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A water-soluble, biocompatible, and fluorescent chemosensor (1) for label-free, simple, and fast
detection of mercury ions (Hg?*) in aqueous solutions and in HepG2 cells with high selectivity is
reported herein. Chelation of 1 with Hg?* results in the disappearance of its fluorescence emission at
350 nm and the appearance of a new emission at 405 nm. Selectivity and interference studies indicated
that 1 could be selectively chelated by Hg?* without interference from other metal ions. Insight into the
mechanisms responsible for its fluorescence effect was gained from ultrafast transient absorption
spectroscopy. With these properties, 1 was successfully applied for imaging Hg?* in living cells and for
removing Hg?* from river water. Moreover, we also constructed a simple device for fast and effective
removal of Hg?* from contaminated liquid samples.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Metallic mercury vapors and organic mercury derivatives (e.g.,
methylmercury) produce adverse effects on both environment and
human health. In humans, they can seriously and permanently
damage the DNA, ligand-receptor interactions, the liver, the
kidney, the central nervous system, and the homeostasis of the
immune system [1,2]. The long atmospheric residence time of
metallic mercury vapor and its water-soluble, oxidative inorganic
Hg (II) ion broadens the distribution of mercury on surface and in
underground water, air, soil, and food [3]. Therefore, there is an
ever-growing demand for the development of effective, selective,
and practical assays for mercury detection and removal.

To date, a number of methods based on instrumental technol-
ogies have been developed for the detection of Hg?*, including
fluorescence spectrometry [4,5], colorimetry [6,7], ultrasensitive
stripping voltammetry [8], atomic emission spectrometry [9],
atomic absorption spectroscopy [10], hyper Rayleigh scattering
(HRS) [11], electrochemistry [12], inductively coupled plasma mass
spectrometry (ICPMS) [13], and atomic fluorescence spectrometry
[14]. In recent years, fluorescent sensors for Hg?* detection have
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been developed rapidly because of their inherent cheapness, ease
of use, facility, high stability and sensitivity. Nevertheless, most
fluorescent sensors for Hg?* detection are based on water-
insoluble organic molecules, making the detection of this water-
soluble metal ion more complex and less biocompatible due to the
addition of organic solvents [15-17].

In 2004, Valliant et al. reported a lysine-derived bis(pyridyl)
amine, namely, a single amino acid chelator (SAAC) [18]. SAAC
could be chelated with M(CO)s* (M=Re, Tc) to form an inert
complex that can be used as an amino acid for solid phase
synthesis (SPPS). To structurally optimize this SAAC-type ligand
so that its Re-complex is fluorescent while its ability to chelate
99MTc remains, Valliant and co-workers used N-a-Fmoc-i-lysine to
react with quinoline-2-aldehyde (Q2A) in the presence of NaBH
(OAc)s to yield the bifunctional ligand lysine-derived bis(quino-
line) amine (SAACQ) [19]. Its Re-complex (i.e., SAACQ-Re) has
fluorescent properties appropriate for in vitro microscopic studies,
while its °*™Tc analog could be applied to in vivo single-photon
emission computed tomography (SPECT) imaging. Thus, the
bifunctional ligand SAACQ could be used to simultaneously
prepare complementary fluorescent and radioactive probes, allow-
ing direct correlation between in vitro and in vivo imaging studies.
SAACQ can also be used in creating libraries of structurally diverse
metallopeptides, for labeling stem cells, imaging amyloid plaques
or tumors, labeling biomolecules (e.g., nucleosides, carbohydrates,
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and biotin), etc. [20]. Nevertheless, the ability of SAACQ to chelate
with other metal ions remains unknown.

Inspired by the pioneering studies mentioned above, in this work,
we removed the hydrophobic Fmoc group from SAACQ and used the
product (i.e.,, SAACQ-deFmoc, 1) for the detection of metal ions in
water. After numerous trials, we found that 1 can selectively and
specifically coordinate with Hg?*, inducing a new fluorescence
emission at 405 nm. Based on these trials, we successfully employed
1 for fast and selective detection of Hg?* in vitro and in living cells,
and we then developed a simple device for the quick removal of Hg?*
from water. Recently, Aliaga and co-workers also reported one
fluorescence-quenching probe for the detection of mercury (Il) in
aqueous media and its applications in living cells [21]. Compared with
that method, our “turn-on” approach shows better sensitivity for cell
imaging due to its lower interference by the background signal.

