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ARTICLE INFO ABSTRACT

Keywords: Compared with other reactive oxygen species, peroxynitrite (ONOO™) has diversified reactions
Reactive oxygen species and transformations in organisms, and its specific action mechanism is not very clear. The study
Peroxynitrite

of reactive oxygen species is of great significance in the field of physiology and pathology.
Recently an effective on/off fluorescent probe HCA-OH was designed by Liu et al. through
tethering p-aminophenol to 1,8-naphthalimide directly. The probe HCA-OH could release the
fluorophore HCA-NH, with good photostability and high fluorescence quantum yield under
oxidation of ONOO™ via dearylation process. In this work, the sensing mechanism and spectrum
character of probe HCA-OH were studied in detail under quantum chemistry calculation. The
electronic structures, reaction sites and fluorescent properties of the probe were theoretically
analyzed to benefit us for in-depth understanding the principle of detection on reactive oxygen
species (ONOO™) with the fluorescent probe HCA-OH. These theoretical results could inspire the
medical research community to design and synthesize highly efficient fluorescent probe for
reactive oxygen species detection.

Fluorescent probe
Quantum chemistry calculation

1. Introduction

As a class of highly active molecules, reactive oxygen species exist widely in nature and living organisms, including hydrogen
peroxide, singlet oxygen, hypochlorite, peroxynitrite, hydroxyl radical, superoxide anion radical, etc. [1,2] Among them, hydroxyl
radical, hypochlorite and peroxynitrite are highly reactive and can destroy most biomolecules [3-7]. In severe cases, they can cause
cytopathic changes and death, thus leading to disease and senescence in living organisms. In recent years, more and more experts have
paid attention to the biological effects of reactive oxygen species (ROS) in the organism [8-10].

Peroxynitrite (ONOO™) acts as an important organism reactive oxygen species (ROS), which is produced by diffusion control re-
actions between nitric oxide and superoxide in the biological body [11]. The ONOO™ within the normal concentration range has
positive effect on cell function, such as signal transduction, REDOX homeostasis and immune response [12-14]. Once the concen-
tration is too high, ONOO™ can attack lipids, nucleic acids, proteins and many other key biomolecules through oxidation or nitrifi-
cation, resulting in oxidative damage to cells and tissues. In addition, studies have shown that abnormal production of peroxynitrite
can lead to the occurrence and development of many diseases, such as inflammation, cardiovascular disease, neurodegenerative
diseases, stroke and cancer [15-23]. Under physiological conditions, ONOO™ has a short life span (10 ms) [24] and is difficult to be
directly measured in biological samples. Therefore, it is of important research significance to monitor the intracellular ONOO™ content
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changes in real time.

So far, many analytical methods have been used for ONOO™ detection, such as UV-Vis spectroscopy, electron spin resonance,
electrochemical analysis, immunohistochemistry and fluorescence [25-34]. In contrast, fluorescence is considered to be a very
effective method because of its advantages of non-invasion, high selectivity, fast response and hyperspatial imaging. In recent years,
analysts have constructed many ONOO™ fluorescent probes using the ONOO™ induced specific functional group transformation
strategy, such as: ONOO™ induced unsaturated double bond breaking, diphenyl phosphonate ester hydrolysis, borate and N-methyl
p-hydroxyaniline oxidation etc. [35-45] Although some achievements have been made on the detection and image of the ONOO™ in
vivo, there are still some problems in the reported fluorescent probe such as low stokes shift which lead to be susceptible to in-
terferences of its own excitation light and self-absorption fluorescence. Therefore, there is still an urgent need for a simple, fast
response with a larger stokes shift ONOO™ fluorescent detection probe.

Through tethering p-aminophenol to 1,8-naphthalimide directly, Liu et al. designed an effective on/off fluorescent probe HCA-OH
(Fig. 1) [46]. The probe HCA-OH could release the fluorophore HCA-NH, with good photostability and high fluorescence quantum
yield under oxidation of ONOO™ via deacylation process. In this work, the sensing mechanism and spectrum character of probe
HCA-OH were studied in detail under quantum chemistry method. The electronic structures, reaction sites and fluorescent properties
of the probe were theoretically analyzed to benefit us for in-depth understanding the principle of detection on reactive oxygen species
(ONOO™) with the fluorescent probe HCA-OH. These theoretical results could inspire the medical research community to design and
synthesize highly efficient fluorescent probe for reactive oxygen species detection.

