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Graphical abstract

Highlights
1. A highly selective BODIPY probe, N,N-SP-BPY dgteaspartic acid (Asp) and glutamic acid (Glu) in

water.



2. ‘Turn On’ fluorescence can be observed by irtubi of Photoinduced Electron Transfer (PET)

process.

3. A distinct colorimetric change from pink to cdiss solution can be observed to recognize Asp and
Glu.

4. N,N-SP-BPY efficiently images intracellular Aapd Glu in live cells under fluorescence microscope

Abstract: Strategically modified4-(diethylamino)-2-(pyridimy2methoxy)benzaldehyde appended
BODIPY-based probe N,N-SP-BPY detects aspartic &#p) and glutamic acid (Glu) by inhibition of
Photoinduced electron transfer (PET) process inewathe probe shows considerable and rapid
fluorescence enhancement upon addition of Asp auod &lditionally, a distinct colorimetric change
from pink to a colorless solution can be obsengedetognize traces of Asp and Glu. The probe detect
Asp and Glu as low as 1 uM and 5 uM respectivelyitiermore, the probe can efficiently detect
intracellular Asp and Glu in live HelLa, A549, MDABA468 and HEK-293T cells under fluorescence
microscope without showing any cytotoxic effect.dfmodel BODIPY derivatives are also synthesized
to establish strategic modificatiotH NMR titration and theoretical calculations strongupports

experimental findings.

Keywords: BODIPY+ Photoinduced electron transfer processuokdscent probes DFT calculation o
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1. Introduction

Aspatrtic acid (Asp) and glutamic acid (Glu) areadloxylic amino acids, and their conjugate base
aspartate and glutamate, are a major excitatomotransmitter in the mammalian central nervousesyst
(CNS). The concentration of aspartate in cerebnadfiuid (CSF) is found to be 1.22 + 0.21 mM, vehil
the normal concentration of glutamate varies frem fmicromolar in the extracellular fluids to 1-10mM
inside neurons of the brain [1-3].

Aspartic acid is a precursor for the synthesiswad bther amino acids namely glutamic acid and
glycine [4] and is recognized for its facilitatingle in the tricarboxylic acid (TCA) cycle [5]. Resrchers
have also demonstrated the role of aspartic aciydroxyapatite [6] and osteoarthritis [7]. Excessi



aspartic acid can be a reason for Lou Gehrig'sadisg8] and is also associated with the early-onset

dementia of the Alzheimer type [9].

Glutamic acid rich chain of bone sialoprotein, osgctin and osteopontin are concerned in Hap
nucleation and growth [10] as indicated by earésearch. It is also responsible for the biosyrishefsy-
aminobutyric acid (GABA) [11]. Glutamate is the pB mediator of sensory information, memory
formation, memory retrieval, emotions and motorrdamation [12]. In the food industry, its monosaoaiu
salt (MSG- monosodium glutamate) is a well-knovwawflur enhancer and generally found in different
foods for achieving strong, balanced and prefeprediuct flavour. However, accumulation of glutamate
can be toxic to neurons and therefore, must belffimegulated. The extreme intake of this flavour
enhancer may cause allergic effects (headachetanthsh pain) [13,14]. Patients with acute ischemic
stroke have demonstrated high levels of glutamatplasma and cerebrospinal fluid (CSF) [15]. In
human and in animals, epileptic tissues have shslamw metabolic processing of glutamate and down-

regulation of glutamate to glutamine cycle [16].

As these amino acids play a crucial role in mamysfiogical pathways their biological monitoring
is of utmost importance. Chromatographic techniquessed on ion exchange,[17] GC (gas
chromatography) [18], LC/MS approach [19], electremical [20-22] and infrared spectroscopy [23]
are some of the popular analytical procedures feteation and characterization of amino acids.
Molecules that can report the interaction of amawids through changes in their optical properties
(emission or absorption) i.e. chemosensors, catldsigood candidates for the same [24-44].Amoag th
copious amount of highly fluorescent dyes thatealable in the literature, sets based on 4,4dif)-4-
bora-3a,4a-diaza-s-indacenel,2 (better known as IB®DDifluoroboron Dipyrromethene) shows the
highest potential because of their robustness sghght and chemicals. Their optical properties akso
be easily tweaked by attachment of residues afuhable position of the BODIPY core [45].

Herein, we report the synthesis of 4-(diethylami@eg)pyridin-2-ylmethoxy)benzaldehyde

appended BODIPY based probe N,N-SP-BPY which detdspartic acid (Asp) and glutamic

acid (Glu) by inhibition of Photoinduced electroartsfer (PET) process in water. The probe N,N-
SP-BPY shows strong fluorescent enhancement anstiaad change in naked eye colour of the
solution from pink to colorless during the additiohAsp/Glu in water. The probe is also able to
efficiently image Asp or Glu in live cells. The fm® is weakly fluorescent due to the effective
PET process operating from N,N-diethylamino unitNgN-SP-BPY to BODIPY core. Inhibition

of PET process occurs in the presence of Asp/@ladihg to fluorescence enhancement. Two
model compounds, N,N-SB-BPY, and SP-BPY were sgited to comprehend the exact
molecular mechanism associated with the changésvire taking place in fluorescence and UV-



Visprofile. Scheme 1 shows the synthetic procediirthe probe and model compounds. All the
intermediates and probes were characterizetHiyMR, **C NMR and QTOF-MS (Figure S-1 to
S-17, ESI). Theoretical calculations were perforrteedupport the experimental observations.
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Figure 1: (a) Single crystal X-ray structure (CCDC 1902Q&s)d (b) packing diagramNfN-SP-BPY.

