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Abstract—Early detection of Heart Failure (HF) is crucial for
enhancing patient outcomes, and recent developments in non-
invasive biomarker sensors have enabled monitoring at the early
stages to achieve this goal. In this study, we developed an HF
detection platform targeting the biomarker Galectin-3 (Gal3),
utilizing two specific binding sites: p hexakis-(6-mercapto-6-
deoxy)-p-cyclodextrin (mCD) and an aptamer binding site.
Computational methods, such as molecular docking, were
employed to select and design an aptamer with enhanced
binding affinity for Gal3. The engineered aptamer, Apt4_C15A,
demonstrated strong binding affinity to Gal3, as confirmed
through fluorescence assays, with a low equilibrium dissociation
constant (Kp) of 3.20 + 1.25 pM. The sensor was constructed as
a sandwich platform, with mCD functionalized on silver-coated
plates serving as the primary capture molecule and a 6-
carboxyfluorescein amidite (FAM)-tagged aptamer serving as
both the secondary capture molecule and fluorescent signal
probe. The sensor exhibited high sensitivity, achieving a
detection limit of 11.03 ng/mL within a linear range of 10-200

ng/mL, effectively covering clinically relevant Gal3
concentrations. This innovative mCD/aptamer-based
fluorescent  sensor demonstrated excellent detection

performance, underscoring its potential as a reliable platform
for early HF biomarker detection. Future improvements will
focus on optimizing sensor fabrication conditions to minimize
non-specific binding, further enhancing sensor accuracy and
robustness.
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I. INTRODUCTION

Heart Failure (HF) is a prevalent and critical health
condition that requires early detection to improve patient
outcomes. However, traditional diagnostic methods often fail
to identify HF in its early stages. Emerging biomarker sensors
represent a promising advancement, enabling non-invasive
monitoring for early HF detection and ongoing health
assessment. The integration of advanced biosensors into HF
detection strategies has the potential to improve clinical
outcomes by supporting timely diagnoses, individualized
treatment approaches, and proactive disease management,

thereby reducing hospital admissions and healthcare costs [1].

Among these, fluorescent sensors integrated with aptamers
(Apts) offer advantages. Aptamers, known for their high
specificity, stability, and strong affinity for a wide range of
targets, significantly enhance the selectivity and sensitivity of
fluorescent sensors, enabling the precise detection of low
concentrations of HF biomarkers at early stages [2, 3].
Additionally, aptamers can be synthesized and modified with
ease, making them a cost-effective and versatile alternative to
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antibodies. The post-systematic evolution of ligands by
exponential enrichment (post-SELEX) method enhances
aptamer binding affinity by iteratively selecting high-affinity
sequences, thereby improving the performance of aptamer-
functionalized sensors. Furthermore, molecular simulation
and docking techniques play a crucial role in optimizing
aptamer design. These computational methods predict
aptamer-target interactions and identify high-affinity binding
sites, enabling the rational design of aptamers with improved
specificity and affinity [4].

In recent years, significant advancements have been made
in developing Gal3 sensors leveraging the interaction
between saccharides and Gal3, achieving high sensitivity [3,
5, 6]. Building on this progress, this study proposes the
integration of beta-cyclodextrin (BCD), a cyclic
oligosaccharide with unique properties, to enable specific
host-guest interactions for enhanced Gal3 detection [7].

This study proposes the design of a novel fluorescent-
based Gal3 sensor using a dual recognition platform. The
platform integrates mCD as the primary specific binding
molecule and a fluorescent-tagged aptamer that functions as
the secondary specific binding molecule and fluorescent
probe. Additionally, we selected a new Gal3 aptamer and
designed it using molecular simulation and molecular
docking. We hypothesize that the sensor could achieve a
clinically relevant detection range, with potential applications
in HF biomarker detection.

II. METHODOLOGY

A. Gal3-mCD Interactions

To create the detection platform, the sensor was designed
based on the structure of the target protein, Gal3, with two
designated binding sites (Fig. 1a). The first binding site on
Gal3 was assigned as the Hexakis-(6-mercapto-6-deoxy)-f3-
cyclodextrin (mCD) binding site, while the second was
designated as the aptamer binding site.

