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DEVELOPMENT OF NOVEL REACTION-BASED FLUORESCENT 

PROBES 

By 

Weimin Xuan 

B.S., Pharmaceutical Science, Tianjin University, 2007 

Ph.D., Chemistry, University of New Mexico, 2013 

ABSTRACT 

      Fluorescent probes have been proved to be very valuable tools in chemical and 

biological applications, and extensive exploration has been made. Recently, reaction-

based fluorescent probes became a new design trend and displayed great potential with 

remarkable implementation to the conventional design method. However, this field is still 

underdeveloped, and a lot of problems remain to be solved. 

      As part of our group’s research interest, my Ph. D. study centered on the development 

of new reaction-based fluorescent probes. Firstly, our previous research on Hg2+ was 

continued. In this work, we developed a novel ratiometric fluorescent probe for Hg2+ with 

impressive sensitivity, selectivity and imaging property; also, a new fluorescent probe 

with excellent detection limit was explored. Secondly, the first FRET-based ratiometric 

fluorescent probe for nerve agent was designed and synthesized, and it exhibited great 

potential for practical application. Furthermore, a new design strategy for H2S probe 

development was discovered, and the new probe displayed excellent sensitivity and 

specificity. Finally, probes for Fe2+ were intensively investigated due to their biological 
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significance and urgent demand, and the real time and off-on fluorescence detection of 

Fe2+ was achieved for the first time. 
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Chapter 1 

Introduction 

1.1 Background 

The development and application of fluorescent imaging techniques in sensing of 

chemical and biological molecules have been received increasing attention in the past two 

decades,1-5 since Roger Y. Tsien reported a fluorescent probe for Ca2+ in 1980.6

A fluorescent probe/sensor contains an essential fluorophore for signal 

transduction, which can be protein (such as GFP), quantum dots and small dye molecules. 

Up to now, small-molecule based probes are most widely used due to their low 

cytotoxicity, high quantum yield and versatility. A typical chemical probe possesses a 

small signaling fluorescent molecule. The commonly used dyes include 

coumarins, 

 The 

technology offers the unrivalled merits of operational simplicity, high sensitivity and 

low-cost. Furthermore, the noninvasive feature is particularly attractive for the biological 

studies in living cells, tissues and animals.  

xanthene derivatives, such as fluorescein and rhodamine, NBD (nitro-

benzoxadiazole), cyanines, and polycyclic aromatic hydrocarbons naphthalene, 

anthracene and pyrene, etc (Scheme 1.1). 

The requirements of a fluorescent probe depend on its application. To detect toxic 

metals and chemicals in water such as Hg2+, Pb2+, F- etc, the probes should be able to 

work in water or at least in a certain percentage of water. Probes designed for biological 

imaging, such as probes for NO, H2O2, Zn2+, Cu2+ etc, must satisfy more requirements, 

besides water soluble.  They should be cell permeable, and excited at long excitation 

wavelength to minimize background fluorescence and cell damage and have low toxicity. 

http://en.wikipedia.org/wiki/Xanthene�
http://en.wikipedia.org/wiki/Fluorescein�
http://en.wikipedia.org/wiki/Rhodamine�
http://en.wikipedia.org/wiki/Cyanine�
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For quantitative analysis, ratiometric fluorescent probe is desired due to its ability of self-

calibration. For fast detection of certain toxic or explosive analytes, such as nerve agent 

and TATP (Triacetone triperoxide), colorimetric probe is in great demand.  

 

Scheme 1.1 Examples of widely used fluorophores 

 

 

One of the widely used strategies in the development of fluorescent probes rely on 

non-covalent interactions, such as hydrogen bonding, electrostatic, hydrophobic, 

hydrophilic, π-π, anion-π and coordination-based interactions.7,8 The architecture of such 
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probes usually is composed by a fluorophore and an analyte acceptor connected through 

an unsaturated linker or a conjugation system (Scheme 1.2). 

 

Scheme 1.2 General strategies in design of fluorescent probes and selected examples 

 

 

If the linker is a saturated moiety and the fluorophore does not participate in the 

coordination, the detection mechanism generally undergoes a photoinduced electron 

transfer (PET), and the fluorescence can be quenched.9 With the binding of the acceptor 
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to certain targets, for example metal cations, the PET is switched off, and consequently 

the fluorescence is restored. The approach has been is widely utilized for probe design 

through combination of different acceptors to fluorophores, such as probe for Zn2+10 and 

Mg2+11 (Scheme 1.2). If the liker is a conjugated system or the fluorophore directly 

engage in the target recognition, the fluorescence property of the compound potentially 

can be altered in various manners via different machanisms.9 For example, the Cu2+ 

probe12 displays a fluorescence on-off due to heavy atom effect; the Cd2+ probe13 showed 

a desired ratiometric response as a result of the alteration of the ICT (intramolecular 

charge transfer) process upon Cd2+

Despite the great success in developing of fluorescent probes using non-covalent 

interactions between a probe and a target of interest, the drawbacks must be realized. 

Firstly, coordination-based probes generally suffer from a low selectivity issue as a result 

of the weak interactions. For example, probes for Zn

 coordination (Scheme 1.2).  

2+ often suffer from interference 

from the presence of Cd2+ due to their similar complexation with ligands.14,15 Secondly, 

the heavy atom effect often leads to the fluorescence quenching, giving undesired on-off 

signal and poor signal to noise ratio. This effect has been observed in fluorescent sensors 

for heavy metals Cu+,16 Cu2+,12 Fe2+17,18 and Pb2+.19 Finally, the design method has a 

limited scope and it is very challenging to extend it to complicated biological systems 

when many molecules are present. The specific and weak interactions such as F- through 

hydrogen bond20,21 or anion-π interaction,22

To overcome the above limitations, reaction-based fluorescent probes have 

emerged and significant progress has been made in the past decade.

 can be interrupted by other species. 

23-25  
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1.2 Reaction-based Small-molecular Fluorescent Probes 

Reaction-based small-molecular fluorescent probes are designed based upon a 

specific reaction of the probe with an analyte. Therefore the reaction triggers the 

alternation of fluorescent properties. In addition, the reaction should be fast and carried 

out under mild reaction conditions such as room temperature, air/water tolerance and 

catalyst-independence. 

Compared with conventional non-covalent interaction based fluorescent probes, 

this reaction-based approach affords several merits. Firstly, due to the immeasurable size 

of chemical reaction library, the probe design possibility is greatly extended to a much 

broader range of analytes of interest. One example to illustrate this point is the probes 

developed for hypoxia. Several reactions have been successfully investigated for hypoxia 

probe development, such as azo bond cleavage reaction,26 nitro-reduction reaction27 and 

one-electron bio-reduction reaction.28 However, based on conventional method, the 

fluorescence analysis of hypoxia is unlikely to be possible. Secondly, through elegant 

application of a specific chemical reaction, good specificity usually can be expected for 

reaction-based fluorescent probes. For example, by Cu+-catalyzed azide-alkyne ligation 

reaction, Cu+ probe was developed with good selectivity over all other metal cations,29 

and through well-known ozonolysis reaction, ozone can be exclusively monitored in 

living cells.30,31 However, due to the inherent poor specificity of the noncovalent 

interaction, conventional fluorescent probes often suffer from severe interference from 

other competitive analytes. For example, coordination-based probes for Cu2+ usually fail 

to differentiate Cu2+ from Zn2+,32 33 Ni2+34, Mg2+35 and Hg2+,36 while reaction-based 

probes for Cu2+ can overcome the challenging issue.37-39 
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Finally and importantly, a specific chemical reaction is less likely to be influenced 

by other moieties of the probe, so the existing reaction-based fluorescent probes usually 

allow further modification to satisfy biological application needs. For instance, through 

the selective H2O2-mediated transformation of arlboronates to phenols, a series of H2O2 

fluorescent probes have been successfully reported, as shown in Scheme 1.3. Initially, 

Chang and co-workers developed a fluorescein-based off-on probe for H2O2,
40 by 

combination of a phosphonium head group, they further developed a mitochondria 

targetable fluorescent probe to facilitate detailed study of H2O2 in cellular 

microenvironment.41 Furthermore, two different ratiomertic fluorescent probes for H2O2 

were also developed through intermolecular charge transfer (ICT)42 and fluorescence 

resonance energy transfer (FRET) with the chemistry.43 D. Shabat et al. extended this 

method to a NIR fluorophore,  and made it a good probe for in vivo imaging.44 W. Lin et 

al. came out with a bifunctional fluorescent probe for H2O2 and NO based on FRET 

strategy.45

Reaction-based and noncovalent interaction design strategies have their pros and 

cons. Reaction-based methods are irreversible while the later is reversible, which can be 

reused such as Zn

 However, traditional coordination-based probes usually cannot tolerate 

intensive structure modification without compromising the probe property. 

2+3, Ca2+,46-48 Mg2+,49,50 Na+51,52 and K+.53,54

 

 Therefore, this newly 

emerging reaction-based design tactic are complementary to the conventional fluorescent 

probe design, and for different chemical and biological applications, both of them should 

be taken into consideration. 
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Scheme 1.3 Arylboronate-based fluorescent probes for H2O

 

2 
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1.3 Basic Design Strategies of Reaction-based Small-molecular Fluorescent Probes 

A nice feature of reaction-based fluorescent probes is versatile. A variety of 

fluorescent mechanisms such as ICT, PET and FRET can be incorporated into the 

strategy. For example, our group has developed 2 probes for thiolphenols based on ICT 

and PET mechanism respectively. As shown in Scheme 1.4, the ICT-based probe is non-

fluorescent due to the masking of electron-donating amine by dinitrobenzenesulfonyl 

group, which blocks the ICT process;55 the PET-based probe is turned off because of the 

dinitrobenzenesulfonyl group induced PET process.56

Scheme 1.4 Fluorescent probes for thiolphenols 

 Thiolphenols can selectively 

remove the dinitrobenzenesulfonyl group, then the ICT will be recovered, and the PET 

will be blocked, accordingly in both cases, the fluorescence of the two fluorophores is 

restored.  

 

 

An effective FRET process requires three essential elements: 1) a FRET donor 

and a FRET acceptor, which are usually two different fluorophores; 2) the distance of a 

FRET donor and an acceptor within a 10 nm; 3) an overlap between donor emission and 

acceptor absorption. In the process of bond cleavage or formation, the donor/acceptor 

distance can be changed and the emission/absorption overlap can be altered. As shown in 

Scheme 1.5, Zhang et al. reported a fluorescent probe system for phosgene in which the 
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Scheme1.5 FRET-based fluorescent probes  
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FRET process can be switched on through the connection of FRET donor and acceptor by 

a phosgene-mediated reaction.57 Lin et al. developed a RRET-based ratiometric probe for 

thiol-containing amino acid by a thiol-induced cleavage reaction.58 Qian et al. combined a 

bodipy fluorophore (donor) and a rhodamine fluorophore (acceptor) together, and 

through Hg2+ promoted rhodamine conjugation recovery, the FRET will be turned on 

with a notable emission shift from 514 nm to 589 nm.59 Besides fluorophores, black hole 

quencher (BHQ) has been adopted to turn off the fluorescence when it serves as FRET 

acceptor, one probe based on this method is a hypoxia-sensitive fluorescent probe 

reported by Nagano et al.26

Besides ICT, PET and FRET fluorescent mechanisms, a specific reaction is also 

very critical in the design of reaction-based fluorescent probes.

 In this probe, BHQ can effectively quench the cyanine dye 

fluorescence. However, hypoxic bioreduction of the azo bond results in the cleavage of 

the quencher. Therefore the FRET-based quenching effect is eliminated with concurrent 

observation of a desired off-on response. 

25 First, a certain chemical 

structure offers a unique reaction for the design of a series of fluorescent probes. 

Spirolactam ring-opening of rhodamines provides an excellent example to illustrate this 

point. Rhodamine derivatives are widely used in probe design due to their excellent 

stability, high quantum yield, long emission wavelength and expectable color change. As 

shown in Scheme 1.6, when rhodamine is in the spirolactam ring closing form, it is 

nonfluorescent and colorless. Through elaborate design and manipulation of the structure 

and reactivity, an analyte of interest can selectively open the spirolactam ring, thus 

generating high fluorescence signal and obvious color change. Probes based on this 

strategy have recently been reviewed.60,61 Due to the attractive properties of these probes, 
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other spiro-ring systems based on rhodamine structure have also been extensively 

investigated, such as probes developed for HOCl,62 Hg2+/Ag+63  and nerve agents.64,65

 

 

Scheme 1.6 Illustration of rhodamine spirolactam ring based probe design system 

 

 

 

Another general design approach is to alter the fluorophore conjugation through a 

reaction, and in this process fluorescence signal can be manipulated in the desired manner. 

As shown in Scheme 1.7, a reactive oxygen species (ROS) probe has been designed 

through oxidation of a cyanine dye precursor.66 A Cu2+ probe was developed via the 

recovery of a rhodamine conjugation by Cu2+ mediated oxidation.67 A ratiometric probe 

for hydroxyl radical (HO•) was successfully obtained through HO• oxidation induced 

conjugation elongation.68 It is noted that conjugation system extension is usually formed 

by oxidation, while conjugation shrinking usually arises from nucleophilic addition. A 

series of probes based on nucleophilic addition induced conjugation shrinking have been 

reported, such as probe for thiol,69 CN-,70 and H2S.71

 

 For these probes, expectable blue 

shifted emissions are observed. 
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Scheme 1.7 Fluorescent probes based on manipulation of fluorophore conjugation 

 

 

It also has been proved to be a very effective design strategy through masking of a 

fluorophore by an analyte-reactive moiety. By caging the phenol moiety with a 4-

aminophenol group, a probe that can respond to highly reactive oxygen species has been 

developed.72 Converting the 7-amine of coumarin to azide leads to a H2S probe (Scheme 

1.8).73

 

  

Scheme 1.8 Design of fluorescent probes through masking of fluorophores 
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Analytes induced cascade reactions have also been explored in the development 

of fluorescent probes. Such an example is a Hg2+ probe reported by our group (Scheme 

1.9).74 In this study, Hg2+

 

 promotes a desulfurization reaction with the generation of 2-

hydroxycoumarinic acid, and this highly reactive intermediate undergoes a spontaneous 

lactonization reaction with the formation of strongly fluorescent coumarin fluorophore. 