2. Experimental



2.1. Materials and Equipment:

Chemicals and solvents were purchased from comaiesuppliers and used as receivéd.and °*C
NMR spectra were recorded on a Bruker Advance DI (300 MHz) spectrometer. Chemical shifts were
reported in parts per million (ppm), and the realdsolvent peak was used as an internal reference:
proton (chloroformd 7.26), carbon (chlorofor 77.16) or tetramethylsilane (TMB0.00) was used as a
reference. Multiplicity was indicated as follows:(singlet), d (doublet), t (triplet), q (quartety
(multiplet). Coupling constants were reported inrtlléHz). High resolution mass spectra were obthine
on a Xevo G2S/Q-Tof. microTM spectrometer. For tlaiyer chromatography (TLC), Merck precoated
TLC plates (Merck 60 F254) were used and flash mlatography separations were performed on SRL
230-400 mesh silica gel.

2.2. In vitro cell imaging

Human cervical cancer Hela, Breast cancer cell MdB-468, Lung cancer cell A549, and normal
HEK-293T cells were cultured in Dulbecco’s modifiealgle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/strepyom at 37°C and 5% CO2. For in vitro imaging
studies, the cells were seeded in 12-well tissltereuplates with a seeding density of 105 celisvpell.
After reaching 60%—70% confluence, the previous DMEnedium was replaced with serum-free
DMEM medium (without any amino acid), supplemeniégth 20 uM N,N-SP-BPY and incubated for 2h
to facilitate the probe uptake by cells. Then celtse washed three times with PBS buffer to renaowue
extracellular N,N-SP-BPY. Then Asp/Glu (50 uM) veakled into the medium and then further incubated
for 1 hour. After washing with PBS buffer, imagdslive cells were taken using an EVOS® FL Cell
Imaging System, Life Technologies, USA).

2.3. Synthesis:
4-Diethylamino-2-(pyridin-2-ylmethoxy)-benzaldehyde(N,N-SP-CHO):

4-(Diethylamino)salicylaldehyde (1 g, 5.18 mmol)a2+(Chloromethyl)pyridine hydrochloride (0.85 g,
5.18 mmol) was taken in a 50ml round bottom flas# was dissolved in 30ml acetonitrile. After akth
reactants had been completely dissolve€® (3.5 g, 25.9 mmol) and tetrabutylammonium iodide
(0.95¢g, 2.5 mmol) was added and the reaction mextwas refluxed for 24 h. After completion of the
reaction as confirmed by TLC, acetonitrile was @raped under reduced pressure. The concentrate was
extracted with ethyl acetate, dried over sodiunplsale and vacuum evaporated. The crude mass was
purified by flash chromatography using petroleuheetethyl acetate (3:2 v/v) (R 0.5) as eluent to give
N,N-SP-CHO as yellowish brown solid 42.8 % (630 nig) NMR (300 MHz, CDCJ): §10.29 (S, 1H),
8.60-8.58 (dd, J=0.9 Hz, J=4.8 Hz 1H), 7.78-7.71 M), 7.62-7.59 (d, J=7.8 Hz, 1H), 7.27-7.22(dd,



J=3.6 Hz, J=10.3 Hz 1H), 6.31-6.27(dd, J=2.1 H8&Hl% 1H), 6.09-6.08 (d, J=2.1 Hz, 1H), 5.31 (s, 2H)
3.40-3.33 (q, J= 6.9 Hz, 4H), 1.16-1.11 (t, J=72 BH); *C NMR (75 MHz, CDC}):  186.7, 162.5,
156.8, 153.6, 148.9, 148.9, 136.9, 130.8, 122.6,112114.1, 104.5, 93.9, 70.5, 44.7, 12.4, 12.42 12
ppm; HRMS-ESI (m/z): calcd forGH,;N,O, [M+H] " 285.1598, found 285.1603.

4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4.%,5.* dipyrrolo[1,2 c:2',1'f][1,3,2]diazaborinin-10-
yD-N,N-diethyl-3-(pyridin-2-yImethoxy)aniline (N,N-SP-BPY)

