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for imaging of hydrazine in vitro and in vivo
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and Chu Tang*d

The detection of hydrazine is critically important due to its potential to cause severe damage to ecosystems.

Herein, a novel indoloquinoline-based “turn-off” fluorescent probe was specifically devised and fabricated

for the detection of hydrazine. The probe demonstrates excellent qualities including rapid response, high

sensitivity, excellent selectivity, and low cytotoxicity in vitro. Furthermore, this probe enables rapid

imaging of hydrazine in living animals. These superior properties establish this probe as a promising tool

for monitoring hydrazine levels in vitro and in vivo.
1. Introduction

Hydrazine (N2H4), a simple molecule rst synthesized in 1875,
plays a signicant role in societal development.1–3 However, its
potential for pollution,4 particularly through leakage during
industrial production and use, poses serious threats to both
ecosystems and human health.5–7 This issue has raised
considerable concern from the perspective of development. In
response, many countries have stipulated allowable threshold
values for hydrazine in water.8,9 Consequently, there is
a pressing need to develop novel methods for the specic,
qualitative and quantitative detection of hydrazine.

The uorescent detection approach has attracted consider-
able interest in analytical chemistry due to its promising
properties for hydrazine detection, such as high sensitivity,
good selectivity, and simple operation.10–12 Since the rst uo-
rescent probe for hydrazine detection was reported in 2006,13

substantial progress has been made in this area, driven by the
continuous efforts of scientists.14,15 Most uorescent probes are
designed based on the strong nucleophilicity of hydrazine,
which allows it to react with various recognition sites on the
probes, resulting in either a “turn-on” or “turn-off” uorescence
response.16–18 Among these recognition sites, the cyanovinyl
group,19 a strong electron-withdrawing moiety, is particularly
noteworthy. It reacts with hydrazine to form a Schiff base,
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making it an important component in hydrazine detection.20–22

Recently, a variety of uorophores, such as phenothiazine,23,24

coumarin,25,26 xanthene,27 carbazole,28 naphthalene,29 and
nopinone,30 have been utilized to construct specic uores-
cence probes incorporating cyanovinyl groups for detecting
hydrazine.

The study of hydrazine detection applied in tumor imaging
has been relatively limited.31,32 Hydrazine, when absorbed and
accumulated in tumor tissues due to drug metabolism, can
exacerbate tumor progression by increasing drug resistance,
promoting angiogenesis, and enhancing tumor aggressiveness
through the synergistic enhancement of hypoxia.

Previously, we designed a probe that enables the detection of
hydrazine (N2H4) in breast cancer tissues via targeting estrogen
receptor a (ERa).33 Herein, we report a novel near-infrared (NIR)
uorescent probe 1 (Scheme 1) that achieves N2H4 detection in
breast cancer tissues without the need for a targeting moiety.
Upon the addition of N2H4, the probe 1 exhibits a turn-off
Scheme 1 Synthetic approach of probe 1. Reaction settings: (a) 2-
aminobenzyl alcohol, DCE, TFA, 50 °C, 12 h; (b) PIDA, HFIP, rt, 2 h; (c)
4-formylphenylboronic acid, Pd(PPh3)4, K2CO3, THF, 55 °C, 12 h; (d)
malononitrile, piperidine, glacial acetic acid, EtOH, 85 °C, 12 h.
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response. This occurs through the conversion of the electron-
withdrawing cyanovinyl group into a hydrazone derivative,
which disrupts the intramolecular charge transfer (ICT)
process. Although various hydrazine-responsive probes have
been designed for the detection of tumors, most of these probes
have mainly been investigated at the cellular level, with rela-
tively few studies focusing on in vivo tumor imaging (Table S1).
In contrast, probe 1 exhibits a rapid turn-off response to N2H4 in
MCF-7 breast cancer xenogras, demonstrating its potential for
in vivo tumor imaging applications.

