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Two-photon fluorescent probe for cadmium imaging in cells
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A novel two-photon excited fluorescent probe for cadmium (named as TPCd) was designed and
synthesized utilizing a prodan (6-acetyl-2-methoxynaphthalene) derivative as the two-photon
fluorophore and an o-phenylenediamine derivative as the Cd>* chelator, which possessed favorable
photophysical properties and good water-solubility. The probe was designed with a photoinduced
electron transfer (PET) mechanism and thus was weakly fluorescent itself. After binding with Cd**
which blocked the PET process, the fluorescence intensity of the probe was enhanced by up to 15-fold
under one-photon excitation (OPE) and 27-fold under two-photon excitation (TPE), respectively. The
two-photon action cross-section (®9) of the TPCd-Cd complex at 740 nm reached 109 GM compared
to 3.6 GM for free TPCd, indicating the promising prospect of the probe in two-photon application.
TPCd chelated Cd** with 1 : 1 stoichiometry, and the apparent dissociation constant (Kg) was 6.1 x
10> M for the one-photon mode and 7.2 x 107> M for the two-photon mode. The probe responded to
Cd** over a wide linear range from 0.1 to 30 uM with a detection limit of 0.04 uM. High selectivity of
the probe towards Cd*" was acquired in Tris-HCl/sodium phosphate buffer. The probe was pH-
independent in the biologically relevant pH range and non-toxic to living cells at reasonable
concentration levels, warranting its in vivo applications. Through two-photon microscopy imaging, the
probe was successfully applied to detect Cd** uptake in living HepG?2 cells.

Introduction

Cadmium has been recognized as a highly toxic heavy metal
whose half-life in the human body is estimated to be 15-30
years.! Excessive exposure to cadmium will lead to pulmonary
cancer and probably cause some non-pulmonary cancers, such as
prostatic and renal cancers, owing to the increased Cd** accu-
mulation within the human body.> Nowadays, cadmium is
widely used in industry and agriculture, and the resulting high
level of cadmium contamination in soil and crops has raised great
concern. However, the mechanisms involved in Cd**-uptake and
carcinogenesis remain undefined. Therefore, developing reliable
methods for Cd** quantification in environmental samples and in
cells/tissues is of great significance for clarifying Cd** carcino-
genesis and other biological effects. Several methods such as
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atomic absorption® and ICP (inductively coupled plasma) atomic
emission spectroscopy* have been used to detect cadmium, pos-
sessing good sensitivity and giving accurate results. However,
these methods need rather stringent sample pretreatment, which
prevents them from being utilized in real-time and in vivo
applications. In the past decades, fluorescent sensing via suitable
sensors and probes has attracted increasing interest for the
detection of various targets due to its simple operation and high
sensitivity and specificity. More importantly, as a kind of non-
destructive and visualizable technique, fluorescence is considered
to be most suitable for real-time detection in cells or tissues.’
The use of fluorescent Cd** probes would help to reveal the
cadmium carcinogen mechanism in vivo as well as to monitor
cadmium concentration temporally in the environment. More-
over, it could be an ideal tool for evaluating and dynamically
mapping the intracellular fluctuations of the metal ion by using
microscopy. So far, a few fluorescent Cd** probes have been
reported utilizing several fluorophores and recognition ligands.
A BODIPY-based sensor was developed which responded to
Cd** showing an evident fluorescence enhancement according to
a photoinduced electron transfer mechanism.® Naphthalimide
was used as the emitter of another Cd** probe, which exhibited
favorable photophysical properties with a sensitive response to
Cd** and could effectively discriminate Cd** from Zn**.” Di-2-
picolylamine (DPA) derivatives were employed as the chelators
of some Cd** probes designed with the internal charge transfer
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(ICT) principle, which displayed a notable spectral shift either in
absorption® or in emission® spectra and therefore could ratio-
metrically detect Cd**. Another fine Cd?* sensor was constructed
on the basis of a monomer—excimer switch system. When Cd*
interacts with a calixarene receptor, the excimer formed by an
excited and a ground state pyrene is separated to monomer unit,
resulting in a remarkable signal change.®

For most of these probes, however, their practical application
is still limited, more or less due to their poor water solubility or
pH-dependent fluorescence in physiological environments. As
a result, only very few of them have been used for in vivo
imaging.®* And what is more important, all these reported fluo-
rescent probes require excitation with short-wavelength UV/Vis
light (that is, ca. 350-500 nm). As has been widely recognized, the
utilization of UV/Vis excitation with one-photon excitation
mode may cause several concerns when the probes are applied in
living cells or tissues. For example, the high-energy UV light is
likely to cause photodamage to biological substances or samples
as well as photobleaching of fluorophores, which hinders the
prolonged observation of biological events. Another general
problem of one-photon excitation (OPE) fluorescence could be
the rather serious background fluorescence and scattering light
arising from biological samples, which lowers the sensitivity or
even disables the detection.!! To circumvent these problems, two-
photon excitation (TPE) fluorescence, which utilizes two lower-
energy near-infrared photons for excitation to give emission in
the visible region, has received increasing attention. TPE mole-
cules can be excited in the near-infrared (NIR) or infrared region.
In this excitation window autofluorescence of biomolecules is
avoided and the scattering light is dramatically reduced, which
leads to a higher signal-to-noise ratio and improved detection
sensitivity. In the past several years, we and other groups have
proven the advantages of TPE fluorescence in quantitative
bioassays.'>!?

