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A bipyridine centered donor-acceptor-donor (D--A--D) type ratiometric fluorescent molecular probe 

exhibited an unprecedented enhancement in two-photon absorption (2PA) cross section upon Zn2+ 

binding. Moreover, owing to the excited state charge-transfer of the fluorophore π-backbone, a 

significant enhancement in the two-photon excited (λexc = 820 nm) fluorescence intensity was observed 

upon Zn2+ binding resulting in a 13-fold enhancement in the 2PA cross section and 9-fold enhancement 

in fluorescence brightness at 620 nm when compared to the cation free fluorophore. The high 2PA cross 

section of 1433 GM and 2P action cross section (860 GM) with excellent 2P excited fluorescence 

variation at 620 and 517 nm upon Zn2+binding facilitated a ratiometric monitoring of free zinc ions in 

cells. The low cytotoxicity and good photostability of the fluorophore allowed two -photon Zn2+ imaging 

of HeLa cells. In addition, the in vivo two-photon imaging of Zn2+ ions in hepatocytes of live mice 

illustrates the viability of the probe in tissue imaging and moni toring of free zinc ions in live cells. 

 

 

Introduction 

Organic molecules with large two-photon absorption (2PA) 

cross section are of significant importance due to wide-ranging 

application in fluorescence microscopic imaging,1 

photodynamic therapy,2  optical power limiting,3 

microfabrication4 and 3D optical data storage.5 Strategies to 

develop organic molecules with large 2PA include the design of 

dipolar, quadrupolar and octupolar structural motifs, increasing 

conjugation length and attaching strong electron 

donors/acceptor groups to the chromophore backbone.6 

Magnitude of 2PA cross section is found to be high for 

molecules with large excited state intramolecular charge 

transfer (ICT).7 Molecular structures with an acceptor moiety 

placed in between two electron donors connected by a -bond 

(D--A--D) exhibit large TPA cross section values when 

compared to the corresponding A--D--A configurations.6b,8 

D--A--D type molecules with prominent brightness upon 

two-photon (2P) excitation are highly useful for multi-photon 

imaging of biological specimen. When compared to one photon 

microscopy, multi-photon based approach involves the usage of 

low energy photons for excitation, which significantly reduces 

tissue auto-fluorescence, self-absorption, photodamage/photo-

bleaching etc. This method also has the advantage of deeper 

penetration depth and localized excitation. 

 Two-photon active Zn2+ selective fluorophores are of 

particular interest due to the vital role of zinc in biological 

functions, such as gene expression, apoptosis, enzyme 

regulation, and neurotransmission.9 Variation of zinc ion levels 

is reported to be linked with neurological disorders such as 

Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), 

Parkinson’s disease, and epilepsy.10 The scope for the 

exploration of the diverse physiological roles of Zn2+ demands 

sensitive and noninvasive techniques for its real-time detection 

and imaging. However, estimation of spectroscopically silent 

free Zn2+ is difficult with classical methods. Therefore, design 

of selective and efficient fluorescent probes that target imaging 

of zinc ions has been of top priority to chemists. Fluorescent 

probes in general lack sufficient penetration depth while 

imaging biological tissues. Therefore, 2P active fluorescent 

probes with high 2PA cross-section, selective for Zn2+ are of 

great demand. However, many of the 2P active probes, 

especially D--A--D type molecules exhibit low 2PA values 

under aqueous conditions due to strong solvent-solute 

interaction of the polarized excited state.11 Hence, the challenge 

is to design a ratiometric Zn2+ selective 2P active probe that 

exhibits high absorption cross section, enhanced fluorescence 

intensity upon complexation with the metal ion, good pH and 

photostability and better tissue penetration depth.  
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Fig. 1 Schematic representation of two-photon response of GBC and GBC•Zn2+ 

 There are several reports on 2P active fluorophores for the 

sensing and imaging of Zn2+.1d,12-14  However, most of them 

show nonratiometric fluorescence response and their 2PA cross 

section () and 2P action cross section () values are 

relatively low (Table S1†). Earlier, we have reported D--A--

D type Zn2+ selective fluorescent probes having good 

fluorescence quantum yields and excited state charge transfer 

properties.15 Since D--A--D type fluorophores with a central 

electron deficient moiety are known to exhibit strong 2PA cross 

section, we hypothesized that in such systems, the 2P properties 

may further improve upon binding with a suitable cation. As a 

proof-of-principle to this hypothesis, herein, we describe a new 

Zn2+ selective ratiometric 2P active molecular probe GBC with 

high fluorescence quantum yield (), and several fold 

enhancement in  and  values upon Zn2+ binding (Fig. 1). 

