SSE biosensors

Article

A Guanine-Enhanced Graphene-DNA Paper-Based Sensing
Platform Enabling Sensitive Hg?* Detection

Zihao Wu !, Jingyan Li 1, Haixia Shi 2, Bing Xie 3** and Li Gao 1-5*

W) Check for updates

Received: 16 March 2026

Revised: 31 March 2026

Accepted: 4 April 2026

Published: 10 April 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 School of Life Sciences, Jiangsu University, Zhenjiang 212013, China; 2212317017@stmail.ujs.edu.cn (Z.W.);
2212517025@stmail.ujs.edu.cn (J.L.)

P. E. Department, Jiangsu University, Zhenjiang 212013, China; 1000004860@ujs.edu.cn

The Fourth Affiliated Hospital of Jiangsu University, Zhenjiang 212001, China

School of Medicine, Jiangsu University, Zhenjiang 212013, China

School of Life Sciences, Qinghai Normal University, Xining 810008, China

*  Correspondence: 1000004217@ujs.edu.cn (B.X.); gaoli@ujs.edu.cn (L.G.)

U W N

Abstract

Mercury ions (Hg?") are highly toxic and pose severe risks to human health and ecosystems,
necessitating sensitive detection methods for environmental monitoring. Here, we report a
paper-based graphene sensor functionalized with single-stranded DNA (ssDNA) probes
for Hg?* detection based on T-Hg?*-T coordination chemistry. To elucidate the effect
of probe structure on sensing performance, we designed DNA constructs with varying
numbers of guanine (G) bases (3-6, designated DNA2-DNADJ) in the bridging fragment
and systematically evaluated their influence on hairpin stability, Hg?* binding affinity,
and sensor response. The DNA3-based sensor (four G bases) exhibited optimal electronic
stability and sensitivity, achieving a detection limit of 0.673 pM with effective real-time
monitoring capability in aqueous media. These findings highlight the critical role of
DNA sequence design in T-Hg?*-T-based biosensors and provide a promising strategy for
sensitive and selective Hg?* detection in environmental samples.
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1. Introduction

Mercury, particularly in its ionic form (Hg?*),

is recognized as one of the most haz-
ardous heavy metal pollutants globally, presenting a persistent and serious threat to aquatic
ecosystems and human health. Its toxicity is characterized by potent biological effects,
as Hg?* can enter the human body via drinking water or the aquatic food chain, causing
irreversible damage to the central nervous system and kidneys. This may result in cogni-
tive deficits, motor dysfunction, and even mortality. Consequently, mercury pollution has
emerged as a major global public health and environmental concern, prompting stringent
regulatory limits from national and international authorities. For instance, the United States
Environmental Protection Agency has established a maximum contaminant level of 2 ug/L
for mercury in drinking water and enforces strict controls on emissions [1]. Similarly, China
classifies mercury as a priority pollutant under the “Environmental Quality Standards for
Surface Water,” stipulating that its concentration in Class I surface water bodies must not
exceed 0.05 pug/L.

In response to this critical need, various Hg?* detection methods have been developed.
Natural colorimetric sensors based on anthocyanin offer low cost and operational sim-
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plicity but suffer from high detection limits and pH dependence [2]. Nanocellulose-based
fluorescent sensors achieve improved sensitivity yet involve complex synthesis procedures
and exhibit temperature sensitivity [3]. A comparative summary of these representative
approaches, along with graphene-based methods discussed below, is provided in Table 1.
However, they also share common challenges, including the need for enhanced sensitivity
to meet stricter regulatory standards, broader pH adaptability for complex environments,
and more comprehensive field validation to confirm practical performance.

In contrast, sensors constructed using graphene as the transducer platform offer dis-
tinct advantages. These include exceptionally high charge carrier mobility, a large specific
surface area for efficient biomolecule immobilization, excellent mechanical flexibility, and
outstanding thermal and chemical stability [4]. When functionalized with appropriate
recognition elements, graphene-based sensors achieve superior sensitivity, low limits of
detection, rapid response times, and the potential for miniaturization and integration into
portable devices [5].

Owing to its layered structure and sp? hybridization characteristics, graphene offers
carbon atoms that can be chemically modified with diverse functional groups tailored to
specific biosensor performance requirements [6]. These modifications are facilitated by the
adsorption sites provided by the m-electron system in graphene [7]. Its exceptionally high
specific surface area enhances sensitivity to chemical and biological analytes [8]. Further-
more, the structural flexibility of graphene materials allows for surface engineering, which
increases the density of recognition elements or analytical probes that can be immobilized
on its surface [9]. Graphene and graphene-based materials can also be functionalized with
various biological receptors through both covalent and non-covalent interactions [10,11].
As an ideal substrate for biosensing, graphene is widely employed in biosensors due to its
high specific surface area and chemical versatility [12-14].

Researchers have developed several graphene-DNA sensors for mercury ion (Hg2+)
detection. Building on these advantages, researchers have developed graphene-based Hg?*
sensors utilizing diverse transduction mechanisms. The key features of representative
graphene-based Hg?* sensors are summarized in Table 1. As shown, Xu et al. developed
a fluorescence quenching platform based on graphene oxide and T-Hg?*-T coordination,
achieving a detection limit of 0.5 nM [15]. Li et al. reported a field-effect transistor sensor in-
corporating an Al,Os passivation layer, achieving 1 nM sensitivity with rapid response [16].

Table 1. Comparison of representative Hg?* detection methods.

Method LOD (pM) g?,};i;fzti%; Cost Regeneration Reference
?cﬁg;(i)r;};ﬁicnézizzf 6.48 x 107 Low Low Not reported [2]
%ﬁ%ﬁgﬂ&ﬁzes?ﬁ:gf 411 x 10* Moderate Moderate Yes [3]

gﬂiﬁ?:;igg?:;lﬁgg 1.10 x 10° Moderate Moderate Not reported [15]
Dg;{}g?%%gfiﬁ EEFS 0.394 High High Not reported [16]
Pencil-drawn paper-based 0.673 Low Very low Yes This study

graphene-DNA

As shown in Table 1, while natural colorimetric and nanocellulose-based sensors offer
advantages in cost and environmental friendliness, their sensitivity remains insufficient for
trace-level detection. Graphene-based platforms achieve superior sensitivity but typically
involve complex fabrication procedures, high material costs, and limited portability due to
specialized instrumentation requirements. In contrast, the sensor developed in this work
achieves a detection limit of 0.673 pM—comparable to or better than existing graphene-
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based sensors—while maintaining low fabrication complexity, minimal material cost, and
inherent portability.

The development of such paper-based sensing platforms represents a broader trend
in the field, addressing the limitations of conventional sensors through the unique advan-
tages of paper substrates. In recent years, paper-based sensing platforms have evolved
from simple single-function devices toward highly sensitive, multifunctional integrated
systems capable of operating in complex environments. For instance, Lin et al. developed
a photothermal—pyroelectric synergistic sensing platform based on a flexible polyimide—
paper hybrid electrode, achieving ultrasensitive photoelectrochemical analysis of disease
biomarkers under near-infrared excitation [17]. This work demonstrates that paper sub-
strates, when combined with functional nanomaterials, can enable signal enhancement
under complex physical field regulation, offering inspiration for further exploration of
paper-based sensing platforms. Building on these insights, the fabrication and working
principle of the pencil-drawn paper-based graphene-DNA sensor developed in this study
are described in detail in the following section.

