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Abstract: Cytochrome P450 (CYP450) is a major drug-metabolizing enzyme system mainly distributed
in liver microsomes and involved in the metabolism of many endogenous substances (such as fatty
acids and arachidonic acids), and exogenous compounds (such as drugs, toxicants, carcinogens, and
procarcinogens). Due to the similarity in structures and catalytic functions between CYP450 isoforms,
the lack of effective selective detection tools greatly limits the understanding and the research of their
respective physiological roles in living organisms. Until now, several small-molecular fluorescent
probes have been employed for selective detection and monitoring of CYP450s (Cytochrome P450
enzymes) in vitro or in vivo owing to the tailored properties, biodegradability, and high temporal and
spatial resolution imaging in situ. In this review, we summarize the recent advances in fluorescent
probes for CYP450s (including CYP1, CYP2, and CYP3 families), and we discuss and focus on their
identification mechanisms, general probe design strategies, and bioimaging applications. We also
highlight the potential challenges and prospects of designing new generations of fluorescent probes
in CYP450 studies, which will further enhance the diversity, practicality, and clinical feasibility of
research into CYP450.
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1. Introduction

The cytochrome P450 enzyme system (CYP450) is a class of heme-containing monooxy-
genases that are located on the endoplasmic reticulum or mitochondrial membranes [1]. For
CYP450s, which are engaged in drug metabolism and in vivo biotransformation, one of the
most crucial functions is to degrade xenobiotics, such as converting drugs to water-soluble
molecules to speed up their excretion from the body [2]. Research on the role of CYP450 has
been carried out mainly from the following two aspects (Figure 1) [3,4]: One is the function
of CYP450s in the biosynthesis and metabolism of endogenous compounds, which can
catalyze fatty acids, steroids, and other endogenous substances; and the other theme is the
significance of CYP450s in the metabolism of xenobiotics (exogenous compounds present
in the body, including compounds not produced by the body, such as drugs, toxicants,
environmental substances, or pollutants), predominantly in detoxication [5]. Previous
reports have shown that CYP450s are associated with the metabolism of procarcinogens
to carcinogens and tumor development and progression, owing to their crucial role in the
catalysis of endogenous and exogenous compounds [6].

It has been acknowledged that the level and the function of CYP450s are important
factors leading to individual differences in drug disposal and treatment results. The CYP450
enzyme family is complex in composition, and it can be influenced by genetic diversity,
which is referred to as the CYP450 gene superfamily [7]. Many CYP450s are involved in
genetic polymorphisms and, in combination with environmental and other factors, together
lead to inter-individual and inter-ethnic differences in the ability to metabolize the same
substrate [8,9]. Treatment failure, toxicity, side effects, and drug–drug interactions (DDI)
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are the adverse effects that may result from significant changes in both the level and the
function of CYP450s [6]. Due to the diversity, catalytic types, and broad spectrum of
CYP450 species, as well as their important roles in many physiological and pathological
processes [3], the development of effective tools, or innovative methods to detect CYP450s
activity has attracted widespread attention.
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Reassuringly, over the past two decades, CYP450 inhibition assays have evolved from
determining substrate metabolism in individual reactions by high-performance liquid
chromatography (HPLC) to detecting changes in the optical signal indicative of substrate
metabolism without sample separation or purification. Using fluorescent probes to se-
lectively track human CYP450s and to explore their roles in the drug metabolism and
pathologic process has important theoretical and practical significance for the safe and
effective use of drugs and the implementation of individualized dosing regimens. To date,
although reviews of the catalytic metabolism of CYP450s and their relevance to toxicity and
drug interactions have been reported [10–14], there are only a few reviews of fluorescent
assays for CYP450 [15], which could have important guiding significance in the develop-
ment of satisfactory probes for the visualization and the real-time monitoring of CYP450s
activity. The purpose of this review is to summarize the research progress of fluorescent
probes used to study CYP450 activities and their contribution to drug-metabolizing. The
reduction reaction catalyzed by CYP450s reductase occurs in the absence of oxygen, and
fluorescent probes for imaging and monitoring CYP450s reductase in hypoxia have also
been reported [16–18], which is beyond the scope of this review.

2. Brief Introduction of CYP450
2.1. Relevance to Diseases and Drug Interactions

CYP450 is a kind of catalytically diverse biocatalyst. In recent years, significant
progress has been made in the study of the structure and the function of CYP450s, espe-
cially their roles in drug metabolism, which play pivotal roles in the body’s protective
detoxification and metabolism of most clinical drugs, such as the antidepressant drug
clomipramine [19].

CYP450 is a superfamily consisting of many isozymes. According to the percentage
amino acid sequence homology, it can be easily divided into families and subfamilies
(Figure 2), mainly including CYP1, CYP2, and CYP3 families (Table 1) [20]. CYP450s have
more than 50 isoforms among which CYP1A2, 2A6, 2C9, 2C19, 2E1, 2D6, and 3A4 are
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mainly expressed in the liver, small intestine, lung, placenta, and kidney, and they are
involved in the metabolism of drugs, accounting for 80% [21] (Figure 3A). As the main
drug-metabolizing enzyme family, CYP450s mainly play an important role in the phase
I metabolism of drugs through oxidative metabolism by coenzyme NADPH and molec-
ular oxygen (Figure 3B) [22]. Meanwhile, due to the important roles of CYP450s in the
metabolism of most anticancer drugs, CYP450s are related to inflammation and cancer
development, including rectal cancer, breast cancer, lung cancer, and other diseases. Ac-
cordingly, accumulating evidence suggests that CYP450s are involved in cancer formation,
chemoprevention, metastasis, and chemotherapy [6].
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CYP450s have been reported to react with many drugs in a variety of ways, and
the catalytic activity of CYP450s can be affected by drug inhibition or drug induction
(Figure 3C) [23]. Among them, the inhibitory effect of CYP450s owing to DDI will have a
considerable negative impact on health. Therefore, understanding the interaction between
CYP450s and drugs is of great significance for rational and safe treatment.

