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Abstract
Nitric oxide is one of the atmospheric pollutants and an important gas messenger molecule in the human
body, involved in many physiological and pathological processes. Therefore, detecting nitric oxide rapidly
and accurately has been one of the popular topics in recent decades. In this study, we synthesized CuCo-
PTC MOF materials using a solvothermal method based on the mechanism of triazole ring formation
from o-phenylenediamine (OPD) and nitric oxide. The synthesized CuCo-PTC MOF materials show high
sensitivity and good selectivity for detecting nitric oxide in vitro and in cell lysates. The results indicate
the potential for applying this sensing strategy to detect nitric oxide in the internal environment.

1. Introduction
Nitric Oxide (NO), one of the intracellular molecules, plays an important role in the immune system and in
the vasodilator pathway of the human nervous system [1]. However, excessive NO can lead to many
pathological reactions, such as atherosclerosis, diabetes, angiogenesis, Parkinson's disease, and
Alzheimer's disease [2–4]. It is di�cult to determine the sub-micromolar concentration of NO under
certain physiological pH conditions because it is a short-lived, rapidly diffusing gas molecule. NO is
present in both vehicle exhaust and thermal power plant exhaust, and therefore, plays an important role in
environmental science. Additionally, the increase of NO in the atmosphere may cause harmful
phenomena, such as acid rain and smog [5–7]. Therefore, the quantitative detection of NO is important
both in biomedicine and in pollution monitoring.

At present, standard NO detection techniques include UV-Vis, chemiluminescence, electrochemistry, and
mass spectrometry [8–12]. The majority of these testing methods require complex sample pre-treatment,
specialised technicians, and expensive testing costs, limiting the application of NO detection. For
example, Ridnour et al. [8] demonstrated a spectrophotometric method for the determination of NO in
tissue culture media. The detection strategy uses a nitrosative modi�cation of sulphoraphane mediated
by NO, which reacts with N-(1-naphthyl) ethylenediamine dihydrochloride to produce an orange product
with strong UV-vis absorption at 496 nm. The method is easy to apply but not sensitive enough to detect
NO. Wu et al. [9] developed two electrochemiluminescence sensors based on a metal-organic framework
(MOF) for NO, Cu-TCA, and Eu-TCA detection by introducing the triphenylamine fraction as a bright blue
emitter. Although they achieved good detection sensitivity, the method was complex and demanding for
non-specialists. Goodwin et al. [10] described a way to directly measure NO in aqueous solutions using
membrane inlet mass spectrometry (MIMS). The method achieved good sensitivity and linear detection
range, better than most detection methods for NO, but the detection cost was too high for practical
applications of NO detection. Optical sensing strategies are considered the most convenient and rapid
means of detection owing to their intuitive visual variation, high sensitivity, and relatively low detection
costs, with �uorescence spectroscopy favoured as the most sensitive. This was the motivation behind
our interest in devising a �uorescence and colourimetry-based method for NO detection.
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O-Phenylenediamine (OPD) is a cheap, non-absorbing, non-�uorescent organic molecule, which can be
oxidized to 2,3-diaminophenothiazine (OPDox) by metal ions (Cu2+ and Fe2+) and H2O2 [14]. OPDox can
serve as an indicator for organic molecules in spectroscopic detection techniques because of its
absorption and �uorescent signal. However, the oxidation of OPD by metal ions or H2O2 is slow, and

therefore, does not allow for easy and fast detection of NO [15]. Li's group [13] proposed a solution using
metal ions and hydrogen peroxide to co-oxidize OPD, thus increasing the reaction rate. In addition,
reducing the activation energy of chemical reactions can also increase the reaction rate. For example,
Chen et al. [15] used Cu2+ catalysis to accelerate OPD oxidation by hydrogen peroxide. Although the
detection achieved good sensitivity, the reaction was slow, and the reaction temperatures needed to stay
high. It was, therefore, necessary to speed up the reaction rate at room temperature. MOFs, also known as
biocatalysts for reactions, could inspire new ideas for applying this excellent small indicator molecule
(OPD).

