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Abstract—A novel compound FD1 was demonstrated as a turn-on fluorescent sensor for imaging of iron(III) ion in biological sam-
ples. Based on the spirolactam (nonfluorescence) to ring-open amide (fluorescence) equilibrium, FD1 exhibited high selectivity and
sensitivity for Fe®* over other metal ions. Moreover, fluorescent microscopy experiments further established that FD1 could be used

for sensing Fe* within living cells.
© 2007 Elsevier Ltd. All rights reserved.

The design and synthesis for selective and sensitive fluo-
rescent sensors for metal ions has tremendously gained
in importance,' because metal ions involved in a variety
of fundamental physiological processes in organisms. As
an important physiologically relevant metal ion, Fe'"
ion plays an indispensable role in many biochemical
processes at the cellular level,? and both its deficiency
and excess can induce a variety of diseases® with iron
trafficing, storage, and balance being tightly regulated
in an organism.* As a consequence, intense research
efforts have been directed to develop sensitive and
selective sensors for Fe*".57 However, for the paramag-
netic nature of iron(IIl) ion, the fluorescent indication
for Fe’* is mostly signaled by fluorescence quenching.®
Especially, the lack of suitable turn-on fluorescent iron
indicators’ is even more obvious when judged in terms
of application in bioimaging, although significant pro-
gress has been made in fluorescent molecular sensors
for intracellular imaging main group I and II metal
jons®® and transition metal ions (such as Zn*','°
Cu™,'"' Pb*",'2 and Hg*"13).
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Compared with the single-photon excited fluorescent
bioimaging technique, two-photon laser scanning
microscopy imaging (TPLSM) has the advantage of
high transmission at low incident intensity, reduced
photodamage, improved depth penetration, and reduced
background cellular autofluorescence, and has recently
attracted a great deal of interest since the pioneering
work of the Webb group on TPLSM.!'* To image the
distribution of ions in cellular processes, suitable two-
photon chemosensors with turn-on fluorescence should
be developed. However, the cases of two-photon excited
fluorescence (TPEF) sensor for ions are still limited to
proton, fluoride anion, main group I and II metal ions,
and cysteine/homocysteine.'> Herein, we are interested
in developing a TPEF probe which could be utilized
for sensing Fe*" in living cells. A major challenge to
achieve this goal is developing a fluorescent probe that
exhibits an increasing visible fluorescent emission upon
the addition of Fe*" over physiologically relevant metal
ions. Based on the well-known spirolactam (nonfluores-
cence) to ring-open amide (fluorescence) equilibrium of
rhodamine,'® we described a significant emission-
increasing probe FD1 (Scheme 1) for Fe*", and demon-
strated its utility in bioimaging.

FD1 was synthesized by treatment of rhodamine B
hydrazide'” with acetone in a yield of ca. 40%.!® Single
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Scheme 1. Synthetic route of FDI.

crystal of FD1 was obtained by slow evaporation of the
acetone solution. The single-crystal X-ray diffraction
study showed that the molecular structure of FDI is
of spirocyclic form in the crystal (Fig. 1). The character-
istic peak of 66.2 ppm (9-carbon) in the '*C NMR spec-
trum of FD1 also supported this consideration.

Absorption spectra of FD1 were performed in a CH3;CN
solution diluted 20 times with HEPES buffer (20 mM,
pH 7). FeCl; was used as Fe(I1I) source. A weak absorp-
tion peak at 561 nm was observed in FDI solution
which appeared to be almost colorless. The adsorption
peak intensity increased dramatically with each addition
of Fe’* (Fig. 2) and the color of solution changed to
red-orange, which can be attributed to the delocalized
xanthene moiety of the ring-open amide form of FDI.
The significant color change in FD1 solution upon addi-
tion of Fe'" indicated that FD1 was a sensitive ‘naked-
eye’ indicator for Fe*". Binding assays using the method
of continuous variations (Job’s plot) were consistent
with a 1:1 stoichiometry of the FD1-Fe®" complex.

The fluorescence enhancement effects of various
amounts of Fe’* on FDI1 were investigated under exci-
tation at A, = 510 nm (Fig. 3). No obvious fluorescent
emission was observed in FDI solution with the absence
of Fe**. When Fe*" was introduced into a 10 uM FD1
solution, an obvious fluorescence peak was observed
and also enhanced upon further addition of Fe'',
whereas other metal ions displayed much weaker re-
sponse. The fluorescence intensity at 583 nm increased
by a factor of 112 when Fe*" concentration increased

Figure 1. The ORTEP drawing of FD1 (30% ellipsoid). H atoms were
omitted for clarity."”
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Figure 2. UV-vis absorption spectra of FDI1 (10 uM) upon the
addition of Fe*" (075 pM) in the CH;CN solution diluted 20 times
with HEPES buffer (20 mM pH 7) at 25 °C. Each spectrum is obtained
after Fe*>* addition for 5 min. Inset: Job’ plot of FDI and Fe*". The
total concentration of FDI and Fe*" was kept at a fixed 10 uM. The
data are consistent with 1:1 Fe**~FD1 complex.
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Figure 3. Fluorescence responses of FD1 (10 uM) upon the addition of
Fe®* at 25 °C. Each spectrum was obtained in the CH;CN solution
diluted 20 times with HEPES buffer (20 mM, pH 7) after Fe*" addition
for 5 min. Inset: (a) the plot of fluorescent emission intensity at 583 nm
as a function of Fe*" concentration (Zex = 510 nm) and (b) two-photon
absorption spectrum of FDI upon the addition of 80 pM Fe**.