Besides the above-mentioned photophysical merits of TPE
fluorescence, it also features much less photobleaching off the
focal plane and less photodamage to biological samples due to
the relatively lower energy of the NIR/IR photons. The fact that
two-photon absorption occurs only at an extremely small focal
volume (femtoliter) endows the TPE technique with higher
spatial resolution.'*'s Further considering the higher penetrating
depth of NIR/IR light compared to UV/Vis light (greater than
500 pm), two-photon excited fluorescent probes would be
competitive alternatives for cell/tissue imaging. As pioneering
works, Cho and co-workers have reported a series of two-photon
fluorescent probes for some cations including Ca**, Mg**, etc.,
with favorable properties and successful applications in bio-
imaging.'®! Thereafter, several two-photon fluorescent probes
have been reported by other groups.?*2® Their advantages over
one-photon probes, such as increased penetration depth, local-
ized excitation and higher resolution, prolonged observation
time, etc., have been well established, suggesting good prospects
for TPE probes. To the best of our knowledge, however, there
have been no reports on two-photon fluorescent probes for
cadmium yet. Herein, we report for the first time a two-photon
excited Cd** fluorescent probe (named as TPCd, see Scheme 1 for
synthesis details). The probe is designed with a photoinduced
electron transfer principle, which functions as a fluorescent off—
on switch upon Cd** binding. In addition, the probe is highly

water-soluble, non-toxic to living cells and pH-stable within the
physiological pH range. These features make TPCd a suitable
two-photon fluorescent probe for intracellular Cd** imaging,
which is established through detecting Cd** uptake in living
HepG?2 cells.

Experimental
Synthesis of TPCd.

Materials. All the solvents and reagents were of analytic grade
and used without further purification unless for special needs.
6-Acetyl-2-methoxynaphthalene was purchased from Alfa Aesar
(Ward Hill, MA). Other regents were bought from Sinopharm
Chemical Reagent Co. (Shanghai, China).

Synthetic procedures. The synthesis route for TPCd is illus-
trated in Scheme 1.

6-Acetyl-2-hydroxynaphthalene (I)

6-Acetyl-2-methoxynaphthalene (1.00 g, 5 mmol) was dissolved
in 4 mL CH,Cl,, the mixture was added dropwise into 36% HCl
(80 mL, 0.93 mol) under stirring. Then triethylamine (0.75 mL,
5.4 mmol) was added dropwise into the solution. The mixture
was stirred at 85 °C for 4 h, and the excess acid was neutralized
with solid NaOH. The solution was extracted with ethyl acetate
and washed with saturated NaHCO; and brine. The organic
layer was dried with anhydrous Na,SO, and the solvent was
removed in vacuum. The crude product was purified by column
chromatography using petroleum ether—-EtOAc 5 : 1 (v/v) as the
eluant to yield compound I (839.7 mg, 90.2%). 'H NMR
(300 MHz, CDCls): 6 8.36 (s, 1H), 7.95 (d, 1H, J = 8.7 Hz), 7.84
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Scheme 1 The synthesis route for TPCd.
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Scheme 2 Tllustration of Cd** sensing principle with TPCd probe.

Fig. 1 The geometries and frontier orbitals of TPCd and TPCd-Cd?**:
(a) HOMO of TPCd; (b) LUMO of TPCd; (c) HOMO of TPCd-Cd**; (d)
LUMO of TPCd-Cd*".
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Fig. 2 (a) Absorption spectra of TPCd in the presence of varying
concentrations of free Cd**. (b) Two-photon action cross-section of
TPCd in the absence (@) and presence (m) of Cd**. These data were
measured in Tris-HCI (0.02 M) solution (containing 0.1 mM sodium
phosphate, pH = 7.4).

(d, 1H, J = 9.3 Hz), 7.673 (d, 1H, J = 8.4 Hz), 7.15 (s, 1 H), 7.14
(d, 1H, J = 6.9 Hz), 5.53 (s, 1H), 2.66 (s, 3H).

6-Acetyl- N-methyl-2-naphthylamine (II)

A mixture of compound I (839.7 mg, 4.51 mmol), Na,S,05(1.72 g,
9.05 mmol), NaOH (0.906 g, 22.7 mmol), MeNH,-HCI (1.37 g,
20.3mmol) and H,O (30 mL) was added into a hydrothermal
autoclave and stirred at 140 °C for 48 h. The solid product was
collected by filtration and washed with water till the filtrate was
neutral. Then the crude product was purified by column chro-
matography using petroleum ether—EtOAc8 : 1 (v/v) as the eluant
to yield compound II (570 mg, 63.5%). 'H NMR (300 MHz,
CDCl5): 6 8.307 (s, 1H), 7.93(d, 1H, J=8.1 Hz),7.72(d, 1H, J =
8.4Hz),7.64(d, 1H,J=8.7Hz),6.912(d, 1H,J=9.0Hz), 6.77 (s,
1H), 4.17 (s, 1H), 2.972 (s, 3H), 2.67 (s, 3H).

