Published on 25 ubat 2025. Downloaded on 28.02.2026 10:53:22.

Analytical
Methods

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Anal. Methods, 2025, 17, 2536

Received 29th January 2025
Accepted 24th February 2025

Development of a novel label-free NIR aptasensor
based on triphenylmethane dyes for rapid and
sensitive detection of copper ionst

Junhao Hu,? Xinxin Li,? Teck-Peng Loh & *2® and Lingli Bu ® *2

Heavy metal pollution, particularly from copper ions (Cu*), poses a significant threat to both the ecological
environment and human health. However, traditional copper ion analysis techniques are often hindered by
the need for expensive equipment, labor-intensive sample preparation and skilled operation, which limits
their effectiveness for field and real-time applications. In this work, we report a novel near-infrared
aptamer sensor (NIRApt) that originates from the binding reaction between the DNA aptamer Aptc, and
the fluorescent small molecule crystal violet (CV), enabling rapid detection of Cu?* through the
competitive effect of Cu?* with Aptc,. This sensor shows a significant enhancement in NIR fluorescence
after aptamer binding. NIRApt exhibits superior performance, requiring only three core components to
achieve a fast response time and operational simplicity in less than a minute. The sensor shows high
sensitivity with a detection limit as low as 61 nM, making it suitable for the detection of trace amounts of
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1. Introduction

Heavy metal pollution, particularly Cu** contamination from
industrial activities such as mining, electroplating and elec-
tronics manufacturing, poses severe threats to both the envi-
ronment and human health. As a persistent and
bioaccumulative pollutant, Cu>* exhibits chronic toxicity in
aquatic ecosystems.? Prolonged exposure to elevated Cu**
levels can severely damage vital organs, such as the cerebrum,
kidneys and gastrointestinal system.*® Regulatory agencies,
including the European Commission and the US Environ-
mental Protection Agency, have set stringent thresholds for
Cu®" concentrations in drinking water, at 2 mg L' and 1.3 mg
L™, respectively.®” The urgent need for precise and portable
detection methods is underscored by the necessity to mitigate
Cu”* contamination in environmental and food samples.
Conventional analytical techniques, such as atomic absorp-
tion spectroscopy, inductively coupled plasma mass spectrom-
etry and atomic emission spectroscopy, deliver high sensitivity
and reliability.*** However, these methods are hampered by
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Cu?* in diverse samples. The efficacy of NIRApt has been validated through successful applications in
real water samples, highlighting its promising potential for environmental monitoring.

their dependence on expensive equipment, labor-intensive
sample preparation and skilled operation. Such limitations
significantly hinder their application for on-site and real-time
monitoring. Fluorescence-based detection strategies, in
contrast, offer distinctive features, including high specificity
and sensitivity, real-time monitoring, operational simplicity
and cost-effectiveness, making them highly suitable for prac-
tical applications across various fields."*™*

Among fluorescence-based technologies, nucleic acid-based
sensing platforms, especially those utilizing aptamer recogni-
tion elements, have emerged as particularly promising candi-
dates. Aptamers are short oligonucleotide sequences capable of
binding specific targets, such as ions, small molecules or
proteins, with unparalleled specificity and binding affinity.'*®
Although significant progress has been made in aptamer-based
Cu** detection systems, current designs predominantly depend
on visible-range fluorescence detection, making them suscep-
tible to interference from complex sample matrices."** Near-
infrared (NIR) fluorescence has emerged as a promising solu-
tion for environmental detection, offering minimized back-
ground interference and enhanced detection accuracy.”*
These unique spectral properties make NIR particularly suitable
for in situ and real-time monitoring applications.

Triphenylmethane (TPM) dyes, as one of the earliest
synthetic dye classes, possess unique characteristics including
nucleic acid binding affinity, intrinsic NIR fluorescence, excel-
lent photostability and water solubility. These properties,
coupled with their small molecular size and cost-effectiveness,
have facilitated their widespread application in biosensing and

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (A) Schematic diagram of TPM dye screening for the NIR
aptasensor and (B) the construction of the NIR aptasensor for Cu?*
detection.

bioimaging.** The strategic integration of TPM dyes with an
aptamer-based platform presents a promising strategy for
developing highly sensitive and specific detection systems.