MOFs have already become an exciting material with an excellent porous structure with attractive
properties, such as regular channels, high speci�c surface area, moderate functionalisation capabilities,
structural diversity, and abundant metal sites [16–20]. These unique properties give MOF materials
excellent performance in the �elds of energy gas storage, adsorption and separation of gases and liquids,
separation of membrane materials, biomedicine, optoelectronics, magnetic sensing, etc. [16–25]. Its
application to non-homogeneous catalysis is also a major research focus [19, 26]. Li et al. [26] showed
that MIL-88B MOF materials have good selective catalytic properties.

In this work, we synthesized CuCo-PTC MOF materials using the solvothermal method. The CuCo-PTC
MOF materials were then used as chemical reaction catalysts to detect NO using �uorescence and
colourimetry, they exhibited perfect catalytic properties when used in the reaction of hydrogen peroxide
oxidizing OPD, which signi�cantly increased the reaction rates. In the oxidation reactions of OPD, NO
reacts �rst with OPD to form N-(2-hydrazinophenyl) methylamine when added to NO. However, N-(2-
hydrazinophenyl) methylamine will not be oxidized by hydrogen peroxide to produce OPDox with
�uorescence emission, which results in NO detection (Fig.1). This sensing strategy for NO has a short
detection time and offers excellent sensitivity and selectivity.

2. Materials And Methods
2.1 Materials

All initial raw materials were purchased from commercial sources and could be used without further
puri�cation. Anhydrous ethanol and N, N-dimethylformamide (DMF) were obtained from Tianjin Jindong
Tianzheng Fine Chemical Reagent Factory (Tianjin, China). In addition, methanol (99.5%), copper nitrate
(99.5%), disodium hydrogen phosphate (99.0%), sodium dihydrogen phosphate (99.0%) and cobalt
chloride (99.5%) were purchased from Tianjin Beichen Foundry Reagent Factory (Tianjin, China).
Biphenyl-(3,4',5)-tricarboxylic acid (99.5%) was purchased from Shanghai Tengqian Biotechnology Co. S-
nitroso-N-acetyl penicillamine (SNAP) was purchased from Sigma Aldrich Trading Co. Cell lysate solution
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was purchased from Beijing Dingguo Changsheng Biotechnology Co. Ultra-pure water (18.2 MΩ·cm-1)
was puri�ed using a Mill-Q water puri�cation system (Millipore, Bedford, France) throughout the study.

2.2 Instruments and equipment

Fluorescence emission spectra were recorded with a Perkin Elmer �uorescence spectrophotometer
(Waltham, Massachusetts, USA). The appearance of CuCo-MOF was characterised by the Zeiss MERLIN
Compact scanning electron microscope. The size and morphology of CuCo-PTC MOF were studied on a
JEOL JEM 2100 transmission electron microscope. X-ray photoelectron spectroscopy was performed
with a Thermo Scienti�c K-Alpha X-ray diffraction spectroscope. The structural changes were observed
with a Bruker D8 Advance X-Ray powder diffractometer. The infrared spectra were recorded on a Thermo
Scienti�c Nicolet iS10 Fourier infrared spectroscope. Thermogravimetric analysis was performed on a TG
209F1 thermogravimetric analyser. The physical adsorption and desorption of nitrogen were studied with
a MacTriStar II 3FlexTriStar II 3Flex speci�c surface and porosity analyser.

2.3 Synthesis of CuCo-PTC MOF

Biphenyl-(3,4',5)-tricarboxylic acid was �rst dissolved in a solvent mixture of 20 mL DMF and 2 mL
ethanol at 50 °C with stirring until completely dissolved. Subsequently, 10 mmol·L-1 of Cu(NO3)2·6H2O

and 10 mmol·L-1 of CoCl2·6H2O were added to the mixture and stirred until completely dissolved. The
dissolved solution was quickly transferred to the 45 mL polytetra�uoroethylene autoclave, heated at 170
℃ for 16 h, cooled to room temperature, and centrifugated to obtain precipitation after the end of the
reaction. The obtained MOF was washed with DMF, ethanol, and methanol three times. Finally, the
washed MOF was placed in a vacuum drying oven at 35 ℃ for 12 h and dried to obtain the purple
powder CuCo-PTC MOF.

