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Abstract
In this work, dual-emissive ratiometric fluorescent system was constructed by the introduction of an
ideal internal reference. By virtue of its unique alkalinity, N2H4 could undergo a hydrazinolysis reaction
with the ester group of F1, inducing remarkable fluorescence enhancement while the blue fluorescence
of the internal reference DPA remained constant. Consequently, the fluorescence intensity ratios
(I540/I440) were proportional to the concentrations of N2H4, which was beneficial for the exactly
quantitative detection. The skillful strategy granted the sensing system advantages such as relative good
solubility in aqueous media, easy-to-design, simple synthesis, large emission shift, good ratiometric
response, as well as the successful application in real water samples and cell imaging.
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1. Introduction
Currently, the development of organic fluorophores-based probes for toxic agents such as

hydrazine (N2H4) [1-11], has been a subject of intense research interest. On the one hand, N2H4 plays

an important role in the chemical, pharmaceutical and agricultural industries involving catalysts,

photography chemicals, pesticides, various dyes, pharmaceutical intermediates and so on [12-15].

Nevertheless, on the other, N2H4 is recognized as a hazardous substance to biological processes and

human health. It damages DNA by excess production of defective proteins, and gets metabolized into

toxic radical species [16]. Hydrazine is also a neurotoxin and has severe mutagenic effects causing

severe damage to the liver, lungs, kidneys and human central nervous system [17]. Thus, the highest

permissible of N2H4 concentration is limited to 0.312 mol/L in drinking water according to the U.S.

environmental protection agency (EPA) [18]. Therefore, easy and reliable methods are in great demand

for hydrazine detection in the environmental and biological systems.

In this regard, fluorescent technique for N2H4 detection have been studied actively due to their

appealing merits such as high sensitivity, specificity, and rapid response, enabling successful

application both in vitro assays and in vivo imaging studies [19-25]. Especially, ratiometric method is
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becoming more promising as it can enable the measurement of optical intensities at two different

wavelengths, providing a built-in correction for environmental effects and increasing the dynamic

range of measurement. Compared with the intensity-based ones, this type of probes can acquire

accurate results and be more beneficial to quantitative measurements [26-30]. For practical use in

ratiometric measurement, an ideal fluorescent probe should exhibit a large emission wavelength shift

(>80 nm). Generally, ratiometric probes can be designed through two mechanisms [31-33] including

fluorescence resonance energy transfer (FRET) and intramolecular charge transfer (ICT). However,

both methods consist complicated chemical structure design and synthetic procedures. As a result, it is

urgent to explore a facile fabrication strategy of simple but reliable ratiometric sensing system for

N2H4.

With these considerations in mind, herein, we developed a dual-emissive ratiometric fluorescent

system for N2H4 detection. Firstly, we designed compound F1 (Scheme 1), which was composed of a

fluorescein moiety and acetate group. The fluorescein moiety was selected to act as the fluorophore

with relatively good solubility in water media and the acetate group was chosen as a putative

N2H4-dependent reactive subunit. Taking advantage of the unique alkalinity of N2H4, the

N2H4-promoted hydrolysis reaction would trigger the cleavage of the C-O bond in compound F1,

resulting in the photoswitch of the non-fluorescent deconjugated form to the strongly fluorescent

conjugated one (F2). As a result, the electronic structure and optical properties would change, and F1

could act as a N2H4-specifity probe via a turn-on approach. As illustrated in Scheme 1, the emission

spectra of F1 first enhanced with the addition of N2H4. Then, 9,10-Diphenylanthracene (DPA) was

introduced as the internal reference to construct an ideal ratiometric sensing system. As to the F1-DPA

system, the blue emission of DPA was almost unchanged while the green emission of F1 increasing

with the addition of N2H4. It was noteworthy that the difference in the two emission wavelengths was

rather large (emission shift:  = 100 nm), which could fully meet the requirements of ratiometric

detection and then acquire accurate results. Moreover, with the change of emission intensity ratios, the

fluorescent colors of the system changed correspondingly, offering the possibility for visual

identification. Herein, we would like to describe the new ratiometric detection system for N2H4 in

detail, featuring advantages such as relative good solubility in aqueous media, easy-to-synthesize, large

emission shift, good ratiometric response, as well as the successful application in real water sample and

bioimaging in living cells.