2. Experimental section
2.1. General methods

All chemicals were analytical-reagent grade or better. A Hg(II)
stock solution (1000 mg L~ 1) was purchased from J and K Chemical.
Working standards were prepared by suitable dilution of the stock
solution with ultrapure water. The other starting materials were
obtained from Sigma or Sangon Biotech. Commercially available
reagents were used without further purification, unless noted
otherwise. Phosphate buffer solution (PB, 10 mM, pH 7.4) was
prepared by varying the ratio from 0.01 M Na,HPO,4-12H,0 to
0.01 M KH,PO,. The indicator for Hg?* was made by dissolving
0.05g diphenylcarbazone in 100 mL ethanol. Ultrapure water
(18.2 MQ-cm) was used throughout the experiment. HepG2 human
liver cancer cells were supplied by the Molecular Biology Laboratory
of Anhui Medical University. Cells were cultured under standard
protocols in Dulbecco's modified Eagle's medium (DMEM, Hyclone)
supplemented with 10% fetal bovine serum at 37 °C, 5% CO,, and
humid atmosphere. The spectra of electrospray ionization-mass
spectrometry (ESI-MS) were recorded on a LTQ Orbitrap mass
spectrometer (Thermo Fisher). Fluorescence emission spectra were
measured with a HITACHI F-7000 FL spectrophotometer at an
excitation wavelength of 312 nm. HPLC analyses were performed
on an Agilent 1200 HPLC system equipped with a G1322A pump and
in-line diode array UV detector using a YMC-Pack ODS-AM column,
with CH30H (0.1% of TFA) and water (0.1% of TFA) as the eluent.
THNMR spectra were obtained using 400 MHz Bruker AV 400.
Fluorescence microscopic images were taken with a fluorescence
microscope OLMPUS IX71 (Japan). Inductively coupled plasma mass
spectrometry (ICP-MS) was recorded on a Plasma Quad 3 ICP-MS
plasma mass spectrometer (USA).

The femtosecond transient absorption data were recorded on a
modified pump-probe spectrometer (ExciPro, CDP) in combination
with an ultrafast amplified laser system. The pump pulses (center
wavelength at 310 nm for this work; pulse energy ~8 pJ at the
sample cell) were delivered by an optical parametric amplifier
(TOPAS-800-fs, Coherent), which was excited by a Ti:sapphire
regenerative amplifier (Legend Elite-1 K-HE, Coherent; center wave-
length ~800 nm, pulse duration ~35fs, pulse energy ~3 m)J)
seeded with a mode-locked Ti:sapphire laser system (Micra 5,
Coherent) and pumped with a 1-kHz Nd:YLF laser (Evolution 30,
Coherent). The much weaker probe pulses (<1 pJ/pulse at the
sample cell) were provided by a stable white-light (WL) continuum
(380-500 nm for this work) that was generated by focusing the
800-nm beam (split from the regenerative amplifier by a portion of
~10%) in a rotating 4.55-mm-thick CaF, crystal. The pump and
probe beams were collinearly polarized. The instrument response

function was determined to be ~100 fs by cross-correlating with
the pump and probe pulses at the sample cell.

Precise spatial overlap of the pump and probe beams (with
diameters of ~1 mm and 300 pm, respectively) at the center of
the 1.2-mm-thick sample cell (quartz) was attained by optimizing
the transient absorption signals with the aid of a laser beam
analyzer (BG-USB-SP620, Ophir-Spiricon). The delays between the
pump and probe pulses were varied by a motorized optical delay
line (minimum step 1.56 fs; maximum delay 2.0 ns). A mechanical
chopper operating at 500 Hz was used to modulate the pump
pulse such that the transient absorption spectra with and without
the pump pulses could be recorded alternately. The WL probe
beam was first split into two tiny portions to synchronize the
chopper and monitor the stability of the probe pulse using two
separate photodiode detectors, and then separated into two parts
(~70/30 in percentage), with the 70% part focused on the sample
cell and overlapped with the pump beam yielding a transmitted
probe signal, while 30% part was focused on another region of the
sample cell to serve as a reference signal for achieving an optimal
signal-to-noise ratio.