Scheme 1.9 A probe for Hg2+

 

 based on a cascade reaction 

 

 

Finally, some researchers take advantage of the catalytic properties of certain 

analytes to design fluorescent probes. Generally it is expected that such probes display 

high sensitivity. Transition metals have been widely used in catalysis for reaction 

development, and these reactions have been applied in sensor development. For example 

(Scheme 1.10), a fluorescence sensor for Pd was designed by Pd catalyzed the allylic 

oxidative cleavage reaction.75 Au(III) probe was designed through a selective Au(III)-
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mediated hydroarylation reaction,76 and a fluorogenic probe for the copper(I)-catalyzed 

azide-alkyne ligation reaction was reported.29

 

 

Scheme 1.10 Probes designed based on analyte’s catalytic properties 
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1.4 Summary of Thesis Research 

Although much progress has been made in the development of the reaction-based 

fluorescent probes in the past decade, there is still significant room for improvement and 

innovation. On one hand, better probes are needed to meet the strict practical applications, 

especially for biological systems. On the other hand, for some analytes, the probes for 

their fluorescence detection are not available. With these challenges in mind, I have been 

focusing on the design and development of new fluorescent probes during my Ph.D study 

period. In the following chapters, I will detail the effort towards the development of novel 

fluorescent probes for Hg2+, nerve agent, H2S and Fe2+

 

. 
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Chapter 2 

The Development of Novel Fluorescent Probes for Hg

2.1 Background and Significance 

2+ 

The demand of facile, sensitive, selective and cost-effective detection techniques 

for mercury ion (Hg2+) has been growing dramatically recently as results of its high 

toxicity1-4 and the facts of growing and broad contamination and pollution.5,6 Among the 

distinct detection methods, the use of fluorescence technique for Hg2+ has been much 

appreciated owning to its high sensitivity, selectivity and simple operation procedures.7,8 

For quantification of an analyst, especially in a complicated analysis system, a ratiometric 

fluorescent sensing is highly desirable. However, the development of such probes for 

Hg2+ has proven quite challenging, and only a handful of examples of the fluorescent 

probes displayed ratiometric response to Hg2+.9-21 Nevertheless they are far from ideal.  

To our knowledge, nearly all ratiometric chemosensors are interfered by Ag(I), Cu(II), 

Fe(II) and low sensitivity.10,15-18 Some of them required a high proportion of organic 

solvent as media for analysis,19-21 and the one that can work in 100% aqueous solution 

was very rare.22 Moreover, in general, they have undistinguishable ratiometric fluorescent 

intensity change and significant overlap due to an unsatisfactory emission shift. 

The general strategy in design of a fluorescent sensor/probe involves an 

incorporation of recognition moiety into a fluorophore.23,24 The analyte (e.g., an ion) 

binding to the probe by perturbing either ground state or excited state properties of the 

fluorophore yields a detectable signal.  In many cases, a shift in the absorbance spectra or 

changes in the fluorescent emission characteristics such as intensity and/or emission 

wavelength are typically observed.  Nevertheless, other fluorophore characteristics such 
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as a significant emission shift are usually difficult to modulate. Furthermore, while the 

convenient strategy in the development of ratiometric sensors is the employment of 

FRET sensing mechanism,25 the examples using ICT ratiometric sensors for Hg2+ are 

very rare,10,16,21 and significant overlap between two relatively broad emission spectra 

usually makes it difficult to accurately determine the ratio of the two emission signals.  

Therefore, a large shift of the maxima emission wavelengths between the probe and 

probe formed product is required in order to overcome the problem. 

On the other hand, a probe that can respond to ppb level of Hg2+ is very desired 

due to its lethal toxicity, but still rare.26 Due to all these concerns, we have developed 1) a 

ratiometric Hg2+ probe with remarkable emission shift, and 2) a Hg2+ probe with 

impressive detection limit at ppb level. 
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2.2 A Ratiometric Fluorescent Probe with Large Emission Shift for the Facile 

Detection of Hg2+ (Probe-1) 

2.2.1 Probe Design Strategy 

Previously our group developed a Hg2+ probe based on Hg2+-induced elimination-

cyclization reaction, and this probe displayed excellent sensitivity and specificity.27 

Inspired by this work, we conceived that the new double bond generated by Hg2+-induced 

elimination could serve as a conjugation extending, then a red shifted ratiometric 

response could be expected. 

With the insight in mind, we envisioned that the incorporation of the recognition 

moiety into a fluorophore could produce an Hg2+ selective probe.  The critical challenge 

remains the selection of a fluorophore, which should display a ratiometric response to 

Hg2+, while requiring a noticeable ratiometric fluorescent intensity alternation and a large 

emission shift.  These features could be realized if Hg2+ facilitates a desulfur elimination 

of a fluorophore through a tethered saturated carbonyl to form an α,β-unsaturated system.  

The newly formed unsaturated system should be part of the conjugated fluorophore, and 

therefore a large and red emission shifted fluorescence response can be expected. We 

were interested in the widely used coumarin as choice of fluorophore due to its favorable 

physical and optical properties and stability (Probe-1, Scheme 2.1). Crucially positioning 

the thioether recognition moiety on the coumarin fluorophore significantly affects the 

fluorescent properties. In coumarin system, in general, electron-donating groups (EDGs) 

at positions 7 and/or 6 can increase the fluorescence quantum yield and render longer 

excitation and emission wavelength since ICT efficiency is enhanced from these EDGs to 

the electron-withdrawing moiety lactone.  Therefore it is conceivable to incorporate the 
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thioether functionality at position 3 of the coumarin framework.  The Hg2+ catalyzed 

elimination leads to an EWG (electron-withdrawing group) α,β-unsaturated ketone, thus 

extending the coumarin conjugate system. It is expected that the fluorescence emission 

will be red-shifted and a ratiometric response will occur.  It should also be noted that 

unlike most of the desulfurization-based probes which usually require at least 1 equiv. of 

Hg2+ to reach the maximum fluorescence enhancement,28,29 probe-1 only needs 0.5 equiv. 

of Hg2+ to get the maximum fluorescence due to the alkylated sulfur.  In this way, the 

sensitivity can be further improved to some extent. 

 

Scheme 2.1 Rational design of a selective ratiometric fluorescent probe for Hg(II) 

 

 

2.2.2 Preparation of Probe-1 

The preparation of probe-1 involved a facile four-step synthesis form 

commercially available starting materials (Scheme 2.2). 7-Diethylaminocoumarin (1a) 

was synthesized from 4-diethylaminosalicylaldehyde in 68% total yield. Incorporation of 

an aldehyde moiety at position 3 (1b) was realized by reaction of 1a with DMF and 

POCl3

 

. An aldol condensation reaction with acetone gave the conjugation-extended 

coumarin (1c). Finally a facile Michael addition reaction with propanethiol in the 

presence of pyrrolidine led to the probe-1. It was fully characterized by NMR and mass 

spectroscopy.  



25 
 

Scheme 2.2 Synthesis of probe-1 

 

 

 

2.2.3 Probe-1 Evaluation in Buffer Solution 

With the probe-1 in hand, we firstly investigated its response to Hg2+ in the aspect 

of both emission and absorption. Notably, the probe is water soluble; a phosphate buffer 

solution using only 0.5% acetonitrile is sufficient.  In the absence of Hg2+, the probe at a 

concentration of 5.0 µM displayed an emission at 488 nm when excited at 435 nm.  

When addition of 2.0 equiv. of Hg2+, a new emission peak appeared at 560 nm instantly, 

meanwhile the emission at 488 nm disappeared, indicative of a ratiometric response 

(Figure 2.1a).  The maximum absorbance was switched from 400 nm to 460 nm (Figure 

2.1b) due to the elongation of the fluorescent system by formation of enone.  Furthermore, 

the probe response to Hg2+ was facile; the whole process took place within 1 min. In 

addition, an obvious color change was observed under both daylight and UV light, 

making it possible to detect Hg2+ with naked eyes (Figure 2.1c).  
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Figure 2.1 (a) Emission of 5µM probe-1 at 488 nm and 560 nm after addition of 10 µM Hg2+. λex

 

= 435 nm. 

Data were recorded every minute; (b) UV/Vis spectra of 5µM probe-1 (solid line) and 5µM probe-1 with 

10µM Hg2+ (dashed line); (c) Color change under daylight and UV light. All experiments were carried out 

in 0.1M phosphate buffer solution containing 0.5% acetonitrile (pH = 7.4). 

 

Figure 2.2 The response of 5µM probe-1 to 10µM Hg2+ was investigated at different pH. 

 

Also, we investigated the probe at different pH, and it turned out that probe-1 can 

respond to Hg2+ at acidic condition (pH > 1), and displayed a similar result at pH 6.5 -9 

(Figure 2.2).  

Next fluorescence titration experiments with Hg2+ ions were conducted (Figure 

2.3).  To a 5.0 µM probe-1 buffer solution was added Hg2+ at concentration in a range of 

0.0-3.5 µM.  It was found that the emission at 560 nm gradually increased while the 

emission at 488 nm decreased. The emission shift was as large as 72 nm to a longer 

(Figure 2.3a).  As predicted, when more than 0.5 equiv. of Hg2+ (2.5 µM) was used, the 
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emission spectra remained unchanged, and the ratio of the emission intensities at 560 nm 

and 488 nm became constant (Figure 2.3b), demonstrating that the reaction stoichiometry 

was 2:1 (probe-1/Hg2+).  Furthermore, a pronounced fluorescent signal change was 

observed even when Hg2+ was as low as 2 × 10-8 M (Figure 2.3c). 

 

 

Figure 2.3 a) Fluorescence titration spectra of 5µM probe-1 in 0.1M  (containing 0.5% acetonitrile) at pH 

7.4 upon addition of 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 3.0, 3.5µM Hg2+ ions; b) 

Fluorescence intensity ratio changes (F560/F488) of 5µM probe-1 upon addition of different concentration of 

Hg2+ ions. 3) The fluorescence at 488nm was recorded when 2 × 10-8 or 4 × 10-8 µM Hg2+ was added. λex

 

= 

435 nm. 

The novel ratiometric probe-1 possessed an excellent selectivity toward Hg2+ over 

other metal cations.  As shown (Figure 2.4), only Hg2+ induced significant ratiometric 

fluorescence change, while the addition of even 2.0 equiv. of other metal cations, such as 

alkali Li+, K+ and Cs+, alkaline-earth Mg2+, Ca2+ and Ba2+, and transition and heavy metal 

ions Ag+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Cu+, Zn2+, Cd2+ and Pb2+ could not induce 

obvious fluorescence alternation.  Moreover, in the presence of all above cations (each at 

10.0 µM while Hg2+ at 2.5 µM), probe-1 still exhibited a similar fluorescence profile.  

These studies clearly indicate that the probe can be utilized for selective detection of Hg2+ 

without interference from other metal ions. These acclaimed features make this probe 
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promising for practical application. It is noteworthy that compared with many reported 

desulfurization-based probes,28,29 the excellent selectivity of probe-1 is attributed to the 

unique chemoreactivity between thioether and Hg2+. It implies that the desulfurization of 

thioether serves as a general approach for design of Hg2+ fluorescent probes with high 

selectivity and sensitivity, but examples based on this strategy are still scarce.30 

 

 

Figure 2.4 To probe-1 (5.0 µM) in a 0.1 M phosphate buffer solution (pH = 7.4, containing 0.5% 

acetonitrile) was added a series of metal cations.  Hg2+ was at 2.5 µM, and all other cations were at 

10.0 µM. Cations and Hg2+: all above metal cations, each with 10 µM while Hg2+ at 2.5 µM. 

 

2.2.4 Live Cell Imaging 

To test the feasibility of the probe-1 for cellular imaging, fluorescence images of 

C8D1A cells were carried out using a confocal microscope (Figure 2.5).  Firstly, C8D1A 

cells were incubated with 5.0 µM probe-1 in PBS for 30 min, and only a bright blue 

intracellular fluorescence was observed, suggesting that the probe was cell-permeable.  

Furthermore, in the imaging process, the probe didn’t show obvious toxicity to the cells.  

Then, C8D1A cells were incubated with 5.0 µM Hg2+ for 30 min followed by 5.0 µM 

probe-1 for another 30 min.  An obvious decrease in blue fluorescence was observed, 
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while a new yellow fluorescence appeared. The double-channel fluorescence images 

were observed at 475 – 525 nm and 530 – 600 nm respectively (Figure 2.5). When 

C8D1A cells were incubated firstly with this probe (5.0 µM), then with Hg2+ at 5.0 µM 

(1.0 equiv.), very similar results were obtained. These studies demonstrated that probe-1 

can detect intracellular Hg2+ with a ratiometric response. 

 

Figure 2.5 Confocal fluorescence images of C8D1A cells (a mouse astrocyte cell line), λex

 

 = 405 nm, Zeiss 

LSM510 META Confocal Microscope with a 63 × objective.  Top row: C8D1A cells incubated with probe-

1 (5.0 µM) at 37 °C. Middle row: C8D1A cells incubated with 5.0 µM Hg2+ for 30 min, then further with 

probe-1 at 5.0 µM for 30 min at 37 °C. Bottom row: C8D1A cells incubated with probe-1 (5.0 µM) for 30 

min, then further with Hg2+ (5.0 µM) for 30 min at 37 °C.  Panels a, d, and g represent the emissions at 475 

– 525 nm; panels b, e, and h represent the emissions at 530 – 600 nm; panels c, f, and i represent merged 

images of a and b, d and e and g and h, respectively. 

2.2.5 Summary 

In conclusion, we have successfully developed a novel ratiometric and 

colorimetric fluorescent probe for Hg2+ using chemoselective Hg2+ promoted 
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desulfurization of a thioether to form an extended conjugated fluorescent system.  As 

demonstrated, the probe displays excellent sensitivity and selectivity toward Hg2+ in 

aqueous buffer solutions. Notably, significant ratiometric fluorescent response coupling 

with a large emission red shift allows for convenient detection and quantification of the 

toxic metal ion in a complicated system.  Moreover, colorimetric change makes it 

possible to detect Hg2+ by naked eyes.  The intracellular fluorescent imaging renders it a 

promising tool to study Hg2+ in living cells.  Taken together, the studies have 

demonstrated probe-1 as a useful tool for detection and imaging of Hg2+. 
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2.3 A Novel Fluorescent Probe for Hg2+ with Impressive Detection Limit (Probe-2) 

2.3.1 Probe Design 

Scheme 2.3 Rational design of a highly sensitive fluorescent probe for Hg(II) 

 
 
 

In this design (Scheme 2.3), probe-2 was a benzoxazole precursor with a 

thioamide group, and it was completely nonfluorescent. In the presence of Hg2+, the 

adjacent phenol would spontaneously attack the thioamide carbon trigged by the 

coordination of the thioamide with Hg2+ followed by an elimination reaction, then a 

highly fluorescent benzoxazole derivative was formed while a molecule of HgS was 

released. 

2.3.2 Probe-2 Preparation 

The synthesis commenced with a commercially available compound N-(2-

methoxyphenyl)benzamide. The requisite benzothioamide derivative (2a) was facilely 

synthesized in 99% yield, then the amide bond was converted to thiolamide by 

Lawesson’s reagent in 94% yield (2b). Finally a AlCl3

Scheme 2.4 Synthesis of probe-2 

 induced demethylation reaction 

give rise to probe-2 in an overall yield of 43.7%. 
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2.3.3 Probe-2 Evaluation in Buffer Solution 

With this probe in hand, we firstly investigated its stability in buffer solution. At 

neutral buffer solution (pH = 7.4), the fluorescence at 360nm (λex

 

 = 290 nm) increased 

very fast (Figure 2.6). This instability is presumably attributed to the formation of 

phenoxide at pH 7.4, which is a strong nucleophile, and thus accelerating the formation 

of benzoxazole derivative. To avoid the problem, we reasoned that, if the pH was 

lowered, there would be less reactive neutral phenol. As was expected, at pH 6.5 the 

fluorescence increased in a much slower pace, and at pH 5.0, no obvious fluorescence 

increase was observed in a time scale of 10 minutes. So, we decided to perform the 

studies in a buffer solution at pH 5.  

 

Figure 2.6 Fluorescent intensities of 1µM probe in 0.1M phosphate buffer (containing 1% CH3CN) at 

different pH were recorded in a time scale of 10 minutes. λex = 290 nm, and λem

 

 = 360 nm.   

