Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2011,9, 5523

WWw.rsc.org/obc

PAPER

A naphthalene-based AP selective fluorescent sensor for living cell imaging
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An efficient fluorescent AI** receptor, N-(2-hydroxy-1-naphthalene)-N’-(2-(2-hydroxy-1-naphthalene)-
amino-ethyl)-ethane-1,2-diamine (L) has been synthesized by the condensation reaction between
2-hydroxy naphthaldehyde and diethylenetriamine. High selectivity and affinity of L towards AI** in
ethanol (EtOH) as well as in HEPES buffer at pH 7.4, makes it suitable to detect intracellular AI** with
fluorescence microscopy. Metal ions, viz. Li*, Na*, K+, Mg*, Ca**, Mn**, Co*, Ni**, Cu**, Zn**, Ag*,
Cd**, Hg** and Pb** do not interfere. The lowest detection limit for AP is 3.0 x 107 M and 1.0 x 1077 M

in EtOH and HEPES buffer respectively.

Introduction

The toxicity of aluminum towards a variety of living beings
including humans is well discussed in the literature.! For example,
AP* toxicity causes bone and joint diseases, neuronal disorder
leading to dementia, myopathy and Alzheimer’s disease.” Alu-
minum is the third most abundant metal in the earth’s crust,
accounting for approximately 8% of its mass. Acid rain increases
free AI** in surface water by leaching from soil. This is deadly
to growing plants.> Although APP* is widely used in our daily
life, it is a non-essential element for living systems. Its atomic
size (0.051 nm) and electric charge (AI**) makes it a competitive
inhibitor of several essential elements of similar characteristics
such as Mg** (0.066 nm), Ca** (0.099 nm) and Fe** (0.064 nm).
Aluminum is found in its ionic form in most animal and plant
tissues as well as in natural waters. Main sources of AI* to
accumulate on human beings are food additives, aluminum-based
pharmaceuticals, occupational dusts, aluminum containers and
cooking utensils. According to a WHO report the average daily
human intake of aluminum is around 3-10 mg. Tolerable weekly
aluminum dietary intake in the human body is estimated to
be 7 mg kg body weight.* Detection and estimation of Al*
levels in the biosphere have a direct impact on human health.
Development of fluorescent chemosensors has currently attracted
significant interest because of their potential application in
medicinal and environmental research. Amongst several methods
for the detection of AI** in the literature,’ spectrofluorimetry®
is widely used for its high sensitivity, selectivity, rapidity and
easy operational procedure. The poor coordination ability of AI*
compared to the transition metal ions’ makes the development of
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an AI** fluorosensor difficult. Several fluorescent probes such as
hydrazones,® Schiff bases,” coumarin,® pyrollidine,® calixarene,'
dipyrromethene,® hydroxyflavone," 8-hydroxyquinoline,* oxazo-
line and imidazoline™ derivatives have been synthesized and used
for this purpose. Most of the reported AP* sensors suffer from
interference caused by Fe** and Cu*," poor water solubility
and tedious synthetic methods of preparation.”® Metal complexes
of Schiff bases® have been widely studied due to their anti-
tumor properties,"” antioxidant activities,” attractive electronic
and photophysical properties.” Naphthalene has been chosen
as an ideal component of a fluorescent chemosensor due to its
short fluorescence lifetime,? low fluorescence quantum yield*' and
ability to act as a donor as well as an acceptor.* Hydrophilic
functionalities should be incorporated along with the naphthalene
moiety to design a water-soluble AI** selective fluorescent sensor.
The present study is aimed to serve these purposes to develop
an efficient water-soluble AI** sensor for imaging living cells at
physiological pH.

Herein, we report the synthesis and characterization of a Schiff
base ligand (L) obtained by condensing 2-hydroxy naphthaldehyde
with diethylenetriamine. It is used as an efficient fluorescent probe
for the determination of Al** in EtOH as well as in HEPES buffer
(0.1 M) solution (pH 7.4). Trace level detection of AI** in living
cells was performed.