Moreover, the presence of oxyethylene side chains in GBC 

facilitates aqueous compatibility and cell permeability for the 

imaging of free Zn2+ ions in live cells. 

Results and discussion 

 Synthesis of GBC is accomplished by the end-

functionalization of a bipyridine (acceptor) with a carbazole 

(donor) moiety, through vinylic linkages at the 5,5' position of 

the bipyridine using a previously reported standard procedure.16 

Horner–Wadsworth–Emmons reaction17 of the carbazole-3-

carbaldehyde with 5,5'-diphosphonate ester of 2,2'-bipyridine 

gave GBC in 45% yield. The product was characterized by 

NMR and FAB-MS analyses. The absorption spectra of GBC in 

different solvents are shown in Fig. S1†. In a 1:1 

acetonitrile/water (HEPES, pH 7.2), the absorption spectrum 

exhibited a maximum at 403 nm, which showed negligible 

change with solvent polarity. However, the emission spectrum 

of GBC was sensitive to the solvent polarity (Fig. S2a†). GBC 

exhibited a bathochromic shift (50 nm) of the emission in 

different solvents in the order chloroformacetonitrile1:1 

acetonitrile/water (HEPES, pH 7.2). The emission in 

chloroform showed a maximum at 480 nm, which was shifted 

to 505 nm in acetonitrile and was further shifted to 530 nm in 

1:1 acetonitrile/water (HEPES, pH 7.2). The emission quantum 

yield of GBC in acetonitrile was found to be 89 (quinine 

sulphate f = 0.54 in 1 N H2SO4 as the standard). The broad 

emission of GBC in polar solvents such as acetonitrile and 

acetonitrile/water (HEPES, pH 7.2) is due to the emission from 

the charge transfer (CT) state, which is stabilized by polar 

solvents. These observations indicate the strong excited state 

CT associated with GBC. The time resolved fluorescence 

measurements of GBC showed a gradual increase in the 

lifetime from 1.20 ns in chloroform to 1.77 ns in 

acetonitrile/water (HEPES, pH 7.2) with monoexponential 

decay profiles (Fig. S2b†). 

 
Fig. 2 Changes in the a) absorption and b) emission spectra of GBC (6µM) with 

the addition of Zn(ClO4)2 (0-6 µM) in 1:1 acetonitrile/water (HEPES, pH 7.2, ex. at 

422 nm). Inset in Fig. a) shows the Job’s plot showing 1:1 binding of GBC to 

Zn(ClO4)2 in acetonitrile/water (1:1 v/v, HEPES buffer, pH 7.2). Inset in Fig. b) 

shows the fluorescence colour change of GBC in the absence and presence of 

Zn2+. 

 Titration of GBC with different alkali and alkaline earth 

metal salts showed negligible changes in the linear (one-

photon) photophysical properties, whereas transition metal ions 

such as Zn2+, Cu2+, Ni2+, Hg2+, Pb2+, Pd2+, and Co2+ showed 

changes in both absorption and emission responses as 

exemplified with Zn(ClO4)2 in Fig. 2. Upon increasing the 

concentration of Zn2+, GBC showed a decrease in the original 

absorption band at 403 nm with a concomitant formation of a 

new red-shifted band 430 nm as shown in Fig. 2a.  Further, the 

reversibility of zinc complexation with GBC was confirmed 

with EDTA titration (Fig. S3†). Spectrochemical titration of a 

solution of GBC in 1:1 acetonitrile/water (HEPES, pH 7.2) with 

Zn(ClO4)2 showed a 1:1 stoichiometry for the complexation of 

Zn2+, which was further confirmed by Job’s plot analysis (Fig. 

2a inset). Addition of transition metal salts showed quenching 

in the emission band except for Zn2+ (Fig. S4†).  In the case of 

Zn2+, a red-shifted emission band is formed followed by the 

quenching of the initial emission at 530 nm. Fig. 2b shows the 
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changes in the emission spectra of GBC (conc. 6  10-6 M, in 

1:1 acetonitrile/water (HEPES, pH 7.2) when excited at 422 nm 

with increasing concentration of Zn(ClO4)2. Evidently, addition 

of Zn(ClO4)2 to a solution of GBC resulted in a new red-shifted 

emission band at 610 nm with a quantum yield of 60 

(rhodamine B as standard f = 0.7 in ethanol). The summary of 

photophysical properties of GBC and GBC•Zn2+ is given in 

Table1. 

