a well depth of 1 mm onto
the COC surface before arraying ZFPs. 5 uL of purified Lac A-ZFP RASSF1A at a concen-
tration of 2.5 UM was immobilized on the COC surface and incubated for 40 min until dry.
10 uL of DNA at different concentrations was added to different wells and allowed to bind
to the ZFP for 20 min. The gasket was removed before washing the slide with 50 mM KCl
in ZBA, followed by 0.05% Tween-20 in ZBA. 10 pL of purified MBD-Lac B was added to
the ZFP array and incubated for 20 min to allow for binding methylated DNA that was
complexed with LacA-ZFP RASSF1A. The slide was washed with ZBA + 50 mM KCl and
ZBA +0.05% Tween-20, followed by air-drying. After placing the slide onto a 96-well plate
and aligning the arrays with the wells, 20 UL of 1 mM nitrocefin (Calbiochem, San Diego,
CA, USA) was added immediately to the ZFP array before monitoring the absorbance at
486 nm in a microplate reader (Molecular Devices, Sunnyvale, CA, USA). All experiments
were repeated in triplicate, and the results are presented as the mean + standard deviation
(SD).

2.5. Electrophoretic Mobility Shift Assay (EMSA)

EMSA experiments were performed as previously described by our group [28].
Briefly, biotin-labeled double-stranded DNA targets were incubated with purified ZFPs
in ZFP binding buffer for 1.5 h at room temperature. DNA-protein complexes were re-
solved on 10% native polyacrylamide gels, transferred to nylon membranes, UV cross-
linked, and detected using the LightShift™ Chemiluminescent EMSA Kit (Pierce, Rock-
ford, IL, USA). Images were acquired using an Alphalmager HP imaging system (Protein-
Simple, San Jose, CA, USA).

3. Results and Discussion
3.1. ZFP Array on the COC Chip

Conventional methods for DNA methylation analysis, including methylation-spe-
cific PCR (MSP) and other bisulfite-based assays, offer high analytical sensitivity but re-
quire bisulfite conversion and PCR amplification [29,30]. These procedures increase assay
complexity and may introduce DNA degradation, incomplete bisulfite conversion, ampli-
fication bias, and contamination-related errors, particularly when analyzing limited or
fragmented DNA samples [29,30]. To address these limitations, we developed a PCR- and
bisulfite-free sensing platform based on the combined use of ZFPs and MBDs integrated
into a COC chip. Unlike MSP and bisulfite-based methods, the proposed platform directly
recognizes native double-stranded DNA through simultaneous sequence-specific and
methylation-specific binding without chemical conversion or enzymatic amplification.
This dual-recognition strategy simplifies the analytical workflow, preserves native DNA
integrity, and provides a promising foundation for rapid epigenetic analysis and future
point-of-care cancer diagnostics.

As shown in the schematic representation (Figure 1B), our detection strategy is based
on a bipartite recognition logic: the ZFP anchors the specific genetic sequence, while the
MBD acts as an epigenetic sensor. In the presence of the methylated RASSF1A promoter,
both domains are localized to the same DNA fragment, triggering the reassembly of LacA
and LacB enzymatic fragments. For unmethylated DNA, the lack of MBD affinity leads to
its dissociation during washing, thereby providing a clear distinction between methylated
and unmethylated epigenetic profiles through a significant differential in signal intensity.
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The mCpG-SEER-Lac platform operates through a multi-layered molecular detection
strategy in which signal generation is contingent upon the simultaneous fulfillment of
three independent recognition criteria. First, the ZFP module confers sequence specificity
by selectively binding to the defined target sequence within the RASSF1A promoter re-
gion, thereby anchoring the biosensor complex to the correct DNA locus. Second, the MBD
provides epigenetic specificity by recognizing and engaging mCpG dinucleotides at the
target site; this architecture spatially pre-orients the MBD in proximity to the methylated
CpG locus, thereby lowering the energy barrier for target engagement [31] and enhancing
overall epigenetic recognition efficiency. Third, spatial and geometric specificity is im-
posed by the strict helical phasing requirement of the split-B-lactamase fragments (LacA
and LacB), wherein correct rotational alignment—governed by the 36°/bp displacement
of B-form DNA —is a prerequisite for enzymatic reconstitution and downstream signal
output.

