View Article Online

View Journal

M) Cneck tor updates

Organic &
Biomolecular
Chemistry

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: K. Khadka, S.
Subedi, E. Oh and K. Lee, Org. Biomol. Chem., 2025, DOI: 10.1039/D60OB00170J.

; This is an Accepted Manuscript, which has been through the
Organic & o Royal Society of Chemistry peer review process and has been
Biomolecular accepted for publication.

Chemistry

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
~ oo shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

#® LOYAL SOCIETY rsc.li/obc
ap OF CHEMISTRY


http://rsc.li/obc
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6ob00170j
https://pubs.rsc.org/en/journals/journal/OB
http://crossmark.crossref.org/dialog/?doi=10.1039/D6OB00170J&domain=pdf&date_stamp=2026-03-26

Page 1 of 28 Organic & Biomolecular Chemistry
View Article Online
DOI: 10.1039/D60B00170J

Ultrafast Fluorescent Detection of Mercury(Il) Ions in Aqueous and Biological Systems Using a
Boronic Acid—Based Reaction Probe

Kishor Khadka?, Sumita Subedi?, Eun-Taex Oh?, and Keun-Hyeung Lee®"
aEducation and Research Center for Smart Energy Materials and Process, Department of

Chemistry and Chemical Engineering, Inha University, Incheon 402-751, South Korea

bDepartment in Biomedical Sciences, College of Medicine, Inha University, Incheon 22212,
South Korea

E-mail: leekh@inha.ac.kr

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

(cc)


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ob00170j

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

View Article Online
DOI: 10.1039/D60B00170J

Abstract

A new reaction-based fluorescent chemodosimeter for Hg?>* ions was developed based on the
irreversible substitution reaction between Hg?* and a phenylboronic acid moiety. The probe
exhibits a rapid and highly selective fluorescence turn-on response toward Hg?* with dual green
and red emissions under visible-light excitation. Notably, the sensing reaction is completed within
2-3 min in aqueous solution at pH 7.4 containing only 1% organic solvent, demonstrating
excellent reactivity under near-physiological conditions. The probe (1) forms a well-defined 1:1
covalent adduct with Hg?*, avoiding complicated multi-adduct formation and enabling reliable
quantitative detection. In addition, the boronic acid-based design effectively suppresses
interference from competing metal ions. The probe shows efficient cellular uptake and allows
real-time imaging of intracellular Hg?* through simultaneous enhancement of green and red
fluorescence signals. These results demonstrate that the present probe provides a robust sulfur-
free platform for rapid, selective, and sensitive detection of mercury ions in aqueous environments
and living cells, offering significant potential for environmental monitoring and biological

mercury imaging.

Keywords: Hg?*; Mercury(II); Boronic acid; Chemodosimeter; Turn-on fluorescence.
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1. Introduction

Among mercury species, mercury ions (Hg?*) pose a significant public health risk due to their
persistence and high toxicity, because Hg?" ions readily accumulate in the human body and can
cause severe diseases.!3 Hg?* ions are generated both naturally and as a result of increasing human
activity,'- leading to the contamination of aquatic environments and raising serious concerns about
environmental and biological hazards. Because Hg?" is bioavailable and can easily enter organisms
via water, there is a critical need for methods capable of detecting Hg?* sensitively and selectively

in aqueous environments and live cells.

Among various analytical techniques, fluorescence-based sensors have emerged as powerful
tools for mercury detection owing to their high sensitivity, operational simplicity, real-time
response, and potential applicability to living systems.*!# In particular, reaction-based fluorescent
probes (chemodosimeters) have been intensively investigated for the detection of Hg?" ions in
environmental and bio-samples because they offer high selectivity through irreversible chemical
transformations induced by Hg?".!32* Unlike reversible coordination-based probes,
chemodosimeters rely on irreversible chemical transformations, which provided significant

fluorescent signal changes, generate accumulated fluorescence signals, and enable more reliable

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and unambiguous signal transduction.>-

Among them, most Hg?>* chemodosimeters reported to date rely on the selective interaction

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

between Hg?" ions and sulfur-containing functional groups (Scheme 1a).!3-3! However, sulfur-

(cc)

based chemodosimeters often suffer from limited specificity and practical applicability due to
cross-reactivity with other soft heavy metal ions, slow reactions in the presence of soft metal ions,
and complicated reaction pathways. In addition, their sensing performance is frequently affected
by oxidative conditions, which can suppress or distort the mercury-triggered desulfurization

process, particularly in complex biological environments.