2. Method

The combination of CAM-B3LYP/def2-TZVPD was used to search the stable ground state geometric structures of HCA-OH and HCA-
NH; with D3 dispersion and GCP correction to remove artificial overbinding effects from BSSE through ORCA 5.0.1 program [47-54].
The reliability of the stable geometric structure searching results was confirmed by non-imaginary frequency found in the vibrational
analysis on the probes. Under CAM-B3LYP/def2-TZVPD combination the TDDFT method was used to analyze the excited states of the
probes so as the electron excitation and fluorescent properties. This functional and basis set combination CAM-B3LYP/def2-TZVPD
were confirmed to be appropriate for studying the excited states of the single organic molecules [55-58]. Multiwfn 3.8(dev) code
[59] and VMD 1.9.3 software [60] were used to do the corresponding analyses and delineate the figures respectively.

3. Results

The p-aminophenol moiety in probe HCA-OH was oxidant-sensitive which could be showed by dual descriptor and electrostatic
potential (ESP) surface of the probe as shown in Figs. 2 and 3 respectively. The restored fluorescence of HCA-NH; could indicate the
concentration level of ONOO™ in vivo or in vitro.

The free probe HCA-OH was found to be non-fluorescent in experiment. Upon oxidation of ONOO™ the sensing product HCA-NH,
was released which led to an obviously fluorescent enhancement at 548 nm. The maxima wavelength of absorption spectrum varied
from 460 nm to 431 nm which resulted in a big stokes shift benefiting for the fluorescence detection [46]. The linear correlation
between fluorescence intensity of HCA-NH; and concentration level of ONOO™ in solution indicated the good potential usage of the
fluorescent probe HCA-OH on ONOO™ detection. The density of electron states (DOS) of probe HCA-OH (Fig. 4) and HCA-NHj; (Fig. 5)
clearly showed the energy gap between HOMO and LUMO of HCA-NH; was bigger than that of probe HCA-OH which was consistent
with the experiment results of the absorption spectrum of the probes. As shown in Figs. 4 and 5, the alkane part (C4Hg) in probe
HCA-OH and HCA-NH; has almost no contribution to the HOMO and LUMO of the probes. The HOMO and LUMO of HCA-NH, were
both contributed form the amino-naphthalimide part which also indicated local excitation character in its optical excitation process
and corresponding strong fluorescence. Whereas the HOMO of HCA-OH has the contribution from the amino-naphthalimide and

Fig. 1. Structure and mechanism of HCA-OH (C22H3oN203) for detecting ONOO . (sensing product HCA-NH;, C16H16N202, cyan:C, white:O, blue:
N, red:0).



H. Huang et al. Heliyon 10 (2024) 37298

Fig. 2. Dual descriptor of HCA-OH, the big green isovalue map in the red circle indicated the electrophilic reactivity of the p-aminophenol moiety in
the probe.

Fig. 3. ESP of HCA-OH, the max value shown in the figure indicated the reactive site in the probe molecule.
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Fig. 4. DOS of HCA-OH

phenol parts simultaneously indicated the charge transfer process in the optical excitation of this probe.

To better understand the electron excitation process in the probe HCA-OH and HCA-NHj, the structure and electron density
variation between the ground state Sy and first excited state S; of the probes were studied through ORCA and multiwfn program under
quantum mechanical approach method. From Fig. 6 it can be clearly shown that obvious turn of the phenol plane corresponding to the
amino-naphthalimide plane between the stable Sp and S; of the HCA-OH which maybe led to the negligible oscillation strength
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Fig. 5. DOS of HCA-NH,.

between these two energy states and corresponding fluorescence of the probe. However for HCA-NH; as shown in Fig. 7, the structure
difference between the stable Sp and S; was hardly to tell which indicated the local exciton characteristic and strong oscillation
strength between these two energy states and corresponding fluorescence of this probe. The detail of theoretical electron excitation and
emission processes and experimental fluorescence of the two molecules were summarized in Table S1.

From the hole-electron distribution analysis in the electron excitation from Sy to S; in the probe HCA-OH and sensing product HCA-
NH,, the different characteristic of electron transfer in these two molecules were clearly illustrated. It could be clearly showed in Figs. 8
and 9 respectively that electron localized in the amino-naphthalimide part of HCA-NH; participated in the excitation process from Sy to
S; whereas the electron transfer between amino-naphthalimide part and phenol part of HCA-OH occurred in the excitation process
from Sy to S; of the probe.

The contribution of each atom in the Sy to S; process of the probes was clearly shown in atom-atom heat map (Figs. 10 and 11 for
HCA-OH and HCA-NH; respectively). Number 2 (C atom) in the HCA-NH; and number 30 (N atom) in HCA-OH made the biggest
contribution to the hole distribution in the corresponding electron excitation process in the probes. (the number of atoms in these two
probes could be referenced to Figure S; and Figure Sy) The local excitations in the amino-naphthalimide part of HCA-NH; and electron
transfer from phenol part to amino-naphthalimide part in HCA-OH were also clearly shown in the atom-atom electron transfer heat
map of these two probes.