Herein, we present a novel near-infrared aptasensor (NIRApt)
platform utilizing TPM dyes for highly selective and sensitive
Cu”* detection (Scheme 1). Through systematic construction
and evaluation of an extensive TPM molecular library in
combination with a Cu®"-specific aptamer, we identified an
optimal dye-aptamer pair demonstrating a remarkable NIR
fluorescence change upon target recognition. The developed
NIRApt exhibits outstanding performance, featuring an ultra-
fast response (<1 min) and simplified operation through its
three-component design. The sensor achieved high sensitivity
with a low detection limit, enabling reliable quantification of
trace Cu®" in diverse samples. Furthermore, the practical utility
of this sensing platform was successfully validated through its
successful application in real water samples, demonstrating its
promising potential for real-world environmental monitoring
applications.

2. Experimental section
2.1. Materials and instruments

All the chemical reagents and instruments are presented in the
ESL

2.2. Fluorescence spectroscopy

DNA oligomers were annealed in ultrapure water by heating at
95 °C for 10 min, and then slowly cooled to room temperature.
Samples were measured by the addition of pre-prepared CV (100
uM) and annealed Aptc, (100 pM), followed by adding buffer to
a final volume of 200 pL and then incubating for 5 min. Assays
were conducted in a supporting electrolyte containing 10 mM
MES, 100 mM NacCl, and 2 mM MgCl, (pH 6.0). To measure the
binding constant of CV to Aptg,, different concentrations of
Aptcy, (0-10 pM) were mixed with 10 pL of CV (100 puM) in the
reaction buffer. Sensitivity detection of Cu®** using NIRApt
sensors: different concentrations of CuCl, (0-30 uM) were
added into the reaction buffer containing Aptc, (100 uM) and 10
uL of CV (100 puM) to record their fluorescence spectra. All
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experiments were conducted with excitation at 540 nm and
a maximum emission wavelength of 640 nm was recorded. The
multimode microplate reader measures fluorescence intensity
values of 540-800 nm using a 384-well black microplate with an
excitation and emission slit width of 20 nm. The formula for
calculating the dissociation constant (K4) from the unit-point
specific binding model is as follows:>

Y= Yiax X XI(Kq + X)

where Y represents the fluorescence fold change of the DNA
oligomer; Y.« is the maximum fold change in fluorescence of
the dye (CV) and X is the concentration of the DNA oligomer.

2.3. UV-vis analysis

First, 10 pL of CV (100 uM) and different concentrations of Aptc,
(0-10 uM) were mixed in the reaction buffer and their UV
absorption spectra were measured. Different concentrations of
CuCl, (0-50 uM) were added to the mixture, containing 8 pL of
Aptcy (100 uM) and 10 pL of CV (100 pM). UV-vis absorption
spectra were recorded from 400 to 750 nm using a Spar multi-
mode microplate reader.

2.4. Fluorescence quantum yield measurement

In this work, the fluorescence quantum yield (@) of the sensor
was measured with Cy5 (PBS as solvent) as a standard (®: 27%)
using the following equation:**

2
(Dx:disxéx é><<E>
I, A \n

where, @ is the quantum yield, I stands for the integrated
emission intensity, 4 is the absorbance, and 7 is the refractive
index of the solvent. “s” refers to the standard with a known @
and “x” refers to the sample. Absorption was kept below 0.05 at
the excitation wavelength.

2.5. Real sample analysis

The lake water samples were collected from Henan University of
Technology and CuCl, was added to prepare the samples to be
tested with different concentrations of Cu®**. To prepare the
working solution for the detection of lake water samples, 10 pL
of CV (100 uM) and 8 pL of Aptc, (100 uM) were added; different
concentrations of the samples to be measured were added to the
working solution, and MES buffer (pH = 6.0) was added as the
supporting electrolyte, and the buffer was added to adjust the
final volume of the system to 200 pL.

3. Results and discussion

3.1. Screening of the TPM library for NIR fluorescence-based
detection of Cu**

The aptamer CU-1 (Aptc,), identified by Liu's group, was
selected as the key sensing component for this study.”” To
complement this aptamer, a library of six TPM dyes was con-
structed (Fig. 1A and B). Each dye featured positive charges and
distinct substituents on the benzene ring, enabling the
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Fig. 1 (A) Screening of fluorescent dyes from the TPM dye library for
their ability to bind to the aptamer and Cu?*. (B) Chemical formulae of
six selected TPM dyes. (C) Fluorescence spectra of CV dye in the
presence or absence of Cu?* in solution. (D) Relative fluorescence of
the TPM dyes/Aptc, with or without Cu?*.

exploration of structural variations on fluorescence behavior
and compatibility with the aptamer.

