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ABSTRACT: Rhodamine-diformyl p-cresol conjugate (L) has
been developed as a novel Al**-selective fluorometric and
colorimetric sensor based on the FRET mechanism for the first
time. L can selectively detect AI** through time-dependent
PET—CHEF and FRET processes. This phenomenon is nicely
reflected from 'H NMR, fluorescence lifetime, and fluorescence
cell imaging studies. The probe can detect AI** as low as 5 X
10~ M in HEPES-buffered EtOH:water (0.1 M, 4:1, v/v, pH
7.4). The probe shows pH-dependent emission properties viz.
an intense red emission (585 nm) at acidic pH and an intense
green fluorescence (535 nm) at basic pH. Thus, L can also be

used as a pH sensor via tunable wavelength.

Bl INTRODUCTION

Aluminum, a nonessential element, is a competitive inhibitor in
different biological processes involving several essential
elements viz. Mg®>* (0.066 nm), Ca** (0.099 nm), and Fe®"
(0.064 nm) due to its similarities regarding atomic size (0.051
nm) and charge (3+). Acid rain increases the concentration of
AP* in soil, which is deadly to living plants."”* A" toxicity
causes microcytic hypochromic anemia, Al-related bone disease
(ARBD), encephalopathy, neuronal disorder leading to
dementia, myopathy, and Alzheimer’s disease.> The WHO
recommended the average daily human intake of AI** of around
3—10 mg and weekly tolerable dietary intake as 7 mg kg™' body
weight.* Thus, trace level determination of AP* is highly
important.

Among several methods® for determination of AI’Y, the
fluorescence method has become very popular due to its useful
applications in environmental chemistry, medicine, and
biology.® The poor coordination ability of AI** has hindered
development of a suitable fluorescence sensor.” However,
recently, the design and synthesis of Al**-selective fluorescent
probes has received considerable attention.®

Design of a fluorescent probe is generally based on
intramolecular charge transfer (1cT),’? photoinduced electron
transfer (PET),'® chelation-enhanced fluorescence (CHEF),"'
metal—ligand charge transfer (MLCT),"” excimer/exciplex
formation,"® imine isomerization,'"* intermolecular hydrogen
bonding,"® excited-state intramolecular proton transfer,'®
displacement approach,'” and fluorescence resonance energy
transfer.'® FRET is currently an active research area due to its
practical application in cell physiology, optical therapy, and
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selective sensing of ionic species.'” FRET is an excited-state
interaction between two fluorophores where excitation energy
from the donor (D) is transferred to a nearby energy acceptor
(A) via long-range dipole—dipole interaction and/or short-
range multipolar interaction. Thus, FRET is associated with a
certain degree of overlap between the fluorescence emission
spectrum of the donor (D) and the absorbance spectrum of the
acceptor (A). A FRET-based fluorescent probe generally
demands an appropriate energy donor (D), an energy acceptor
(A), and a suitable linker to connect them. It is well known that
spirocyclic rhodamine derivatives are a useful platform for
selective sensing of ionic species leading to spirolactam ring
openi11g.20‘21