2. Experimental section
2.1 Synthesis of probe 1

2.1.1 Synthesis of 2-((5-bromo-1-methyl-1H-indol-3-yl)
methyl)aniline (3). A combination of (2-aminophenyl)meth-
anol (1.17 g, 9.5 mmol), and 5-bromo-1-methyl-1H-indole
(1.65 g, 7.9 mmol) in 40 mL of 1,2-dichloroethane was prepared
in a nitrogen environment. Triuoroacetic acid (0.27 g, 2.37
mmol) was introduced gradually into this mixture, and it was
then subjected to heat in an oil bath (12 h) at 50 °C while being
stirred. Reaction monitoring was carried out via thin-layer
chromatography (TLC). When it was concluded, the mixture
was neutralized via a Na2CO3 solution. Thereaer, it was sub-
jected to extraction using CH2Cl2 three times. Following
combining the organic layers, they were desiccated using
anhydrous Na2SO4, ltrated, and then evaporated to obtain the
product. Following this, it underwent purication through
column chromatography to obtain 3 (1.488 g, 60% yield). 1H
NMR (400 MHz, CDCl3) d 7.72 (d, J = 1.8 Hz, 1H), 7.32 (dd, J =
8.7, 1.8 Hz, 1H), 7.17–7.2 (m, 3H), 6.81–6.68 (m, 1H), 6.72 (d, J =
7.7 Hz, 1H), 6.70 (s, 1H), 3.94 (s, 2H), 3.68 (s, 3H).

2.1.2 Synthesis of 9-bromo-6-methyl-6H-indolo[2,3-b]quin-
oline (4). To synthesize compound 4, a solution of compound 1
(1.57 g, 5.0 mmol) in HFIP (40 mL) was prepared. To this
solution, PIDA (1.93 g, 6.0 mmol) was added slowly at room
temperature and the mixture was stirred for 2 h, with the
reaction progress monitored by TLC. Upon completion of the
reaction, water (20 mL) was added to the mixture, followed by
extraction with ethyl acetate several times. Aer combining the
organic layers, they were dried over anhydrous Na2SO4, ltered,
and concentrated under reduced pressure. Finally, the resulting
product underwent purication through column chromatog-
raphy to afford 4 (1.038 g, 67% yield). 1H NMR (400MHz, CDCl3)
d 8.70 (s, 1H), 8.27 (d, J = 2.0 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H),
8.02 (d, J = 8.0, 1H), 7.72–7.76 (m, 1H), 7.68 (dd, J = 8.4, 1.6 Hz,
1H), 7.46–7.50 (m, 1H), 7.31 (d, J = 8.8 Hz, 1H), 3.98 (s, 3H).

2.1.3 Synthesis of 4-(6-methyl-6H-indolo[2,3-b]quinolin-9-
yl)benzaldehyde (5). Under a nitrogen environment, a mixture
of 4 (0.31 g, 1 mmol), 4-formylphenylboronic acid (0.18 g, 1.2
mmol), K2CO3 (0.41 g, 3 mmol), and tetra-
kis(triphenylphosphine)palladium (10 mol%, 0.116 g) in THF
(10 mL) was agitated at 55 °C for 12 h. The reaction was
observed through TLC. Upon completion, the solvent was
removed under reduced pressure. The residue underwent
purication through column chromatography to afford 5
(0.2386 g, 71% yield). 1H NMR (400 MHz, CDCl3) d 10.07 (s, 1H),
13944 | RSC Adv., 2026, 16, 13943–13948
8.72 (s, 1H), 8.36 (d, J = 1.6 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H),
7.97–8.00 (m, 3H), 7.84–7.86 (m, 2H), 7.71–7.77 (m, 2H), 7.43–
7.49 (m, 2H), 3.98 (s, 3H).

2.1.4 Synthesis of 2-(4-(6-methyl-6H-indolo[2,3-b]quinolin-
9-yl)benzylidene)malononitrile (probe 1). Malononitrile
(0.066 g, 1.0 mmol) and intermediate 5 (0.168 g, 0.5 mmol) were
placed in a three-necked round-bottom ask (50 mL). The ask
was purged with nitrogen. Subsequently, piperidine (1 mmol,
0.085 g), glacial acetic acid (0.090 g, 1.5 mmol), and ethanol (10
mL) were then added via syringe, followed by reuxing at 85 °C
overnight in a nitrogen environment. Aer cooling to room
temperature, the precipitated product was collected, washed
three times with petroleum ether, and dried to afford probe 1 in
68% yield (130.6 mg). 1H NMR (400 MHz, CDCl3) d 8.80 (s, 1H),
8.44 (d, J = 1.6 Hz, 1H), 8.17 (d, J = 8.4 Hz, 1H), 8.03–8.05 (m,
3H), 7.88–7.90 (m, 3H), 7.73–7.81 (m, 2H), 7.47–7.55 (m, 2H),
4.05 (s, 3H). 13C NMR (100 MHz, CDCl3) d 159.32, 153.23,
147.93, 147.20, 143.51, 131.77, 130.96, 129.49, 129.38, 128.79,
128.06, 127.90, 127.79, 127.49, 124.40, 123.54, 121.44, 120.37,
118.02, 114.24, 113.16, 109.56, 81.45, 28.11. HRMS (ESI) m/z,
computed for C26H16N4, ([M + H]+): 384.1375, obtained
385.1816.
2.2 Spectroscopic measurements

