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Urinary mercury levels are the most reliable indicators of mercury exposure but identifying them requires
complex techniques and heavy instruments. In this research, we reported a simple and convenient
urinary mercury analysis method using a readily available office scanner. Probe MP-1 synthesized by the
reaction of resorufin and dimethylthiophosphinoyl chloride revealed Hg?*-selective chromogenic and
fluorescent signaling behavior. Signaling was realized through Hg?*-induced deprotection of the
phosphinothioate protecting group in the resorufin-based probe MP-1 to yield the parent fluorochrome.
A pronounced colorimetric response of color change from light yellow to pink alongside a turn-on type
fluorescence enhancement was perceived exclusively toward ng+ ions over other metal ions and

anions. The colorimetry provided a more advantageous ratiometric approach than the simple
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Accepted 12th Auygust 2022 fluorometric analysis exhibiting an off-on type response, with a detection limit of 12 nM (2.4 ppb). The
Hg?* signaling of the MP-1 probe was not disturbed by the presence of coexisting metal ions and

DOI: 10.1039/d2ra04093j anions. The sensitive and convenient diagnosis of clinically important neurological symptoms and fatal
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1. Introduction

Monitoring and removal of harmful water contaminants from
polluted water are important since water pollution has become
a serious environmental problem in our heavily industrialized
society." Emissions of toxic pollutants, including inorganic,
heavy metal, and organic contaminants, are increased
substantially by various chemical and related fields such as
refinery, smelter, fertilizer, pulp, and pharmaceutical indus-
tries.* In particular, mercury is one of the most hazardous
inorganic pollutants currently causing great concern in modern
society and attracting much global attention for its negative
impacts on our health and environment.® It exhibits highly bio-
accumulative properties in the food chain, producing mostly
neurological and immune system damage.® Mercury has many
industrial applications, from the manufacturing of fluorescent
light bulbs, jewelry, thermometers, and sphygmomanometers,
in addition to cosmetics, insecticides, and pharmaceuticals.”
Currently, a pressing concern for workers in mercury-exposed
sectors is the prevention and remediation of mercury
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inorganic mercury levels in urine was successfully demonstrated using a standard office scanner.

poisoning.® Mercury, which may be absorbed in inorganic and
organic forms, is transformed into the most prevalent form of
Hg”" ions and can accumulate in the body of both humans and
animals.® Even modest levels of Hg** poisoning can harm
human health by causing damage to the brain and kidneys, as
well as endocrine and neurological systems.'®"* Consequently,
the selective and sensitive quantification of trace mercury in
both environmental and biological systems is a critical issue.
Blood, urine, hair, or fingernail samples are commonly used
for clinical mercury analyses.’> Commonly, urine samples have
been widely employed as a viable biomarker for assessing the
risk of exposure to mercurial species because their collection
and management are non-invasive and simple.”® Since inor-
ganic mercury species are absorbed and deposited mostly in the
proximal tubules of the kidneys, urinary mercury levels are one
of the most acceptable indicators of chronic and acute expo-
sure." According to a recent study, the average mercury content
in the urine of mercury-exposed miners was over 75 times
higher than the control groups. The exposed miners suffered
typical symptoms of mercury intoxication: digestive issues,
hypomnesia, sleeping problems, tremors, and weight loss.* It is
well known that urinary mercury concentrations greater than
100 pg L' cause neurological symptoms, whereas concentra-
tions exceeding 800 pg L™ " are frequently linked to mortality.'®
Many standard analytical techniques have been employed to
determine elevated mercury concentrations in urine samples,
including cold-vapor atomic-absorption spectrometry,”
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inductively coupled plasma mass spectrometry,® surface-
enhanced Raman scattering,” bioluminescence,* and voltam-
metry.”* Despite their great sensitivity and specificity for
measuring mercurial species, these methods necessitate costly
equipment, time-consuming sample preparation, and highly
trained staff, and they can exhibit cross-sensitivity to other
metal ions. Therefore, they might not be suitable for the
convenient, selective, and sensitive on-site detection of Hg”"
ions. Consequently, it remains desirable to implement a simple,
direct, and low-cost approach, such as optical sensors and
molecular probes that create optical responses induced by the
binding and/or reaction event for detecting Hg>".>>* In light of
these, many colorimetric and/or fluorescence-based probes for
the determination of urinary mercury levels have been reported.
For example, carbothiohydrazide-appended diphenyl ether,**
thiocarbonate derivative of perylene diimide dye,* dithioacetal
derivative of bithiophene fluorophore,* and terbium complex
of 7-amino-4-methyl-2(1H)-quinolinone* have been exploited
for the urinary mercury detection. In addition, carbon dots,*®
DNA templated gold nanoparticles, and gold nanoclusters have
also been developed for the determination of Hg”" ions in urine
samples.”**® A summary of the urinary mercury sensing system
based on colorimetric and/or fluorescence signaling is pre-
sented in Table S1 (ESIT).

