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A novel flavin-dipicolylamine conjugate was designed for highly selective and sequential recognition of zinc and
phosphate ions based on OFF-ON-OFF mode of detection. While lower detection limits were obtained toward zinc
ion recognition in the two solvents studied here, different stoichiometric requirement and hence different mode
of coordination was also observed and evaluated. Furthermore, the DPF-zinc complex was found to be highly
selective for phosphate anion over other anions studied. Variation in the detection limit for phosphate over
pyrophosphate was observed making it a model capable of differentiating between AMP from ADP or ATP.

1. Introduction

An insight into the natural system remains the key for the numerous
innovative synthetic designs for a range of potential applications [1-3].
The emergence of fluorescent proteins has offered an excellent probe to
monitor/track numerous biologically relevant phenomenon such as
gene expression, protein localization and biomolecular tracking etc
[4-7]. In fact, recently discovered flavin-based fluorescent proteins
(FbFPs) has shown an advantage over the green fluorescent protein
(GFPs) due to their smaller size and excellent luminescence behavior
even in low oxygen environment [8,9]. In the case of FbFPs, a site
directed mutagenesis replacing cysteine with alanine moiety near the
flavin binding pocket is suggested to render the stable fluorescence
behavior [10,11]. Contrary to GFPs, which show diminished emission
under low oxygen environment, FbFPs could be a suitable tracker for
investigating anaerobic phenomenon as well such as tumor hypoxia,
cerebral ischemia, pathogenesis to name a few [11].

Now, the core structural unit in FbFPs responsible for the lumines-
cence behavior is the tricyclic fused isoalloxazine ring present in the
flavin cofactor (Fig. 1a). Notably, variation in luminescence behavior of
the flavin has been reported in presence of suitable donor moiety with
feasible charge transfer process both in natural [12-14] and synthetic
model systems [15-29]. Notably, the suitable spatial orientation of the
adenine moiety with respect to isoalloxazine ring in flavin adenine
dinucleotide (FAD) is reportedly undergoes a photoinduced electron
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transfer process thereby regulating the flavin emission spectra [30-32].
Such observations can be harnessed for designing the novel models for
sensing based applications. In fact, a zinc complex was reported to block
the charge transfer pathway via coordinating to the phosphate group of
the FAD, resulting the enhanced emission for selective detection of the
FAD [33]. Despite the excellent luminescence properties of the flavin
entity, limited synthetic models around flavin core have been reported
for analytical sensing purposes [34-37].

Interested in modulating the structural and functional nature of
flavin via metal ion interaction [38-41], we decided to design and
develop a flavin model as fluorescence probe for sequential recognition
of the zinc and the phosphate ions. While on one hand, the otherwise
essential zinc ion is a biologically essential entity, any disruption in the
zinc homeostasis is reportedly associated with various neurological and
growth factors related issues such as protein deregulation [42,43],
synaptic plasticity [44,45], cerebral ischemia, epilepsy and Alzheimer’s
disease [46-48], diabetes [49-51] and prostate malignancy [52-54]. On
other hand, selective detection of phosphate is also deemed essential due
to its involvement in key biochemical phenomenon associated with
bio-energetic or post-translational protein modifications. Various syn-
thetic models have been reported as efficient probes for both zinc ion as
well as phosphate anion. Interestingly, few of these synthetic models
involves design around zinc complexes for efficient phosphate sensing
[55,56]. Converging the key structural constituents of these probes
could lead to a simple yet elegant singular model for the sequential zinc
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and phosphate sensing.

In this context, our earlier work involves selective positioning of the
metal ion within the flavin framework for the generation of polymeric
motif and their facile transfer onto a surface as well as for modulating
the catalytic behavior toward aerobic sulphoxidation reactions [38-41].
Here, our efforts with the synthesis and structural characterization of a
novel flavin analogue (DPF) having dipicolylamine pendant is achieved
and investigated for sequential detection of zinc metal and phosphate
anion. Incorporating DPA (dipicolylamine) pendant at N10 position of
the flavin moiety would provide a smooth access for the zinc ion coor-
dination, also being an electron rich species can undergo effective
charge transport process resulting in the emission quenching of the
flavin moiety.