The sample cell was mounted on a rapidly rotating stage
(5000 rpm) to ensure that the photo-excited volume of the sample
was kept fresh, to avoid sample bleach during the course of the
measurements. The temporal and spectral profiles of the pump-
induced transient absorbance change (AA, in mOD; OD, optical
density) were visualized with a 1024-pixel imaging spectrometer
(CDP2022i) and further processed with ExiPro 2.6 software.

2.2. Synthesis and characterization of 1

After the mixture of N-a-Fmoc-i-Lysine (9.95 g, 2.7 mmol) and
quinoline-2-aldehyde (9.43 g, 6 mmol) in 30 mL 1, 2-dichloroethane
was stirred at room temperature for 2 h, the solution was cooled to
0°C. Then, sodium triacetoxyborohydride (1.70 g, 8 mmol) was
slowly added into the mixture. Water was added after 2 h at room
temperature, and the mixture was extracted with dichloromethane
(15 mL). The obtained organic layer was washed with water and
brine, dried over Na,SO, and concentrated under vacuum, then
purified by HPLC to yield the compound SAACQ. Deprotection of
SAACQ with 10% piperidine in DMF (v/v, 4 mL) at 0 °C for 20 min
yielded the compound SAACQ-deFmoc (1) after HPLC preparation.

THNMR of compound 1 (400 MHz, DMSO-dg) & (ppm): 8.38 (d, J=
8.45 Hz, 2H), 8.08 (d, J=8.45 Hz, 2H), 6.91 (s, 1H), 7.96 (d, J=8.44 Hz,
2H), 7.81 (t,J="7.66 Hz, 2H), 7.64 (t, J=7.57 Hz, 2H), 7.51 (d, J=8.57 Hz,
2H), 4.81 (s, 2H), 3.95 (t, J=6.23, 1H), 345 (t, J=7.75Hz, 2H), 194
(m, 8H), 1.59 (m, 2H) (Fig. S1); >CNMR of compound 1 (100 MHz,
CH5CN-ds) & (ppm): 170.15 (C1), 151.13 (C9, C9'), 144.90 (C17, C17"),
138.96 (C15, C15"), 130.90 (C12, C12"), 127.69 (C11, C11"), 12743 (C18,
C18'), 127.34 (C14, C14"), 126.85 (C13, C13"), 120.00 (C16, C16"), 57.47
(C8, €8"), 55.13 (C6), 52.07 (C2), 28.86 (C3), 23.42 (C5), 21.25 (C4)
(Fig. S2); ESI-MS (m/z): [M+H] ™ calcd. for CogHpgN40,, m/z 429.23;
found, m/z 429.18 (Fig. S4).

2.3. Detection of Hg>* in vitro

Different volumes of Hg?* (0.1 gL~ ') corresponding to differ-
ent concentrations (0, 0.1, 0.5, 1, 5, 7.5, 10, 15, 20, 25, 30, 35, and
40 uM) were spiked into the solution of 1. After a 1-min incubation,
the fluorescence emission spectra of the solutions were obtained. Each
concentration was performed three times to evaluate the standard
deviation.

2.4. Detecting Hg>™" in living cells

After the HepG2 cells were incubated with 30 pM 1 in serum-
free medium for 45 min at 37 °C, the cells were washed with PBS
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for three times and then incubated with 0, 25, 50, and 100 pM
Hg?™* in serum-free medium for 30 min at 37 °C. Then, the cells
were washed with PBS another three times prior to fluorescence
or differential interference contrast (DIC) imaging.

2.5. Selectivity test

Cd2+' Zn2+‘ Ni2+, Na*, Mg2+, Li+, Fe3+, F62+, Hg2+. CU2+,
cr3*, Co?*, Ca?*, K+, AP+, Ag™, and Pb>* (20 uM) were each
added to aliquots of 5 uM 1 (pH 7.4) in the presence and absence of
Hg?* (20 uM) for a 1-min incubation before the fluorescence
emission spectra were recorded. The results were obtained from
three parallel experiments.