B EXPERIMENTAL SECTION

General Procedures. High-purity HEPES, rhodamine B, p-cresol,
and ethylenediamine were purchased from Sigma Aldrich (India).
Al(NO,);9H,0 was purchased from Merck (India). Solvents used
were spectroscopic grade. N-(Rhodamine-B)lactam-ethylenediamine
was prepared according to the literature method.** 2,6-Diformyl-4-
methylphenol was prepared by modification of the literature method.>®
All metal salts were used as either their nitrate or their chloride salts.
Other chemicals were of analytical reagent grade and used without
further purification except when specified. Milli-Q Milipore 18.2 MQ
cm™" water was used throughout all experiments. A JASCO (model V-
570) uv—vis spectrophotometer was used for recording UV—vis
spectra. FTIR spectra were recorded on a JASCO FTIR spectropho-
tometer (model FTIR-H20). Mass spectra were carried out using a
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Scheme 1. Syntheses of L and L1
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QTOF Micro YA 263 mass spectrometer in ES positive mode. 'H
NMR spectra were recorded using a Bruker Avance 600 (600 MHz) in
DMSO-d, and Bruker Avance 500 (500 MHz) in CDCl,, whereas *C
NMR spectra were recorded using a Bruker Avance 300 (7S MHz) in
CD;OD. Melting point was measured with a VEEGO digital melting
point apparatus. Elemental analysis was performed using a Perkin-
Elmer CHN-Analyzer with the first 2000-Analysis kit. Steady-state
fluorescence emission and excitation spectra were recorded with a
Hitachi F-4500 spectrofluorometer. A Systronics digital pH meter
(model 335) was used to measure the solution pH. Either 50 mM HCl
or KOH was used for pH adjustment. Time-resolved fluorescence
lifetime measurements were performed using a picosecond pulsed
diode laser-based time-correlated single-photon counting (TCSPC)
spectrometer from IBH (UK) at A, 470 nm and MCP-PMT as a
detector. Emission from the sample was collected at a right angle to
the direction of the excitation beam maintaining magic angle
polarization (54.71).The full width at half-maximum (fwhm) of the
instrument response function was 250 ps, and the resolution was 28 ps
per channel. Data were fitted to multiexponential functions after
deconvolution of the instrument response function by an iterative
reconvolution technique using IBH DAS 6.2 data analysis software in
which reduced w2 and weighted residuals serve as parameters for
goodness of fit.

Imaging System. The imaging system was composed of an
inverted fluorescence microscope (Leica DM 1000 LED), a digital
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compact camera (Leica DFC 420C), and an image processor (Leica
Application Suite v3.3.0). The microscope was equipped with a
mercury S0 W lamp.

Preparation of Cells. Pollen grains were collected from fresh
mature buds of Allamanda puberula (Aapocynaceae), a common
ornamental plant with a bell-shaped bright yellow flower by crashing
stamens on a sterile petriplate and suspending them in normal saline.
After crashing the stamina debrishes were removed by filtering through
a thin layer of nonabsorbant cotton and the suspended pollens were
collected by centrifugation at 5000 rpm for 5 min. The pollen pellet
was then washed twice in normal saline and incubated in a solution of
AI(NO,);9H,0 (0.1 mg/mL) for 1 h at ambient temperature. After
incubation, they were again washed in normal saline and photographed
under a fluorescence microscope in the presence and absence of L.
Both Al**-treated and untreated cells were stained with L and observed
under a fluorescence microscope.

Synthesis of L. A portion of N-(rhodamine-B)lactam-ethylenedi-
amine (1 g, 2.06 mmol) and diformyl p-cresol (0.167 g, 1.030 mmol)
was combined in fresh distilled ethanol (30 mL). The reaction mixture
was refluxed for 24 h and stirred for another 2 h at room temperature
to form an orange precipitate. Solid was filtrated and washed with
ethanol three times. Crude product was purified by recrystallization
from acetonitrile to give 1.036 g of L (orange solid) in 89% yield; MP
245 °C (+4 °C). 'H NMR (600 MHz, DMSO-d,) (Figure S1,
Supporting Information): 1.09 (24H, m, | = 7.2 Hz, a); 2.19 (3H, s,
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b); 2.53 (4H, s, ¢); 2.97 (4H, m, ] = 7.2 Hz, d); 3.25 (16H, m, ] = 7.8
Hz, e); 6.32 (4H, d, ] = 8.4 Hz, f); 6.36 (4H, d, ] = 7.8 Hz, g); 6.99
(2H, d, ] = 15.6 Hz, h1); 7.03 (2H, d, ] = 4.8 Hz, h2); 7.33 (2H, s, i);
7.52—7.46 (6H, m, ] = 6 Hz, j); 7.78 (2H, m, ] = 4.8 Hz, k); 8.12 (2H,
s, 1). ¥C NMR (75 MHz, CD,OD) (Figure S2, Supporting
Information): & 170.64, 15523, 155.04, 154.96, 150.60, 150.52,
134.34, 132.26, 129.95, 129.73, 125.31, 123.73, 109.76, 106.38, 106.31,
99.17, 67.20, 45.54, 44.13, 41.24, 40.61, 20.57, 13.16, 13.05. QTOF-
MS ES* (Figure S3, Supporting Information): [M + H]* = 1097.24;
[M + Na]* = 1119.19. Anal. Calcd for C4H,(N,O;s : C, 75.52; H, 6.98;
N, 10.21. Found: C, 75.47; H, 6.91; N, 10.24. FTIR/cm™" (Figure S4,
Supporting Information): v(OH) 3428.07, v(C=0) 1686.3S, v(C=
N) 1630.76.