from 0 to 80 uM. The stability constant of the complex
was calculated by the linear Benesi-Hildebrand
expression:?°

1 1 1 1

Al ~ [FDIJA¢ ' K[FDIJAG [Fe' ]
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where Al is the change in the fluorescence intensity at
583 nm; K, is the stability constant; A¢ (A¢ =
¢complex — PFD1) 18 the difference of fluorescence quan-
tum ylelds between the complex and FDI; and [FDI]
and [Fe*'] are the concentrations of FDl and Fe*"
respectively. On the basis of the plot of 1/AI and
1/[Fe*™), the stablhty constant was calculated to
be 2.3x10* M.

Furthermore, the two-photon related photophysical
properties of FDl were investigated in the absence and
presence of Fe®", and the two-photon absorption
cross-sections were determined by the method of two-
photon induced fluorescence using Rhodamine B as a
standard with known two-photon absorption (TPA)
cross-section (6) (Supplementary data ; 21 A similar re-
sponse to the TPEF titration of Fe’" with those of
FDI in single-photon related photophysical properties
was observed. No obvious TPEF signal was recorded
under the excitation of fs laser from 650 to 1050 nm,
indicating that FD1 was not TPEF-active. However,
the TPEF intensity of FDI (ieX—SOO nm) increased
gradually upon addition of Fe*" (Supplementary data).
As shown in the inset of Figure 3, FD1 exhibited two-
photon active properties with TPA cross-section of 31
GM in the presence of 80 pM Fe*". This result 1ndlcated
that FD1 could be used as TPEF sensor for Fe'"

The selective coordination studies of FDI were then
extended to related heavy, transition, and main group
metal ions by fluorescence spectroscopy. The representa-
tive chromogenic behavior of FD1 toward metal ions in
aqueous solution is shown in Figure 4. Upon the addi-
tion of 80 uM metal ions, very mild fluorescence
enhancement factor (FEF) in FDI1 solutlon was ob-
served for Cu?" (18- fold Whlle Na®, K*, Cu®, Ag"
Ca’", cd*t, Conr Cr*t, zn*", Mg”, Mn2+, N1 *,

b2+, and Fe*" showed very weak response (Fig. 4).
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Figure 4. Fluorescence responses of FDI (10 uM) to various metal
ions (80 uM, x-axis markers) in 20 mM HEPES, pH 7. Bars represent
the final integrated fluorescence response (Fy) over the initial integrated
emission (F;). White bars represent the addition of an excess of the
appropriate metal ion (1 mM for Na®, K", Mg?*, and Ca®", 80 uM
for all other cations) to a 10 uM solution of FD1. Black bars represent
the addition of Fe* (80 uM) to the solution. (Jex = 510 nm). 1, Na™; 2,
K": 3, Cu'; 4, Ag*; 5, Ca®t; 6, Cd*t; 7, Co*™: 8, Cut; 9, Cr*™; 10,
Zn*"; 11, Mg*"; 12, Mn?"; 13, Ni2t; 14, Pb?; 15, Fe'.

(a) (b)

Figure 5. Fluorescence and phase contrast images of live PIEC cells:
(a) fluorescence image of PIEC cells at 25 °C; (b) fluorescence image of
PIEC cells incubated with 5SpuM FDI1 for 15min at 25°C; (c)
brightfield image of live PIEC cells shown in panel b to confirm
viability.

However, only the addition of Fe*" resulted in a prom-
inent enhancement (112-fold) of fluorescence emission at
583 nm, which indicated the high selectivity of FDI to
Fe’t The competltlon experiment was also carried out
by addlng Fe*" to FDI solution in the presence of
other metal ions, as shown in Flgure 4. The results
indicated that the recognition of Fe*™ by FD1 was not
significantly interfered by these commonly coexistent
ions.

To develop practical applicability of FD1 toward Fe**
we next assessed the ability of FD1 to operate within liv-
ing pig iliac artery endothelium cells (PIEC) by fluores-
cence microscopy (Fig. 5). PIEC cells incubated with or
without 5 pM FD1 for 15 min at 25 °C gave no intracel-
lular background fluorescence (Fig. 5a). Moreover, no
intracellular fluorescence was detected for PIEC cells
supplementing cells with 50 uM FeCl; in the growth
medium for 5h at 37 °C. However, as shown in Figure
5b, bright intracellular fluorescence was observed for
supplementing cells with 50 uM FeCl; in the growth
medium for 5 h at 37 °C and then staining with FD1 un-
der the same loading conditions. It can be seen from the
brightfield transmission measurement after Fe’* and
FD1 incubation (Fig. 5c) that the PIEC cells were viable
throughout the imaging experiments. These facts
implied that FDI was membrane-permeable and could
sense intracellular Fe*" in living cells.

In summary, we demonstrated a unique fluorescent
chemosensor FDI for Fe** and its bioimaging applica-
tions. FD1 exhlblted a turn-on fluorescent response for
detecting Fe’* with excellent selectivity over other metal
ions. Moreover, fluorescent microscopy experiments
indicated that FDI could be used as fluorescent probe
for sensing Fe’" in living cells. We anticipate that the
turn-on fluorescent properties of this probe presage
many opportunities for studying the biological effect of
Fe*" in future application.
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