Building on these insights, the present study develops a paper-based graphene-DNA
sensor fabricated via pencil drawing, which offers notable advantages in environmen-
tal sustainability, low cost, and ease of preparation [18,19]. As highlighted by Zhang
et al. in their comprehensive review on multifunctional cellulose paper-based materials,
paper substrates—owing to their abundant hydroxyl groups, porous three-dimensional
network structure, and favorable biocompatibility—can be functionalized through various
chemical or physical modification strategies, demonstrating great potential in sensing
applications [20]. These properties provide a solid material foundation for the development
of paper-based mercury ion sensors.

A key advantage of the proposed fabrication method lies in the use of pencil graphite
as the graphene source. In contrast to conventional approaches such as chemical vapor
deposition and mechanical exfoliation, this strategy incurs negligible cost, offers high
safety, and provides an efficient, environmentally friendly acquisition route [21,22]. Li et al.
demonstrated that pencil traces drawn on paper consist of percolated networks of fine
graphite particles, which inherently contain graphene-like structures and exhibit reversible
resistance changes upon mechanical deformation or chemical exposure, confirming the
presence of graphene-based materials in pencil marks [23]. This work establishes pencil
drawing as a simple, rapid, and effective method for creating functional conductive path-
ways on paper substrates. Xiong et al. adopted a similar approach when fabricating flexible
paper-based supercapacitors, demonstrating that a uniform conductive graphite layer can
be formed on paper by simply drawing with a 2B pencil, which serves as an ideal substrate
for subsequent functionalization [24]. This confirms that pencil drawing is a simple, rapid,
and effective technique for constructing conductive pathways on paper substrates.

Specific detection of Hg?* was achieved by integrating a Schiff base reaction scheme
into the graphene-DNA sensing platform. This approach exploits the formation of a stable
T—Hg2+—T complex between Hg2+ and the thymine-thymine (T-T) mismatch within the
DNA probe sequence [25,26]. Based on this principle, the paper-based sensor was designed
using standard A4 printing paper as the substrate, with electrode channels fabricated
via pencil-deposited graphite. The condenser agent 1,5-diaminonaphthalene (DAN) was
immobilized on the graphite/graphene surface through 7-m stacking interactions between
its pyrenyl group and the graphitic plane [27]. Glutaraldehyde (GA) was then conjugated
to DAN via a Schiff base reaction, followed by the immobilization of amino-modified DNA
onto the aldehyde groups of GA through a second Schiff base linkage. This stepwise func-
tionalization process yielded the completed graphene-DNA sensor [28-30]. The covalent
coupling strategy employed here is consistent with the design principles summarized by

https://doi.org/10.3390 /bios16040213


https://doi.org/10.3390/bios16040213

Biosensors 2026, 16, 213

40f 15

Wang et al. [31] in their review on paper-based optical detection devices, which emphasizes
that Schiff base reactions and other covalent bonding strategies can effectively enhance the
stability and uniformity of immobilized recognition elements, thereby improving overall
detection performance. The binding of Hg?* induces a measurable change in electrical
signal, enabling quantitative detection.

Guanine-rich (G-rich) DNA sequences can fold into non-canonical secondary struc-
tures known as G-quadruplexes, which are stabilized by Hoogsteen hydrogen bonding.
These structures play significant roles in gene regulation and chemical biosensing [32].
Their formation and stability are strongly influenced by metal cations, with Hg?* known
to enhance G-quadruplex stability under certain conditions [33]. To systematically in-
vestigate the effect of G-quadruplex stability on T-Hg?*-T recognition efficiency, a series
of DNA probes containing 3, 4, 5, and 6 consecutive guanine bases (denoted as 3G-6G)
were designed.

The selection of this specific range was guided by established principles of G-
quadruplex formation. Stable intramolecular folding generally requires a minimum of
three consecutive guanines in each G-tract to form a G-tetrad core, sequences with fewer
than three contiguous guanines are typically unable to adopt stable G-quadruplex struc-
tures under physiological conditions [34,35]. Conversely, tracts longer than six consecutive
guanines tend to form highly stable intermolecular aggregates or higher-order structures
(e.g., G-wires), which can introduce non-specific interactions and compromise sensor
reproducibility [36]. Thus, the selected range of 3—6 consecutive guanines span the tran-
sition from minimally stable to highly stable G-quadruplex structures while preserving
intramolecular folding and sequence solubility, enabling a systematic investigation of the
relationship between G-quadruplex stability and T-Hg?*-T recognition efficiency.

This investigation aims to provide crucial design principles and a theoretical foun-
dation for the future development of high-performance, multifunctional DNA-based nan-
odevices and sensors. Ultimately, this study underscores the potential of the developed
paper-based graphene-DNA sensor for applications in environmental monitoring and
related fields.

2. Materials and Methods
2.1. Materials
All DNA samples:

DNAT1: 5-NH,-CCACCACTTTTTTTTTGGTTTTTTTTT-3;
DNAZ2: 5'-NH,-CCACCACTTTTTTTTTGGGTTTTTTTTT-3;
DNAZ3: 5'-NH,-CCACCACTTTTTTTTTGGGGTTTTTTTTT-3;
DNA4: 5'-NH,-CCACCACTTTTTTTTTGGGGGTTTTTTTTT-3/;
DNAS5: 5'-NH,-CCACCACTTTTTTTTTGGGGGGTTTTTTTTT-3;
DNAG6: 5'-NH,-CCACCACAAAAAAAAAGGGGTTTTTTTTT-3;
DNA7: 5'-NH,-CCACCACACTACTACTGGGGAGTAGTAGT-3'.

These samples and 1,5-diaminonaphthalene (DAN), 25% glutaraldehyde (GA) were
purchased from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Methyl alcohol
was purchased from Yonghua Chemical Co., Ltd. (Changshu, China). 9B pencils were
purchased from Hebei Chinjoo Art Materials Technology Co., Ltd. (Hengshui, China).
The A4 papers were purchased from Shanghai M&G Stationery Inc (Shanghai, China).
Mercuric nitrate (Hg(NO3)7), sodium nitrate (NaNO3), potassium chloride (KCl), zinc
chloride (ZnCl;), magnesium chloride (MgCl,-6H0), calcium chloride (CaCl,-2H,0),
lead acetate (Pb(CH3;COOQO),-3H,0), copper sulfate (CuSO4-5H,0), manganese chloride
(MnCl,-4H,0), hydrochloric acid (HCI) and sodium hydroxide (NaOH) were purchased
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from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dithiothreitol (DTT) was
purchased from Jiangsu Centron Biotechnology Co., Ltd. (Taizhou, China).