Synthesis of L1. To a solution of 2-picolyl amine (0.133 g, 1.23
mmol) in acetonitrile (10 mL), 10 mL of an acetonitrile solution of
diformyl p-cresol (0.100 g, 0.617 mmol) was added dropwise. The
reaction mixture was refluxed for 4 h to form a yellow precipitate. Solid
was filtered and washed with ethanol three times. Crude product was
purified by recrystallization from acetonitrile to give 0.193 g of L1
(yellow solid) in 82.8% yield; MP 143 °C (+4 °C). "H NMR (500
MHz, CDCl,) (Figure SS, Supporting Information), 2.03 (3H, s, a);
4.99 (4H, m, J = 10.0 Hz, b); 7.73—7.12 (10H, m, ] = 10.0 Hz, c); 8.55
(2H, s, d). QTOF-MS ES* (Figure S6, Supporting Information): [M +
H]* = 345.08; [M + Na]* = 367.08. Anal. Calcd for C,;H,(N,O: C,
73.23; H, 5.85; N, 16.27. Found: C, 73.11; H, 5.89; N, 16.21. FTIR/
cm™! (Figure S7, Supporting Information): v(OH) 3376.28, v(C=N)
1637.62.

Synthesis of L—AP** Complex. To 2 mL of a solution of
AI(NO;)-9H,0 (0.17 g, 0.0456 mmol) in water, an ethanol solution of
L (0.25 g, 0.0228 mmol, 8 mL) was added dropwise and stirred for §
min. Solvent was removed using a rotary evaporator, while a blood red
precipitate was obtained. QTOF-MS ES* (Figure S8, Supporting
Information): [M + H]* = 1615.14. FTIR/cm™' (Figure S9,
Supporting Information): v(C=0) 1642.67, v(C=N) 1626.79,
v(NO;™) 1383.50.

B RESULTS AND DISCUSSION

DFP-thodamine (DFP = 2, 6-diformyl-4-methylphenol)
conjugate (L) is established as a FRET “off—on” system for
selective intracellular AI** sensing. AI** efficiently induces ring
opening of the rhodamine unit, which acts as an energy
acceptor. DFP is chosen as the energy donor due to its intense
fluorescence spectrum which overlaps with the absorption
spectrum of the rhodamine B unit (Figure S10, Supporting
Information). Scheme la shows the synthesis of L. In the
presence of Al*, the emission maxima of L shifts from 535
(characteristic of DFP, PET) to 585 nm (characteristic of
rhodamine B, FRET) via an intermediate CHEF process with a
characteristic emission band at 509 nm. Very weak emission of
L at 535 nm may be due to the PET process from the N-donor
site of the spirolactam ring to the DFP moiety. To establish the
above stated fact, a model compound (L1) has been
synthesized (Scheme 1b) and characterized. In the model
compound L1, the acceptor part (rhodamine unit) is replaced
by a 2-picolyl amine moiety. Upon excitation at 400 nm, L1
emits at S00 nm in HEPES-buffered EtOH:water (0.1 M, 4:1,
v/v, pH 7.4), attributed to the PET from the N center of the
pyridyl moiety to DFP. In the presence of AP, the emission
maximum of L1 is blue shifted to 460 nm due to CHEF (Figure
S11, Supporting Information). The absence of an emission
band at 585 nm in L1 suggests the absence of a FRET process.
Hence, emission at 585 nm in L is ascribed to the Al**-induced
FRET process. Moreover, the absence of an absorbance at 555
nm in L1 supports the absence of a FRET process (Figure S12,
Supporting Information). To confirm the CHEF process, L—
APP* complex is isolated and characterized by mass and FTIR
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spectra (Figures S8 and S9, Supporting Information). To the
best of our knowledge, this is the first report on rhodamine B-
based AI** sensor where all interaction steps viz. PET—CHEF—
FRET have been observed distinctly as a function of time and
been reflected in time-dependent living cell imaging.