6-Acetyl-2-| N-methyl- N-(carboxy)amino]naphthalene (III)

A mixture of II (2 g, 10 mmol), ethyl bromoacetate (3.4 g,
20 mmol), K,CO3 (2.8 g, 20 mmol), Nal (0.6 g, 4 mmol) in
MeCN (60 mL) was refluxed under Ar atmosphere for 18 h. The
product was extracted with ethyl acetate and washed with brine.
After drying and evaporation, the residue was chromatographed
on silica in petroleum ether—EtOAc 4 : 1 (v/v) to yield 2.8 g III,
73%. '"H NMR (300 MHz, CDCl3): 6 8.32 (d, 1H, J =2 Hz),7.92
(dd, 1H, J =9 Hz,J=2Hz), 7.80 (d, |H, J=9 Hz), 7.64 (d, 1H,
J=9Hz),7.08 (dd, 1H,J =9 Hz, J=2Hz), 6.88 (d, IH,J=2
Hz), 4.23 (m, 4H), 3.74 (s, 3H), 3.21 (s, 3H), 2.67 (s, 3H), 1.23 (t,
3H). MS (ESI+) Calcd for C1;HoNO3 (IM + H])*, 286.1; Found:
286.1.

6-Acetyl-2-| V-methyl-/V-(carboxymethyl)amino|naphthalene (IV)

A mixture of III (1g, 3.5 mmol) and KOH (0.4 g, 7 mmol) in
EtOH/H,O (15 : 3 mL) was stirred for 5 h. The resultant solution
was diluted with ice-water (50 mL) and concentrated HCI (aq.)
was added slowly at 0 °C until pH = 3. The precipitate was
collected, washed with distilled water and purified by crystalli-
zation from MeOH to yield IV (0.9 g, 80%). "H NMR (300 MHz,
DMSO-d¢): 6 8.45(s, 1H), 7.9 (d, 1H, /=9 Hz), 7.81 (d, IH, /=9
Hz), 7.67 (d, 1H, J =9 Hz), 7.21 (d, 1H, J = 9 Hz), 6.96 (s, 1H),
4.29 (s, 2H), 3.12 (s, 3H), 2.62 (s, 3H); MS (ESI-) Calcd for
C15H15NO3 ([M — H])+, 2562, Found: 256.2.

N,N,N ,N-Tetra{(2-hydroxyethyl)carbamoylmethyl}-o-
phenylenediamine (VI)

A solution of V (2g, 18.5 mmol), ethyl bromoacetate (13.4 mL,
120 mmol) sodium iodide (2.5 g, 17 mmol) and diisopropyle-
thylamine (17 ml, 100 mmol) in 20 mL acetonitrile was refluxed
under nitrogen for 7 h, then cooled and poured into 100 mL
water. The resulting mixture was extracted with dichloromethane
(3 x 50 mL). The extract was dried over sodium sulfate and
was concentrated to give brown oil, which was purified by
column chromatography using petroleum ether-EtOAc 5:1
(v/v) as eluant. VI (8.3 g, 85%) was yielded as a white solid. 'H
NMR (300 MHz CDCls): 6 7.03-7.06 (m, 2 H), 6.93-6.96 (m, 2
H), 4.30 (s, 8 H), 4.11 (q, J = 7.2 Hz, 8 H), 1.20 (t, / = 7.2 Hz,
12 H).

This journal is © The Royal Society of Chemistry 2012
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Table 1 Photophysical data for TPCd and TPCd-Cd**

Compound Aabs /MM Aop.ed/nm Dem‘/Mm Apexnm @° &IGM
TPCd 365 370 502 740 0.035 102
TPCd-Cd** 365 370 502 740 0.453 242

“ Maximum absorption wavelength. ® Maximum one-photon excitation wavelength. ¢ Maximum fluorescence emission wavelength. ¢ Maximum two-
photon excitation wavelength. ¢ Quantum yield. 7 Two-photon absorption cross-section. These data were measured in Tris-HCI (0.02 M) solution

(containing 0.1 mM sodium phosphate, pH = 7.4).