Results and discussion

Scheme 1 shows the facile one step synthesis of the ligand L. Its
molecular structure and purity was established from different spec-
troscopic studies like '"H NMR, MS and FTIR (Fig. S1, Fig. S2
and Fig. S4 respectively, ESIt). It is well known that performance
of a fluorescence sensor based on an electron donor/acceptor
mechanism is highly dependent on the concentration of protons
in the medium as they compete with the metal ion of interest to
bind with the ligand. Thus optimization of the pH to increase
the efficiency of the sensor is essential. Fluorescence pH titrations
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Scheme 1 Synthesis of the ligand, L. Conditions: (i) reflux for 8 h in ethanol.
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Fig. 1 Effect of pH on the binding efficiency of L (10 uM) towards AI** (1.0 equivalent) in HEPES buffer (0.1 M), (ethanol/water = 3/7, v/V) (Ae:

445 nm, A.: 355 nm).

were carried out for this purpose. Equimolar amounts of L and
APP* were mixed in different sets of pH (pH 2.0-10.0). Fig. 1
clearly demonstrates that at the pH range from 7.0 to 7.4, the
L-AP* system showed maximum emission intensity. Fluorescence
emission intensities of L remain unchanged on addition of AI** at
a pH below 6.5 and above 7.4. Most plausibly, protonation of L
at a pH below 6.5, prevented coordination of AI**. On the other
hand, at a pH above 7.4, OH™ may succeed against L in binding
to AP,

The fluorescence spectral properties of L (10 uM) were investi-
gated both in EtOH (Fig. 2) and in 0.1 M HEPES buffer at pH 7.4
(ethanol/water=3/7,v/v, Fig. 3) asa function of added [AI**]. The
fluorescence emission band of L at 445 nm is very weak at room
temperature with a quantum yield 14.2 x 10, Addition of Al*
(10 uM) to L (10 uM) in HEPES buffer solution at pH 7.4 afforded
a 13.5 fold enhancement in fluorescence intensity with a 4.14 times
increase in fluorescence quantum yield (58.8 x 107%) (ESIY). In the
absence of AI** ions, the extent of intramolecular charge transfer

(ICT) in L was sufficient enough to quench its fluorescence. The
chelation of L with AI* not only reduced the ICT effect® in
L but also increased the rigidity of the molecular assembly by
restricting the free rotations of the azomethine carbon with respect
to the naphthalene ring resulting in a significant enhancement of
the fluorescence intensity which is known as chelation-enhanced
fluorescence (CHEF).* Metal ions (20 equivalent) such as Li*,
Na+’ Mg2+’ K+’ Caz+’ Mn2+’ C02+, Ni2+, Feh’ Cu2+, Zn2+’ Ag+,
Cd**, Hg** and Pb* failed to behave like AI** with the ligand L
(Fig. 4). From Fig. 5, we observed that there was no interference
for detection of AI** in the presence of Li*, Na*, K*, Mg, Ca*,
Mn?*, Co*, Ni**, Cu*, Zn**, Ag*, Cd**, Hg* and Pb*. In the
case of Fe**, quenching of the fluorescence signal was observed.
In the presence of a mixture containing various cations viz., Zn*",
Mn?*, Co**, Ni**, Cd*, Hg**, Pb*, designated as Mix in Fig. 5,
together with AP** an almost similar fluorescence enhancement
was observed that was previously shown by the AI** ion itself.
This unique selectivity of L towards AI** could be interpreted in
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Fig. 2 Fluorescence spectra of the ligand (L) (10 uM) as a function of
externally added [Al**]. From bottom to top: [Al**] =0, 0.5, 1, 2, 3, 4, 5,
6,7,8,9,10,12,14,15,18 uM. Inset: Plot of the fluorescence intensity of L
(10 uM) as a function of externally added [Al**] up to 10 uM. [solvent =
ethanol, A.,: 445 nm, A.: 355 nm)].
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Fig. 3 Fluorescence spectra of the ligand (L) (10 uM) as a function of
externally added [AI**]. From bottom to top: [AI**] =0, 0.5, 1, 2, 3, 4, 5,
6, 7, 8,9, 10 uM in HEPES buffer (0.1 M), (medium: ethanol/water =
3/7, v/v, pH 7.4). Inset: Plot of fluorescence intensity of L (10 pM) as a
function of externally added [AP**]. A.,: 445 nm, A.,: 355 nm.

terms of the smaller ionic radii (0.5 A) and higher charge density
(r=4.81) of the AI** ion. The smaller radii of the AI** ion permits a
suitable coordination geometry of the chelating receptor L and the
larger charge density allows a strong coordination ability between
L and Al**.