The photophysical properties of L have been studied in
HEPES-buffered EtOH:water (0.1 M, 4:1, v/v, pH 7.4). L (10
uM) shows a yellow-green emission band centered at 535 nm
(Aex = 460 nm) which is attributed to the PET process with a
quantum yield of 4.6 X 10> at room temperature. No FRET is
observed in free L due to the presence of a spirolactam ring in
the rhodamine B unit. After 1 min of addition of AI** (30 uM)
to L (10 M), two emission bands centered at 509 and 585 nm
are observed (Figure 1).** The emission band at 509 nm (green
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Figure 1. Variation of the fluorescence intensity of L (10 4M) in the

presence of AI** (30 uM) in HEPES-buffered (0.1 M) EtOH:water
(4:1, v/v), pH 7.4 with time (4., = 460 nm).

fluorescence) is due to the intermediate CHEF process,
whereas the band at 585 nm (red fluorescence) is ascribable
to the Al**-induced FRET process. After 30 min, the emission
band at 509 nm diminishes with the appearance of an intense
emission band at 585 nm (Figure S13, Supporting
Information), due to the spirolactam ring opening of
rhodamine unit. Addition of AI** (30 uM) to L (10 uM)
increases the fluorescence quantum yield 6.9 times (31.7 X
107%). Time-dependent color changes of the L—AI** system
under a hand-held UV lamp are presented in Figure 2.
Detection of an intermediate CHEF process has become
possible due to the slow interaction kinetics between L and
AP**. The pseudo-first-order rate constant has been estimated as
0.0871 min~' by measuring the changes in the fluorescence
intensity at $S85 nm (Figure S14, Supporting Information).
Fluorescence titration of L (10 uM) with AI** in HEPES-
buffered EtOH:water (0.1 M, 4:1, v/v, pH 7.4) revealed that
the emission intensity at 509 and 585 nm increases with
increasing AP** concentration (Figure 3). A plot of emission
intensity (at 585 nm) vs concentration of AI’* is linear up to SO
uM (Figure S1S, Supporting Information).25 Figure S16,
Supporting Information, shows the fluorescence titration at
509 nm, which is attributed to the CHEF process. Interestingly,
the plot of emission intensity vs concentration of A" (at 509
nm) is linear up to 40 uM (Figure S17, Supporting
Information). Emission at 585 nm (/, = 525 nm) is attributed
to the open ring spirolactam form of the rhodamine B
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Figure 2. Al*-induced color changes of L in EtOH:water (4:1, v/v) as
a function of time observed under a hand-held UV lamp.
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Figure 3. Fluorescence spectra of L (10 uM) in HEPES-buffered (0.1
M) EtOH:water (4:1, v/v, pH 7.4) upon addition of increasing
amounts of AI** (0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90 uM) (A, = 460 nm). (Inset) Distinct color change of L
upon addition of AI**. All spectra are recorded after 40 min of mixing
of AP** and L.