Scheme 1. Schematic illustration of the ratiometric detection system for N2H4.

2. Experimental Section

2.1 Materials and Instrumentations
All reagents and solvents were of analytical grade without further purification.

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased from Sigma-Aldrich

Chemical Company. The solutions of anions and cations were prepared from their sodium and chloride

salts, respectively. Deionized water was used in all experiments.

The 1H and 13C NMR spectra were measured on Bruker500 spectrometer using tetramethylsilane

(TMS; δ = 0 ppm) as internal standard. The ESI mass spectra were measured on a Finnigan LCQ

advantage mass spectrometer. Melting points were measured on a Beijing Taike XT-4 microscopy

melting point apparatus, and the thermometer was uncorrected. The pH values were determined by

using a DELTA 320 PH dollar. Photoluminescence spectra were performed on a Hitachi F-7000

fluorescence spectrophotometer.

2.2 Synthesis of Compound F1
Compound F1 was synthesized according to the literature method [34]. The resulting solid was

collected by filtration and recrystallized in absolute ethanol to give compound F1 as a red solid (59%).

m. p. 165-167◦C. 1H NMR (500 MHz, d6-DMSO) 2.51 (s, 6H, -CH3), 6.79 (s, 1H, ArH), 7.55-7.57 (d, J

= 10.0 Hz, 1H, ArH), 7.66 (s, 2H, ArH), 7.74 (s, 1H, ArH), 7.84-7.87 (t, J = 7.5 Hz, 1H, ArH),

7.94-7.98 (t, J = 10.0 Hz, 1H, ArH), 8.36-8.37 (d, J = 5.0 Hz, 1H, ArH). 13C NMR (125 MHz,

d6-DMSO) 20.3, 112.4, 120.5, 123.2, 127.2, 129.8, 130.1, 131.2, 132.8, 145.3, 145.9, 148.8, 168.1,

168.9 ppm. MS (ESI), m/z [M+H]+: 485.2, calcd, 485.0.

2.3 General Fluorescence Spectra Measurements of F1 and F1-DPA
A solution of F1 (1×10-5 mol/L) was prepared in HEPES : DMSO = 9:1 (v/v, 10 mM, pH=7.4).

Commercially available hydrazine hydrate was titrated according to the literature [35] and its mass

fraction was calculated to be 76%. Then, 1.25 mL of the above hydrazine solution was placed into a 10

mL volumetric flask with deionized water to obtain the stock solution of N2H4with the concentration of



3.0×10-3mol/L.

The solution of other competitive species (1×10-1 mol/L) were prepared in deionized water. The

solution of F1 was placed in a quartz cell (10.0 mm width) and the fluorescence spectrum was recorded.

N2H4, anion or amine was introduced in portions and fluorescence intensity changes were recorded at

room temperature each time (excitation wavelength = 390 nm).

1 mmol F1 and 1.5 mmol DPA were added to 2 mL of DMSO, then the mixture was diluted with

8 mL HEPES to obtain the stock solution of F1-DPA with their concentration of 0.1 and 0.15 mol/L,

respectively. During the titration experiment, the above stock solution was diluted to 1×10-5 mol/L. The

solution of F1-DPA was placed in a quartz cell (10.0 mm width) and the fluorescence spectrum was

recorded. N2H4, anion or amine was introduced in portions and fluorescence intensity changes were

recorded at room temperature each time (excitation wavelength = 390 nm).

2.4 Real Detection in Water Sample
For the preparation of water samples, 10 mL of fresh water sample from the Hanjiang River water

was collected in a sample tube. The above sample was filtered three times using a 0.22 μm membrane

to remove any solid suspensions. The obtained filtration samples were spiked with different

concentrations of N2H4 and their emission spectra were measured as above. The tap water sample was

spiked with different concentrations of N2H4 directly and the emission spectra were measured.

