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Abstract: The onset of brain diseases has a terrible impact on people’s lives, including brain tumors,
Alzheimer’s disease, Parkinson’s disease, depression, and schizophrenia. Thus, the diagnosis and
treatment of various brain disorders have been receiving specific attention. The fluorescence imaging
technique is useful for examining brain diseases because it is intuitive, in situ, and real-time. Therefore,
fluorescent imaging has so far been successfully employed to identify molecules associated with
brain disease. In this review, the last five years of research advancements in fluorescent imaging
agents for the above diseases are summarized, and the creation of pertinent fluorescence probes is
described and prospected.

Keywords: brain tumors; Alzheimer’s disease; Parkinson’s disease; depression; schizophrenia;
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1. Introduction

The brain is the physical center of the body, controlling not just speech, emotions,
sensations, and so forth, but also the digestive, respiratory, circulatory, urinary, reproduc-
tive, and movement systems [1]. The brain is also the origin of all cognitive processes.
The incidence of brain diseases, including brain tumors, Alzheimer’s disease, Parkinson’s
disease, depression, and schizophrenia, might impact the brain’s typical physiological
function, which subsequently impacts how the human body functions on a daily basis [2].
Hence, the capacity to precisely identify or investigate the disease’s mechanism is essential.

A variety of methods have been used to diagnose brain diseases or detect molecules
associated with brain diseases, including proteomics [3,4], enzyme-linked immunosorbent
assay (ELISA) [5,6], gel electrophoresis [7], immunohistochemistry (IHC) [8], immunofluo-
rescence (IF) [9,10], and Western blotting [11,12]. These approaches, however, have some
limitations, such as extended duration, invasive tissue injury, and difficulty achieving
real-time detection and monitoring of biomarkers in situ.

Brain imaging technology may show the function and structure of the human brain in
a non-invasive, indirect, or direct fashion, which is useful for diagnosing brain disorders
and investigating the mechanisms of the occurrence and development of associated dis-
eases [13-16]. Fluorescence imaging technology provides the benefits of high sensitivity,
high selectivity, and real-time and in situ imaging of specific targets over other imaging
techniques such as magnetic resonance imaging [17-19]. Especially exogenous fluorescence
probes possessed selectivity, specificity, and high sensitivity for bioactive molecules that
are abnormal during the occurrence and development of brain diseases. By unitizing those
high-selectivity fluorescence probes, the researchers could investigate the molecular mecha-
nisms of diseases in living cells and in vivo. Therefore, researchers have created a variety of
fluorescence imaging tools to investigate the chemicals implicated in brain disorders [20,21].
Small molecule fluorescence probes and nanofluorescence probes offer great photostability,
high resolution, and a large fluorescence quantum yield, and they may use different dye
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molecules to satisfy the demands of diverse conditions [22,23]. These fluorescent probes
have greatly aided researchers looking into the causes of neurological disorders.

This paper primarily reviews the last five years of published fluorescence imaging
work related to brain tumors, Alzheimer’s disease, depression, Parkinson’s disease, and
schizophrenia, and discusses and forecasts the development of new fluorescence probes
and the establishment of fluorescence imaging methods, which are expected to provide
technical support for a comprehensive understanding of the occurrence and progression of
related brain diseases.

2. Brain Tumors

There are numerous varieties of brain tumors, such as gliomas, meningiomas, acoustic
neuromas, etc. Gliomas predominate among brain tumors, with glioblastoma being the
most prevalent malignant histological subtype [24]. Early symptoms of brain tumors may
not be evident, resulting in a late diagnosis, difficult treatment, and significant patient
suffering. Therefore, early detection of gliomas and other brain tumors can increase the
rate of healing. The advantages of fluorescence imaging include noninvasiveness, in
situ diagnosis, real-time diagnosis, etc. Researchers have, therefore, devised a variety of
fluorescent dyes for the early diagnosis and effective treatment of brain tumors.

Second near-infrared region (NIR-II) imaging has the advantages of high spatial and
temporal resolution, high sensitivity, less background interference, and so on [25,26]. It also has
great advantages in the imaging diagnosis of brain tumors. Therefore, there is a lot of excellent
work in NIR-II. Wu and co-workers developed a fluorination strategy for the development of
highly fluorescent polymers (Figure 1, 1) in NIR-II [27]. By using benzodithiophene (BDT) and
triazole[4,5g]-quinoxaline (TQ) derivatives as donors and acceptors, they created two sets of
fluorine-substituted semiconductor polymers. 1 exhibited bright fluorescence. Through skull
and scalp imaging of the cerebrovascular system of live mice, they quantitatively analyzed
the vascular morphology of the transgenic brain tumors, such as vascular length, vascular
branching, and vascular symmetry. This strategy is critical for designing NIR-II fluorophores
with greater fluorescence and provides an important tool for reliable brain tumor diagnosis.
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Figure 1. Chemical structure of brain tumor imaging materials.

Fan and co-workers developed small-size nanoparticles, TQFP-10 NPs (Figure 1,
2) (~8 nm), with NIR-II fluorescence emission for orthotopic glioblastoma imaging [28].
Precise synthesis of the POEGMA brush arms of TQFP-10 via RAFT polymerization ensures
high water solubility and a controlled ultrasmall particle size. 2 possessed bright NIR-II
fluorescence and an excellent blood circulation half-life. Therefore, this work provides
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a new method for constructing the ideal nanoparticle of NIR-II fluorescence to achieve
effective imaging of orthotopic glioblastoma.

