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. Introduction

Gold ions possess an unparalleled ability to activate unsaturated
unctional groups (e.g., alkynes), thereby allowing the synthesis of
n array of complex molecular structures. Given their exceptional
atalytic features, gold species furthermore outshine other transi-
ion metal ion species. For these and other reasons, the number
f synthetic methods using gold as a catalyst in recent studies has
isen sharply [1–6]. However, products obtained by way of gold
atalysis—often candidates for certain drugs and medicines—may
evertheless contain gold impurities and thus pose serious health
nd environmental concerns. As other recent studies have invari-
bly shown, the accumulation of gold ions, despite their diverse
iological and chemical properties, indeed generates toxicity in liv-

ng organisms [7,8]. As expanding research using gold ions comes to
ecognize these realities, another strand of research has sought to
evelop efficient, practical analytical methods of ascertaining gold

on levels in both chemical and biological environments.
In that context, a great deal of attention has focused on devel-

ping fluorescent-based assays for probing gold species. In fact,
everal different types of fluorescent gold ion probes have appeared
n literature on the topic, most of them bearing a receptor unit

pecifically for gold ions, one which translates the binding event
nto a detectable optical signal [9–19]. Several receptor units,

ostly alkynes and some hydrazone derivatives, were shown to

∗ Corresponding author.
E-mail address: mustafaemrullahoglu@iyte.edu.tr (M.  Emrullahoğlu).

ttp://dx.doi.org/10.1016/j.snb.2016.04.158
925-4005/© 2016 Elsevier B.V. All rights reserved.
have an exceptional affinity for gold ions, and among these units,
the alkyne moiety is a particularly excellent receptor candidate for
gold ions. In response, fluorescent molecules such as rhodamine
[20–23], BODIPY [24,25], fluorescein [26,27] and naphthalimide
[28,29] have been rationally modified with alkyne functionalities.

Our research group has recently contributed to the field, by ele-
gantly decorating a spiro derivative of rhodamine dye (RH-1) with
an alkynyl hydrazone unit to yield a fluorescent probe displaying
a distinct and highly selective fluorescence signal response in the
presence of gold ions, all as part of a gold ion-mediated ring open-
ing and cyclisation process (Fig. 1a). Rhodamine-based molecules
particularly exhibit incomplete water solubility, which generally
requires a co-solvent to mitigate, thereby dramatically limiting
their applicability in living systems.

Aimed at constructing a water-soluble fluorescent gold ion
probe, we chose a fluorescein-based dye as the signal reporter,
modified it with an alkyne based recognition unit, and investigated
its response to gold ions. Ultimately, the spiro derivatives of fluores-
cein were accepted as a water-soluble version of their rhodamine
analogues with a similar ring-opening equilibrium.

Herein, we explain the design, synthesis, spectral properties,
and cell imaging of a water-soluble, fluorescein-based fluorescent
probe FL-1 (Fig. 1b), with a skeleton of both a fluorescein derivative
as the fluorophore core and a reactive alkyne unit as the receptor,
which allows the detection of gold ions in pure aqueous media.

dx.doi.org/10.1016/j.snb.2016.04.158
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.04.158&domain=pdf
mailto:mustafaemrullahoglu@iyte.edu.tr
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ructure of RH-1 and FL-1.
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Scheme 1. Synthesis of FL-1 and FL-2.
Fig. 1. Molecular st

. Experimental details

.1. General methods

All reagents were purchased from commercial suppliers (i.e.,
igma–Aldrich and Merck) and used without further purification.
H NMR  and 13C NMR  were measured on a nuclear magnetic
esonance spectrometer (VNMRJ 400, Varian Medical Systems),
ltraviolet (UV) absorption spectra were obtained with a spec-
rophotometer (UV-2550, Shimadzu), and fluorescence emission
pectra were obtained with a fluorescence spectrophotometer
Cary Eclipse, Varian Medical Systems). Cell imaging was performed
ith a fluorescence microscope (Axio, Carl Zeiss). Samples were

ontained in quartz cuvettes (2 mL)  with path lengths of 10 mm.
pon excitation at 460 nm,  the emission spectra were integrated in

he range of 480–700 nm,  with excitation and emission slit widths
f 5 nm each. The pH was recorded with a pH meter (HI-8014,
anna). All measurements were conducted in triplicate at least.