To overcome these intrinsic limitations, alternative sulfur-free reaction-based strategies have
been actively explored.>® Among them, boronic acid-based chemodosimeters have emerged as a
promising platform for mercury sensing, as they rely on the irreversible substitution reaction of

arylboronic acids with Hg?* (Scheme 1b).31-3¢ This reaction proceeds with high selectivity toward
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Hg?" and is largely unaffected by competing soft metal ions, thereby offering improved specificity,

reproducibility, and reliability in aqueous and biological environments.

In our earlier studies, we introduced a fluorescent chemodosimeter based on the substitution
reaction between Hg?* ions and phenylboronic acid moieties. Although this approach successfully
demonstrated the feasibility of sulfur-free mercury sensing, several intrinsic limitations remained.
In aqueous media, the boronic acid—mercury reaction proceeded relatively slowly (>5 mins) or, in
some cases, resulted in the formation of a 1:2 covalent adduct, which complicated signal
interpretation and quantitative analysis.?!-3¢ In addition, boronic acid groups are known to strongly
interact with diol-containing saccharides on cell surfaces, significantly impeding cellular uptake

and thereby limiting the applicability of these probes for intracellular mercury detection.33-34
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Scheme 1. (a) Some examples of chemical reaction for sulfur-based chemodosimeters for Hg?",

(b) displacement reaction of a phenylboronic acid with Hg?*, and (c) structure of a fluorescent
chemodosimeters (1 and 2) containing a phenylboronic acid moiety.
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In the present work, we report a new boronic acid—based fluorescent chemodosimeter (1) that
overcomes these limitations (Scheme 1¢). The probe is excitable with visible light and exhibits a
pronounced turn-on fluorescence response, generating dual red and green emissions upon exposure
to Hg?" ions. Notably, the highly reactive probe displays an instantaneous fluorescence turn-on
response (<2 min) in aqueous media containing only 1% organic solvent and forms a 1:1 covalent
adduct with Hg?". Importantly, the probe readily penetrates living cells and enables intracellular
Hg?* detection, as evidenced by a significant enhancement of both red and green fluorescence
signals. Collectively, these results represent a substantial advance in boronic acid—based mercury
chemodosimeters and highlight their strong potential for real-time mercury sensing in complex

biological and aqueous environments.

2. Experiments
2.1.Materials

4-Chloro-7-chlorosulfonyl-2,1,3-benzoxadiazole and 4-dimethylaminopyridine (DMAP) were

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

purchased from TCI. 4-Aminophenylboronic acid pinacol ester, piperidine, and dimethylamine

(in THF) were obtained from Sigma-Aldrich. Other reagents used for synthesis, including

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

dichloromethane (DCM) and trifluoroacetic acid (TFA), were purchased from Acros Organics.

(cc)

2.2. Synthesis of fluorescent probes

2.2.1. Synthesis of intermediate 3

Probes were synthesized through the sulfonamide intermediate 3, followed by nucleophilic

substitution and subsequent boronate deprotection (Scheme S1).

4-Chloro-7-chlorosulfonyl-2,1,3-benzoxadiazole (253 mg, 1.0 mmol) and 4-aminophenylboronic
acid pinacol ester (219 mg, 1.0 mmol) were dissolved in dry dichloromethane (20 mL).
Triethylamine (279 pL, 2.0 mmol) was added dropwise, and the reaction mixture was stirred at

25 °C for 4 h. After removal of the solvent under reduced pressure, the crude product was purified


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ob00170j

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

View Article Online
DOI: 10.1039/D60B00170J

by silica gel column chromatography (particle size 0.063—-0.200 mm) to afford the sulfonamide

intermediate 3.

2.2.2. Synthesis of probe 1

A solution of intermediate 3 (435 mg, 1.0 mmol) in dichloromethane was treated with piperidine
(5 equiv., 494 nL) and 4-dimethylaminopyridine (DMAP, 12 mg, 0.1 equiv.). The reaction mixture
was stirred at 40 °C for 6 h, and the reaction progress was monitored by thin-layer chromatography
(TLC). After removal of the solvent under reduced pressure, the crude product was treated with a
mixture of trifluoroacetic acid (TFA) and dichloromethane (DCM) (80:20, v/v, 20 mL) at room
temperature for approximately 6 h to deprotect the pinacol boronate ester. The solvent was
removed under reduced pressure, and the crude product was purified by silica gel column
chromatography. The final product (probe 1) was further purified by preparative HPLC using a
C18 column, and its purity was confirmed by analytical HPLC (Fig. S1).

2.2.3. Synthesis of probe 2

Probe 2 was prepared from intermediate 3 using the same procedure described above, except that
dimethylamine (2 M in THF, 2.5 mL, 5 mmol) was used instead of piperidine in the nucleophilic
substitution step. The crude product obtained after boronate deprotection was purified by silica gel

column chromatography and further purified by preparative HPLC using a C;g column (Fig. S2).