With this design strategy in mind, we have synthesized and charac-
terized 10-(2-(bis(pyridin-2-ylmethyl)amino)isoalloxazine as shown in
Fig. 1c. Further photophysical studies have revealed the selective and
sequential detection capabilities of the DPF as fluorescent probe for zinc
and phosphate ions. In-depth investigation was performed to understand
the substantial enhancement in the emission spectra with the addition of
zinc ion when methanol was used as solvent compared to DMSO. As
suggested by the Job’s plot analysis, the possibility of having two
different stoichiometric species in the two solvents used for this study
might be responsible for the different level of the operational charge
transfer process between the DPA and flavin moiety. This simple model
was found to be capable of distinguishing between Adenine mono-
phosphate (AMP) from its di- or tri-phosphate analogues (ADP or ATP)
which is discussed in this manuscript.

2. Experimental section
2.1. Materials and measurements

All chemicals and reagents were purchased from Sisco Research
Laboratories Pvt. Ltd.(SRL) - India and Sigma-Aldrich and used without
purification. Nuclear magnetic resonance spectra were collected using
Bruker DRX-400 spectrometer at ambient temperature. 13C NMR spectra
were obtained at 100 MHz and 'H NMR spectra were obtained at 400
MHz. Resonances are reported in parts per million (ppm) and coupling
constants (J) are reported in hertz (Hz). High resolution mass spectra
were obtained by Electron Spray Ionization method (ESI) using Agilent
QTOF 6538. UV-Visible spectral measurements were obtained from
JASCO spectrophotometer V730 in the range of 200-700 nm at 25 °C.
Fluorescence measurements were taken from JASCO Spectrofluorom-
eter FP-8300 in the range of 450 nm-800 nm at 25 °C. Infrared mea-
surements were done using Bruker ALPHA FT-IR in the range 4000 cm ™!
to 500 cm™! at 25 °C.
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2.2. Synthesis of DPF

DPF is synthesized by following the modified reported procedure as
discussed below [15-29,38-41,57]. A schematic representation of the
synthesis is represented in Scheme 1.

2.2.1. N1-(2-nitrophenylethane-1,2-diamine (2)

To 100 mL RB containing 2-Nitrochlorobenzene 1 (1 g, 6.35 mmol)
added ethane-1,2-diamine (20 mL) followed by addition of K,CO3 (0.87
g, 6.35 mmol). Reaction mixture was kept for reflux for 12 h under inert
atmosphere. After completion of reaction the contents were extracted
with chloroform (150 x 3 mL) from brine (100 mL). Organic layer was
dried using anhydrous NaySO, filtered and evaporated, to it added
methanol followed by addition of Conc. HCI (2 mL), allowed to stand at
0 °C for 1 day. Yellow crystals of hydrochloride salt of 2 formed was
suction filtered and washed with cold methanol. Further base extraction
using chloroform (150 x 2 mL) from 0.1 M NaOH (100 mL) was done
followed by washing with brine (100 mL). Dried organic layer using
anhydrous NaySOy, filtered and evaporated under reduced pressure to
give 2 as yellow oil. Yield 80%. 'H NMR (400 MHz, CDCl3): & 8.26 (s,
1H), 8.17 (dd, 1H, J = 8.6, 1.2 Hz), 7.44 (dd, 1H, J = 11.3, 4.2 Hz), 6.88
(d, 1H, J = 8.6 Hz), 6.65 (t, 1H, J = 7.7 Hz), 3.39 (dd, 2H, J = 11.7, 5.8
Hz), 3.06 (t, 2H, J = 6 Hz), 1.44 (s, 2H). 13C NMR (100 MHz, MeOD):
146.35, 137.50, 133.68, 127.70, 116.80, 115.05, 43.68, 40.32. FT-IR
(Cmfl): 3368, 2924, 2860, 1614, 1567, 1505, 1416, 1346, 1236,
1149, 1030, 942, 853, 739. HRMS (ESI) m/z: [M+H]" caled for
CgH15N305: 182.0924 Found 182.0924.