. Synthesis

.1. Synthesis of FL-1

Fluorescein hydrazide 1 was prepared according to a previously
eported procedure [30]. To a solution of fluorescein hydrazide 1
114 mg,  0.33 mmol) in absolute ethanol (10 mL), we  added com-
ound 2a (80 mg,  0.50 mmol) and stirred the solution overnight
t room temperature. At the end of the reaction the crude mix-
ure was extracted with dichloromethane (DCM) (3 × 10 mL), the
rganic layers collected were dried over anhydrous MgSO4, concen-
rated in a vacuum, and purified by way of column chromatography
DCM/MeOH = 10/1) in order to yield 100 mg  of compound FL-1
62%) as a yellow solid (Scheme 2). 1H NMR  (400 MHz, CDCl3)
: 8.52 (s, 1H), 7.90 (t, J = 9.6 Hz, 2H), 7.40 (quint, J = 6.4 Hz, 2H),
.20–7.18 (m,  1H), 7.09 (quint, J = 8.4 Hz, 2H), 6.95 (d, J = 6.4 Hz,
H), 6.66–6.65 (m,  2H), 6.50–6.48 (m,  2H), 6.38 (dd, J = 8.8, 2.0 Hz,
H), 4.44 (s, 2H). 13C NMR  (100 MHz, CDCl3) �: 165.23, 158.64,

52.07, 151.96, 143.93, 135.63, 133.78, 132.30, 129.32, 128.53,
28.25, 127.75, 127.68, 125.12, 123.57, 123.48, 122.98, 112.63,
09.57, 103.16, 93.76, 81.41, 65.22, 50.93. HRMS: m/z: Calcd. for
30H20N2O5) (M-H)+: 487.1293; found, 487,0966. Anal. cald. for
Scheme 2. Mechanism for the formation of non-separable isomer products of FL-1.

(C30H20N2O5); C, 73.76; H, 4.13; N, 5.73; found; C, 73.95; H, 4.637;
N, 5.080.

3.2. Synthesis of FL-2

To a solution of fluorescein hydrazide 1 (114 mg,  0.33 mmol)
in absolute ethanol (10 mL), we added compound 2b (86 mg,
0.50 mmol) and stirred the solution overnight at room temperature.
At the end of the reaction the crude product was extracted with
dichloromethane (DCM) (3 × 10 mL), the organic layers were col-
lected and dried over anhydrous MgSO4, concentrated in a vacuum,
and purified by way column chromatography (DCM/MeOH = 20/1)
in order to yield 95 mg  of compound FL-2 (58%) as a yellow solid
(Scheme 2). 1H NMR  (400 MHz, DMSO-d6) �: 9.93 (br.s, 2H), 8.78 (s,

1H), 7.92 (d, J = 7.6 Hz, 1H), 7.73–7.71 (m,  1H), 7.62–7.54 (m,  2H),
7.31–7.29 (m,  3H), 7.08 (d, J = 7.6 Hz, 1H), 6.65 (d, J = 2.0 Hz, 2H),
6.53–6.51(m, 2H), 6.44 (dd, J = 8.4, 2.0 Hz, 2H), 2.42 (t, J = 7.2 Hz,
2H), 1.59 (sextet, J = 7.6 Hz, 2H), 1.02 (t, J = 7.2 Hz, 3H). 13C NMR
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100 MHz, DMSO-d6) �: 164.53, 159.13, 152.11, 151.91, 143.99,
35.44, 134.72, 132.95, 130.42, 129.47, 128.63, 127.94, 127.90,
24.26, 123.97, 123.91, 123.83, 112.96, 109.86, 103.09, 96.85, 77.33,
5.11, 22.09, 21.18, 13.96. HRMS: m/z: Calcd. for (C32H24N2O4) (M-
)+: 499.1657; found, 499,1399. Anal. cald. for (C32H24N2O4); C,
6.78; H, 4.83; N, 5.60 found; C, 74.99; H, 5.004; N, 5.693.