In the course of clinical treatment, the combined use of multiple drugs cannot be
avoided. However, unknown drug combinations may lead to many adverse reactions,
and even increase the risk of fatal adverse drug events. Inhibition of the CYP450 enzyme
function is the most common mechanism for understanding DDI. There are two mecha-
nisms of CYP450 inhibition: reversible and irreversible/quasi-irreversible [24]. Among
them, CYP450s irreversible inhibition (competitive or non-competitive) is related to some
important pharmacokinetic drug interactions and predisposes to cause unexpected DDI.
Mechanism-Based Inhibition (MBI, Figure 3C), an irreversible means of inhibition, is usu-
ally covalently linked to CYP450s, resulting in their inactivation [25]. A mechanism-based
enzyme inactivator, an unreactive compound whose structure is similar to the substrate of
the target enzyme, is transformed into an active and electrophilic metabolite that tightly
binds to the enzyme’s active site, leading to a long-lasting inactivation [26]. Irreversible
inhibition induced by covalent modification of biological macromolecules predisposes to
adverse, unfavorable DDI. Therefore, the discovery and evaluation of the key metabolic
enzyme MBI have important implications for drug development, safe use, and public
health, implying an urgent need to develop effective tools that can visualize the effects
of MBI.

2.2. CYP450-Catalyzed Reactions

CP450, a kind of heme-containing monooxygenases whose function requires the joint
participation of coenzyme NADPH and O2, is primarily involved in oxidation reactions in
the progress of drug biotransformation, including electron loss, dehydrogenation reactions,
and oxidation reactions. Generally, CYP450 enzyme adds oxygen to drugs by activating
molecular oxygen, connecting one of the oxygen atoms to an organic molecule, while
reducing the other oxygen atom to water. The CYP450s’ generalized catalytic cycle is
depicted in Figure 4A [27,28]: In CYP450s, iron ions exist in the form of Fe3+, and the drug
(R-H) first binds to the enzymes; then, the complex of drug and enzyme is reduced by
NADPH, and Fe3+ is reduced to Fe2+. In the third step, oxygen molecules oxidize Fe2+ to
Fe3+. The fourth step is similar to the second step, except that the electrons are received by
oxygen atoms rather than Fe3+. In the fifth step, two protons react with the complex, two
electrons on oxygen are transferred to two protons, and water is produced. Finally, oxygen
atoms are transferred to the drug, the enzyme releases the metabolite ROH, and CYP450s
return to their initial state.

The classical catalytic reaction of CYP450s is to insert one oxygen atom of an oxygen
molecule into the inactivated hydrocarbon bond of a substrate molecule to produce the
corresponding alcohol and to reduce the other oxygen atom to water [29]. In addition,
CYP450s catalyze many different types of reactions (Figure 4B), including hydroxylation of
carbon atoms, dealkylation of N-, O-, and S atoms, sulfur oxidation, epoxidation, deamida-
tion, desulfurization, dehalogenation, peroxidation, N-oxide reduction, C-C bond breaking,
etc. [30–32]. Based on the catalytic reactions of substrates and the structural characteristics
of CYP450, researchers have developed many small molecule tools with specific detec-
tion functions using fluorescent probes as substrates. Most frequently, hydroxylation and
dealkylation metabolic processes are used in probe design.
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2.3. Assays for CYP450

Normally, CYP450s catalyze the oxidative metabolism of endogenous and exogenous
chemicals mainly through dealkylation, hydroxylation, and epoxidation reactions. Devel-
oping effective, convenient, and sensitive assays for the determination of CYP450 enzyme
activity is of great importance for visualizing CYP450 enzyme inhibition and screening
potential co-substrates and/or inhibitors of key CYP450 enzymes, which is highly con-
ducive to investigating their physiological functions. Traditional methods for studying
CYP450 activity are mainly chromatography-based analytical methods, such as HPLC and
mass spectrometry (MS), which relies on labor- and equipment-intensive sample extraction.
Another major reason for the limited studying of CYP450 activity is the large assay volumes
and the high enzyme concentrations required to reach the limit of detection. As a result,
high-throughput detection of enzyme activities has gained considerable attention.

High-throughput methods currently available for the study of CYP450 activity include
luminescence-based assay, MS-based assay, and radioactivity-based assay [33,34]. However,
most of them are not compatible with living cells or in vivo applications. Compared to these
methods, the fluorescence-based assay stands out for its effectiveness, noninvasiveness,
high sensitivity, and selectivity, and it has been widely used as a powerful tool for monitor-
ing target enzymes in living systems [35]. Among them, small-molecule fluorescent probes
as detection tools for the fluorescence-based assay are more suitable for assessing complex
biological effects mediated by target proteins, such as CYP450s than other fluorescent
probes (nanoprobes, etc.), owing to their outstanding advantages, such as high sensitiv-
ity, tailored properties, hypo-toxicity, biodegradability, and low cost [36,37]. It is worth
noting that small-molecule fluorescent probes have numerous applications in a variety of
disciplines, including clinical diagnosis, chemical biology, and drug development [38].

Over the past 20 years, a few fluorescent probes have been made to measure CYP450s
inhibition by monitoring CYP450s activity, such as DFB (3,4-difluorobenzyl)-4-(4-methyl-
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sulfonylphenyl)-5,5-dimethyl-(5H)furan-2-one) (CYP3A) [39]. However, the common rea-
son that limits their application is their inability to specifically create a visual image of
CYP450s in living systems. It is reassuring to note that many specific real-time fluorescent
probes for key CYP450 isoenzymes have been developed through improvements in the per-
formance of fluorescent dyes and local modifications of recognition sites. The recognition
mechanism and design strategy of CYP450-specific fluorescent probes, and its biological
applications are the main topics of this review. In addition, we summarized that in the
developed probe general design strategy of an ideal probe substrate targeting CYP450
isoforms, the following rules should at least be obeyed (Figure 5): (1) Use fluorophores
whose fluorescence intensity can be altered based on the protection-deprotection of hy-
droxyl groups [40–42]; (2) Choose appropriate recognition processes, such as dealkylation
and hydroxylation, based on the substrate preference of the active cavity of CYP450 isoen-
zymes, which can be used to design specific turn-on or ratiometric fluorescent probes;
(3) Employ self-eliminating linkers or introduce moieties that offer hydrogen bonding
sites and boost water solubility, which can be used to better adapt probes to the cavity
structural characteristics of different CYP450 isoenzymes. It is gratifying that the significant
advancements made recently in the development of the CYP450-specific probes, such as
the development of the probe’s excitation wave near-infrared and the successful evolu-
tion of the probe’s application from cellular research to in vivo imaging. These point to
the substantial potential for the use of fluorescence-based assays in the investigation of
CYP450-related drug-metabolizing, as well as associated malignancies and other disorders.
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3. Probes for CYP1 Family
3.1. Probe(s) for CYP1A