Screening experiments were performed by incubating each
TPM dye (4 uM) with Aptc, (2 pM) in the presence and absence
of Cu** (4 uM). All six TPM dyes exhibited significant fluores-
cence enhancement upon binding with Aptc,, confirming their
strong interaction and potential as fluorophores in NIRApt
(Fig. 1C and S1-S5t). The fluorescence emission was concen-
trated in the NIR region, highlighting the dyes' suitability for
applications requiring minimal interference from complex
samples. Upon the addition of Cu**, the fluorescence intensity
decreased to varying degrees, demonstrating effective quench-
ing behavior.

Among the dyes tested, crystal violet (CV) displayed the most
pronounced fluorescence response, with a quenching ratio of 2.5-
fold compared to the baseline (Fig. 1D). This robust response
positions CV as the optimal candidate for sensor integration. Its
favorable structural features likely contribute to enhanced
interactions with Aptc, and heightened sensitivity to Cu**.

3.2. Interaction of TPM and Aptc, and their photophysical
properties

To delve deeper into the high signal-to-noise ratio exhibited by
the CV-based NIRApt sensor in Cu®" detection, we investigated
the underlying molecular mechanisms in detail. Our initial
experiments assessed the binding affinity between CV and
Aptc,. Fluorescence analysis revealed that CV alone exhibited
negligible emissions in buffer. Upon the introduction of Aptc,,
a marked enhancement in NIR fluorescence of CV was observed,
peaking at an emission wavelength of 640 nm, and Ky for the
formation of the Aptc,/Cu®" complex was determined to be 2.44
uM (Fig. 2A and B). In parallel, UV-vis absorption spectra
showed a slight decrease in the absorbance of CV after Aptc,
binding, indicative of robust interactions (Fig. 2C).
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Fig. 2 (A) Fluorescence spectra of CV with different concentrations of
Aptcy (0-10 pM), Aex = 540 nm. (B) Corresponding fluorescence
intensity of CV combined with different concentrations of Aptc, at 640
nm. (C) CV absorption spectra with varying Aptc, concentrations. (D)
Fluorescence intensity of CV in a mixture of MES buffer and glycerol.
(E) Mechanism of fluorescence intensity change due to CV and Aptc,
binding.

To gain deeper insights into the mechanism responsible for
the fluorescence enhancement, we evaluated the behavior of CV
under varying viscosity conditions. Results showed a propor-
tional increase in fluorescence intensity with increasing
viscosity, consistent with restricted intramolecular rotations
(Fig. 2D). This observation supports the hypothesis that Aptc,
binding constrains the rotational freedom of the benzene ring
within CV around its single bond, thereby suppressing the
twisted intramolecular charge transfer state and enhancing
fluorescence.”®*® Collectively, these findings highlight that the
interaction between CV and Aptc, not only induces significant
changes in absorption but also effectively limits molecular
motion, resulting in pronounced fluorescence enhancement
(Fig. 2E).

3.3. CV-based NIRApt aptasensor for Cu®>* detection

The sensitivity of the CV-based NIRApt aptasensor is a critical
factor influenced by the aptamer-to-dye concentration ratio.
Here, we systematically evaluated how the Aptc, and CV
concentration ratios impact the performance of the sensor.
When the Aptg, : CV ratio was set to 0.8 : 1, a linear relationship
was observed between the change in fluorescence intensity and
Cu** concentration in the range of 0-2 uM, resulting in a limit
of detection (LOD, 30) of 61 nM. When the ratio was adjusted to
1.4:1, the LOD slightly decreased to 67 nM (Fig. S6%).
Furthermore, the Benesai-Hildebrand plots,* constructed from
fluorescence titration curves for 4 and 7 uM Aptc,, confirmed