2.2.2. N1-(2-nitrophenyl)-N2,N2-bis(pyridin-2-ylmethyDethane-1,2-
diamine (3)

To 25 mL RB flask added 2 (0.5 g, 2.3 mmol) followed by addition of
1,2-dichloroethane (DCE, 15 mL). 2-Pyridine carboxyaldehyde (0.739 g,
6.9 mmol) was added to the reaction mixture and continued stirring for
24 h under inert atmosphere. The reaction was then stopped, evaporated
DCE under reduced pressure and silica gel column chromatography was
done by gradient elution with DCM and methanol (up to 5%) to give 3 as
thick yellow oily liquid. Yield 50%. 'H NMR (400 MHz, CDCl3): 6 8.5 (t,
1H, J =1.32 Hz), 8.49 (t, 1H, J = 1.3 Hz), 8.46 (s, 1H), 8.17 (dd, 1H, J =
8.6, 1.6 Hz), 7.68 (m, 4H), 7.37 (ddd, 1H, J = 8.4, 7, 1.3 Hz), 7.14 (ddd,
2H,J=6.1,5, 2.5 Hz), 6.72 (dd, 1H, J = 8.6, 0.8 Hz), 6.62 (ddd, 1H, J =
8.4, 6.9, 1.2 Hz), 3.89 (s, 4H), 3.38 (dd, 2H, J = 11.3, 4.9 Hz), 2.93 (t,
2H, J = 5.88 Hz). 13C NMR (100 MHz, CDCl3): 8 158.9, 148.89, 145.24,
136.79, 136.14, 131.9, 126.84, 123.28, 122.24, 115.13, 113.99, 60.5,
52.07, 40.17. FT-IR (cm™1): 3365, 2836, 1613, 1570, 1507, 1423, 1349,
1242, 1148, 1041, 851, 742. HRMS (ESI) m/z: [M+H]" caled for
CaoH21N504: 364.1768 Found 364.1769.
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Fig. 1. Representation of the chemical structure of the naturally occurring flavin mononucleotide FMN (a), flavin adenine dinucleotide FAD (b) and our designed

flavin analogue DPF (c).
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Scheme 1. Synthesis of DPF analogue.

2.2.3. N1-(2-(bis(pyridin-2-ylmethyl)amino)ethyDbenzene-1,2-diamine
“

To 3 (120 mg, 0.33 mmol) taken in 25 mL RB flask added methanol
(5 mL) followed by addition of Pd/C (30 mg) and started stirring at room
temperature. Sodium borohydride (50 mg, 1.32 mmol) in was added in
two portions for 10 min. Continued stirring under empty balloon for 30
min. After completion of reaction monitored by TLC, the reaction con-
tents were suction filtered to remove Pd/C, washed with chloroform and
extracted filtrate with DCM (150 x 2 mL) from water (100 mL). Dried
the organic portion with NaySO4 and concentrated under reduced
pressure to give diamine as dark yellow oil which was used for next
reaction without any further purification.

2.2.4. 10-(2-(bis(pyridin-2-ylmethyl)amino)isoalloxazine (DPF)

To Alloxan monohydrate (53 mg, 0.33 mmol) and boric acid (20.5
mg, 0.33 mmol) taken in 25 mL RB flask added 2 ml methanol. Diamine
4 dissolved in glacial acetic acid (5 mL) is then added to reaction mixture
dropwise for 30 min. Stirring is continued at room temperature under
inert atmosphere for 12 h. After completion of reaction, acetic acid is
evaporated under reduced pressure and silica gel column chromatog-
raphy is done by gradient elution with chloroform and methanol (up to
15%) to give DPF as yellow solid. Yield 21%, MP: 206-210 °C. *H NMR
(400 MHz, DMSO-dg): 6 11.35 (s, 1H), 8.39 (d, 2H, J = 4.2 Hz), 8.12 (d,
1H,J=8.1Hz),7.88(d, 1H,J=8.7 Hz), 7.77 (t, 1H,J = 7.7 Hz), 7.6 (¢,
1H,J=7.6 Hz), 7.54 (t, 2H, J = 7.6 Hz), 7.15 (t, 4H, J = 8.5 Hz), 4.81 (s,
2H), 3.83 (s, 4H), 2.96 (t, 2H, J = 5.9 Hz). '*C NMR (100 MHz,
DMSO-dg): & 159.62, 158.58, 155.27, 150.27, 148.62, 136.2, 134.79,
134.65,132.74,131.68, 125.84, 124.57,122.44,122.01, 116.59, 59.68,
49.37, 42.25. FT-IR (cm™1): 3025, 2818, 2340, 1669, 1544, 1428, 1245,
1112, 827, 756. HRMS (ESI) m/z: [M+H]" caled for CpsHziN7Oa:
440.1829 Found 440.1835.