The plot of fluorescence intensities vs. externally added [Al**]
(inset Fig. 2 and Fig. 3) revealed that above 10 uM of A", there
was no further change in the emission intensity of the system.
Using the calibration graph (inset of Fig. 2 and 3), it was possible
to determine [Al**] in ethanol or HEPES buffer solution up to
10 uM. In both ethanol and HEPES buffered ethanol-water media
the calibration curve is linear with a correlation coefficient, R> =
0.99. The detection limit was determined from the fluorescence
titration data based on a reported and broadly used method.®*
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Fig. 4 Fluorescence spectra of L (10 uM), L + AP* (10 uM) and
L(10 uM) + M (200 uM), where M = Na*, K*, Ca*, Mg*, Ag*, Mn?**,
Hg*, Fe**, Co*, Ni**, Cu*, Zn**, Cd** and Pb** (Au,: 445 nm, A,,: 355 nm,
HEPES buffer).
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Fig. 5 Interference from other metal cations in a binary mixture: L
(10 uM) + AP* (10 uM) + M"* (200 uM), where M™ = Li*, Na*, K*,
Mg*, Ca**, Mn**, Co*, Ni*, Fe¥* Cu*, Zn*, Ag*, Cd**, Hg** and Pb**.
Mix = (Zn**, Mn*, Co*, Ni*, Cd*, Hg**, Pb**) were present together
with L and AP* (Aen: 445 nm, A.: 355 nm, HEPES buffer).

According to the result of the titration experiment, the fluorescent
intensity data at 445 nm were normalized between the minimum
intensity (0.0 equivalent free AI**) and the maximum intensity and
are displayed in Fig. 2 and Fig. 3. A linear regression curve was
then fitted to these normalized fluorescent intensity data, and the
point at which this line crossed the ordinate axis was considered
as the detection limit. We could detect [Al**] as low as 3.0 x 10~
M (Fig. S5, ESIT) and 1.0 x 1077 M (Fig. S6, ESIT) in ethanol and
0.1 M HEPES buffer solution respectively (L = 10 uM) which are
much below the acceptable limit of [AI**] (0.05 mg L™ or 1.85 uM)
in drinking water. Thus the present method could be applied to
determine trace level [Al**] in drinking water.

Changes in the fluorescence intensity of L upon bind-
ing with AI** were monitored in various other solvents like
methanol, acetone, N,N-dimethylformamide (DMF), dimethyl
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sulfoxide (DMSO), acetone, acetonitrile, toluene, chloroform and
dichloromethane. From Fig. 6, it was evident that except methanol
and ethanol, no other solvent was promising.
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Fig. 6 Fluorescence intensities of L + AP* (10 uM/10 uM) in dif-
ferent solvents. 1: methanol/water (3/7) (v/v); 2: ethanol/water(3/7)
(v/v); 3: DME, 4: DMSO, 5: acetonitrile; 6: chloroform; 7: acetone; 8:
dichloromethane; 9: toluene.

Fig. 7 illustrates the change in the UV-Vis spectra of L (10 uM)
in 0.1 M HEPES buffer (ethanol/water = 3/7, v/v, pH 7.4) on
addition of AI**. The absorption spectrum of L showed one
intense absorption band at 232 nm, which was attributed to
the C=N bond. The absorbance of this band increased upon
addition of AP** indicating coordination of azomethine N to AI**.
Moreover the appearance of two new peaks at 205 nm and 317 nm
indicated the formation of the L-Al** complex. The intensity of
the absorption band of L at 245 nm and 278 nm increased on
complex formation. Fig. 7 also shows that there is a gradual
decrease in intensity of absorption in the range 375-450 nm.
In fact the free ligand is yellow coloured, giving an absorption
band between 375-450 nm. When an equivalent quantity of AI** is
added, this band decreases in intensity (Fig. S13, ESIt). However,

Absorbance

Wave length(nm)

Fig.7 Changes in the absorption spectra of L (10 uM) upon addition of
0.5,1,1.5,2,2.5,3,3.5,4,5,6,7,8,9,10 uM of AI** in HEPES buffer (0.1
M, ethanol/water = 3/7, v/v, pH 7.4).

deprotonation on complexation does not occur, as is evident from
NMR, mass spectrum and variation of fluorescence intensity with
pH. The probable reason is that before complexation, the oxygen
lone pairs of electrons take part in long m-conjugation, but after
complexation they are bound to Al**, thereby intercepting the
conjugation.

Changes in the intensities of the absorption peaks of L (10 uM)
on addition of 1 and 10 equivalent of AI** are shown in Fig. S14,
ESIf.

A Job plotindicated a 1 : 1 stoichiometry of the complex formed
between L and AP (Fig. S7, ESIt), which was corroborated by
the mass spectra of AI**-L complex. Using Li’s equations, the
binding constant of L with AI** in HEPES buffer (Fig.S8, ESIt)
was determined.® The binding constant value of 2.12 x 10° M™'
(R?=0.987) indicated a significant strong binding between L and
AT*. The response parameter o, which was defined as the ratio
of the free ligand concentration to the initial concentration of the
ligand, was plotted as a function of the added AI** concentration
(Fig. 8). This plot could also be used as the calibration curve for
determination of unknown Al**. So L could be used in chelation
therapy as a remedy from AI** toxicity.
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Fig. 8 Response parameter (o) as a function of the log[Al**]. a =
[L].-./[L]— in HEPES buffer (0.1 M), (ethanol/water = 3/7, v/v).