The analytical sensitivity and the ability to discriminate between methylated and un-
methylated DNA can be influenced by binding kinetics and washing stringency. By im-
mobilizing the ZFP onto the cyclic olefin copolymer (COC) chip via hydrophobic interac-
tions, we ensured the structural accessibility of the protein domains for target capture.
The drying step in ZFP immobilization follows the protocol used in our previous SEER-
LAC-based ZFP array studies on PEG hydrogel slides and COC chips [21,27]. In both
studies, immobilized ZFPs retained sequence-specific DNA-binding activity after drying,
as demonstrated by dose-dependent detection signals comparable to those reported for
engineered ZFPs. Because signal generation in the present system requires sequence-spe-
cific DNA binding by the immobilized ZFPs to reconstitute split 3-lactamase activity, the
strong and specific colorimetric responses observed here provide functional evidence that
the surface-drying step did not significantly compromise probe bioactivity. The optimized
incubation period facilitates robust protein-DNA recognition, while subsequent washing
steps effectively eliminate non-specific, unbound DNA molecules. This selective enrich-
ment of target DNA on the sensor surface creates a high-fidelity interface, providing a
well-defined platform for the subsequent recruitment of the MBD to the methylated CpG
sites.

Cyclic olefin copolymer (COC) has emerged as a material of choice for lab-on-a-chip
applications, owing to a compelling combination of optical, chemical, and fabrication
properties [32,33]. COC exhibits exceptional optical transparency across a broad spec-
trum, from the UV (~240 nm) through the visible range, coupled with inherently low au-
tofluorescence [32-34]. Its high light transmittance (>90%) renders it functionally compa-
rable to glass, yet it retains the processing flexibility of a thermoplastic, enabling cost-
effective, high-throughput manufacturing via hot embossing or injection molding with
feature resolution down to the micrometer scale [33,34]. From a chemical standpoint, COC
demonstrates excellent resistance to a wide range of aqueous solutions, acids, and polar
organic solvents [33]. Crucially for biological applications, COC is biocompatible and ex-
hibits low non-specific protein adsorption, thereby preserving the reliability and sensitiv-
ity of on-chip biochemical assays [34,35]. Taken together, these attributes make COC an
ideal substrate for constructing robust, disposable, and optically transparent microfluidic
platforms intended for molecular diagnostics, nucleic acid analysis, and point-of-care ap-
plications [33]. In this study, the COC chip was fabricated to serve as the substrate surface
on which LacA-ZFP was deposited within a confined area of a silicone gasket on the chip.

Both ZFP RASSF1A 150 and 407 are engineered to recognize specific sequences in the
RASSF1A promoter region. With three GNN-targeting zinc finger recognition modules, a
tripartite recognition mode is distributed across the 18 bp cognate DNA sequence (Table
1). The binding affinity (Ki) of ZFP RASSF1A 407 was determined to be 4.7 nM, whereas
that of ZFP RASSF1A 150 was 253.1 nM based on the Electrophoretic Mobility Shift Assay
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(EMSA) (Supplementary Information). This can be attributed to all three GNN domains
of ZFP RASSF1A 407 being strong binders within the Ka of 1~2 nM [23], exhibiting strong
binding affinity for their respective target DNA sequences.

Table 1. Sequences of zinc finger recognition modules and their corresponding 3 bp DNA subsites,

and the Ku values of zinc finger proteins.

ZFP Finger 6 Finger 5 Finger 4 Finger 3 Finger 2 Finger1 Ka(nM)
Target site GGA AGG AAG GGC AAG 2531
RASSF1A150 RSDNLVR  DPGHLVR  RSDHLTN  RKDNLKN DPGHLVR RKDNLKN
Target site CTG CGG GAG CTG GCA A7