2,4-Dimethylpyrrole (368.2 mg, 3.87 mmol) and N,R-SHO (500 mg, 1.76 mmol) were
dissolved in dry ChKCI, (50 mL) under an argon atmosphere. The solutionpuaged with argon
for 10 min followed by addition of Two drops offtioroacetic acid (TFA) in the dark. Then the
reaction mixture was stirred for 4 h at ambient gemature in the dark. Then 2,3-dichloro-5,6-
dicyanoquinone (DDQ, 1.13 g, 2 mmol) was addedfedd by addition of another 10 mL dry
CH.CI, and the mixture was stirred for another 4 h. Thriethylamine (5 mL) was added to the
reaction mixture and stirred for another 5 minse,hboron trifluorideetherate (7 mL) was added
and the mixture was stirred for another 60 min. @hek brown solution was washed with water
(3 x 20 mL) and brine (30 mL), dried over anhydraeslium sulfate and concentrated under
reduced pressure. The crude product was purifiediliga-gel flash column chromatography
(EtOAc—petroleum ether, (2.5:7.5 v/iv}(R0.3) to give N,N-SP-BPY as red solid (283 mg,982
yield). '"H NMR (300 MHz, CDCJ): §8.49-8.48 (dJ=4.8Hz, 1H), 7.57-7.54 (dd=1.5 Hz,J=7.8

Hz 1H), 7.17-7.11 (dd)=3.9Hz, J=10Hz, 2H), 6.89-6.86 (@8.4 Hz, 1H), 6.37-6.34 (dd=2.4
Hz, J=8.4 Hz 1H), 6.30-6.29 (dl=2.1 Hz, 1H), 5.95 (s, 2H), 5.15 (s, 2H), 3.37-3(80J= 7.2
Hz, 4H), 2.56 (s, 6H), 1.57 (s, 6H), 1.15-1.10J&6.9 Hz, 6H);"*C NMR (75 MHz, CDCJ): &
157.5, 156.0, 154.1, 149.9, 148.4, 142.7, 140.8,9,3132.5, 129.9, 122.3, 121.0, 120.4, 110.7,
105.1, 96.9, 70.6, 44.4, 36.5, 31.8, 29.6, 29.26,222.6, 14.5, 14.1, 13.9, 12.2 ppm; HRMS-ESI
(m/z): calcd for GHz:BFN,O [M-F]* 483.2726, found 483.2715.Moreover, the structdirs, -
SP-BPYwas confirmed from single crystal X-ray analysi<C{@C 1902075; Figure 1).

2-Benzyloxy-4-diethylamino-benzaldehyde (N,N-SB-CHPD

4-(Diethylamino) salicylaldehyde (1 g, 5.18 mmatidaBenzyl bromide (0.88 g, 5.18 mmol ) was
taken in a 50ml round bottom flask and was dissbime30ml| acetonitrile. After all the reactants
had been completely dissolved®O; (3.5 g, 25.9 mmol) and tetrabutylammonium iodi@d®%g,
2.5 mmol) was added and the reaction mixture wlaxed for 24 h. After completion of the
reaction as confirmed by TLC, acetonitrile was eraped under reduced pressure. The



concentrate was extracted with ethyl acetate, driexd sodium sulphate and vacuum evaporated.
The crude mass was purified by flash chromatograpisg petroleum ether/ ethyl acetate (4:1
v/V) (R; = 0.5) as eluent to give N,N-SB-CHO as yellowidhite solid 49 % (728 mg).

'H NMR (300 MHz, CDCJ): §10.25 (S, 1H), 7.76-7.73 (d=9 Hz, 1H), 7.47-7.31 (m, 5H), 6.31-
6.28 (d,J=8.7 Hz, 1H), 6.07-6.06 (dl=2.1 Hz, 1H), 5.18 (s, 2H), 3.42-3.35 @ 6.9 Hz, 4H),
1.19-1.44 (t,J=6.9 Hz, 6H)**C NMR (75 MHz, CDC}): §186.8, 163.3, 153.8, 136.8, 130.3,
128.7, 128.6, 128.3, 127.9, 127.1, 127.0, 126.8,9,2114.4, 104.6, 94.2, 70.0, 44.8, 44.7, 12.5,
12.5 ppm; HRMS-ESI (m/z): calcd forgEl,,NO, [M+H]* 284.1645, found 284.1645.

3-(benzyloxy)-4-(5,5-difluoro-1,3,7,9-tetramethyl-B-41% 5,*-dipyrrolo[1,2- c:2',1'-
f][1,3,2]diazaborinin-10-yl)-N,N-diethylaniline (N,N-SB-BPY)

2,4-Dimethylpyrrole (368.2 mg, 3.87 mmol) and N,B-8HO (500 mg, 1.76 mmol) were
dissolved in dry ChKCl, (50 mL) under an argon atmosphere. The solutionpuaged with argon
for 10 min followed by addition of Two drops offtioroacetic acid (TFA) in the dark. Then the
reaction mixture was stirred for 4 h at ambient gemture in the dark. Then 2,3-dichloro-5,6-
dicyanoquinone (DDQ, 1.13 g, 2 mmol) was added¥edd by addition of another 10 mL dry
CH.CI, and the mixture was stirred for another 4 h. Thriethylamine (5 mL) was added to the
reaction mixture and stirred for another 5 minse,hboron trifluorideetherate (7 mL) was added
and the mixture was stirred for another 60 min. @ihek brown solution was washed with water
(3 x 20 mL) and brine (30 mL), dried over anhydraaslium sulfate and concentrated under
reduced pressure. The crude product was purifieciliga-gel flash column chromatography
(EtOAc—petroleum ether, (0.75:4.25 v/v); R 0.4) to give N,N-SB-BPY as red solid (204 mg,
22.3% yield)."H NMR (300 MHz, CDCJ):6 7.19-7.13 (m, 5H), 6.79-6.76 (dJ=8.4 Hz 1H),
6.28-6.25 (ddJ=2.4Hz, J=8.5 Hz, 1H), 6.17-6.16 @2.1 Hz, 1H), 5.89 (s, 2H), 4.98 (s, 2H),
3.27-3.20 (g,J= 6.9 Hz, 4H), 2.49 (s, 6H), 1.49 (s, 6H), 1.0641(0 J=5.1 Hz, 6H)}*C NMR (75
MHz, CDCk): 0156.4, 154.1, 149.9, 142.9, 140.5, 137.6, 132.6,9,2128.5, 157.6, 126.7, 120.5,
111.3, 105.3, 97.8, 92.1, 70.1, 44.5, 36.2, 29875,224.7, 23.8, 23.4, 17.3, 14.6, 14.2, 12.4, 7.9
ppm; HRMS-ESI (m/z): calcd for gH3sBF.NsO [M+H]" 502.2836, found 502.2835.