Li et al. created NaNdF,-based nanoparticles with robust NIR-II fluorescence for imaging
orthotopic glioblastomas [29]. The NaNdF,; nanoparticles were coated with an inert layer of
NaLuF, and then sensitized with a near-infrared dye (IR-808), which resulted in a 10-fold
increase in their conventional emission (Figure 2). Using focused ultrasound, these nanoparti-
cles can be efficiently delivered to tumor tissue, thereby temporarily opening the blood-brain
barrier (BBB) in mice. Compared to 1060 nm fluorescence, in vivo imaging emitted at 1340 nm
possesses a higher signal-to-noise ratio and deeper penetration. Both fluorescence imaging
and sparse soil staining of brain tissue further confirmed the accumulation of nanoparticles
within the tumor. The work demonstrates the potential of dazzling dye-sensitized rare earth
nanoparticles in the diagnosis of glioblastoma and provides guidance for enhancing neglected
NIR-II imaging with feeble long-wavelength fluorescence.
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Figure 2. (a) Schematic illustration of the synthesis of water-soluble dye—sensitized core—shell
NaNdF4@NaLuF4/IR-808@DSPE-PEG5000 NPs and their energy transfer mechanism. (b) Appli-
cation of the core—shell NaNdF4@NaLuF4/IR—808@DSPE-PEG5000 NPs in NIR-II fluorescence
imaging of orthotopic glioblastoma under ultrasound-mediated opening of the BBB, and rare—earth
staining of brain tissue after delivery into the brain [29].

Li et al. reported an energy-cascaded strategy for enhancing the NIR II emission of
Er-based core—shell-shell down-conversion nanoparticles (DCNPs), which are used for
targeted imaging and image-guided surgery for orthotopic gliomas [30]. They modified
the optimal DCNPs with dye-brush polymer (Dye-BP) to facilitate 45 /2 =45 /2 transition.
Then, they modified nanoparticles with tumor-targeting angiopep-2 peptide (ANG), which
can specifically bind to overexpressed low-density lipoprotein receptor-related protein
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(LRP) on glioma cells (Figure 3). Fluorescence emission of DCNPs in aqueous solution at
1525 nm was increased 675-fold. Moreover, DCNPs exhibit potent fluorescence emission
and profound tissue penetration. Altogether, DCNPs exert tremendous potential for
imaging deep tumors and image-guided surgery.
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Figure 3. (a) Composition of DCNPs. (b) Bright-field and NIR IIb fluorescence images of subcuta-
neous gliomas from mice intravenously injected with Er-DCNPs-Dye-BP and Er-DCNPs-Dye-BP-
ANG [30].

Multifunctional materials have the advantages of performing multiple functions and
being more comprehensive. Therefore, numerous efforts were devoted to the development
of multifunctional imaging materials. Li and co-workers created a macrophage loaded
with a photothermal nano-probe (MFe304-Cy5.5) that can conduct magnetic resonance
imaging (MRI), fluorescence imaging (FLI), and photoacoustic imaging (PAI) on primary
macrophages and target gliomas in mice after injection into the tail vein [31]. Cy5.5 was
conjugated onto the surface of the nanoparticles, which was then taken up by primary
macrophages (Figure 4). After injection into the tail vein, MFe304-Cy5.5 could cross the
blood-brain barrier and reach glioma cells. Multimodal imaging of glioma cells could
be used to guide surgical excision, while postoperative tumors could be treated with
photothermal therapy. Satisfyingly, MFe304-Cy5.5 exhibits distinguished imaging depth,
a high signal-to-noise ratio, and an excellent photothermal treatment effect. Altogether,
utilizing macrophages containing safe and effective porous magnetic nanoparticles of iron
oxide to diagnose and treat gliomas has significant potential applications.

Liu and co-workers reported the use of organic contrast agents (Figure 1, 3) for brain
tumor diagnostics with dual NIR-II fluorescence and photoacoustic (PA) imaging capabil-
ities [32]. 3 exhibits superior biocompatibility and photostability, and can display high-
resolution images of deep cerebral blood vessels and blood flow in real time. 3 images
advanced brain tumors by the enhanced permeability and retention (EPR) effect. Altogether,
3 has a promising application for dual NIR-II fluorescence and photoacoustic imaging, as well
as the potential for future image-guided real-time neurosurgery and photothermal therapy.

To create stable nanoagents for extremely sensitive multimodal imaging and photother-
mal therapy of brain malignancies, Liu’s group encapsulated near-infrared compounds
(TC1) in nanocomposites with ultrasmall iron oxide nanoparticles (UIONPs) [33]. To
mitigate the fluorescence suppression caused by the adjacent region between UIONPs
and TC1, they effectively prepared HALF, which created a spatial separation between
the two components (Figure 5). In addition, survival rates of brain tumor-bearing mice
treated with photothermal therapy-assisted HALF-cRGD (cRGD: Arg-Gly-Asp-Phe-Lys)
were significantly higher than those of other groups. This work demonstrates the benefits
of carefully designed multimodal imaging contrast agents, thereby shedding light on the
overall performance design considerations for multifunctional therapeutic nanoagents.
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Figure 4. Synthesis process and application of MFe304-Cy5.5. Macrophages loaded with Fe3Oy-
Cy5.5 were used for multimodal imaging to help in the accurate diagnosis of gliomas, guide surgical
resection, and perform postoperative photothermal therapy [31].
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Figure 5. Schematic illustration of the nanostructures of ZERO, HALF, and FULL nanocomposites
and multimodal brain tumor imaging applications [33].