.3. Cell imaging

Human A549 lung adenocarcinoma cell lines were grown in
ulbecco’s modified eagle medium supplemented with 10% foetal
ovine serum in an atmosphere of 5% CO2 at 37 ◦C. Cells were plated
n 12-mm cover glasses in a 6-well plate and allowed to grow for
4 h. Prior to experiments, the cells were washed with phosphate
uffer saline (PBS, 0.1 M),  incubated with FL-1 (10 �M)  for 20 min
t 37 ◦C, and washed with PBS three times. After incubating with
u3+ (50 �M)  for 20 min  at 37 ◦C, the cells were rinsed with PBS

hree times, incubated with 4′,6-diamidino-2-phenylindole (DAPI)
or 10 min  at 37 ◦C, and then washed again with PBS three times.
ltimately, fluorescence images were acquired with a fluorescence
icroscope.

. Results and discussion

.1. Synthesis of FL-1 and FL-2

FL-1 and FL-2 were synthesised by following the synthetic pro-
edure outlined in Scheme 1. Fluorescein hydrazide 1 and alkynyl
enzaldehyde derivatives were refluxed in ethanol to give the title
ompounds, FL-1 and FL-2, in a yield of approximately 60%. The
tructures of both probes were also unambiguously confirmed by
H-NMR, 13C NMR, and mass spectroscopy, as detailed in the Sup-
orting Information (SI).

.2. Au3+ sensing properties of FL-1

The spectroscopic behaviour of the probe FL-1 was investigated
owards the addition of various metal cations by way of both UV–vis
nd fluorescence spectroscopy. We  began by examining optimum
ensing conditions, namely by screening buffer systems such as
EPES, PBS, and phosphate buffers. Results showed that 10 mM
BS buffer was  the most efficient sensing media with 10 �M dye
oncentration. As expected, FL-1 was in the fluorescence-off mode
i.e., non-emissive) due to the dominating spirocyclic ring structure.
owever, upon adding AuCl3 (10 �M),  the probe solution (pH = 7.0,
0 mM PBS buffer) immediately turned yellow and started to pro-
uce a green emission under the UV light within an exceptionally
rief response time (<1 min) (Fig. S1). As Fig. 1 shows, the free dye
ad no absorbance or fluorescence emission due to the ring-closed
tructure of the fluorescein moiety. Nevertheless, soon after Au3+

as added, a new absorption band appeared at 496 nm along with
 strong increase in fluorescence emission at 517 nm (Fig. 2).

Fluorescence titration experiments for FL-1 in terms of the
dded Au3+ were carefully scrutinised upon their excitation at
60 nm.  The emission band at 517 nm increased linearly in response
o Au3+ over a wide concentration range (10–100 �M).  The satura-
ion point was  realised when 6 equiv. of Au3+ ion were added, with

 175-fold enhancement factor. The detection limit of the probe for
u3+ was evaluated as 11 nM,  based on the signal-to-noise ratio of

 (Fig. S4) (Fig. 3).

.3. Selectivity studies
The selectivity profile of FL-1 was examined in the presence of
arious metal cations under optimum sensing conditions. Remark-
bly, FL-1 showed no spectral response to alkynophilic metal ions
Fig. 2. Absorption and Emission spectra of FL-1 (10 �M)  and Au3+ (5.0 equiv.) in PBS
at  pH = 7.0; (�ex: 460 nm, at 25 ◦C).

such as Au+, Ag+, Ni2+, Pd2+, Fe3+, and Hg2+ or to other metals,
including Na+, K+, Ba2+, Ca2+, Cd2+, Mg2+, Mn2+, Zn2+, Pb2+, Cu2+,
and Cr3+. The probe could furthermore discriminate Au3+ from Au+

ions, which could aid in investigating different oxidation states
of gold species (Fig. 4). Au3+ species are known to interact with
thiol species forming thiol complexes of gold ions. As such, it could
be highly challenging to realize gold species in biological environ-
ments where biological thiols are present at high concentrations.
Thus, it is highly essential to investigate the spectral response of
the probe toward Au3+ in the presence of reactive biothiol species,
such as cysteine, the most nucleophilic and chemically reactive of
the common amino acids. The results from the competition exper-
iments showed that FL-1 could smoothly detect Au3+ ions in the
presence of biological thiols such as cysteine and in the mixtures
of other related metal species (Fig. S2).