3-(benzyloxy)-4-(5,5-difluoro-1,3,7,9-tetramethybH-4,* 5.*-dipyrrolo[1,2- ¢:2',1'-
f][1,3,2]diazaborinin-10-yl)-N,N-diethylaniline (N,N-SB-BPY)

2,4-Dimethylpyrrole (368.2 mg, 3.87 mmol) and N,B-8HO (500 mg, 1.76 mmol) were
dissolved in dry ChLCl, (50 mL) under an argon atmosphere. The solutionpuaged with argon

for 10 min followed by addition of Two drops offtioroacetic acid (TFA) in the dark. Then the



reaction mixture was stirred for 4 h at ambient gemture in the dark. Then 2,3-dichloro-5,6-
dicyanoquinone (DDQ, 1.13 g, 2 mmol) was added¥edd by addition of another 10 mL dry
CH.CI, and the mixture was stirred for another 4 h. Thriethylamine (5 mL) was added to the
reaction mixture and stirred for another 5 minse,hboron trifluorideetherate (7 mL) was added
and the mixture was stirred for another 60 min. @hek brown solution was washed with water
(3 x 20 mL) and brine (30 mL), dried over anhydraeslium sulfate and concentrated under
reduced pressure. The crude product was purifiediliga-gel flash column chromatography
(EtOAc—petroleum ether, (0.75:4.25 v/v);( R 0.4) to give N,N-SB-BPY as red solid (204 mg,
22.3% yield)."H NMR (300 MHz, CDCJ):d 7.19-7.13 (m, 5H), 6.79-6.76 (dJ=8.4 Hz 1H),
6.28-6.25 (ddJ=2.4Hz,J=8.5 Hz, 1H), 6.17-6.16 (d=2.1 Hz, 1H), 5.89 (s, 2H), 4.98 (s, 2H),
3.27-3.20 (g,J)= 6.9 Hz, 4H), 2.49 (s, 6H), 1.49 (s, 6H), 1.0641(f) J=5.1 Hz, 6H)**C NMR (75
MHz, CDCL): 0156.4, 154.1, 149.9, 142.9, 140.5, 137.6, 132.6,9,2128.5, 157.6, 126.7, 120.5,
111.3, 105.3, 97.8, 92.2, 70.1, 44.5, 36.2, 298/5,224.7, 23.8, 23.4, 17.3, 14.6, 14.2, 12.4, 7.9
ppm; HRMS-ESI (m/z): calcd for 4H3sBF,N3;O [M+H]" 502.2836, found 502.2835.

5,5-difluoro-1,3,7,9-tetramethyl-10-(2-(pyridin-2-ymethoxy)phenyl)-5H-4.% 5."-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (SP-BPY)

2,4-Dimethylpyrrole (473 mg, 4.97mmol) and SP-CHE&3( mg, 2.48mmol) were dissolved in
dry CH,CI, (50 mL) under an argon atmosphere. The solution puaged with argon for 15 min
followed by addition of Two drops of trifluoroacetacid (TFA) in the dark. Then the reaction
mixture was stirred for 4 h at ambient temperatimethe dark. Then 2,3-dichloro-5,6-
dicyanoquinone (DDQ, 613 mg, 2.7mmol) was addelbfdd by addition of another 10 mL dry
CH.CI, and the mixture was stirred for another 4 h. Thriethylamine (5 mL) was added to the
reaction mixture and stirred for another 5 minse,hboron trifluorideetherate (7 mL) was added
and the mixture was stirred for another 60 min. @ihek brown solution was washed with water
(3 x 20 mL) and brine (30 mL), dried over anhydraeslium sulfate and concentrated under
reduced pressure. The crude product was purifiediliga-gel flash column chromatography
(EtOAc—petroleum ether, (1:4) viv) R 0.2) to give SP-BPY as red solid (268 mg, 25 ietdy.