RASSF1A 407 RSDNLVR RNDALTE RSDKLTE RSDNLVR RNDALTE QSGDLRR

3.2. Detection of Methylated CpG and Target Sites

When LacA-ZFP RASSF1A 150 binds the 18 bp target site and MBD1-LacB recognizes
the methylated site simultaneously, that triggers the reassembly of the enzymatic frag-
ments of LacA and LacB, which generates the color response from yellow to red in the
enzymatic assay upon hydrolysis of the colorimetric substrate. In contrast, the signal
change was significantly lower when incubated with the unmethylated DNA, as shown
in Figure 2. This result demonstrates that both MBD1 and MBD2 were able to selectively
recognize the methylated site. The analytical performance of the ZFP-MBD biosensor
demonstrated robust capacity for epigenetic discrimination, yielding a significantly ele-
vated signal in the presence of methylated RASSF1A promoter DNA compared to its un-
methylated counterpart. This high signal intensity is attributed to the synergistic dual-
recognition mechanism; the immobilized ZFP capture probe ensures sequence-specific
tethering of the target DNA to the COC chip surface, while the MBD-linked detection
probe selectively targets the methylated CpG motifs. Conversely, the minimal signal ob-
served with unmethylated DNA highlights the exquisite specificity of the MBD, which
would remain in the solution phase in the absence of methyl groups, thereby preventing
the enzymatic reconstruction of LacA and LacB. This contrast in signal output confirms
that our platform can effectively ‘gate’ the detection process, ensuring that the presence
of the target sequence alone is insufficient for signal generation without the requisite epi-
genetic modification. The substantial signal divergence between methylated and un-
methylated templates further underscores the platform’s high analytical specificity for de-
tecting epigenetic modifications.

As shown in Figures 2 and 3, the data also show a dose-dependent signal for the
methylated target. A linear regression of the tested concentrations yielded an R? value of
0.98 (y =7.31logio x + 62.8). A concentration-dependent signal was observed over the tested
concentration range. Because this study was designed as a proof-of-concept using three
target concentrations, the analytical working range has not yet been comprehensively es-
tablished and will be investigated in future studies. Future studies will focus on improv-
ing analytical sensitivity through optimization of protein immobilization, microfluidic de-
sign, and signal transduction, to extend the platform toward clinically relevant diagnostic
applications.

While our platform currently demonstrates a dynamic range of 10-250 nM, we rec-
ognize that tumor-derived cfDNA biomarkers in clinical urine samples are often present
at substantially lower concentrations, creating a sensitivity gap for future clinical transla-
tion. However, this comparison warrants caution, as many amplification-free biosensors
achieve femtomolar-to-attomolar sensitivity mainly under simplified buffer conditions ra-
ther than complex biological matrices [36,37], and PCR-based platforms such as CRISPR-
Casl3a assays reach attomolar sensitivity only with an obligatory pre-amplification step,
indicating that such sensitivity reflects amplification efficiency rather than intrinsic detec-
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tion chemistry [38]. To narrow this gap while preserving the PCR-free nature of our assay,
future work will explore amplification-free signal-enhancement strategies, such as
nanostructured electrodes and enzyme-mediated catalytic amplification, to improve the
limit of detection without compromising simplicity or turnaround time.
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Figure 2. Detection of methylated CpG and target sites by (A) MBD1-ZFP RASSF1A 150 and (B)
MBD2-ZFP RASSF1A 407 at different DNA concentrations of 250, 50, and 10 nM.
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Figure 3. (A) Effect of inter-ligand spacing (2 bp vs. 3 bp) on the co-localization of MBD1 and ZFP
RASSF1A on methylated DNA templates. (B) Comparative analysis of MBD1- and MBD2-mediated
reassembly efficiency in the presence of ZFP RASSF1A 150.

3.3. Spatial Alignment of Dual-Recognition Modules on Target DNA

We investigated the effect of helical phasing by adjusting the base-pair interval be-
tween the primary recognition sites. Porter et al. evaluated the effect of distance and prox-
imity of the mCpG-SEER system using a series of DNA targets with different spacing be-
tween the mCpG and Zif268 binding sites in the range of 0~13 bps [39]. They found that
the 2 bp spacing between the mCpG and ZFP target site resulted in the maximum relative
signal [39]. Building upon this finding, two oligonucleotides with different nucleotide in-
tervals between the mCpG and the ZF target site were used: one was positioned 2 bp
apart, and the other was 3 bp apart. The 3 bp spacing was included to provide slightly
more spacing for better accommodation of a larger protein because our ZFP is a six-finger,
which is bigger than the size of a three-finger Zif268. The experimental data in Figure 3A
reveal that a 2 bp interval provides higher reassembly efficiency than a 3 bp spacing. This
suggests that the 2 bp configuration positions the ZFP and MBD in a spatial orientation
that optimizes the encounter frequency of the LacA and LacB fragments. Due to the helical
nature of the DNA duplex, a single base-pair shift introduces a substantial rotational dis-
placement (approximately 36°) [40]. This topological shift would likely move the ZFP tar-
get site out of the “optimal window” for proximity-driven interaction, creating a geomet-
ric mismatch that may hinder the spontaneous association of the split-enzyme domains.