With the optimized detection condition, we evaluated its sensitivity to Hg2+. To 1 

µM probe-2 in 0.1 M phosphate buffer solution was added 10µM Hg2+. The fluorescence 

increased instantly, and a plateau was reached in 3 minutes (Figure 2.7a). A similar result 

was also observed for Ag+, and excessive amount of Hg2+ or Ag+ can lead 1µM probe to 

fluorescence at the same intensity level which was consistent with the mechanism we 
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proposed. In the whole process, the fluorescent intensity was enhanced by 98 folds for 

Hg2+ and 95 folds for Ag+.  Also, after addition of Hg2+, there was a strong absorbance at 

266nm in the UV/Vis spectra (Figure 2.7b).  

 

 

Figure 2.7 a) Fluorometric traces for the reaction Hg2+ or Ag+ (10 µM) with 1 µM probe. All 

measurements were taken in a pH 5.0 phosphate buffer (0.1 M) containing 1% CH3CN; b) The solid line 

was absorbance of 1µM probe; the dashed line was the absorbance of 1µM probe after addition of 10µM 

Hg2+. All measurements were taken in a pH 5.0 phosphate buffer (0.1 M) containing 1% CH3CN. λex = 290 

nm, and λem

 

 = 360 nm. 

Then, we examined its response to Hg2+ and Ag+ at different concentration. To 1 

µM probe-2 was added Hg2+ ranging from 0 to 1.2 equiv. A highest fluorescence was 

obtained when 1 equiv of Hg2+ was used while no further fluorescence enhancement was 

observed when more Hg2+ was added (Figure 2.8a). This demonstrated that the reaction 

stoichiometry was 1:1. From 0 to 1 equiv of Hg2+, there is a good linear relationship 

between the Hg2+ concentration and fluorescent intensity (Figure 2.8b), indicating that 

this probe was suitable for Hg2+ quantitative analysis. More importantly, this probe can 

respond well to Hg2+ at ppb level (Figure 2.8c), and the detection limit was determined to 

be 2ppb at a signal to background ratio of 2, which can meet the requirement of US EPA 
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for drinking water.  For Ag+, there was a very similar result (Figure 2.9). The reaction 

stoichiometry was determined to 1:2 (probe-2/Ag+) with a good leaner relationship, and 

the detection limit was 2.2 ppb (20 nM) at a signal to noise ratio of 2.  

 

 

Figure 2.8 (a) A plot of the fluorescence intensity obtained from the reaction of 1 µM probe-2 with Hg2+ as 

a function of equiv. of Hg2+; (b) The linear relationship between the fluorescent intensity and Hg2+ 

concentration; (c) A plot of the fluorescence intensity obtained from the reaction of 1 µM probe-2 with 

Hg2+ as a function of concentration of Hg2+ at ppb level. All measurements were taken in a pH 5.0 

phosphate buffer (0.1 M) containing 1% CH3CN. λex = 290 nm, and λem

 

 = 360 nm. 

 

Figure 2.9 (a) A plot of the fluorescence intensity obtained from the reaction of 1 µM probe-2 with Ag+ as 

a function of equiv. of Ag+; (b) The linear relationship between the concentration of Hg2+ and the 

fluorescent intensity; (c) A plot of the fluorescence intensity obtained from the reaction of 1 µM probe-2 

with Ag+ as a function of concentration of Ag+ at submicromolar level.  All measurements were taken in a 

pH 5.0 phosphate buffer (0.1 M) containing 1% CH3CN. λex = 290 nm, and λem = 360 nm. 
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To prove that this probe was likely to work in complicated environment, we 

investigated its selectivity over other metal cations. To 50 equiv of all other metal cations, 

such as Mg2+, Cu2+, Pb2+ and Cd2+, there was no obvious fluorescence enhancement, and 

only Hg2+ and Ag+ can lead to fluorescence enhancement (Figure 2.10). Also, even in the 

presence of all above cations in 10 µM respectively, this probe can respond to Hg2+ and 

Ag+ in a similar way with very limited interference. This exclusive selectivity towards 

Hg2+ and Ag+ made it very promising to detect Hg2+ and Ag+ in practical application.  

 

 

Figure 2.10 Effects of metal ions on the fluorescence. All measurements were taken in a pH 5.0 phosphate 

buffer (0.1 M) containing 1% CH3CN. Hg2+ and Ag+ is at 10µM, all other metal cations are at 50 µM. 

Cations: all mentioned cations in 10µM respectively except Hg2+ and Ag+. λex = 290 nm, and λem

 

 = 360 nm.   

To prove the reaction mechanism, the proposed benzoxazole derivative (2c) was 

synthesized and probed for Hg2+. The emission spectra of 1 µM benzoxazole derivative 

and 1µM probe-2 after addition of Hg2+ almost 100% overlapped (Figure 2.11). 

Undoubtedly, the studies supported our design strategy  
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Figure 2.11 The solid line was the emission of 1µM probe-2 treated with 10µM Hg2+, the dashed line was 

the emission of 1µM benzoxazole product. All measurements were taken in a pH 5.0 phosphate buffer (0.1 

M) containing 1% CH3CN. λex = 290 nm, and λem

 

 = 360 nm.  

To make it a useful tool for Hg2+ analysis, it is necessary for probe-2 to be 

capable of differentiating Hg2+ from Ag+. It’s well known that Cl- has a strong affinity to 

Ag+ with the formation of AgCl precipitation; however HgCl2

 

 is soluble. So we surmised 

that modifying buffer solution with Cl- containing salt such as NaCl may offer method for 

the selective detection of Hg2+. Indeed, we found that in the presence of 1 M NaCl, the 

probe couldn’t respond to 10 µM Ag2+; when upon addition of 10 µM Hg2+, the 

fluorescence can be greatly enhanced with limited decrease of reaction rate and 

fluorescent intensity (Figure 2.12). Therefore, with this further modified buffer condition 

(pH = 5, and 1 M NaCl), probe-2 can serve as a detection tool for Hg2+. 
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Figure 2.12 1. 1µM probe-2 with 1M NaCl; 2. To a solution of 1 was added 10µM Ag+; 3. To a solution of 

2 was added 10µM Hg2+. 

 

2.3.4 Summary 

In this work, we have designed and synthesized a novel fluorescent probe for 

Hg2+. It displayed excellent sensitivity and selectivity with ppb level detection limit in a 

buffer solution at pH 5 with 1 M NaCl. Good linear performance made it suitable for 

quantitative analysis. The studies made it very promising to be put into practical 

application.  
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2.4 Experiment Section 

2.4.1 Experiment Data for Probe-1 

General Information: Commercial reagents were used as received, unless 

otherwise stated. Merck 60 silica gel was used for chromatography, and Whatman silica 

gel plates with fluorescence F254

Spectroscopic materials and methods: Millipore water was used to prepare all 

aqueous solutions. The pH was recorded by a Beckman ΦTM 240 pH meter. UV 

absorption spectra were recorded on a Shimadzu UV-2410PC UV-Vis spectrophotometer. 

Fluorescence emission spectra were obtained on a SHIMADZU spectrofluorophotometer 

RF-5301pc. Cell imaging experiments were carried out by Zeiss LSM510 META 

Confocal Microscope. 

 were used for thin-layer chromatography (TLC) analysis. 

1H and 13C NMR spectra were recorded on Bruker tardis (sb300). Data for 1H are 

reported as follows: chemical shift (ppm), and multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet). Data for 13C NMR are reported as ppm. 

 

Synthesis of ratiometric Hg2+ probe-1 

O ON

 

7-Diethylaminocoumarin (1a) 

To a solution of 4-diethylaminosalicylaldehyde (2 g, 10.35 mM) in 30 mL EtOH 

was added piperidine (1 mL, 10.12 mM) and diethylmalonate (3.1 mL, 20.32 mM), then 

heated to reflux and stirred for 6 hours. EtOH was evaporated under reduced pressure, 

then concentrated HCl (20 mL) and acetic acid (30 mL) was added. The mixture was 
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heated to reflux and stirred for 24 hours. The solution was cooled to room temperature, 

and adjusted to be basic by 40% aq. NaOH, and large amount of precipitate was formed 

and filtered. The crude product was further purified by column chromatograph and 

obtained as a yellow solid (1.54g, 68%). 1H NMR (CDCl3): δ 7.52(d, J = 9.3Hz, 1H), 

7.23(d, J = 8.7Hz, 1H), 6.55(dd, J = 8.7Hz, 2.4Hz, 1H), 6.47(d, J = 2.4Hz, 1H), 6.02(d, J 

= 9.3Hz, 1H), 3.40(q, J = 4.9Hz, 4H), 1.20(t, J = 6.9Hz, 6H). 13C NMR (300MHz, 

CDCl3

 

): δ 162.27, 156.74, 150.68, 143.69, 128.76, 109.16, 108.65, 108.26, 97.51, 44.78, 

12.43.  

O ON

CHO

 

7-(Diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (1b) 

DMF (2 mL, 25.83 mM) was added dropwise to POCl3 (2 mL, 21.46 mM) at 

room temperature, and stirred for 30 min. This solution was combined with a solution of 

compound 1a (650 mg, 2.99 mM) in 8mL DMF. The mixture was heated to 60oC, and 

stirred for 15 hours. After cooled to room temperature, the mixture was poured into 50mL 

ice water, and pH was adjusted to neutral, and large amount of solid was precipitated. 

The product was filtered, washed with H2O, dried with oil pump, and obtained as a 

yellow solid (475mg, 64.8%). 1H NMR (CDCl3): δ 10.12(s, 1H), 8.24(s, 1H), 7.40(d, J = 

9.0Hz, 1H), 6.63(d, J = 9.0Hz, 1H), 6.48(s, 1H), 3.47(q, J = 7.1Hz, 4H), 1.25(t, J = 7.1Hz, 

6H). 13C NMR (300MHz, CDCl3): δ 187.94, 161.88, 158.94, 153.46, 145.36, 132.51, 

114.34, 110.17, 108.24, 97.12, 45.28, 12.45.  



40 
 

O ON

O

 

(E)-7-(Diethylamino)-3-(3-oxobut-1-enyl)-2H-chromen-2-one (1c)  

To a solution of compound 1b (43 mg, 0.18 mM) in 5mL CH2Cl2 (1:1) was added 

acetone (19 µL, 0.26 mM) and 1 drop of pyrrolidine. The mixture was stirred at room 

temperature overnight. The product was purified through column chromatograph and 

obtained as a yellow solid (9 mg, 18%). 1H NMR (CDCl3): δ 7.77(s, 1H), 7.46(d, J = 

15.9Hz, 1H), 7.31(d, J = 9.0Hz, 1H), 7.13(d, J = 15.9Hz, 1H), 6.61(d, J = 9.0Hz, 1H), 

6.49(s, 1H), 3.44(q, J = 7.1Hz, 4H), 2.35(s, 3H) 1.23(t, J = 6.9Hz, 6H). 13C NMR 

(300MHz, CDCl3

 

): δ 198.82, 160.46, 156.75, 151.94, 144.11, 137.80, 129.97, 127.12, 

114.54, 109.51, 108.76, 97.00, 45.04, 28.36, 12.46. 

O ON

OS

 

Ratiometric Hg2+Probe-1   

To a solution of compound 1c (9 mg, 0.03 mM) in 5 mL CH2Cl2 was added 

propanethiol (12 µL, 0.13 mM) and one drop of pyrrolidine. The mixture was stirred at 

room temperature for 24 hours. The product was purified through column chromatograph 

and obtained as a yellow liquid (4 mg, 35%). 1H NMR (CDCl3): δ 7.63(s, 1H), 7.27(d, J 

= 8.7Hz, 1H), 6.57(dd, J = 8.7Hz, 2.4Hz, 1H), 6.49(d, J = 2.4Hz, 1H), 4.33(t, J = 7.2Hz, 

1H), 3.41(q, J = 7.1, 4H), 3.14(dd, J = 16.8Hz, 6.9Hz, 1H), 2.96(dd, J = 16.8Hz, 7.5Hz, 



41 
 

1H), 2.48(m, 2H), 2.17(s, 3H),  1.59(m, 2H), 1.20(t, J = 7.2, 6H), 0.94(t, J = 7.4Hz, 3H). 

13C NMR (300MHz, CDCl3

 

): δ 205.80, 161.57, 155.87, 150.43, 140.24, 128.77, 121.01, 

108.85, 108.30, 97.16, 48.18, 44.83, 40.55, 34.32, 30.17, 22.66, 13.53, 12.42.  

Imaging of C8D1A astrocyte cell line incubated with Probe and Hg2+ 

a. Cell incubation 

C8D1A cells (mouse astrocyte cell line) were seeded on micro cover glasses 

(VWR, USA) in 6-well plate at a density of 5×103 cells per well in DMEM culture media 

(Invitrogen, USA) with 10% fetal bovine serum (Invitrogen, USA). After 24 h, growth 

medium was discarded and the cells were washed four times with PBS. Probe was stored 

as a 1mM stock solution at 4°C.  

For control group, C8D1A cells were incubated with 5μM Probe in PBS for 30 

min at 37°C, then washed with PBS three times. For Hg2+ imaging, cover glasses were 

incubated with a solution of 5 μM Probe (or 5μM Hg2+) in PBS for 30 min at 37°C.  

Afterwards, PBS was used to remove the remaining probe (or Hg2+) by washing three 

times; the cells were further treated with 5μM Hg2+ (or 5μM probe) in PBS for 30 min, 

then washed with PBS three times.  

b. Confocal Imaging  

The fluorescence measurements of C8D1A cells were performed by live cell 

confocal imaging by Zeiss LSM510 META Confocal Microscope with a 63× objective. 

Fluorophores were excited by using a 405 nm laser diode, and emissions were obtained at 

double channels, 475 – 525nm and 530 – 600 nm. Images were acquired with the Zeiss 

LSM software.    
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2.4.2 Experiment Data for Probe-2 

General Information: Commercial reagents were used as received, unless 

otherwise stated. Merck 60 silica gel was used for chromatography, and Whatman silica 

gel plates with fluorescence F254

Spectroscopic materials and methods: Millipore water was used to prepare all 

aqueous solutions. The pH was recorded by a Beckman ΦTM 240 pH meter. UV 

absorption spectra were recorded on a Shimadzu UV-2410PC UV-Vis spectrophotometer. 

Fluorescence emission spectra were obtained on a Varian Eclipse fluorescence 

spectrophotometer. 

 were used for thin-layer chromatography (TLC) analysis. 

1H and 13C NMR spectra were recorded on Bruker tardis (sb300). Data for 1H are 

reported as follows: chemical shift (ppm), and multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet). Data for 13C NMR are reported as ppm. 

 

Synthesis of probe-2 

NH

O

O  

N-(2-Methoxyphenyl)benzamide (2a) 
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To a solution of o-Anisidine (200 µL, 1.77 mM) in 20mL CH2Cl2 was added 

TEA (300 µL, 2.15 mM) and benzoyl chloride (206 µL, 1.77 mM), then stirred at room 

temperature overnight. The reaction mixture was washed with H2O (10 mL × 2) followed 

by brine (10 mL), then dried over Na2SO4. After evaporation of the solvent under 

reduced pressure, the product was obtained as a yellow liquid (400 mg, 99%). 1H NMR 

(CDCl3): δ 8.54(dd, J = 7.8Hz, 1.8Hz, 2H), 7.92-7.89(m, 2H), 7.56-7.47(m, 3H), 7.10-

7.02(m, 2H), 6.93(dd, J = 8.0Hz, 1.8Hz, 1H), 3.93(s, 3H). 13C NMR (300MHz, CDCl3

 

): δ 

165.26, 148.13, 135.37, 131.69, 128.76, 127.82, 127.07, 123.86, 121.24, 119.84, 109.92, 

55.82. 