Recently, many elaborately designed optical sensors®* and
reaction-based small molecule probes have been developed to
selectively and sensitively determine Hg>" ions.’*® In partic-
ular, reaction-based probes relying on specific reactions with
Hg>" ions, such as Hg”>*-induced ring-opening reactions of
rhodamine and fluorescein dyes,** protection-deprotection
processes of phenolic dyes and aldehyde/ketone groups,*® and
desulfurization of thiocarbonyl functions, have been consis-
tently developed.*® We focused on the development of a reac-
tion-based probe for Hg”" ions, utilizing the specific and mild
deprotection property of the phosphinothioate group. The
phosphinothioate function has been exploited as a useful
protection group for the phenol, thiol, and tryptophan groups
in solid-phase peptide synthesis.’”*®* Mercury, silver, and fluo-
ride ions have been effectively employed in the deprotection of
these phosphinothioate-protected derivatives.** However, it has
rarely been used to develop optical probes to analyze metal ions,
anions, or other important industrial, environmental, and bio-
logical species.**~** Interestingly, the thiophosphoryl-containing
compounds have similar stability to their phosphoryl analogs,
which contrasts the significantly enhanced reactivity of thio-
carbonyl compounds when compared to their analogous
carbonyl derivatives.** Additionally, thiophosphoryl derivatives
having the P=S function possess the ability to form complexes
with softer metal ions.”> We believe that the stability against
spontaneous hydrolysis and softer ligating nature of the phos-
phinothioate group are advantageous features for a reaction-
based probe to analyze thiophilic Hg>" ions.

Here, we developed a simple colorimetric method focusing
on the easy determination of urinary mercury concentrations.
For the convenient detection of Hg** ions, a novel reaction-
based dual signaling probe was synthesized by employing
well-established resorufin as a signaling fluorochrome and
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a phosphinothioate protection group as a signaling switch. The
probe showed selective and sensitive colorimetric and fluoro-
genic signaling properties exclusively toward Hg>' ions. As
a practical application, we could easily determine the two clin-
ically relevant urinary mercury levels causing neurological
symptoms (>100 ppb of Hg**) or leading to fatality (>800 ppb of
Hg>"). Furthermore, the sensitive and convenient diagnosis of
these clinically crucial inorganic mercury levels in urine was
successfully demonstrated using a typical office scanner
without resorting to complicated instruments.