2.3. UV-vis absorption and fluorescence spectroscopic methods

All the spectral measurements were done at 25 °C. Stock solution of
DPF was prepared in HPLC grade DMSO whereas stock solution of metal
salts and nucleotides were prepared in HPLC grade water. For screening
metal ions corresponding nitrate salts were used- NaNO3, KNO3, Mg
(N03)2.6H20, Ca(NO3)2.4H20, SI‘(NOg)z, Ba(N03)2, CI'(N03)3.9H20, Fe
(NO3)3.9H20, CO(NO3)2.6H20, Ni(NO3)2.6H20, CU(N03)2.3H20,
AgN03, ZH(NO3)2.6H20, Cd(N03)2.4H20, Pb(NO3)2 and Hg(NOg)z.HzO.
For screening anions corresponding sodium salts are used (for phos-
phate, potassium salt is used) — NaF, NaCl, NaBr, Nal, NaNOgs, Na,COs,
NaHCO3, K3PO4 Na4P207, NaOAc, NaySO4, Naz(Citrate). Adenine nu-
cleotides (AMP, ADP, ATP) are used as their corresponding sodium salts.
Appropriate amount of metal salt was added to DPF and incubated for 5

min before recording the spectra. Fluorescence quantum yields (@) were
determined by using Coumarin 153 as standard with a known quantum
yield of 0.544 in ethanol [58].

3. Result and discussion

In order to understand the photoluminescence behavior of the DPF
moiety, absorption spectrum was recorded at room temperature using
50 pM solution in DMSO and compared with 10-propylflavin (PF)
(without the dipicolylamine pendant) [38]. As shown in Fig. 2a, both the
DPF and PF displays three characteristic absorption bands in DMSO with
wavelength maxima at around 264, 333 and 438 nm for DPF and 268,
331 and 434 nm for PF, which are typically assigned to the n-t* tran-
sition of the isoalloxazine entity [12-14,34-37]. Though a subtle shift in
the higher energy band of DPF (438 nm) was observed when compared
to PF (434 nm), no significant difference was observed in the absorption
spectra between the two flavin analogues.

As anticipated, a substantial decrease in the emission spectra was
observed for DPF as compared to PF moiety. As shown in Fig. 2b, the
emission spectra of DPF and PF when excited at 438 nm and 434 nm
respectively, displays a strong emission band for PF at around 527 nm,
typically assigned to the emission spectra of the isoalloxazine ring. On
the other hand, the DPF moiety show almost a flat spectrum indicating
the efficient excited state charge transfer process involving the electron
rich dipicolylamine unit and electron deficient flavin unit.

A careful screening of the emission spectra for DPF in presence of a
variety of metal ions was performed using 1:1 metal to DPF ratio to
investigate the selectivity of the DPF toward the zinc ion (Fig. 3).
Considering the significant role of solvent in affecting the overall coor-
dination sphere, connectivity and the resultant architecture [59,60]; we
decided to perform the investigation in two different solvents-a polar
aprotic (DMSO) and a polar protic (methanol) solvent. Analysis of the
emission spectra in presence of various metal nitrates revealed a high
selectivity for zinc ion over other metal ions in both the solvents studied
here selectively. A slight enhancement in the emission intensity was also
observed for cadmium followed by mercury (belonging to same group)
as well, however insignificant when compared to the zinc ion [61-65].

More interestingly, a significant difference in the emission
enhancement was observed for the different solvents used. While both
the solvents support the selective recognition of zinc ion, a substantial
18-fold increase in the emission intensity was observed in methanol as
compared to 7.5-fold increase in DMSO as solvent (Fig. 4). While it is
quite evident that the zinc coordination to dipicolylamine appendage
can successfully block the charge transfer process in DPF resulting in
resurgence of the isoalloxazine emission; possibility of formation of
different metalated species under different solvent conditions cannot be
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Fig. 2. (a) UV-Vis and (b) fluorescence spectra of DPF and PF using 50 pM concentration in DMSO.
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Fig. 4. Bar graph representation of the emission intensity of the DPF moiety in the presence of different metal ions in (a) DMSO and (b) Methanol.

ruled out.