NH

S

O  

N-(2-Methoxyphenyl)benzothioamide (2b) 

To a solution of compound 2a (380 mg, 1.67 mM) in 10 mL toluene was added 

Lawesson’s reagent (676 mg, 1.67 mM), then heated to 100oC, and stirred for 3 hours. 

The product was purified through column chromatograph and obtained as a yellow liquid 

(383mg, 94%). 1H NMR (CDCl3): δ 9.67(s, 1H), 9.17(d, J = 8.1Hz, 1H), 7.87(d, J = 

6.9Hz, 2H), 7.53-7.42(m, 3H), 7.26-7.20(m, 1H), 7.09-6.97(m, 2H), 3.92(s, 3H). 13C 

NMR (300MHz, CDCl3

 

): δ 196.08, 149.89, 144.09, 131.03, 128.66, 126.77, 126.59, 

121.51, 120.39, 110.39, 56.00. 
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NH

S

OH  

N-(2-Hydroxyphenyl)benzothioamide (probe-2) 

To a solution of compound 2b (383 mg, 1.57 mM) in 5mL CH2Cl2 was added 

AlCl3 (420 mg, 3.15 mM), then stirred at room temperature for 20 h. The product was 

purified through column chromatograph and obtained as a yellow solid (170mg, 47%). 1H 

NMR (CDCl3): δ 9.33(s, 1H), 7.89(d, J = 7.2Hz, 2H), 7.59-7.43(m, 4H), 7.32-7.26(m, 

1H), 7.11-7.01(m, 2H), 6.34(s, 1H). 13C NMR (300MHz, CDCl3

 

): δ 197.13, 149.25, 

141.48, 131.93, 129.10, 128.80, 127.47, 127.00, 124.39, 121.62, 120.07. 

O

N

 

2-Phenylbenzo[d]oxazole (2c) 

To a solution of probe-2 (20 mg, 0.09 mM) in MeOH/H2O (4:1) was added HgCl2 

(30 mg, 0.11 mM), then stirred at room temperature for 3 h. The reaction mixture was 

filtered to remove solid, then concentrated under vacuo. The residue was dissolved in 10 

mL CH2Cl2, and washed with 5mL H2O, then dried with Na2SO4. The solvent was 

removed under vacuo, and the product was further dried with oil pump and obtained as a 

light yellow solid (16mg, 95%). 1H NMR (CDCl3): δ 8.28-8.25(m, 2H), 7.80-7.77(m, 

1H), 7.61-7.51(m, 4H), 7.39-7.34(m, 2H). 13C NMR (300MHz, CDCl3

 

): δ 163.06, 150.77, 

142.08, 131.54, 128.92, 127.64, 127.16, 125.13, 124.60, 120.02, 110.61. 
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Chapter 3 

A FRET-based Ratiometric Fluorescent Probe for Rapid Detection of 
Nerve Agent Stimulants 

 

3.1 Background and Significance 

Chemical warfare agents (CWAs) have posed a severe threat to public health and 

homeland security owing to their broad availability, easy operation and lethal toxicity. 

Among CWAs, organophosphorus-containing nerve agents (Scheme 3.1) are one of the 

biggest concerns due to their easy production and wide spread devastation ability. The 

toxicity of nerve agents arises from their ability to inhibit the activity of 

acetylcholinesterase (AChE), which is critical for the function of central nervous system.1 

The 1995 Tokyo subway Sarin terrorism attack resulting in 12 death and thousands of 

wounded was one of the recent incident using the highly toxic chemicals as weapons. 

 

Scheme 3.1 Nerve agents and stimulants 

 
 

With the increasing concern of public safety and potential terror attack by using 

chemical weapons, the development of simple detection tactics for nerve agents is of 

considerable social, economical and scientific importance. Along this line, several 

methods have been developed for their detection, such as photoacoustics,2 mass 

spectrometry,3,4 capillary electropherograph,5 electrical sensor,6 and biosensors.7 

However, these methods usually require expensive instruments, complicated operation, 
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laborious sample preparation, while suffer from limited portability. These drawbacks 

make them less practical for easy and fast, and field-oriented detection of nerve agents. 

In the past decade, small molecule based fluorescent, luminescent or chromogenic 

probes have emerged as a powerful tool to monitor nerve agents. To be a practical tool, a 

probe for nerve agents detection should possess a fast response and low detection limit. A 

colorimetric response is highly preferred to facilitate the sample analysis. Furthermore, a 

ratiometric signal pattern can provide a better opportunity for quantitative analysis with 

less background signal interference. More importantly, a vapor detection capability is in 

great demand due to the nerve agent vapor induced wide spread devastation. Up to now, 

many probes for nerve agents have been designed,8-20 but none of them possess all the 

above desired merits (Scheme 3.2). To the best of our knowledge, a FRET- based 

fluorescent probe that can detect nerve agents with a fast, ratiometric, colorimetric and 

vapor-detective response is still not available.21 Toward this end, we would like to report 

the first FRET-based ratiometric fluorescent probe for nerve agents with a fast and 

naked-eye observable response and excellent nerve agent vapor detection ability.  

 
Scheme 3.2 Examples of some fluorescent/colorimetric probes for nerve agent stimulants 
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3.2 Probe Design 

FRET is a widely used strategy for the design of ratiometric fluorescent probes 

because of its expectable fluorescence signal manner and broad permission of different 

design approaches. A new fluorophore called rhodol is designed by a combination of 

fluorophores of rhodamine and fluorescein (Scheme 3.3).22 Such structure exist in two 

different conjugation forms - the fluorescent spirolactone ring opening form, and the 

nonfluorescent spirolactone ring closing form. We reasoned that, the rhodamine amine 

moiety can be used as handle to attach a FRET donor. The phenol moiety in fluorescein 

can serve as a reactive trigger to respond to nerve agents to form a covalent phosphate 

bond. It is expected that the reaction could result in the formation of spirolacone from the 

open precursor and thereby inducing both absorption and emission change. 

 

Scheme 3.3 Rhodol and its conjugation structure 

 

 
 

In the design, coumarin was chosen as a FRET donor and connected to rhodol 

through a rigid piperazine linker (Scheme 3.4). Because of its structure similarity and less 

toxicity, diethyl chlorophosphate (DCP, scheme 1) has been usually used as the nerve 

agent stimulant in studies. Without DCP, the rhodol was present in open form. It is 

expected that the FRET is in play - the energy transfer from coumarin to rhodol by 
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displaying a rhodol emission (536 nm) with a typical coumarin excitation wavelength 

(410 nm). However, in the presence of DCP, the phenol group of rhodol is caged, and 

leads to the formation of a stable spirolactone ring. Such transformation disrupts the 

rhodol conjugation system. The FRET should be switched off and therefore resulting in a 

blue shift in fluorescence emission from rhodol (536 nm) to coumarin (460 nm). 

 

Scheme 3.4 Design of the FRET-based ratiometric probe for nerve agent stimulant 

 

 
 

3.3 Synthesis of Probe-3 

 

As shown in Scheme 3.5, coumarin carboxylic acid 3b was obtained in 2 steps 

from 2-hydroxy-4-diethylaminebenzaldehyde. Rhodol 3e was synthesized through two 

steps involving reaction of 3-hydroxyaniline with di(2-chloroethyl)amine followed by 

condensation with ketone 3d. Coupling of 3b with 3d using EDC•HCl as activation agent 

gave a close spirolactone form 3f, which is unexpected. However, treatment of 3f in 

DMF with K2CO3

 

 led to a dramatic emission shift from 460 nm to 536 nm (Figure 3.1). 

This arises from the formation of probe-3 with concurrent opening of the lactone. 
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Scheme 3.5 Synthetic route for probe-3 

 
 

 

 

Figure 3.1 Emission spectra change of 5 µM compound 3f before and after treatment with K2CO3

 

 in DMF. 

The excitation was set at 410nm with slit/slit 5/1.5. 
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3.4 Probe-3 Evaluation with DCP in DMF 

With the probe 3 in hand, we firstly tested its response to DCP. Upon addition of 

100 µM DCP to 5 µM probe-3 in DMF, an immediate color and fluorescent change was 

observed (Figure 3.2a). The largest emission wavelength was shifted from 536 nm (bright 

yellow) to 460 nm (blue), at the same time the solution color was changed from yellow to 

colorless. Surprisingly, all these occurred in 30s (Figure 3.2b). Obvious UV absorption 

change was observed (Figure 3.2c). The disappearance of rhodol absorption suggests the 

caging of the rodol phenol moiety and the loss of FRET energy transfer. The probe 

showed the absorption peaks of both coumarin and rhodol. However, upon the treatment 

with DCP, the rhodol absorption peak disappeared as a result of the formation of 

spirolactone ring. In the absent of DCP, the probe emission spectra stayed the same 

(Figure 3.3a). To exclude the possible influence from acids, the solution after addition of 

DCP was further treated with K2CO3, and no observable spectra change can be 

monitored (Figure 3.3b), suggesting the fluorescence change was exclusively and 

irreversibly caused by DCP. Finally, the formation of the proposed detection product (3g) 

was confirmed by mass spectrometer (M+H, 780.2659). These studies showed that the 

probe is suitable for fast detection of nerve agents with simple UV light or even naked 

eyes.  

 

Figure 3.2 (a) To 5 µM probe-3 in DMF was added 100 µM DCP, the emission spectra was recorded every 

30s in 150s. The inset picture showed the color change and the fluorescence change under UV lam; (b) The 
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fluorescence intensities at 460 and 536 nm vary in a time range of 150s; (c) The UV absorption of 5 µM 

probe-3 and 5 µM probe-3 treated with 100 µM DCP. The excitation was set at 410nm with slit/slit 5/1.5. 

 

Figure 3.3 (a) The emission spectra of 5 µM probe-3 in DMF was recorded in 3 hours; (b) 5 µM probe-3 

treated with 100 µM DCP was further added K2CO3

 

. 

Next, we investigated the response of this probe to different concentration of DCP 

in DMF. As shown in Figure 3.4, the response of probe-3 to DCP is concentration-

dependant. When 80 µM DCP was used, the highest fluorescence change was obtained, 

and the intensity ratio change (F460/F536) reached a plateau with a total enhancement of 

1731 folds. According to the fluorescence increase at 460 nm or decrease at 536 nm, the 

FRET efficiency was calculated to be 96.0% - 98.6%. A clear isoemission point was 

observed at 504 nm. When as low as 1 µM (0.17 ppm) DCP was used, an obvious 

emission ratio change can also be detected, demonstrating a high detection limit.  

 

Figure 3.4 (a) To 5 µM probe-3 in DMF was added 0 - 100 µM DCP, the emission spectra was recorded in 

1 minute after addition of DCP; (b) Fluorescence intensity ratio changes (F460/F536) of probe-3 at 5.0 µM 

upon addition of various concentrations of DCP. λex = 410nm. 
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3.5 DCP Vapor Detection 

 

 

Figure 3.5 (a) Filter paper treated with 0.1 mg/mL probe-3 solution in MeOH in the presence of K2CO3

 

; (b) 

Filter paper exposed to DCP vapor for 1 min; (c) Filter paper exposed to DCP vapor for 5 min. Pictures at 

the bottom was irradiated at 365 nm with a UV lamp. The FISHERbrand filter paper (09-795A) was used.  

We also carried out studies with probe-3 for detecting DCP in gaseous state. A pH 

paper was immersed in 0.1 mg/mL probe-3 solution in MeOH in the presence of K2CO3

23

, 

then dried in the air. The white filter paper became a little pink (Figure 3.5a). The probe-

loaded filter paper was put across the top of a vial containing one drop of DCP for a 

defined exposure time. As shown, an obvious change under a UV hand lamp can be seen 

in one minute (Figure 3.5b), and an enhanced result can be obtained in a longer exposure 

time (5 minutes) (Figure 3.5c). Compared with the existing filter paper-based sensing 

method,  the difference induced by DCP in this new filter paper based method was 

naked eye observable (Figure 3.5c). As control, we also test the fresh filter paper to DCP 

vapor, and no difference was observed, suggesting the fluorescence/color change is 

indeed induced by probe-3. In short, this probe displayed great potential for the facile 

detection of nerve agent vapor.  
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3.6 Summary 

In conclusion, the first FRET-based ratiometric fluorescent probe for nerve agent 

has been developed in this work. Fast response and obvious color change makes it very 

suitable for real time detection, and the easily made probe-loaded filter paper can be used 

to detect DCP vapor with a UV hand lamp or even naked eyes. All these together make 

this probe a very promising tool to detect nerve agents in practice.  

 

3.7 Experimental Section 

General Information: Commercial reagents were used as received, unless 

otherwise stated. Merck 60 silica gel was used for chromatography, and Whatman silica 

gel plates with fluorescence F254

Spectroscopic materials and methods: Fluorescence emission spectra were 

obtained on a SHIMADZU spectrofluorophotometer RF-5301pc. The UV absorption 

spectra were obtained on a SHIMADZU UV-1800.  

 were used for thin-layer chromatography (TLC) analysis. 

1H and 13C NMR spectra were recorded on Bruker Avance 500 and Bruker tardis (sb300). 

Data for 1H are reported as follows: chemical shift (ppm), and multiplicity (s = singlet, d 

= doublet, t = triplet, q = quartet, m = multiplet, br = broad). Data for 13C NMR are 

reported as ppm. 

Probe synthesis 

N O

O

O

O

 

Methyl 7-(diethylamino)-2-oxo-2H-chromene-3-carboxylate (3a) 



56 
 

To a solution of 4-diethylaminosalicyl aldehyde (200 mg, 1.03 mmol) in 20 ml 

methanol was added dimethyl malonate (356 μL, 3.11 mmol) and piperidine (20 μL) at 

room temperature. The mixture was heated to reflux, and stirred for 24 hours. The solvent 

was evaporated under vacuo. The crude product was purified by silica gel 

chromatography to afford 2 as yellow liquid (264mg, 92.6%). 1H NMR (500MHz, 

CDCl3): δ8.46(s, 1H), 7.36(d, 1H, J = 9.0Hz), 6.60(d, 1H, J = 8.5Hz), 6.46(s, 1H), 3.91(s, 

3H), 3.44 (q, 4H, J = 7.0Hz), 1.23(t, 6H, J = 7.0Hz); 13C NMR (300MHz, CDCl3

N O

COOH

O

): δ 

165.02, 158.54, 158.33, 152.96, 149.66, 131.11, 109.58, 108.54, 107.72, 96.70, 52.33, 

45.12, 12.41.   