2. Experimental
2.1 Synthesis of MP-1

Resorufin sodium salt (470 mg, 2.0 mmol) was dissolved in N,N-
dimethylformamide (DMF, 24 mL), before triethylamine (TEA,
540 pL, 4.0 mmol) was added to the mixture. After 30 minutes,
dimethylthiophosphinoyl chloride (380 pL, 3.0 mmol) was
added to the reaction pot and mixed for 12 hours at room
temperature. Deionized (DI) water (50 mL) was added to the
reaction mixture, and the resulting precipitate was filtered. The
solid was dissolved in dichloromethane (DCM) and washed
with DI water several times. The DCM phase was collected and
dried with anhydrous MgSO,. The solvent was evaporated under
reduced pressure, and the remnant was purified by column
chromatography (silica gel, eluent: DCM) to yield scarlet powder
(0.50 g, 82%). 'H NMR (600 MHz, DMSO-d,) 6 7.87 (dd, J = 8.7,
0.7 Hz, 1H), 7.56 (d, J = 9.8 Hz, 1H), 7.39 (dd, J = 2.5, 1.6 Hz,
1H), 7.28 (ddd, J = 8.7, 2.6, 1.4 Hz, 1H), 6.83 (dd, ] = 9.8, 2.1 Hz,
1H), 6.31 (d,J = 2.1 Hz, 1H), 2.11 (d, J = 13.5 Hz, 6H); >*C NMR
(150 MHz, CDCl;) 6 186.1, 153.8 (d, J = 9.4 Hz), 149.9, 148.2,
144.6 (d,J = 1.5 Hz), 135.5,135.0, 131.4 (d,J = 1.4 Hz), 130.9 (d,J
= 1.9 Hz), 120.1 (d, J = 4.6 Hz), 109.9 (d, J = 5.0 Hz), 106.5, 23.9
(d, J = 71.7 Hz); HRMS (FAB); m/z calced for C;,H,3NO;PS [M +
H]+: 306.0348, found 306.0351.

2.2 Preparation of stock solutions

A stock solution of probe MP-1 (0.50 mM) was prepared in
acetonitrile. Stock solutions of metal ions of perchlorate salt
and sodium salt-containing anions (10.0 mM) were made by
dissolving in DI water. A phosphate-buffered saline (PBS) solu-
tion (pH 7.4) was made according to a previous method.*®

2.3 Preparation of Hg”* sensing samples

The analytes for the Hg>" sensing of MP-1 were prepared in an
optimized condition of PBS solution (pH 7.4) containing 20%
acetonitrile. The metal ion or anion stock solution (30 pL, 10.0
mM) was added to a 15 mL vial and diluted successively with
2.22 mL of DI water and 0.57 mL acetonitrile. Then, solutions of
PBS (0.15 mL, 0.20 M) and probe MP-1 (30 uL, 0.50 mM) were
added to the vial and carefully mixed. The final concentrations
of probe MP-1, analyte, and PBS in the solution (3.0 mL) were
5.0 uM, 100 M, and 10 mM, respectively. Error bars were pre-
sented using the standard deviation of a triplicate
measurement.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Investigation of Hg”" sensing mechanism

Probe MP-1 (31 mg, 100 umol) was dissolved in acetonitrile (10
mL). Mercury(u) perchlorate (80 mg, 200 umol) was dissolved in
DI water (10 mL) and carefully mixed with the prepared solu-
tion. The Hg*" signaling progress of MP-1 was observed by TLC
measurement. After the reaction was completed, the mixture
was acidified using 0.1 N HCI solution, and the signaling
product was extracted by DCM. The volatiles were removed, and
the residue was purified by column chromatography (silica gel,
eluent: DCM/methanol = 9 : 1, v/v). The purified Hg** sensing
product was characterized by mass spectral data.

2.5 HPLC analysis of Hg”* signaling product

Sample solutions of MP-1 only, MP-1 + Hg”", and standard
resorufin sodium salt were prepared using a pH 7.4 PBS solution
containing 20% acetonitrile. The MP-1 (or resorufin sodium salt)
and Hg** ions were in the sample solutions at final concentra-
tions of 5.0 uM and 100.0 uM, respectively. The HPLC experiment
was performed using 50% aq. acetonitrile as the eluent and the
C18 reverse phase column (SunFire, 4.6 x 150 mm). The sample
injection volume was 20 uL, and the flow rate was 1.0 mL min ",
The column oven was maintained at room temperature, and the

HPLC results were obtained with a UV detector (4;54).