CYP450 1A, also known as CYP1A, is a highly expressed endoplasmic reticulum
membrane-bound protease that is split into two primary isoforms, CYP1A1 and
CYP1A2 [43]. The most significant member of the CYP1A subfamily, CYP1A1, is broadly
expressed in a variety of human tissues, including extra- and hepatic tissues, whereas
CYP1A2 is exclusively highly expressed in the liver [44,45]. Aflatoxin and heterocyclic
olefin in vivo activation, which results in organ damage and cancer, are two examples of
xenobiotics tightly linked to CYP1A [46]. In addition, lung disorders caused by xenobiotic
toxicity are increasing due to severe environmental pollution and frequent “haze”. The
creation and use of specialized probes for the membrane-bound protease CYP1A are de-
pendent on several variables, including the probes’ selectivity and resistance to biological
interference. 7-ER (7-ethoxyresorufin) has been a popular commercial fluorescent probe
for CYP1A probe substrate research [47], however, due to its low selectivity for CYP1A
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(response to CYP1A1, CYP1A2, CYP1B1), it can only be utilized for in vitro screening tests
for recombinant CYP450s inhibitors. Thus, the specific probes for CYP1A isoforms are
crucial tools in both academic and clinical applications to study the interactions between
the CYP1A isoforms and the hazards and diseases connected to xenobiotic activation.

The 4-methoxy-1,8-naphthalimide (HN) derivatives are effective CYP1A substrates,
according to earlier research by Yang Ling’s team [48]. In 2015, based on the 3D struc-
ture information of the CYP1A enzymes, Yang’s team reported a highly selective CYP1A
probe with high sensitivity and an anti-biological matrix interference probe 1 (NCMN)
(Figure 6A). Molecular docking studies showed that probe 1 could be well docked into the
active cavity of CYP1A2 and CYP1A1 with strong hydrogen-bond interactions (Figure 6B).
The authors successfully combined ratiometric fluorescence detection and two-photon
fluorescence imaging analysis of probe 1 to accurately detect CYP1A enzyme activity at
the living cells and tissue level for the first time [49] (Figure 6C,D).
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American Chemical Society.

Since the active site of CYP1A is packed with hydroxyl amino acids, hydrogen-bond
and π−π interactions may play an important role in the catalysis of CYP1A. Qi’s team
obtained a novel ratiometric fluorescent probe N-((2-hydroxyl ethoxy) ethyl)-4-methoxy-
1,8-naphthalimide (NEMN, probe 2, Table 2) for monitoring CYP1A. This probe is also
based on the O-demethylation reaction of 1,8-naphthylamide but differs from NCMN in
N-substituted by (2-hydroxyethoxy)ethyl, providing both a hydrogen bond formation site
and good water solubility [50]. As expected, the ratiometric signal (I552/I458) emerged with
a good linear relationship to both the reaction time and the enzyme concentration in a
certain range. The design strategy for CYP1A-specific probes provides a good reference
value for the subsequent discovery of more specific fluorescent probes for CYP1A isoforms.

Unfortunately, the probes above cannot achieve good specificity in detecting the
two enzyme isoforms, owing to the amino acid homology and substrate spectra overlap
between CYP1A1 and CYP1A2 [51]. Moreover, both CYP1A1 and CYP1A2 can dealkylate
substrates in the catalytic process. Taking advantage of the small difference in the catalytic
active cavity between human CYP1A1 and CYP1A2 (compared to CYP1A2, CYP1A1
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exhibits a relatively planar and small active cavity) [52], Yang’s team synthesized and
developed the first CYP1A1-specific two-photon fluorescent probe 3 (NBCeN, Table 2),
using a proximal local modification strategy close to the catalytic site of the enzyme, with
the aid of computer-assisted screening and metabolic phenotype detection. The probe is
highly specific for the target enzymes, which can distinguish CYP1A1 from CYP1A2 and
other similar enzymes [53]. This strategy for designing CYP450-specific probes can also be
utilized to direct the creation of additional substrates for metabolic enzyme-specific probes.

Probes from previous studies have achieved high specificity of CYP1As. However,
the extremely low expression of CYP1A1 in extrahepatic tissues was ignored [54,55]. The
detection limit value (LOD = 2.5 nM) of the previously mentioned NBCeN did not reach the
value we expect, leading to the limits of real-time monitoring or in situ imaging of CYP1A1.
To achieve better sensitivity of the probe, Ma’s team designed and synthesized a series
of CYP1A1 fluorescent probes based on 4-hydroxy-7H-benzo[de]benzo [4,5]imidazo [2,1-
a]isoquinolin-7-one (HBN) with a polycyclic aromatic skeleton and desirable photophysical
properties, including high photostability, an excellent fluorescence quantum yield, and two-
photon absorbability [56]. Among others, 4-isopropyl-7H-benzo[de]benzo [4,5]imidazo-
[2,1-a]isoquinolin-7-one (probe 4, iPrBN), which was designed based on the substrate
preference of CYP1A1 and the intramolecular charge transfer (ICT) principle (Figure 7A),
displayed a high sensitivity and selectivity (Figure 7C) toward CYP1A1 compared with
the other CYP450 isoforms. In this work, the authors screened a series of o-alkylated
derivatives of HBN in vitro and finally found that only the isopropyl-modified probe iPrBN
exhibited rapid responsiveness, high sensitivity, and excellent selectivity (LOD = 0.036 nM),
and significant fluorescence enhancement in the presence of CYP1A1. The imaging results
showed that this two-photon fluorescent probe is a powerful tool for sensing CYP1A1 in
complex biological systems, including human tissue preparations, living cells, and even
zebrafish (Figure 7B,D).
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Figure 7. (A) Proposed response mechanism of probe 4 (iPrBN) for sensing CYP1A1. (B) Two-photon
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iPrBN at 525 nm upon the addition of various CYP450 isoforms in humans. (D) Two-photon confocal
fluorescence images of CYP1A1 with iPrBN in living zebrafish. Adapted with permission from
Ref. [56]. Copyright © 2018, copyright Royal Society of Chemistry.

