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ABSTRACT

Based onmodulation of the conjugated polymethineπ-electron systemof a cyanine dyederivative, a ratiometric near-infared fluorescent probe (Cy7A) for
hydrazine (N2H4) has been designed and synthesized. Cy7A can be selectively hydrazinolysized with great changes in its fluorescent excitation/emission
profiles, which makes it possible to detect N2H4 in water samples and living cells and, for the first time, visualize N2H4 in living mice.

Hydrazine (N2H4), a well-known high-energy propel-
lant, is widely used in rocket-propulsion systems for its
flammable and detonable characteristics.1 Its reductibility
and alkalinity also make it popular in many other indus-
trial applications includingmetal anticorrosion, acting as a
common precursor in the synthesis of various polymers,
textile dyes, and pharmaceutical intermediates.2 However,
hydrazine is highly poisonous when inhaled or in contact
with skin.3 It has been reported that hydrazine is a
neurotoxin and has severe mutagenic effects causing seri-
ous damage to the liver, lungs, kidneys, and the human

central nervous system.4 The U.S. Environmental Protec-
tion Agency (EPA) has classified hydrazine as a potential
human carcinogen and recommended the threshold limit
value (TLV) of hydrazine to be as low as 10 ppb.1b There-
fore, reliable analytical approaches for hydrazine detec-
tion with satisfactory sensitivity and selectivity are of great
interest and importance.
The traditional analytical techniques for the detection of

hydrazine include coulometry,5 potentiometry,6 titration,7

and colorimetry.8 But they are always complex and time-
consuming and/or need special equipment.1a Besides, they
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are not suitable for analyzing hydrazine in vivo, as they
require post-mortem processing and destruction of tissues
or cell lysates.9 Recently, a fluorescent probe-based assay
has gained increasing attention because of its high sen-
sitivity and selectivity, simplicity for implementation,
economy, real-time detection, noninvasiveness, and good
compatibility for biosamples.10 Compared to light in the
ultraviolet/visible (UV/vis) region, near-infared light is
much more favorable for biological imaging due to its
minimum photodamage to biological samples, good tissue
penetration, and weak autofluorescence interference from
the complicated living systems.11 On the other hand,
fluorescence intensity-based measurements are sometimes
problematic for accurate fluorometric analyses. In intri-
cate biosystems, fluorescence intensity-based measure-
ments are also influenced by the probe concentration,
autofluorescence, or instrumental factors, which are dis-
advantageous to quantitative detection.12 By contrast, a
ratiometric approach can eliminate the effects of these
factors to realize reliable quantitative detection bymeasur-
ing the ratio of fluorescence intensities at two different
wavelengths, thus arousing more attention.13

So far, abundant fluorescent probes for various ana-
lytes have been developed.14 However, to date, small-
molecule fluorescent probes for hydrazine detection are
still very limited.12,15 We recently reported a ratiometric

hydrazine-selective probe based on a coumarin-like
fluorophore.12 However, there is still a blank in terms of
a ratiometric fluorescent probe for hydrazine working in
the near-infared region (NIR), and making hydrazine
visable in living animals is a great challenge.
Herein, we present a new NIR ratiometric fluorescent

probeCy7A for hydrazine basedonaheptamethine cyanine
dye derivative because of its NIR excitation/emission, high
extinction coefficient, low biological toxicity, good biocom-
patibility, and sufficient water solubility.16 Our strategy to
design Cy7A relies on modulating the conjugated poly-
methine π-electron system of the dye; for that, this strategy
was demonstrated to be an efficient way to tune fluorescent
excitation/emission profiles.17 As a most reported recogni-
tion mechanism toward hydrazine, the selective deprotec-
tion of ester by hydrazine15b�e was also selected in our
present work. We envisioned that, upon addition of hydra-
zine, the acetate moiety of Cy7A would be selectively
hydrazinolysized to leave the enol form of Cy7K, which
further underwent tautomerism to give its corresponding
ketone form. Consequently, the different spectra character-
istics of these two compounds make it possible forCy7A to
be a NIR ratiometric fluorescent probe for hydrazine.

Scheme 1. Synthesis of Cy7A and the Proposed Recognition
Mechanism of Cy7A toward Hydrazine in a Ratiometric
Manner