The structures of probes 1, 2, and intermediate 3 were characterized by high-resolution mass
spectrometry (HRMS) and 'H and '*C NMR spectroscopy (Figs. S3—-S11).

Probe 1; Orange solid; mp 118-120 °C; overall yield 54.6%.

"H NMR (400 MHz, DMSO-dg) § 10.57 (s, 1H), 7.90 (d, ] = 8.0 Hz, 1H), 7.52 (d, J = 8.4 Hz, 2H),
6.99 (d, J = 8.0 Hz, 2H), 6.46 (d, J = 8.4 Hz, 1H), 3.82 (s, 4H), 1.61 (s, 6H).

BC NMR (101 MHz, DMSO-de) 6 146.4, 145.2, 142.9, 139.9, 139.8, 135.5, 117.7, 109.6, 104.0,
50.3,25.7, 24.1.

HRMS (m/z): [M + Na*]" caled for C;17,H;9BN,O5SNa, 425.10669; found 425.10645.

Probe 2: Orange solid; mp 117 °C; overall yield 52.5%.

"H NMR (400 MHz, DMSO-dg) § 10.51 (s, 1H), 7.90 (d, J = 8.8 Hz, 1H), 7.51 (d, J = 8.8 Hz, 2H),
6.97 (d,J = 8.8 Hz, 2H), 6.16 (d, J = 8.4 Hz, 1H), 3.40 (s, 6H).

Page 6 of 28
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BC NMR (101 MHz, DMSO-de) 6 146.3, 145.2, 143.8, 140.0, 139.9, 135.5, 117.6, 107.8, 101.8,
42.9.

HRMS (m/z): [M + Na*]" caled for C1,H;8BN,O5SNa, 385.07539; found 385.07526.
Intermediate 3: Yellow solid; mp 152—-153 °C; yield 76.2%.

"H NMR (400 MHz, DMSO-d) 5 11.07 (s, 1H), 8.10 (d, J = 8.8 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H),
7.59 (d,J = 8.8 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H).

BC NMR (101 MHz, DMSO-de) 6 149.3, 145.3, 140.1, 136.6, 136.5,136.1, 131.2, 126.9, 126.8,
118.9,114.7, 84.1, 83.4,25.2, 25.1.

HRMS (m/z): [M]" caled for C;18H19BCIN305S, 435.08270; found 435.0830.

2.3. UV- visible and fluorescence measurements

A stock solution of the probe (0.5 mM) was prepared in a mixed solvent of dimethylformamide
(DMF) and distilled water (1:9, v/v). A stock solution of the probe was stable at 4 °C for at least
four weeks, as verified by UV—visible absorption and fluorescence spectra. This stock solution
was used for subsequent dilutions. A stock solution of HgCl, (0.5 mM) was prepared in distilled

water. Fluorescence emission spectra were recorded in aqueous buffered solution (10 mM HEPES,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

pH 7.4) containing 1% DMEF using a fluorescence spectrometer (Jasco FP-8500). The emission

spectra were obtained with an excitation wavelength of 440 nm. UV—visible absorption spectra

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

were recorded using a Jasco UV—visible spectrophotometer (V-750).

(cc)

2.4. Determination of the limit of detection (LOD), quantum yield, and pK,,

The limit of detection (LOD) was determined by fluorescence titration experiments according to a
reported method.3” To evaluate the signal-to-noise (S/N) ratio, the fluorescence emission intensity
of the blank sample was measured six times, and the standard deviation (c) was calculated. The
average fluorescence intensity was plotted as a function of analyte concentration to obtain the slope

of the calibration curve (k). The LOD value was calculated using the equation LOD = 3co/k.

The fluorescence quantum yields were determined using fluorescein as a reference standard (® =

0.79).
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The pK, value was measured based on the fluorescence intensity of probe 1 at different pH. The
pK, values were obtained by a nonlinear least square fitting of the data with the Henderson-

Hasselbalch equation.

[ax X 10PH=PKa) 4 T .
- 1 4+ 10(PH-PKz)

Where, 1, L, and 1., are observed, minimum and maximum fluorescence intensity, respectively.

2.5. Fluorescent detection of Hg?*in live cells by confocal microscopy

Cell viability assays and fluorescence imaging experiments were performed according to
previously reported methods.3® The fluorescence imaging procedure is briefly described as follows.
A549 cells plated on chamber slides were incubated with probe 1 in DMEM medium containing 1%
DMF at 37 °C for 8 h. After incubation, the probe-loaded cells were washed four times with
phosphate-buffered saline (PBS) to remove excess probe. Subsequently, Hg?* ions were added to
the preloaded A549 cells and incubated for 30 min. Fluorescence images were then acquired using

an inverted confocal laser scanning microscope (TE2000E, Nikon, Tokyo, Japan).