4-Nitro-N,N,N ,N -tetra{(2-hydroxyethyl)carbamoylmethyl}-1,2-
phenylenediamine (VII)

To a solution of VI (2 g, 4.4 mmol) in AcOH (15 mL) was added
fuming HNO; (0.3 mL, 5 mmol) dissolved in AcOH (2.5 mL) in
a dropwise manner at 0 °C over 5-10 min. The reaction was moni-
tored by the disappearance of the starting material on a silica TLC
plate. After completion, the reaction mixture was poured on to ice-
water. After extraction with CH,Cl,, the organic layer was dried over
anhydrous Na,SO, and filtered. After removing the solvent under
reduced pressure, the residue was purified by column chromatog-
raphy using petroleum ether-EtOAc 4 : 1 (v/v) as eluant. Yield 1.8 g
(82%) of VI as yellow crystals. "H NMR (300 MHz CDCl3): 6 7.96 (s,
1H),7.84(d,J=9Hz1H),7.04(d, J=9Hz 1H),4.42 (s,4H),4.28 (s,
4H),4.13(q, J=7.2Hz,8 H), 1.22 (t, / = 7.2 Hz, 12 H).

—_
D
~

1000

800 -

600+

400+

Fluorescence Intensity

400 450
Wavelength / nm

16000

120001

8000

40004

Fluorescence Intensity

Wavelength / nm

4-Amino-N,N,N ,N -tetra{(2-hydroxyethyl) carbamoylmethyl}-
1,2-phenylenediamine (VIII)

4-Nitro-N,N,N',N'-tetra{(2-hydroxyethyl)carbamoylmethyl}-
1,2-phenylenediamine VII (420 mg, 0.85 mmol) was dissolved in
20 mL of EtOH. 5% Pd/C (200 mg) was added to the solution and
the mixture was stirred overnight under a hydrogen atmosphere.
The reaction mixture was filtered and dried over anhydrous
Na,SO,, purified by column chromatography using petroleum
ether-EtOAc 3 : 1 (v/v) as eluant. Yield 308 mg (78%) of VIII as
brown solid. '"H NMR (300 MHz CDCls): 6 6.80 (d, / = 8 Hz
1H), 6.29 (s, 1H), 6.18 (d, J = 8 Hz 1H), 4.22 (s, 4H), 4.09 (s, 4H),
4.02 (q, J=17.2 Hz, 8H), 3.18 (s, 2H), 1.10 (t, J = 7.2 Hz, 12 H).
MS (ESI+) Calced for C,,H33N305 (M + H])*, 468.2; Found:
468.2.
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Fig. 3 (a) One-photon fluorescence titration of TPCd (10 uM) with free Cd** (0-0.8 mM) under 370 nm excitation. (b) Two-photon fluorescence
titration of TPCd with free Cd** (0-0.8 mM) under 740 nm excitation. (c) Saturation curves for the complexation between TPCd (10 pM) and Cd** under
one-photon excitation (@) and two-photon excitation (O). (d) Fluorescence intensity of TPCd (10 uM) at 502 nm as a function of Cd** concentration
(0.1-30 uM), data were presented as average + sd from three independent measurements. These data were measured in Tris-HCI (0.02 M) solution
(containing 0.1 mM sodium phosphate, pH = 7.4).
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Fig. 4 (a) Job’s plot of probe TPCd in Tris-HCI (0.02 M) solution
(containing 0.1 mM sodium phosphate, pH = 7.4). The total concen-
tration of probe and Cd*" ion was fixed at 10 uM. (b) The Hill plot of
probe TPCd with free Cd** in Tris-HCI (0.02 M) solution (containing
0.1 mM sodium phosphate, pH = 7.4) under one-photon excitation at
370 nm.
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Fig. 5 Fluorescence intensity of TPCd (10 uM) in the presence of
various metal ions (100 pM) in Tris-HCI (0.02 M) solution (containing
0.1 mM sodium phosphate, pH = 7.4).

TPCd-ester (IX)

A mixture of IV (200 mg, 0.78 mmol) and 1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide- HCl (265 mg, 1.4 mmol) in
DMF (8 mL) was stirred for 30 min. To this mixture, VIII (331
mg, 0.67 mmol) and 4-dimethylaminopyridine (10 mg, 0.1 mmol)
were added and stirred for 24 h under N,. The product was
extracted with ethyl acetate, the organic layer was dried over
anhydrous Na,SO, and filtered, and the solvent was removed in
vacuum. The product was purified by column chromatography
using chloroform/ethyl acetate (2 : 1) as the eluant. Yield 0.5 g
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Fig. 6 (a) The eftect of pH (6.6-8.6) on the fluorescence intensity of
10 uM TPCd and the TPCd-Cd**complex. (b) Cell viability of HepG2
cells cultured with varying concentrations of TPCd for 24 h.

(97%) of IX as brown oil. '"H NMR (300 MHz CDCl;): 6 8.33 (s,
1H), 8.09 (s, 1H), 7.96 (t, J = 8.7 Hz 1H), 7.83 (d, / = 9 Hz 1H),
7.67(d,J=8.7Hz 1H), 7.18 (s, 1H), 7.11 (t, /= 8.7 Hz 1H), 7.03
(d, J=8.7Hz, 1 H), 6.95 (d, /=9 Hz 1H), 4.26 (s, 6H), 4.20 (s,
4H), 4.04 (q, J = 6.9 Hz, 8 H), 3.20 (s, 3H), 2.65 (s, 3H), 1.14 (t,
J =69 Hz 12H) MS (ESI+) Calcd for C37H46N4010 ([M +
Na])*, 729.3; Found: 729.3.