2.2. Methods
2.2.1. The Fabrication of Sensors

A4 printing paper was employed as the substrate material. A conductive channel
was fabricated on the paper using a 9B pencil, with the two termini defined as the source
and drain electrodes (Figure S1), and the intermediate segment functioning as the sensing
channel. Scanning electron microscopy (SEM) imaging confirmed the successful formation
of graphitic material on the drawn line (Figure S2). The paper-based graphitic film was
further characterized by laser micro-Raman spectroscopy. The Raman spectrum (Figure S3)
exhibits characteristic peaks, including the 2D peak, which corresponds to second-order
zone-boundary phonons, and the G peak, originating from the in-plane vibrational mode
of sp?-hybridized carbon atoms. The position of the G peak serves as an indicator for
estimating the number of graphene layers. Raman spectroscopy was performed to char-
acterize the pencil-drawn graphite layer. As shown in Figure S3, the spectrum exhibits
characteristic D and G bands at approximately 1350 cm ! and 1580 cm ™!, respectively,
confirming the presence of multilayer graphene. The ID/IG ratio was calculated to be 0.084,
indicating a low defect density in the pencil-drawn graphite layer. This high crystalline
quality provides a well-ordered m-conjugated surface favorable for 7-7 stacking immobi-
lization of 1,5-diaminonaphthalene (DAN). To evaluate the uniformity and reproducibility
of the pencil-drawn graphite layer, sheet resistance was measured at five positions along
three independently prepared channels (Figure S4). The results showed consistent sheet
resistance across all samples, with coefficients of variation below 10% for each channel,
confirming the reliability of the pencil-drawing method.

Subsequently, 40 pL of a 15 uM methanolic solution of 1,5-diaminonaphthalene (DAN)
was applied to the graphene channel and allowed to react at room temperature for 3 h, after
which the substrate was dried. Following this, 40 uL of a 2% glutaraldehyde (GA) solution
was introduced onto the electrode surface and reacted under the same conditions for an
additional 3 h, followed by drying. In the final functionalization step, 40 uL of each DNA
probe solution at a concentration of 40 uM was deposited onto the respective electrodes.
The samples were then incubated at 4 °C for 6 h and subsequently dried.

The successful stepwise conjugation was verified by Fourier transform infrared (FT-IR)
spectroscopy (Figure S5). Characteristic absorption peaks corresponding to key functional
groups were observed. Specifically, the N-H stretching vibration at 3371 cm~! and the C=0O

stretching vibration at 1715 cm ™!

were identified. The presence of a C-H stretching band at
2934 cm~! and a C=N stretching vibration at 1600 cm~! con-firmed the successful linkage
of DAN to GA and the subsequent immobilization of DNA via Schiff base formation.
Furthermore, the morphology of the functionalized graphene was examined by scanning

electron microscopy (SEM), as shown in Figure Sé.

2.2.2. Optimization of Detection Conditions for Paper-Based Graphene-DNA Sensors

The experimental conditions were systematically optimized, including the effect of
ultrapure (UP) water (Figure S7), as well as with respect to detection frequency (Figure S8),
applied voltage (Figure S9), DAN concentration (Figure S10), DNA probe concentration
(Figure S11), Hg?* reaction time (Figure S12), reaction temperature (Figure S13) and the
pH value of the reaction (Figure S14).
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2.2.3. Hg?" Sensitivity Detection with Graphene-DNA Sensors

The baseline current was first acquired using a lock-in amplifier. Subsequently, 30 uL of
Hg?* solution at varying concentrations was introduced onto the functionalized graphene-
DNA sensor surface and allowed to react at room temperature for 1 h. The resulting change
in current was then measured with the lock-in amplifier to assess the sensor response.

2.2.4. Hg?* Selectivity Detection with Graphene-DNA Sensors

The baseline current was first recorded using a lock-in amplifier. Subsequently, 30 uL
of solutions containing different metal ions—specifically Pb2*, Nat, Mg2+, Cu?t, Mn?*,
K*, Zn?*, Ca?*, and Hg?*—were separately introduced onto the surface of the prepared
graphene-DNA sensors. Each sensor was incubated with the respective ion solution at
room temperature for 1 h. The corresponding change in current was then measured with
the lock-in amplifier to evaluate and compare the sensor’s response, thereby assessing its
selectivity toward Hg?" over potentially interfering ions.

2.2.5. Regeneration Cycle Experiment of Graphene-DNA Sensor

Dithiothreitol (DTT), a dithiol compound commonly employed as a small-molecule
reducing agent, contains terminal sulthydryl groups at both ends. The strong affinity of
sulfhydryl groups for Hg?* arises from the low electronegativity and high polarizability of
sulfur, coupled with the relatively large ionic radius and low charge density of the Hg?*
ion. DTT can interact with Hg?* via a reversible complexation reaction. This property
was utilized to confirm the successful formation of the T-Hg?*-T complex within the
multi-thymine “hairpin” structure of the DNA probe.

The initial current (Iy) of the fabricated graphene-DNA sensor was measured using
a lock-in amplifier. Subsequently, 30 puL of a 1000 pM Hg?* solution was applied to the
sensor surface and allowed to incubate at room temperature for 1 h, after which the
resultant current was recorded. To regenerate the sensor, 30 uL of a 2.5 mM dithiothreitol
(DTT) solution was then introduced, followed by a 1 h incubation period at 4 °C, and the
stabilized current (I) was measured. The sensor surface was then gently rinsed with 1 mL
of ultrapure water. This complete cycle—Hg?* binding, measurement, DTT regeneration,
and rinsing—was repeated to assess the sensor’s reusability.

2.2.6. Control Experiment for Mechanism Validation

To confirm that the sensor response is specifically mediated by T-Hg?*-T coordination,
two control DNA probes were designed. The first control probe (DNA®6) retains the same
hairpin framework as the original probe but replaces the T-T mismatch region with A-T
Watson—Crick base pairs, thereby eliminating the thymine-thymine mismatches required
for T-Hg?*-T formation. The second control probe (DNA?7) contains a randomized sequence
in the recognition region that lacks both T-T mismatches and any known metal-binding
motifs, while maintaining a similar secondary structure framework.

The initial current (Ip) of the fabricated graphene-DNA sensor was measured using
a lock-in amplifier. Subsequently, 30 uL of a 1000 pM Hg?* solution was applied to the
sensor surface and allowed to incubate at room temperature for 1 h, after which the
resultant current was recorded. The responses were then compared with those obtained
from the original sensor to validate the contribution of the T-Hg?*-T coordination to the
Sensor response.

https://doi.org/10.3390 /bios16040213


https://doi.org/10.3390/bios16040213

Biosensors 2026, 16, 213

7 of 15

3. Results
3.1. Sensitivity Analyses of Different Number of G Base

To systematically investigate the influence of guanine (G) base count on hairpin
stability, Hg?* binding efficiency, and overall sensor performance, paper-based graphene—
DNA sensors were fabricated using the designed probes DNA2, DNA3, DNA4, and DNAS,
containing 3, 4, 5, and 6 contiguous G bases, respectively. The sensitivity of each sensor
variant toward Hg?* was evaluated via electrical measurements using a lock-in amplifier.
A constant source—drain bias voltage of 100.0 mV with zero gate bias was applied at a
frequency of 35.0 kHz. The baseline current (Iy) for each sensor was first recorded under
these conditions. Subsequently, droplets of Hg?* solutions at varying concentrations were
applied to the sensor surfaces. Following a 1 h incubation period at a temperature of
20 °C to allow for probe-ion interaction, the current was measured again under identical
bias conditions.