2.6 Hg>" analysis of artificial urine samples

The Hg”" analysis of the artificial urine samples was conducted
in 2-fold diluted artificial urine-based analytical solutions. The
artificial urine solution (Sigmatrix Urine Diluent) consisted of
CaCl,, MgCl,, KCl, NaCl, NaH,PO,, Na,SOs, urea, and creatinine,
with NaN; as a preservative. The sample solution was prepared
via the addition of DI water (0.75 mL), acetonitrile (540 pL), PBS
(150 uL, 0.20 M), artificial urine solution (1.5 mL), and Hg”" ions
(0, 0.75, 1.5, 3.0, 6.0, and 9.0 pL, 1.0 mM) in a 15 mL vial. Probe
MP-1 (30 pL, 5.0 mM) was added to the mixture following careful
mixing. The final concentrations of MP-1, Hg*" ions, and PBS in
the 3.0 mL analyte solution were 5.0 pM, 0-3.0 uM, and 10 mM,
respectively. The Hg”" calibration curve in the artificial urine
solution was obtained by measuring the absorbance ratio (456/
A,s7) and the ratio of red channel/green channel (Red/Green) level
of the sample images as a function of [Hg>*].

3. Results and discussion

The Hg>"-selective probe was designed considering the selective
and mild deprotection capabilities of the phosphinothioate
protection group as a signaling switch. Phosphinothioate
groups have been effectively used for the protection of phenolic
functions and are easily deprotected under mild conditions via
Hg>*- and F -induced hydrolysis reactions.*®* Resorufin was
selected as the signaling fluorochrome because of its well-
established chromogenic and fluorogenic responses toward
various analytes through the analyte-induced regeneration of
the parent dye.*”” The designed probe MP-1 was easily prepared
by the reaction of resorufin sodium salt with dimethylth-
iophosphinoyl chloride in DMF (yield: 82%) (Scheme 1). The
probe structure was characterized by "H NMR, *C NMR, and
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mass spectral data. In its "H NMR spectrum, four split reso-
nances of characteristic "Jp_y couplings were perceived for CHs
(13.5 Hz) and hydrogens of the resorufin moiety (0.7-1.6 Hz),
owing to the couplings with the phosphorous atom of the
dimethylphosphinothioate moiety. In the **C NMR spectrum of
MP-1, seven split resonances with characteristic "Jp_¢ couplings
were observed for CH; (71.7 Hz) and carbons of the resorufin
moiety (1.4-9.4 Hz), due to the coupling with the phosphorous
atom of the dimethylphosphinothioate moiety.*

The selective signaling behavior of the probe was assessed by
UV-vis and fluorescence spectroscopy. A ‘bird’s-eye’ view of the
possible changes induced by the target analyte was obtained by
measuring the spectral properties of the two relevant species of
the designed signaling process, namely, probe MP-1 and its
postulated signaling product resorufin 1 (vide infra). The two
species showed quite contrasting spectral behaviors in an
optimized condition of the PBS solution (pH 7.4) containing
20% acetonitrile. Probe MP-1 showed a strong absorption band
at 457 nm in the UV-vis spectrum, while the expected signaling
product 1 revealed a notably red-shifted and hyperchromic
band at 576 nm (Fig. Sla, ESIt). The solution color changed
from light yellow to pink. Meanwhile, probe MP-1 revealed
a weak emission at 587 nm in the fluorescence spectrum under
the same conditions, and the solution appeared nearly dark
under illumination with a UV lamp (Ax = 365 nm) (Fig. S1b,
ESIT). Conversely, the expected signaling product 1 exhibited
a strong emission at 592 nm with intense red fluorescence
under the same UV illumination.

Firstly, we observed the UV-vis absorbance of probe MP-1 in
the presence of representative thiophilic metal ions, such as
Hg>*, Cu™", and Ag" ions. Probe MP-1 revealed prominent Hg”"
signaling behavior with moderate Cu® interference (Fig. S2,
ESIt). To obtain exclusive Hg>" selectivity of the probe, we
employed a citrate additive as a masking agent for interfering
Cu®" ions in the measurement solutions.*® In this condition, the
selective response of the probe toward targeting Hg>" ions over
common metal ions was elucidated (Fig. 1). Upon the treatment
of MP-1 solution with various metal-containing analytes, only
Hg>" induced a marked color change from yellow to pink, which
is a characteristic color of the resorufin fluorochrome (Fig. 1,
inset). The absorbance enhancement of the probe at 576 nm (4/
Ap)s76 Was 63.4-fold. Most of the other tested metal ions revealed
insignificant spectral changes; the ratio (A/Aq)ss¢ varied in
a narrow range between 0.97 for Pb** and 1.67 for K*. Since MP-
1 revealed considerable residual absorbance at 457 nm in the
PBS solution (pH 7.4) containing 20% (v/v) acetonitrile, the
selectivity toward Hg>" ions was assessed through ratiometric
treatment of the signaling data using two relevant absorbances
at 576 and 457 nm. The ratio As,¢/A45, was 34.8 for Hg®>" and