As we mentioned earlier, CYP1A1 has a larger catalytic cavity than CYP1A2, so
CYP1A1 can catalyze fluorescent substrates with a larger recognition group. Taking ad-
vantage of the deeper penetration depth advantage of near-infrared (NIR) imaging to
minimize the effects of tissue background fluorescence and light scattering, Qi’s team
proposed in 2019 that a highly specific NIR probe 5 (DPCl, Table 2) for CYP1A1 can be
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obtained by tuning the generation of fluorescence through DPCl-O-dechloroethylation
on the NIR fluorophore dicyanoisophorone derivative (673 nm emission) [57]. Different
from the dealkylation catalytic reaction of the previous probes, the design strategy of
O-dechloroethylation in this study greatly improved the sensitivity (LOD = 0.026 nM) and
selectivity of the probe, as the size of O-chloroethyl fit well into the catalytic cavity of
CYP1A1 and the lipophilicity and polarity of O-chloroethyl. Probe 5 successfully achieves
real-time detection of CYP1A1 activity in complex biological systems (cell and zebrafish),
and it is a highly CYP1A1-specific detection tool with high affinity and a significant stokes
shift, which could provide support for the study of the biological function of CYP1A1 and
the related screening of inhibitors.

In 2019, Qi’s team modified the non-reactive site of 1,8-naphthylamide with (2-hydrox-
yethoxy)ethyl substitution, which can provide a hydrogen bond formation site and good
water solubility, then introduced different alkyl groups for local modification at the probe
recognition site, and screened the probe with higher sensitivity and selectivity through
in vitro experiments. The experimental results demonstrated that CYP1A1 can catalyze the
de-population of probe 6 (NEiPN, Table 2) to recover the fluorescence of the probe, which
provides visible signal changes for high-throughput screening of CYP1A1 modulators in
complex biological systems [58].

Instead of using the traditional 1,8-naphthylamide as the base fluorophore, Ge’s team
developed a series of O-alkylated resorufin derivatives as potential fluorescent substrates
for CYP1A. In vitro screening experiments showed that a chloroethyl derivative (7-(2-
chloroethoxy)-3H-phenoxazin-3-one, (CHPO, probe 7, Table 2), has good specificity and is
isoform-specific for CYP1A1, which also has been successfully applied to the bioimaging of
CYP1A1 in cells and tissues [59].

CYP1A1 expression is abnormal in some cancers, for example, CYP1A1 is overex-
pressed in breast cancer. Although several fluorescent sensors have been developed for the
selective and sensitive detection of endogenous CYP1A1 enzyme, however, few reports
have been reported for the isoform-specific CYP1A1 activities in tumor-bearing mice. In
2021, Chen’s team developed the CYP1A1-specific detection fluorescent probe 8 (BCy-CYP,
Table 2) for the first time, using benzoindocyanine dye (BCy) as the fluorophore and in-
troducing ethoxy modifications as the quencher at the recognition site [60]. The authors
not only visualized the association between CYP1A1 and breast cancer using probe 8 but
also demonstrated that the chemotherapy drug cisplatin, in combination with inhibition
of CYP1A1 by carnosol, had a more significant therapeutic effect on breast cancer than
cisplatin alone, which plays a crucial role in studying the vital function of CYP1A1 in breast
cancer, and it is of great significance for the early diagnosis of breast cancer. Meanwhile,
probe 8 is the first to enable us to monitor not only the changes in CYP1A1 level in the
breast’s normal and cancer cells but also in tumor-bearing mice.

Reports have indicated that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is one of the ma-
jor carcinogens affecting human life and health as an environmental pollutant [61,62]. In vitro
bioassays on the hazardous carcinogen, TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), have
mostly been carried out utilizing the probe (7-ethoxyresorufin) 7-ER to identify TCDD-
induced aberrant expression of CYP1A1 in murine cells [63]. In animal and human cells,
TCDD increases several forms of CYP1A expression, including CYP1A1 in murine hepato-
cytes and CYP1A2 in human hepatocytes, according to recent toxicity studies [64]. As a
result, the bioanalysis of TCDD in human cells is constrained by the 7-ER’s substandard
response to CYP1A2. However, bioanalysis of TCDD in human cells is restricted because
of 7-ER’s subpar sensitivity to CYP1A2. Liu’s team designed a fluorescent probe 9 (N-
(3-hydroxybutyl)-4-methoxy-1,8-naphthalimide, HBMN, Table 2) based O-demethylation
reaction in 2018 [65], which has a significantly higher affinity to CYP1A2 than CYP1A1,
to enable the bioanalysis of TCDD in human cells. This means that researchers can now
track changes in CYP1A2 expression levels and distribution in human cells for the first
time using visible optical signal changes. Even though CYP1A1 causes a less intense fluo-
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rescent response than CYP1A2 (CYP1A2 was nearly 25 times higher than CYP1A1), it still
influences the specificity of the probe.

3.2. Probe(s) for CYP1B1

In 1991, Colin R. Jefcoate, a professor at the University of Wisconsin, initially discov-
ered that CYP1B1 is a novel member of the CYP450 family of drug-metabolizing enzymes.
Unlike CYP1A1 and CYP1A2, CYP1B1 is expressed in both extrahepatic tissues and the
liver. Numerous endogenous metabolites in the body, such as steroid hormones, fatty
acids, melatonin, and vitamins, as well as many exogenous compounds, such as polycyclic
aromatic hydrocarbons, are mainly metabolized by CYP1B1 [66].

Li’s team created the first NIR fluorescent probe 10 (6b), which introduced a linker
group to a known CYP1B1 selective inhibitor (ANF derivative) and a NIR fluorophore,
for specifically binding to CYP1B1 and imaging tumors [67] (Figure 8A). The experiments
in this work demonstrated that the introduction of the linker did not negatively affect
the binding affinity and the inhibitory effect of the inhibitor, which was also verified
by competition experiments. Additionally, the observed nonorange binding affinity of
probe 10 to CYP1B1 during the cell-based assay was explained by the binding modes
(Figure 8B), and the introduction of the cyanine group through the polymethylene linker
contributed to the binding of the probes to the CYP1B1 protein rather than interfering with it.
By using imaging tests both in vivo and in vitro, the authors were able to confirm the rapid
and selective accumulation of CYP1B1 in HCT-15 xenograft tumors (Figure 8C,D). CYP1B1-
targeted imaging may be a promising tool for the early detection of CYP1B1-associated
tumors, and it provides new ideas for the subsequent development of CYP1B1-specific
fluorescent probes.

Chemosensors 2022, 10, x FOR PEER REVIEW 11 of 28 
 

 

 
Figure 8. (A) Design of CYP1B1 targeted NIR probes from ANF derivatives. (B) Putative binding 
mode of compound probes 10 (6b). (C) In vitro cell binding studies on HCT-15 colon cancer cells 
of NIR probe 10 (6b). (D) In vivo NIR imaging with probe 10 (6b) for HCT-15 tumor-bearing mice 
and quantitative comparison of tumor uptake for imaging group and blocking group. Adapted, 
with permission from Ref. [67]. Copyright © 2018, American Chemical Society. 