The resultant calibration data are presented in Figure S15 (3G), Figure 1 (4G), Figure
516 (5G), and Figure S17 (6G). The calculated limits of detection (LOD) for the DNA2-,
DNAS3-, DNA4-, and DNAb5-based sensors were 0.875 pM, 0.673 pM, 2.66 pM, and 3.78 pM,
respectively. Among the four probe configurations, the sensor functionalized with DNA3
(containing 4G bases) demonstrated the highest sensitivity and the lowest detection limit.
This result indicates that the DNA3 sequence provides the most effective performance in
transducing Hg?* binding into an enhanced sensor response.
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Figure 1. (a) Sensitivity analysis of Hg?* based on graphene-DNA3 sensors. (b) Current inhibition
rate as a function of mercury ion concentration based on graphene-DNA3 sensors.

When the concentration of Hg?* was in the range of 5-50 pM, there was a
clear linear relationship between the current change and it. The linear equation was
y =0.003x + 0.1682, R? = 0.996, and the detection limit was 0.673 pM. Detailed calculation
of the limit of detection (LOD) is presented in Section 54 of the Supplementary Materials.
To verify the successful binding of mercury ions to DNA, we used a UV spectrophotometer
for characterization. When analyzed by ultraviolet spectrophotometry, each exhibits a
characteristic absorption maximum at a wavelength of 260 nm. Upon addition of Hg?*, the
thymine (T) bases selectively coordinate with the metal ion to form a T-Hg?*-T complex.
This metal-mediated base pairing induces a transition towards a duplex-like structure,
resulting in a measurable decrease in the absorbance at 260 nm due to hypochromicity. The
result of this analysis is presented in Figure S18 (for the 4G construct). The absorption peak
at 260 nanometers has significantly decreased, leading to the most effective formation of
the T-Hg?*-T complex.
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3.2. Selectivity Analyses of Graphene-DNA3 Sensor

The selectivity of the graphene-DNA sensors functionalized with DNA3, containing
4 guanine (G) bases, respectively, was evaluated against Hg?*. To assess specificity, each
sensor was exposed individually to various metal ions (e.g., Pb2*, Na®, Mg2+, Cu?*, Mn?*,
K*, Zn?*, and Ca?") at an identical concentration of 1000 pM. Following incubation at a
temperature of 20 °C for 1 h, the corresponding current response was measured using a
lock-in amplifier. The result is presented in Figure 2. The introduction of Hg?* induced
a substantially greater current decrease compared to any of the other tested metal ions,
confirming the specific interaction between Hg?* and the thymine bases within the DNA
probes. Statistical analysis verified that the response to Hg?* was significantly distinct from
the responses to interfering ions, thereby further validating the sensor’s high selectivity.

280

*5% 5 < 0.001

240" ~ %%

200 4 e

160 4

120 4

I,-1 (nA)

80 4

40-’—7
0 T T T

L}
Pb** Na' Mg?* Cu®* Mn** K' Zn*" Ca?* Hg*

Ll

__I.

Figure 2. Detection of different metal ions based on graphene-DNA3 sensors.

To evaluate potential cross-interference, graphene-DNA3 sensors were employed
to investigate the sensor’s response in the presence of co-existing metal ions. Initially,
other metal ions (e.g., Pb%*, Cu®*, Zn%*, etc.) at an equal concentration of 1000 pM were
individually introduced onto the sensor surface and incubated at room temperature for
1 h, and the corresponding current response was measured using a lock-in amplifier.
Subsequently, 1000 pM of Hg?* was added to the same sensor (without removal of the
pre-existing ion) and allowed to react for an additional hour under identical conditions,
after which the current was measured again. The results, presented in Figure 3, demonstrate
that the current shift induced by the subsequent addition of Hg?* was significantly greater
than the response caused by any of the other individual ions alone. Statistical analysis
confirmed that the response to Hg?* remained pronounced and distinct even in the presence
of potential interferents, further validating the high selectivity of the DNA3-based sensor
for Hg?* detection.

The introduction of Hg?* resulted in a substantially greater decrease in current relative
to other metal ions, confirming a specific and strong interaction between Hg?* and the
thymine-rich DNA sequences. This selectivity arises from the T-Hg?"-T coordination, a
well-established DNA-based recognition mechanism for mercury ions. In standard Watson—
Crick base pairing, thymine (T) forms hydrogen bonds with adenine (A). However, in the
presence of Hg?*—a “soft” Lewis acid with high affinity for nitrogen and sulfur donors—
the ion selectively coordinates to the N3 atoms of two opposing thymine bases. This forms
a stable, linear T-Hg?*-T complex through metal-mediated bonds, effectively pulling the
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two thymines together into a mismatched pair that is more stable than the natural A-T
pairing under the given conditions.

200
w45 < 0.001

180 - Hk ok Ak o ok *k Ak ok

160 1
140 1
120 4
100
80
60
40
20 4
04

I-1, (nA)

Pb>Hg?* Na*Hg®  Mg*Hg®  Cu®Hg®  Mn’Hg® K* Hg?* Zn*Hg?* Ca?Hg?*

Figure 3. Detection of cross-interference between mercury ions and another metal ion based on
graphene-DNA3 sensors.

To better simulate real-world environmental conditions, a competition-mode exper-
iment was performed in which Hg?* (1000 pM) was mixed with all eight interfering
metal ions (Pb?*, Na*, Mg2+, Cu®*, Mn?*, K*, Zn?*, Ca?"), each at the same concentration
of 1000 pM.

As shown in Figure 4, the sensor exhibited a strong and clearly detectable response to
Hg?* alone. In the presence of a mixture of interfering metal ions, the sensor’s response
remained substantially higher than the blank control, although a slight decrease was
observed. Statistical analysis revealed a significant difference between the Hg?* alone and
competition groups; nevertheless, the sensor retained the majority of its original signal
under competitive conditions. These results demonstrate that the sensor maintains excellent
selectivity for Hg?* even in the presence of high concentrations of competing metal ions,
confirming its suitability for real-world environmental water analysis.

260
240 A
220 A =
200 A
180

~ 160 +
E 140 -
= 120 -
100
80
60
40 A
20 ~
0-

#4%  < 0,001

Iy

Blank Hg?* Competition mix
Figure 4. Sensor response to Hg?" alone and in competition with interfering metal ions.

3.3. Regeneration Cycle Experiment of Graphene—-DNA3 Sensor

The regeneration cycle stability of the paper-based graphene-DNAS3 sensor was sys-
tematically evaluated, with the results summarized in Figure 5.
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Figure 5. Regeneration cycle stability of graphene-DNA3 sensor.

The regeneration mechanism relies on the competitive binding affinity between the
sensor’s DNA probe and dithiothreitol (DTT) for Hg2+. The thiol groups in DTT exhibit
strong, reversible coordination with Hg?* due to soft acid-soft base interactions. When DTT
is introduced, it effectively sequesters Hg?* from the T-Hg?*~T complex, disrupting the
metal-mediated base pair. This releases Hg?* from the DNA structure, allowing the probe
to revert to its original conformation and restoring the baseline electron transport properties
of the graphene interface. This reversible process enables multiple detection-regeneration
cycles without significant loss of sensor performance. Upon reintroduction of Hg?* to the
sensor surface following DTT regeneration, a significant decrease in current was again
observed. This confirms that Hg?* competitively binds to the thiol groups made available
by DTT, effectively reversing the sequestration process.