8, -CHs
P
Ny S oh 5 Ny
——————— HCY
*NaO (o) 0 TEA / DMF, 1t H.Q O () (]
'3
MP-1 (82%)

Scheme 1 Preparation of dimethylphosphinothioate-based
MP-1.

probe
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Fig. 1 Changes in absorbance ratio (As76/A4s7) of MP-1 in the pres-
ence of common metal ions. [MP-1] = 5.0 uM, [Hg**] = [M"*] = 100
uM, [citrate] = 5.0 mM, [PBS 7.4] = 10 mM in aqueous solution con-
taining 20% (v/v) acetonitrile. Number of measurements (n) = 3.

nearly constant for the rest of the metal ions (0.19-0.38) (Fig. 1).
Ratiometric analysis revealed that the enhancement of the ratio
As;6/A457 reached 190-fold (0.19 for MP-1 only and 34.8 for MP-1
with Hg”" ions). We also confirmed that probe MP-1 exhibited
nearly perfect selectivity toward Hg>" ions over common anions
(Fig. S3, ESIT). The ratio As,¢/A45; for anions varied within
a narrow range between 0.19 for C1~ and 0.25 for SO,>" ions.

Next, the effect of foreign ions on the Hg>" signaling of the
probe was assessed to check the practical applicability. The
Hg>" signaling was not affected by the presence of commonly
encountered metal ionic species. In the presence of background
metal ions, the ratio (As,6/Ass,) of the analytes after Hg>*
signaling by probe MP-1 changed marginally between 93.7%
(for Cu®**) and 100.1% (for Mn**) (Fig. 2). Similarly, the probe's
Hg”" signaling was not affected by the presence of commonly
encountered anionic species (Fig. S4, ESIT).

40+

N
N
N
N

A IO
ALMIMDIIII/JDBDBDIIDOMM
MNMIIIDIDDDIDMB95B-MnMHMMOI

++++++++++++++++++

Mg
Ca
Ba'
Mn'
Fe
= Fe

Fig. 2 Changes in absorbance ratio (Asss/Ass;) of Hg?" signaling by
MP-1 in the presence of common background metal ions. [MP-1] =
5.0 pM, [Hg?*] = [M"*] = 100 pM, [citrate] = 5.0 mM, [PBS 7.4] = 10 mM
in agueous solution containing 20% (v/v) acetonitrile. Number of
measurements (n) = 3.
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Probe MP-1 showed negligible changes in UV-vis absorption
behavior up to pH 8 (Fig. 3). Contrastingly, the absorbance ratio
(45,6/A45,) of the Hg”" signaling solution of MP-1 increased
markedly from pH 5 and plateaued at around pH 8. The pH
profile of Hg>" signaling behavior by MP-1 (MP-1 + Hg>")
matched that of signaling product 1 exactly in the presence of
Hg>" ions (1 + Hg>"). From this result, we hypothesized that the
Hg>" signaling pH profile was due to the pH dependency of the
absorption property of resorufin 1, rather than the pH-
dependent Hg”>* signaling reaction by MP-1. Therefore, we
chose the PBS solution (pH 7.4) as the working condition for the
signaling experiments.