Table 2. Summary of CYP1 family-specific probes and their application for biomarkers. 

Bio-
Marker 

Name Structure a LOD/nM Km/μM 
Ex/Em b 
nm/nm 

Biological Application 

CYP1A 

NCMN 
Probe 1 

[49] 

 

50 11.9 450/564 

TPM c imaging identifies 
CYP1A induced by different 

concentrations of inducer and 
3D Depth Imaging of CYP1A 

in rat liver tissues 

NEMN 
Probe 2 

[50] 

 

8.10/ 
15.75 

/ 446/552 
Fluorescence imaging of en-
dogenous CYP1A in living 

cells 

Figure 8. (A) Design of CYP1B1 targeted NIR probes from ANF derivatives. (B) Putative binding
mode of compound probes 10 (6b). (C) In vitro cell binding studies on HCT-15 colon cancer cells of
NIR probe 10 (6b). (D) In vivo NIR imaging with probe 10 (6b) for HCT-15 tumor-bearing mice and
quantitative comparison of tumor uptake for imaging group and blocking group. Adapted, with
permission from Ref. [67]. Copyright © 2018, American Chemical Society.



Chemosensors 2022, 10, 304 11 of 27

Table 2. Summary of CYP1 family-specific probes and their application for biomarkers.

Bio-Marker Name Structure a LOD/nM Km/µM Ex/Em b

nm/nm Biological Application

CYP1A

NCMN
Probe 1

[49]
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Table 2. Cont.

Bio-Marker Name Structure a LOD/nM Km/µM Ex/Em b

nm/nm Biological Application

CYP1A2
HBMN
Probe 9

[65]
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a The red marked part indicates the dealkylation group; b The emission and excitation wavelengths are measured
in the simulated physiological environment (100 mM PBS buffer, pH 7.4, NADPH reduction system, 37 ◦C);
c TPM: Two-photon microscopy; d TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin (a major threat carcinogen);
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4. Probes for CYP2 Family
4.1. Probe(s) for CYP2J2

CYP2J2, an important member of the CYP2 family, is mainly distributed in the heart,
liver, and other organs, which is involved in the metabolism of a variety of endogenous sub-
stances. Recent studies have revealed that CYP2J2 expression is significantly upregulated
in a variety of tumor tissues. The high expression of CYP2J2 is not only closely associated
with tumorigenesis but has also been shown to promote the proliferation and the migration
of tumor cells. In addition, since CYP2J2 can catalyze the generation of epoxyeicosatrienoic
acids (EETs) from endogenous polyunsaturated fatty acids in humans [68], CYP2J2 plays
an important role in tumor angiogenesis and tumor invasion. Given that, CYP2J2 can be
regarded as an important biomarker of tumor diagnosis. Therefore, the development of
highly selective probes for CYP2J2 has important clinical applications. Although liquid
mass spectrometry methods for detecting CYP2J2 activity have been reported [69], fluores-
cence assays are more promising due to their outstanding sensitivity, convenience, in situ
visualization, and high spatial and temporal resolution. In the three-dimensional spatial
structure, CYP2J2 has the typical feature of narrow substrate channels near the catalytic
active center, which restricts the metabolism of small molecule ligands (especially rigid
substrates) to a certain extent. The challenge in the design and the development of CYP2J2
fluorescent probes lies in how to modify the fluorescent probe structure for the catalytic
characteristics of the CYP2J2 enzyme to improve reaction efficiency and to achieve specific
detection. Thus, rational modification of the fluorescent substrate structure to adapt to
the narrow region near the catalytic activity center of CYP2J2 is an effective way to solve
this problem.

Inspired by the key structural domain (benzyl) of the CYP2J2 non-fluorescent probe
astemizole, Ma’s team introduced a benzyl linker arm between the fluorophore HXPI and
the dealkylation site to shorten the distance between the CYP2J2 catalytic center and the
metabolic recognition site, to enhance the sensitivity and the isoform selectivity of the
probe [70]. The authors employed (E)-2-(2-(6-hydroxy-2,3-dihydro-1H-xanthen-4-yl)vinyl)-
3,3-dimethyl-1-propyl-3H-indol-1-iumiodide (HXPI) as the fluorophore, a relatively long
and flexible aromatic backbone, which can fit into the narrow catalytic pocket at the
bottom of CYP2J2. In addition, this class of fluorescent molecules has ideal photophysical
properties, excellent tissue penetration, and minimal biological damage. Based on the



Chemosensors 2022, 10, 304 13 of 27

strategy of introducing suitable linker arms to adapt the fluorescent probe to the cavity
structure and catalytic characteristics of CYP2J2 catalytic activity, Ma’s team has successfully
developed a highly specific NIR fluorescent probe 11 (BnXPI) for detecting CYP2J2 activity
(Figure 9A,B), which can be used for rapid detection of CYP2J2 levels in human tissue
samples and cells. However, HXPI derivatives without a linker are difficult to be catalyzed
by CYP2J2 and also show a relatively weak fluorescence response and low isotype specificity.
In addition, probe 11 has been used to detect the functional level of CYP2J2 in the blood
leukocytes of leukemia patients, which can be combined with clinical immunophenotypic
analysis for the early diagnosis of leukemia. With the help of probe 11, this team has also
successfully visualized CYP2J2 in subcutaneous tumors of tumor-bearing mice (Figure 9C),
further highlighting the potential application of probe 11 as a tool molecule for visualizing
the tumor-associated metabolic enzyme CYP2J2 in fluorescence-mediated tumor resection.

To address the problem that the substrate channel of CYP2J2 narrows in the cylinder
near the heme prosthetic group and therefore limits further oxidation of active heme
iron by the substrate, Qi’s team introduced a linker in the design of probe 12 (DPBM,
Table 3) to shorten the spatial distance between the metabolic site of the substrate and
the catalytic center of CYP2J2 [71]. The probe design differs from Ma’s team in that they
applied 2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile (DPOH)
as the fluorophore, which has the advantages of ideal optical properties, fantastic tissue
permeability, and minimal damage to the organism and its long aromatic skeleton. This
study’s primary design concept was to create potential fluorescent substrates with various
O-alkylations based on the widely utilized three-molecule fragmentation technique, and
in the presence of CYP2J2, probe 12 showed a rapid and a sensitive fluorescent signal
response. To validate probe 12 as a molecular tool for real-time fluorescent bioimaging
of CYP2J2 enzyme activity in vivo, which is valuable for clinical diagnosis of related
diseases. The authors completed in vivo and ex vivo assays of CYP2J2 in different biological
systems, including HLMs, living cells, isolated organs, and in situ of tumor-bearing BALB/c
nude mice.
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Figure 9. (A) Proposed mechanism of CYP2J2 triggering the fluorescence response of probe 11
(BnXPI). (B) Fluorescence response of probe 11 at 718 nm (λex = 656 nm) upon the addition of various
isoforms of human CYP450s. (C) In vivo NIR fluorescence imaging of CYP2J2 in tumor-bearing
nude mice after tumor injection. The grown tumor tissue was taken from the mouse. Adapted, with
permission, from Ref. [70]. Copyright © 2019, American Chemical Society.