Probe 1 (1 mM) was rst dissolved in DMSO, then diluted to a 10
mM stock solution with deionized water. The absorption and
uorescence spectra of probe 1 were measured before and aer
treatment with N2H4 (10 equiv.) for 5 min in a 37 °C water bath.
For all uorescence measurements, the excitation and emission
slit widths were set to 5.0 nm.

2.2.1 Fluorescence titration. Various equivalents (0–3
equiv.) of N2H4 were added to a 10 mM solution of probe 1. Aer
incubation at room temperature for 5 min, the uorescence
spectra (lex = 413 nm) were recorded. The detection limit (LOD)
was measured following the previous method.33

2.2.2 Response time. To determine the response time of
probe 1 towards N2H4, a solution of probe 1 (10 mM) was treated
with N2H4 (1.5 equiv.) at 37 °C for different times. The uo-
rescence spectrum of the solution wasmeasured immediately at
the set time points (0–3 min).

2.2.3 Selectivity experiments. The competitive analytes and
anions (10 mM) including N2H4, AcO

−, HPO4
−, I−, Br−, Cl−,

Na+, Ba2+, Ca2+, K+, Zn2+, Mn2+, Cu2+, Fe2+, Pb2+, HSO3
−, Phe,

Lys, Pro, Leu, Cys, Gly, Ile and Tyr were prepared using deion-
ized water. Various analytes (10 equiv.) were added to the probe
1 (10 mM) solution and incubated at 37 °C for 2 min, aer which
the uorescence spectra were recorded. Subsequently, N2H4 (1.5
equiv.) was added to the above mixture, and the uorescence
spectra were recorded again.
2.3 Cell culture

The human breast carcinoma cells MCF-7 (ATCC, USA), and
normal breast epithelial cells MCF-10A (CCTCC, China), were
cultured under controlled conditions. Both cell lines were
maintained in DMEM supplemented with streptomycin (100 mg
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optical responsiveness of probe 1 (10 mM) to N2H4. Absorption
(A) and fluorescence (B) spectra of probe 1 before and after adding
hydrazine (10 equiv.). (C) Fluorescence spectra of probe 1 treated with
various equivalent hydrazines. and (D) fluorescence turn-off response
of probe 1 at 615 nm (lex = 413 nm) upon adding hydrazine (1.5 equiv.)
at various intervals.
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mL−1), penicillin (100 U mL−1), and fetal bovine serum (10%) at
37 °C in a incubator with 5% CO2.

2.4 In vitro biocompatibility

For assessing the biocompatibility of probe 1 with cells, an MTT
assay was conducted. Initially, MCF-10A and MCF-7 cells were
seeded into 96-well plates at a density of 8000 cells per well and
allowed to adhere overnight. Thereaer, probe 1 with various
concentrations (0, 2.5, 5, 10, 25, 50, 100 mM) was added into the
wells, followed by incubating at 37 °C (72 h). Thereaer, MTT
solution (20 mL, 5 mg mL−1) was added into each well, and the
plates were incubated for an additional 4 h. Aer removing the
culture medium and washing the cells with PBS, DMSO (100 mL)
was added to solubilize the formazan. Finally, absorbance at
590 nm was measured for all wells on a ELx808 Universal
Microplate Reader.

2.5 Animal models

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Hainan
Medical University and approved by its Animal Ethics
Committee. BALB/c nude female mice with mean age of 4–6
weeks were obtained from Chengdu Dossy Experimental Animals
Co., Ltd and acclimatized for one week prior to experiments. To
establish tumor xenogras, 100 mL of MCF-7 cell suspension (1×
106 cells) were injected subcutaneously into the axillary area of
the each mouse. When the mean tumor diameters reached
approximately 5 mm, mice were used for in vivo imaging.