To facilitate the functional reassembly of the split-enzyme fragments of f-lactamase,
the assay architecture was designed to accommodate simultaneous occupancy of the DNA
major groove by both the MBD and ZFP. As shown in Figure 3A, the proximity-driven
reconstitution of B-lactamase can be dependent on the inter-ligand spacing. Optimal en-
zymatic activity was observed at a 2 bp interval between the mCpG and the ZFP target
sequence. Increasing this distance to 3 bp decreased the signal, suggesting that the in-
creased spatial separation exceeds the effective reach required for LacA and LacB interac-
tion. Furthermore, in the context of the 39 bp oligonucleotide, the reduced signal suggests
that the target sites may adopt unfavorable orientations —potentially sequestered within
the center of a DNA loop or at the distal ends of the major groove—thereby creating steric
or distance-related barriers to enzymatic reconstitution.

3.4. Efficiency of MBD1 and MBD?2

Selective recognition of methylated DNA by the MBD is mediated through conserved
arginine and tyrosine residues, which establish base-specific contacts with the mCpG di-
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nucleotide [31]. MBD1 and MBD2 both show binding to mammalian mCpG [41]. How-
ever, many other experiments also suggest that MBD1 and MBD2 show a higher prefer-
ence for mCpG than other methyl-binding proteins [42]. This was the reason for selecting
MBD1 and MBD2 proteins for our study. The efficiency of MBD1 and MBD2 proteins was
compared using ZFP RASSF1A 150 in the mCpG-SEER-Lac system. In Figure 3B, MBD1
showed more effective binding results in the mCpG-SEER-Lac system than MBD2. How-
ever, MBD2 was still able to recognize the methylated site, suggesting that in our system,
both MBD1 and MBD2 were capable of distinguishing methylated from non-methylated
sites. This result is supported by the study of Badran et al. [42], where different MBDs,
including MBD1 and MBD2, were compared to evaluate the global CpG methylation sta-
tus. In their study, MBD1 was identified as the most selective domain to discriminate be-
tween the mCpG site and its unmethylated counterpart, with MBD2 being the second
most sensitive one [42].

3.5. Influence of Target and mCpG Site Configuration on Signal Reassembly Efficiency

We postulate that positioning the ZFP target site on the antisense strand ensures that
both the sequence-specific anchor and the methylated cytosine (mC) are co-localized within
the DNA major groove. This spatial arrangement is a prerequisite for the functional reassem-
bly of LacA and LacB fragments. Conversely, a shift in orientation would likely sequester one
of the recognition motifs toward the minor groove, significantly increasing the inter-domain
distance and precluding enzymatic reconstitution. Furthermore, the length of the oligonucle-
otide may alter the helical phasing, potentially rotating the mCpG site out of the major groove.
This would physically obstruct MBD binding, as the protein’s conserved arginine residues
must access the major groove to establish critical bidentate hydrogen bonds and hydrophobic
interactions with the guanine base of the mCpG dinucleotide [43]. To ensure that the recogni-
tion elements were correctly oriented within the DNA major groove, we engineered a 39 bp
oligonucleotide with a 12 bp nonspecific leader sequence (Figure 4). Given that the helical
pitch of B-DNA is approximately 10.5 bp per turn, this leader sequence ensures that the sub-
sequent mCpG and antisense ZFP target sites are positioned on the accessible face of the dou-
ble helix. Our experimental results indicate that a 2 bp interval between these sites provides
relatively better reassembly efficiency compared to a 3 bp spacing. This suggests that the 2 bp
configuration minimizes the spatial separation between the LacA and LacB fragments, facili-
tating a more productive enzymatic reconstitution.