derivative, the intensity of which gradually increases with
increasing Al** concentration (Figure S18, Supporting In-
formation). L (10 uM) shows absorbance centered at 460 nm.
Addition of AI** (60 uM) to the colorless solution of L (10
uM) results in an intense red color solution due to spirolactam
ring opening of the rhodamine B unit. After 1 min, two new
bands appear at 400 and 555 nm (Figure 4), indicating L—AI**
complex formation and Al**-induced spirolactam ring-opening
processes, respectively. Moreover, absorbance at 400 nm
decreases with time, while it increases at 555 nm. Gradual
addition of A" to the solution of L (10 uM) increases
absorbance at two different wavelengths viz. 400 and 555 nm
(Figure 5) along with distinct color change. A linear plot of
absorbance vs AI** concentration (Figure S19, Supporting
Information) is useful to determine unknown AI** concen-
tration. L shows excellent selectivity for AI** as other common
cations (Figures S20 and S21, Supporting Information) do not
interfere. Hg”" shows slight increase of fluorescence (Figure
§22, Supporting Information) in which only FRET but no
intermediate CHEF process is observed. Interference from
Hg™" is eliminated using KI (Figures $S23 and S24, Supporting
Information). KI do not interfere with the emission and
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Figure 4. Variation of the absorbance of L (10 yM) as a function of
time in the presence of AI** (60 yM) in HEPES buffer (0.1 M)
(EtOH:water, 4:1, v/v, pH 7.4).
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Figure S. Changes in the absorption spectra of L (10 M) in HEPES-
buffered (0.1 M, EtOH:water, 4:1, v/v, pH 7.4) upon gradual addition
of AP* (0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85,
90 uM). (Inset) Distinct color change of L upon addition of A**. All
spectra are recorded after 40 min of mixing of AI** and L.

absorbance of the [L—AI**] system (Figures S25 and S26,
Supporting Information). It is found that common metal ions
(200 pM) do not interfere in the fluorometric (Figure S27,
Supporting Information) and colorimetric (Figure S$28,
Supporting Information) detection of AI**. Fluorescence
intensity of L (0.1 M) increases with increasing concentration
of AP** (Figure S29, Supporting Information). The plot of
emission intensity vs concentration of AI** is linear from 0.05 to
0.8 uM (Figure S30, Supporting Information). The detection
limit of L for AP* is 5 X 107 M. Job’s plot indicates 2:1
stoichiometry (mole ratio) of the [L—AI’**] complex (Figure
S31, Supporting Information). The apparent binding constant
of L for AI** has been determined using modified the Benesi—
Hildebrand®® equation: (F,,,, — F,)/(F, — Fy) = 1 + (1/K) (1/
[M]"), where F,,,,, F,, and F, are fluorescence intensities of L in
the presence of AI** at saturation, free L, and any intermediate
Al**concentration. A plot of (Fy,, — Fo)/(F, — F,) vs 1/[M]?
(here n = 2) yields the apparent binding constant value as 9.1 X
10° M~ (R* = 0.995) (Figure $S32, Supporting Information).
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PET

Figure 6. Proposed binding mechanism of L to AI**.

FRET

The initial weak fluorescence of L may be due to the
photoinduced electron transfer (PET) from the N center of the
spirolactam ring to the p-cresol moiety. Addition of AI** results
in CHEF between L and AP* with inhibition of PET. With
increasing time, CHEF emission decreases due to APP*-induced
spirolactam ring opening, leading to FRET (Figure 6). Naked
eye detection of AI** on a paper soaked with L is presented in
Figure S33, Supporting Information.

The proposed mechanism is well supported by fluorescence
lifetime data (Table 1). In the fluorescence lifetime experiment

Table 1. Fluorescence Lifetime Decay Parameters of L and
Its AI** Complex

B, 7,/ns B, 7,/ns  (1,)/ns
L at 535 nm 0.2590 0.141 0.0094 2.506 0.2243
[L—Al3+] at 509 nm 0.2248 0.145 0.0234 4.350 0.5410
after 5 min
[L—Al3+] at 509 nm 0.2770 0.115 0.0150 3.870 0.3045
after 30 min
[L—Al3+] at 585 nm 0.0390 0.418 0.0837 1.730 1.310

after 30 min

(Aem = 535 nm), the average lifetime was found to be 0.2243 ns.
After S min of addition of AI** to L, the average lifetime (at 4.,
= 509 nm) of the L—AI** system increased to 0.541 ns, ascribed
to the CHEF process. After 30 min, the value reduces to 0.3045
ns. Thus, the CHEF process of the L—AI** system decreases
with time as proposed in the mechanism (Figure 7), whereas
after 30 min the average lifetime of the L—AI’* system at A, =
585 nm, attributed to the AI**-induced FRET process, increases
to 1.31 ns (Figure 8).