2.4 Preparation of standard NO solution

We performed laboratory testing by using the simpli�ed reporting method to prepare the NO testing
solution. SNAP is organic matter that can release NO in an aqueous solution and quantitatively release
NO at 1×10-12 mol·L-1 to 1×10-3 mol·L-1 in solution. We used SNAP and phosphate buffer solution (PBS)
solution to prepare the standard NO solution.

2.5 NO sensing measurements

We prepared 450 μL of 0.1 mol·L-1 PBS (pH = 7.4), 12 μL of 0.2 μmol·L-1 OPD, and different
concentrations of NO, added them to 1 mL centrifugal tubes, and incubated for 2 min. Subsequently, we
added 12 μL of 0.2 μmol·L-1 CuCo-PTC MOF and 12 μL 0.2 of μmol·L-1 hydrogen peroxide to the above
solution. We collected the relevant data at an incident wavelength of 520 nm on a �uorescence
spectrometer after reacting for 6 min.

2.6 Spiked recovery of cell lysates
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We evaluated the potential of the system to detect NO in actual samples using the recovery rate after
adding NO in cell lysates with �uorescence colourimetric methods. We detected the NO concentrations in
different samples by adding 5 μmol·L-1 SNAP standard solution with different volumes to the same
volumes of cell lysates. Subsequently, we validated the applied potential of the sensing methods by using
�uorescence colourimetric methods to evaluate the recovery rate of NO with different concentrations in
cell lysates.

3. Results And Discussion
3.1 Characterisation of CuCo-PTC MOF

CuCo-PTC MOF was prepared by the coordination polymerisation between Co, Cu, and H3PTC in DMF and
ethanol. The shape and dimension of the product were obtained by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Fig. 2a and 2b show the prepared CuCo-PTC MOF, which
presents a rough surface, and strati�ed and disordered accumulation. The chemical composition was
determined by energy dispersive X-ray spectroscopy (EDS), which showed that the CuCo-PTC MOF
contains Cu, Co, O, and C elements, and that these elements have a uniform distribution in samples (Fig.
3). We also tested for organic ligands H3PTC and CuCo-PTC MOF using Fourier transform infrared
spectroscopy, as shown in Fig. S1a. The most important functional group of H3PTC is carbonyl at 1700

cm-1, which produces a red shift in the crystallisation process. The disappearance of the signal at 1700
cm-1 in CuCo-PTC MOF indicates that the carboxyl group of the organic ligand is fully protonated and
bound to the organometallic ion and that the carbonyl absorption peak of CuCo-PTC MOF shifted to 1568
cm-1. The X-ray diffraction testing for the organic ligand H3PTC and CuCo-PTC MOF material showed that
the removal of reaction solvent in�uences the changes in pore structure, which �nally leads to the
amorphisation of MOF. Therefore CuCo-PTC MOF material does not show a well-de�ned diffraction peak
in its XRD pattern (Fig. S1b), like the organic ligand. 

We also investigated the surface element composition and chemical state of CuCo-PTC MOF material.
The X-ray photoelectron spectroscopy (XPS) measurement showed that Co atoms are in a metallic state
corresponding to the Co2+ reduction, with the binding energy of 778.68 eV for Co 2p1/2. The increase in
the binding energy of Co 2p1/2 in CuCo-PTC MOF compared to standard cobalt metal (BE = 778.2 eV) is
due to N–ligand interaction (Fig. 4a) [13]. The nitrogen adsorption experiments to determine the structure
of the holes of CuCo-PTC MOF, shown in Fig. 4b, revealed that CuCo-PTC MOF had a speci�c surface
area of 16.5125g·cm3. Finally, we conducted thermogravimetric analysis (TG) in the air at a slope of 10
℃·min-1 to test the thermal stability of CuCo-PTC MOF. The curves showed three important
weightlessness steps. As shown in Fig. 4c, the TG curve indicated that the thermal stability temperature
was 450 ℃ owing to the decomposition of the tricarboxylate linker. The decomposition of the skeleton
and the formation of mixed-valence Co3O4 happened at 0–90 ℃. Thermogravimetric analysis of CuCo-
PTC MOF showed that it had high thermal stability at a speci�c temperature.
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3.2 Design and detection mechanism of colourimetric probes

The use of colourimetric probes to detect NO (Fig. 2) showed that, when NO is not present, all OPD in the
solution oxidizes to OPDox, and the hydroxyl radical is produced by CuCo-PTC MOF catalysis of H2O2.
The �uorescence emission by hydroxyl radical changes the colour of the solution from colourless to
yellow. When NO exists, the OPD in solution �rst reacts with NO to form N-(2-hydrazinophenyl)
methylamine. When CuCo-PTC MOF and H2O2 were added to the reaction solution, the concentration of
oxidizable OPD decreases with increasing NO concentration. Therefore, this sensing strategy is feasible
for NO detection in terms of method design.