Next, the fluorogenic properties of the probe toward metal
ions and anions were measured under the same optimal
conditions. Probe MP-1 exhibited a weak emission at 587 nm
under the measuring conditions (Fig. 4). Upon treatment with
common metal ions, only Hg”* induced a large increase in the
emission band at 592 nm (I/I, = 24.4). The remaining metal
ions revealed no measurable fluorescence changes; I/I, = 0.86
(for Pb®") — 1.60 (for Ag"). The other tested thiophilic metal ions
did not exhibit concerning responses under the measuring
conditions. Moreover, probe MP-1 showed no measurable
changes in fluorescence emission toward commonly encoun-
tered anions either; I/I, = 0.87 (for $>7) — 1.60 (for F) (Fig. S5,
ESIT). These observations clearly demonstrated the potential of
MP-1 for the selective analysis of Hg”" ions in common chem-
ical and environmental applications. However, the maximum
signal enhancement expressed by the fluorometric enhance-
ment I/I, was rather small compared to the colorimetric results
(I/Iy = 24.4 for fluorometry vs. (As76/Aas7)/(As76/Aa57)0 = 190 for
colorimetry). This is due to the considerable residual fluores-
cence of probe MP-1 alone at 592 nm. Therefore, we investigated
the colorimetric signaling behavior of probe MP-1, which
results in more contrasting signaling and enables analysis with
the more advantageous ratiometric approach.

40 -
] e MP-1only
35 | ® MP-1+Hg”|
1| & 1+Hg” = ; 3 L)
30 b
] I
25 7y
< 20
< 154
] X
10
54 * *
-
041 & 'y S o o b
1 T T T T T T
4 5 6 7 8 9 10
pH

Fig.3 Effect of pH on Hg?" signaling of MP-1 expressed by changes in
absorbance ratio (As7¢/A4s7). IMP-1] = [1] = 5.0 uM, [ng+] =100 pM,
[citrate] = 5.0 mM, [PBS 7.4] = 10 mM in aqueous solution containing
20% (v/v) acetonitrile. The pH of the solution was adjusted by the
addition of 1 N HCl or NaOH. Number of measurements (n) = 3.
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Fig.4 Changesin fluorescence intensity at 592 nm of MP-1 as plotted
by intensity ratio //ly in the presence of metal ions. [MP-1] = 5.0 uM,
[Hg?*] = [M™] = 100 pM, [citrate] = 5.0 mM, [PBS 7.4] = 10 mM in
aqueous solution containing 20% (v/v) acetonitrile. Aex = 492 nm.
Number of measurements (n) = 3.

The signaling route could be described by the Hg**-assisted
hydrolysis of the phosphinothioate protecting group of probe
MP-1 to yield parent resorufin fluorochrome 1 (Scheme 2). The
proposed sensing mechanism illustrates that the first step is
conceived to be the complex formation process between the
sulfur atom of the phosphinothioate group and thiophilic Hg>"
ions. The thus-formed complex hydrolyzed smoothly to yield
resorufin dye and dimethylphosphinic acid as a byproduct, with
the concomitant revival of the characteristic absorption and
fluorescence signals. The postulated signaling reaction was
ascertained by the NMR and mass measurements alongside
HPLC monitoring. Upon treatment of probe MP-1 with Hg", the
solution turned rapidly pink and revealed intense red fluores-
cence. The signaling reaction product between MP-1 and Hg”*
was characterized by NMR and mass spectral data. In the 'H
NMR spectrum, probe MP-1 revealed six resonances of the
resorufin moiety protons with typical splitting owing to Jp g
couplings (Fig. 5). Alternatively, the reaction mixture (MP-1 +
Hg>") showed three resonances ascribable to resorufin 1 with no
extra coupling due to Jp_i; couplings. In addition, as shown in
Fig. S6 (ESIT), in the presence of Hg”" ions, the resonance of
methyl protons of the dimethylphosphinothioate moiety of
probe MP-1 at 2.11 ppm disappeared, and a new doublet peak,
which is ascribable to the resonance of the methyl protons of

