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Abstract Carboxylic acid substituted fluorescein derivatives
were synthesized from 2,4-dihydroxy carboxylic acid and
phthalic anhydride or trimellitic anhydride. The photophysical
properties like absorption, emission and fluorescence quan-
tum yields of these fluorophores were studied. The conjuga-
tion studies of these fluorophores with different proteins at
different concentrations were carried out. The effect of pH
on photophysical properties was studied at different pH ranges
from 5 to 12. The change in the absorption and emission with
respect to viscosity of medium was also studied. The changes
in the electronic transition, energy levels, and orbital diagram
of the fluorescein derivatives were computed using the TD-
DFT computations and co-related with experimental
photophysical data.
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Introduction

Organic fluorophores are of great interest in a wide variety of
applications [1-3]. They act as promising candidates for de-
veloping electronic and biological devices [4—7]. Molecules
with efficient fluorescence include aromatic hydrocarbons and
their derivatives [8]. The commonly used fluorophores are
planar mt-conjugated organic dyes and linearly bonded
fluorophores which includes xanthenes [9], perylenes [10],
boron-dipyrromethene [11], squarine [12] and cyanine dyes
[13]. The planar conjugated molecules show high fluores-
cence quantum efficiencies and high molar extinction coeffi-
cient over linearly conjugated fluorophores but poor solubility
in polar as well as non-polar solvents [6].

Rhodamine and fluorescein derivatives are important pla-
nar 7i-conjugated water soluble fluorophores [6]. The quan-
tum efficiencies and photostabilities of these fluorophores are
more as compared to other water soluble fluorophores [6]. The
production cost of these dyes is very less and they are com-
mercially used in various high-tech applications such as fluo-
rescent probes [4], metal sensors [14], pH sensors [15], explo-
sive detectors [16—18], lasers [19] and in dye-sensitized solar
cells [20, 21]. The xanthene derivatives contain free carbox-
ylic acid functional groups available for conjugation with dif-
ferent biomolecules in biosensing applications [22-25].

Therefore, large 7-conjugated xanthene derivatives
possessing high solubility in various solvents and desirable
optical characteristics are continually required and their devel-
opment has led to the rapid proliferation of advanced
fluorescence-based techniques, the biggest growth areas being
biology, medicine, chemistry, and material science.

In present paper, we have synthesized novel fluorescent
probes based on fluorescein core owing to their excellent
photophysical properties such as high molar extinction coef-
ficient, high fluorescence quantum yield, excitation and
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Scheme 1 Synthesis of 3aand 3b
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emission at longer wavelength [26, 27]. Fluorescein-5-
isothiocyanate (FITC) is used in microscopy studies of bio-
logical samples and as fluorescent probes in immunoassays
[28]. FITC shows strong single absorption at 492 nm with
high molar extinction coefficient (80,000 M~' cm ™) and emit
at 512 nm with good absolute quantum yield (0.90) [29]
whereas fluorescence quenching is noted after binding with
proteins [30].

Depending upon pH, fluorescein can exist in four different
prototropic forms (monoanion, dianion, neutral, and cation),
which have significantly different absorption/emission prop-
erties. The steep pH dependence is a considerable drawback of
fluorescein in biological study.

Experimental
Reagents and Analysis Methods
Methods and Instruments

All the synthesized compounds were purified by
crystallisation followed by column chromatography on silica
gel. The compounds 3a and 3b were characterized by 'H—
NMR, "*C-NMR, and mass techniques. The "H-NMR spec-
tra were recorded on a Varian (500 MHz) spectrometer and
3C-NMR spectra on a Varian (125 MHz) spectrometer, and
all spectra were recorded in a D,O and DMSO—dg4 solvent
using TMS as an internal reference standard at room
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temperature (20 °C). Chemical shifts of NMR spectra are giv-
en in parts per million (ppm). The FT-IR spectra were record-
ed on a Jasco 4100 Fourier Transform IR instrument (ATR
accessories). Mass spectra were recorded on Jeol mass spec-
trometer of AccuTOF GCV model and EI source with mass
resolution 6000.

UV Absorption Spectra

Absorption spectra were recorded on a Perkin-Elmer Lamda-
25 spectrophotometer in 1 cm length quartz cell. All the sam-
ples were measured from 1x10 °mol L™' solution with the
wavelength range between 200 and 800 nm at room temper-
ature (25 °C).