3.3 Feasibility of NO sensing

Fluorescence emission spectroscopy was performed on the solution containing 0.1 mol·L-1 of PBS, 10
mg·L-1 of CuCo-PTC MOF, 26 μmol·L-1 of OPD and 12 mol·L-1 of hydrogen peroxide. As Fig. 5 shows,
when NO (6 μmol·L-1) was added to the detection system, the �uorescence quenched at 568 nm at the
excitation wavelength of 520 nm. These results show that �uorescence colourimetry can be used for NO
detection.

3.4 Composition optimisation

The key to obtaining a good signi�cation signal is the optimum composition of the reaction solution
because the detection of NO by �uorescence colourimetry involves the oxidation of OPD by hydrogen
peroxide and related chemical reactions. First, we optimize the concentration of the PBS. As Fig. S2
shows, we investigated the concentration range of PBS between 0.001 mol·L-1 and 0.1 mol·L-1 in the NO
detection system. For the PBS concentration of 0.1 mol·L-1, the Uv-vis absorption of the gold
nanoparticles solution reached the maximum, meaning that the optimum concentration of PBS is
0.1 mol·L-1. 

Next, we researched the in�uence of the concentration of the catalyzer CuCo-PTC MOF on the intensity of
�uorescence signal in the detection system. As shown in Fig. S3, the �uorescence emission of the
detection system reaches the maximum when the concentration of the CuCo-PTC MOF is 8 mg·L-1.

We subsequently optimized the concentration of OPD, which acts as the �uorescent emitter in the
detection system, as shown in Fig. S4. The �uorescence emission of the detection system reached the
maximum when the concentration of OPD was 24 μmol·L-1. We then optimized the concentration of H2O2,

as shown in Fig. S5, the best concentration of H2O2 was 16 mol·L-1. Finally, we also found that in the
presence of CuCo-PTC MOF catalyst, the detection system could be oxidized by H2O2 within 5 min (Fig.
S6).

3.5 Sensitivity
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The �uorescent emission intensity of OPDox can be controlled by changing reaction conditions. The
�uorescence intensity is proportional to the concentration of OPDox, and with the oxidation of OPD, the
�uorescence intensity increases. The variation in composition can be directly measured because the
signal change can be quanti�ed. NO and OPD react to form N-(2-hydrazinophenyl) methylamine, which
can indirectly change the concentration of OPDox. Therefore, it can achieve the purpose of detecting NO
(Technological process 1). Under the optimum reaction conditions, the concentrations of the components
were 0.1 mol·L-1 of PBS, 10 mg·L-1 of CuCo-PTC MOF, 26 μmol·L-1 of OPD, and 12 mol·L-1 of hydrogen
peroxide. The �uorescence titration curve showed that with the increase in NO concentration, the
�uorescence intensity at 568 nm decreased linearly (Fig. 6) until the concentration of NO reached 9
μmol·L-1 (Fmax = 568 nm) and the �uorescence intensity of the reaction solution reached the minimum
value. The linear equation can be �tted by Y = −114.969X + 675.182 (R2 = 0.996). The limit of detection
(LOD) between NO and the reaction system is 0.15 μmol·L-1, and the optical sensor shows high sensitivity
to NO.

3.6 Selectivity

We studied the selectivity of the detection system for NO detection, including some of the normal
interferences, such as NO2

-, NO3
-, K+, Ca2+, and glucose, recording the �uorescence intensity of reaction

solution. As shown in Fig. 7, the �uorescence intensity of OPDox in the solution had no weakening when
there were only 3 μmol·L-1 interferences in the reaction solution. When 3 μmol·L-1 of NO coexisted with 3
μmol·L-1 interferences in the reaction solution, the �uorescence intensity of OPDox in the solution
weakened. The results showed no apparent interferences for NO detection, which con�rmed that the
optical sensor had relatively high selectivity.