Table 1 Summary of photophysical properties of GBC and GBC•Zn2+ 

 abs (nm)a ems (nm)a f
a d (ns) 

GBC 403 530 0.89b 1.77 

GBC•Zn2+ 430 610 0.60c 2.30 

a1:1 Acetonitrile/water (HEPES, pH 7.2). bFluorescence quantum yield 

measured using quinine sulfate as standard (f = 0.54 in 1 N H2SO4). 
cFluorescence quantum yield measured using rhodamine B as standard (f = 

0.7 in ethanol). d(1:1) Acetonitrile/water (HEPES, pH 7.2). Fluorescence 
decay profiles were recorded (± 5% error) by excitation at 375 nm, emission 

monitored at the emission maximum. 

 Since planarization induced extended π-conjugation upon 

zinc ion complexation generally enhances non-linear optical 

properties, we extended our study to investigate the two-photon 

absorption properties of GBC and GBC•Zn2+ in detail. We 

carried out two-photon excitation studies at 760-860 nm region 

using a mode locked femtosecond Ti: sapphire laser and 

calculated the 2PA cross section values (Fig. 3). Changes in the 

2P action cross section () of GBC in the presence and 

absence of Zn2+ are plotted in Fig. 3a. Fluorescence of GBC 

and GBC•Zn2+ solutions upon excitation with a laser source at 

820 nm is shown in Fig. 3b and 3c respectively. The two-

photon absorption cross section () of GBC at 800 nm was 

found to be 107 GM. However, Zn2+ complexation enhanced 

the 2PA cross section significantly to 1433 GM at 815 nm 

when compared to that of GBC alone. The observed value of  

for GBC in presence of Zn2+ is one of the highest ever reported 

for a Zn2+ responsive fluorophore (Table S1†). The two-photon 

excited fluorescence brightness is increased from 95 to 860 

GM, nearly 9 times more upon binding with Zn2+. The 

fluorescence spectrum of GBC•Zn2+ measured by exciting at 

820 nm in presence of 6  10-5 M Zn(ClO4)2 showed ca. two-

fold enhancement in the emission intensity when compared to 

that of GBC alone, indicating a prominent 2PA process upon 

Zn2+ complexation. 2P active chromophores with such large 

values of 2PA cross section and 2P excited fluorescence 

brightness, in response to Zn2+ binding has not been reported 

previously. It must be noted that the previous reports on large 

enhancement in  and  values are related to different 

chromophores and the absolute values are relatively low.1d,12,13 

Therefore, the fluorescence brightness () of 860 GM 

obtained for GBC•Zn2+complex is the highest value when 

compared to that of other reported Zn2+ specific 2P probes.  

 Further, by a gradual increase of Zn2+ concentration, we 

monitored zinc ion induced emission changes upon two-photon 

excitation (800 nm) of GBC. The decrease in the fluorescence 

intensity of GBC at 517 nm with a concomitant increase at 620 

nm corresponding to GBC•Zn2+ allow ratiometric monitoring of 

2P excited emission response with Zn2+ (Fig. 3d). The 

ratiometric 2P excited fluorescence response I620/I517 against the 

concentration of Zn2+ is shown in Fig. 3e. The apparent 

dissociation constant (Kd
TP) of GBC was estimated as 10 M 

(Fig. 3e) with a detection limit in micromolar range. The 

summary of non-linear properties of GBC before and after Zn2+ 

addition is shown in Table 2. 

 
Fig. 3 2P response of GBC and GBC•Zn2+. a) two-photon action spectra of GBC in 

the absence and presence of Zn2+. Photograph showing 2P excited fluorescence 

from GBC in the absence (b) and presence (c) of Zn2+ (λex = 800 nm). d) Two-

photon excited (λex = 800nm) ratiometric emission changes of GBC (conc. 6 × 10 -5 

M) with the addition of Zn(ClO4)2 (0-6 × 10-5 M) in acetonitrile/water (1:1) 

solution at pH 7.2. e) The ratiometric plot showing two-photon emission 

response of GBC with [Zn2+]. 

Table 2 Summary of 2P  properties of GBC and GBC•Zn2+ 

 exc (nm)a a, b (GM)  
(GM) 

GBC 800 107      95 

GBC•Zn2+ 815 1433  860 

a1:1 acetonitrile/water (HEPES buffer at pH 7.2), bConc. 6  10-5 M [1 GM = 

10-50 cm4s/photon]. 

 Prior to biological studies, we investigated the 

photostability of GBC and GBC•Zn2+ in acetonitrile/water (1:1) 

HEPES buffer at pH 7.2 upon excitation with 808 nm laser light 

and monitored the changes in the absorbance at 410 nm. 