The mCD binding site was identified on the Gal3 structure
(Fig. 1a) through molecular docking between mCD and Gal3.
The mCD structure was prepared by substituting the oxygen
atoms of the primary hydroxyl groups in the -cyclodextrin
(BCD) structure from Protein Data Bank (PDB) (PDB ID:
1ZON) with sulfur atoms to form thiol groups. It was
optimized using the Gaussian (G09) program with the
theoretical basis set HF/6-31G [8] before performing
molecular docking with Gal3 (PDB ID: 3ZSJ) utilizing a
global docking technique with the AutoDock Vina program
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(version 1.1.2) [9].
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Fig. 1. (a) Platform of the Gal3 fluorescent sensor. (b) Interaction between
Gal3 and mCD, evaluated through molecular docking using AutoDock Vina,
interactions were analyzed by BIOVIA Discovery Studio Visualizer.

B. Development of Gal3 Aptamer

To select the Gal3 aptamer candidates, the 3D structures of
20 aptamers obtained from PDB were prepared by removing
heteroatoms and molecules before Gal3-aptamer docking.
We identified lead Gal3 aptamers that bind to the aptamer
binding site (at residues 125-133: A, 135-137: A, 169: A,
187-193: A, 195-229: A, and 241-250: A) without
overlapping with the mCD binding site. The 3D structures of
the aptamers and Gal3 were then uploaded to the HDOCK
server (http://hdock.phys. hust.edu.cn/) [10] to predict
binding site. Subsequently, the torsions of the unfavorable
bonding residues were optimized using the AMBER (ff14sb)
force field before rescoring with AutoDock Vina to determine
the binding affinity values (kJ/mol) [11]. Aptamers that
exhibited the highest binding affinity were identified as lead
aptamers and designed using site-directed mutagenesis to
modify a specific base. The designed aptamer underwent
energy minimization before being docked with Gal3,
followed by rescoring with AutoDock Vina to calculate its
binding affinity.

C. Determination of Equilibrium Dissociation Constant

The Gal3 concentration of 1 pg/mL in 0.01 M PBS pH 7.4
was incubated in a black flat-bottom 96-well plate overnight.
The unbound Gal3 was removed by PBS. The 6-
carboxyfluorescein amidite (FAM)-tagged aptamer (0.015-8
puM) in Tris-HCI buffer containing 0.5 M sodium chloride
(NaCl), 10 mM Tris-HCI, and 1 mM magnesium chloride
(MgCl,) at pH 7.4 was incubated for 2 hours, and the unbound
Gal3 was removed by Tris-HCI buffer. PBS pH 12.0 was
added to activate the chromophore of FAM for 10 minutes
before fluorescent measurements at an excitation wavelength
(Aex) of 485 nm and an emission wavelength (Aem) of 520 nm.
Finally, the equilibrium dissociation constant (Kp) was
calculated by fitting the data using (1) [12].

Fmax X[Apt]
F(SZO nm) = I(D+—[Apf]

)
where F is fluorescence intensity at Ao, 485 nm and Ae, 520
nm; [Apt], the concentration of the aptamer candidates (UM);
Fiax, the maximum fluorescence intensity and Kp,
equilibrium dissociation constant (LM).