3.4. Control Experiments for T-Hg?*-T Recognition

To confirm that the observed sensor response originates specifically from T-Hg?*-T
coordination rather than from non-specific interactions or the presence of a hairpin structure
alone, two control DNA probes were tested. The first control probe (DNA6) replaces the
T-T mismatch region with A-T Watson—Crick base pairs. The second control probe (DNA?7)
contains a randomized recognition sequence that lacks both T-T mismatches and any
known metal-binding motifs, while maintaining a similar secondary structure framework.

As shown in Figure 6, the sensor using the T-T probe exhibited a strong and clearly
detectable response to Hg?*. In contrast, both the A-T and Random control probes showed
only negligible current changes under identical conditions. These results confirm that the
observed sensor response is specifically mediated by T-Hg?*-T coordination rather than
non-specific interactions or the presence of a hairpin structure alone.

200 4
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Figure 6. Control experiment for T-Hg?*-T recognition mechanism.
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3.5. Testing in Real Samples

To practically evaluate the graphene-DNA3 sensor, it was used to determine Hg?* in
ultrapure water using standard addition methods. Known concentrations of Hg?* (10 pM,
50 pM, and 100 pM) were spiked into the filtered samples for recovery tests. The results
are summarized in Table 2. The average recovery rates ranged from 97.6% to 103.4%, with
relative standard deviations (RSD) between 1.6% and 3.2%, demonstrating satisfactory
accuracy and reproducibility.

Table 2. The recovery rates of standard addition at different concentration levels (1 = 3).

Average o o
Samples Added (pM) Recovery (%) SD (%) RSD (%)
Ultrapure water 10 97.6 3.1 3.2
Ultrapure water 50 98.3 2.4 24
Ultrapure water 100 103.4 1.7 1.6

To assess the practical performance of the paper-based graphene-DNA3 sensor, Hg?*
detection was carried out in real environmental water samples, including water collected
from the Yangtze River, tap water, and drinking water. Prior to analysis, each sample was
filtered through a 0.22 um membrane to remove particulate impurities. The results are
summarized in Table 3.

Table 3. Analysis of mercury ions in actual samples (1 = 3).

Hg?* Concentration

: : 2+
Sample Standard (pM) Determination of Hg=* (pM)
Yangtze River <5 0.96 £ 0.03
Tap Water <5 0
Drinking Water <6 0

The concentration of Hg?* detected by graphene-DNAS3 sensors are all below the
standard value, conforms to the experimental expectations. These findings confirm that
the proposed sensor offers reliable and sensitive detection of Hg?*, fulfilling the practical
requirements for environmental monitoring applications

4. Discussion
4.1. Regulatory Mechanism: Modulation of T-Hg?*-T Formation by the Adjacent G-Quadruplex

To investigate the regulatory mechanism by which the adjacent G-quadruplex in-
fluences T-Hg?*-T recognition efficiency, a series of DNA probes containing 3, 4, 5, and
6 consecutive guanine bases (denoted as 3G-6G) were designed for systematic compari-
son. Experimental results revealed a non-monotonic trend in detection performance with
increasing G-quadruplex length, suggesting that the G-quadruplex modulates T-Hg?*-T
formation primarily through conformational regulation and base accessibility.

As arigid, compact secondary structure, the formation of a G-quadruplex significantly
alters the local conformation and flexibility of the adjacent T-rich region. With increasing
G-quadruplex length, its thermodynamic stability enhances, potentially locking the probe
in a specific conformation and thereby affecting the accessibility of thymine bases to Hg?*.
For probes with shorter G-tracts (3G), the G-quadruplex may be insufficiently stable to
pre-organize the T-rich region effectively. In contrast, probes with longer G-tracts (5G, 6G)
may exhibit excessive stability, over-constraining the adjacent region and hindering the
conformational flexibility required for efficient T-Hg?*-T coordination. Among the probes
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tested, the probe containing four consecutive guanines (4G) exhibited optimal recognition
efficiency, likely due to an optimal conformational balance between G-quadruplex stability
and the flexibility of the T-rich region.

In summary, through systematic variation in G-quadruplex length, this study estab-
lishes a quantitative relationship between structural stability and recognition efficiency.
The 4G probe achieved an optimal balance between conformational stability and base acces-
sibility, resulting in the best Hg?* detection performance. This finding provides important
theoretical guidance for the optimized design of DNA-based sensors in future applications.

4.2. Key Metrics Comparison of Recent Graphene-Based Hg** Sensors

Numerous studies have focused on the development of graphene-based DNA sensors
for the detection of mercury ions, aiming to achieve high sensitivity and selectivity. To
realize more efficient, stable, and user-friendly sensing platforms, continued refinement
in design and fabrication is essential. Consequently, the exploration of novel approaches
remains an important research objective in this field. Table 4 summarizes the latest devel-
opments in graphene-DNA Hg?* biosensors.

Table 4. Key metrics comparison table of recent graphene-based Hg?* sensors.

LOD (pM) Range (pM) Linearity Selectivity Reference
5.0 x 102 2.5 x 10°-4.0 x 10* R2 =0.99 High selectivity [37]
1.4 x 103 0-2.0 x 10° R?=0.99 High selectivity 38]

1.5 x 102 0-1.0 x 10° R?=0.97 High selectivity
5.0 x 10! 5.0 x 10'-3.3 x 10° R? =0.94 High selectivity

[
[
[
5.0 x 102 1.0 x 103-2.0 x 10° R2 =0.99 High selectivity [41]
45 x 10! 1.0 x 103-1.0 x 107 R? =0.99 High selectivity [42]
1.3 x 10° 1.6 x 10°-1.4 x 10% R?=0.99 High selectivity [43]
1.7 x 10° 1.0 x 10°-1.0 x 107 RZ=0.99 High selectivity [44]
9.3 x 104 6.0 x 10*-6.0 x 10° R? =0.99 High selectivity [45]
5.2 2.0 x 10%-2.0 x 107 R? =0.99 High selectivity [46]
0.7 5.0-5.0 x 10! R? =0.99 High selectivity ~ This study

5. Conclusions

In conclusion, this study successfully developed a low-cost, user-friendly paper-based
graphene-DNA sensor for the highly sensitive and selective detection of mercury ions.
Systematic evaluation of DNA probes containing varying numbers of guanine (G) bases
revealed that the DNA3-functionalized sensor, incorporating four consecutive G bases,
delivered optimal performance. It achieved a detection limit as low as 0.673 pM and exhib-
ited superior selectivity for Hg?", effectively discriminating against potential interference
from other common metal ions. The sensor maintained reliable operation across a temper-
ature range of 20-50 °C and a pH window of 6-10, demonstrating good environmental
adaptability. Furthermore, regeneration studies confirmed that the sensor could undergo
multiple detection—recovery cycles with minimal performance degradation, underscoring
its reusability and practical economy. Validation using real environmental water samples
yielded satisfactory recovery rates (97.6-103.4%) and low relative standard deviations
(1.6-3.2%), confirming its accuracy, reproducibility, and suitability for real-world applica-
tions. Collectively, this work presents a high-performing, practical sensing platform with
significant potential for monitoring trace-level Hg?* contamination in aquatic environments,
offering a viable and effective solution for environmental water quality assessment.