2.5 Fluorescence Imaging
HeLa cells were seeded to the 24-well plates, and then the cells with an initial density of 5 × 104

cells well-1 were routinely maintained at 37oC in a humidified 5% CO2 atmosphere using DMEM

(Dulbecco’s modified eagle’s medium) supplemented with 10% fetal bovine serum and 1%

penicillin-streptomycin for 24 h.

Fluorescence cell imaging was performed with an OLYMPUS IX73 scanning microscopy with a

40× objective lens. Fluorescence images of HeLa cells were monitored at 400-410 nm and 460-490 nm

(the excitation wavelength) for blue and green channels, respectively. The data were analyzed using

software package provided by OLYMPUS instruments.

3. Results and Discussion
3.1 Sensing Properties of F1

Firstly, we added hydrazine into the diluted solution of F1 and investigated its response towards

N2H4 in detail. For the purpose of physiological application, 10 mM HEPES with 10% DMSO was chosen

as the test media to investigate the sensing behavior of F1. Considering that the reaction rate might affect

the experimental results, the influence of the reaction time on the probing results was also investigated,

and the obtained results were demonstrated in supplementary data Figure S1. With the addtion of different

concentrations of N2H4 (5, 10 and 15 ×10-6mol/L), a plateau of intensity at 540 nm could be achieved after



10 minutes and the changes became slight from 10 to 15 minutes. Thus, in the titration experiment, we

measured the optical intensity changes of the F1 solutions 10 minutes later after all the species were

added.

As shown in Figure 1, the emission spectra displayed apparent enhancement with the increasing

concentration of N2H4. It was noteworthy that in the presence of as low as 0.3 M of N2H4, the emission

spectra of sensing system displayed obvious changes, indicating that fluorescent probe F1 had rather high

sensitivity towards N2H4. When 10 M of N2H4 was added, the emission intensity at 540 nm reached the

maxmum with about 100-fold enhancement (I/I0-1). Furthermore, this fluorescence difference of the

solution of F1 before and after the addition of N2H4 could be easily distinguished by the naked eyes. As

displayed in the inset of Figure 1, under a normal UV lamp, the solution changed from nearly non-

fluorescence to strongly green fluorescence with the quantum yield increasing from 0.12 to 0.43. Well

behaved fluorescence probes should not only be good at qualitative analysis, but also measure the

analytes quantitatively. Thus, the linearity of F1 was investigated via the fluorescence titration. As shown

in the inset of Figure 1, with the amount of hydrazine solution gradually increasing, the fluorescent

intensity rose step by step. According to the linear curve, R2 of probe F1 was caculated to be 0.9972,

exhibiting good linearity and exact quantitative detection towards the concentration of hydrazine. The

detection limit of probe F1 was evaluated based on the above fluorescence titration and then calculated

with the following equation: detection limit = 3/k (where  is the standard deviation of blank

measurement acquired by ten times measurement of emission spectrum of F1; k is the slope from the inset

plot in Figure 1). Accordingly, the detection limit of probe F1 was calculated to be as low as 90 nmol/L.

Figure 1. Fluorescent emission spectra of F1 (10 M, in H2O/DMSO = 9/1, v/v) in the presence of
increasing concentration of N2H4 (from bottom to top: 0.0、0.3、0.6、0.9、1.2、1.5、2.0、2.5、3.0、
3.5、4.0、4.5、5.0、6.0、8.0 and 10.0 mol/L), excited at 390 nm. Inset: Plot of fluorescent intensity at
540 nm of F1 as a function of the concentration of N2H4, and fluorescent photograph of F1 before and



after the addition of N2H4.