The directional UV-Vis absorption spectrum of the probes could indicate the energy absorbance in the molecule along different
directions. Due to the mainly 2D planar structure in HCA-NHj it could be deduced that the energy absorbance along the 2D molecular
plane should occupy the most part of the UV-Vis absorption spectrum just as shown in Fig. 12, the simulated directional UV-Vis
absorption spectrum of the probe. In probe HCA-OH, the deflection between the plane of phenol and amino-naphthalimide led to non-
2D planar structure of it. It could be clearly seen in Fig. 13 that the absorption spectrum part along the direction perpendicular to the
plane of amino-naphthalimide could not be neglected. The detail analysis of optical excitation and emission process within probe HCA-
OH and sensing product HCA-NH; were summarized in Tables 1 and 2 respectively. These processes combined the DOS and hole-
electron distribution analysis between ground and excited states of probe could explain the luminescence mechanism of the corre-
sponding compounds.

To better understand the structure variation between the ground state Sy and first excited state S;, the reorganization energy
between two states of the probe HCA-NHy and HCA-OH were analyzed and delineated in Figs. 14 and 15 respectively. The deflection of
the phenol part in the probe HCA-OH from S to S; was resulted in bigger reorganization energy in the excitation process compared
with the probe HCA-NH; which had a nearly negligible change of structure within the excitation process. In probe HCA-OH the
stretching vibration mode located in the phenol part made the biggest contribution to the reorganization energy which was corre-
sponding to the obvious deflection of this part during the excitation process. Whereas in probe HCA-NHj the vibration located in the
amino-naphthalimide and C4Hg parts both had the non-neglected contribution to the reorganization energy in the excitation process
which was related with the no obvious structural variation between the stable Sy and S; states of the probe.

4. Conclusions

The sensing mechanism of the single organic molecule fluorescent probe HCA-OH, which was a naphthalimide-based turn-on
fluorescence probe for peroxynitrite detection and imaging in living cells, were studied thoroughly under quantum mechanical
methods. The dual descriptor and ESP of the probe HCA-OH both indicated the response sites to ONOO™ was the phenol part in the
probe molecule. The electronic structures’ difference between the probe HCA-OH and HCA-NH; was the origin for their different
fluorescent characters which led to the applicable for the sensing of ONOO™ through fluorescence detection. All these theoretical
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S

Fig. 7. Stable Sp and S; structure of the HCA-NH,.

Fig. 8. Electron excitation path from Sy to S; of the HCA-OH, orange and green represented the hole and electron distribution respectively.
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Fig. 9. Electron excitation path from Sy to S; of the HCA-NH,, orange and green represented the hole and electron distribution respectively.

Fig.

Fig. 11. Atom-atom electron transfer heat map from Sy to S; of the HCA-NH,.
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10. Atom-atom electron transfer heat map from S, to S; of the HCA-OH.

0.20
Hole 0.16
Electr (())ég
Overlap 0.04
0.00

1 5 9 13 1% 21 25 29 33

1. 2x10°
Total
— XY
—_—
g 8.0x10" Pd
g
=
-
[=]
w
-}
-
4. 0x10*
0.0
200 250 300 350 400 450

wavelength (nm)

Fig. 12. Simulated directional UV-Vis spectrum of HCA-NH,.
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Fig. 13. Simulated directional UV-Vis spectrum of HCA-OH.

Table 1
The main electron excitation processes in HCA-OH and HCA-NH,.

Heliyon 10 (2024) e37298

Compound Electronic transition” Excitation

Oscillator strength Composition” cI
Energy (nm)
HCA-OH So— S1 445 0.6154 H-L 0.7056
HCA-NH, So— S1 420 0.9024 H-L 0.7124
2 Only the excited states with oscillator strength larger than 0.1 were considered.
b H stand for HOMO and L stands for LUMO.
¢ Coefficient of the wave function for each excitation was in absolute value.
Table 2
The main electron emission processes in HCA-OH and HCA-NH,.
Compound Electronic transition” Emission Oscillator strength Composition® cI¢
Energy (nm)
HCA-OH S1 - So 526 0.0127 H-L 0.7025
HCA-NH, S1—So 507 0.8875 H-L 0.7810

2 b,c same indication as in Table 1.
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Fig. 15. Reorganization energy between Sy and S; of HCA-OH.
results could provide the insight for designing new efficient functional fluorescent probe for biomarker detection and imaging.
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