Yang et al. report a protein-based molecular imaging probe (RGD-RFP-LBT-Gd)
for tumor-targeted FL/MR imaging [34]. The RGD-RFP-LBT was obtained by integrat-
ing the tumor-targeted Arg-Gly-Asp (RGD) peptide, red fluorescence protein (RFP), and
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lanthanide-binding tag (LBT) (Figure 6). The probe possessed superior imaging capabilities
in physiological environments, including sustained fluorescence emission, a broad pH
range, and superior T1-weighted magnetic resonance imaging capabilities compared to
commercially available GADTPA. The probe showed excellent biocompatibility and fluores-
cence/magnetic resonance imaging performance in tumor-bearing mice. Therefore, this
work provides a general strategy for the design of multimodal protein molecular imaging
probes and encourages the development of molecular imaging probes for disease diagnosis.
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Figure 6. (a) Schematic overview of the biosynthesis of a protein-based molecular imaging probe
(RGD-RFP-LBT-Gd) for tumor-targeted FL/MR imaging. (b) MR and FL imaging photos of represen-
tative tumor-bearing mice intravenously injected with RGD-RFP-LBT-Gd at different times (0, 1, 2, 3,

4, and 24 h) [34].

Due to their unique properties, aggregation-induced emission (AIE) materials have
numerous applications and also play a crucial role in imaging brain tumors. Liu and co-
workers designed a new donor—acceptor (D-A)-tailored NIR-II emissive AIE molecule TB1
(Figure 1, 4) for brain tumor diagnosis [35]. Encapsulating the molecule in a polymer matrix
produces AIE dots with an extremely high fluorescence quantum yield (QY) of 6.2%. 4
could target tumors by introducing c-RGD. The higher NIR absorption of 4 facilitates NIR-I
photoacoustic imaging, which essentially has deeper penetration than NIR-II fluorescence
imaging, enabling accurate tumor depth detection through the intact skull. The bright
4 holds tremendous potential for monitoring and visualizing cerebrovascular and brain
tissue abnormalities, as well as for accurate diagnosis of brain tumors.

Sheng and co-workers employed endogenous albumin as an efficient matrix for en-
capsulating AlEgens to enhance fluorescence QY and active targeting ability [36]. The
hydrophobic domain of albumin interacts strongly with AIEgens and immobilizes pro-
proteins via hydrogen bonding, inhibiting the intramolecular vibration of AIEgens and
enhancing QYs (Figure 7). The albumin-based AIE nanoprobes exhibited higher QYs
and cell uptake efficacy than traditional DSPE-PEG2000-based AIE nanoprobes. In vivo,
using albumin-based AIE nanoprobes, the authors can obtain high signal-to-background
ratio (SBR) (~90) and high resolution (~70 pm) for brain tumors and cerebral ischemia by
NIR-II fluorescence imaging. Altogether, this work provides a new method for designing
high-quality AlEgens for application in brain imaging.

Jiang and colleagues created a two-photon fluorescent probe that can detect and image
hyaluronidase (HAase) in cancer cells using a combination of graphitic carbon nitride
(g-CN) nanosheets and a nano-assembly of hyaluronic acid (HA)-coated gold nanoparticles
(HA—AuNPs) [37]. The nanoplatform involves the assembly of positively charged g-CN

nanosheets with negatively charged HA—AuNPs, which results in the quenching of g-
CN nanosheet fluorescence through electrostatic and hydrophobic interactions. HAase
degraded HA into low molecular weight fragments and separated g-CN nanosheets from
HA— AuNPs, thereby restoring the fluorescence of g-CN nanosheets (Figure 8). This probe
enables high-sensitivity, specific detection, and two-photon imaging of HAase in cancer
cells and deep tissues. This work could provide a promising platform for high-specificity
and high-sensitivity imaging of HAase and associated cancer diagnosis.
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Figure 7. (a) Composition of AlEgens. (b) NIR-II FL imaging of C6 tumor-bearing mice after
administration of B-TT AIE dots and D-TT AIE dots at different time points [36].
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Figure 8. (a) Schematic illustration of the synthetic process of HA—AuNPs and application of the
prepared HA—AuNPs/g-CN nanoassembly as an efficient platform for activatable two-photon

fluorescence imaging. (b) Depth fluorescence images of the nanoassembly in MDA-MB-231 cancer
tissue slices. The change of fluorescence intensity with scan depth was determined by spectral
confocal multiphoton microscopy in the z-scan mode [37].
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3. Alzheimer’s Disease

Alzheimer’s disease is a neurodegenerative disease commonly characterized by mem-
ory deficits and cognitive decline. The main biomarkers currently used to diagnose the
disease are beta-amyloid plaques, phosphorylated tau, and the presence of neurofibrillary
tangles [38]. With the exception of a few familial diseases driven by genetic mutations, the
mechanisms of Alzheimer’s disease are not completely understood. Therefore, it is essen-
tial to develop effective diagnostic tools and disease-modifying therapies for Alzheimer’s
disease. For the diagnosis of Alzheimer’s disease, researchers have conducted extensive
work on imaging biomarkers such as amyloid protein (A) and peroxynitrite over the past
five years.

Ap is a polypeptide containing 39~43 amino acids produced by the hydrolysis of
amyloid precursor protein (APP) by 3- and y-secretase [39,40]. A3 deposition is associated
with the development and progression of Alzheimer’s disease. A3 comes in a variety of
forms, such as monomers (single peptide units), oligomers, aggregates, plaques, hexamers,
ninomers, fibrils, and amyloid plaques [41]. For multispectral photoacoustic and fluores-
cence imaging of A{3 in the AD brain, Klohs et al. employed CRANAD-2 (Figure 9, 5), a
derivative of curcumin [42]. 5 exhibited specific and quantitative detection of A fibrils
in vitro, and it can distinguish between monomeric and fibrillar forms of Af. Immuno-
histochemistry revealed that 5 and Af fibrils were co-localized in arcAf3 mouse brains,
validating the probe’s specificity. This work demonstrates the applicability of 5 for optical
detection of A deposits in mouse models of AD pathology, which might be helpful in
mechanism investigations and monitoring of potential therapies against Af3 deposits. This
method will facilitate the identification of disease pathways in mice and the longitudinal
monitoring of AB’s therapeutic effects.
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Figure 9. Chemical structure of the imaging materials for Alzheimer’s disease.