TPCd

300 mg of IX (0.71 mmol) was dissolved in 10 mL acetonitrile,
and 12 mL 2-aminoethanol was added. The solution was refluxed
under nitrogen for 5 h, cooled and concentrated under vacuum to
remove the acetonitrile, then poured into 50 mL saturated brine.
The mixture was neutralized with TFA, and then concentrated
under vacuum. The mixture was purified by column chroma-
tography using methanol/triethylamine/dichloromethane
(20 : 3:100, v/v/v) as eluant. Yield 98 mg (30%) of TPCd as
a green solid. '"H NMR (CD;0D): 6 8.43 (s, 1H), 7.90 (d, J =
9 Hz 2H), 7.67 (d, J = 8.4 Hz 1H), 7.36 (s, 1H), 7.22 (d, J =
8.7 Hz 1H), 7.07 (d, J = 8.4 Hz 1H), 7.02 (s, 1H), 6.94 (d,
J=18.7Hz, 1 H), 4.27 (s, 2H), 4.08 (s, 4H), 4.04 (s, 4H), 3.45 (q,
J=4.8 Hz, 8 H), 3.25 (s, 3H), 3.20 (t, J = 4.8 Hz, 8H), 2.67 (s,
3H). HRMS (ESI+) Caled for Cs;;Hs5oNgOi9 (M + Na])*,
789.3545; Found: 789.3542.

Spectroscopic measurements

UV-vis absorption spectra were measured using a TU-1900 UV-
vis Spectrophotometer (Beijing Purkinje General Instrument).

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Confocal fluorescence images of Cd** in HepG2 cells: (a) bright
field; (b) fluorescent images of HepG2 cells loaded with 10 uM TPCd; (c—-
f) fluorescent images of HepG?2 cells with further treatment with 50 uM
Cd(NOs3), solution for 15 min, 30 min, 45 min and 60 min, respectively,
under two-photon microscopy; (g) relative TPE fluorescence intensity of
TPCd in AOIl and AOI2 regions incubated with Cd** as a function of
time. Excitation wavelength = 740 nm, scale bar, 10 um.

One-photon excited fluorescence was recorded using a Perkin-
Elmer LS 55 fluorimeter equipped with 1-cm cell. A PMT was
used as the detector. Two-photon excited fluorescence was
measured using a mode-locked Ti: sapphire pulsed laser
(Chameleon Ultra II, Coherent Inc.) with a pulse width of 140 fs
at a repetition rate of 80 MHz. The two-photon excited fluo-
rescence was recorded using a DCS200PC Photon Counting with
single-photon sensitivity through an Omni-A5008 mono-
chromator (Beijing Zolix Instruments Co., Ltd).

Determination of fluorescence quantum yield and two-photon
absorption cross-section

The fluorescence quantum yield (@) was measured by the relative
method as previously reported.?® Quinine sulfate in 0.1 M
sulfuric acid (@ = 0.55) was used as reference for TPCd and
TPCd-Cd**. The fluorescence quantum yield was calculated
according to the following equation:

A

®, =
AJdn?

&, (4=0.05)

where the subscripts ‘s’ and ‘r’ refer to the sample and the
reference molecule respectively. 4 is the absorbance of molecules
that is controlled below 0.05 for both the sample and reference in
the same wavelength. I represents the integrated emission area
and n is the refractive index of the solvent.

The two-photon absorption (TPA) cross-section was
measured using the two-photon induced fluorescence method.
TPCd was dissolved in Tris-HCI (0.02 M) solution (containing
0.1 mM sodium phosphate, pH = 7.4) at a concentration of 1.0 x
10-> M. Rhodamine B in CH;30H (1.0 x 107> M) was used as the
reference with the reported value of 77 GM (1 GM = 1 x
107 cm* s-photon™') at 740 nm. The TPA cross-section was
determined using the following equation:*’

_ S5:8:2:.C

b= S, Cs

0;

Similar to the measurement of the fluorescence quantum yield,
subscripts ‘s’ and ‘r’ refer to the sample and the reference
molecule respectively. S represents the measured two-photon
excited fluorescence intensity, @ is the fluorescence quantum
yield, C is the concentration of the solution, and @ is the overall
fluorescence collection efficiency of the experimental apparatus.
The refractive indexes n of the solvents are used here instead of
6 because all the experiments of both sample and reference were
done under the same instrumental conditions.