Fluorescence Emission Spectra

Fluorescence emission spectra were measured on Varian Cary
Eclipse fluorescence spectrophotometer with slit width of
2.5 nm. The source of light used for fluorescence measure-
ment was Xenon flash lamp. The emission spectra were ob-
tained from 1x10"°mol L™ solution at room temperature
(25 °C). The excitation wavelength was absorption maxima
of the corresponding compound.

Quantum Yield

The quantum yields of the compounds were evaluated in sol-
vent. The comparative method was used for quantum yield

Table 1 Observed and computed absorption and emission of compounds 3a and 3b
Comps.  Ags® €° Vertical Excitation ~ f° %D ¢  Assignment® A ! Stoke’s Shift TD-DFT  %D¢ %®
(m) (dm’mol 'em') —mM8M8 ¥ —— (nm)  (nm) emission &
nm eV (nm)
3a 490 16086 427 2.902 0425 12 H—L (89 %) 511 21 496 29 56
3b 492 19812 427 2.898 0420 12 H—L (89 %) 515 23 495 3.8 59

 Absorption wavelengths were measured in water at room temperature
" Molar extinction coefficient
¢ Oscillator Strength

4 94 deviation between experimental absorption/emission and computed absorption/emission

¢ Orbital contribution, H: HOMO; L: LUMO
 Emission wavelengths were measured in water at room temperature
€ ®: Quantum yields
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Table 2 Absorption maxima (A, nm), Full width half maxima (FWHM) (nm), molar extinction coefficient (¢ M 'em™), integrated absorption
coefficient (IAC), oscillator strength ( /') and transition dipole moment (D) of compound 3a and 3b

Compd. Amax (M) FWHM (nm) e (Mole 'em™) IAC f TDM (D)
3a 490 32 16,086 6,233,685.14 0.027 1.68
3b 492 34 19,812 7,743,096.12 0.033 1.86

determination [31]. Fluorescein (¢: 0.92 in 0.1 N NaOH) was
used as standard [32]. All the measurements were performed
at room temperature (25 °C).

PpH and Viscosity Study

The pH study was carried out by using phosphate buffer
(20 mM) solution of pH range 5—12. Millipore water was used
for preparation of buffer solution. The effect of viscosity on
absorption and emission were carried out at different viscosi-
ties. The glycerol was used for viscosity adjustment. All ab-
sorption and emission measurements were carried out at room
temperature (25 °C) and concentration of solution was 1x 10™°
mol. L',

Conjugation Study

Bovine serum albumin (BSA), Egg Albumin and
Gelatin were used for conjugation study. The conjuga-
tions were performed using carbodiamide chemistry as
per reported procedure [22, 33]. A different protein: dye
molar concentration was used for bioconjugation study.
All the bioconjugation experiments were carried out in
phosphate buffers (20 mM) of pH 7.4, which was pre-
pared in millipore double distilled water. The stock so-
lution of protein and fluorophores were prepared in pH
7.4 phosphate buffer, and the final reaction volume of
the protein-fluorophore conjugates was kept constant at
3 mL for each preparation. The fluorophores were acti-
vated by using N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) for 4 h at room temperature

(25 °C) and then centrifuged for 10 min to remove the
urea precipitate. The supernatant was used to prepare
the conjugates with protein by adding different amounts
of fluorophores to a fixed amount of protein (1 mg) in a
final volume of 3 mL to make protein-hapten conjugates
of different molar ratios. The conjugations were per-
formed for 12 h at room temperature (25 °C). The con-
jugates were purified by dialysis thrice. The obtained
conjugates were used for measurements of absorption
and emission properties.

Computational Methods

The ground state geometries of the compounds 3a—3b in
their C; symmetry were optimized using the tight
criteria in the gas phase using (DFT) [34]. The func-
tional used in this study was B3LYP [35]. The basis set
used for all atoms was 6-31G(d) [35, 36] for all the
atoms. The vibrational frequencies of the optimized
structures were computed using the same method to
verify that the optimized structures correspond to local
minima on the potential energy surface. The vertical
excitation energies at the ground-state equilibrium ge-
ometries were calculated with TD-DFT [37-39]. The
low-lying first singlet excited state (S;) of each tauto-
mer was relaxed using TD-DFT to obtain its minimum
energy geometry. The difference between the energies of
the optimized geometries in the first singlet excited state
and the ground state was used in computing the emis-
sions [40]. All electronic structure computations were
carried out using Gaussian 09 program [41].