Since we  anticipated the overall sensing process to be irre-
versible, we  introduced an excess amount of CN− (KCN) into
the solution (FL-1 + Au3+), with the expectation of extracting gold
species and reversing the reaction or revealing a possible binding
complex. Clearly, no spectral changes were observed upon adding
CN− ions, which verified the irreversibility of the sensing mecha-
nism.

4.4. Reaction mechanism

3+
The product of the reaction between FL-1 and Au was isolated
in order to clarify the pathway of the sensing process. The progress
of that reaction was routinely monitored by thin layer chromatog-
raphy (TLC), as was  the formation of two  major products with close
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Scheme 3. Proposed mechanism for the formation of FL-2P.

Fig. 3. Fluorescence spectra of FL-1 (10 �M)  in PBS at pH = 7.0 in the presence of
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Fig. 4. Fluorescence intensities of FL-1 (10 �M)  in PBS at pH = 7.0 in the presence of
50.0  equivalent of the cations interest: (�eks: 460 nm). 1, FL-1; 2, Au3+ (5.0 equiv.);
3, Au+; 4, Pd 2+; 5, Ag+, 6, Cd2+; 7, Cr3+; 8, Cu2+; 9, Fe3+; 10, Hg2+, 11, K+; 12, Ca2+; 13,
Mg2+; 14, Na+; 15, Ni2+; 16, Pb2+; 17, Ba2+; 18, Zn2+.
u3+ (mole equivalents = 0–10).

f values. Despite our efforts, we could not separate the products
y chromatography. The 1H NMR  spectrum of the product mixture
S9, SI) suggested the formation of two cyclization products arising
rom an endo-dig cyclisation, which could yield a six-membered
ing, or an exo-dig cyclisation, which could yield a five-membered
ne (Scheme 2).

To create an alternative to probe FL-1, we prepared probe FL-
, which bore an alkynyl benzaldehyde derivative with a pentyne
oiety (FL-2). FL-2 issued a highly similar fluorometric response

o Au3+ ions under the same sensing conditions. Moreover, treating
L-2 with Au3+ selectively afforded FL–2P as the single product, as
onfirmed by 1H NMR, 13C NMR, and high-resolution mass spec-
roscopy analysis (S10 and S12, SI). The structure of the isolated
roduct revealed that the receptor unit had undergone a highly
elective endo-dig intramolecular cyclisation process to yield a six-
embered ring isoquinoline derivative. As Scheme 3 shows, the
eaction was initiated by activating the alkyne after coordinating
he gold ions, which preceded the nucleophilic attack of imine
itrogen in order to form the intermediate complex’s structure.
Scheme 4. AuCl3 catalysed cyclization reaction of propargyl amide.

The proto-demetallation of the intermediate complex yielded the
isoquinoline fluorescein derivative.

4.5. Quantitative detection of residual Au3+
The analytical performance of the probe has been established
through the quantification of trace gold species in synthetic end
products. A chemical transformation utilizing AuCl3 as the active
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ig. 5. Images of A-549 cells: (a) Cells were incubated with FL-1 (10 �M)  in the
bsence of Au3+ (b) cells are detected with DAPI nuclear counter-stain (control) (c)
ells  were incubated with FL-1 (10 �M)  and Au3+ (50 �M).

atalyst (10 mol%) was performed as a model reaction (Scheme 4)
31].

The crude product of the chemical reaction was  subjected to
hromatographic purification using silica as the stationary phase
nd dichloromethane as an eluent. A defined amount of the purified
ample (2 mg)  was added to the solution of FL-1 (10 �M in PBS at
H = 7.0). Immediately, a distinct change in colour and fluorescence
ould be monitored in the probe solution indicating the presence
f gold species in the solution.