 

7-(Diethylamino)-2-oxo-2H-chromene-3-carboxylic acid (3b) 

To a solution of 3a (48 mg, 0.17 mmol) in 5 mL ethanol was added 3 mL 0.5 M 

aqueous NaOH solution. The mixture was stirred at room temperature for 12 hours. The 

solvent was evaporated in vacuo. 5mL H2O was added to dissolve the residue, then pH 

was adjusted to acidic by 1 M aqueous HCl solution. The mixture was extracted by 

CH2Cl2 (10mL× 3). The combined layer was dried with sodium sulfate, filtered and 

evaporated under vacuo to afford 3 as orange red solid(40mg, 87.7%). 1H NMR (300 

MHz, CDCl3): δ 8.65(s, 1H), 7.45(d, 1H, J = 9.0Hz), 6.70(dd, 1H, J = 1.8Hz, 8.7Hz), 

6.52(d, 1H, J = 1.5Hz), 3.49(q, 4H, J = 7.1Hz), 1.26 (t, 6H, J = 7.1Hz); 13C NMR (300 

MHz, CDCl3): δ 165.39, 164.30, 157.88, 153.65, 150.05, 131.80, 110.82, 108.37, 105.28, 

96.65, 45.22, 12.25. 
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NHO
NH  

3-(Piperazin-1-yl)phenol (3c) 

To a solution of 3-aminophenol (1g, 9.16mM) in 20 mL ethylene glycol was 

added bis(2-chloroethyl)amine hydrochloride (1.63g, 9.13mM), then the solution was 

heated to 130oC and stirred under the atmosphere of Ar overnight. After the solution was 

cooled to room temperature, 40 mL H2O was added, and the pH was adjusted to 10 by 1 

M NaOH. The product was extracted by EtOAc (100 mL × 5), dried over Na2SO4. The 

EtOAc was removed by rotavapor, and the crude product was further washed with 5 mL 

CH2Cl2

O

OHHO

COOH

. The final product was obtained as a white solid (640 mg, 39%). 1H NMR (300 

MHz, MeOD): δ 7.03(t, 1H, J = 8.1Hz), 6.45(dd, 1H, J = 1.8Hz, 8.4Hz), 6.39 (t, 1H, J = 

2.1Hz), 6.30 (dd, 1H, J = 2.1Hz, 8.4Hz), 3.07(t, 4H, J = 2.7Hz), 2.95 (t, 4H, J = 2.7Hz); 

13C NMR (300 MHz, MeOD): δ 159.22, 154.63, 130.75, 109.21, 108.40, 104.69, 51.30, 

46.48. 

 

2-(2,4-Dihydroxybenzoyl)benzoic acid (3d) was synthesized according to the 

reported method.24  

O

O

O

N OH

HN  
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3'-Hydroxy-6'-(piperazin-1-yl)-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (3e) 

To compound 3d (1.74 g, 6.74 mM) in 20 mL TFA was added compound 3c (1 g, 

5.61 mM), then heated to reflux and stirred for 36 h. The solvent was removed by 

rotavapor, and the left residue was dissolved in 30 mL H2O. The crude product was 

extracted with EtOAc (40 mL × 3), and dried with Na2SO4

O

O

O

N OHNO

O

N

O

. The product was further 

purified by column chromatograph, and obtained as a red solid (1.6g, 71%). 1H NMR 

(300 MHz, D-acetone): δ 7.97(dd, 1H, J = 1.2, 7.1Hz), 7.77-7.65(m 2H), 7.20 (dd, 1H, J 

=1.2Hz, 7.5Hz), 6.83-6.73(m, 3H), 6.66-6.61(m, 3H), 3.64-3.60 (m, 4H), 3.49-3.45(m, 

4H); 13C NMR (300 MHz, D-acetone): δ 169.65, 161.96, 161.51, 153.65, 153.31, 153.19, 

152.75, 135.95, 130.63, 129.87, 129.58, 127.69, 125.32, 124.81, 119.77, 115.88, 113.36, 

113.09, 111.26, 111.13, 103.35, 103.21, 84.34, 63.92, 54.86, 45.97, 43.85.  

 

3'-(4-(7-(Diethylamino)-2-oxo-2H-chromene-3-carbonyl)piperazin-1-yl)-6'-

hydroxy-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (3f)  

To a solution of compound 3e (980 mg, 2.45 mM) in 30 mL DCM/DMF (5:1) 

was added compound 3b (640 mg, 2.45 mM) and EDC•HCl (563 mg, 2.94 mM), then 

stirred at room temperature for 24 h. The solvent was removed by rotavapor, then the 

product was purified through column chromatograph and obtain as a red solid (780mg, 

49%). 1H NMR (300 MHz, CDCl3): δ 7.97(dd, 1H, J = 1.2, 6.6Hz), 7.88(s, 1H), 7.65-

7.54(m, 2H), 7.27 (d, 1H, J = 8.7 Hz), 7.11 (d, 1H, J = 6.9 Hz), 6.74(d, 1H, J = 1.8 Hz), 
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6.65-6.52(m, 6H), 6.45(d, 1H, 2.1Hz), 3.87(br, 2H), 3.55(br, 2H), 3.41 (q, 4H, J = 7.2Hz), 

3.29(br, 4H), 1.2(t, 6H, J = 7.2Hz); 13C NMR (300 MHz, CDCl3

O

O

N ONO

O

N

O

O K

probe 3

): δ 169.95, 165.44, 

159.40, 157.36, 152.80, 152.70, 152.54, 151.95, 145.81, 134.80, 130.10, 129.59, 129.24, 

128.91, 127.30, 125.10, 124.26, 115.21, 112.87, 112.26, 110.75, 109.97, 109.61, 107.75, 

103.16, 102.39, 96.88, 48.47, 48.00, 46.94, 44.99, 42.14, 12.42.  

 

Probe-3 

The compound of 3f was dissolved in DMF to make a 5 µM solution, then 

excessive K2CO3 was added and stirred for 1 h. The conversion was monitored by 

fluorescence shift and UV absorption change. When the fluorescence and UV spectra 

stayed the same for a while, the solid K2CO3 

 

was filtered out to afford a 5 µM probe-3 

solution in DMF. 
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Chapter 4 

A New Method for H2

 

S Fluorescent Probe Design with Improved 
Sensitivity 

4.1 Background and Significance 

Despite its unpleasant smell and high toxicity, it cannot be denied the fact that 

hydrogen sulfide (H2

1-4

S) has emerged as the third endogenously produced gaseous 

signaling molecule besides nitric oxide (NO) and carbon monoxide (CO),   and it is 

present in various mammalian tissues.5 Its biological functions have been gradually 

recognized in a number of biological and pathological processes, such as cardiovascular 

protection,6,7 anti-oxidative effects,8 cell growth regulation,9 apoptosis,10 and mediating 

O2
11 sensing in the carotid body.  Recently, a study reveals that H2

12

S can sustain ATP 

production in mitochondria under hypoxic conditions.  On the other hand, the abnormal 

production of H2

13

S has been associated with dilemmas such as chronic kidney disease, 

liver cirrhosis, and Down’s syndrome. ,14 As a relatively new member of endogenously 

produced gaseous signaling molecules, there is a strong desire for biologists to fully 

understand its biological functions.15-17 Therefore, right tools for its detection and 

measurement become important. 

Traditional methods for H2
18-20S detection including colorimetric, , 

electrochemical analysis,21,22 gas chromatography23,24 and sulfide precipitation25 have 

been reported. As results of the nature of its high activity, volatility and flammability, and 

fast catabolism, a technique able to spatially and temporally monitor H2S is more 

attractive. However, these above methods cannot meet the demand. 
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Recently several elegantly designed fluorescent imaging probes for H2

26-36

S have 

come into place.  They are developed by taking advantage of the strong reduction 

power,27-29 nucleophilicity30-33 and binding affinity with metals34-36 of H2

30-33

S (scheme 4.1).  

For all these probes, the desired “off-on” in fluorescent intensity was obtained. However, 

their drawbacks have also been realized. The probes based on nucleophilic substitution 

have the possible interference from thiol-containing amino acids, such as cysteine and 

homocysteine;  the probes based on affinity with Cu2+ displayed excellent kinetics, but 

cell permeability and toxicity concern from Cu2+ was not negligible.34-36 Although the 

probes based on H2

27-29

S reductive property are very promising, currently available probes 

based on azide-reduction exhibit limited sensitivity and/or requires high concentration of 

the probes (100-200 µM).  The H2
37-40S concentration in blood is 10-100 µM  and 

living cells is in an even lower submicromolar range.41 Therefore, highly sensitive 

fluorescent probes are still in demand. Towards this end, we would like to develop new 

fluorescent probes for H2S which allows for the detection of H2

Scheme 4.1 Example of some typical H

S in a submicromolar 

range and in cellular imaging with improved sensitivity. 

2S fluorescent probes 
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4.2 Probe Design (Probe-4) 

A commonly used strategy in the development of fluorescent sensors in emission 

profile change is the manipulation of electronic features of substituents of a fluorophore 

through either intramolecular charge transfer (ICT) or photoinduced electron transfer 

(PET) pathways.42,43 The PET strategy has been successfully used in the design of PET 

based fluorescent sensors because of predictable efficiency of the PET process.  

Nevertheless, the ICT type of fluorescent probes is relatively fewer, but it can afford 

highly sensitivity since it has a very low intrinsic fluorescence. One typical example is 

widely used non-fluorescent naphthalimide bearing a electron-withdrawing group (EWG) 

such as 7-nitro moiety due to two EWGs imide and 7-nitro in a “pull-pull” way, thus 

blocking the ICT process.44 However, the conversion of the nitro group to an amine, an 

electron-donating group (EDG), leads to a dramatic fluorescence increase by changing to 

a “push-pull” system, hence allowing for the ICT process to restore. Based on the 

observation, we envisioned that incorporation of an EWG moiety into the naphthalimide 

fluorophore, which could specifically respond to H2S to transform the EWG to an EDG, 

would lead to new fluorescent probe for H2

45

S. It should be noted that the naphthalimide is 

relatively non-toxic ,46 and such favorable property allows it for study of biological 

systems. 

Scheme 4.2 Nitro reduction process 
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Inspired by the reported azide-based probe, we further investigated the reductive 

property of H2S. It’s known that Na2
47S can reduce nitroaromatics to nitroamine. ,48  

However, harsh reaction conditions such as high temperature, organic solvent presence, 

or even microwave are generally used, suggesting that it may not be feasible for the 

design of a H2
49S probe.  It is recognized that in the nitro reduction process, two key 

intermediates nitroso and hydroxylamine are produced (Scheme 4.2). Therefore, it is 

conceived that they may be more easily reduced than nitro moiety by H2S under mild 

reaction conditions. This shall offer an opportunity to develop a novel sensitive 

fluorescent probe for H2S. Considering more labile of nitroso functionality, we 

envisioned that the incorporation of the stable while electron-withdrawing hydroxylamine 

moiety into the naphthalimide may lead to a new fluorescent probe for H2S (probe-4, 

Scheme 4.3). Probe-4 should be weakly fluorescent due to the interference of ICT 

process. When treated with H2

Scheme 4.3 Design of H

S, the hydroxylamine can be easily reduced to an amine 

(4b), thereby strong fluorescence shall be produced. 

2S “off-on” fluorescent probe based on reduction of 

hydroxylamine 
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4.3 Preparation of Probe-4  

The proposed probe-4 was easily prepared in a two-step synthetic route as shown 

in Scheme 4.4. From the commercially available 4-nitro-1,8-naphthalic anhydride, we 

synthesized its naphthalimide derivative (4a), then the nitro group was reduced to 

hydroxylamine by Zn and NH4

 

Cl at room temperature with a yield of 41%. The probe 

was characterized by NMR and ESI mass spectroscopy. 

Scheme 4.4 Synthetic route of probe-4 

 
 

4.4 Probe-4 Evaluation in Buffer Solution 

With the probe in hand, we first examined its fluorescence emission intensity.  It 

was found that indeed it displayed weak fluorescence (λmax = 387 nm, ɛ = 4000 M-1cm-1, 

Φ = 0.0095).  Moreover, it is highly stable with a test in 0.1 M phosphate buffer solution 

at pH 7.4 (Figure 4.1). No decomposition was observed based on fluorescence emission 

study for at least 120 min.  Then its specific response to H2S was examined (Figure 4.2a).  

In the experiments, probe-4 at 2.0 µM was treated with 10.0 µM H2S (Na2S as supply 

source), and the emission was recorded over 180 min. To our delight, a remarkable 

fluorescence increase was observed at 544 nm with a more than 13-fold enhancement.  

The product 4b (λmax = 435 nm, ɛ = 14500 M-1cm-1, Φ = 0.12) was separated and 

confirmed by NMR. This result verifies our working hypothesis, and the noticeable 
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absorbance change suggested the ICT mechanism (Figure 4.2b). The time at 120 min 

point is selected for the following studies. 

 

 

Figure 4.1 Probe-4 (2 µM) was incubated in 100mM pH 7.4 phosphate buffer solution for 120 min. λex

 

 = 

440 nm. 

 
 
Figure 4.2 (a) Time profile of emission spectra of probe-4 toward Na2S.  To 2.0 µM probe-4 in 0.1 M pH 

7.4 phosphate buffer solution (containing 0.2% DMSO) was added 10.0 µM Na2S (5.0 equiv.), and the 

emission was recorded at 0, 10, 20, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180 min, respectively, λex

 

 = 

440 nm; (b) Absorbance of probe-4 and compound 4b (2 µM respectively). 
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Figure 4.3 Emission spectra of probe-4 with different concentrations of Na2S.  To 2.0 µM probe-4 in 

0.1 M pH 7.4 phosphate buffer solution (containing 0.2% DMSO) was added different concentrations 

of Na2S. Data were recorded after 120 min, λex = 440 nm.  Fluorescent intensity for Figure b is taken 

at λem

 

 = 544 nm. 

Next, we investigated the sensitivity of probe-4 toward H2S and other species. 

The probe with 2 µM concentration was used to determine the sensitivity of H2S at 

different concentrations. As shown in Figure 4.3, the increase in fluorescence intensity is 

in a concentration dependent manner.  With the concentration of H2S at 10.0 µM (5.0 

equiv.), the highest fluorescence is reached without further increase (Figure 4.3b).  

Compared with the existing fluorescent probes, this probe is impressively sensitive, 

requiring 5.0 equiv. of H2S.  Furthermore, notably the probe could detect H2S at a 

concentration as low as 0.5 µM, while a still pronounced (3 folds) fluorescence 

enhancement was observed.  To our knowledge, few probes are able to detect H2

29

S at a 

submicromolar range among available sensors. ,35,36 
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Figure 4.4 The effect of medium pH on probe-4 toward H2S.  Fluorescence intensity was recorded at 120 

min when probe 4 (2.0 µM) reacted with Na2S (10.0 µM) in 0.1 M phosphate buffer (containing 0.2% 

DMSO). λex = 440 nm, fluorescent intensity is taken at λem

 

 = 544 nm. 

The pH effect of the probe was carried out next.  As expected, the probe-4 

responded to H2

Moreover, we found that probe-4 displayed quicker response than the reported 

nitro-reduction probe HSN1

S in a faster pace at a higher pH due to the stronger reducing power of S2- 

(Figure 4.4).  For example, the detection rate at pH 9 is almost two folds faster than that 

at pH 7.4 within 120 min under the same reaction conditions based on fluorescence 

intensity signal.  

49 under the same reaction conditions because the 

hydroxylamine moiety is more easily reduced than the nitro group (Figure 4.5). This 

suggests that reduction of hydroxylamine is a better method for probe design using ICT 

strategy. 
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Figure 4.5 Probe-4 (2 µM) or HSN1 was treated with 10 µM Na2

 

S in 100 mM pH 7.4 phosphate buffer 

solution at room temperature (25 oC). The fluorescence was recorded at 544nm with an excitation at 440nm. 