2.6. Recovery test

Water from the Fei River (Hefei, China) was sampled and
filtered with a 0.45-pm filter before use. Then, the samples were
tested with the additional Hg?* standards (20 uM) to evaluate the
recovery of Hg?*.

2.7. Hg?* removal

Because SAACQ contains one Fmoc protecting group, we can
readily conjugate it to the 2-chlorotrityl chloride resin beads via a
covalent amide bond. Then, the SAACQ-resin beads are fully mixed
with Hg?* -containing water for several minutes (left), and Hg?* is
totally absorbed to the beads (middle). The purified water is
obtained after filtration through a glass filter (right). After the
activation of 2-chlorotrityl chloride resin (0.3 g, 0.33 mmol) in
5 mL N,N-Dimethylformamide (DMF), SAACQ (71.5 mg, 0.11 mmol)
was conjugated to the resin in the presence of 2 eq. of N,N-
Diisopropylethylamine in 2 mL DMF for 2 h. Unreacted chloride
sites on the beads were then capped with methanol (26 pL) in
2 mL DMF for 5 min. After thorough deprotection of the Fmoc
group from SAACQ with 20% piperidine in DMF for 3 times and
measuring the amount of Fmoc using its absorbance coefficient of
5253 M~ 'cm~! at 290 nm [22], we obtained 0.093 mmol of
SAACQ resin with a coupling efficiency of 85%. Then, the SAACQ
resin was divided into 5 parts, each of which was 0.01 mmol. Five
water samples (2.5 mL each) containing 0.25, 0.5, 1, 2, and 4 ppm
of Hg?™*, respectively, were mixed with the divided SAACQ resin,
stirred for 5min, and then filtered. The non-chelated Hg?* in
water after filtration was detected with inductively coupled
plasma mass spectrometry (ICP-MS).

3. Results and discussion
3.1. Syntheses and rationale of the design

The very simple synthetic route for 1 and its coordination with
Hg?* are shown in Scheme 1. After deprotection of the hydro-
phobic Fmoc group from SAACQ with 10% piperidine, hydrophilic 1
was obtained and characterized (Figs. S1-5S4). 1 offers a favorable
detection environment for Hg?* in water. Electrospray ionization-
mass spectrometry (ESI-MS) analysis of the reaction mixture of 1
with Hg?* revealed that the dominant ionic peak in the mass
spectrum has a m/z value of 629.16, corresponding to the desired
molecular weight of 1-Hg?* (Fig. S5). During the coordination of 1
with Hg?*, we found that the fluorescence emission of 1 at
350 nm disappeared, and a new fluorescence emission of 1-Hg?*
appeared (Fig. 1A). To quantitatively and qualitatively evaluate the
chelation between 1 and Hg?*, we used the fluorescence intensity
ratio between 405 nm and 350 nm (F40s/F350) for the following
experiments.

o
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Scheme 1. Synthetic routes for 1 and 1-Hg?™* .

2+

3.2. Appropriate incubation time for the chelation

First, to determine the appropriate incubation time for the
chelation of Hg?* with 1, we separately added Hg?* to the
solution of 1 (5 uM) to reach final Hg?* concentrations of 10, 20,
30, and 40 uM, respectively, at pH 7.4. The F49s/F350 values of these
four groups were recorded at a time span of 1 min. All of the
solutions remained stable after 1 min, suggesting a kinetically fast
interaction (Fig. S6). Therefore, 1 min was chosen as the appro-
priate incubation time for the following analyses.

3.3. Detection of Hg?* in vitro

Fig. 1A shows the fluorescence emission spectra (excited at
312 nm by a Xenon lamp) of 1 at 5 uM in the presence of various
concentrations of Hg?*. With increasing concentrations of Hg?*,
the spectra clearly show a gradual decrease of intensity at 350 nm
and a gradual increase of emission intensity at 405 nm. By
correlating the F,s/Fss0 value with the concentration of Hg?*
we constructed a calibration curve for the determination of [Hg?*]
in vitro. As shown in Fig. 1B, a linear relationship between the F,s/
F350 value and I—Ig2+ concentration (Y=0.13091X - 0.2714]1,
R?>=0.998) was obtained over the range of 5-35 uM. The limit of
detection (LOD) of Hg?* in this assay was 100nM (S/N=3).
Following a documented method [23], we obtained the binding
constant K of 4.35 x 10> M~! for the chelation between 1 and
Hg?*, and it is comparable to those of congeneric Hg...N binding
regents [24,25].