Wong and co-workers developed a multimodal contrast agent (Figure 9, 6) for in vivo
and in vitro imaging of A in the brains of mice with AD [43]. 6 could cross the blood-
brain barrier (BBB) and specifically target A3. 6 realized NIR-II fluorescence, two-photon
fluorescence, and MR imaging of A in AD mouse models. In addition, 6 was also able to
effectively inhibit self-aggregation of A3, thereby preventing Af3-induced toxicity, as well
as inhibit reactive oxygen production, indicating its potential as an A3-tagged therapeutic
agent for diagnosis and treatment. This work also highlights the extraordinary potential of
the effective and sensitive contrast agent for multimodal imaging of human Af3.
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Based on a rhodamine—copper complex, Gong and co-workers developed a fluorescent
probe for the detection of Ap42 to distinguish AD mice from normal mice [44]. They
selected rhodamine as the fluorophore and used four different Cu?* chelate parts as the
recognition unit of A342. The fluorescence of rhodamine was quenched due to the photoin-
duced electron transfer (PET) effect (Figure 10). When Cu?* chelates with AB42, the PeT
effect is interrupted and the fluorescence is restored. The probe showed high sensitivity
(detection limit = 24 nM), high affinity (Kd = 23.4 nM), high selectivity, and a fast response
speed (within 1 min). Furthermore, utilizing two-photon fluorescence imaging, Rho4-Cu
could image A342 in APP/PS1 transgenic mice. These promising results indicated that the
probe possesses great potential for the future diagnosis of AD.

N~
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.

Rho(1-4) = Rho(1-4)-Cu - ' Rhn(1-4)-C-Aﬂ

Figure 10. (a) Design strategy and structure of the compounds with a Cu?* chelating moiety for AB42
(b) Two-photon fluorescence imaging of the brain in wild-type mice(WT) and APP/PS1 mice(Tg) by
Rho4 [42].

Pan and co-workers designed and synthesized a NIR-II fluorescence probe, Eth-BF
(Figure 9, 7), for AP oligomers imaging [45]. 7 consists of N, N-diethylaniline as the
recognition group and boron difluoride-bridged azafluvene as the electron-absorbing
group. Due to the intramolecular charge transfer (ICT) effect, the fluorescence emission of 7
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redshifts to the NIR-II region. Moreover, 7 is sensitive to ambient viscosity, achieving high
sensitivity and accuracy of fluorescence switch emission via the AIE process. 7 showed high
sensitivity (Kd = 6.16 nM) for the detection of A oligomers. The low molecular weight
of 7 facilitates rapid penetration of the blood-brain barrier and imaging of A3 oligomers
in 3-month transgenic AD mouse models. Altogether, 7 is a promising tool for the early
diagnosis of AD.

Salimi and co-authors synthesized a probe (Figure 9, 8) to measure the levels of Af3
peptide in SH-SY5 neuroblastoma cells [46]. 8 is a hybrid conjugate comprising rhodamine
B (RB), carbon dots (CDs), and an A{3-specific probe entrapped in polyvinyl alcohol (PVA).
Hybridization leads to the occurrence of fluorescence resonance energy transfer (FRET)
when AuNP/target-Af is present. AB-antibody modification of 8 allowed for selective
interaction with A. Upon excitation at 430 nm, 8 produced fluorescence at both 582 nm
and 675 nm. The strong coordination between RB-CDs and Af3 antibody resulted in a
decrease in the red emission (675 nm) and an increase in the green emission (582 nm) after
the addition of AP peptide. Consequently, the Isgy /1475 ratio changed with variations in
Ap concentration. Compared with other interferors, this method is more selective for A3
and is applicable to human serum samples. In addition, 8 was able to accurately image Af3
in both stationary and living neuroblastoma SH-SY5 cells. With the benefits of simplicity,
low cost, and absence of interference, the biosensor could be used at the point of care to
diagnose AD biomarkers.

Wang and co-workers developed a photo-triggered fluorescent probe, PTAD-3 (Figure 9,
9), for AP aggregates [47]. The 6-nitroveratry group was selected as the photoremoval
protective group. Under light irradiation, the probe PTAD could be transformed into the
faint fluorescent compound PTAD-C by releasing the photoremovable protecting group
and conducting a cyclization reaction. PTAD-C could bind with A aggregates to generate
strong fluorescence, thus realizing the light-controlled detection of Af. PTAD-3 could
be used to detect AP aggregates in AD model (APP/PS1 transgenic) mice with blood-
brain barrier permeability (Figure 11). This strategy could be applied to design various
photo-trigger probes for detecting specific proteins with a high signal-to-noise ratio.

Qian and co-workers report a NIR fluorescent probe CAQ (Figure 9, 10) for selective
imaging of A3 aggregates in vivo [48]. CAQ was synthesized by modifying curcumin with
4-(dimethylamino)-benzaldehyde and 3-quinolinecarboxaldehyde, followed by boron di-
fluoride treatment. The probe’s weak emission intensity at low viscosities can be attributed
to the intramolecular rotation effect, but its fluorescence is significantly enhanced in high-
viscosity environments. CAQ can be used for NIR imaging in brain tissues, Caenorhabditis
elegans, and 5 x FAD mouse models with early A deposition. Therefore, the probe has
the potential to be utilized in future clinical diagnosis with further modification.