'H NMR (300 MHz, CDCJ):d 8.56-8.55 (d,J=5.4Hz, 1H), 7.66-7.62 (fl= 7.8Hz, 1H), 7.49-7.44
(t, J=8.1Hz, 1H), 7.26-7.11 (m, 5H), 6.02 (s, 2H), 5(86 2H), 2.63 (s, 6H), 1.48 (s, 6~
NMR (75 MHz, CDC}): 0156.9, 155.2, 155.1, 148.5, 142.6, 138.8, 137.2,583 130.8, 129.6,
124.4, 122.7, 122.1, 121.1, 120.9, 113.2, 70.97,294.6, 14.1, 13.9 ppm; HRMS-ESI (m/z):
calcd for GsH2BFN;O [M-F]* 412.1991, found 412.2025.



3. Results and Discussion

The recognition of anionic substrates by positivelyarged or electrically neutral receptor
systems has emerged as an area of active reseainly o their definite roles in complex
biological systems. In a receptor-based approadh yvery important to design the receptor such a
way that appropriate positions should available dffective synergistic binding. The binding
between receptors and the amino acid guests aadlyistrong enough viz. H-bonding or covalent
bonding to observe photophysical changes of recegion binding with guests. In the present
investigation, we have chosen functionalized BODI&Y an acceptor/receptor for amino acid
binding. BODIPY dyes are often used for recognitidranionic substrates including amino acids
[46-50].Asp and Glu are carboxylic acids and themefdifficult to design receptor for these
amino acids to obtain covalent type bonding [51-%8¢ have carefully chosen N,N-diethylamino
benzaldehyde as starting material for designinthe$e probes. Introduction of the picolyl group
at a suitable position makes perfect space for aragids like Asp or Glu to form simultaneous
H-bonding. A theoretical calculation was performted support the designing strategy of the
probe. In accordance with H-bonding principle sitvery important to have N donor sites for the
carboxylate group. The interaction between ‘N’ cergnd Asp or Glu has been strong enough to
attain photophysical changes in the probe.

3.1. Fluorescence and absorption spectral studies

The ProbeN,N-SP-BPY is weakly emissive due to an effective PET procéisshowed an
emission maximum at 527nm as shown in Figure 1.ngmtdition of Asp or Glu, the band at 527
nm increases rapidly upon excitation at 450 nmsBaind was attributed from the blocking of the
PET process. Initially, a possible PET process wiimted from ‘N’ centre of N,N-diethylamino
moiety to BODIPY core unit. Upon addition of Asp @Gtu, the ‘N’ center gets involved in weak
H-bonds with amino acid inhibiting the PET procésading to an increase in emission band at
527 nm (Figure 2). Therefore, the prddeN-SP-BPY senses Asp or Glu as a result of inhibition
of the PET process.
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Figure 2: Changes in the emission spectraNgN-SP-BPY(20 uM) upon gradual addition of (a) Asp (0-
600 pM) and (b) Glu (0-600 pM) in 3:97 DMSQ®I (v/v; pH 6.5 Ae 450 nm).

On the other hand\y,N-SP-BPY has four absorbance bands centered at 268nm, 3f6nm,
and 514nm respectively. All the absorbance bandg wWecreased simultaneously upon addition
of Asp or Glu. Interestingly, the main absorbanaadat 514nm was blue shifted to 503 nm with
the addition of increasing amount of either amio@ gFigure 3). The corresponding naked eye
color of the solution was altered from pink to atéss (Figure 4).
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Figure 3: Changes in the absorbance spectril,6f-SP-BPY (20 uM) upon gradual addition of (a) Asp
(0-600 uM) and (b) Glu (0-600 uM) in 3: 97 DMSO:®i(v/v; pH 6.5).
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Figure 4: Naked eye and UV light exposed color changeNgN-SP-BPY(20 uM) in the

presence of different amino acids up to 600 uM .

From Job’s plot a 1:1 binding interaction was otsedr between prob&l,N-SP-BPY and its
adduct with Asp (Figure S-18, ESI). In order toaédish the selectivity of the probe for Asp and
Glu, a competitive UV-Vis and fluorescence measumeinexperiments were performed. Except
for Asp and Glu, amino acids like Ala, Arg, Asn,nGGly, His, lle, Leu, Lys, Met, Phe, Pro, Ser,
Thr, Trp, Tyr, Val, Glp, Sec didn't significanthiter the fluorescence profile df,N-SP-BPY
(Figure 5). Amino acid Cys enhanced the emissioxima only by a small degree. Similarly,
only Asp and Glu was found to draw a change in dimswe profile of the probe (Figure 6). The
emission intensity of the prot,N-SP-BPY did not change significantly in the presence ofoth
amino acids in the same sample (Figure S-19, ESkelative plot of the emission intensity of
N,N-SP-BPY in the presence of other amino acids has beenpocated in Figure S-19. A
comparison table has also been incorporated omefigent probes found in the literature for Asp
and Glu (Table S-1, ESI) to validate the effectie®snof the probe. Most of the reported probes in
the table lacks selectivity, and have a poor quantield in the biological system. The probe can
selectively detect Asp/Glu in a mixture of a samgataining each amino acid.



600+

/ aspartic and glutamic acid
500+

400

300+ Cysteine

200+

other amino acids

Fluorescence Intensity (a.u.)