Determination of complexation ratio and apparent dissociation
constant

The stoichiometry of TPCd-Cd** was measured according to
Job’s method.? The fluorescence intensity of TPCd with various
mole fraction of Cd** was recorded, while the total concentration
of TPCd and Cd** was maintained to be 1.0 x 10> M. To
determine the apparent dissociation constant (Ky) value of
TPCAd, a series of solutions containing varying amounts of Cd**
were prepared in the presence of 10 uM TPCd in Tris-HCI
(0.02 M) solution (containing 0.1 mM sodium phosphate, pH =
7.4). The apparent dissociation constant was determined using
the following equation:*®
F— Fmin = [Cd2+](Fmax - Fmin)/Kd
where F is the observed fluorescence, F,x 1S the maximum
fluorescence for the TPCd-Cd** complex at a saturation
concentration of Cd**, and F,,;, is the fluorescence for free TPCd.
In order to determine the Ky value for the two-photon mode,
the TPE fluorescence intensity was recorded in the range of 420—
610 nm, excited by a mode-locked titanium-sapphire laser source
with the wavelength set at 740 nm and an output power of
1400 mW.

Cell culture

HepG?2 cells were grown in culture flasks containing Dulbecco’s
modified Eagle’s medium supplemented with 10% newborn calf
serum, 100 U mL~" penicillin and 100 pug mL~! streptomycin at
37 °C in 5% CO,. Confluent cells were harvested by treatment
with 0.25% (w/v) trypsin for 2 min at room temperature and then
cultured in 35 mm Petri dishes overnight. Following rinsing with
Tyrode’s buffer for three times, adherent cells were incubated
with TPCd working solution at 37 °C for 1 h. After incubation,
cells were rinsed with Cd**-free Tyrode’s buffer for three times
and ready for experiments.
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Cd** imaging by two-photon microscopy

TPCd working solution was diluted from a 4 mM stock solution
with Tyrode’s buffer to a final concentration of 10 uM. 50 uM
Cd?* solution was prepared in Cd**-free Tyrode’s buffer (pH =
7.2). An Olympus FV1000 confocal microscope was employed
for Cd** imaging with two-photon excitation (740 nm), and an
emission filter (525/45 nm) was used. Fluorescence images (512 x
512 pixels) were recorded at a rate of 8 us per pixel using a PMT.
Cd?** solutions were manually applied to the adherent cells using
a micropipette.

Cytotoxicity assay

Cytotoxicity assay was carried out using Cell Counting Kit-8
(CCK-8, Dojindo, Japan). HepG?2 cells (5 x 10* cells mL~") were
seeded onto a 96-well cell culture plate; 3 h later, TPCd with
concentrations of 1, 10, 50, 100 and 200 uM were added to each
well that contained ~5 x 10° cells. After cell culture for 24 h,
10 uL of CCK-8 solution was added to each well, followed by
incubation for 2 h. Subsequently the absorbance at 450 nm was
measured using an ELISA reader. The reference wavelength was
630 nm. Cell viability (Cv) was calculated according to the
equation below:

Cv (100%) = [(As — Ap)(Ac — Ap)] x 100%

where A corresponds to the experimental well containing the
cells, CCK-8 and TPCd; A. corresponds to the control well
containing the cell, CCK-8; A, corresponds to the blank well
containing CCK-8. All the wells contained culture medium
additionally. This experiment was repeated five times.

Results and discussion
Cd** sensing principle and photophysical properties of TPCd

Several sensing mechanisms have been utilized to construct
fluorescent probes, which include internal charge transfer (ICT),
photoinduced electron transfer, resonance energy transfer (RET)
and so on.** In our case, the PET principle is adopted in molecule
design, not only because of the simple synthesis by combining the
fluorophore and the chelator though a ¢ bond, but also for its
‘off-on’ luminescence pattern which is useful for in vivo appli-
cations. Following this principle, the probe was designed and
made up of two sections, an emitting motif and a target recog-
nition domain, with the HOMO (highest occupied molecular
orbital) energy level of the two parts matching properly. Before
the combination with metal ions, the fluorescence emission of the
emitting motif is quenched by the recognition domain through
the PET process, therefore the probe itself is weakly fluorescent.
Upon binding with target ions, which lowers the HOMO energy
of the recognizing domain and thus inhibits the PET process, the
fluorescence intensity of the emitter is enhanced such that a turn-
on response to target ions occurs (Scheme 2).

As illustrated by the geometries and frontier orbitals (Fig. la
b) which were calculated at the b3lyp/6-31g (d) level,®' the
HOMO of TPCd is equally distributed on the fluorophore and
the chelator, and the LUMO (lowest unoccupied molecular
orbital) is located on the fluorophore. Upon the excitation of the

free probe, electrons transfer from the chelator to the excited
fluorophore, impeding the radiative relaxation and thus resulting
in fluorescence quenching. After binding to Cd*"*, as seen, both
HOMO and LUMO are located on the fluorophore, so that the
PET process is blocked and the emission of the fluorophore is
restored (Fig. 1c,d). In addition to the sensing mechanism, the
water-solubility of the molecule is another important concern for
a probe designed for intracellular use. The o-phenylenediamine
derivative is adopted as the Cd** chelator which offers good
water-solubility owing to the abundant hydroxyl groups.® As is
established, the photophysical properties of the emitting motif,
mainly including TP cross-section and quantum yield, are
undoubtedly the most important and crucial characters of TPE
molecules which decide the sensitivity of detection.?? In consid-
eration of two-photon photophysical properties, the prodan
derivative is employed as the fluorophore of TPCd because of its
competitive TP cross-section.