2.6. Quantification of Hg?*ions in real-world samples

To evaluate the applicability of the probe for detecting Hg?* ions in real water samples, tap water
and groundwater samples were analyzed. The sample solutions were prepared by adding 10% (v/v)
of tap water or groundwater to an aqueous buffered solution (10 mM HEPES, pH 7.4) containing
1% DMF. The fluorescence intensity at 585 nm was recorded in the presence of different
concentrations of Hg?* ions using standard solutions ranging from 0 to 1000 nM. The fluorescence
intensities obtained from the sample solutions were then converted to Hg?* concentrations using a

calibration curve.

3. Results and discussions

3.1. Design of fluorescent probe 1 based on phenylboronic acid as a reactive site for Hg**

Page 8 of 28
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Most fluorescent probes for Hg?* exhibit a turn-off response due to the strong fluorescence-
quenching ability of Hg?* ions.>® However, turn-off-type detection suffers from critical limitations
in practical applications, as fluorescence decreases can also arise from probe precipitation,
nonspecific environmental quenching, or absorption by unknown impurities, leading to ambiguous
signal interpretation. To overcome these drawbacks, we designed turn-on fluorescent probes in
which an intramolecular charge transfer (ICT) fluorophore, benzofurazan moiety, is conjugated to
a phenylboronic acid moiety through a thioamide linker (Scheme Ic). In this design, the
phenylboronic acid functions as the reactive site for Hg?*, while the benzofuranzan moiety was
used as a fluorophore.® The thioamide group serves as a linker between the fluorophore and the
reactive site and an electron withdrawing group. Piperidine was introduced as the electron-
donating group of the ICT fluorophore part of probe 1, whereas dimethylamine was conjugated as
the electron-donating group of the ICT fluorophore part of probe 2 because piperidine provides
improved quantum yield and photostability compared to commonly used dimethylamine donors.*°
Both fluorescent probes were designed to be excitable with visible light and to exhibit a broad,
long-wavelength emission profile, including green and red emissions. These optical features
effectively minimize background interference from complex biological environments and are

advantageous for biological and environmental mercury sensing.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.2. Synthesis and photophysical properties of fluorescent probe 1 and 2

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

Probes 1 and 2 were synthesized through a two-step sequence via the sulfonamide intermediate

(cc)

3 (Scheme S1). The sulfonyl chloride group of 4-chloro-7-chlorosulfonyl-2,1,3-benzoxadiazole
was first coupled with 4-aminophenylboronic acid pinacol ester in the presence of triethylamine
to afford intermediate 3. Subsequent nucleophilic substitution of the chloro group with piperidine
or dimethylamine provided the corresponding intermediates, which were finally converted to
probe 1 and probe 2, respectively, through deprotection of the pinacol boronate ester using
TFA/DCM. The successful synthesis and high purity of the probes were confirmed by 'H NMR,
13C NMR, mass spectrometry, and HPLC analyses.

According to our design concept, both fluorescent probes are excited with visible light and
showed green and red emission ranging from 550 nm to 650 nm in purely aqueous solutions. As

the poor water solubility of many fluorescent probes limits their practical applications in biological
9
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and aqueous environments, we evaluated the solubility of probes 1 and 2 in aqueous solution (pH
7.4) containing 1% DMF. Both probes exhibited good solubility under these conditions, as
evidenced by a linear correlation between absorbance and concentration over the range of 0-25
uM (Fig. la—c). Upon excitation at 440 nm, probes 1 and 2 displayed broad emission bands
spanning 530-730 nm, and the fluorescence intensity increased linearly with concentration over
the same range (0-25 uM). In addition, the relative fluorescence intensities of both probes were
monitored for 180 min under continuous visible-light irradiation, demonstrating sufficient

photostability in aqueous solution containing 1% DMF.
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Figure 1. (a. d) UV—visible absorption spectra and (b, ) fluorescence emission spectra of probe
(1 and 2) at different concentrations (A.x = 440 nm) and (c, f) time-dependent relative fluorescence
intensity changes of 1 and 2 over 150 min in aqueous buffered solution (10 mM HEPES, pH 7.4)
containing 1% DMF.

3.3. Fluorescent responses of chemodosimeters to Hg? * and characterization of the reaction
product

10
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Fluorescence titration experiments of the fluorescent chemodosimeters with Hg?** were
conducted in aqueous solution (10 mM HEPES, pH 7.4) containing 1% DMF (Fig. 2a,e). Upon
gradual addition of Hg?*, pronounced fluorescence enhancement was observed for both probes
over the emission range of 450—-650 nm. Specifically, the emission intensity at 585 nm increased

by approximately fourfold for probe 1, whereas a twofold increase was observed for probe 2.