Peroxynitrite (ONOO™) is a typical species of oxidative stress response and plays
an important role in the pathogenesis of AD through neurotoxicity and neuroinflamma-
tion [49]. Our group has developed a two-photon fluorescence probe, BTNPO, that can
be used for two-channel detection of Af3 plaques and ONOO™ [50]. BTNPO consists of a
typical donor-recipient dipole structure with a highly rotating single bond in the middle
(Figure 12). We simultaneously observed the distribution and change of A3 plaques and
ONOO™ by BTINPO. In the mouse model of AD, we found that brain ONOO™ can be used
as a potential biomarker to determine the progression of AD. BTNPO has the potential to
explore the mechanisms of disease signaling associated with ONOO™ and A plaques.

To study the complex relationship between peroxynitrite and AD, Kim and co-workers
designed an ONOO™ -activated NIR fluorescent probe, Rd-DPA3 (11) [51]. 11 is com-
posed of the diamino-substituted Rhodol dye NIR-Rd-3 as the fluorophores, with the
4-aminophenol group serving as the ONOO™ distinguishing group. 11 realized in situ
imaging of ONOO™ in AD mice for the first time. This work further supports ONOO™ as
a biomarker for AD, providing a new direction for the design of ONOO™ probes and the
diagnosis of AD.
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Figure 11. (a) Schematic diagram of Ap imaging with PTAD-3 in vivo in the simulation model
(i.h. means hypodermic injection); (b) In vivo images of nude mice at 25 min after the hypodermic
injection of PTAD-3 (2.0 mg/ kgfl), which were with or without irradiation under 365 nm UV, n = 3;
(c) Quantification of the mean ratio of fluorescence intensity in b. *** p < 0.001, **** p < 0.0001 [47].
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Figure 12. BTNPO was injected into healthy and APP/PS1 transgenic AD mice, and the hippocampus
region was isolated and sectioned into slices for two-photon fluorescence imaging. (a) Dual-color
fluorescence responses of BINPO to Af plaques and ONOO™ (b) Coimaging of ONOO™ (green
channel) and A plaques (blue channel) in the brain hippocampus of healthy and AD mice. (c) The
average fluorescence intensities of the blue and green channels in (a) were quantified [50].
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Ma and co-workers designed and synthesized Golgi-NO (12) as a Golgi-targeted
fluorescent probe to detect NO in AD mice [52]. 12 consists of 6-carboxyrhodamine B as
the fluorophase, 4-sulfamoylphenylamide as the group targeting the Golgi apparatus, and
o-diaminobenzene as the 2-carboxyl of Golgi-RhB for sensing NO. 12 has excellent Golgi
targeting ability and can specifically detect NO. Using Golgi-NO, they found a significant
increase in NO in the Golgi apparatus during AB-induced AD. This study provides a
valuable tool for in situ imaging of NO in the Golgi apparatus and for exploring the role of
NO in disease-related signaling pathways.

Xu and co-workers reported a biocompatible FesO4 nanoparticle (IONP)-conjugated
methylglyoxal(MGO)-activatable NIR-II fluorescent probe (MAM) modified with the pep-
tide T7 (HAIYPRH) (TM-IONP) for in situ detection of MGO in transgenic AD mice [53].
They developed an organic NIR-II fluorescent probe with an MGO-activated response
and then attached it to the surface of a biocompatible Fe;04 nanoparticle to create water-
dispersible nanoparticles (IONP). The T7 peptide was utilized to enhance BBB crossing and
brain accumulation (Figure 13). TM-IONP has high sensitivity (detection limit = 72 nM)
and can detect subtle abnormalities in the level of MGO in the AD brain, allowing it to
distinguish AD mice from normal mice. This nanoprobe activated by MGO represents a
potential application in the early clinical diagnosis of AD.

.. MAM
TM-IONPs
Wild-type

-

Figure 13. (a) Amplification of the response mechanism of MAM towards MGO in living cells.
(b) Representative in vivo/ex vivo NIR-II fluorescence imaging of the brains of TM-IONP-treated
APP/PS1 mice and TM-IONP-treated wild-type mice [53].
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Butyrylcholinesterase (BChE) is an enzyme that can provide predictive value for the
discovery and diagnosis of AD. Based on this, Liu and co-workers developed a near infrared
fluorescence probe, Chy-1(13), to detect BChE activity [54]. Chromene-benzoindolium (Bhy)
and chromeneindolium (Chy) were used as fluorophores, and cyclopropanecarboxylic acid
chloride was used as an identifying motif. As the ideal linker, an ester group plays a critical
role in the catalytic action of the probe toward BChE. 13 exhibited good biocompatibility,
sensitivity (LOD: 0.12 ng/mL), and specificity for BChE detection. More importantly, 13
has also been successfully used to track BChE activity in AD mouse models. In conclu-
sion, this probe is a powerful tool for the clinical diagnosis and treatment of cancer and
neurodegenerative diseases.

Tau protein is a microtubule-associated protein that is highly expressed in neurons.
However, the Tau protein in the brain of AD patients is abnormally hyperphosphorylated,
and normal biological function is lost. Tau aggregation is also thought to be firmly linked
to AD cognitive deficits. Nam et al. developed four quinoline-based fluorescent probes (14)
for selective imaging of tau aggregation [55]. The selection of quinoline as a component of
the probe was based on its potential and the excellent tau selectivity observed in previously
reported THK compounds. The probe comprises an electron-rich moiety (donor region)
with a dimethylaminophenyl/pyridinyl group and a relatively electron-deficient moiety
(acceptor region) with a quinoline nucleus with or without a carbonyl group. The proposed
mechanism for the “turn-on” fluorescence of the probe is an environment-sensitive, molecu-
lar rotor-like response. Compound 14 exhibited high selectivity and affinity (Kd = 16.6 nM)
for tau protein aggregates. In vitro staining of human AD brain tissue showed that the
degree of colocalization of 14 and tau protein antibodies was higher than that of A fibrils.
14 was successfully used as a tau specific fluorescent imaging agent with low background
interference. This work provides a new way to detect tau protein aggregation in AD.

4. Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disease characterized by clinical manifesta-
tions of motor retardation with quiescent tremor, tetania, or both [56]. Currently, there is
no treatment that can slow or stop the progression of Parkinson’s disease. Thus, numerous
researchers have gained new insights into its pathogenesis via fluorescence imaging.

PD is closely related to oxidative stress, and ONOO™ can cause cells to enter oxidative
stress. Therefore, detection of ONOO™ is helpful to explore the pathogenesis of PD [57]. Liu
et al. synthesized a series of NIR probes, NIR-PNs (Figure 14, 15), to detect ONOO™ in PD
models [58]. A dicyanoisophorone with a donor (D)—m—acceptor (A) structure was chosen
for the fluorophore. The receptors, which were p-aminophenol molecules with substitutions
such as 3-hydrogen/methoxy/methyl and 3,5-dimethyl groups, were selected as the ONOO™
reactive site. 15 shows a fast response time (within 5 s) and is highly selective for ONOO™
detection. 15 has been successfully applied to the imaging of ONOO™ content in various
PD models, including PC12 cells, drosophila, nematodes, and the mouse brain. This work
advances our understanding of ONOO'’s biological involvement in Parkinson’s disease.

Zhang et al. constructed a near-infrared ratio fluorescence probe (Figure 14, 16) for
ONOO" in a PD model [59]. In 16, a dicyanoisophorone derivative with the donor (D)-
acceptor (A) structure is chosen as the NIR fluorophore, and a borate ester moiety is
inserted into the probe as a specific recognition motif for ONOO™ and as a weak electron-
withdrawing group. Due to the breakage of the boronic acid ester group and the principle
of ICT, 16 demonstrated a distinct ratiometric reaction towards ONOO™, resulting in red-
shifted fluorescence. 16 exhibited a quantitative response to ONOO™ (0-15 pM) with a
low detection limit (212 nM). By using fluorescent imaging, 16 can accurately monitor the
change in ONOO™ content in a rotenone-induced Parkinson’s disease model. Therefore, 16
can be used as a potential tool to further investigate the biological and pathological effects
of ONOQO' in related diseases.
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Figure 14. Chemical structure of the imaging probes for Parkinson’s disease.

The endoplasmic reticulum (ER) is an important organelle involved in protein folding,
cell signaling, and lipid metabolism [60]. ONOO™ triggers an ER stress response that leads
to neurodegeneration, including the death of dopaminergic neurons in the substantia nigra,
a hallmark of PD [60]. Therefore, exploring endoplasmic reticulum stress is helpful to the
treatment of PD. Xu et al. report a two-photon fluorescence probe, ER-PN (Figure 14, 17),
for sensing and imaging ONOO™ in the endoplasmic reticulum in brain of PD mice [61].
In 17, 1,8-naphthalimide was used as a fluorophore, 4-amino-2-methoxyphenol (AP) was
taken as an ONOO™ identifying group, and p-toluenesulfonamide served as an endoplas-
mic reticulum targeting group. Because of the PET effect, 17 exhibits weak fluorescence.
When ONOO™ reacts with AP, the AP group is separated, restoring the fluorescence. 17
exerts excellent selectivity for ONOO™ detection. Furthermore, 17 has been successfully
applied to ONOO™ imaging in PD models. Altogether, 17 has a potential application
prospect in revealing the mechanism of endoplasmic reticulum stress and the occurrence
and development of related diseases.

As the most active oxygen species in cells, hydrogen peroxide (H,O,) is a key molecule
affecting cellular oxidative stress [62]. Therefore, detection of HyO; can also contribute
to exploring the pathogenesis of PD. Li et al. created a NIR fluorescent probe, NIR-
HP1, for detecting H,O, in PD models [63]. The borate ester group was taken as the
H,0O; recognition group in NIR-HP1. NIR-HP1 emits green fluorescence owing to the
incorporation of a borate ester group, which inhibits ESIPT-induced NIR emission. After
reacting with H,O,, borate ester is removed and the phenol group is recovered, resulting
in the ESIPT-induced NIR fluorescence emission (Figure 15). NIR-HP1 has the advantages
of low toxicity, high sensitivity (LOD: 0.27 uM), and high selectivity for achieving ratio
hydrogen peroxide imaging in PD models including living cells, zebrafish, and fruit flies.
Thus, NIR-HP1 has application potential in PD research.

Mitochondria are the powerhouse of the cell and play a key role in generating neuronal
energy. Mitochondrial dysfunction may lead to oxidative stress, which may affect PD.
Therefore, mitochondria are closely related to PD [64]. Li and co-workers developed a
mitochondrial targeted fluorescent probe, Mito-LX (Figure 14, 18), for dual imaging of
viscosity and HyO, in PD models [65]. In 18, N, N-disubstituted units are utilized as strong
electron-donating groups, and pyridine cations are utilized as electron-absorbing groups,
forming a “donor-acceptor” molecular configuration conjugating with arylboronate groups
as HyO, recognition groups. Pyridine cations could be capable of targeting mitochondria.
As viscosity increases, intramolecular rotation is restricted, and intense red fluorescence
emission is released. After the addition of H,O,, 18 will change from arylboric acid to
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phenol, thus inhibiting the TICT effect and emitting orange fluorescence. 18 could directly
and specifically image variations in hydrogen peroxide concentration and viscosity in the
mitochondria of PD cells. Therefore, 18 is a useful tool for exploring H,O, and viscosity in
the progression of Parkinson’s disease.
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Figure 15. (a) H,O, sensing mode of NIR-HP1. (b) DIC of a wild-type (WT) Drosophila brain; (c) the
ratio of red/green channel for WT; (d) DIC of a Parkinson’s disease (PD) Drosophila brain; (e) the
ratio of red/green channel for PD. (f) Ratio intensity profiles of Drosophila brain image panels:
NY—wild type (WT) Drosophila brain; PD—Parkinson’s disease (PD) Drosophila brain [63].