By the aid of fluorescence measurements the gold content in the
ample solution was measured to be 4.8 × 10−7 mol  mg−1 based on

 standard calibration curve (Fig. S4). This result was also consistent
ith that obtained by inductively coupled plasma-mass spectrom-

try (ICP-MS) analysis (5.2 × 10−7 mol  mg−1). With this experiment
e unambiguously confirmed the viability of FL-1 for quantitative

old analysis.

.6. Cell imaging

The promising properties of FL-1, including high solubility in
ater, a low detection limit, and rapid response encouraged us

o further monitor Au3+ ions in living cells. To that end, we  incu-
ated A549 human lung adenocarcinoma cells at 37 ◦C with FL-1
10 �M)  for 20 min, followed by adding 50 �M of Au(III) and fur-
her incubation for another 20 min. The cells were then stained with
ucleus staining dye DAPI (1.0 mM)  for another 10 min. The fluores-
ence images were taken with the aid of fluorescence microscopy
efore and after adding Au3+ ions. To our surprise, the same turn-on
esponse was  obtained from FL-1 in living cells. Notably, through-
ut the cell-imaging process, the cells remained intact and showed
oth a healthy spread and adherent morphology. These preliminary
esults thus revealed that FL-1 can be efficiently used for imaging
u3+ in living cells (Fig. 5).

. Conclusion

In sum, we have demonstrated the synthesis, spectroscopic
nvestigation, and cell imaging application of a turn-on type flu-
rescent probe for monitoring Au3+ ions in solutions and living

ilieus. The probe is built upon a fluorescein scaffold in order to

mprove its solubility in pure aqueous media. The probe exhibited
emarkably high selectivity to Au3+ ions, as well as a remarkably
ow detection limit and rapid response time.
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rhodamine-based fluorescent probe for in vitro/vivo imaging of gold ions,
Anal. Methods 7 (2015) 8004–8008.

12] S. Adhikari, S. Mandal, A. Ghosh, P. Das, D. Das, Strategically modified
rhodamine-quinoline conjugate as a CHEF-assisted FRET probe for Au3+: DFT
and  living cell imaging studies, J. Org. Chem. 80 (2015) 8530–8538.

13] M.  Üç üncü, E. Karakuş , M.  Emrullahoğlu, A BODIPY/Pyridine conjugate for
reversible fluorescence detection of gold (III) ions, New J. Chem. 39 (2015)
8337–8341.
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14 C. Ç etintaş et al. / Sensors an

26] H. Seo, M.E. Jun, O.A. Egorova, K.H. Lee, K.T. Kim, K.H. Ahn, A Reaction-based
sensing scheme for gold species: introduction of a (2-ethynyl)benzoate
reactive moiety, Org. Lett. 14 (2012) 5062–5065.

27] N.Y. Patil, V.S. Shinde, M.S. Thakare, P.H. Kumar, P.R. Bangal, A.K. Barui, C.R.
Patra, Exploiting the higher alkynophilicity of Au-species: development of a
highly selective fluorescent probe for gold ions, Chem. Commun. 48 (2012)
11229–11231.

28] M.  Dong, Y.-W. Wang, Y. Peng, Highly selective ratiometric fluorescent
sensing for Hg2+ and Au3+ respectively, in aqueous media, Org. Lett. 12 (2010)
5310–5313.

29] J.Y. Choi, G.-H. Kim, Z. Guo, H.Y. Lee, K.M.K. Swamy, J. Pai, S. Shin, I. Shin, J.
Yoon, Highly selective ratiometric fluorescent probe for Au3+ and its
application to bioimaging, Biosens. Bioelectron. 49 (2013) 438–441.

30] S. Kang, S. Kim, Y.-K. Yang, S. Bae, J. Tae, Fluorescent and colorimetric
detection of acid vapours by using solid-supported rhodamine hydrazides,
Tetrahedron Lett. 50 (2009) 2010–2012.

31] A.S.K. Hashmi, J.P. Weyrauch, W.  Frey, J.W. Bats, Gold catalysis: Mild
conditions for the synthesis of oxazoles from N-propargylcarboxamides and
mechanistic aspects, Org. Lett. 6 (2004) 4391–4394.

iographies
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