The photophysical features of the probe TPCd were investi-
gated. The molecule exhibited a linear absorption band with the
maximum locating at 365 nm (Fig. 2a). The absorption wave-
length of the probe remained almost unchanged after binding
with various amounts of Cd**, which is a typical character of
a photo-induced electron transfer process. Since no linear
absorption occurred at any wavelength longer than 500 nm (data
not shown), the NIR light-excited fluorescence (vide infra), with
the emission peak locating at 502 nm in aqueous buffer solution
(Table 1), can be ascribed to non-linear luminescence. We then
examined the Cd**-induced off-on switch of the probe fluores-
cence under one-photon excitation at 370 nm. Due to the photo-
induced electron transfer from the chelator to the emitter, the
fluorescence of the fluorophore was rather weak and the
quantum yield was determined as 0.035. After binding to Cd**
which blocked the PET process, the fluorescence intensity of the
probe was enhanced by up to 15-fold and the largest quantum
yield was obtained as 0.453 (Table 1). Interestingly, the two-
photon fluorescence intensity of TPCd was enhanced by 27-fold
upon Cd** binding, which is especially valuable for its two-
photon application and can be explained with two-photon
absorption cross-section (6) of the fluorophore. As is recognized,
the two-photon fluorescence efficiency is related not only to the
quantum yield but also to the two-photon absorption cross-
section of a molecule. The & values of TPCd before and after
combining with Cd** were determined and list in Table 1, which
showed an approximately 2-fold enlargement caused by Cd*
binding. Generally, the TP action cross-section (©6), which is the
product of TP absorption cross-section (6) and quantum yield
(@), is regarded as the determinant factor deciding the TPE
fluorescence of molecules. Since the quantum yield is considered
as identical for one-photon and multi-photon excitation, the
2-fold enlargement of the TP absorption cross-section could be
responsible for the magnified two-photon fluorescence
enhancement as compared to one-photon fluorescence (27-fold
versus 15-fold). The action cross-section values of TPCd and
TPCd-Cd** complex were measured at different wavelengths
(Fig. 2b). The maximum action cross-section was obtained at
740 nm, which is twice the maximum linear absorption wave-
length and can be taken as an evidence of the two-photon exci-
tation process. As is listed in Table 1, the action cross-section at
740 nm was increased from 3.6 to 109 GM upon Cd** binding
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(1 GM =1 x 107 cm* s-photon'), indicating promising
prospect of the probe in two-photon applications.

Fluorescence titration of the probe and quantitative Cd>*
determination

The fluorescence titration of the probe with free Cd** was per-
formed with both one-photon and two-photon excitation modes.
Under the two excitation modes, the fluorescence enhancement
occurred in the same Cd** concentration-dependent manner
(Fig. 3a,b), except that the enhancing multiple of fluorescence
intensity under TPE is approximately twice as much as that
under OPE, which is consistent with the aforementioned pho-
tophysical data. A saturation of binding was achieved at a rela-
tively high Cd*" concentration (Fig. 3c). With the probe being
fixed at 10 uM, the plateau in the saturation curves started from
0.8 mM of Cd** for both OPE and TPE titration, suggesting that
the target binding ability of the probe was not affected by the
excitation mode. A linear relationship between the enhancement
of fluorescence intensity and the concentration of Cd** can be
found within a quite wide range (0.1-30 pM, correlation coeffi-
cient = 0.996, Fig. 3d). The relative standard deviations from
three repeated measurements were less than 3%, indicating the
high reproducibility of the detection. The limit of detection was
0.04 uM calculated according to the 3s,/m criterion, where m is
the slope for the range of the linearity used and s the standard
deviation of blank (n = 11). Such analytical performances are
comparable to or better than all the reported fluorescent probes
for Cd**, which provide the possibility to quantitatively detect
Cd** with this probe.

Binding thermodynamics of TPCd with Cd**

Some physical chemistry parameters of the combination between
TPCd and Cd*>* were also acquired. A Job’s plot was used to
determine the binding stoichiometry of TPCd with Cd>* ions. The
total concentration of the probe and Cd** was held constant while
altering the mole fraction of Cd*' ions, and the fluorescence
enhancement value was plotted against the mole fraction (Fig. 4a).
The maximum fluorescence enhancement was acquired at a Cd*
mole fraction of 0.5, indicating that TPCd chelated Cd** with 1 : 1
stoichiometry. Under one-photon excitation, the dissociation
constant K4 was determined using the Hill plot (Fig. 4b). The plot
of 10g((F — Fpin)/(Fmax — F)) vs. log[Cd>*] exhibited a slope of 1.0,
which confirmed a 1 : 1 complexation between TPCd and Cd**.
The Ky value was calculated to be 6.1 x 107> M according to the x
axis interception. With the same method, the K4 value for two-
photon titration was determined to be 7.2 x 10> M, quite close to
that obtained with one-photon mode.