Zhu and colleagues developed a nanoprobe, TAT-Polyp-QL, which can detect accumu-
lated iron and ROS simultaneously in the PD lesion area [66]. They designed a fluorescent
molecule (Q1) containing quinoxalinone fluorophore and aromatic thioether, in which iron
combines with a functional iron ligand (L1) to catalyze the formation of sulfoxide from aro-
matic sulfide, thus changing the fluorescence emission (Figure 16). HIV-1 trans-activating
transcriptor (TAT) was introduced to promote the probe’s crossing of the blood-brain
barrier. Therefore, the probe achieves dual biomarker detection in the PD model, avoiding
the false-positive results caused by traditional single biomarker detection.
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Figure 16. (a) Schematic representation of the oxidative process of Q1 upon meeting H,O, under the

catalysis of Fe>* and its ligand. (b) Confocal imaging of brain sections in a PD model and normal SD
rats injected with TAT-Polyp-QL. The blue channel indicates a nucleus stained by DAPI [66].
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Hypochlorous acid (HOCI) can induce an inflammatory response and increase the level
of reactive oxygen species (ROS) in various cell types (including neurons), which is closely
related to PD pathogenesis [67]. Chen and co-workers reported a fluorescent probe (NUU-1)
for HOCI [68]. They chose phenothiazine as the HOCI recognition group and conjured
it with an aromatic amine to create the probe NUU-1 (Figure 17). NUU-1 emits weak
fluorescence due to an efficient internal charge transfer (ICT) process caused by a strongly
electrifying phenothiazine group. HOCI could oxidize sulfur atoms to sulphoxides, thereby
reducing the ICT process and resulting in the recovery of fluorescence. NUU-1 showed
rapid response (within 15 s), significant fluorescence enhancement (about 538 times), and
excellent sensitivity (LOD: 25.8 nM) to HOCl. NUU-1 imaged HOCl in the brain of a mouse
model and distinguished PD brain tissue from normal controls. Moreover, NUU-1 can be
utilized to investigate the pathogenesis of HOCl-related diseases.
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Figure 17. (a) Proposed reaction mechanism of NUU-1 toward HCIO. (b) Confocal fluorescence
imaging of the probe NUU-1 in the substantia nigra region of the control and PD mouse brains. Brain
slices were incubated with NUU-1 and average fluorescence intensities for panels (1-6). *** p < 0.005,
**p<0.01,*p <0.05[68].

Yin et al. developed a dual-response fluorescent probe, N-THA (Figure 14, 19), for the
detection of viscosity and hydrogen sulfide in mitochondria [69]. In 19, benzoindoles salt
was conjugated with N, N-dimethyl-4(thiophen-2-yl)-aniline, which possessed potential for
NIR emission. N-dimethyl-4(thiophen-2-yl)-aniline as a molecular rotor could respond to
changes in viscosity with a 740 nm stronger fluorescent emission, whereas the C=C linker
could sensitively respond to H,S with an increase in blue emission. The colocalization
experiment proved the excellent mitochondrial targeting ability of 19 (Pearson colocaliza-
tion coefficient 0.90). Furthermore, 19 can image viscosity changes in a Parkinson’s disease
model (PC-12 cells treated with glutamate). Therefore, this work provides a tool for the
pathogenesis of Parkinson’s disease related to viscosity and H;S.

5. Depression

Depression is the most common form of mood disorder. According to the World
Health Organization, the number of people worldwide suffering from depression has
exceeded 264 million [70]. Depression has become a major factor contributing to the global
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burden of disease. However, the pathogenesis of depression is not clear, which greatly
hampers the development of anti-depression treatments. Thus, there has been a lot of
research into the molecular mechanisms of depression.

Oxidative stress in the brain is the excessive production of ROS, resulting in the
damage of a large number of proteins, nucleic acids, and other biological macromolecules,
thus leading to the occurrence and development of depression [71]. Cysteine (Cys), as
a reducing amino acid, can regulate the level of oxidative stress in cells and then affect
the occurrence and development of depression [72]. Our group developed a two-photon
fluorescence probe, TCS (20), for detecting Cys in the brains of depressed mice [73]. In
20, the carbon-sulfur double bond is a key part of identifying Cys. Cys will form a
five-membered ring with the carbon-sulfur double bond to restore coumarin’s push and
pull electron effect, thus restoring its fluorescence. 20 was able to successfully image
Cys in the mouse brain and found that Cys levels decreased with increasing levels of
depressive behavior. This work provides a powerful tool for exploring the mechanisms of
Cys-mediated-related diseases.

The superoxide anion radical (O,°7) is the first ROS produced and plays an important
role in the occurrence and development of oxidative stress. We developed a two-photon
fluorescent probe, TCP (Figure 18, 21), that can detect the superoxide anion radical (O,*™)
in peroxisomes [74]. In 21, caffeic acid was selected as the O,*~ recognition group and
fluorescence group, and SKL peptide was selected as the target group of peroxisomes. O,°*~
can oxidize electron-donating catechol in caffeic acid residue to produce electron-absorbing
catechol, thus changing the electron distribution of 21 and increasing its fluorescence.
We found that overproduction of O,°~ by the peroxisome led to CAT inactivation. The
inactivated CAT then leads to an overproduction of intracellular hydrogen peroxide, which
further reduces TPH2 levels. The decrease in TPH2 led to abnormal function of 5-HT in
the mouse brain, which eventually led to depression. This work provides evidence for
the peroxisome O,*~-mediated depression signaling pathway, which will help identify
potential targets for depression treatment.