Notably, probe 1 exhibited mainly fluorescence intensity enhancement with little change in the
emission wavelength, whereas probe 2 showed a slight red shift in the emission spectrum upon
reaction with Hg?*. This difference can be attributed to the stronger electron-donating ability of
the piperidine group in probe 1 compared with the dimethylamine group in probe 2, which results
in a stronger ICT character and thus minimizes spectral shifts while enhancing fluorescence
intensity. In contrast, the weaker donor in probe 2 leads to a slightly greater redistribution of the
ICT state upon formation of the arylmercury(Il) chloride species, giving rise to the observed

bathochromic shift.

Interestingly, both probes exhibited exceptionally rapid responses toward Hg?* (Fig. 2b and 2f).
The fluorescence enhancement reached completion within 2-3 min after Hg?* addition, and even

at a low Hg?* concentration (1 uM), the fluorescence response was completed within 120 s. These

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

results demonstrate the high reactivity and rapid sensing capability of the probes toward Hg?* in

aqueous media.
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Figure 2. (a) Fluorescence emission spectra and (b) time-dependent emission intensity at 585 nm
of probe 1 (5 uM) in the presence of Hg?* (0-5 uM). (¢ and d) Fluorescence emission spectra and
time-dependent emission intensity of probe 1 with various mercury salts (5 uM) after 2 min
incubation in aqueous buffered solution (pH 7.4) containing 1% DMF. (e) Fluorescence emission
spectra and (f) time-dependent emission intensity at 585 nm of probe 2 (5 uM) in the presence of
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Hg?* (0-5 uM). (g) Emission intensity changes of probe 1 in the presence of Hg?" at different pH
values.

To evaluate the influence of counter anions, the fluorescence responses of the probes to different
mercury salts, including HgCl,, Hg(ClO,),, Hg(NO3),, and Hg(OAc),, were examined (Fig. 2c,
2d and Fig. S12). All mercury salts produced nearly identical final fluorescence intensities within
3 mins, regardless of the anionic species. This observation confirms that the reaction-based sensing
process of the probes toward Hg?* proceeds efficiently and is essentially independent of the counter

anion, indicating negligible anion effects on both detection sensitivity and response kinetics.

As probe 1 exhibited a more pronounced fluorescence enhancement in response to Hg?* than
probe 2, we further investigated the effect of pH on the Hg?* sensing performance of probe 1 (Fig.
2¢g). As the pH increased above 8.0, the fluorescence enhancement induced by Hg?" gradually
decreased, which can be attributed to the formation of insoluble mercury species such as Hg(OH)s,
leading to reduced availability of free Hg?" ions. When the pH decreased from 8.0 to 5.0, the
fluorescence enhancement remained significant. However, a pronounced decrease in emission

intensity was observed at pH 4.5, which is attributed to the protonation of the cyclohexylamine

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

group in the fluorophore moiety of the probe (pK. = 4.5),!24#! resulting in disruption of the

intramolecular charge transfer process. These results indicate that the probe exhibits optimal

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

sensing performance toward Hg?" over a wide pH range (5-9), including physiological pH,

demonstrating its suitability for both biological and environmental applications.

(cc)

To verify the irreversible nature of the reaction between 1 and Hg?*, EDTA, a strong reversible
chelator for Hg?*, was employed (Fig. 3a). After completion of the fluorescence enhancement
induced by Hg?*, subsequent addition of EDTA caused no noticeable change in the fluorescence

spectrum. This result indicates that Hg>* was irreversibly consumed during the sensing reaction.

In addition, EDTA was added simultaneously with Hg?" to examine whether EDTA interferes with
the sensing process of 1. Under these conditions, the fluorescence intensity change of the reaction-
based probe was almost identical to that observed in the absence of EDTA, demonstrating that

EDTA does not inhibit the Hg**-triggered irreversible reaction. Overall results confirm that probe
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1 detects Hg?* through an irreversible reaction mechanism, and that this reaction is not affected by

the presence of EDTA.