To the best of our knowledge, there is no report on the reduction mechanism of 

hydroxylamine by hydrogen sulfide, so here a possible mechanism was proposed (Figure 

4.6). Based on this hypothesis, HS− would induce the cleavage of N-O bond in 

hydroxylamine with the formation of sulphur-substituted hydroxylamine, which should 

be the rate determining step. The sulfur-substituted hydroxylamine should be very 

unstable, and will decompose to the desired amine immediately. In this proposed 

mechanism, only one equiv. of H2

 

S is needed to convert hydroxylamine to amine, 

providing a good explanation for its excellent sensitivity. 

 
 

Figure 4.6 A possible mechamism for the reduction of hydroxylamine to amine by H2

 

S. 

Another important issue for a sensor is selectivity.  Impressively, the probe-4 

exhibits high specificity towards H2S (Figure 4.7a). Even 500 equiv. of other biological 

thiols such as cysteine and glutathione, which could potentially react with the probe-4, 

cannot induce fluorescence change; 25 equiv. of NADH can only lead to slight 

fluorescence increase. In addition, biologically related cations in a large excessive 

amount (50 equiv.) such as Ca2+, Cu2+, Fe3+, Mg2+, Zn2+ also failed to enhance 

fluorescence; reactive oxygen species (ROS), such as H2O2, NaOCl, and O2
•− with 100.0 
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equiv., did not interfere with the detection either. Also, we screened other potential 

reductants (Figure 4.7b).  Although fluorescence enhancement was observed with 

Na2S2O3, sodium ascorbate, and thioacetic acid, they don’t pose a severe concern due to 

their biological absence or obvious fluorescent maximum emission wavelength difference 

compared to H2

 

S.  Taken together, the probe displayed excellent selectivity over other 

biological species. 

 

Figure 4.7 (a) The response of 2.0 µM probe-4 to different analytes in 120 min (λex = 440 nm). H2

 

S at 10.0 

µM; cys and GSH at 1.0 mM; NADH at 50 µM; cations at 100.0 µM; reactive oxygen species at 200.0 µM; 

(b) 2.0 µM probe-4 was treated with 50 µM different compounds above respectively for 2 h. 

4.5 Living Cell Imaging  

To demonstrate the potential of the biological utility of the probe-4, we performed 

the studies of detection of H2S in living cells.  Astrocyte cells were incubated with 0, 10, 

20 µM Na2S for 1 h, then further incubated with 2.0 µM probe-4 for another 2.5 h. As 

shown in Figure 4.8, without Na2S, as expected, the cell displayed very weak 

fluorescence (Figure 4.8a).  With 10.0 µM Na2S, notable fluorescence enhancement was 

observed (Figure 4.8b); while at 20.0 µM Na2S, obvious fluorescence enhancement was 
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observed (Figure 4.8c).  It is still very rare that a H2S probe can respond to such low 

concentration H2S (≤10 µM) in living cells.  Also in the experiment process, no obvious 

cytotoxicity was observed. Therefore, we can conclude that this probe is suitable for H2

 

S 

detection in living cells. 

 

Figure 4.8 Fluorescence images of astrocyte cells (a mouse astrocyte cell line) with H2S using Olympus 

IX71 fluorescence microscopy. Astrocyte cells were first incubated with (a) 0.0µM Na2S; (b) 10.0µM 

Na2S; (c) 20.0 µM Na2

 

S for 1 h, then further incubated with 2.0µM probe-4 for 2.5 h respectively. 

4.6 Summary 

In conclusion, with recognition of the biological significance of emerging 

endogenously produced gaseous signaling molecule H2S, we have developed a new 

highly sensitive and selective fluorescent probe for H2S. The probe is designed based on 

the selective reduction of hydroxylamine to amine by H2S, which subsequently alters the 

fluorescent emission property in a desired “off-on” fashion through an ICT pathway. 

Notably, it displays excellent selectivity and sensitivity toward H2S at submicromolar 

concentration. Moreover, its impressive ability for detection of H2S at low concentrations 

(10-20 µM) in cells renders it an attractive tool for H2S study in biological system. 

However, its slow kinetics is also realized. Therefore future endeavor is being made to 

shorten response time toward H2S, and the results will be introduced in due course. 
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4.7 Experimental Section 

General Information: Commercial reagents were used as received, unless 

otherwise stated. Merck 60 silica gel was used for chromatography, and Whatman silica 

gel plates with fluorescence F254

Spectroscopic materials and methods: Millipore water was used to prepare all 

aqueous solutions. The pH was recorded by a Beckman ΦTM 240 pH meter. UV 

absorption spectra were recorded on a Shimadzu UV-2410PC UV-Vis spectrophotometer. 

Fluorescence emission spectra were obtained on a SHIMADZU spectrofluorophotometer 

RF-5301pc. Cell imaging experiments were carried out by Olympus IX71 fluorescence 

microscopy. 

 were used for thin-layer chromatography (TLC) analysis. 

1H and 13C NMR spectra were recorded on Bruker tardis (sb300) and Bruker Avance 500. 

Data for 1H are reported as follows: chemical shift (ppm), and multiplicity (s = singlet, d 

= doublet, t = triplet, q = quartet, m = multiplet). Data for 13C NMR are reported as ppm. 

 

Probe synthesis 

NO2

NO O

 

6-Nitro-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (4a)  

To 4-nitro-1,8-naphthalic anhydride (300 mg, 1.23 mmol) in 20 mL of EtOH was 

added propylamine (203 µL, 2.46 mmol), then heated to reflux and stirred overnight. The 

solvent was removed by rotavapor, then the product was purified through column 
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chromatograph, and obtained as straw yellow solid (240 mg, 69%).  1H NMR (CDCl3): δ 

8.72 (d, J = 8.5 Hz, 1H), 8.63 (d, J = 7.5 Hz, 1H), 8.59 (d, J = 8.0 Hz, 1H), 8.32 (d, J = 

8.0 Hz, 1H), 7.91 (t, J = 8.0 Hz, 1H), 4.08 (t, J = 7.5 Hz, 2H), 1.75-1.68 (m, 2H), 0.98 (t, 

J = 7.5 Hz, 3H),. 13C NMR (500 MHz, CDCl3

NH2

NO O

): δ 156.06, 155.24, 142,29, 125.18, 122.76, 

122.58, 122.03, 121.81, 119.80, 116.75, 116.40, 115.82, 35.19, 14.18, 4.38. 

 

6-Amino-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (4b) 

To a solution of compound 4a (240 mg, 0.84 mmol) in 10 mL MeOH was added 

SnCl2 (960 mg, 5.06 mmol) followed 2 mL conc. HCl. The mixture was stirred at room 

temperature for 2 hours. The solvent was removed under rotavapor, then 20 mL H2O was 

added, and the pH was adjust to basic by aq. NaOH (2 M). The product was extracted 

with DCM (30 mL × 3), dried over Na2SO4, further purified through  column 

chromatograph and obtained as yellow solid (108 mg, 50.3%).1H NMR (CDCl3): δ 8.60 

(d, J = 6.9 Hz, 1H), 8.41 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 7.65 (t, J = 8.4 Hz, 

1H), 6.88 (d, J = 8.1 Hz, 1H), 4.95 (s, 2H), 4.13 (t, J = 7.5 Hz, 2H), 1.82-1.69(m, 2H), 

1.00 (t, J = 7.4 Hz, 3H),. 13C NMR (500 MHz, CDCl3 with 2 drops of CD3OD): δ.164.70, 

164.18, 149.41, 133.83, 131.45, 129.77, 127.01, 124.83, 122.95, 119.96, 111.70, 109.34, 

41.69, 21.37, 11.47. 
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NHOH

NO O

 

6-(Hydroxyamino)-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (probe-4) 

To a solution of 4a (62 mg, 0.22 mmol) in 10 mL MeOH was added Zinc powder 

(32 mg, 0.49 mmol) and NH4Cl (14 mg, 0.26 mmol), then stirred at room temperature for 

1 h. Another 10 mL CH2Cl2 and 10 mL of MeOH was added, the solid was removed by 

filtration, then the solvent was removed by rotavapor. The product was purified through 

column chromatograph, and obtained as yellow solid (24mg, 41%). 1H NMR (DMSO-d6): 

δ 10.46 (s, 1H), 9.31 (s, 1H), 8.43-8.40 (m, 2H), 8.33 (d, J = 8.4 Hz, 1H), 7.68(t, J = 8.0 

Hz, 1H), 7.19 (d, J = 8.4 Hz, 1H), 3.96 (t, J = 7.5 Hz, 2H), 1.67-1.55 (m, 2H),  0.98 (t, J = 

7.4 Hz, 3H),. 13C NMR (300 MHz, CD3

 

OD): δ166.13, 165.73, 154.52, 135.38, 132.06, 

130.45, 129.05, 125.89, 123.41, 120,11, 112,21, 106.61, 42.62, 22.43, 11.74.  HRMS 

(m/z): calcd. for [M + H]+: 271.1083, found, 271.1094. 

Quantum yield determination 

Fluorescence quantum yields were calculated according to the equation below by 

reference to fluorescein in basic ethanol (Φ = 0.97).50 

                Φ X = Φ S * [AS / AX] * [FX / FS] * [nX / nS

where, Φ

]2 

 S is the reported quantum yield of the standard fluorescein. AS is the 

absorbance at the excitation wavelength of the standard. AX is the absorbance at the 

excitation wavelength of the measured compound. FX is the area under the emission 
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spectra of the measured compound. FS is the area under the emission spectra of the 

srandard. nX is the refractive index of the solvent used. nS

 

 is the refractive index of the 

solvent of the standard.  

Imaging experiment 

a. Primary culture of rat cortical astrocytes 

Primary cortical astrocytes were isolated from the cortices of postnatal day 1 rat 

brains.  The cells were harvested from tissue under sterile conditions, placed through one 

round of enzymatic dissociation and expansion in astrocyte growth medium (85% 

Dulbecco’s Modified Eagle medium containing 4.5 g/L glucose, and 15% Fetal Bovine 

Serum). 

b. Intracellular H2

Astrocyte cells were plated onto polylysine-coated glass coverslips. Cells were 

washed with Dulbecco’s Modified Eagle medium (DMEM) and incubated with growth 

medium containing 2.0 µM probe for 1h at 37 ºC.  After washing the cells with DMEM, 

different concentration of Na

S detection  

2

 

S was added into the growth media of the cells and 

incubated for 2h at 37 ºC.  Following a through wash, the coverslips were placed onto 

Olympus IX71 fluorescence microscopy and imaged with a GFP dichroic mirror. 
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Chapter 5 

Fluorescent Probes for Fe2+ 

5.1 Background and Significance 

As the most abundant transition metal in human body, iron plays indispensable 

roles in sustaining normal biological activities. The iron concentration in neurons can 

reach as high as 1 mM.1 The iron presence is responsible for numerous cellular functions, 

such as oxygen metabolism,2 haem synthesis,3 DNA/RNA metabolism,4,5 and neural 

activities.6 On the other hand, irregular iron metabolism has been linked to a series of 

diseases, such as anemia,7 cardiovascular disease,8 kidney disease,9 and neurological 

diseases10 including Alzheimer’s disease and Parkinson’s disease. Thus, a well-regulated 

iron metabolism will be critical to keep living system in a healthy state.  

The essential role of iron in various biological events depends on redox states, 

ferrous ion (Fe2+) and ferric ion (Fe3+). A great deal of effort has been devoted to the 

study of iron homeostasis,11 but research in this field is still very challenging partially due 

to the lack of effective detection tools. Traditional iron detection methods such as 

histochemical staining, isotope labeling and laser microprobe mass analysis (LAMMA), 

are not suitable for current biological research owing to their limited sensitivity, 

complicated sample preparation and invasive detection nature.6 Therefore, traditional 

detection approaches are unlikely to fulfill the strict requirements for iron-related 

biological studies. 

Fluorescent probe has been proved to be a powerful tool for intracellular studies, 

and fluorescent probes designed for Fe3+ 6,12,13 are much more than that for Fe2+,6,14 

indicating an inherent difficulty for Fe2+ probe design. Actually, Fe2+ plays most of 
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functional role of iron in living cells. For example, hemoglobin with Fe2+ can bind 

oxygen, but methemoglobin with Fe3+ can’t. Also, Fe2+ can catalyze Fenton reaction in 

which H2O2 

To address the above issue, some efforts have been made to develop specific 

imaging tools for Fe2+, but up to now, no breakthrough has been achieved. Most of the 

existing Fe2+ probes suffer from a fluorescence quenching because of the paramagnetic 

quenching nature of Fe2+; a few off-on probe for Fe2+ is far from the satisfaction of 

biological study due to the harsh detection condition.15 Recently an off-on Fe2+ probe was 

reported with an off-on biological imaging ability, but the fluorescence response 

depended on a long incubation time and relatively high concentration of Fe2+,16 making it 

less likely to aid biological study (Scheme 5.1). So, despite promising progress in this 

field, new fluorescent probes for Fe2+ with improved sensing properties remain in great 

demand. 

is degraded to highly reactive and biologically toxic hydroxyl radical (·OH). 

Therefore, there is an increasing need to carry out research on specific redox state of iron 

to reveal its complicated functions in biological activities.  

 

Scheme 5.1 Reported Fe2+ probes 
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To be a useful tool for Fe2+ study, an off-on fluorescence signal is very desired 

due to its rareness and high S/N ratio; the capability of responding to Fe2+ under 

physiological condition is necessary to meet the requirement for biological study; the 

ability to differentiate Fe2+ from Fe3+ will be very valuable for specific iron homeostasis 

investigation. More importantly, a fast response time will lead to an improved temporary 

resolution, which will favor the detailed iron cellular study with more accuracy. In this 

chapter, I would like to introduce our efforts in the exploration of novel reaction-based 

fluorescent probes for Fe2+, which have afforded valuable tools for Fe2+ biological study 

and provided significant insight into Fe2+ probe design. 

 

5.2 A New Turn-on Fluorescent Probe for Fe2+ Detection and Cellular Imaging 

(Probe-5) 

5.2.1 Probe Design 

The structure of probe-5 is a rhodamine derivative with an appended 

hydroxylamine as the fluorescence trigger (scheme 5.2). The probe-5 is expected to favor 

the spirolactone ring closing form, so it tends to be weakly fluorescent. However when 

the hydroxylamine is reduced to amine, the resultant rhodmaine derivative will favor a 

spirolactone ring opening form, then an enhanced fluorescence can be expected.   

 

Scheme 5.2 Probe-5 and its detection mechanism 
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5.2.2 Synthesis of Probe-5  

The probe 5 was synthesized in three steps with a total yield of 24% (Scheme 5.3). 

Ketone 5a was prepared from 3-diethylaminophenol and phthalic anhydride through a 

Friedel-Crafts reaction in good yield.  The rhodamine scaffold 5b was assembled by 

reacting 5a with 3-nitrophenol.  Finally reduction of the nitro group with Zn to 

hydroamine afforded probe 5.  In addition, we synthesized compound 5c bearing amino 

group for comparison studies.  