In 2021, Ma’s team made a new breakthrough in detecting CYP2J2-specific fluorescent
probes after probe 11. The authors developed a new double-filtering strategy for the
development of CYP450 isozyme-specific near-infrared fluorescent probes based on the
structural characteristics of human CYP450 [72] (Figure 10). In the first stage of screening,
the authors used CYP450-catalyzed dealkylation reactions on a series of fluorophores
with NIR emission by introducing methoxy to quench fluorescence, followed by screening
using CYP450s in vitro screening system (human-derived CYP450s extract) to obtain some
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candidate compounds. In the second stage, the NIR fluorescent substrate candidates were
screened using the docking of fluorescent substrates with the reverse protein ligands of
CYP450, which is able to identify potential CYP450 isozyme-specific probes. The specific
process is to obtain the three-dimensional structure of each isoform docking and to analyze
the theoretical distance from the catalytic site to the reaction site, which is considered as
not catalytically active when the theoretical distance of the catalytic reaction is exceeded. In
addition, they further investigated the match between the probe and CYP450 characteristic
isoforms by molecular dynamics simulations and free energy calculations. Among those
screened probes, probe 13 (MXMB) can be used for the selective activation process of
CYP2J2 in various tumor models, thus facilitating real-time, multidimensional tracking of
CYP2J2 activity in various biological systems (Figure 11). More importantly, this developed
method is universal and practical, and the combination of “real” and “virtual” screening
can further provide new ideas for the development of other fluorescent probes in enzyme
activation and isoform specificity.

4.2. Probe(s) for CYP2C9

It is well known that DDIs play a vital role in drug efficacy and safety. CYP2C9 is
thought to be associated with the DDI of an anticoagulant drug, warfarin, which causes
elevated plasma concentrations leading to internal bleeding [73,74]. However, fluorescent
probes that specifically respond to CYP2C9 have never been reported. To better understand
the biological and the physiological roles of CYP2C9, there is an urgent need to develop
CYP2C9-specific probes for highly selective and sensitive detection of the real activities of
CYP2C9 in complex biological systems to fill the blank.
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In 2021, based on the developed double-filtering strategy, Ma’s team not only devel-
oped a CYP2C9-specific probe 14 (DDAM) but also identified the compound DDAM as the
most suitable substrate for CYP2C9 [72]. Probe 14 can be used to detect CYP2C9 activity
and high-throughput screening for CYP2C9 modulators (Figure 12), which may provide a
useful guide for assessing the risk of CYP2C9-mediated clinical DDI.
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4.3. Probe(s) for CYP2D6

Drug metabolizing enzymes catalyze the metabolism of drugs, in most cases inacti-
vating them and allowing their easy excretion. The CYP450 enzyme family is the most
important phase I metabolizing enzyme, and its member CYP2D6 plays an important role
in the metabolism of antipsychotics. Although CYP2D6 metabolizes 25% of clinical drugs
with a high affinity for substrates [75], due to its low and saturated metabolic capacity,
multiple doses are required and so differences in metabolic capacity have a significant
impact on patient plasma concentrations. CYP2D6 has significant polymorphisms and
can be classified according to metabolic capacity: ultrafast metabolizer (UM), extensive
metabolizer (EM), intermediate metabolizer (IM), and poor metabolizer (PM) [76]. CYP2D6
genetic polymorphisms are closely related to blood concentrations, adverse effects, and
drug interactions of related antipsychotic drugs [77]. The effects of the drug are not only
the result of the drug’s concentration but also of the drug’s interactions. As mentioned
earlier, fluorescent probes for the detection of CYP1A1, CYP1A2, CYP2J2, and CYP3A have
been widely developed, while there is a gap in the specific detection of fluorescent probes
for CYP2D6.
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The active cavity structure of CYP2D6 is very similar to CYP2J2, whereas CYP2D6 can
only catalyze substrates containing basic nitrogen (protonated) and planar aromatic rings.
Taking a variety of advantages of merocyanine dye, a typical intramolecular charge transfer
(ICT) effect fluorophore, which possesses nitrogen positive ion and rigid structure, intro-
duces methoxy and 4-methoxybenzyl alcohol as the metabolic recognition moiety. In 2022,
Gao’s team proposed two CYP2D6-specific probes (McMe and BnMcMe) (Figure 13A) [78].
O-demethylation of probe 15 (McMe) brought a remarkable fluorescence enhancement
at 553 nm after the addition of CYP2D6 in the presence of other isoforms (Figure 13B).
The fluorescence intensity of the probe BnMcMe, however, did not significantly change
when CYP2D6 and other CYP450 isoforms were co-incubated with it. This suggests that
probes without linkers have a better response to CYP2D6. Here is the response mecha-
nism: the CYP2D6 recognition group is cleaved while releasing the dissociation product
McOH, which can form a keto-form (pH 7.4) in a weak alkaline environment and restore
the ICT effect of the fluorophore, causing significant fluorescence enhancement. As the first
CYP2D6-specific molecule tool that successfully achieved real-time detection of CYP2J2
activity in complex biological systems (Figure 13C,D), probe 15 offers a broad prospect for
studying the biological functions of CYP2D6 and an important guide for rational clinical
drug use.
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Figure 13. (A) The response mechanism of probe 15 (McMe) and BnMcMe against CYP2D6.
(B) Fluorescence spectra and intensity changes of probe 15 with various CYP450 enzymes in PBS
buffer (pH 7.4) at 37 ◦C. (C) Confocal fluorescence images of HepG2 cells. (D) In vivo fluorescence
imaging of probe 15 in tumor-bearing mice after injection probe. Adapted, with permission, from
Ref. [78]. Copyright © 2021 Elsevier Ltd.
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Table 3. Summary of CYP2 family-specific probes and their application for the biomarkers.