100+ N,N-SP-BPY

500 550 600 650

Wavelength (nm)
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Figure 6: Changes in the absorbance spectrid,df-SP-BPY (20 uM) upon gradual addition of all other
amino acids up to 500 uM in 3: 97 DMSO:H(v/v; pH 6.5).

Furthermore, we had synthesized 2 model compobhNsSB-BPY, andSP-BPY (scheme-1) to
understand the observed PET procesd\N,M-SB-BPY the picolyl group of prob&l,N-SP-BPY
was replaced by simple a benzyl group &®BPY has no N,N-diethylamino group. Initiallye
have expected two possible PET to be active inptiobe N,N-SP-BPY, one operating from N,N-
diethylamino group and another from the picolylygrdo BODIPY core unit. So the fluorescence
and UV-Vis changes of these two model compounde werestigatedN,N-SB-BPY was weakly

fluorescent indicating a PET process was indeddeafrom N,N-diethylamino group to BODIPY



core. The emission maximum was situated at 524ndhugpon addition of either Asp/Glu the

emission maxima increases and shifted slightly2én®n (Figure 7a).
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Figure 7.Changes in the fluorescence spectra followingtamdof Asp (0-600 uM) in (alN,N-SB-BPY
(20 uM) and (b)SP-BPY in 3:97 DMSO: HO (pH v/v; pH 6.5)

On the other hand, the emission intensityS®#-BPY (524nm, Aex 450 nm) decreases upon
addition of Asp or Glu (Figure 7b).

Therefore, we concluded that only one PET was dijpgran the probeN,N-SP-BPY. On the
other hand, PET process between a receptor anabkui¢lectron donating moieties viz. amino
acid or anion, can guench fluorescence upon vanVWaals contact and supports molecular
contact. Hence, it can be concluded that there rhagé van der Waals contact or H-bonding
interaction between the picolyl group ®P-BPY and the amino acid.

Hence, we concluded that the fluorescence enhamnteofi¢he probeN,N-SP-BPY arise due to
quenching of PET and the picolyl group was intraetli¢co have a van der Waals contact or H-
bonding interaction between the ligand and amind.ac

Furthermore, UV-Vis changes df,N-SB-BPY, andSP-BPY were carried out in the presence of
Asp. The main absorbance peak MfN-SB-BPY was centered at 270 nm, 309 nm, 518nm
respectively (Figure 8). Upon addition of Asp oruGthe entire absorbance band decreased
continuously. Similarly, the main characteristicsatbance band @&P-BPY at 388 nm, 501nm,
and 539 nm also decreased in the presence of @ithi#ro acid. Therefore, a strong case of H-

bonding interaction may be proposed.
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Figure 8: Changes in the Absorbance profile following aidditof Asp (0-600 puM) in (aN,N-SB-BPY
(20 uM) and (b)SP-BPY in 3: 97 DMSO: HO (v/v; pH 6.5)

The lowest detection limit dfl,N-SP-BPY as calculated from fluorescence intensity was faiond
be 1 uM and 5 uM (ESI) for Asp and Glu respectivétythe plot of emission intensity vs. Asp
concentration, the linear region (up to M Asp) was useful for the determination of an
unknown concentration of Asp (Figure S-20, ESl)e fuantum yield of the prob¢,N-SP-BPY
and its adduct with Asp was found to be 0.031 ad®@@ The association constant of probe for
Asp was estimated to be 1.49 x>1d~* from fluorescence titration using modified Benesi—
Hildebrand equation [54], (kx Fo)/ (Fx— Fo) = 1 + (1/K)(1/ [M],), where K. Fo, and Kk are
fluorescence intensities &f, N-SP-BPY in the presence of Asp at saturation, fie®-SP-BPY,

and any intermediate Asp concentration (Figure SEAI).

3.2. Influence of pH

At different pH range (pH 2.0-8.0), the emissioteirsity of N, N-SP-BPY in the presence and in the
absence of Asp and Glu was thoroughly investigéeglire 9). The supporting data clearly indicateat t
the difference in emission intensitiesNyN-SP-BPY and its complex with Asp/Glu was significant at pH
6.5. Hence, all the experiments were carried a6 @buffer system. From figure 9, it can be sean tite
probe is non-fluorescent in the pH range5-8 dubdactive PET process. However, at low pH rande 2-
protonation at the N center of N, N-diethyl moieigcurs and subsequently, the observed PET is
inhibited, resulting in strong fluorescence. In pkhge 6-6.5, Aspartic acid remains in di-anioniarfp
thus participating in two simultaneous H-bonds wvilie probe. With an increase in pH, the H-bonding
probability decreases and therefore, no emissiaddoe observed. Lowering the pH to 5, the anionic

form of B-COOH disappears and therefore no fluorescencbeatserved.
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Figure 9: Change in emission intensity of N,N-SP-BPY ana@splex with Asp and Glu at different

pH.

3.3. Mode of sensing between N,N-SP-BPY and Asp/Glu

The possible sensing mechanismMN-SP-BPY with Asp/Glu which lead to the change in
absorbance and fluorescence profile were shown igur& 10. Asp and Glu form two
simultaneous H-bonds with the nitrogen of N, N-kjgamino and picolyl unit, inhibiting the PET

process. Hence strong fluorescence was observed.