Fig. 1 Absorption and emission 0.5 = 3a 900 1 3A
spectra of the fluorophores 3a and 3b ~ 800 1 3B
3b ~ 041 3 700 1
3 &
& £ 600
L |7
2 0.3 § 500 o
2 400 4
= 0.2 1
2 £ 300 A
= ‘2
<« 0.1 ﬁ 200 A
= 100 A
0 T T ] 0 T T
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Wavelength (nm)
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Table 3  Frontier molecular orbitals of compounds 3a and 3b

Comps. HOMO

3a

3b

Synthesis of Fluorophores
General Procedure for Synthesis of Compounds 3a and 3b

The mixture of 2,4-dihydroxybenzoic acid 1 (88 mmol)
and anhydrides 2a—2b (44 mmol) was heated at 150 °C
for 2 h in presence of in ZnCI2 (180 mmol) The reac-
tion mixture was cooled to room temperature and
poured over (20 mL) ice water with constant stirring.
The precipitated product was filtered, and washed with
cold water (25 ml). The crude product was washed by
10 % NaHCOj5 solution (50 mL) (Scheme 1) and dried
at room temperature under vacuum. The crude products
were purified by column chromatography on silica gel.

Spectral Data of Compound 3a
"H-NMR(DMSO0-d, 500 MHz) & ppm: 6.53 (4H), 6.66 (2H),

7.24 (1H), 7,68-7.71 (t, 1H), 7.76-7.77 (1H), 7.79-7.94 (1H),
10.09 (s, 2H).

@ Springer

3C.NMR(DMSO-d,, 125 MHz), 5 ppm: 83.54, 102.69,
110.69, 110.02, 113.06, 124.49, 125.04, 126.62, 129.51,
130.51, 136.04, 152.30, 152.93, 159.93, 169.16.

"H-NMR(D,0O_ 500 MHz), 5 ppm: 6.52 (4H), 6.66 (2H),
7.20-7.21 (1H), 7,67-7.70 (t, 1H), 7.76-7.78 (1H), 7.78-7.97
(1H).

FT-IR (KBr,-cm ™ '): 2962, 1592, 1465, 1111.

Mass: C,,H{,09=420.05, Mass=333.1 [M+1]
(—2xCOOH: Recorded mass is with positive mode; decarbox-
ylation occurs during ionisation).

Spectral Data of Compound 3b

"H-NMR(DMSO-d,;, 500 MHz), 5 ppm: 6.68 (s, 1H), 7.37 (d,
1H, J=8 Hz), 7.62 (s, 1H), 8.07 (d, 1H, J=8.2 Hz), 8.21 (d,
1H, J=7.5 Hz), 8.29 (d, 1H, J=9.1 Hz), 8.38 (s, 1H). 10.1 (s,
4H).

3C-NMR(DMSO-d,, 125 MHz), 5 ppm: 83.85, 102.93,
109.41, 113.3, 124.9, 127.30, 129.86, 131.39, 136.67,
152.35, 153.20, 160.19, 168.54.

FT-IR (KBr,-cm'): 2989, 1595, 1471, 1112.
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Fig. 2 Effect of pH on 3 —7pH-5 3b ——pH-5
fluorescence emission of the 500 1 a ——pH-6 600 ——pH-6
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Mass: C,3H1,0,,=464.04, Mass=377.1 1 [M+1]
(—2xCOOH: Recorded mass is with positive mode; decarbox-
ylation occurs during ionisation).

Results and Discussions

The synthesised fluorescein derivatives are structural ana-
logues of FITC dye. The fluorescence quantum efficiencies
of the synthesised dyes are lower (3a=®PF: 56 % and 3b=®F:
59 %) than FITC (®F: 90 %). However, synthesized dyes
contain more carboxylic acids groups, which increase the wa-
ter solubility of dyes in water. Taking advantages of water
solubility and availability of binding groups the synthesized
fluorescein derivatives were further explored for pH, viscosity
and bioconjugation study. As the two molecules 3a and 3b
contain carboxylic acid and hydroxyl groups, it is expected
to get improved water solubility which will facilitate
bioconjugation with biomolecules. The resulting fluorescein
derivatives were expected to enhance the spectroscopic prop-
erties, including fluorescence because slight environmental
changes are known to influence fluorescein’s emission [34,
35, 37-43]. Viscosity study has showed that fluorescence in-
tensity of the compounds increases with increasing viscosity
of the solution (by increasing the amount of glycerol). This
may be explained due to restriction of Brownian motion of the
molecule’s viscous drag. Fluorescence quantum yield in glyc-
erol solution is found greater as compared to non-viscous

Fig. 3 Normalised emission
spectra of compounds 3a and 3b
at various pH

Normalized Emission Intensity (a. u.)

solvents. It is well known that, in viscous/rigid medium, most
of the fluorescent compounds undergo restriction of intramo-
lecular rotation [44] or restriction of twisted intramolecular
charge transfer or restriction of charge transfer process occurs
which suppresses the nonradiative pathways and enhances the
radiative pathways [44]. In case of 3a and 3b the enhancement
of fluorescent intensity in viscous medium can be assigned to
above process.