To understand the stoichiometric requirement for the DPF zinc
complexation in the two solvents used in this study, the fluorescence
titration studies were performed with added zinc ion in DMSO and
methanol as solvents (Figs. 5a and 6a). Job’s plot analysis of the fluo-
rescence titration studies displays the maximum emission intensity at

approximately 0.49 and 0.32 mole fraction of DPF in DMSO and
methanol respectively (Figs. 5b and 6b). This is indicative of 1:1 stoi-
chiometry between DPF and zinc ion in case of DMSO, while 2:1 stoi-
chiometry was observed between DPF and zinc in case where methanol
is used as solvent as shown in Scheme 2. Furthermore, the binding af-
finity of the DPF toward zinc ion was also determined using Benesi-
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Hildebrand equation considering the stoichiometric ratio obtained in
DMSO and methanol from the job’s plot analysis [66,67]. A higher
binding affinity was observed for DPF and zinc ion as suggested from the
binding constant values determined in DMSO and methanol ((1.237 +
0.034) x 10* M and (1.713 + 0.299) x 102 M2 respectively).
Corroboratory evidence was also obtained with the quantum yield
calculations performed in DMSO and methanol solvent as shown in
Table S1. While DPF alone shows a significantly low quantum yield
value of 0.014 (in DMSO) and 0.003 (in methanol) as compared to PF
alone (0.23 in methanol); an increased quantum yield value was
observed for the DPF-Zinc conjugate. Slightly, better quantum yield was

obtained for DPF-Zn conjugate in methanol (0.152) as compared to that
in DMSO (0.119). In addition, a linear relationship between the emission
intensity of the DPF and the zinc ion (over a concentration range of
0-30 pM) was observed as shown in Fig. S2. The calculated detection
limit for zinc ion using DPF was found to be 236.8 nM and 4.022 nM in
DMSO and methanol respectively [68]. While a better detection limit
was obtained in case of methanol as solvent; the LOD obtained in both
the solvents used in this study was found to be significantly lower than
the concentration denoted for the chronic zinc ion contamination by the
US Environment and Protection Agency (USEPA), (>1.84 pM) [69].

As shown in Fig. 7, the interference of other metal ions over zinc ion
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selectivity was also investigated. While the emission profile remains
unperturbed in presence of most of the metal ions used in this study
including the biologically abundant ones (Na™, K™, Ca%*, Mg?"); strong
inference was observed in case of Ni2*, Cu?*, which are known for their
fluorescence quenching behavior [70-72]. Notably, the subtle
enhancement was observed in presence of Cd%*, though to a smaller
extent. Similar to our other observations here, a more pronounced effect
was observed with the methanol as compared to the DMSO as solvent
used for the emission studies.

To investigate the sequential detection mode of DPF, the emission
studies were performed by adding two equivalents of various anions to
the methanolic solution of DPF-Zn complex. While insignificant change
in the emission spectra was observed with the addition of the F~, Cl~,
Br, I, NOg3, CO%’, HCO%’, CH3COO™, SO%’ and citrates anions; a
substantial thirteen-fold decrease in the emission intensity was observed
for PO~ anion suggesting high selectivity towards the phosphate anion
over other anions as shown in Fig. 8a. Interestingly, only two-fold
decrease in the emission intensity was observed for the addition of py-
rophosphate species. Possibly the varying strength of the coordinating
anions to the zinc center might be responsible for reorganization of the
coordination sphere around zinc center thereby activating the charge
transfer process between the isoalloxazine and dipicolyl moiety to a
different extent and hence the observed variation in the emission
intensity.

Furthermore, the observed selectivity for phosphate over pyrophos-
phate anion has prompted us to the investigate the DPF-Zn probe for
potential screening of adenine monophosphates (AMP) over adenine

diphosphate (ADP) and adenine triphosphate (ATP). The emission
spectra as shown in Fig. 8b, reveals approximately eleven-fold decrease
in the emission intensity with the addition of 1 equivalent of the AMP; as
compared to the subtle decrease (approx. two-fold) with the addition of
ADP or ATP.

4. Conclusion

In summary, a flavin-dipicolyl (DPF) conjugate was designed and
developed as efficient fluorescent probe for the sequential and selective
detection of the zinc ion and phosphate anion in an OFF-ON-OFF mode.
Interesting variation in the detection limit was observed for the DPF
conjugate in two different solvents (DMSO and methanol), possibly
resulting from the different stoichiometric requirement for complexa-
tion as suggested by Job’s plot analysis. A lower limit of detection (4.02
nM) was obtained in methanol towards zinc ion which is within the
permissible limit as suggested by USEPA. This DPF model has further
shown sequential selectivity capability towards phosphate anion, which
was utilized to differentiate between AMP over ADP and ATP.
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