Bio-Marker Name Structure a LOD/nM Km/µM Ex/Em b

nm/nm
Biological Application

CYP2J2

BnXPI
Probe 11

[70]
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5. Probes for CYP3 Family

CYP3A is the most abundant CYP450 subfamily involved in the metabolism of var-
ious antibiotics, drugs, and carcinogens, mainly composed of CYP3A4, CYP3A5, and
CYP3A7 [79,80]. CYP3A continues to receive the attention of biochemists and pharmacolo-
gists because of its pivotal role in drug metabolism. Reports have shown abnormality in
CYP3A levels may influence the circulating levels of estrogens and the risk of breast can-
cer [81]. The high degree of genetic polymorphism of CYP3As and the different responses
to environmental, hormonal, or nutritional influences make levels of CYP3As and their
functions varied in different individuals [82,83], which indicates the urgent need to develop
a CYP3A isoform-specific probe for understanding of the precise role of CYP3As.

CYP3A4 is predominant in CYP3A-mediated drug catalysis, and it is considered to
be the major component of CYP3A isoform enzymes [84]. Common fluorescent substrates
for CYP3A4 in fluorescence-based assays include typical steroids (testosterone) [85], bu-



Chemosensors 2022, 10, 304 18 of 27

falin [86]. Unfortunately, most of them lack isoform selectivity and application in living
systems of CYP3A4. To further characterize the real functions of CYP3A4 in biological
samples and to evaluate the effect of CYP3A4 in drug metabolism and DDI, it is necessary
to develop effective tools for the real-time specific monitoring of CYP3A4.

To address this issue, based on the catalytic reaction of CYP450 hydroxylation, Ma’s
team designed and synthesized probe 16 (NEN, Table 4) which is activated by site-specific
hydroxylation of the recognition site [87]. To take full advantage of the high sensitivity
of imaging, real-time high spatial resolution imaging, and deep tissue bioimaging of two-
photon (TP) fluorescence microscopy, Ma’s team employed N-butyl and N-phenyl deriva-
tives of naphthalimide (NN) as a fluorophore, which has typical two-photon characteristics.
Most impressively, they proposed a two-dimensional design strategy to virtually screen
putative two-photon fluorescent substrates (Figure 14): in the first dimension, with the
help of a docking program to virtually screen TP fluorophores, which can greatly improve
efficiency and save cost; and, in the second design dimension, the screened fluorophore NN
was modified at non-reactive sites to adjust the reaction rate and isoform selectivity. Finally,
probe 16 was developed to monitor CYP3A4 activity. Through inhibitor assays, the authors
validated the selectivity of probe 16 for CYP3A4 isoform. Probe 16 has successfully been
further utilized for real-time imaging of CYP3A4 in various living systems.
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Among the CYP3A isoforms, CYP3A5 is an important class of bioactive substances not
only involved in the metabolism of some anticancer drugs (such as tamoxifen, tacrolimus,
cyclosporine, and vincristine) but also including a characteristic identifier of some tu-
mors (such as colorectal cancer [88] and ovarian cancer [89]). Compared to CYP3A4, the
shape of the CYP3A5 active site is longer and narrower than that of CYP3A4, making the
development of CYP3A5 probes much more difficult.

In 2017, Ling Yang’s team discovered and reported the first naturally occurring
probe [90], a dibenzocyclooctadiene derivative of lignan (schisantherin E, 12), which can
well orient the molecule of 12 into the active site of CYP3A5 by docking simulations and
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site-directed mutagenesis. However, the characterization of probe response still depends
on LC-MS and HPLC instead of the “naked-eye” optical signal changes.

To further the real-time detection of CYP3A5, Zhu’s team synthesized two NIR ratio-
metric fluorescent probes (HCy-Br and HCy-Cl) for the specific monitoring of CYP3A5
in vivo and then used probe 17 (HCy-Br, Table 4) as the primary probe due to its low
cytotoxicity [91]. In this work, the hemicyanine dye was determined as the basic fluo-
rophore, due to its high fluorescence quantum yield and good stability. Inspired by the
target–response strategy, bromoethoxy was chosen as the recognition site. Considering
that CYP3A5 has a narrow and a long cavity, a self-immolation linker (p-hydroxybenzoyl)
was introduced into the fluorophore and the recognition group to shorten the distance
between the probe and the cavity of the CYP3A5 enzyme, which can greatly facilitate
the reaction efficiency. The introduction of N-ethylbenzoindolium not only improves the
water solubility of the molecule but also increases the molecule’s targeting of mitochondria,
which is a two-in-one design. After the addition of CYP3A5, the bromo-ethoxy group was
broken and the 1,6-elimination reaction occurred to release the fluorophore to generate
the NIR fluorescence signal (Figure 15A). Probe 17 was used not only to detect CYP3A5
activity under physiological conditions but also to quantify changes in CYP3A5 activity
within living cells and tumor-bearing mice (Figure 15B–D).
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Figure 15. (A) The proposed reaction mechanism of Hcy-Br (probe 17) to CYP3A5. Confocal
fluorescence images of HepG2 (B) and A549 cells (C). (D) In vivo NIR fluorescence imaging of
CYP3A5 in tumor-bearing nude mice after tumor injection. Adapted, with permission, from Ref. [91].
Copyright © 2021 Elsevier Ltd.

Since CYP3A has a broad substrate spectrum for drugs, CYP3A enzyme activity is most
affected by MBI. The dangers of MBI re-emphasize the importance of monitoring CYP3A
activity to identify and to assess MBI-related biological effects. Covalent modification of
biomolecules by CYP3A-mediated MBI ultimately results in terrible toxicity, such as the
toxicity of aflatoxin, which is caused by highly toxic epoxide metabolites catalyzed by
CYP3A [92]. Although CYP3A4 and CYP3A5 have a high amino acid sequence homology
(>84%), and their substrates often overlap, it is worth noting that the substrate spectra
of these two isoenzymes are not completely overlapping, and individual differences in
CYP3A4 and CYP3A5 expression are also significant, such as expression level, specificity,
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and relationship to disease [93,94]. Therefore, monitoring CYP3A4 or CYP3A5 alone is not
a valid basis for assessing MBI.

Table 4. Summary of CYP3 family-specific probes and their application for the biomarkers.