The reaction product of 1 with Hg?* was further analyzed by C;s-TLC, HPLC, and mass
spectrometry (Fig. 3b, 3c, and Fig. S13). Probe 1 was incubated with Hg?" in distilled water
containing 20% CH3CN for 5 min, and the resulting major product was analyzed by HPLC—-ESI
mass spectrometry. A new spot/peak with lower polarity (higher hydrophobicity) than that of probe
1 was observed in both the TLC and HPLC chromatograms. ESI mass spectrometric analysis
revealed a molecular ion peak at m/z 559.3, corresponding to an arylmercury species (Scheme 1),
supporting the replacement reaction of the phenylboronic acid moiety with Hg?*. Further analysis
of the product by FAB mass spectrometry confirmed this transformation, resulting in the formation

of an arylmercury(II) chloride (ArHgCl) species (Fig. S14).
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Figure 3. (a) Fluorescence emission spectra of probe 1 (5 uM) with Hg?" (5 uM) in the presence
of EDTA (100 uM) in aqueous buffered solution (10 mM HEPES, pH 7.4) containing 1% DMF,
and (b) HPLC analysis, and (c) mass spectrometric analysis of the reaction product using ESI
mass spectrometry.

3.4. Selectivity study of fluorescent chemodosimeter (1)

The selectivity of probe 1 toward Hg?>* was evaluated by measuring its fluorescence response to
various metal ions, including Na*, Mg?*, Ca?*, AI**, Cr**, Co**, Ni?*, Mn?*, Cu?*, Zn?*, Cd**, Ag",
Pb?*, K*, and Hg?*, in aqueous buffered solution (10 mM HEPES, pH 7.4) containing 1% DMF
(Fig. 4a). Among all tested metal ions, only Hg?* induced a significant fluorescence enhancement,
while the other metal ions produced negligible changes. This result confirms that the

phenylboronic acid-based displacement reaction is highly selective for Hg?* in aqueous solutions.

Encouraged by these results, we next investigated the fluorescence response of probe 1 to Hg?* in
the presence of competing metal ions (Fig. S15). Even in the presence of Group I and Group II
metal ions (1 mM) and other heavy metal ions (10 uM), the fluorescence enhancement induced by
Hg?* was not significantly affected. However, a noticeable decrease in the Hg?**-induced
fluorescence enhancement was observed in the presence of coexisting Cu* ions. The suppressed

fluorescence response toward Hg?" in the presence of Cu?* is not attributed to a direct fluorescence
15
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quenching effect, because the addition of Cu?* after completion of the Hg?*-triggered reaction did
not affect the emission intensity. Instead, Cu?* is likely to interfere with the Hg?*-induced reaction
by forming a coordination complex with the boronic acid moiety, thereby reducing the reactivity
of the probe toward Hg?*. Thus, the inhibitory effect of Cu?* on the Hg?*-induced fluorescence
response was completely removed by EDTA. In the presence of EDTA, the probe exhibited the
same fluorescence enhancement upon simultaneous addition of Hg?* and Cu?* as that observed
with Hg?* alone (Fig. 4b), confirming that Cu?" interferes with the sensing process through
reversible coordination rather than fluorescence quenching. These results demonstrate that EDTA
effectively masks Cu?*, thereby preventing its inhibitory interaction with the boronic acid moiety

and restoring the intrinsic Hg?*-triggered fluorescence response.

This observation indicates that probe 1 can selectively detect Hg?* without significant
interference from coexisting metal ions. The selectivity was further visualized by naked-eye
observation under UV illumination (Fig. 4c). Only the Hg?**-treated solution exhibited a distinct
red emission, whereas no noticeable fluorescence color change was observed in the presence of
other metal ions. These results clearly demonstrate the excellent visual selectivity of probe 1 for

Hg?*.
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Figure 4. (a) Fluorescence emission spectra of probe 1 with various metal ions, (b) fluorescence
emission intensity of 1 with Hg?>" in the presence of coexisting metal ions, (c) fluorescence
photographs of 1 with various metal ions under UV irradiation, and (d) linear emission intensity
change of 1 with Hg?" in aqueous buffered solution (10 mM HEPES, pH 7.4) containing 1% DMF.
The concentrations of probe 1, heavy metal ions, and Group I and II metal ions were 5 uM, 10 uM,
and 1000 uM, respectively.

The detection limit of probe 1 for Hg?* was determined based on the fluorescence intensity at 585

nm (Fig. 4d). The limit of detection was calculated to be 7.56 nM (R? = 0.99) in aqueous buffered

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

solution (10 mM HEPES, pH 7.4). This detection limit is comparable to the maximum allowable
concentration of mercury ions in drinking water (10 nM, 2 ppb) established by the U.S.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

Environmental Protection Agency (EPA).