https://doi.org/10.3390 /bios16040213


https://doi.org/10.3390/bios16040213

Biosensors 2026, 16, 213

13 of 15

References

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios16040213/s1, Figure S1: Graphene sensor based on paper;
Figure S2: Image of graphene under scanning electron microscopy. (a) SEM images of the pencil-
drawn graphite channel at 10 pm scale. (b) SEM images of the pencil-drawn graphite channel at
5 um scale; Figure S3: Raman spectra of graphene; Figure S4: Sheet resistance (Rs) of three indepen-
dently prepared pencil-drawn graphite channels (Sample 1-3); Figure S5: Infrared spectra of DAN,
DAN+GA, and DAN+GA+DNA; Figure S6: Image of functionalized graphene under a scanning
electron microscope. (a) SEM images of the pencil-drawn graphite channel after functionalization at
10 um scale. (b) SEM images of the pencil-drawn graphite channel after functionalization at 5 um
scale; Figure S7: Effect of UP water on the conductivity of the graphene sensor; Figure S8: Signal-to-
noise ratio with different frequencies; Figure S9: Current under different voltages between source and
drain; Figure 510: Optimization results of DAN concentration; Figure S11: Optimization results of
DNAL1 concentration; Figure S12: Optimization results of Hg2+ reaction time; Figure 513: Responses
of graphene-DNAT sensor at different temperatures; Figure S14: Responses of graphene-DNA1 sensor
at different pH value; Figure S15: (a) Sensitivity analyses of Hg?* based on graphene-DNA2 sensors.
(b) Current inhibition rate as a function of Hg?* concentration based on graphene-DNA?2 sensors;
Figure S16: (a) Sensitivity analyses of Hg?* based on graphene-DNAA4 sensors. (b) Current inhibition
rate as a function of Hg?* concentration based on graphene-DNA4 sensors; Figure S17: (a) Sensitivity
analyses of Hg2+ based on graphene-DNAS sensors. (b) Current inhibition rate as a function of
Hg?* concentration based on graphene-DNAS5 sensors; Figure S18: Absorbance of DNA3 and DNA3
with Hg?*.

Author Contributions: Conceptualization, H.S., B.X. and L.G.; methodology, ZW., J.L. and L.G;
software, Z.W. and ].L.; validation, Z.W.; formal analysis, Z.W. and J.L.; investigation, Z.W. and ].L.; re-
sources, Z.W.; data curation, Z.W.; writing—original draft preparation, Z.W. and J.L.; writing—review
and editing, ZW., B.X. and L.G.; visualization, L.G.; supervision, H.S., B.X. and L.G.; project ad-
ministration, H.S., B.X. and L.G.; funding acquisition, L.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is supported by National Natural Science Foundation of China (NSAF, No.
U2230132), General Research Projects of Jiangsu Provincial Health Commission (M2024099), Guiding
Science and Technology Plan Project for Social Development in Zhenjiang City (FZ2022052), and
Zhenjiang Science and Technology Plan (Social development, SH2024098 and SH2024030), and the
National Foreign Experts Program Project of China (H20240553).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: During the preparation of this manuscript, the authors used DeepSeek (version
2025.03) for the purposes of language polishing, grammar correction, and sentence structure refine-
ment. The authors have reviewed and edited the output and take full responsibility for the content of
this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Fu, X, Lin, H; Qi, J; Li, E; Chen, Y,; Li, B.; Chen, L. A tetrahedral DNA nanostructure functionalized paper-based platform for
ultrasensitive colorimetric mercury detection. Sens. Actuators B 2022, 362, 131830. [CrossRef]

2. Mane, P.V.; Mahishi, A.; Bhat, M.P; Lee, K.H.; Swamynayaka, A.; Madegowda, M.; Isloor, A.M.; Kurkuri, M. Eco-friendly mercury
ion detection and removal in water using anthocyanins: Mechanistic insights through DFT studies. J. Environ. Chem. Eng. 2025,

13,115288. [CrossRef]

https:/ /doi.org/10.3390/bios16040213


https://www.mdpi.com/article/10.3390/bios16040213/s1
https://www.mdpi.com/article/10.3390/bios16040213/s1
https://doi.org/10.1016/j.snb.2022.131830
https://doi.org/10.1016/j.jece.2024.115288
https://doi.org/10.3390/bios16040213

Biosensors 2026, 16, 213 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

Alotaibi, M.T.; El-Fattah, W.A.; Alluhaybi, A.A.; Subaihi, A.; Elshaarawy, R EM.; Shahat, A. Eco-friendly nanocellulose-based
fluorometric sensor for ultra-sensitive detection and removal of mercury ions from water. Appl. Organomet. Chem. 2025, 39,
€70331. [CrossRef]

Li, W.; Yi, D. Adatom Diffusion beneath Graphene. . Phys. Chem. C. 2025, 129, 4165-4171. [CrossRef]

Lim, D.; Faramarzi, V.;; Lee, S.W.; Kim, J.; Lee, S.; Hwang, M.T.; Kim, Y,; Park, I. Wrinkled PDMS-based graphene field effect
transistor biosensor. ACS Appl. Electron. Mater. 2025, 7, 236-245. [CrossRef]

Sun, X,; Lou, S.; Wang, W.; Liu, X.; Sun, X.; Song, Y.; Yang, W.; Liu, Z. Kinetics of hydrogen constrained graphene growth on Cu
substrate. Nano Res. 2024, 17, 9284-9292. [CrossRef]

Zhang, X.; Wang, Z.; Guo, J. Strength and stability of 7-7t interaction be-tween substituted benzene ring structures and graphene:
Theoretical and molecular dynamics study. Sep. Purif. Technol. 2025, 355, 129678. [CrossRef]

Evseev, Z.1.; Prokopiev, A.R.; Dmitriev, P.S.; Loskin, N.N.; Popov, D.N. Fast joule heating for the scalable and green production of
graphene with a high surface area. Materials 2024, 17, 576. [CrossRef] [PubMed]

Sharma, B.B.; Kedare, A.; Muralidharan, G.; Govind Rajan, A. Under-standing the effects of surface and edge functionalization on
the mechanical properties of graphene and graphene oxide. Chem. Phys. Chem. 2025, 26, €202400919. [CrossRef]

Mukherjee, P; Sen, S.; Das, A.; Kundu, S.; RoyChaudhuri, C. Graphene FET biochip on PCB reinforced by machine learning for
ultrasensitive parallel detection of multiple antibiotics in water. Biosens. Bioelectron. 2025, 271, 117023. [CrossRef] [PubMed]
Hasler, R.; Fenoy, G.E.; Gotz, A.; Montes-Garcia, V.; Valentini, C.; Qiu, Z.; Kleber, C.; Samori, P.; Miillen, K.; Knoll, W. “Clickable”
graphene nano-ribbons for biosensor interfaces. Nanoscale Horiz. 2024, 9, 598-608. [CrossRef] [PubMed]

Zhao, W.; Zhang, W.; Chen, J.; Li, H.; Han, L.; Li, X.; Wang, ].; Song, W.; Xu, C.; Cai, X,; et al. Sensitivity-enhancing strategies of
graphene field-effect transistor biosensors for biomarker detection. ACS Sens. 2024, 9, 2705-2727. [CrossRef]