Bio-Marker Name Structure a LOD/nM Km/µM Ex/Em b

nm/nm Biological Application

CYP3A4
NEN

Probe 16
[87]
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To address the problem, a fluorescent probe for sensitively monitoring CYP3A was de-
veloped by Ma’s team in 2021. During enzyme catalysis, the stable binding of the substrate
in the enzyme lumen had a great influence on enzyme catalysis [96]. Ligand binding stabil-
ity can be significantly improved by modifying the fluorophore structure of key interaction
domains. Therefore, the authors designed a series of CYP3A fluorescent probes using
7H-benzo[de]benzo [4,5]imidazo [2,1-a]isoquinolin-7-one (BN) as a fluorophore, which has
two-photon absorption and a high fluorescence quantum yield [95]. The docking of BN
with CYP3A protein revealed that the benzimidazole ring on the probe structure plays
an important role in the binding of the probe to the active cavity of CYP3A. To achieve a
higher specificity, the authors further introduced multiple halogen and alkyl groups on the
benzene ring to modulate the interaction of the probe with CYP3A (Figure 16A). Among
others, only probe 18 (BN-1, Table 4) showed as highly selective for CYP3A4/3A5. In
contrast, other CYP450 isoenzymes did not cause significant fluorescence intensity changes.
They found that probe 18 undergoes 4-hydroxylation in the presence of CYP3A, which
introduces a strong electron donor hydroxyl group in its D-π-A structure, resulting in
CYP3A-mediated substrate fluorescence. Data from inhibitor experiments in liver mi-
crosomes also showed outstanding selectivity of the probe. With the help of probe 18,
researchers have not only efficiently visualized and evaluated the MBI behaviors of dozens
of commonly used herbal medicines, but also successfully traced the main MBI components
of herbal medicines (Figure 16B). They further used probe 18 for semi-quantitative detec-
tion and imaging of endogenous CYP3A in different biological systems, which is not only a
powerful molecular tool for the discovery and the characterization of CYP3A-mediated
MBI in biological systems, it also provides a high-throughput screening system capable of
assessing MBI-related CYP3A hepatotoxicity (Figure 16C,D).
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6. Summary and Prospects

Abnormalities in the expression and function of the CYP450 enzyme are often closely
related to the various physiological and pathological processes of the organism. Small-
fluorescent probes, one of the most potent techniques, have produced promising results
over the past two decades in monitoring the localization and the activities of CYP450
isoforms in vitro and in complex living systems, revealing the mechanism of organ toxicity
of xenobiotic activation with high sensitivity and visualization. Considering that negative
DDI may lead to the termination of drug development programs, the withdrawal of
drugs from the market, or the limitation of their therapeutic use, CYP450s inhibition
studies are increasingly becoming an important part of the drug discovery process. The
capability of CYP450-specific probes to screen and to discover relevant inhibitors and
inducers as well as to provide an efficient molecular tool for achieving real-time imaging of
intracellular CYP450s is also noteworthy, which can serve as a crucial foundation for the
clinical combination of medications and the assessment of new drug development.

A promising fluorescent probe should offer in vivo detection capability, rapid response
to target molecules, and significant fluorescence intensity change before and after the
reaction. There are still several problems that merit further research and solutions, even
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if these probes have shown encouraging improvements in biological studies of CYP450s
compared to traditional HPLC.

1. Development of highly selective probes for imaging of other important CYP450 iso-
forms. The paucity of fluorescent probes for other important CYP450 isoforms (such
as CYP2A6, CYP2E1, and CYP1A2) is primarily due to the similar catalytic activities
and structures among the isoforms. It is challenging to design isoform-specific probe
substrates because many isoforms of the CYP450 family often have similar structures
and largely overlapping substrate profiles. Other selective probe design strategies may
be helpful to improve the specificity of discrimination CYP450 isomerase isoforms.
For example, Ma’s team designed a highly selective monoamine oxidase A (MAO-A)
probe based on a targeting moiety of utilizing MAO-A specific inhibitor to realize
differentiate detection of MAO-A from MAO-B in living cells [97].

2. Investigate and identify more adjustable NIR fluorophores. 1,8-Naphthylamide has
evolved into the “star” dye for CYP450-specific probe design because of its exceptional
photophysical characteristics. However, many probes based on 1,8-naphthylamide
derivatives were insufficient for practical applications intended for in vivo environ-
ments. NIR fluorophore-based probes may well address this problem because of their
capability to improve deep tissue penetration and reduce photon scattering, such
as probe 17, which is able to achieve high-fidelity and high-resolution detection of
CYP3A5 activity in tumor-bearing nude mice.

3. Development of fluorescent probes with diverse recognition reactions. CYP450 is a
multifunctional catalytic metabolic enzyme that can catalyze a variety of reactions
in Figure 4. Nevertheless, the fluorescent probes developed now mainly rely on
O-dealkylation and hydroxylation, so we may be able to develop more efficient fluo-
rescent probes based on other CYP450-catalyzed reactions (Figure 4B), such as dealky-
lation of N- and S- atoms. Furthermore, numerous probe design strategies suggest
that molecular docking and inhibitor biomimicry is beneficial to the development of a
novel recognition site for highly selective CYP450 isoform probes.

4. Discovery of probes that explore the relationship between CYP450 isoforms and their
relevant carcinogens. CYP450s are involved in the metabolism of carcinogens in differ-
ent types of cancer (including lung cancer, oral cancer, breast cancer, prostate cancer,
hepatocellular and colorectal cancer, etc.), and the application of the above probes in
this area is currently limited by the detection of expression levels in hepatocellular and
breast cancers. However, other CYP450s-related diseases are seriously neglected, such
as drug-induced liver injury, which is the common and the main reason for the current
drug withdrawal from the market [98]. In addition, the current biological applications
of CYP450 fluorescent probes are relatively simple and are limited to endogenous
detection of cell tissues in mice. However, its related disease pathogenesis and its
pathological role are still unclear, needing further exploration and discovery. Despite
the detection and the diagnosis of many tumor mice models, there is still a long way
to go before the real clinical application of CYP450 fluorescent probes.

Accurate characterization of CYP450 expression and function in complex biological
systems is of great significance for applied research in pathophysiology and in biomedical
basic research, disease diagnosis, and translational medicine. CYP450-specific probes can
specifically reflect the activity of target CYP450 isoforms enzymes under physiological
conditions in real-time, which may be a common tool for evaluating the catalytic function
of CYP450 metabolic enzymes in the biomedical field. However, practical strategies for
designing highly specific fluorescent probes for CYP450s remain challenging. Therefore, the
design and the development of isoform-specific probe substrates have been a long-standing
challenge in the biomedical field.
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