From the ESIf, mass (Fig. S3, ESI{), FTIR (Fig. S9, ESIY)
and "H NMR spectra (Fig. S10, ESI}) of the L-Al** complex, we
proposed the composition of the final product, L-Al** complex as
shown in Fig. 9. Literature reported on the coordination number of
AP* in most Al complexes* helped us to conclude the present AI**—
L complex. A Job plot (Fig. S7, ESIt) (Al** : L=1:1) corroborated
our conclusion. The peaks at m/z=1523.19 (calculated, 523.15) and
m/z=434.21 (calculated, 434.18) corresponded to AIL(NO;) (Fig.
S3, ESIt) and L (Fig. S2, ESI¥), respectively.

In order to strengthen our conclusion based on the findings
through UV-Vis and fluorescence spectroscopy, we performed 'H
NMR titrations by the concomitant addition of AI** (as its nitrate
salt) to the DMSO-d, solution of L. Significant spectral changes
were observed in the '"H NMR spectra of L upon the addition
of APP* as shown in Fig. 10. Results are presented in Table Sl
(ESIY). Relative to the free L, all the protons of the L-AI** complex
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Fig.9 Proposed mechanism (CHEF) for the fluorescent sensing of L to AI**.
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Fig. 10 Binding mode of L-Al** and '"H NMR spectra of L with AI(NO;);-9H,0 in DMSO-d,: (1) L; (2) L with 1 equiv. of AI** (3) L with 1.5 equiv. of

AP*,

resonate slightly in the downfield region. Azomethine protons in
the free L corresponded to a doublet signal but changed to a singlet
after the addition of AI**. This might be attributed to the fact that
the flexibility (the free rotation of the azomethine carbon with
respect to naphthalene ring) which was present in L brought two
H atoms (labeled as ¢ and j) close enough for coupling but in the
L-AP** complex the free rotation was restricted, keeping these two
H atoms far apart (Fig. 10). The N-H signal which was absent
in free L appeared at § 5.6 after the addition of Al**. This fact

suggested the involvement of the nitrogen lone pair to bind Al**
which rendered N-H non-exchangeable (also evidenced from the
broadness of the 6 5.6 signal). The same type of broadening of the
O-H signal (6 13.9) in the AI** complex was also observed.

Finally, thermogravimetric studies of the free L (Fig. S11, ESI{)
and L-Al**complex (Fig. S12, ESIT) provided further support in
favor of efficient binding of the L with AI**. While L was found to
be stable up to 200 °C, the thermal stability of the L-Al** complex
was much less (135 °C only).
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Fig. 11 Fluorescence microscopy images of Candida albicans cells
(IMTECH No. 3018): image of Candida albicans without L (a), cells loaded
with probe L (10 uM) for 30 min under 100x objective lens (b), fluorescence
image of L-stained Candida albicans cells pre-exposed to 10 uM AP** for
30 min under 100X objective lens (c), magnified view of ¢ (d). Incubation
was performed at 37 °C.

From Fig. 11, we could conclude that (i) only AI** pre-treated
cells had been stained by L, (ii) L was easily permeable through
the cell membrane without causing any harm as the cells remained
alive even after 30 min of exposure to L at 10 uM. Thus, L could
detect intracellular AI** in living cells very efficiently.

Experimental section
Materials and methods

High-purity HEPES, 2-hydroxy naphthaldehyde and diethylen-
etriamine were purchased from Sigma Aldrich (India).
AI(NO;);-9H,0 was purchased from Merck (India). Solvents used
were of spectroscopic grade. Other chemicals were of analytical
reagent grade and had been used without further purification
except when specified. Mili-Q Milipore® 18.2 MQ cm™ water
was used throughout all the experiments. A JASCO (model V-
570) UV-Vis spectrophotometer was used for recording UV-Vis
spectra. FTIR spectra were recorded on a JASCO FTIR spec-
trophotometer (model: FTIR-H20). Mass spectra were performed
on a QTOF Micro YA 263 mass spectrometer in ES positive
mode. Thermo gravimetric analyses were performed on a Perkin
Elmer TG/DTA lab system 1 (Technology by SII). '"H NMR
spectra were recorded using a Bruker Avance 600 (600 MHz)
in DMSO-d,. Elemental analysis was performed using a Perkin
Elmer CHN-Analyzer with a first 2000-Analysis kit. The steady-
state fluorescence emission and excitation spectra were recorded
with a Hitachi F-4500 spectrofluorimeter. All pH measurements
were performed with a Systronics digital pH meter (model 335). All
spectra were recorded at room temperature except for fluorescence
microscopy images.