3.4. Mechanisms of fluorescence induction

To understand the mechanisms responsible for the fluores-
cence induction effect, one needs to examine the intrinsically fast
radiationless processes detrimental to fluorescence, including
internal conversion (IC), intramolecular vibrational redistribution
(IVR), and intersystem crossing (ISC) [26], as schematically
depicted in Fig. 2A. To this end, we performed ultrafast transient
absorption measurements on both 1 and 1-Hg?* (in PBS) using
a scheme featuring a femtosecond ultraviolet pump/white light
continuum (WLC) probe (details in Supporting information). Upon
excitation with a 310-nm (center wavelength) pumping laser, the
sample molecules (1 or 1-Hg?* ) are promoted from the ground Sy
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Fig. 2. (A) Schematic illustration of the involved photophysical processes, including fluorescence, IC, IVR, and ISC. (B) Typical kinetic traces (for both 1 and 1-Hg?*) probed at
460 nm when a 310-nm pump was used. (C) Relaxation time constants of IC and ISC (for both 1 and 1-Hg?*) obtained with different probing wavelengths (380-500 nm).
(D) Percentage of the portion taken by IC (for both 1 and 1-Hg?*) obtained with different probing wavelengths (380-500 nm).

state to the first excited singlet S; state (cf. the linear absorption
spectra shown in Fig. S7). The subsequent WLC probing laser
(380-500 nm) follows in real time the ensuing S;-state population
relaxation by monitoring the transient absorption signals arising
from the strongly allowed excited-state absorption (ESA) transi-
tions. Most relevantly, we show here a typical comparison of the
ESA kinetics, probed at 460 nm, between 1 and 1-Hg?* (Fig. 2B),
which turned out to be well fitted with a bi-exponential function.
The fast relaxation can be ascribed to the IC (S;—Sp) pathway,
with the slow one ascribed to the ISC from the S; state to the
lower-lying, first excited triplet T; state (fitting results given in
Fig. 2B). Note that, here, IC is coupled with virtually instantaneous
IVR within the vibrational manifolds of S; state (typically on
a timescale of 100 fs that cannot be well-resolved in the current
experiment). Obviously, Tic (Tisc) for 1-Hg?* is larger (smaller)

than that for 1, indicating that the IC (ISC) pathway becomes less
(more) efficient upon Hg?* chelation. This holds also for other
probing wavelengths, as exemplified in Fig. 2C, from which one
can observe that upon Hg?* chelation, the average variation in
terms of rate (T~ ') for IC (decelerated ~23%) is roughly the same
as that for ISC (accelerated by ~25%). Nevertheless, the average
portion taken by IC (~64%) is approximately twice that taken by
ISC (~36%), as illustrated in Fig. 2D (data derived from the
bi-exponential fitting of the ESA kinetics). Taken together, these
results suggest that upon Hg?* chelation, the efficiency decrease
of IC prevails over the efficiency increase of ISC, leading to a net
suppression of the fast radiationless pathways in competition with
the much slower fluorescing process on the nanosecond timescale.
This is consistent with the observed fluorescence induction effect.
As for the accelerated ISC rate, it most likely originates from the
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so-called “heavy atom effect” [27], as the ligand-to-metal charge
transfer characteristic of excited states usually enhances spin-
orbit coupling [28]. The IC suppression in this particular case is
compatible with the fact that chelating Hg?* with 1 tends to
freeze (or deactivate), to a certain extent, the random motion of
the two biphenyl pyridyl groups.

3.5. Specificity and recovery for Hg>* detection

As shown in Fig. S8A, among these metal ions tested, only Hg?*
selectively responds to 1. Fluorescence responses of 1 (5 uM) to
Hg?* (20 uM) in the presence of other metal ions (20 uM) were
also measured (Fig. S8B), and the results indicate that the detec-
tion of Hg?* is not influenced by other metal ions, even those in
the same family of Hg?* (i.e., Zn®>* and Cd?™).