'H NMR Titration. In order to strengthen the above
mechanism, 'H NMR titration has been performed by
concomitant addition of A** to the DMSO-dg solution of L
(Figures S34 and S35, Supporting Information). Significant
spectral changes of L are observed upon addition of Al**. After
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Figure 7. Fluorescence lifetime decay of L and the L +AI** system.
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Figure 8. Fluorescence lifetime decay of L and the L +AI** system at
different wavelengths.

5 min of addition of A’ to L, its d protons have been shifted
upfield from 2.97 to 2.38 ppm, attributed to APP*-induced
spirolactam ring opening of L. After 20 min, d protons have
been shifted downfield to 2.42 ppm, ascribed to the AI**-
induced FRET process. Additionally, h1 protons also shifted
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Figure 9. Fluorescence microscopic images of Allamanda puberula (Aapocynaceae) cells loaded with L (10 M) as a function of time under a 100X
objective lens and L-stained cells pre-exposed to 100 uM AI** for 25 min under a 100X objective lens. Incubation temperature is 37 °C.

Figure 10. Fluorescence microscopic images of Allamanda puberula
(C) pH 5.0. Incubation temperature is 37 °C.

A B c

(Aapocynaceae) cells treated with L (10 uM) at (A) pH 7.4, (B) pH 9.0, and

upfield from 6.99 to 6.41 ppm after S min of addition of A** to
L. After 20 min of addition of AI** to L, h1 protons undergo a
downfield shift from 6.41 to 642 ppm due to the FRET
process. After 40 min, hl protons move further downfield to
6.45 ppm. Interestingly, after 20 min, i protons are partially
downfield shifted from 7.33 to 7.58 ppm due to the close
proximity of the rhodamine unit during AI**-induced folding of
L. After 40 min, i protons are completely downfield shifted to
7.6 ppm. 1 protons of L have gradually shifted downfield from
8.12 (free L) to 8.64 ppm upon interaction with AI**. All other
protons of L viz. a, b, ¢, e, f, g, h2, j, and k have been shifted
downfield after interaction with AI** (Table S1, Supporting
Information).

Cell Imaging Studies. Time-dependent living cell imaging
studies reveal distinct different colors supporting PET—
CHEF—FRET processes. Pollen cells, incubated with AP* for
30 min, are observed under a fluorescence microscope after
adding L. Cells are found to emit green fluorescence, the
intensity of which decreases with time. After 9 min green
fluorescence is changed to red fluorescence, the intensity of
which increases with time. Color changes resulting from Al**-
induced time-dependent fluorescence of L are presented in
Figure 9.

Due to the protonation of the nitrogen center, the
spirolactam ring of the rhodamine unit opens at acidic pH*’
along with an intense red emission at 585 nm, whereas at basic
pH deprotonation of the —OH group results an intense green
fluorescence at 535 nm (Figure S36, Supporting Information).
At close to neutral pH (pH 7.4), L shows an absorbance
maxima at 460 nm. At basic and acidic pH, absorbance maxima
move to 435 (green color) and 555 nm (red color), respectively
(Figure S37, Supporting Information). Thus, L may also be
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used as pH sensor. pH-dependent emission properties of L (10
uM) have also been visualized in living cell imaging. Pollen cells
have been incubated with L (10 yM) for 30 min. Cells emit
very weak green fluorescence at pH 7.4 and become bright
green at pH 9.0 and red at pH 5.0 (Figure 10).

B CONCLUSION

A novel rhodamine B derivative has been established as an
excellent fluorescent and colorimetric probe for AI**. It can
detect AI** in HEPES-buffered EtOH:water (0.1 M, 4:1, v/v,
pH 7.4) as low as § X 10™° M. Selective interaction of L with
AP* involves time-dependent PET—CHEF—FRET processes,
which has been reflected in living cell imaging under a
fluorescence microscope. Additionally, its absorbance and
emission can be tuned with pH.
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