Gyulasaryan, H.; Tolchina, D.B.; Avakyan, L.A.; Srabionyan, V.V.; Bugaev, L.A ; Kozakov, A.T.; Nikolskiy, A.V.; Mikheykin, A.S,;
Pankov, I.V,; Tsaturyan, A.A.; et al. Graphene clusters in carbon: Structural features and magnetic properties. Appl. Surf. Sci. 2025,
687, 162284. [CrossRef]

Ostermann, M.; Kalchgruber, L.; Schod], J.; Lieberzeit, P.; Bilotto, P.; Valtiner, M. Tailoring the properties of graphene nanosheets
during electrochemical exfoliation. Carbon Trends 2025, 18, 100449. [CrossRef]

Xu, X.; Guo, Y.,; Zhou, X,; Xu, S.; Xu, H. Fluorescence sensing platform based on graphene oxide nucleic acid interaction for
detecting mercury ions, bisphenol A, and target DNA. Biosens. Bioelectron. X 2025, 26, 100662. [CrossRef]

Li, L.; Zhao, J.; Jin, M.; Wu, S.; Liu, F; Huang, Y.; Feng, N.; Liu, Y. Dual-mode SPR/SERS optical fiber sensor for ultra-trace
mercury ions detection. Opt. Express 2025, 33, 2247-2260. [CrossRef]

Lin, C.-W.; Zhao, Z.; Kim, J.; Huang, J. Pencil Drawn Strain Gauges and Chemiresistors on Paper. Sci. Rep. 2014, 4, 3812.
[CrossRef]

Jiwarawat, N.; Leukulwatanachai, T.; Subhakornphichan, K.; Limwathanagura, S.; Wanotayan, S.; Atthi, N.; Pankiew, A.;
Pungetmongkol, P. Electro-chemical exfoliation of graphene from pencil lead. Sci. Rep. 2024, 14, 15892. [CrossRef] [PubMed]
Li, X;; Su, D.; Gu, Y.; Zhang, ]J.; Li, S.; Xiao, Y.; He, J.; Wang, W.; Li, D. Laser fabrication of epidermal paper-based graphene
sensors. Appl. Mater. Today 2024, 36, 102051. [CrossRef]

Zhang, E; Xu, K,; Bai, Y.; Wang, P. Multifunctional cellulose paper-based materials. Cellulose 2023, 30, 8539-8569. [CrossRef]
Shen, C.; Qing, F; Li, X. The etching effect of oxygen during the cooling process of graphene CVD synthesis. Carbon 2024, 230,
119654. [CrossRef]

Kang, X.; Fu, W.; Schneider, G.F. Experimental strategies to fabricate mechanically exfoliated graphene sub-nanofluidic devices.
Carbon 2025, 234, 120005. [CrossRef]

Li, L; Wang, G.; Rong, Y,; Zhang, Y.; Huang, J.; Zhang, Y.; Ge, S.; Cui, K.; Zhang, L.; Yu, J. Near-infrared-excited photothermal-
pyroelectric synergy promoted paper-based sensing platform for enhanced photoelectrochemical analysis performance. Narno
Energy 2023, 116, 108768. [CrossRef]

Xiong, C.; Li, M.; Zhao, W.; Duan, C.; Dai, L.; Shen, M.; Xu, Y.; Ni, Y. A smart paper@polyaniline nanofibers incorporated vitrimer
bifunctional device with reshaping, shape-memory and self-healing properties applied in high-performance supercapacitors and
sensors. Chem. Eng. J. 2020, 396, 125318. [CrossRef]

Zeng, G.; Huang, H.; Lin, C.; Chen, ].; Dong, G.; Hung, S.; Wang, Y. Design and demonstration of a temperature-resistant aptamer
structure for highly sensitive mercury ion detection with BioFETs. Talanta 2025, 283, 127138. [CrossRef]

Yan, X.; Wang, E; Du, H.; Huo, X.; Zhang, R.; Zhou, T.; Wang, X.; Zhang, G.; Zhang, Z. The switch of the DNA tetrahedral
tweezers controlled by mercury ions. Spectrochim. Acta Part A 2024, 306, 123614. [CrossRef]

Marongiu, M.; Ha, T.; Gil-Guerrero, S.; Garg, K.; Mandado, M.; Melle-Franco, M.; Diez-Perez, I.; Mateo-Alonso, A. Molecular
graphene nanoribbon junctions. J. Am. Chem. Soc. 2024, 146, 3963-3973. [CrossRef]

Cakir, U,; Dogan, M.; Kizilduman, B.K; Bicil, Z. Functionalized and schiff base based multi walled carbon nanotubes for hydrogen
storage. . Alloys Compd. 2025, 1010, 177290. [CrossRef]

https:/ /doi.org/10.3390/bios16040213


https://doi.org/10.1002/aoc.70331
https://doi.org/10.1021/acs.jpcc.4c06865
https://doi.org/10.1021/acsaelm.4c01701
https://doi.org/10.1007/s12274-024-6945-2
https://doi.org/10.1016/j.seppur.2024.129678
https://doi.org/10.3390/ma17030576
https://www.ncbi.nlm.nih.gov/pubmed/38591385
https://doi.org/10.1002/cphc.202400919
https://doi.org/10.1016/j.bios.2024.117023
https://www.ncbi.nlm.nih.gov/pubmed/39647407
https://doi.org/10.1039/D3NH00590A
https://www.ncbi.nlm.nih.gov/pubmed/38385442
https://doi.org/10.1021/acssensors.4c00322
https://doi.org/10.1016/j.apsusc.2024.162284
https://doi.org/10.1016/j.cartre.2024.100449
https://doi.org/10.1016/j.biosx.2025.100662
https://doi.org/10.1364/OE.547601
https://doi.org/10.1038/srep03812
https://doi.org/10.1038/s41598-024-66825-0
https://www.ncbi.nlm.nih.gov/pubmed/38987409
https://doi.org/10.1016/j.apmt.2023.102051
https://doi.org/10.1007/s10570-023-05426-y
https://doi.org/10.1016/j.carbon.2024.119654
https://doi.org/10.1016/j.carbon.2025.120005
https://doi.org/10.1016/j.nanoen.2023.108768
https://doi.org/10.1016/j.cej.2020.125318
https://doi.org/10.1016/j.talanta.2024.127138
https://doi.org/10.1016/j.saa.2023.123614
https://doi.org/10.1021/jacs.3c11340
https://doi.org/10.1016/j.jallcom.2024.177290
https://doi.org/10.3390/bios16040213

Biosensors 2026, 16, 213 15 of 15

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tian, L.; You, X,; Liu, J.; Li, Y,; Li, S.; Jin, X;; Li, S.; Pan, F; Yu, Z.; Zhang, T.; et al. Schiff base mediated food-derived peptide
supramolecular self-assembly as curcumin carriers. . Agric. Food Chem. 2025, 73, 2471-2482. [CrossRef]

Zhang, H.; Mao, X.; Du, S.; Chai, H.; Wang, T. Micromechanism of the effect of coal functional groups on the catalytic/esterification
reaction of acetic acid. J. Mol. Lig. 2024, 411, 125796. [CrossRef]