D. Design of Gal3 Fluorescent Sensor
To prepare the mCD/silver (Ag)-coated black flat-bottom
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96-well plate, Tollen’s reagent was freshly prepared
according to the method reported by Chen et al. [13] and 100
pL was dispensed into each well of the plate. Immediately
afterward, 100 puL of a 100 mM glucose solution was added
to each well and incubated for three minutes, resulting in the
Ag-coated plate. The plate was then rinsed several times with
DI water to remove excess reactants and allowed to dry. Next,
40 pL of 1 mM mCD (in DMSO) was added to each well of
the Ag-coated plate and incubated for two hours to form a
silver-thiol bond, resulting in the mCD/Ag-coated plate.
Afterward, 100 pL of 10-200 ng/mL Gal3 in 0.01 M PBS, pH
7.4 was added and incubated overnight to immobilize it on
the mCD/Ag-coated plate. Unbound Gal3 was removed by
rinsing with PBS (pH 7.4). Subsequently, 50 nM FAM-
labeled aptamer in Tris-HCI buffer (pH 7.4) was added and
incubated at 4 °C for two hours. Unbound aptamers were
removed by rinsing with Tris-HCI buffer. To activate the
FAM fluorophore of the bound FAM-labeled aptamer, 100
pL of PBS (pH 12.0) was incubated for 10 minutes.
Fluorescence intensity was measured with excitation at a
wavelength (1.y) of 485 nm and emission (4.,) at 520 nm. The
fluorescent signal from Gal3 on mCD/Ag was assigned as F,
and the signal from the FAM-labeled aptamer in the absence
of Gal3 on mCD/Ag was assigned as Fj, setting the
background signal. Thus, the actual signal for Gal3 detection
is represented by AF, which was calculated using Eq. (2).

AF =F —F 2)
where AF is different fluorescence intensity, F is the
fluorescence intensity of aptamer on Gal3/mCD/Ag, and F)
is the fluorescent intensity of aptamer on mCD/Ag.

III. RESULTS AND DISCUSSIONS

A. Interaction of mCD/Gal3

The structure of Gal3 was docked with mCD to identify
mCD binding site within the Gal3 structure. The result in Fig.
1b reveal a perfect fit between Gal3 and the mCD structure.
The docking output of mCD/Gal3 confirms the ability of
mCD to bind to the hydrophilic groove, a component of the
Carbohydrate-Recognition Domain (CRD) of Gal3, with a
binding affinity of —48.07 kJ/mol. This observation suggests
that the hydroxyl groups in mCD play a crucial role in Gal3
binding, as the structure fits almost perfectly into Gal3’s
hydrophilic groove. This interaction is mediated primarily
through hydrogen bonding with polar-rich amino acids,
including glutamine (Q) 143, 160, 164, and 166; histidine (H)
158; arginine (R) 162; and glutamate (E) 184, as well as a
hydrophobic interaction with tryptophan (W) 181.

B. Development of Gal3 Aptamer

To identify potential lead aptamers with specific binding to
Gal3, we analyzed a dataset containing 20 DNA aptamers.
The selection of lead aptamers was based on their interaction
with the aptamer binding site on Gal3 and their ability to
promote the highest binding affinity. As anticipated,
Apt4 1TOB (see Fig. 2) facilitated binding to the aptamer
binding site on Gal3, with the highest binding affinity of
—73.85 kJ/mol.
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Fig. 2. Selection of the lead aptamer for Gal3 through molecular docking
using the HDOCK server, with binding affinity evaluated by rescoring
through AutoDock Vina.

Fig. 3a demonstrates that the Cytosine (C) at position 15 of
Apt4 1TOB was mutated to Adenine (A), resulting in
Apt4 C15A. Fig. 3b shows the modified sequence, validated
by its two-Dimensional (2D) secondary structure, represented
in dot-bracket notation through RNAfold (http://rna.tbi.
univie.ac.at/) [14], which confirmed that the 2D structure of
Apt4 CI15A was identical to the original Apt4 1TOB, with a
calculated folding free energy of —76.95 kJ/mol. To confirm
the improved binding affinity, Apt4 CI15A was redocked
with Gal3 structures (PDB IDs: 3ZSJ, 3ZSK, 6RZH, 6174,
6QLR) and compared to Apt4 1TOB. Fig. 3c demonstrates
that Apt4 C15A exhibited a higher average binding affinity
(=76.2942.24 kJ/mol), indicating a stronger binding
interaction with Gal3 than the Apt4 ITOB aptamer
(—74.04+3.76 kJ/mol). We suggest that Aptd C15A was a
reliable aptamer for the further development of Gal3
fluorescent sensors. This study also suggests that Thymine (T)
and Guanine (G) at this position should be mutated to
investigate their effects on binding affinity.
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Aptd_1TOP  5-GGCACGAGGTTTAGCTACACTCGTGCC-3' -76.95 kJ/mol
COCCCEECCe e ))))))))))
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Fig. 3. Molecular simulation and calculation: (a) dot-bracket notation and
predicted folding energy of aptamers, (b) 2D and 3D structures of aptamers,
and (c) binding posture and binding affinity of aptamers with Gal3 predicted
through HDOCK sever, binding affinities calculated by AutoDock Vina.