Reasonable photostability was observed for GBC and 

GBC•Zn2+ upon irradiation up to 2 h (Fig. S6†), which is 

sufficient for multiphoton imaging experiments. Further, to 

examine the use of GBC for bio-imaging, the inherent 

cytotoxicity was evaluated using 3-(4,5-dimethlthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assays in HeLa 

(human cervix adenocarcinoma) cell lines (Fig. S7†). GBC 

exhibits cell viability with low to moderate toxicity even at 

relatively high concentration ranges.  
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 The large 2PA cross section () which is a measure of the 

2P excited fluorescence intensity in the red region of visible 

spectrum is of advantage for GBC for the imaging of zinc ions 

in biological specimens. In order to study the two-photon in 

vitro imaging capability of GBC, HeLa cells were incubated 

with GBC (5µM) for 6 h following standard reported 

procedures. Fig. 4a-c shows 2P microscopy images recorded 

with 820 nm excitation and 500-600 nm emission. The 

fluorescence images revealed cellular uptake of GBC with good 

intracellular distribution. Further, GBC was incubated to 

another set of HeLa cell cultures pre-incubated with Zn2+ ions 

for 1 h and was imaged using the same excitation wavelength 

(ex = 820 nm, emission collected: 600-700 nm). Fig. 4d-f 

shows the corresponding bright field, fluorescence and overlaid 

images respectively. The red fluorescence corresponding to 

GBC•Zn2+ clearly demonstrates the potential of GBC to image 

zinc ions in vitro. 

 
Fig. 4 2P microscopy images of HeLa cells incubated with GBC and GBC•Zn2+. a) 

Bright field, b) fluorescence and c) overlay images of a and b of GBC alone. d) 

Bright field, e) fluorescence and f) overlay of images d and e obtained by in vitro 

Zn2+ ion monitoring using GBC in cells pre-incubated with zinc ions. 

 In vivo two-photon imaging of zinc ions were carried out in 

hepatocytes of live rat using multi-photon microscope equipped 

with a live animal chamber. For animal imaging, a severe 

combined immune deficiency (SCID) female mouse was used. 

The details of surgical incision and imaging techniques of 

hepatocytes (liver tissues) are described in the experimental 

section. The obtained images were processed using a Zeiss 

LSM image browser. Fig. 5 shows the in vivo 2P microscopy 

images of live rat hepatocytes after incubation with GBC (green 

emission, λex = 820 nm, λem collected = 560-700 nm) and 

GBC•Zn2+. Fig. 5a shows the 2P excited fluorescence image 

corresponding to GBC localized in the mice liver after 10 

minutes of injection. Similarly, after incubation, GBC•Zn2+ 

complex shows deep red fluorescence indicating the 

localization inside hepatocytes (Fig. 5b). A multispectral 

scanning was also carried out by monitoring the emission in the 

wavelength window of 500-600 nm for GBC (Fig. 5c) and 560-

700 nm for GBC•Zn2+ (Fig. 5d).  

 
Fig. 5 In vivo 2P imaging using GBC and GBC•Zn2+. 2P tissue image of hepatocytes 

in live rat after intravenous injection with a) GBC (λex = 820 nm, λem = 530 nm) 

and b) GBC•Zn2+ (λex = 820 nm, λem = 650 nm). Corresponding multispectral 

images of tissues after intravenous injection with c) GBC (λex = 820 nm, λem = 500-

600 nm) and d) GBC•Zn2+ (λem = 600-700 nm). 

Conclusions 

In conclusion, a successful design of a carbazole based D--A-

-D type two-photon active ratiometric probe GBC, with high 

2P action cross section has been accomplished. GBC is 

compatible under aqueous conditions and shows selective 

fluorescence response to zinc ions and had sufficient 

photostability. In the presence of Zn2+, the probe exhibited a 

13-fold enhancement in the two photon absorption cross section 

and a 9-fold enhancement in the 2P action cross section when 

compared to that of the free probe. The observed  and  

values are the highest ever reported for a 2P active ratiometric 

Zn2+ probe. Good cell permeability, high fluorescence quantum 

yield, large 2PA cross section and high 2P fluorescence 

brightness of GBC are of advantage for the two-photon imaging 

of free zinc ions in live cells which may help tracking 

metabolic disorders associated with zinc ion variations in cells. 

The demonstration of two-photon tissue imaging with live 

hepatocytes of rat further proves the viability of GBC as a zinc 

ion fluorescent probe both in vitro and in vivo. 
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The ratiometric two-photon (2P) probe GBC shows enhanced 2P activity upon 

zinc ion binding and has been used for zinc ion imaging in vitro and in vivo.  
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