Figure 1. Absorption (a) and emission (b, c, d) spectra of Cy7A
(5 μM) toward N2H4 in a mixture of acetate buffer (pH 4.5,
10mM) andDMSO (1/9, v/v) at rt. (a) The absorption spectra of
Cy7A after incubation with 20 equiv of N2H4 for 0, 1, 5, 10, 20,
30, 40, and 50 min, respectively. Inset: the color change before
and after the reaction of Cy7A with N2H4. (b, c) Fluorescence
spectra of Cy7A upon addition of increasing concentrations of
N2H4 (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 μM) when
excited at 750 nm (b) and 510 nm (c), respectively. (d) The
fluorescence intensity ratios ofCy7Awere linearly related to the
concentrations of hydrazine (10�80 μM). Linear regression
equation: I582/I810 = �0.5681 þ 0.07445 � [N2H4](μM), R2 =
0.993. For b, c, and d, each spectrum was obtained after the
mixture was incubated for 40 min at rt.
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As shown in Scheme 1, Cy7A was readily synthesized
with a satisfactory yield (73%) and well characterized by
1H NMR, 13C NMR, and HRMS. The detailed synthetic
procedures (Scheme S1) and the characterization spectra
(Figures S15�S20) are described in the Supporting Infor-
mation. Scheme 1 also depicts the possible ratiometric
mechanism of Cy7A toward hydrazine.
With these two compounds in hand,we first investigated

their absorption and emission spectra in methanol. As can
be seen in Figure S1, Cy7K has maximum absorption and
emission peaks at 530 and 624 nm (ΦF = 0.340), respec-
tively, while Cy7A has an absorption band of absorption
maximum at 770 nm and an emission band at around
800 nm (ΦF = 0.044). Apparently, there exist almost no
overlaps in both absorption (Figure S1a) and emission
(Figure S1b) spectra of Cy7K and Cy7A. This result
ensures Cy7A to be a highly efficient ratiometric probe.
Subsequently, we elaborated the optical response of

Cy7A to hydrazine in a mixture of acetate buffer (pH 4.5,
10mM) andDMSO (1/9, v/v) at room temperature (rt). In
the absence of hydrazine, the UV�vis spectra of Cy7A
exhibited amaximum absorption at 784 nm (ε=1.9� 105

M�1 cm�1, Figure 1a). However, upon addition of hydra-
zine (20 equiv), the absorption at 784 nm decreased evi-
dently, while a new flat absorption band of the absorption
maximum at 520 nm (ε=6.1� 104M�1 cm�1, Figure 1a)
appeared gradually and then reached a plateau within
about 40 min (Figures 1a and S2). Such a great hypso-
chromic shift of 264 nm in the absorption spectra changed
the color of the solution from light green to red (inset of
Figure 1a), allowing the colorimetric detectionof hydrazine
by the “naked eye”. Consistently, with the increase of
hydrazine concentration ([N2H4]) added (0�20 equiv),
the emission at 810 nm (λex= 750 nm) forCy7A decreased
distinctly (Figure 1b). By contrast, a new emission band
centered at around 582 nm (λex = 510 nm) arose and
gradually enhanced in intensity with the increase of [N2H4]
(Figure 1c). As a result, a large hypsochromic shift of
228 nm in the characteristic emission band was observed

after the specific reaction between Cy7A and hydrazine.
The corresponding product was verified to be Cy7K
(Figures S6, S7, S21). In addition, the fluorescence intensity
ratio at 582 and 810 nm (I810/I582) also increased with the
increase of [N2H4] (Figure S3), and a linear relationship
was observed between I810/I582 and [N2H4] in the range
of 10�80 μM (Figure 1d). Thus, the detection limit
(3σ/slope) was calculated to be 2.5 � 10�8 M (0.81 ppb),
which is essentially lower than that of TLV (10 ppb)
according to the EPA. All the above results established
thatCy7A could detect hydrazine both qualitatively and
quantitatively.
Then we examined the specificity of Cy7A toward

hydrazine. As shown in Figures S8 and S9, other cations
represented by Naþ, Kþ, Ca2þ, Mg2þ, Cd2þ, Pb2þ, Hg2þ,
Zn2þ, Fe3þ, Fe2þ, Agþ, Cu2þ, Co3þ, Ni2þ, Al3þ, and
NH4

þ as well as anions such as HPO4
2�, ClO4

�, CO3
2�,

ClO�, Cl�, I�, BO3
�, SO4

2�, and NO3
�, which were

environmental and/or biological abundant, led almost
to no changes to the absorption and emission spectra of
Cy7A. Furthermore, Cy7A can respond to hydrazine well
in the presence of these ions (Figures S10 and S11). The
fluorescence ratio detectionofhydrazine could also survive
from the possible interference that arose from these ions
(Figure S12). It is noteworthy that other compounds
closely related to hydrazine such as hydroxylamine, ethy-
lenediamine, ammonia, methylamine, urea, thiourea, and
other commonnucleophilic reagents led by cysteine, lysine,
glutamine, and glutathione were also examined in our
work (Figure 2). It was found that only hydroxylamine
(40 equiv) could cause non-neglectable signal changes
in the absorption (Figure S13) and emission (Figure S14)
spectra of Cy7A in the test system, but the corresponding
fluorescence intensity ratio (0.72) was still small (only
about one-eighth of the value induced by hydrazine
(5.7)), which will not pose a threat to the quantitative

Figure 2. Fluorescence intensity ratios at 582 and 810 nm (I564/I810)
ofCy7A (5μM)upon theadditionofN2H4orother species (100μM
for N2H4, and 200 μM for the others). 0 blank,XN2H4, 1 cysteine,
2 lysine, 3 thiourea, 4 ammonia, 5 methylamine, 6 ethylenediamine,
7 urea, 8 hydroxylamine, 9 glutamine, 10 glutathione. Each spec-
trum was recorded after 40 min of reaction in a mixture of acetate
buffer (pH 4.5, 10 mM) and DMSO (1/9, v/v) at rt.