To characterize the properties of fluorescence, the
Apt4 C15A was synthesized with a 3’-FAM tag (named
Apt4 CIS5A-FAM) by Integrated DNA Technologies (IDT)
Pte. Ltd. (Singapore). The Apt4d C15A-FAM was
characterized by UV-Vis and fluorescence spectroscopy
using a Tecan Infinite M200 fluorescence microplate reader
(Ménnedorf, Switzerland). Fig. 4 demonstrates that
Apt4 C15A-FAM exhibits a characteristic peak in the UV-
Vis absorption spectrum at 260 nm [15], representing the
absorption of nitrogenous bases in the DNA aptamer, as well
as the absorption characteristic of FAM at 495 nm [16].
Meanwhile, the FAM fluorophore exhibits a excitation
wavelength (Aex) at 495 nm and an emission wavelength (Aem)
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at 520 nm [17], generating bright green fluorescence (Fig. 4
inset).
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Fig. 4. The optical properties of Apt4 C15A-FAM (3 uM) in PBS buffer at
pH 12.0: (black dots) UV-Vis absorbance, (green dashed line) excitation, and
(green solid line) emission spectra at pH 12.0.

To maximize the fluorescence intensity of the sensor and
reduce noise background, the optimum detection parameters
were investigated. Fig. 5a shows that Apt4 C15A-FAM in
PBS buffer at pH 12.0 demonstrated the highest fold change
in fluorescence intensity with a lag time of 5 us and an
integration time of 40 ps at an excitation wavelength of 485
nm. The choice of lag time can significantly impact
fluorescence measurements, particularly in fluorescence
techniques. An optimal lag time helps eliminate background
fluorescence and scatter from short-lived, non-specific
signals. Since the FAM fluorophore decays rapidly, a lag time
longer than 5 ps could cause its signal to be undetectable by
the time the measurement begins. Meanwhile, longer
integration times at the optimal lag time increase the amount
of collected fluorescence signal, improving the signal-to-
noise ratio (S/N ratio). This was especially beneficial for
detecting weak or low-abundance signals, enhancing
sensitivity at low target concentrations. These findings
indicate that these optimal conditions produce higher
intensity compared to the blank (PBS pH 12.0) solution and
help reduce background signal from PBS. Although FAM has
a maximum excitation wavelength of 495 nm, it was not
suitable for sensing due to limitations of the device, which
has fixed broad excitation (9 nm) and emission (20 nm)
spectra, resulting in overlapping excitation and emission
spectra. This phenomenon can cause unwanted emissions
from the excitation light itself, leading to a high intensity
signal from the blank and a low S/N ratio (low fold change in
fluorescence intensity). This study demonstrated that using an
excitation wavelength of 485 nm significantly reduced the
background fluorescence signal from the blank, resulting in a
greater fold change in fluorescence intensity.
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Fig. 5. Optimization of (a) detection parameters of the fluorescence
spectroscopy in PBS buffer at pH 12.0 at 4., 520 nm, and (b) detection pH
measured at 4., 485 nm and 4., 520 nm (I uM Apt4 C15A-FAM in black
flat-bottom 96-well plate), (N = 3, mean + SD).
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In addition, the pH of the detection solution is a crucial
factor for fluorophore activation. Fig. 5b demonstrates that
Apt4 CIS5A-FAM exhibited the highest fluorescence
intensity at pH 12.0. Under more basic conditions, the
carboxyl group of FAM becomes deprotonated, leading to a
more conjugated and stable electronic state. This
deprotonated state enhances fluorescence by allowing greater
resonance and stabilization in the excited state, producing
strong bright green fluorescence [18].