N,N-SP-BPY
Non Flvorescent

Figure 10.Possible binding mechanism of Asp and Glu WtN-SP-BPY



In order to discriminate the PET process with cotimgelCT, we have measured the fluorescence
and absorbance dfi,N-SP-BPY in different organic solvent systems (Figure S-8323). The
most prominent distinction between PET and ICT eendies in the different fluorescence
response upon analyte recognition. PET probesalisiiliorescence enhancement or quenching
without pronounced spectral shifts so that the setoff—on' and ‘on-off' fluorescent sensors are
often used. In contrast, indicators based on IGIwstlear fluorescence band shifts upon analyte
binding, making ratiometric measurements possible.

Our probeN,N-SP-BPY satisfies the perpendicular arrangement of therdiploore and the
chelator, as seen from the crystal structure ofigfand. From S-22, S-23, it could be clearly seen
that theimax UV varies between 500-503 nm akdax Fl from 526-535 nm. Therefore, the

sensing mechanism is based on the inhibition of REAer than ICT.

In order to gain further insight into the mechainistspect of sensing of the proNeN-SP-BPY,
'H-NMR titrations were performed using @DN-d.:D,O (4:1). On adding Aspartic acid, a
downfield shift was observed in the proton signfa{ly), which is present in the para position of
nitrogen atom of the pyridine ring. The value shiftom é 7.62 to 7.64 (Figure 11), clearly
indicating interaction between the pyridine nitroggnd the hydrogen of carboxylic acid moiety
present in the analyte (Figure 10). The protonuf@)eld shifted from 8.51 to 8.44. In the free
ligand, the protons present in the meta positiQratm (d) were merged together where as in the
complex they were separated and downfield shiftechs 7.22 to 7.325 (c) and from upfiéld
7.12 to 7.09.Protons present in the N,N-diethylZeme part of the ligand was also affected,
indicating interaction between nitrogen of the mrezring and the analyte. Protons (e, f and g) of
N,N-diethyl aromatic moiety was upfield shifted fima 6.91 to 6.906 6.44 to 6.33 and from
6.41 to 6.39. Interaction with the analyte alseetf§ the electron density over the BODIPY core
as indicated by slight upfield shift of the pyrrgeotons (i, i’) fromé 6.08 to 6.07 and 5.16 to
5.14. As the electron density of the nitrogen atdml,N-diethyl moiety changes the Gik) and
CHjs (j) protons was also shifted fro;n3.37 to 3.34 and fror 1.11 to 1.05 (Figure 10).Similar
trend was also observed whéH-NMR titration was carried out in MeOHzD,O (4:1); to
support the binding mechanism between Asp/Glu acidiN,N-SP-BPY (Figure S-24, ESI and
Table S-3 to S-4). Thu$d-NMR titration evidently supports our mechanigtimposal. All the
significant changes itH NMR of N,N-SP-BPY have been shown in Table S-2 to S-4, ESI.
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Figure 11'H NMR titration of N,N-SP-BPY in CD;CN-d,:D,O (3:1); Shift of aromatic protons upon
addition of increasing amount of Asp (0, 0.5, EqRiivalent respectively).

3.4. Theoretical calculations

For the purpose of understanding the sensing mé&ahaand to attain a better picture of the
molecular orbital framework, structural optimizatiof N,N-SP-BPY and its complex with
Aspartic and Glutamic acid was carried out usingsitg functional theory (DFT) as implemented
in Gaussian 09 software [55]. Becke's three-paramiggbrid functional with the LYP correlation
functional (B3LYP) was used with the 6-31G(d,p) ibaset for geometry optimization in water
using conductor-like polarizable continuum modelRCM) as a solvent model.

The ground state optimized structure NbiN-SP-BPY revealed localization of HOMO on N,N
diethyl benzene moiety while the LUMO is localizex BODIPY core (Figure 12). This suggests
a strong photoinduced electron transfer (PET) m®aecting between BODIPY core and N,N
diethyl benzene unit. Therefore no fluorescencddcba expected foN,N-SP-BPY. The HOMO



and LUMO of N,N-SP-BPY has the energy of -5.163 eV and -2.463 eV respagtiwith an
energy difference of 2.7 eV (459 nm).

Addition of Asp or Glu results in the formation lefdrogen-bonded complexes in which both the
HOMO and LUMO are located in BODIPY core. Therefdtee active PET process occurring in
the ligand was inhibited, and strong green fluoeese was observed. The nitrogen atom of N,N-
diethylamino, and the picolyl unit take part in hgden bonding interaction with respective
amino acids. The energy of HOMO and LUMO for thenptex with Asp was found to be -5.562
eV and -2.561 eV, and for Glu -5.532 eV and -2.8%2respectively. The energy difference in
both the complex was found to be 3.0 eV (413 nnmgnd¢, N,N-SP-BPY could form a stable
complex with Asp and Glu (Figure 11). Furthermdiesoretical, as well as experimental studies
depict the blue shift in UV-visible spectra. AlleetHOMO-LUMO energy levels and optimized

structures are shown in table S-5 to S-7, ESI.
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3.5. Intracellular imaging study

Imaging experiments were conducted for fluorese@ntalization of intracellular Asp and Glu in
live HeLa, MDA-MB-468, A549 and HEK 293T cell line€ells were incubated in presence of
20 uM of probeN,N-SP-BPY for 2 hours (h) at € and 5% CQ@in the culture medium. After



washing with PBS (x3), to remove the remaining prdbe cells were incubated with 50 uM of
each amino acid for another 1hour. The cells wiesm twashed with PBS (x2), and fluorescent

images of the cells were collected.