2.6 Fluorescence imaging (FLI)

Aer intratumoral injection of a hydrazine solution (20 mM),
probe 1 (200 mL per mouse, 2.5 mg kg−1, in PBS containing 5%
DMSO) was administered intravenously via the tail vein. Fluo-
rescence imaging was performed using a IVIS imaging system
(PerkinElmer) with excitation and emission wavelengths
established at 415 nm and 610 nm, respectively. Fluorescence
images were acquired at appropriate time intervals (pre-
injection, 0.5, 2, 4, 6, 8, 10, 12, and 24 h post-injection). The
normal tissue-to-tumor ratio (NTTR) was calculated using
regions of interest (ROIs) in both normal tissues and tumors as
follows:

NTTR ¼ fluorescence intesitynormal tissues

fluorescence intesitytumor

3. Results and discussion
3.1 Synthesis

Scheme 1 displays the synthesis of probe 1. Starting from 5-
bromo-1-methyl-1H-indole (2), reaction with (2-aminophenyl)
methanol afforded intermediate 3. Subsequent cyclization–
aromatization of 3 yielded intermediate 4, which then under-
went a Suzuki coupling reaction with 4-formylphenylboronic
acid to give intermediate 5. Finally, condensation of 5 with
malononitrile in ethanol smoothly afforded the target probe 1.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2 Sensitivity

To evaluate the optical response of probe 1 toward N2H4

detection, the absorption and emission of probe 1 in DMSO
were analyzed with or without N2H4 using UV-Vis spectroscopy
and uorescence spectroscopy. As illustrated in Fig. 1a, probe 1
Initially displayed a strong absorption peak at 410 nm. On the
other hand, aer the addition of N2H4, this absorption peak was
dramatically reduced followed by a noticeable color transition
from yellow to colorless. For uorescence spectroscopy, probe 1
demonstrated an intense red uorescence emission at 615 nm
(lex = 413 nm, slit: 5 nm/5 nm) (Fig. 1b). This signicant Stokes
shi can be associated with the intramolecular charge transfer
process. As N2H4 was incrementally added, the uorescence
intensity at 615 nm gradually reduced, eventually disappearing
when the concentration of N2H4 reached 1.5 equivalent (Fig. 1c).
The results in Fig. S1 further showed that within the concen-
tration range of N2H4 from 0 to 1.2 equivalent, a direct corre-
lation was observed between the uorescent signal strength at
615 nm with the content of N2H4. This linearity is well-
represented by the standard curve equation Y = −3966.44x +
5078.73, with a correlation coefficient (R2) of 0.995. Theoretical
calculations carried out based on the equation LOD = 3d/s
(where d is the standard deviation of the uorescent signal
strength and s represents the slope of the equation) determined
the detection limit of probe 1 to be 0.68 mM. This low detection
limit satises the requirements for detecting N2H4 concentra-
tions in environmental and biological contexts. Finally, to
investigate the reaction time between probe 1 and N2H4, the
uorescence properties of probe 1 were examined over a time
span of 0 to 3 minutes following the reaction with N2H4. As
shown in Fig. 1d, the uorescence intensity at 615 nm was
inversely correlated with the reaction time. A sharp decrease in
uorescence intensity was observed within 1 min following the
addition of hydrazine and attained the lowest point at 2 min
RSC Adv., 2026, 16, 13943–13948 | 13945
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and with no signicant changes upon extending the reaction
interval to 3 min. The results indicate that probe 1 is appro-
priate for the prompt determination of N2H4.
Scheme 2 The reaction mechanism of probe 1 with hydrazine.
3.3 Selectivity

Fluorescence spectroscopy was used to assess the selectivity of
probe 1 towards N2H4 in the presence of other substances. As
depicted in Fig. 2, the addition of various substances (10 equiv.,
including AcO−, Cl−, Br−, I−, HPO4

−, Na+, Ba2+, Ca2+, K+, Zn2+,
Mn2+, Cu2+, Fe2+, Pb2+, HSO3

−, Phe, Lys, Pro, Leu, Cys, Gly, Ile,
and Tyr) did not alter the uorescence intensity of probe 1 at
615 nm. Moreover, co-incubation of probe 1 with NH3$H2O
(Fig. S2) or rat liver microsomes (Fig. S3) caused no signicant
change in its uorescence intensity. In contrast, the introduc-
tion of N2H4 signicantly quenched the uorescence, indicating
that the uorescence output of probe 1 to N2H4 was specic.
The ndings conrm that probe 1 displays enhanced selectivity
for N2H4 with negligible interference from other substances.
3.4 Study on the “turn-off” mechanism