Following the engineering of the Apt4 C15A-FAM
aptamer, its binding affinities were investigated using the
fluorescent assay. Fig. 6 depicts the binding affinity,
represented by the equilibrium dissociation constant (Kp)
values. Notably, the Aptd C15A-FAM aptamer exhibits a
low Kp value of 3.20+1.25 uM, indicating a high binding
affinity to the Gal3 protein.
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Fig. 6. The equilibrium dissociation constant (KD) for the binding between

Apt4 CI5A-FAM (0.015-8 uM) and Gal3 (1 pM) was measured at 4., 485

nm and 4., 520 nm in PBS buffer at pH 12.0 (N = 3, mean =+ SD).

Fluorescence intensity (a.u.)

To validate the designed sandwich fluorescence sensor, the
mCD/Ag-coated plate was prepared (see inset in Fig. 7).
Aptd C15A-FAM-FAM was incubated with mCD/Ag-
coated plates and mCD/Ag-coated plates with Gal3 (1
pg/mL), and their fluorescence intensity was measured at pH
12.0. Fig. 7 demonstrates that Apt4 C15A-FAM interacts
significantly with Gal3 on the mCD/Ag-coated plate
compared to mCD/Ag-coated plates alone and the blank
(buffer on the mCD/Ag-coated plate). This finding confirms
that the sandwich fluorescent sensor was suitable for Gal3
sensing. However, we suggest that an appropriate washing
buffer and optimal concentration of aptamer should be further
investigated to reduce non-specific binding of the aptamer on
the mCD/Ag plate.
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Fig. 7. Evaluation of the interaction between Apt4 CI15A-FAM (50 nM) and
different modified plates. All experiments were measured at Ao, 485 nm and
Aem 520 nm in PBS buffer at pH 12.0. (N = 3, mean + SD).
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C. Detection Performance of Gal3 Fluorescent Sensor

In order to investigate the attributes of the mCD with
aptamer as a sandwich sensor for a fluorescence-based Gal3
sensor, the dynamic detection linear range was firstly
determined. Fig. 8 depicts the fluorescent signal responses of
the sensor: as the concentration of Gal3 increases, the AF
signal also increases. It becomes evident that the sensor
exhibited linear behavior within the concentration range of 10
to 200 ng/mL, with the linear regression equation as follows:
AF = 0.7967[Gal3] + 0.0532. The data fitting is remarkably
accurate, as indicated by the high confidence coefficient of R?
= 0.9577. The sensor demonstrated a Limit of Detection
(LOD) of 11.03 ng/mL (S/N = 3) and a limit of quantification
(LOQ) of 36.75 ng/mL (S/N = 10). Consequently, the system
demonstrates the ability to accurately detect Gal3
concentrations within the clinically relevant cut-off level of
17.8 ng/mL. However, we also recommend investigating
additional aspects of the sensor’s performance, including
selectivity and real sample tests, to further enhance its
reliability and efficacy.
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buffer at pH 12.0. (N = 3, mean + SD).
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IV. CONCLUSIONS

This study describes the design and development of a
highly specific Galectin-3 (Gal3) fluorescent sensor utilizing
a cyclodextrin/aptamer-based dual recognition technique.
Molecular docking confirmed that mCD specifically binds to
Gal3’s hydrophilic groove, which is crucial for its high
binding affinity. Molecular simulations and docking were
effective in designing and enhancing the aptamer’s binding
affinity, with a low equilibrium dissociation constant (Kp)
indicating a strong interaction with Gal3. As expected, the
cyclodextrin/aptamer sandwich fluorescent sensor proved
effective, exhibiting a broad linear range within clinically
relevant detection limits. This sensor design holds promise
for early and accurate Gal3 detection, supporting potential
applications in diagnostic assays. Further refinements,
including screening additional aptamer libraries, optimizing
fabrication procedures, and evaluating sensor performance,
could further enhance its efficacy.
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