 

Scheme 5.3 Synthetic route of probe-5 and the detection product 

 

 

 

5.2.3 Evaluation of Probe-5 in Buffer Solution 

With the probe 5 in hand, we firstly tested its response to Fe2+ under physiological 

condition. To 5 µM probe-5 in 20 mM HEPES buffer solution was added 30 µM Fe2+, 

and the fluorescence change was monitored every 5 min. The probe displayed weak 

fluorescence (Table 1). With addition of Fe2+, the largest emission wavelength was 

shifted from 542 nm to 556 nm, and in around 30 min, the highest fluorescence intensity 

was achieved. Meanwhile, the solution color was changed from colorless to pink. 
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Without Fe2+, no obvious fluorescence change can be observed in 1 h study (Figure 5.2), 

demonstrating excellent probe stability under physiological conditions. 

 

Table 5.1 Photoabsorption and fluorescence properties of compounds 5 and 5c in buffer 

solution 

 
 

 

  

Figure 5.1 To 5 µM probe-5 in 20 mM pH 7.4 HEPES (containing 0.5% DMSO) was added 30 µM Fe2+ at 

25 oC. Left: the spectra change and solution color change. Right: the emission intensity change at 556 nm 

in a time range of 40 min. λex

 

 = 500 nm. 

 

Figure 5.2 The emission of 5 µM probe-5 in 20 mM pH 7.4 HEPES buffer solution (containing 0.5% 

DMSO) at 556 nm was recorded every 5 min in 1 hour. λex = 500 nm. 
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Besides fluorescence change, remarkable absorption enhancement was also 

observed. After addition of Fe2+, a great absorption increase at 529 nm was observed, 

indicative of the recovery of rhodamine conjugation system. In addition, this absorption 

spectra displayed a good overlap with that of 5 µM compound 5c (Table 1 and Figure 

5.3). Finally, the formation of compound 5c was confirmed by mass spectra ([M+H]+, 

387.1711). 

 

 
 

Figure 5.3 The aborption spectra of 5 µM probe-5, 5 µM probe-5 with 30 µM Fe2+ and 5 µM compound 5c 

in 20 mM pH 7.4 buffer solution. 

 

Next, we tested the sensitivity of the probe. As shown in Figure 5.4, the 

fluorescence response was Fe2+ concentration dependant. When around 50 µM Fe2+ was 

added, the highest fluorescence intensity can be reached with a fluorescence enhancement 

of 7.8 folds. Also, we found that this probe can respond to Fe2+ at a concentration as low 

as 1 µM, and to 2 µM Fe2+, the fluorescence was doubled, suggesting an impressive 

detection limit.  
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Figure 5.4 To 5 µM probe-5 in 20 mM pH 7.4 HEPES (containing 0.5% DMSO) was added Fe2+ at 0, 1, 2, 

3, 4, 5, 10, 20, 30, 40, 50, 60 µM 25 oC. Left:  the emission spectra change with addition different 

concentration of Fe2+. Right: the emission intensity change at 556 nm when 0-60 µM Fe2+was added. λex

 

 = 

500 nm. 

In addition, we conducted a study to see if the conversion of probe-5 to compound 

5c was exclusive without severe interference from possible side reactions. To evaluate 

this, we carried out a comparison investigation of the emission intensity of probe-5 with 

Fe2+ and compound 5c. It turned out that the two spectra were very similar, and the 

conversion of probe-5 to compound 5c was calculated to be as high as 96% (Figure 5.5). 

This result suggested that the Fe2+-induced reduction of hydroxylamine to amine was 

highly efficient in this rhodamine-based probe.  

 

 
 

Figure 5.5 The emission spectra of 5 µM compound 5c and 5 µM probe-5 treated with 60 µM Fe2+. 
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Next, we examined the selectivity of this probe over other biologically concerned 

species (Figure 5.6). It was found that other reductive species in biological system, such 

as Cys, GSH, NADH, and ascorbate, did not induce noticeable response. Moreover, 

reactive oxygen species such as H2O2 and NaOCl did not have action either. It should be 

noted that recently we reported a H2S probe based on reduction of hydroxylamine to 

amine,17 but in this case H2S (Na2S as source) failed to induce comparable fluorescence 

increase along with other sulfur-containing salts, such as Na2SO3 and Na2S2O3. Also, 

this probe didn’t respond to other biologically important cations, including Cu2+, Zn2+, 

Ca2+, and Fe3+. It’s noteworthy that this probe responded to Cu+ at 50 µM, but to 10 µM 

Cu+ with weaker fluorescence intensity increase than that caused by 1 µM Fe2+. 

Furthermore we found that NaOCl could remarkably reduce the fluorescence caused by 

Cu+ without obvious interference to Fe2+ (Figure 5.7). Hence Cu+ wouldn’t pose a 

concern to Fe2+ detection. Taken together, this probe displayed excellent selectivity over 

other biologically concerned species, and could serve as a useful tool for Fe2+ detection in 

living systems. 

 

Figure 5.6 (1) Probe-5 only (2) 50 µM Fe2+ (3) 200 µM Cys (4) 200 µM GSH (5) 100 µM Na2S (6) 200 

µM Na2SO3  (7) 200 µM Na2S2O3 (8) 100 µM NADH (9) 100 µM ascorbate (10) 10 µM Cu+ (11) 50 µM 

Cu2+ (12) 50 µM Fe3+ (13) 50 µM Zn2+ (14) 50 µM Ca2+  (15) 100 µM H2O2  (16) 100 µM NaOCl. The 

fluorescence was recorded 30 min after incubation. 
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Figure 5.7 Left: the emission spectra of 5 µM probe-5 in 20 mM HEPES buffer solution when 10 µM Cu+, 

10 µM Fe2+ or 1 µM Fe2+ was added. Right: the response of 5 µM probe-5 to 50 µM Fe2+ or 50 µM Cu+ 

with or without the presence of 200 µM NaOCl.  

 

5.2.4 Living Cell Imaging 

Finally and importantly, we evaluated the probe in living cellular imaging. HeLa 

cells were used and incubated with different concentrations of Fe2+ followed by 

incubation with 5 µM probe-5, respectively. As shown in Figure 5.8, without Fe2+, the 

cells displayed a very weak fluorescence. However, with addition of 20 µM Fe2+, 

fluorescence increase was discernible. When 50 µM Fe2+ was used, obvious fluorescence 

enhancement was obtained. 

 

Figure 5.8 Fluorescence images of HeLa cells with Fe2+ obtained using an Olympus IX71 fluorescence 

microscope. HeLa cells were first incubated with (a) 0 µM Fe2+; (b) 20 µM Fe2+; (c) 50 µM Fe2+ for 20 min 

at 37 oC, then further incubated with 5 µM probe-5 for 30 min respectively. 
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5.2.5 Summary 

In conclusion, a novel fluorescent probe for Fe2+ has been successfully designed, 

synthesized and characterized. It displays a desired off-on signaling pattern with naked 

eye observable color change. It possesses an impressive detection limit as low as 1 µM of 

Fe2+. Also, the probe exhibits a facile response within 30 min which is superior to the 

reported ones for off-on imaging of Fe2+ in living cells. The proposed detection reaction 

is proved to be exclusive with a high efficient reaction conversion. Along with the 

success of the bioimaging experiments, we believe probe-5 has a potential in application 

of Fe2+ related biological studies. 
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5.3 A Fluorescent Probe for Real-time Detection of Fe2+ in Living Cells 

5.3.1 Probe Design 

The underdevelopment of Fe2+ probe is largely owing to the lack of a suitable 

detection reaction. In 1988, Novak and coworker reported an interesting Fe2+-induced 

reduction of N-Aryl-O-pivaloylhydroxylamine with an excellent conversion (95%) at pH 

4.6 (Scheme 5.4a).18 We envisioned that the reaction may serve a base for the design of 

Fe2+ specific probe.  

 

Scheme 5.4 Design of probe-6 for Fe2+ 

 

 
 

 

Inspired by our previous work for H2S probe (Chapter 4), we designed 

naphthalimide-based probe for Fe2+ due to its “push-pull” fluorescence nature (Scheme 

5.3b). The “double amide” moiety, serving as a strong EWG in this ICT fluorophore, can 

also provide an internal force to push forward the N-O cleavage reaction, similar to the 

function of nitro group in the reported reaction. Due to the electron deficient nature of the 
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acylated hydroxylamine, it is expected that the probe would be weakly or non-fluorescent. 

However, after the Fe2+-induced N-O cleavage reaction, a fluorescent naphthalimide-

amine (6b) could be generated, producing a desired off-on signal.  

 

5.3.2 Synthesis of Probe-6  

With the previous developed H2

 

S probe (6a) in hand, the new probe was prepared 

through an acylation of naphthalimide-hydroxylamine (Scheme 5.5).  

Scheme 5.5 Synthesis of probe-6 

 
 

 

5.3.3 Evaluation of Probe-6 in Buffer Solution 

 

As expected, this probe (λmax

 

 = 360 nm, ɛ = 11400 M-1cm-1) was nonfluorescent 

in aqueous solution. When treated with 1 eq. of Fe2+, notable fluorescence enhancement 

(more than 27 folds) was observed in 1 min at 544 nm (Figure 5.9). This is the real-time 

off-on detection of Fe2+ was realized for the first time. In addition, an obvious absorption 

spectra change was observed, which is consistent with the alternation of ICT process 

(Figure 5.10). 
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Figure 5.9 To 5 µM probe-6 in 10 mM pH 7.4 HEPES (containing 0.5% DMSO) was added 5 µM Fe2+. 

The emission intensity was collected at 544 nm. The excitation was at 440nm, and the slit was set at 5/3.   

 

 
 

Figure 5.10 The absorption spectra of probe-6 and probe-6 with treatment of 10 µM Fe2+. 
 

The formation of naphthalimide-amine (6b) (λmax

 

 = 435 nm, ɛ = 14500 M-1cm-1, 

Ф = 0.12) was confirmed by TLC analysis. In addition, the Fe2+-induced emission spectra 

is matched with that of compound 6b (Figure 5.11). We also investigated the stability of 

this probe in buffer solution to reduce the possible false positive signal. When probe-6 

was incubated in 10 mM pH 7.4 HEPES solution for 3 h, only a slight fluorescence 

change was observed, revealing a negligible influence in the minute’s level responsive 

time (Figure 5.12). 
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Figure 5.11 The spectra of Fe2+-induced emission vs the emission spectra of naphthalimide amine 

(compound 6b). 

 

 

Figure 5.12 5 µM probe-6 was incubated in 10 mM pH 7.4 HEPES solution; emission at 544nm was 

recorded every hour. 

 

Next, we investigated the response of this probe to different concentrations of 

Fe2+. As shown (Figure 5.13), the fluorescence intensity was increased as 1 to 5 µM Fe2+ 

was added. When more than 5 µM Fe2+ was added, the fluorescence intensity was leveled 

off. This implied a 1:1 stoichiometry, and was consistent with the reaction mechanism 

proposed by Novak.18 Moreover, the observed detection limit was as low as 0.5 µM with 

a 3 folds fluorescence enhancement.  
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Figure 5.13 To 5 µM probe-6 in 10 mM pH 7.4 HEPES (containing 0.5% DMSO) was added Fe2+ at 0, 0.5, 

1, 2, 3, 4, 5, 6, 7 µM. The emission intensity was collected at 544 nm.  

 

Then, we tested the selectivity of the probe over other biologically related species. 

Firstly, we screened a series of reductive species such as Na2S, Na2S2O3, Na2SO3

 

, Cys, 

GSH, and NADH, even at a longer detection time (10 min) and in an excessive amount, 

no obvious fluorescence was observed. Only ascorbate led to a marginal fluorescence 

increase (Figure 5.14).  

 

Figure 5.14 To 5 µM probe-6 in 10 mM pH 7.4 HEPES (containing 0.5% DMSO) was added 1 eq. Fe2+ , 2 

eq. Na2S, 10eq. Na2S2O3, 10eq. Na2SO3

 

, 20eq. Cys, 20eq. GSH, 4eq. NADH, 4eq. ascorbate. The 

emission intensity was collected 10 min after addition of different reductive species. 

Secondly, we carried out a competition assay in the presence of other metal ions 

(Figure 5.15). Each metal cation with 10 eq, such as Na+, K+, Ca2+, Mg2+, Cd2+, Co2+, 
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Ni2+, Zn2+, Mn2+, Fe3+, cannot produce noticeable fluorescence increase or interfere the 

fluorescence triggered by Fe2+. Therefore this probe can be used to differentiate Fe2+ 

from Fe3+. However, Cu2+ can elicit a moderate fluorescence, and Cu+ behaved very 

similarly to Fe2+ in triggering probe fluorescence (Figure 5.16 and 5.17). So, this probe 

can be used to sense Fe2+ and Cu+. 

 

 

Figure 5.15 The bar on the left was 5 µM probe-6 or 5 µM probe-6 with 50 µM different cations; the left 

bar was 5 µM Fe2+ in the presence of different cations at 50 µM; The emission was recorded in 10 min at 

544 nm. 

  

Figure 5.16 To 5 µM probe-6 in 10 mM pH 7.4 HEPES was added 5 µM Cu+. The emission was recorded 

in 10 min at 544 nm. 
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Figure 5.17 To 5 µM probe-6 in 10 mM pH 7.4 HEPES was added different concentration of Cu+ 

 

Despite unexpected exciting results, it is still necessary to discriminate Fe2+ from 

Cu+. It’s reported that Cu+ can be oxidized to Cu2+ by NaOCl,19 so we examined the 

response of probe-6 to Fe2+, Cu2+ and Cu+ in the presence of NaOCl. It was found that 

Fe2+ could still elicit the fluorescence without severe interference in the presence of 50 

µM NaOCl, but Cu+ failed to entice fluorescence enhancement (Figure 5.18). In addition, 

100 µM NaOCl can suppress a large part of the 50 µM Cu2+ induced fluorescence (Figure 

5.19). So, NaOCl provided an effective method to specifically monitor Fe2+ even in the 

presence of Cu2+/+. It seemed that Cu2+-induced fluorescence was due to the conversion 

of Cu2+ to Cu+ in aqueous redox environment. This hypothesis can also be supported by 

the observation that the Cu2+-induced fluorescence was time dependant while Fe2+/Cu+-

induced fluorescence can be finished in 1 minute. With this discrimination method by 

NaOCl, well-developed Cu+ probes,20-24 significant concentration difference,25 and 

selective iron chelating agent, we believe Cu+ won’t be a significant concern for Fe2+ 

detection in biological study. Taken together, this probe should be able to detect Fe2+ 

without severe encumbrance from other biological species.  
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Figure 5.18 1. 5 µM probe-6; 2. 5 µM probe-6 treated with 5 µM Fe2+; 3. 5 µM probe-6 treated with 5 µM 

Fe2+ in the presence of 50 µM NaOCl; 4. 5 µM probe-6 treated with 5 µM Cu+; 5. 5 µM probe-6 treated 

with 5 µM Cu+ in the presence of 50 µM NaOCl. 

 

 

Figure 5.19 The Cu2+-induced fluorescence in the presence of different concentration of NaOCl in 10min. 