Bright field Green channel Overlay

Figure 13: Representative fluorescent images of MDA-MB-46Bsoexposed to (a) cells incubated with
20 uM of N,N-SP-BPY: (b) green channel images of (a); (c) Overlayafdnd (b); §) Images were
taken after incubation with 20 uM BEN-SP-BPY and followed by 1hour incubation with Asg) green
channel image of (d)(f) Overlay of (d) and (e). The cells were visualizedder a fluorescence
microscope; EVOS FL Cell Imaging System equippethwilan Fluor, 20X, NA 0.75 objective (Life
Technologies), USA; (scale bar 200 um).

Bright field Green channel Overlay

Figure 14: Imaging of Asp/Glu in A549 cells: (a) bright fieichage of cells after incubating with,N-
SP-BPY (20 uM); (b) green channel image of the cells; (c) Cagrbf (a) and (b); (d) bright field image
of the cells after incubation with,N-SP-BPY (20 uM) and followed by 5QuM Asp; (e) green channel



image of (d) ; (f) Overlay of (d) and (e); (g)dmt field image of the cells after incubation wiNkN-SP-
BPY (20 uM) and followed by 5QuM Glu (h) green channel image of (g); (i) Overldy(g) and (h);

(scale bar 200 um).

No fluorescence was observed in cells (controlscdtigure 13b, 14b and 15b) that were not
previously exposed to either Asp or Glu. Cells thatre incubated for 1 hr with either of the

amino acids showed a significant enhancement ofdkcence in the green channel.
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Figure 15: Imaging of Asp/Glu in HelLa cells: (a) bright fieicthage of cells after incubating witk,N-
SP-BPY (20 uM); (b) green channel image of the cells; (c) Cagrbf (a) and (b); (d) bright field image
of the cells after incubation witN,N-SP-BPY (20 uM)and followed by 5QuM Asp; (e) Green channel
image of (d) ; (f) Overlay of (d) and (e); (g)dnt field image of the cells after incubation WiNkiN-SP-
BPY (20 uM)and followed by 5QuM Glu; (h) Green channel image of (g); (i) Overlafy(g) and (h);

(scale bar 200 um).

Figure 13-15 showed that the prolgN-SP-BPY is cell permeable and can bind to the free Asp
or Glu in the cellular systeniN,N-SP-BPY is highly stable in the cellular system, and over a
range of different pH. The difference in emissiatensity between the probe and its complex
with either amino acid was significant enough targaout any cellular imaging studies.
Furthermore, we have carried out cell imaging eixpent in normal HEK-293T cell line. Figure
S-26 showed thatl,N-SP-BPY s highly an efficient biomarker for imaging intedtular Asp/Glu

in normal cells without any significant cytotoxitfect.



In order to examine the efficiency of the probeditecting Asp/Glu at different pH values, we
have performed a pH-dependent fixed cell imagingeexnent withN,N-SP-BPY in presence of
Asp. The result showed that maximum background-itemrescence intensity could be achieved
in the range of biological pH (Figure S-27).

Therefore, the probe can be used as a biomarkethéodetection of free Asp/Glu in different
cancer as well as in normal cell lines. The cytatitx of the probe on Hela cells was determined
by MTT assay (Figure S-28). The result showed tipatn treatment with 20M of N,N-SP-BPY
for 12hrs, almost 90% of the cells remains vialdelicating the non-toxic nature of ligand.
Hence, the concentration of probe has been fixeaDtdM in all experiments. Therefond,N-SP-

BPY may be used as an effective probe for detectiokspfor Glu in living systems.

4. Conclusions

In summary, we have desighed and synthesized BODWBYed excellent colorimetric and
fluorescence probBl,N-SP-BPY for selective detection of Asp/Glu in water. Th@lpe detects
Asp/Glu to a concentration as low as 1 uM and 5 gelgpectively.N,N-SP-BPY effectively
images intracellular Asp/Glu inA549, HelLa, MDA-MB8 and normal HEK-293T cells.
Furthermore, the cellular imaging studies cleadggest that prob&l,N-SP-BPYhas good cell
permeability and shows better selectivity towardp/MSiu ions. Fluorescence microscopic study
shows intracellular fluorescence emission throug formation of theN,N-SP-BPY Asp/Glu

complex.
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Highlights

1. A highly selective BODIPY probe, N,N-SP-BPY detects aspartic acid (Asp) and glutamic acid

(Glu) in water.

2. ‘Turn On’ fluorescence can be observed by inhibition of Photoinduced Electron Transfer

(PET) process.

3. A distinct colorimetric change from pink to colourless solution can be observed to recognize

Asp and Glu.

4. N,N-SP-BPY efficiently images intracellular Asp and Glu in live cells under fluorescence

microscope.