Wang, S.; Chen, W.-].; Du, A.; Kou, Y,; Xu, X,; Hu, D.; Lu, Z. Advances in paper-based analytical devices relying on optical
detection. Adv. Compos. Hybrid Mater. 2025, 8, 260. [CrossRef]

Galli, S.; Flint, G.; Rtizickovd, L.; Di Antonio, M. Genome-wide mapping of G-quadruplex DNA: A step-by-step guide to select
the most effective method. RSC Chem. Biol. 2024, 5, 426-438. [CrossRef]

Mohanta, I.; Guchhait, C.; Sahu, N.; Suriyaa, V.; Ramanan, R.; Adhikari, B. Dimercury(I)-induced stable G-quadruplex based
supramolecular polymers and gels outperforming conventional G4-K*. Small 2025, e06966. [CrossRef] [PubMed]

Varshney, D.; Spiegel, J.; Zyner, K,; Tannahill, D.; Balasubramanian, S. The regulation and functions of DNA and RNA G-
quadruplexes. Nat. Rev. Mol. Cell Biol. 2020, 21, 459-474. [CrossRef]

Xiao, K.; Fu, J.; Zhang, R.; Tu, J. Sequence Determinants of G-Quadruplex Thermostability: Aligning Evidence from High-Precision
Biophysics and High-Throughput Genomics. Biomolecules 2025, 15, 1632. [CrossRef] [PubMed]

Rachwal, P.A,; Brown, T.; Fox, K.R. Effect of G-Tract Length on the Topology and Stability of Intramolecular DNA Quadruplexes.
Biochemistry 2007, 46, 3036-3044. [CrossRef]

Sanguarnsak, C.; Promsuwan, K.; Samoson, K.; Saichanapan, J.; Soleh, A.; Saisahas, K.; Wangchuk, S.; Somapa, N.; Somapa, D.;
Witoolkollachit, P; et al. A 3-cyclodextrin/porous graphene ink electrode for smartphone-assisted electrochemical Hg2+ sensing.
Talanta 2025, 292, 127776. [CrossRef]

Ma, W.; Zhang, Q.; Xiang, D.; Mao, K.; Xue, J.; Chen, Z.; Chen, Z.; Du, W.; Zhai, K.; Zhang, H. Metal-organic framework
(MOF)-based sensors for mercury (Hg) Detection: Design strategies and recent progress. Chem. Eur. J. 2025, 31, €202403760.
[CrossRef]

Lv, Q.; Xia, N.; Gao, L.; Han, B. Detection of mercury ions using graphene oxide sensors assisted by Ag@SiO,. Appl. Nanosci.
2023, 13, 3787-3796. [CrossRef]

Li, J.; Xiang, Y.; Ma, W,; Fu, X_; Huang, Y.; Li, G. Gold particles decorated reduced graphene oxide for low level mercury vapor
detection with rapid response at room temperature. Ecotoxicol. Environ. Saf. 2021, 228, 112995. [CrossRef]

CaiRang, L.; Yan, Y.; Yang, Z.; Liu, J.; Lv, B; Liu, L.; Igbal, A.; Igbal, K.; Ye, W. Mesoporous amorphous PdP nanoparticles
supported on reduced graphene oxide for voltammetric analysis of trace Hg(II) in environmental water sample. Microchem. ].
2025, 209, 112637. [CrossRef]

Zhou, J.; Zhang, C.; Hu, C; Li, S;; Liu, Y.; Chen, Z; Li, S.; Chen, H.; Sami, R.; Deng, Y. Electrochemical aptasensor based on
black phosphorus-porous graphene nanocomposites for high-performance detection of Hg?*. Chin. Chem. Lett. 2024, 35, 109561.
[CrossRef]

Senol, A.M,; Kassa, S.B.; Onganer, Y. A simple fluorescent “Turn off-on” sensor based on P, N-doped graphene quantum dots for
Hg2+ and Cysteine determination. Sens. Actuators A 2023, 356, 114362. [CrossRef]

Rana, D.S.; Sharma, R.; Kumar, S.; Gupta, N.; Thakur, S.; Thakur, K.K.; Singh, D. Molybdenum disulfide (MoS,) and reduced
graphene oxide (rGO) nanocomposite based electrochemical sensor for detecting mercury(II) ions. Nano-Struct. Nano-Objects
2023, 36, 101041. [CrossRef]

Dat, N.M.; Thinh, D.B.; Nam, N.T.H.; Hai, N.D.; Huong, L.M.; Hanh, N.T.; Phong, M.T.; Hieu, N.H. Silver/graphene oxide
nanocomposite: Process optimization of mercury sensing and investigation of crystal violet removal. Inorg. Chem. Commun. 2023,
15,110613. [CrossRef]

Liu, Z.; Niu, R.; Li, M.; Li, Z.; Guo, Y. A colorimetric and electrochemical dual-mode Hg2+ sensor utilizing oxidase-like activity
arising from the combination of Hg2+ and palladium metal-organic framework@graphene. Microchim. Acta. 2024, 191, 352.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/bios16040213


https://doi.org/10.1021/acs.jafc.4c08256
https://doi.org/10.1016/j.molliq.2024.125796
https://doi.org/10.1007/s42114-025-01333-x
https://doi.org/10.1039/D4CB00023D
https://doi.org/10.1002/smll.202506966
https://www.ncbi.nlm.nih.gov/pubmed/40965262
https://doi.org/10.1038/s41580-020-0236-x
https://doi.org/10.3390/biom15111632
https://www.ncbi.nlm.nih.gov/pubmed/41301550
https://doi.org/10.1021/bi062118j
https://doi.org/10.1016/j.talanta.2025.127776
https://doi.org/10.1002/chem.202403760
https://doi.org/10.1007/s13204-022-02555-x
https://doi.org/10.1016/j.ecoenv.2021.112995
https://doi.org/10.1016/j.microc.2024.112637
https://doi.org/10.1016/j.cclet.2024.109561
https://doi.org/10.1016/j.sna.2023.114362
https://doi.org/10.1016/j.nanoso.2023.101041
https://doi.org/10.1016/j.inoche.2023.110613
https://doi.org/10.1007/s00604-024-06438-6
https://www.ncbi.nlm.nih.gov/pubmed/38806756
https://doi.org/10.3390/bios16040213

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	The Fabrication of Sensors 
	Optimization of Detection Conditions for Paper-Based Graphene–DNA Sensors 
	Hg2+ Sensitivity Detection with Graphene–DNA Sensors 
	Hg2+ Selectivity Detection with Graphene–DNA Sensors 
	Regeneration Cycle Experiment of Graphene–DNA Sensor 
	Control Experiment for Mechanism Validation 


	Results 
	Sensitivity Analyses of Different Number of G Base 
	Selectivity Analyses of Graphene–DNA3 Sensor 
	Regeneration Cycle Experiment of Graphene–DNA3 Sensor 
	Control Experiments for T-Hg2+-T Recognition 
	Testing in Real Samples 

	Discussion 
	Regulatory Mechanism: Modulation of T-Hg2+-T Formation by the Adjacent G-Quadruplex 
	Key Metrics Comparison of Recent Graphene-Based Hg2+ Sensors 

	Conclusions 
	References