(cc)

The low limit of detection (LOD) and the negligible interference from other metal ions
demonstrated the practical applicability of probe 1 for environmental mercury monitoring. To
further evaluate its practical utility, probe 1 was applied to quantify Hg?* in real water samples,
including groundwater (GW) and tap water (TW). To validate the analytical performance, known
amounts of Hg?" were spiked into GW and TW samples, and the concentrations were determined
using the fluorescence emission intensity of probe 1 (Table S1). The recovery values for Hg(Il)
ranged from 92.9% t0 99.9% in GW and from 94.3% to 101.1% in TW. These satisfactory recovery
results indicate that probe 1 can be reliably applied for the quantitative determination of Hg?" in

real aqueous samples.
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The fluorescent probe based on the reaction of phenylboronic acid with Hg?* exhibited higher
selectivity for Hg?* than most previously reported fluorescent chemodosimeters that rely on sulfur-
based reactions with Hg?*. Considering the detection characteristics of the reported fluorescent
chemodosimeters (Table S2), probe 1 displayed several notable sensing properties, including
visible-light excitation, enhancement of red fluorescence upon exposure to Hg?*, operation in a
purely aqueous solution containing only 1% organic solvent, and a fast response to low

concentrations of Hg?".

3.5. Fluorescence imaging of Hg?*in live cells Using chemodosimeter 1

Since probe 1 exhibited a sensitive turn-on fluorescence response to Hg?* in aqueous buffered

solution at pH 7.4, we further investigated its applicability for Hg?" detection in live human cells.

The cytotoxicity of 1 toward A549 cells was evaluated using an ATP-Glo assay. As shown in Fig.
S16, incubation with 1 at concentrations ranging from 0 to 30 uM for 24 h did not cause any
significant reduction in cell viability, indicating good biocompatibility of the probe within this

concentration range.

For fluorescence imaging experiments, A549 cells were incubated with probe 1 (10 uM) at 37 °C
for 8 h, followed by treatment with various concentrations of Hg?*. As shown in Fig. 5a, cells
treated with 1 alone exhibited only weak background fluorescence in both the green and red
channels. In contrast, upon addition of Hg?*, a gradual and concentration-dependent enhancement
of both green and red fluorescence emissions was clearly observed. Consequently, the merged
fluorescence images displayed an increasing yellow signal with increasing Hg>* concentration.
These results demonstrate that probe 1 efficiently penetrates cell membranes and sensitively

detects intracellular Hg?* through a fluorescence turn-on response.
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Figure 5. (a) Confocal fluorescence images of cells incubated with probe 1 (10 uM) in the
presence of Hg?* at concentrations of 0, 10, and 30 uM. (b) Confocal fluorescence images of
cells treated with probe 1 (10 uM) and Hg?* (10 uM) followed by subsequent addition of EDTA

(300 uM).
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To further examine the irreversibility of the fluorescence response, cell-permeable EDTA was
added to the cells containing probe 1 and Hg?*, which exhibited strong red and green emissions.
As shown in Fig. 5b, the addition of EDTA did not induce a significant decrease in either green or
red fluorescence intensities. This observation confirms that the fluorescence enhancement does not
arise from reversible Hg?" coordination, but rather from an irreversible chemical reaction between
chemodosimeter 1 and Hg?*. These results clearly demonstrate that chemodosimeter 1 enables
highly sensitive turn-on fluorescence detection of Hg?" in living cells. More importantly, the
irreversible reaction between 1 and Hg?" proceeds efficiently even within the highly complex

intracellular environment.

3.6. Binding mode and self-activation mechanism of chemodosimeter 1 toward Hg**

UV-vis absorption titration experiments were performed to investigate the binding mode between
probe 1 and Hg?*. Upon gradual addition of Hg?*, the absorption band of 1 centered at 460 nm
exhibited a distinct red shift (Fig. 6a). This spectral change can be attributed to the formation of a
covalent aryl-Hg" adduct (Fig. 3c), in which the Hg" moiety acts as a stronger electron-
withdrawing group than the original boronic acid functionality. This substitution enhances the
intramolecular charge transfer character of the fluorophore part, leading to a bathochromic shift
and increased fluorescence emission. Consistently, the fluorescence quantum yield (¢ = 0.022) of
the reaction product measured in aqueous solution was significantly higher than that of the parent
probe (¢ = 0.0083), confirming that replacement of the boronic acid group by Hg?* substantially

improves the fluorescence efficiency.