To evaluate the specificity of F1 toward N2H4, the influence of representative cations (including

Mg2+, Zn2+, Ni2+, Ba2+, Al3+, Cd2+), anions (including SO32-, S2O32-, ClO3-, F-, Br-, I-, AcO-, HCO3-), and

neutral nitrogen-containing compounds (including urea, n-butylamine, ethylenediamine,

diisobutylamine) were investigated under the same condition. As shown in Figure S2, only in the

presence of N2H4, the strong emission at 540 nm could be observed. Furthermore, we measured the

response of F1 to N2H4 in the presence of other competitive species. As shown in the inset of Figure S2,

the presence of all other interferents did not cause any appreciable changes to the fluorescence spectra,

indicating that probe F1 had selective response toward N2H4.

3.2 Sensing Properties of F1-DPA System

The above experimental results demonstrated that compound F1 could act as a single intensity-based

fluorescent probe for N2H4 detection. Then, DPA was utilized to serve as an internal reference to gain

ideal ratiometric probe and the sensing behavior of the F1-DPA system to N2H4 has been explored

carefully. In the absence of N2H4, two well-resolved emission peaks centered at 440 and 540 nm were

observed, which can be ascribed to the emission of DPA and F1, respectively. As presented in Figure 2,

when the concentration of N2H4 increased from 0 to 8.0 μM, the emission intensity at 540 nm increased

gradually, while the intensity at 440 nm of compound DPA almost kept constant. Actually, even at the

concentration of N2H4 as low as 0.3 μM, apparent spectra changes could be observed with respect to the

blank solution. It was noteworthy that the difference in the two emission wavelengths was large enough

(emission shift: = 100 nm) to accurately measure the intensities of two emission peaks and then obtain

a huge ratiometric value. Actually, in the presence of 8.0 μM of N2H4, a ca. 270-fold enhancement in the

ratiometric value of I540/I440 was achieved with respect to the N2H4-free solution (from 0.005 to 1.34).

Correspondingly, the fluorescence color changed from violet to cyan (Scheme 1, inset), which could be

easily distinguished by the naked eyes under the aid of a normal UV lamp.

To see the sensing process more visually, we compared the intensities at different wavelengths of

540 and 440 nm. As shown from Figure 3, there was a good linear relationship between the ratiometric

value of I540/I440 and the concentration of N2H4, which would be beneficial to the quantitative

determination of N2H4 concentrations. Thus, the F1-DPA sensing system could efficiently detect the

F1-DPA system with ratiometric response, as expected.



Figure 2. Fluorescent emission spectra of F1-DPA system in the presence of increasing concentration
of N2H4, excited at 390 nm.

Figure 3. Plot of fluorescent intensity at 540/440 nm of F1-DPA system as a function of the
concentration of N2H4.

Also, the influence of other competitive species was investigated to evaluate the specific nature of

F1-DPA system towards N2H4. As shown in Figure S3, these competitive species did not lead to any

significant fluorescence changes, and only N2H4 elicited dramatic fluorescence spectra response. The

above results indicated that the F1-DPA system could act as a new method for detection of N2H4 with

good selectivity and strong anti-interference ability.



3.3 Proposed Sensing Mechanism
In order to understand the hydrazine sensing mechanism, probe F1 reacted fully with excess N2H4

and the isolated product was characterized by 1H NMR spectra spectrometry. As shown in Figure 4,

after the addition of hydrazine, the methyl signal at 2.51 ppm disappeared due to the hydrazinolysis of

the acetyl group. Meanwhile, the signal at 4.53 and 10.37 ppm appeared due to the formation of

phenolic hydroxyl group and carboxyl group, respectively. To further confirm this transformation, the

reaction mixture of F1 with N2H4 was characterized by ESI-MS spectrometry. The ESI-MS spectrum of

N2H4 in supplementary data Figure S4 revealed a main peak at 485.2 before the addition of N2H4,

corresponding to the species [F1 + H]+ (m/zcaled = 485.0). After the addition of excess N2H4 and incubation

for 10 minutes, a major peak at about 399.4 appeared coinciding exactly with that for the adduct species

[F2 - H]- (m/zcaled = 398.9). Therefore, all these data indicated that the reaction most likely followed the

proposed mechanism as shown in Figure 4: upon the addtion of N2H4, the N2H4-promoted hydrazinolysis

reaction really occurred, which triggered the cleavage of the C-O bond in compound F1. And then, the

released phenolic hydroxyl moiety could easily undergo structural transformation, resulting in the

photoswitch of the non-fluorescent deconjugated form to the strongly fluorescent conjugated one (F2).