Synthesis Strategy

The carboxylic acid substituted novel fluorescein derivatives
3a and 3b were prepared by acid catalysed condensation reac-
tion of 2,4-dihydroxy benzoic acid and anhydrides. The
fluorophores are purified by acid—base treatments followed
by column chromatography on silica gel and characterized
by spectral techniques. Carboxylic acid groups are purpose-
fully incorporated in fluorescein core to improve the water
solubility of compounds. The compounds 3a and 3b contain
three and four carboxylic acid groups respectively. The car-
boxylic acids groups are further explored for conjugation with
proteins using NHS and EDC coupling reaction.

Photophysical Properties
The dyes 3a and 3b are fluorescent in solution. The absorption

and the emission properties of the fluorophores 3a and 3b
were evaluated in water because of good solubility of
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Fig. 4 Effect of viscosity on —1.01 —1.01
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fluorophores in water. The compounds absorb between 490
and 499 nm with high intense emission between 511 and
519 nm. The absorption and emission properties of these com-
pounds are independent of substitution effect. This clearly
indicates that xanthene and phthalein moiety is responsible
for absorption and emission. The results confirmed that oxi-
dation potential of xanthene moiety and reduction potential of
phthalein moiety play an important role in the absorption and
emission. The quantum yield of the compounds is around
60 %. It is well known that the quantum efficiencies of the
compounds depend on substitution pattern. This hypothesis is
no more promising in this particular study. This was under-
stood by correlating study of HOMO energy and quantum
yield. Quantum yield of basic moiety of fluorescein di-acid
derivative 3a and 3b was calculated to be 56 and 59 % respec-
tively. The frontier molecular orbital diagrams of the com-
pounds 3a and 3b were shown in Table 3.

The photophysical properties of these compounds were
evaluated computationally and compared with experimental
results. The experimental and theoretical results are in good
agreement with each other. The % deviation between exper-
imental absorption and the vertical absorption is 12 % for
both the compounds while the % deviation between experi-
mental emission and TD-DFT emission is very less, between

Fig. 5 Normalised emission
spectra of compounds 3a and 3b
at different viscosity

3a

Normalized Emission Intensity (a. u.)

2 and 3.8 %. The absorption, emission, quantum yield and
TD-DFT computational data are presented in Tables 1 and 2.
The absorption and emission spectra of compounds are pre-
sented in Fig. 1. In order to have more understanding of the
nature of the electronically excited state, the calculated MOs
of 3a and 3b are shown in Table 3. Only the highest occupied
molecular orbital and degenerate lowest unoccupied molecu-
lar orbitals are shown here. Table 3 illustrates that the
HOMO and the LUMO are localized xanthene part for both
the molecules. This indicates that charge transfer from xan-
thene unit to phthalein unit did not occur after photo-excita-
tion. Ground state and excited state geometry of the com-
pounds 3a and 3b were optimized to understand the structural
properties of the compounds. The optimized structures are
shown in Figure S1 and Figure S2 and structural parameters
are summarized in Table S1. In both the compounds
phthalein ring is out of plane it’s almost perpendicular to
xanthene ring. In the case of compound 3a, the ground state
and the excited state geometry is almost similar, while in the
case of compound 3b, the torsion (#=105) is more in the
excited state in comparison to the ground state (=93).
This structural property is responsible for restriction charge
transfer from xanthene unit to phthaline unit which was sup-
ported molecular orbitals.