To understand the origin of the ultrafast response of 1 toward Hg?*, we considered the reaction
mechanism between phenylboronic acid and Hg?*.#>* This transformation is generally described
as an electrophilic substitution—assisted transmetalation process (Fig. 6b), in which the boronate
form 1s more reactive than the neutral boronic acid species. Accordingly, the pK, value of the
phenylboronic acid moiety in probe 1 was determined (Fig. S17). The obtained pK, value of 8.3
indicates that the neutral boronic acid form predominates at physiological pH (7.4), which alone

cannot explain the exceptionally fast reaction rate.
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We therefore propose that the ultrafast response arises from an intermolecular self-activation
mechanism mediated by supramolecular dimer formation (Fig. 6b). In aqueous media containing
a low fraction of organic solvent, the amphiphilic nature of probe 1 promotes the formation of
supramolecular dimeric assemblies. In these assemblies, the aromatic moieties stack through
hydrophobic interactions, while the thioamide groups further stabilize the structure via
intermolecular hydrogen bonding. Within this dimeric arrangement, the piperidine unit of one
molecule is positioned in close proximity to the boronic acid group of the neighboring molecule.
This spatial organization enables an intermolecular acid—base interaction, in which the basic
piperidine nitrogen partially deprotonates the boronic acid moiety (pK. = 8.3), generating a
boronate-like activated species even under physiological pH conditions. Consequently,
intermolecular acid—base interaction may enhance the aromatic substitution reaction with Hg?*,

leading to a dramatically accelerated reaction rate.

Three experimental observations strongly support this self-activation model. First, dimeric
species were directly observed in the ESI mass spectrum (Fig. 6¢). Although the ionization process
generally induces dissociation of noncovalent aggregates due to charge repulsion, a distinct peak
at m/z 805.4 was detected, which corresponds to the protonated dimeric species (2 x 403.2 + HY).

The persistence of this dimeric ion under high-energy ionization conditions strongly indicates that

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

probe 1 has an intrinsic propensity to form dimeric assemblies in solution, thereby supporting the

feasibility of dimer formation in aqueous environments.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:48:54 PM.

Second, organic solvent was introduced to disrupt the dimeric assembly of 1 and to examine its

(cc)

effect on the reaction kinetics with Hg?* (Fig. 6d). As the DMF content increased from 1% to 20%,
the fluorescence response became markedly slower. This pronounced retardation of the reaction
clearly indicates that the dimeric assemblies in aqueous media play a critical role in facilitating the
self-activation process toward Hg?*. The reaction kinetics of the probe were investigated under
different solvent conditions. In the presence of 10% and 20% DMF, the reaction rate between the
probe and Hg?" could be reliably monitored (Fig. S18). To determine the reaction order with
respect to the probe, the concentration of Hg?* was fixed at ten times that of the probe to maintain
pseudo-first-order conditions. The reaction rates were measured at various probe concentrations,

and a plot of In(rate) versus In[probe] was used to determine the reaction order (Fig. 6e and 6f).
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Under 20% DMF conditions, the reaction order with respect to the probe concentration was
determined to be 0.92, indicating an approximately first-order dependence. In contrast, under 10%
DMF conditions, the reaction order increased to 1.76. This higher reaction order strongly suggests
the involvement of probe dimerization and supports the proposed dimeric self-activation
mechanism of the fluorescent probe. In 1% DMF, the reaction proceeded too rapidly to accurately
determine the reaction order with respect to the probe concentration. Overall, this dimeric self-
activation mechanism effectively converts the boronic acid moiety into a highly reactive boronate-

like species without requiring alkaline conditions.
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Figure 6. (a) UV—visible absorption titration spectra of probe 1 (10 uM) in the presence of Hg?".
(b) Proposed reaction mechanism of the phenylboronate moiety with Hg?" and the intermolecular
self-activation mechanism of probe 1 for reaction with Hg?*. (¢) ESI mass spectrometric analysis
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of the dimeric form of 1 in aqueous solutions. (d) Time-dependent fluorescence intensity profiles
of 1 (10 uM) with Hg?* (10 uM) as a function of DMF content (%). Linear analysis of In(reaction
rate) vs In[probe] in aqueous solution (10 mM HEPES, pH 7.4) including (¢) 10% DMF and (f)
20% DMF.

4. Conclusions

In summary, we developed a new boronic acid—based reaction-type fluorescent chemodosimeter
for the selective and rapid detection of Hg?* ions. The probe (1) operates through an irreversible
substitution reaction between the phenylboronic acid moiety and Hg?*, producing a stable 1:1
covalent adduct accompanied by a pronounced dual-channel fluorescence turn-on response. The
present probe exhibits excellent selectivity, minimal interference from competing metal ions, and
a remarkably fast response time within 2—3 min in nearly pure aqueous solutions. Furthermore, the
probe readily penetrates living cells and enables real-time visualization of intracellular Hg?*

through both green and red fluorescence channels.

These features collectively overcome key limitations of previous boronic acid—based mercury
probes, including slow reaction kinetics, poor aqueous reactivity, and limited cellular uptake.
Therefore, this work provides a significant advancement in sulfur-free mercury chemodosimeter
design and offers a promising molecular platform for practical mercury detection in complex

environmental and biological systems.
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