With the purpose of illustrating the reliability and accuracy of
the assay proposed, we also used river water as a real sample for
Hg?* detection with 1. As shown in Table S2 (Supporting informa-
tion), the mean recovery for each sample was within the range of
99% to 103%, suggesting that this assay is applicable for Hg?*
detection in real-world samples.

3.6. Detecting Hg>™" in living cells

After the above studies, we also applied this method for
detecting Hg?™* in living cells. As shown in Fig. 3A, fluorescence
from cells treated with 1 but without Hg?* is minimal. Fluores-
cence emission from cells treated with both 1 and Hg?™* increases
with the increase of the concentration of Hg?* added (Fig. 3B-D).
These results clearly reveal that in living cells, 1 has a selective
response to Hg?* over other intracellular metal ions (e.g., Na*,
K+, Ca?*, Mg2*, etc.) or biomolecules. Moreover, a healthy cell
morphology suggests that 1 is biocompatible with cells at this
concentration (Fig. S9). Differential interference contrast (DIC)
images corresponding to Fig. 3 are shown in Fig. S9. The average
fluorescence intensity of the HepG2 cells in Fig. 3 is measured with
Image ] and is summarized in Fig. S10.

(A)

3.7. Hg®>* removal

Considering its simplicity of synthesis, low cost, and high
binding constant for Hg?*, we naturally planned to use 1 to
remove Hg?* from water. As shown in Fig. 4, the water containing
10 uM Hg?* and 55 uM 1 is colorless (number 1, left). After the
addition of 20 uL of Hg?* -indicator (diphenylcarbazone, 0.05%, w/v)
to the 500 uL water sample containing 10 uM Hg?*, color of the
sample turned to be violet (number 2, middle). However, when the
500 uL water sample containing 10 uM Hg?* was first treated with
55uM 1 for 1min, followed by the addition of 20 uL Hg?*-
indicator, its color remained colorless (number 3, right). These
results suggest that 1 can be used to thoroughly remove the very
low concentration of Hg?* in water.

Y

Hg* + 1 Hg* + Indicator Hg* + 1 + Indicator

Fig. 4. Left: 500 uL of water containing 10 uM Hg?* and 55 uM 1. Middle: 500 pL of
water containing 10 M Hg?* and 20 ppm diphenylcarbazone, an indicator for
Hg?™*. Right: 10 uM Hg?* solution (500 pL) was incubated with 55 uM 1 for 1 min,
and then 20 uL of Hg?™* indicator (0.05% w/v) was added, for a final concentration
of 20 ppm.

Fig. 3. Fluorescence images (DAPI channel) of HepG2 cells incubated with 30 pM 1 in serum-free medium for 45 min at 37 °C, washed with PBS for three times, then
incubated with 0 uM (A, control), 25 uM (B), 50 uM (C), or 100 uM (D) of Hg?* in serum-free medium for 30 min at 37 °C. The cells were then washed three times with PBS

prior to imaging. Scale bars: 20 pm.
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Fig. 5. Cartoon illustration of a simple device for the removal of Hg?* from water.

Based on the above findings, we constructed a simple device
for quick removal of Hg?* from water (or other aqueous solu-
tions), as illustrated in Fig. 5. The unchelated Hg?* in water after
filtration was analyzed with ICP-MS, and the results are shown in
Table S3. From the ICP-MS results, one can see that our simple
device has a Hg?*-removal efficiency from 95% to 100% at the low
Hg?* concentrations from 4 to 0.25 ppm, respectively, supporting
the effective Hg? " -removal ability of SAACQ-resin.

4. Conclusions

In summary, we have developed a water-soluble, biocompati-
ble, and fluorescent chemosensor for label-free, simple, and fast
detection of Hg?* in aqueous solution and in living HepG2 cells,
with high selectivity. The mechanism underlying this detection
method is based on the ICT-dependent induction of the fluores-
cence emission of the sensor. Insight into the fluorescence induc-
tion mechanisms was derived from ultrafast transient absorption
spectroscopy. Correlation of the F495/F350 value of the sensor with
the concentration of Hg?* results in a calibration curve for the
determination of Hg?* within 5-35pM and a LOD of 0.1 uM
in vitro. The feasibility of this assay for the detection of Hg?* in
living cells was also validated. Moreover, we also constructed
a simple device for fast and effective removal of Hg?* from
contaminated liquid samples.
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