Imaging system

The imaging system comprised of an inverted fluorescence micro-
scope (Leica DM 1000 LED), digital compact camera (Leica DFC

420C), and an image processor (Leica Application Suite v3.3.0).
The microscope was equipped with a mercury 50 W lamp.

Synthesis of NV-(2-hydroxy-1-naphthalene)-N'-(2-(2-hydroxy-1-
naphthalene)amino-ethyl)-ethane-1,2-diamine (L)

An ethanol solution of 2-hydroxy naphthaldehyde (1 g, 5.81 mmol)
was added dropwise to a solution (30 mL) of diethylenetriamine
(0.314 mL, 2.905 mmol) in ethanol under stirring condition
at room temperature (Scheme 1). Stirring was continued for a
further 30 min followed by reflux for 8 h. Upon removal of the
solvent, a yellow colored residue was obtained. The residue was
recrystallized from ethanol. Yield 82%; mp: 145 °C (x4 °C); 'H
NMR (600 MHz, DMSO-d,) (Fig. S1, ESI{): 2.9 (4H, t, J = 6.0
Hz); 3.7 (4H, q, J = 5.4 Hz); 6.7 (2H, d, J =9.6 Hz); 7.15 2H, t,
J=72Hz); 74 (2H, m, J =72 Hz); 7.6 2H, d, J =9 Hz); 7.7
(2H,d,J=9Hz);8.0(2H,d, J=8.4Hz);9.1 2H, d, J=10.2 Hz);
13.9 (2H, s); QTOF-MS ES* (Fig. S2, ESItT): [M+Na]* = 434.21;
elemental analysis data as calculated for C,H,sN;0,(%): C, 75.89;
H, 6.12; N, 10.21. Found (%): C, 75.72; H, 6.03; N, 10.15. FTIR
(cm™) (Fig. S4, ESIT): v(NH) 3448.07, v(OH) 3301.3, v(C=N)
1629.7.

Synthesis of [AI(L)(NO,)]

A 10 mL methanol solution of AI(NO;);9H,O0 (0.182 g,
0.486 mmol) was added slowly to a magnetically stirred solution
(10 mL) of the ligand (L) (0.2 g, 0.4866 mmol) in methanol.
Stirring was continued for 6 h. On slow evaporation of the solvent,
an off-white colored compound was obtained. The compound
was collected from methanol. QTOF-MS ES* (Fig. S3, ESI¥):
[M+Na]* = 523.19. FTIR (cm™) (Fig. S9, ESIt): v(NH) 3449.17,
v(OH), 3449.17; v(C=N), 1619.22; v(-NO;"), 1385.15. '"H NMR
(600 MHz, DMSO-d,) (Fig. S10, ESI¥).

Preparation and imaging of cells

Candida albicans cells (IMTECH No. 3018) from an exponentially
growing culture in yeast extract glucose broth medium (pH 6.0,
incubation temperature, 37 °C) were centrifuged at 3000 rpm
for 10 min, washed twice with 0.1 M HEPES buffer (pH 7.4).
Then cells were treated with different concentrations of AI** (from
5 uM to 10 uM) for 30 min in 0.1 M HEPES buffer (pH 7.4)
containing 0.01% Triton X100 as permeability enhancing agent.
After incubation, the cells were washed with HEPES buffer and
incubated with L (10 uM) for 15 min. Cells obtained were mounted
on grease-free glass slides and observed under the fluorescence
microscope equipped with a UV filter. Cells incubated with L but
without AI** were used as control.

Both AI** treated and untreated cells were stained with L and
observed under the fluorescence microscope.

Conclusion

A facile one-step synthesis of a naphthalene-based AI** chemosen-
sor (L) was described. L could detect AI** in ethanol as well
as in HEPES buffer. Detection of Al** by L was not limited to
abiotic systems but also extended to living cells at physiological
pH. Fluorescence enhancement of L after addition of Al** was
attributed to the absence of ICT, restricted rotation and increasing
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CHEF effect. Plausible accompanying cations did not interfere in
the detection of AP**. This new Al** selective fluorescent probe
may find potential bio-medical applications.
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