2+
: N Hg
H3C\p// —
HC ~o (9] O pH 7.4 PBS buffer
MP-1 containing 20% CH;CN

Yellow colored and
weak fluorescence

iwp
ng

N
JIOOSH
el O (o]
1
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N Ha' N o,
~ ,/S)/©: j\A:\L — HC S /@[ b — HC (/S‘\
o e} o) Hac’T\/(; e} o) Hac’z\to
KOH’ (OH

Scheme 2 Proposed Hg?* signaling mechanism by deprotection of
probe MP-1.
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resorufin sodium salt

8.4 8.2 8.0 7.8 76 74 72 7.0 6.8 66 6.4 6.2
ppm

Fig. 5 Partial *H NMR spectrum of (a) MP-1, (b) MP-1 + Hg?*, and (c)
resorufin sodium salt in DMSO-dg. [MP-1] = [resorufin sodium salt] =
5.0 mM. For (b), the spectrum (MP-1 + Hg?*) was obtained using
a mixture of MP-1 (5.0 mM) and Hg(ClOy), (10.0 mM) in DMSO-dg.

the byproduct dimethylphosphinic acid,* at 1.32 ppm emerged.
The mass spectrum of the purified signaling product confirmed
a diagnostic peak at m/z = 213.1, which is in agreement with the
calculated mass (calculated for C;,H;NO3, 213.0) of signaling
product 1 (Fig. S7, ESIf). Moreover, HPLC analysis provided
additional supporting evidence. In the presence of Hg*" ions
(MP-1 + Hg>"), the elution time peak for probe MP-1 at 4.03
minutes disappeared, and a new peak evolved at 1.53 minutes
for the reference compound 1 (Fig. S8, ESI}).

The quantitative analytical behavior of MP-1 for Hg>" deter-
mination was studied by UV-vis titration (Fig. 6). The changes in
the absorbance ratio (4s,6/A457) were linearly correlated with the
increases in [Hg>"] (R* = 0.9987). The limit of detection obtained
from the concentration-dependent data as per the IUPAC
recommendation (3sp/7) was 12 nM. In addition, we confirmed
that the signaling was complete within 5 minutes (Fig. S9, ESIT).

With this background, we tested the practical applicability of
the probe for the easy determination of clinically relevant urinary
mercury levels. Currently, the Hg>" concentration in urine
samples is determined by complicated instruments, such as
inductively coupled plasma mass spectrometers and atomic

181 y = 1.6481x + 0.0369
R?=0.9987 2
154 /;/
%
124 ",’/
< 9- -
= 0
< 6 /E’
/‘/
,/’ Detection Limit:
31 i 3 x Sbl (0.00663) / m (1.6481)
{ .* =0.012 uM
O ?/ T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
[Hg™] (uM)

Fig. 6 Calibration curve for UV-vis titration of MP-1 with Hg>*. [MP-1]
= 5.0 uM, [Hg?*] = 0-10 pM, [citrate] = 5.0 mM, [PBS 7.4] = 10 mM in
aqueous solution containing 20% (v/v) acetonitrile. Number of
measurements (n) = 3.
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absorption spectrometers. We presumed that one could diagnose
elevated mercury levels in urine by applying probe MP-1 without
resorting to these expensive and complicated instruments.
Subsequently, the interference from major urine components was
elucidated. Indeed, most of the metal ionic and anionic constit-
uents showed no interference at all (Fig. 2 and S4, ESIf). There-
fore, we measured the possible interference from other urine
components of urea and creatinine. As shown in Fig. S10 (ESIT),
there were no meaningful responses from these constituents, and
the Hg>" signaling of MP-1 was not disturbed by the presence of
the two tested urine ingredients. Thus, the UV-vis titration of MP-
1 with Hg?" in artificial urine (Sigmatrix Urine Diluent) was per-
formed to further elucidate the quantitative signaling potential of
the probe. It is known that the Hg”" levels in healthy human urine
are less than 5 ng mL ".* Moreover, the facts that a urinary
mercury concentration over 100 ppb (0.24 uM) induces neuro-
logical symptoms and that one above 800 ppb (1.96 uM) causes
death are clinically important.”* The potential for the probe to
diagnose these two clinically important levels was tested by con-
ducting Hg** concentration-dependent experiments under the
same conditions, except employing the 2-fold diluted commer-
cially available artificial urine where no turbidity problem was
observed. The calibration curve of Hg>" analysis in artificial urine
by probe MP-1, as plotted by the absorbance ratio (As;s/Assy),
revealed a good linear relationship up to 3.0 uM (R*> = 0.9962)
(Fig. S11, ESIt). The results showed that MP-1 could readily signify
the fatal level (>800 ppb in urine) and even the neurological
symptom level (>100 ppb in urine) for Hg>* intoxication cases.
The colorimetric analytical behavior of MP-1 could be
conveniently monitored by a scanner as a readily available