—1.01
—1.19
—1.4

—1.68
—72.04
—2.51

—1.01
—_—1.19
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Fig. 6 a Fluorescence spectra of a 1:5 mol
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pH and Viscosity Study

One of the most important requirements of fluorescent dye in
biological study is that the fluorophore should have very high
fluorescence intensity along with high quantum yield in the
biological environment. Along with good fluorescence

Emission Intensity (a.u.)
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Wavelength (nm)

properties, the fluorescence emission should be sensitive to-
wards microenvironment like pH, viscosity, hydrogen bond-

ing, and temperature. Here we have studied the effect of pH
and viscosity on fluorescence emission of compounds 3a and
3b. The compounds 3a and 3b are sensitive towards pH as
well as viscosity. The florescence intensity of the synthesized
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Fig. 7 a Fluorescence spectra of
BSA-3b conjugate (leff) and

normalised spectra (right). b 300 -
Fluorescence spectra of Egg
Albumin-3b conjugate (/eff) and

. . 250 4
normalised spectra (right). ¢
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compounds increases with increasing pH of the solution. The
florescence intensity is less at pH 5 and gradually increases as
pH of the solution increases from 5 to 7. A sudden increase in
fluorescence intensity was observed for the compounds at pH
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Normalized Emission Intensity (a.u.)
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Wavelength (nm)

625 650

of solution 8 and was almost constant for pH 9-12. The emis-
sion spectra of the compounds at various pH are shown in
Fig. 2. The red shift in emission was observed for pH 8-12
in comparison to pH 5—7. The normalized emission spectra of
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Fig. 8 Stability study of 3a-BSA 80 - = 0Oh ——0h
and 3b-BSA conjugates _éﬁ 100 —1Ih
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compound 3a and 3b is shown in Fig. 3. In both the com-
pounds a red shift around 5 nm was observed for basic pH.

It is well known that fluorescence properties of fluorescein
derivatives depend on microenvironment. To study the effect
of viscosity on fluorescence emission, mixtures of glycerin:
water was used [45]. As the amount of glycerin in solution
increases, the fluorescence intensity of the compounds 3a and
3b decreases, while the fluorescence emission maxima re-
mains same for both compounds at different viscosity. The
results of fluorescence emission with respect to percentage
of glycerol are shown in Fig. 4 and normalized emission spec-
tra are shown in Fig. 5.

Bioconjugation Study

The conjugation of fluorophores 3a and 3b were carried out
with different proteins. The conjugates were analysed by fluo-
rescence spectroscopy. The fluorescence spectra for different
hapten-protein conjugates showed gradual decrease in fluores-
cence intensity with increase in protein-fluorophore molar ra-
tio. The decrease in fluorescence intensity of fluorophores is
due to increase in the number of amide bonds formed between
the surface lysine groups of the protein and carboxylated
fluorophores. This gradual shift in the fluorescence signal or
quenching of tryptophan intensity with different conjugates
thus confirms the course of hapten-protein conjugation. At
low protein-fluorophore concentration, the fluorescence inten-
sity is high; at particular hapten-protein ratio, the intensity
became constant. In the case of fluorophore 3a good conjuga-
tion results are observed with protein BSA and egg albumin,
while fluorophore 3b shows constant conjugation results with
studied proteins. In the case of fluorophores 3a—3b, linear
trend is observed in fluorescence quenching. The conjugates
show slight red shift in emission spectra at higher concentra-
tion of fluorophores. The emission spectra and normalised
emission spectra of the fluorophore-protein conjugates are
shown in Figs. 6 and 7. The stability of fluorophore-protein
conjugate is an important parameter for sensing applications.
To confirm the stability of conjugates, the stability study of 3a-
BSA protein and 3b-BSA protein were performed for period

Wavelength (nm)

of 10 h. The results of fluorescence intensity with respect to
time are presented in Fig. 8. The stability results of conjugates
conclude that, the fluorescence intensity remains same over
the period of 10 h.

Conclusion

In summary, two fluorescein derivatives, which are analogues
of FITC dye were synthesized. The compounds show absorp-
tion between 490 and 500 nm and emission between 511 and
520 nm (P~60 %). The experimental photophysical proper-
ties are well in line with theoretical data obtained by DFT
computation. The % deviation between experimental absorp-
tion and vertical excitation is 12 % and the % deviation be-
tween TD-DFT emission and experimental emission is 3 %.
The significant enhancement of fluorescence intensity of com-
pounds was observed at pH 8. Similar to pH, the fluorescence
intensity of 3a and 3b are sensitive towards viscosity of the
medium, the fluorescence intensity is medium is more vis-
cous. The compounds 3a and 3b have good binding affinity
with BSA, egg albumin and gelatin proteins. The fluorescence
intensity of conjugates decreases as the amount of
fluorophores increases.
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