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Abstract

Peroxynitrite (ONOO-) is a highly reactive nitrogen species in biological systems. Its abnormal accu-
mulation in hepatic peroxisomes acts as an early pathological marker of carbon tetrachloride-in-
duced acute liver injury. Two-photon fluorescent probes capable of peroxisome-targeted in vivo in
situ imaging serve as crucial tools for deciphering hepatic oxidative stress pathways. The Tang Bo
group has previously accomplished comprehensive experimental characterizations of a novel “turn-
on” two-photon fluorescent probe PX-1, including synthetic preparation, in vitro spectroscopic per-
formance, cellular imaging and in vivo imaging of acute liver injury in mice. Their results verified
that PX-1 can specifically recognize peroxisomal ONOO- and realize tissue visualization. In this work,
quantum chemical calculations were adopted as the core method to systematically analyze the in-
trinsic sensing mechanism of PX-1 from four perspectives: molecular orbital, electronic excitation,
reactive site and excited-state transition. A series of theoretical calculations, such as geometric opti-
mization, density of states (DOS), average local ionization energy (ALIE), So—S1 hole-electron distri-
bution and atomic contribution heatmap, were performed via Gaussian16 and Multiwfn software.
Orbital energy level analysis revealed that the HOMO energy level of the 1,4-benzenediol recognition
unit in intact PX-1 lies between the HOMO and LUMO of the naphthalimide fluorophore, satisfying
the energy matching requirement for photoinduced electron transfer (PeT) and leading to strong
intrinsic fluorescence quenching of the probe. After oxidative cleavage between PX-1 and ONOO- gen-
erates PX-OH, the electron-rich benzenediol moiety is eliminated, the PeT electron transfer channel
is completely blocked, and intramolecular charge transfer (ICT) dominates excited-state transitions,
resulting in drastic fluorescence recovery. ALIE calculations precisely locate the oxidation reaction
at the hydroxyl-substituted carbon sites of benzenediol, which is fully consistent with the experi-
mental oxidative cleavage rule. Visualized hole-electron distributions and quantitative atomic con-
tribution analyses distinctly differentiate the disparate excited-state electron transfer behaviors of
PX-1 and PX-OH, comprehensively elaborating the dual response mechanism synergistically regu-
lated by PeT quenching and enhanced ICT. Comparative calculations of truncated peptide models
verify that short peptide fragments exert negligible interference on the orbital energy levels of fluor-
ophores and recognition units as well as excited-state transition characteristics, demonstrating the
reliable representativeness of the simplified model adopted herein. Quantitative calculations on
multiple substituted benzenediol derivatives establish a linear correlation index between the HOMO
energy level difference of recognition groups and PeT quenching efficiency, which can be directly
applied to pre-screening and performance prediction of analogous probe molecules. This theoretical
study elucidates the molecular origin underlying the outstanding sensing performance of PX-1 at the
microscopic electronic level, and meanwhile establishes universal quantitative design criteria. It
provides quantifiable and predictable theoretical guidance for subsequent structural optimization
and recognition group modification of naphthalimide-based organelle-targeted fluorescent probes
toward ONOO-.
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Figure 1. Schematic diagram of PX-1 probe for the detection of ONOO~
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Figure 2. Density of states (DOS) diagram of probe PX-1
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Figure 3. Density of states (DOS) diagram of oxidation product PX-OH
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Figure 4. Average local ionization energy (ALIE) diagram of PX-
1 showing the reactive site for oxidation
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Figure 5. Hole-electron distribution of PX-1 upon
So—S1 excitationNote: Orange = hole distribution;
Green = electron distribution
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Figure 6. Atomic contribution heatmap of PX-1 in So—S1 excitation together with molecular structure
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Figure 7. Hole-electron distribution of PX-OH
upon So— S excitationNote: Orange =hole dis-
tribution; Green = electron distribution
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Figure 8. Atomic contribution heatmap of PX-OH in So—S: excitation together with molecular structure
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Table 1. Energy levels of receptor groups modified by different substituents and quantitative parameters for PET quenching
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