3.7 Actual sample testing

Cell lysate was prepared for evaluating the NO detection capability of FMC detection strategy in actual
samples. The �uorescence emission intensity of cell lysate samples at different concentrations of NO
was collected to evaluate the NO recovery rate of the FMC detection strategy. Table 1 lists all the results.
There was no NO in unmarked cell lysate. Then, we had the standard addition recovery experiment in the
proper range for evaluating this method's detection potential for NO in the actual environment. We added
0.3, 1.0, 3.0, and 6.0 μmol·L-1 NO to the samples and repeated the experiment three times. As shown in
Table 1, the interferences of positive samples (cell lysates) did not in�uence NO detection. The recovery
rate was between 98.5% and 103.6%. The relative standard deviation was between 0.4% and 1.8%. The
results showed that this sensing strategy has great application potential for actual samples in NO
detection.

Conclusion
In this study, we detected NO in the atmosphere based on the catalytic performance of the metal-organic
framework CuCo-PTC MOF. The metal-organic framework CuCo-PTC MOF material was synthesized by
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the solvothermal method. NO was detected by the colour of the intermediates o-phenylenediamine and
hydrogen peroxide. Finally, the realistic sample (NO in cell lysate) was used to evaluate the accuracy and
practical application potential of the detection strategy. Compared with the previously reported NO
detection methods, this detection strategy has the following advantages: (1) CuCo-PTC MOF was used as
a catalyst of the sensing strategy, which sped up the reaction and lowered the temperature when the
catalyst was not present. (2) Colourimetry is easy to operate and can get detection results more directly.
(3) Fluorescence colourimetry methods have high sensitivity and selectivity. The actual sample (cell
lysate) was collected by a �uorescence colourimetric sensing strategy. As the result shows, the sensing
strategy has a high potential to detect NO in actual samples.
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Tables
Table 1 Recovery study of the spiked determination of NO in cell lysates samples

Real
Sample

Add NO  μM·
L-1

Recycle NO  μM
·L-1 a

Recovery rate
%

The relative standard deviation  n
= 3 %

  0 Not detected - -

  0.300 0.295 ± 0.008 98.5 0.4

Cell
lysates

1.000 1.021 ± 0.012 102.1 0.7

  3.000 3.081 ± 0.013 102.7 1.1

  6.000 6.216 ± 0.016 103.6 1.8
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n is ± standard deviation (n = 3)

Figures

Figure 1

Schematic of �uorescence colourimetric detection of NO
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Figure 2

Microscopic images of CuCo-PTC MOF surface: a SEM image; b TEM image
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Figure 3

EDS elemental mapping of a Cu, b Co, c C, and d O in CuCo-PTC MOF
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Figure 4

Investigation of the surface element composition and chemical state of CuCo-PTC MOF: a XPS spectra, b
N2 adsorption–desorption isotherms, c thermogravimetric curve
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Figure 5

Changes in �uorescence intensity of reaction solution of 0.1 mol×L-1 PBS, 10 mg×L-1 CuCo-PTC MOF, 26
mmol×L-1 OPD, and 12 mol×L-1 hydrogen peroxide, before and after NO addition. The inset is the photo
taken by a mobile phone under the 365 nm LED light before and after the reaction solution was added to
NO under stable conditions
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Figure 6

a In the solution of 0.1 mol×L-1 PBS, 8 mg×L-1 CuCo-PTC MOF, 24 mol×L-1 OPD and 16 mol×L-1 hydrogen
peroxide, the �uorescence intensity of the reaction solution changes when the concentration of NO is in
the range of 0–9 μmol×L-1. The inset shows the solution colour change for different NO concentrations,
photographed by mobile phone under an LED lamp with 365nm wavelength. b Relationship between the
�uorescence intensity of reaction solution and the NO concentration at 520 nm
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Figure 7

Change in maximum �uorescence intensity in response to the �uorescence colourimetric strategy of
different species competing with NO (18 μmol·L-1), 1–7: Blank, NO3

-, NO2
-, Ca2+, Glucose, K+, NO,

respectively
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