Figure 3. Confocal fluorescence images and fluorescence ratio
(FGreen/FRed) images of MCF-7 cells before (a, b, c, d) and after
(e, f, g, h) loading the cells with N2H4. (a, b, c, d) Cells incubated
with Cy7A (5 μM) for 0.5 h. (e, f, g, h) Cells incubated with Cy7A
(5 μM) for 0.5 h and then treated with N2H4 (50 μM) for another
1 h. (a and e) Bright field images. (b and f) Green channel
(pseudocolor, 575�620 nm), λex = 559 nm. (c and g) Red channel
(655�755 nm), λex=635 nm. (d and h) Fluorescence ratio (FGreen/
FRed) images. The ratiometric images were obtained by the image
analysis software, Image Pro-plus 6.0. Scale bar: 20 μm.
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detection of hydrazine. So, it is corroborated that Cy7A
can detect hydrazine with satisfactory selectivity.
In order to realize the value ofCy7A, we next studied the

ability of Cy7A in practical applications. Prior to living
cell imaging and living mice imaging, Cy7A was first
subjected to hydrazine detection in two real water samples.
The hydrazine concentrations detected by our method
were found to be in good agreement with the amounts of
hydrazine added (Table S1). The results make us believe
that Cy7A would be qualified to detect hydrazine in real
water samples quantitatively.
Then we investigated the potential of Cy7A for its

in vivo applications. Confocal fluorescence imaging in
livingMCF-7 cells was carried out (Figure 3).MCF-7 cells
incubated with Cy7A (5 μM) for 0.5 h showed strong red
fluorescence at 655�755 nm, while the green fluorescence
image (pseudo color) obtained at 575�620 nm was very
weak, suggesting that Cy7A was living cell membrane
permeable. By contrast, after the addition of hydrazine
(50 μM) and then incubation for another 1 h, the fluores-
cence intensity in the green channel increased obviously
and the red fluorescence diminished simultaneously. Com-
bined with the fluorescence ratio images of living MCF-7
cells before (Figure 3d) and after (Figure 3h) the treatment

of hydrazine, Cy7A was confirmed to be competent for
imaging hydrazine in living cells in a ratiometric manner.
Being encouraged by the successful utilization of Cy7A

in imaging hydrazine in living cells, we further evaluated
the suitability of Cy7A for monitoring hydrazine in living
animals. Nude mice were selected as our model and were
given skin-pop injections ofCy7A and hydrazine in order, as
the skin-pop-injectionmethodwill make it possible to detect
hydrazine in vivo at the first stage, which is very significant
and valuable to prevent the deeper damage triggered by
hydrazine. As can be seen in Figure 4, after being incubated
for a certain time, a representative nude mouse exhibited
distinct fluorescence signal changes at two emission chan-
nels. The top images present a visible decrease in fluores-
cence intensity. In contrast, the bottom ones show apparent
fluorescence enhancement. With the above results taken
together, it was revealed that Cy7A could, for the first time,
image hydrazine in living mice by monitoring the signal
changes of two different fluorescence channels.
In summary, we have developed a selective ratiometric

NIR fluorescent probe Cy7A for hydrazine based on
modulation of the conjugated polymethine π-electron
system of the dye. Upon addition of hydrazine, the fluo-
rescent excitation and emission profiles of Cy7A changed
significantly (from784 to520nm inabsorption spectra and
from 810 to 582 nm in emission spectra). Cy7A showed
a ratiometric fluorescence response that was selective
for hydrazine over other species with a detection limit of
0.81 ppb. Moreover, it could be used to detect hydrazine
in real water samples quantitatively, image hydrazine in
living cells in a ratiometric manner, and, for the first time,
visualize hydrazine in living mice by monitoring the signal
changes of two different fluorescence channels.
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Figure 4. Representative fluorescence images (pseudocolor) of a
nudemouse given a skin-pop injection ofCy7A (25 μL, 50 μMin
amixture of acetate buffer (pH 4.5, 10mM) andDMSO (1/9, v/v))
and a subsequent skin-pop injection ofN2H4 (25 μL, 500 μM in a
mixture of acetate buffer (pH4.5, 10mM) andDMSO (1/9, v/v)).
Images were taken after incubation for 0, 0.5, 1, 1.5, 2, and 2.5 h,
respectively. The top images were taken with an excitation laser
of 740 nm and an emission filter of 820( 20 nm, and the bottom
ones were taken with an excitation laser of 480 nm and an
emission filter of 600 ( 20 nm.
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