 

5.3.4 Biological Evaluation of Probe-6 

Firstly, we evaluated this probe in the detection of Fe2+ in living cells. Astrocyte 

cells were firstly treated with 0 or 20 µM Fe2+ followed by further incubation with 5 µM 

probe-6. As shown in Figure 5.20, significant fluorescence was observed for cells treated 

with Fe2+ compared to that without Fe2+. In this imaging study, no obvious cytotoxicity 

was noticed. This experiment y proved that this probe displayed an excellent detection 

ability for Fe2+ in living cells. 
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Figure 5.20 Fluorescence images of astrocyte cells (a mouse astrocyte cell line) with Fe2+ using Olympus 

IX71 fluorescence microscopy.  Astrocyte cells were first incubated with (b) 0 µM Fe2+, (c) 20.0 µM Fe2+ 

for 15 min, then incubated with 5 µM probe-6 for another 15 min. (a) is the bright field image of (b). 200 

ms exposure time was used for this experiment.  

 

Next, we tested if this probe can respond to endogenous Fe2+ in astrocyte cells. In 

the study, the exposure time was increased to 500 ms, and a bright image of astrocyte 

cells was obtained after incubation with 5 µM probe-6 for 15 min (Figure 5.21a, e). 

However, when the cells were pre-treated with desferoxamine (DFO, a selective 

chelating agent for iron), the obtained fluorescence image was obviously dimmed (Figure 

5.21b, e). This experiment indicated that this probe can respond to endogenous Fe2+ in 

living cells.  

Finally and importantly, we investigated if this probe can respond to Fe2+ flux in 

living cells. The existence of labile iron pool (LIP) which contains exchangeable iron was 

supposed to be important for iron homeostasis, but it remains putative.26,27 We thought 

the presence of large amount of other transition metals such as Zn2+, some of the chelated 

Fe2+/ Fe3+ should be released. With this in mind, the astrocyte cells were incubated with 

different concentraton of Zn2+, and it was found that 150 µM Zn2+
 could lead to obvious 

fluorescence increase (Figure 5.21 c, e). To confirm the fluorescence enhancment was 

due to the increased concentraton of Fe2+, the cells were incubated with both Zn2+ and 



100 
 

DFO. No fluorescence increase was observed (Figure 5.21d, e) compared with Fig.5a/e, 

but the brightness was still stronger than cells treated only with DFO (Figure 5.21b, e). 

The study of Zn2+-induced Fe2+ flux demonstrated the existence of LIP at least partially. 

Taken together, this probe may find a place for the bilogically application in study of Fe2+ 

flux in living cells. 

 

 

 

Figure 5.21 Fluorescence images of endogenous Fe2+ in astrocyte cells. Astrocyte cells were incubated 

with (a) 5 µM probe-6 for 15 min, (b) 20.0 µM DFO for 15 min then 5 µM probe-6 for another 15 min, (c) 

150 µM Zn2+ for 15 min then 5 µM probe-6 for another 15 min, (d) 150 µM Zn2+ and 20.0 µM DFO for 15 

min then 5 µM probe-6 for another 15 min. 500 ms exposure time was used for this experiment. (e) Mean 

fluorescence intensities of cell fluorescence in representative images. 

 

5.3.5 Summary 

In summary, an off-on fluorescent probe for Fe2+ was developed based on Fe2+-

induced N-O cleavage in acylated hydroxylamine. It displayed fast kinetics, which would 

allow for real-time detection of Fe2+ for the first time. It exhibited a good selectivity for a 

Fe2+. The probe enabled to detect endogenous Fe2+, and respond to Zn2+-induced iron flux. 
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5.4 Experimental Section 

5.4.1 Experimental Data for Probe-5 

General Information: Commercial reagents were used as received, unless 

otherwise stated. Merck 60 silica gel was used for chromatography, and Whatman silica 

gel plates with fluorescence F254

 Spectroscopic materials and methods: Millipore water was used to prepare all 

aqueous solutions. The pH was recorded by a Beckman ΦTM 240 pH meter. Fluorescence 

emission spectra were obtained on a SHIMADZU spectrofluorophotometer RF-5301pc. 

UV absorption spectra were obtained on a SHIMADZU UV-1800. Cell imaging 

experiments were carried out by Olympus IX71 fluorescence microscopy. 

 were used for thin-layer chromatography (TLC) analysis. 

1H and 13C NMR spectra were recorded on Bruker tardis (sb300). Data for 1H are 

reported as follows: chemical shift (ppm), and multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet). Data for 13C NMR are reported as ppm. 

Material used for analysis: FeSO4
.7H2O, CaCl2, Zn(NO3)2

.6H2O, CuCl2, CuI, 

FeCl3

 

. For each experiment, Fe2+ solution was freshly prepared.  

Synthesis of probe-5 

OHN

O

COOH

 

2-(4-(Diethylamino)-2-hydroxybenzoyl)benzoic acid (5a)  
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To 3-(diethylamino)phenol (3g, 18.16 mM) in 30 mL toluene was added phthalic 

anhydride (2.82g, 19.04 mM), then the mixture was heated to reflux and stirred for 12 h. 

After cooled to room temperature, the solvent was removed by rotavapor. The left solid 

was washed with large amount of ethyl acetate, and dried with oil pump. Without further 

purification, the product was obtained as a white solid (4g, 70%). 1H NMR (300 MHz, 

CDCl3

O NO2

O

O

N

): δ 8.11 (d, J = 7.5Hz, 1H), 7.64 (t, J = 6.9Hz, 1H), 7.54 (t, J = 7.8Hz, 1H), 7.38 

(d, J = 7.5Hz, 1H), 6.89 (d, J = 9Hz, 1H), 6.15 (d, J = 2.4Hz, 1H), 6.05 (dd, J = 2.3Hz, 

9.2Hz, 1H), 3.38 (q, J = 7.1Hz, 4H), 1.19 (t, J = 7.1Hz, 6H). 

 

3'-(Diethylamino)-6'-nitro-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (5b)  

To compound 5a (420 mg, 1.34 mM) in 20 mL MeSO3H was added 3-nitrophenol 

(280 mg, 2.01 mM), then heated to 130 oC and stirred for 48 h. The mixture was cooled 

to room temperature, then 40 mL H2O was added. The crude product was extracted with 

CH2Cl2 (40 mL × 3), and dried over Na2SO4. The product was purified through column 

chromatograph and obtained as a yellow solid (240 mg, 43%). 1H NMR (300 MHz, 

CDCl3): δ 8.13 (d, J = 2.1Hz, 1H), 8.06-8.03 (m, 1H), 7.81 (dd, J = 2.4Hz, 8.7Hz, 1H), 

7.72-7.62 (m, 2H), 7.18 (dd, J = 1.2Hz, 6.3Hz, 1H), 6.96 (d, J = 8.7Hz, 1H), 6.60 (d, J = 

9Hz, 1H), 6.49 (d, J = 2.4Hz, 1H), 6.41 (dd, J = 2.7Hz, 9Hz, 1H), 3.38 (q, J = 7.10Hz, 

4H), 1.18 (t, J = 7.05Hz, 6H). 13C NMR (300 MHz, CDCl3): 169.11, 152.56, 152.45, 

151.88, 149.95, 148.72, 135.25, 130.08, 129.32, 128.80, 126.63, 126.04, 125.29, 123.89, 

117.54, 112.88, 109.18, 103.86, 97.49, 82.44, 44.55, 12.46.  
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O NHOH

O

O

N

 

3'-(Diethylamino)-6'-(hydroxyamino)-3H-spiro[isobenzofuran-1,9'-xanthen]-3-

one (Probe-5) 

To compound 5b (230 mg, 0.55 mM) in 20 mL MeOH was added Zinc powder 

(722 mg, 11.04 mM) and NH4Cl (590 mg, 11.03 mM), then the mixture was heated to 

reflux and stirred for 1.5 h. After cooling to room temperature, the solid in solution was 

removed by filtration, and the solvent was removed by rotavapor. The product was 

purified through column chromatograph and obtained as pink solid (180 mg, 81%). 1H 

NMR (300 MHz, MeOD): δ 7.72 (dd, J = 1.5Hz, 7.8Hz, 1H), 7.25-7.19 (m, 1H), 7.14-

7.08 (m, 1H), 6.96 (dd, J = 1.05Hz, 8.1Hz, 1H), 6.85-6.77 (m, 2H), 6.45 (d, J = 2.4Hz, 

1H), 6.38 (d, J = 2.4Hz, 1H), 6.35-6.30 (m, 2H), 6.11 (s, 1H), 3.30 (q, J = 7.00Hz, 4H), 

1.09 (t, J = 6.9Hz, 6H). 13C NMR (300 MHz, MeOD): 172.57, 153.15, 153.03, 150.36, 

148.38, 148.07, 132.66, 132.32, 131.96, 131.55, 129.97, 126.56, 116.54, 114.53, 112.41, 

109.68, 103.70, 100.76, 45.94, 38.42, 12.75. HRMS (ESI): calcd. for C24H22N2O4

O NH2

O

O

N

 

[M+H]+: 403.1658, found, 403.1715. 

 

3'-Amino-6'-(diethylamino)-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one(5c)  
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To compound 5a (217 mg, 0.69 mM) in 8 mL MeSO3H was added 3-

aminophenol (80 mg, 0.73 mM), then heated to 130oC and stirred for 20 h. The mixture 

was cooled room temperature, and 40 mL H2O was poured followed by excessive TEA. 

The solution was extracted by CH2Cl2 (40 mL × 2), and dried over Na2SO4. The product 

was purified through column chromatograph, and the obtained product was dissolved in 

30 mL CH2Cl2, and washed with dilute aqueous NaOH, dried over Na2SO4. Finally, the 

product was obtained as a red solid (150 mg, 56%). 1H NMR (300 MHz, CDCl3): δ 7.99 

(dd, J = 1.2Hz, 6.6Hz, 1H), 7.62-7.54 (m, 2H), 7.17 (dd, J = 1.2Hz, 6.9Hz, 1H), 6.58-6.42 

(m, 4H), 6.35-6.25 (m, 2H), 3.33 (q, J = 7.10Hz, 4H), 1.15 (t, J = 7.05Hz, 6H). 13C NMR 

(300 MHz, CDCl3): 169.94, 153.23, 153.14, 152.53, 149.66, 149.10, 134.45, 129.31, 

129.23, 129.00, 128.02, 124.89, 124.29, 111.43, 109.21, 108.28, 105.82, 101.21, 97.55, 

77.35, 44.50, 12.55. HRMS (ESI): calcd. for C24H22N2O3

 

 [M+H]+: 387.1709, found, 

387.1711. 

The determination of quantum yield 

Fluorescence quantum yields were calculated according to the equation below by 

reference to rhodamine 6G (Φ = 0.95).28 

Φ X = Φ S * [AS / AX] * [FX / FS] * [nX / nS

where, Φ

]2 

S is the reported quantum yield of the standard rhodamine 6G. AS is the 

absorbance at the excitation wavelength of the standard. AX is the absorbance at the 

excitation wavelength of the measured compound. FX is the area under the emission 

spectra of the measured compound. FS is the area under the emission spectra of the 
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srandard. nX is the refractive index of the solvent used. nS

 

 is the refractive index of the 

solvent of the standard.  

Imaging experiment 

a. Culture of human HeLa cells 

Human HeLa cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM; Gibco) supplemented with 10% foetal bovine serum (FBS), 100 U/ml penicillin 

and 100 µg/ml streptomycin at 37°C under a 5% CO2

b. Intracellular ferrous ion detection by probe 

 atmosphere. For fluorescence 

image, cells were seeded at a density of 3–5×104 cells/cm2 on uncoated coverslips. 

Intracellular ferrous was measured by adding specific probe. HeLa cells were 

plated onto polylysine-coated glass coverslips. Cells were washed with Dulbecco’s 

Modified Eagle medium (DMEM) and incubated with growth medium containing 

different concentration of Fe2+ (0, 20 and 50 µM) for 20 min at 37oC. After washing the 

cells with DMEM, 5 µM probe was added into the growth media of the cells and 

incubated for 30 min at 37oC. Following a through wash, the coverslips were placed onto 

Olympus IX71 fluorescence microscopy and ferrous was imaged with a GFP dichroic 

mirror.  

 

5.4.2 Experimental Data for Probe-6 

General Information: Commercial reagents were used as received, unless 

otherwise stated. Merck 60 silica gel was used for chromatography, and Whatman silica 

gel plates with fluorescence F254 were used for thin-layer chromatography (TLC) analysis. 
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1H and 13C NMR spectra were recorded on Bruker tardis (sb300). Data for 1H are 

reported as follows: chemical shift (ppm), and multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet). Data for 13C NMR are reported as ppm. 

 Spectroscopic materials and methods: Millipore water was used to prepare all 

aqueous solutions. The pH was recorded by a Beckman ΦTM 240 pH meter. Fluorescence 

emission spectra were obtained on a SHIMADZU spectrofluorophotometer RF-5301pc. 

UV absorption spectra were obtained on a SHIMADZU UV-1800. Cell imaging 

experiments were carried out by Olympus IX71 fluorescence microscopy. 

Material used for analysis: FeSO4
.7H2O, NaCl, K2CO3, CaCl2, MgSO4, 

Cd(NO3)2
.4H2O, Co(NO3)2

.6H2O, NiCl2
.6H2O, Zn(NO3)2

.6H2O, MnSO4.H2O, CuCl2, 

CuI, FeCl3

Synthesis of probe-6 

. For each experiment, Fe2+ solution was freshly prepared.  

The compound 6a and 6b was synthesized according to our reported method.17 

N OO

NHOAc  

Synthesis of probe-6  

To compound 6a (26 mg, 0.096 mM) in 10 mL DCM in ice both was added acetyl 

chloride (7 µL, 0.098 mM) and TEA (14 µL, 0.100 mM), then stirred for 5 min. The 

solvent was removed by rotavapor, and the product was purified through column 

chromatograph, and obtained as a yellow solid (24 mg, 80%).1H NMR (CDCl3): δ 9.65(s, 

1H), 8.61(dd, J = 7.2Hz, 0.6Hz, 1H), 8.52(d, J = 8.1Hz, 1H), 8.26(d, J = 8.4Hz, 1H), 
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7.41(dd, J = 8.4Hz,7.5Hz, 1H), 7.32(d, J = 8.1Hz, 1H), 4.15-4.10(m, 2H), 2.35(s, 3H), 

1.82-1.69(m, 2H), 1.00(t, J = 7.5 Hz, 3H). 13C NMR (300MHz, CDCl3

 

): δ169.95, 164.16, 

163.73, 147.05, 132.43, 131.39, 128.81, 126.74, 126.53, 123.20, 121.07, 117.71, 110.71, 

41.89, 21.40, 18.89, 11,51. 

Imaging experiments 

a. Primary culture of rat cortical astrocytes 

Primary cortical astrocytes were isolated from the cortices of postnatal day 1 rat 

brains. The cells were harvested from tissue under sterile conditions, placed through one 

round of enzymatic dissociation and expansion in astrocyte growth medium (85 % 

Dulbecco’s Modified Eagle medium containing 4.5 g/L glucose, and 15 % Fetal Bovine 

Serum). 

b. Intracellular Fe2+ detection  

Astrocyte cells were plated onto polylysine-coated glass coverslips. Cells were 

washed with Dulbecco’s Modified Eagle medium (DMEM) and incubated with growth 

medium containing Fe2+, DFO, Zn2+ or Zn2+/DFO for 15min at 37oC. After washing the 

cells with DMEM, 5 µM probe was added into the growth media of the cells and 

incubated for 15 min at 37oC. Following a through wash, the coverslips were placed onto 

Olympus IX71 fluorescence microscopy and imaged with a GFP dichroic mirror.  
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