Selectivity of TPCd toward Cd**

As chelation-based probes for metal ions, the specificity of the
receptor towards the target is of particular importance, because
coordination bonds are likely to form between the receptor and
other metal ions, especially those with similar radius or orbital
configuration. In fact, in quite a few cases of the reported Cd*
fluorescent probes, Zn** and Hg?** also raised considerable
response to the probe duo to their similar orbital distribution and
analogous affinity for ligation atom with Cd**.®'° Therefore, to

investigate the specificity of TPCd, the congeners including Zn**
and Hg** are considered in the first place. Not surprisingly, when
conducting the recognition experiments in pure water, Hg>*
caused non-negligible fluorescence enhancement at comparable
concentrations, the reason for which may be that Hg** has
a quite similar ionic radius to Cd** (1.02 A for Hg** and 0.96 A
for Cd*"). Nonetheless, Hg** was easily screened by using Tris-
HCI as the buffer solution, which is due to the extremely stable
complexation between Hg>* and the ~-NH, group in the Tris
molecule. It was found that Zn** did not have a notable response
in our case, which could be interpreted as that Zn>* is too small
(with an ionic radius of 0.74 A) to form a tight cage structure
with the ligand, ie., the o-phenylenediamine derivative. In
subsequent investigations we examined altogether 14 kinds of
metal ions, either having a strong coordination ability or possibly
coexisting in environmental/biological samples, for their influ-
ences. It was found that Pb** could respond to the probe and thus
disturb the detection of Cd** both in pure water and in Tris-HCI
buffer. As is well documented, Pb** always exhibits the inert pair
effect and variable coordination numbers and geometries owing
to its electronic configuration and size, and hence it may influ-
ence the detection of other metal ions usually smaller than it.>* A
simple yet effective strategy to screen Pb** is to introduce
a certain amount of phosphate, a type of normally used inorganic
salt in chemical and biological assays, in the assay buffer,** so
that Pb** is thoroughly precipitated due to the very low solubility
of Pb3(PO4), [Kp(Pbs(PO4):) = 8 x 107*]. Comprehensively
considering the above factors, a mixed buffer (0.02 M Tris-HCI
containing 0.1 mM sodium phosphate) was adopted for Cd**
sensing in our work. In this situation, quite good selectivity was
acquired for Cd** (Fig. 5).

Two-photon microscopy imaging for Cd** uptake in HepG2 cells

The probe molecule may be suitable for intracellular use since it
has good solubility in physiological solutions (up to 5 mgmL" in
water). To explore the applicability of the probe in intracellular
imaging, we first studied the pH-dependence of the molecule as
well as its cytotoxicity. Obviously, a stable signal, i.e., pH-inde-
pendent fluorescence in the physiological pH range is essential
for an in vivo probe. As revealed in our experiments, the fluo-
rescence intensities of both the TPCd and TPCd-Cd** complex
remained stable from pH 6.6 to 8.6 (Fig. 6a), excluding the
possible pH-induced fluorescence alterations in practical use.
The cytotoxicity of TPCd was investigated by CCK-8 assay. It
was observed that the cell viability remained at 90% after 24 h
culture even at a TPCd concentration as high as 50 uM (Fig. 6b),
which is much higher than the normally used probe concentra-
tion in cell imaging (10 uM was used in our experiments). It
demonstrated that the probe molecule is non-toxic to living cells
at reasonable concentration levels. The above results have
therefore warranted the application of TPCd in living cells.
Intracellular Cd** imaging experiments were carried out using
HepG2 cells as a model. After incubation of HepG2 cells with
TPCd (10 uM) for 1 h at 37 °C followed by exhaustive washing of
the cells, weak green fluorescence can be detected in cells under
a confocal microscope excited at 740 nm (Fig. 7b), indicating
a successful load of the probe. The cellular uptake of exogenous
Cd** was then observed by introducing 50 uM Cd** into the cell
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culture. Along with the incubation time from 15-60 min, the
green fluorescence became increasingly intensive (Fig. 7c-f),
displaying the enhancement of intracellular Cd** levels. The
results also indicated that most cadmium is localized in the area
of cytoplasm near the nucleus and, accordingly, the fluorescence
intensity at AOI1 and AOI2 regions in this area showed a time-
dependent increase (Fig. 7g). Such results are consistent with the
reported mechanism of cadmium uptake.*s

Conclusion

We have made a two-photon excited probe that can function as
a fluorescent off-on switch for Cd** based on a PET mechanism.
This probe presented 27-fold TPE fluorescence enhancement in
response to Cd** and possessed favorable quantum yield, two-
photon action cross-section and water-solubility. It also showed
high selectivity towards Cd**, good pH-stability within the
physiological range and low cytotoxicity. Satisfying analytical
performances of Cd** determination were acquired, including
a wide linear range, high sensitivity and good reproducibility.
The probe was successfully applied in intracellular Cd** imaging
in living HepG2 cells with two-photon microscopy. It could
potentially be used in signaling Cd**-related cellular or envi-
ronmental events.
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