This journal is © The Royal Society of Chemistry 2025
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the 1:1 stoichiometric interaction between NIRApt with Cu®",
yielding binding constant values of 7.52 x 10° M~" and 3.47 x
10> M, respectively (Fig. S71). The optimized aptamer
concentration of 4 pM significantly enhanced sensitivity
(Fig. 3A-C), highlighting the critical role of the aptamer-to-dye
ratio in determining NIRApt performance. CV dye exhibited
a fluorescence quantum yield (@) of 0.08%, which increased to
1.24% upon Aptc, binding and decreased to 0.23% following
Cu*" addition. In conjunction with the changes observed in UV-
vis absorption spectra (Fig. 3D and E), these findings further
suggest the competitive interaction between Cu®* and Aptc,,.
To validate the selectivity of NIRApt, we tested its response to
a broad array of common cations and anions typically found in
aquatic environments, including Ca*', zr*", cr®*, cd**, Co™,
Pb**, Fe**, Fe**, Na’, Ni**, K*, Mn**, Zn**, Hg*", Cu’, HPO,*",
H,PO,”, SO,>~ and NO;~. No significant fluorescence was
observed for any of the above ions, confirming the exceptional
selectivity of NIRApt for Cu®>* (Fig. 3F). These results demon-
strate that NIRApt enables highly specific Cu** detection,
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Fig. 3 (A) Cu®* can displace CV dyes from NIRApt. (B) Fluorescence
spectra of NIRApt with or without Cu?*. (C) NIRApt was added to 4 or 7
puM Aptc, with different concentrations of Cu?* at Aemn = 640 nm. (D)
Absorption spectra of different concentrations of Cu®* added to
NIRApt. (E) The absorbance of different concentrations of Cu?* in
NIRApt. (F) Selectivity of NIRApt sensors for various ions.
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Fig. 4 (A) Schematic diagram of NIRApt-based Cu®* detection in raw
lake water. (B) Fluorescence emission spectra of NIRApt in the pres-
ence of varying volumes of lake water. (C) Fluorescence intensity of
NIRApt when mixed with different volumes of ultrapure water or lake
water samples.

Table 1 Determination of Cu?* in lake water

Sample Added (uM) Found (uM) Recovery (%)
Lake water 4 4.2342 (£0.18) 105.85
6 6.0961 (+0.21) 101.60
8 7.9879 (+0.35) 99.84
10 10.2402 (+0.31) 102.40
20 21.2312 (£0.82) 106.16

attributed to the strong binding affinity between Aptc, and
Cu?", which surpasses that of other ions.

3.4. Practical application of NIRApt for Cu®* detection

The rapid industrialization and growing anthropogenic impacts
on aquatic ecosystems, particularly from sewage discharge,
have heightened the need for effective environmental moni-
toring. Motivated by the excellent performance of NIRApt, we
sought to explore its potential for sensitive Cu** detection in
real water samples, aiming to develop advanced monitoring
solutions. The results in Fig. 4A and B show a concentration-
dependent fluorescence quenching at 640 nm, confirming Cu**-
specific detection through fluorescence quenching. Six replicate
measurements demonstrated consistent quenching responses,
highlighting NIRApt's reliability in complex water samples.
NIRApt demonstrated a Cu®>" detection range of 4-20 uM in real
water samples, with recovery rates of 99.84-106.16% (Fig. 4C
and Table 1). The results demonstrate the exceptional perfor-
mance of NIRApt as a detection platform for Cu®* in real water
samples. Given the promising performance of NIRApt, we
foresee its broader applications in detecting Cu®" across diverse
environmental samples, offering a versatile and highly sensitive
tool for Cu**-related environmental research.

4. Conclusions

In summary, we developed a novel label-free near-infrared
fluorescent aptasensor (NIRApt) that integrates TPM dyes with
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a Cu”"-binding aptamer (Aptc,) for Cu®** detection. By opti-
mizing the TPM dyes, we successfully developed a sensor that
integrates CV and Aptc,, demonstrating highly selective and
sensitive Cu®" detection. This sensor offers excellent specificity,
rapid response and a low detection limit of 61 nM. Moreover, we
demonstrated that NIRApt is highly selective for Cu®>* over other
relevant ions. Beyond its superior analytical performance,
NIRApt offers practical advantages such as simple operation,
rapid response, and strong anti-interference capabilities. These
features make NIRApt highly suitable for detecting Cu®" in real-
world water samples, underlining its applicability for both
laboratory and practical analyses. We expect that this approach
will establish a new paradigm in Cu®*-responsive sensor design,
with considerable potential to improve environmental and
water pollution monitoring.
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