Figure 4. 1H NMR spectra of compound F1 (the top) and its hydrazine adduct (the bottom) in
d6-DMSO (the signal of the solvent was marked with an asterisk).



3.4 Application in Water Sample

In order to explore the practical application in water sample detection, F1-DPA probe system was

used to detect hydrazine in tap water and Hanjiang River water. We applied a spiked method to

estimate the concentrations of N2H4 in different samples and each measurement was done in

quintuplicate. The standard curve in Figure 3 was used for measurement and the analytical results was

shown in Table 1. It was found that the obtained recovery rate were satisfactory for quantitative assays.

The above results confirmed the feasibility and reliability of the proposed probe for hydrazine detection

in real water samples.

Table 1 The determination of hydrazine in water samples (a: the results were shown as the average of
five measurements)

Sample Added aFound Recovery

Tap water 0.60 0.63 105

1.50 1.39 92.6

2.40 2.33 97

3.00 3.07 102

3.60 3.41 94.7

Hanjiang River 0.60 0.57 95

1.50 1.41 94

2.40 2.35 97.9

3.00 2.95 98.3

3.60 3.67 101.9

3.5 Cell Imaging

The application of F1-DPA system to track intracellular N2H4 level was also investigated. Before

the fluorescent imaging experiment, Hela cells were stained with DPA (30 M) and F1 (20 M) for 20

min followed by subsequent treated with 50 μM N2H4 for another 20 min, and then washed with

phosphate-buffered saline (PBS, 10 mM, pH 7.12) for three times. In the control experiment, HeLa

cells were treated only with F1-DPA for 20 min and washed three times with PBS. By virtue of a

scanning microscopy, we could observe that the mean intensity of the emission collected at the green

channel increased after the addition of N2H4 as shown in Figure 5. In contrast, the green fluorescence

was little observable in the cells prior to the N2H4 treatment (Figure 5b). Accordingly, the fluorescence

images of F1-DPA system before and after the addition of N2H4 was monitored and the mean blue to

green intensities (FB/FG) were found to be 7.53 and 0.92 ratio using software package provided by

OLYMPUS instruments, respectively. The bright-field images (Figure 5c and f) confirmed that the



cells were viable throughout the imaging experiments. The imaging experiment results were consistent

with the observations in titration experiments, and demonstrated this probe system could readily sense

N2H4 in cells with ratiometric fluorescent methods.

Figure 5. The top: image of HeLa cells incubated with F1-DPA for 20 min. a: fluorescence at the blue
emission channel; b: fluorescence at the green emission channel; c: bright field images. The bottom:
image of HeLa cells pre-treated with F1-DPA for 20 min and then incubated with N2H4 (50 μM) for 20
min; d: fluorescence at the blue emission channel; e: fluorescence at the green emission channel; f:
bright field images. Scale bar: 20 m.

Conclusion

In summary, we presented a ratiometric method for N2H4 detection through simple combination of

DPA and N2H4-specifity probe F1. The addition of N2H4 induced a significantly enhanced emission

intensity of probe F1 while the emission intensity of DPA almost kept constant, inducing fluorescence

intensity ratio response toward N2H4. Taking advantages of its unique alkalinity, the present F1-DPA

sensing system showed excellent selectivity and could successfully identify N2H4 from other competing

species. Furthermore, the tunable fluorescent colors from violet to cyan enable this method to act as a

sensitive colorimetric luminescent probe to the N2H4 concentration distribution. This facile and reliable

method could become one of the emerging strategies in analytical chemistry and it was believed that more

excellent intensity-based receptors could be utilized as optimal ratiometric ones by virtue of the

introduction of proper internal reference.
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