To investigate this “turn-off” (i.e., quenching) mechanism,
high-resolution mass spectrometry (HRMS) of the reaction
solution of probe 1 with N2H4 was conducted. The HRMS
showed that the molecular ion peak of probe 1 ([M + H]+) at m/z
was found at 385.1816 (Fig. S4), and the product 7 between N2H4

and probe 1 was found at m/z 351.1619 ([M + H]+) (Fig. S5).
Besides, compound 7 was identied using 1H NMR (Fig. S6) and
13C NMR spectra (Fig. S7). 1H NMR (400 MHz, DMSO-d6) d 9.16
(s, 1H), 8.68 (d, J= 1.8 Hz, 1H), 8.14 (d, J = 7.7 Hz, 1H), 8.12 (d, J
= 8.5 Hz, 1H), 7.96 (dd, J = 8.5, 1.6 Hz, 1H), 7.81–7.74 (m, 4H),
7.72 (d, J = 8.5 Hz, 1H), 7.63–7.61 (m, 2H), 7.53–7.50 (m, 1H),
6.83 (s, 2H), 3.96 (s, 3H). 13C NMR (100 MHz, DMSO-d6) d 152.9,
146.7, 142.4, 139.9, 138.5, 135.4, 132.4, 129.5, 129.3, 128.7,
127.6, 127.3, 127.1, 126.3, 124.3, 123.5, 120.8, 120.2, 118.2,
Fig. 2 The fluorescence intensity of probe 1 (10 mM) at 615 nm after
treatment with varying analytes (10 equiv.) or analytes (10 equiv.) +
N2H4 (1.5 equiv.). (a–x) None, AcO−, Cl−, Br−, I−, HPO4

−, Na+, Ba2+,
Ca2+, K+, Zn2+, Mn2+, Cu2+, Fe2+, Pb2+, HSO3

−, Phe, Lys, Pro, Leu, Cys,
Gly, Ile and Tyr.

13946 | RSC Adv., 2026, 16, 13943–13948
110.2, 28.2. Based on these results and previous reports,33–36

a plausible “turn-off” mechanism of probe 1 is proposed in
Scheme 2. First, the electron-rich N2H4 attacked the malono-
nitrile group of 1 to generate intermediate A. Following, the
malononitrile anion le to deliver intermediate B. Finally, the
deprotonation of intermediate B generated the hydrazone
group.
3.5 In vitro biocompatibility

Before applying the probe 1 for the biomedical imaging, we
investigated its biocompatibility in MCF-10A and MCF-7 cells.
Cells viability was evaluated through MTT assay. At various
concentrations, the probe 1 showed no obvious cytotoxicity to
MCF-10A (Fig. 3A) and MCF-7 (Fig. 3B) cells aer 72 h incuba-
tion, and both cell viability was higher than 77%. This indicated
our probe was safe and nontoxic in cell level.
3.6 In vivo uorescence imaging

Given the excellent in vitro sensing properties of probe 1 for
hydrazine, we next investigated its potential application for
imaging hydrazine in living animals. The MCF-7 tumor-bearing
nude mice were intratumorally injected with hydrazine, fol-
lowed by intravenous administration of probe 1 10 min later.
Real-time uorescence images of each mouse were subse-
quently captured using the IVIS imaging system. As depicted in
Fig. 4, probe 1 demonstrated a rapid response to hydrazine, as
evidenced by the signicant reduction in uorescence signal in
tumor tissues within 0.5 h post-injection, which remained
Fig. 3 In vitro biocompatibility evaluation of probe 1 after incubation
with MCF-10A cells (A) and MCF-7 (B) cells.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fluorescence imaging of probe 1 in MCF-7 tumor-bearingmice
at various intervals pre- and post-injection.
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undetectable at 24 h. Quantitative analysis showed that the
NTTR values of probe 1 was 1.73 ± 0.45 at 0.5 h following
administration as well as retained a high level (1.92 ± 0.52 at
12 h and 1.89 ± 0.42 at 24 h) post-injection (Fig. S8). These
results demonstrate that the probe 1 has the potential to
effectively detect hydrazine under physiological conditions.
4. Conclusion

In conclusion, a novel indoloquinoline-based “turn-off” uo-
rescence probe was developed hydrazine detection via the an
ICT mechanism. This probe exhibits several outstanding qual-
ities, including high sensitivity, rapid response, and excellent
selectivity, and low cytotoxicity. Moreover, it has been success-
fully applied to image hydrazine in MCF-7 tumor-bearing nude
mice. These attributes make it a promising tool for effectively
monitoring hydrazine both in vitro and in vivo.
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