DS DI <

In 1/2 diluted artificial urine. Be fatal: -
1.104 above 800 ppb in urine
y =0.0251x +1.0151 800 ppb x dilution factor (0.5)
R?=0.9974 =400ppb=196yM -7
1.08
s s
o 1.06
2
o
3 Neurological symptom:
& 1.044 ‘ exceeds 100 ppb in urine
= i 100 ppb x dilution factor (0.5)
L= = 50 ppb = 0.24 uM
1024 ¥
&
100 T T T T T T I}
0.0 0.5 1.0 1.5 2.0 2.5 3.0

[Hg®] (uM)

Fig. 7 (a) Scanner image of Hg?" signaling by probe MP-1 in artificial
urine. (b) Calibration curve expressed by Red/Green channel level of
image for Hg?" signaling. [MP-1] = 5.0 uM, [Hg®*] = 0-3.0 uM, [citrate]
= 5.0 mM, [PBS 7.4] = 10 mM in aqueous solution containing 20% (v/v)
acetonitrile. The regions marked in blue and red indicate the neuro-
logical symptom and fatal zones, respectively. Number of measure-
ments (n) = 3.
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detection tool under the same signaling conditions.** The color
change from yellow to pink of the signaling solutions was evident
under the analysis conditions (Fig. 7a) and could be quantified
by the changes in the green channel level as a function of the
analytes' [Hg>*]. The correlation plot between the green channel
level and [Hg>"] provided a good calibration curve (R*> = 0.9962)
(Fig. S12, ESIt). Meanwhile, other color channel levels (red and
blue) did not show meaningful changes with the increases in
[Hg>"]. We also tried to obtain a more reliable approach for the
assessment of these clinically important Hg>" levels by employ-
ing the ratiometric analysis using the ratio of the two-color
channel levels. Among these, the ratio between the red and
green channel levels, Red/Green, afforded another useful cali-
bration plot (R*> = 0.9974) (Fig. 7). The detection limit was
calculated to be 91 nM. With this plot, the rapid and accurate
diagnosis of fatal and even neurological symptom levels of Hg*"
intoxication cases, which were marked in red and blue, respec-
tively, could be readily realized. From these results, we confirmed
that the employed analytical technique could be applicable to the
early clinical diagnosis of mercury poisoning cases using a stan-
dard UV-vis spectrophotometer or an office scanner.

4. Conclusions

We developed a novel Hg*"-selective colorimetric and fluoro-
genic probe to monitor clinically elevated urinary Hg”* levels.
Probe MP-1 showed the Hg>*-selective signaling behavior owing
to the hydrolysis of phosphinothioate protecting group to yield
the parent resorufin fluorochrome. Pronounced chromogenic
(As76/A457; = 190-fold) and fluorescence ((I/Iy)so, = 24.4-fold)
responses were observed exclusively toward Hg”" ions over other
metal ions and anions. Hg>" signaling was complete within
5 min, and the detection limit was calculated to be 12 nM. In
particular, the convenient early diagnosis of fatal (1.96 uM) and
even neurological symptom (0.24 pM) levels of Hg”" intoxication
cases could be readily realized using a common office scanner.
The detection limit for Hg>" ion in artificial urine samples using
the office scanner was estimated to be 91 nM. These obtained
results could be practically useful for the rapid diagnosis of
elevated mercury levels in chronic and acute intoxication cases
without resorting to complicated heavy instruments.
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