Major Groove

mC ‘
12345 6 7 8 91011121314 15 161718——>25
(Target site)

Major Groove

mC ‘
123456 7 8 91011121314 15 161718——>25
(Target site)

Figure 4. dsDNA oligonucleotides highlighting an 18 bp of the ZFP target site (blue) and a methyl-
ated CpG dinucleotide (red) with two (top) and three (bottom) bp spacing between the methylated

and target sites, respectively.
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3.6. Specificity of the CpG-SEER-Lac System

The analytical specificity of the ZFP RASSF1A 150 and 407 was evaluated within the
MBD1-paired biosensor framework. This analysis confirmed the system’s capacity to dis-
criminately recognize the target RASSF1A promoter sequence, ensuring that signal gen-
eration is strictly dependent on the high-affinity co-localization of both the sequence-spe-
cific ZFP and the methyl-specific MBD1 domain. As shown in Figure 5, incubation with
non-target DNA resulted in a significantly attenuated signal compared to the methylated
RASSF1A target. The inclusion of a methylated non-target DNA control demonstrates that
methylation alone does not produce a positive signal. The negligible response observed
for the methylated non-target sequence indicates that successful detection requires both
sequence-specific recognition by the ZFP and methylation-specific recognition by the
MBD, thereby supporting the proposed dual-recognition mechanism. This high degree of
specificity validates the engineered ZFP-MBD framework as a reliable tool for distinguish-
ing the target epigenetic biomarker from a complex genomic background.

1.2

0.8

0.6 -

0.4 |

Normalized value

0.2 | [

Target 150 Non-target Target 407 Non-target

Figure 5. The specificity of ZFPs RASSF1A 150 and 407 within the MBD1-paired biosensor frame-
work. The target sequence of ZFP150 was used as a non-target DNA for ZFP407 and vice versa.

4. Conclusions

In conclusion, the ZFP array with the mCpG SEER-Lac system on the COC chip pro-
vides an efficient sensing platform to detect a desired methylated DNA. Simultaneous
recognition by both MBD and ZFP serves as an excellent detector system that binds to the
specific methylated site on the target DNA [42]. Immobilization of the ZFP on the chip
and the washing step after incubation for DNA-ZFP binding allow elimination of un-
bound DNA molecules and availability of the ZFP-DNA complex. This enhances the ac-
cessibility of the MBD to methylated CpG dinucleotides, facilitating high-affinity epige-
netic recognition at the target locus. The ZFP array confers robust signal discrimination
between methylated and unmethylated DNA. Such results underscore the potential of this
assay as a PCR-free and bisulfite-independent diagnostic tool, capable of detecting epige-
netic biomarkers. Thus, compared with the microfluidic PCR chip, the proposed platform
offers direct, amplification-free recognition of methylated dsDNA without bisulfate con-
version, thereby simplifying the analytical workflow while providing simultaneous se-
quence- and methylation-specific detection.

Signal generation requires the simultaneous satisfaction of three molecular recogni-
tion requirements: correct DNA sequence, CpG methylation, and appropriate DNA heli-
cal geometry for proximity-dependent (-lactamase reassembly. Consequently, the plat-
form establishes a highly discriminative tool for epigenetic profiling of cancer-associated
promoter hypermethylation. In the future, we will establish a panel with multiple genes,
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such as RASSF1A, APC, and p14ARF that can serve as a highly reliable set of biomarkers to
detect bladder cancer. The insights garnered from the present methodology will inform a
subsequent study aiming at validating the platform’s performance in complex, real-world
biological matrices. Future efforts will focus on translating this biosensing architecture
into a fully integrated microfluidic device, with particular emphasis on optimizing assay
robustness, sample compatibility, and analytical throughput to meet the stringent require-
ments of clinical deployment.

Given the emerging approaches for defining the sequence preferences of DNA-bind-
ing proteins and the modular nature of the SEER architecture, the ZFP array with mCpG-
SEER-Lac offers a versatile platform for directly assessing promoter-specific DNA meth-
ylation on the chip. Accordingly, this method may enable the development of new diag-
nostic reagents to advance studies of epigenetic regulation and to support early cancer
detection
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