@Te;@

Figure 18. Chemical structure of probes for depression.
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We developed Te-containing CDs (Figure 18, 29) for tracing native level changes in
O,*~ within living systems [75]. Through the redox cycling between the Te and the Te=0O,
29 has the ability to dynamically sense O,°~. 29 exhibited reversibility, instantaneity, and
the highest sensitivity (LOD~8.0 pM). Abdominal imaging of mice using 29 showed that
0,°7 levels increased dramatically during intense exercise, irritability, and mild depression.
In addition, dynamic brain imaging in a mouse model with mild depression showed higher
levels of O,°~. This work provides a novel strategy and an ideal imaging tool to reveal the
health effects of acute exercise and mood changes at the ROS level.

Ozone (O3) can react with unsaturated fatty acids, resulting in the production of multiple
ROS [76]. In turn, these ROS cause damage to cellular components such as DNA, proteins, and
lipids, leading to a state of oxidative stress. We developed a near-infrared (NIR) fluorescent
probe, ACy7 (Figure 18, 22), to directly observe O3 in the mouse brain [77]. Our probe uses a
Cy7-like molecule as the precursor of the fluorophore and 3-butenyl as the recognition group.
The terminal olefin of the 3-butenyl moiety can undergo a specific cycloaddition reaction with
O3, converting 22 into a quinone derivative, QCy?7, and increasing the degree of conjugation.
This leads to the emission of bright NIR fluorescence, enabling the detection of O3. In situ
imaging observations of Oj in brain tissue of depression-phenotypic mice were achieved,
revealing an increase in O3 levels in depression-phenotypic mice. In addition, O3 in the
brain induced depression in mice by producing excess IL-8. This work provides strong direct
evidence for a positive association between O3 and depression and will help to more fully
elucidate the pathogenesis of depression related to oxidative stress.

Hydroxyl radical (-OH), as the ROS with the strongest oxidizing ability, can cause
serious damage to biomacromolecules and accelerate cell aging and death, thus leading to
neurological diseases [78]. Exploring the relationship between changes in the concentration
of -OH in the living brain and depression will help deepen our understanding of the
molecular mechanism of the occurrence and development of depression. We designed and
synthesized a two-photon fluorescent probe TCE (Figure 19, 23) that visualized ¢OH in
the brain of mice with depression-like behavior in real time [79]. Trifluoromethyl acts as a
strong electron-absorbing group, increasing the push and pull electron effect of coumarin,
and also increasing its ability to cross the BBB. «OH oxidizes TCE to form TCE-OH. TCE
was used to detect increased OH content in the brain of mice with depression-like behavior,
and the inactivation of SIRT1 by eOH was the cause of the depressive phenotype. This
work provides a useful tool for exploring eOH-related diseases and helps to explore the
molecular mechanism of depression.

Brain-derived neurotrophic factor (BDNF) is closely related to the occurrence and
development of depression [80]. As the processing part of BDNF, the Golgi apparatus’s
microenvironment, including its polarity, may have a causal relationship with the level of
BDNEF [80]. Therefore, the change in polarity of the Golgi apparatus can effectively indicate
the occurrence and development of depression. We construct a probe 24 that targets the
Golgi apparatus and detects its polarity [81]. In 24, merocyanine is used as an electron
donor, benzoyl difluoroboronate as an electron acceptor, and probe and solvent molecular
dipole—dipole interactions in the polar environment lead to excited state energy. Therefore,
24 exhibits weak fluorescence emission in polar media and stronger fluorescence emission
in non-polar media. L-cysteine was introduced to realize the Golgi apparatus targeting. By
24, we found significantly higher polarity in the brains of depressed phenotypic mice, and
the increased polarity may be due to reduced BDNF synthesis. In conclusion, this study
provides a new strategy for the accurate diagnosis of depression and a tool for exploring
the occurrence and development mechanisms of depression.

The N-methyl-D-aspartic acid (NMDA) receptor is a subtype of the ionic glutamate
receptor and an ion channel protein that plays an important role in the development of
neurons and synaptic plasticity [82]. Zn?* and H*, as regulatory binding partners of the
NMDA receptor, are closely related to the activity of the NMDA receptor, and thus affect
depression [83,84]. We developed a two-color fluorescent probe, DNP (Figure 18, 25), to
simultaneously monitor Zn?* and H* in the brains of depressed mice. Fluorescein was
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selected as a fluorophore, DPA (2,2/-dipicolylamine) as a Zn?* recognition group, and
naphthalene fluorescein as an H* recognition group [85]. DPA quenches the fluorescence
of coumarin through photoinduced electron transfer (PET). Encountering Zn?*, PET would
be blocked, causing bright blue fluorescence at 460 nm. With the addition of H, the red
fluorescence at 680 nm was reduced due to the transformation of the naphtholuciferin group
in the probe from an open quinone form to a closed spironolactone structure. By 25, we
detected increased levels of Zn?* and H* in PC12 cells under oxidative stress. In addition,
both Zn?* and pH were reduced in the brains of mice with depression-like behavior. The
activity of the NMDA receptor may be related to the changes in Zn>* and H* content during
depression. This work helps to reveal the relationship between Zn?*, H*, and depression,
and provides an effective tool for exploring the pathogenesis of depression.

500 nm

Recognition group

MD-B-OH
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Figure 19. (a) The structure and luminescence mechanism of TCE. (b) In situ TP imaging of mice.
Control: the mice without CUMS (chronic unpredictable mild stress). CUMS: the mice susceptive
to CUMS. Desferal: The susceptible mice injected desferrioxamine (iron scavenger). Mannitol: The

susceptible mice injected with mannitol (¢OH scavenger). Mannitol was used to scavenge hydroxyl
radicals directly and Desferal was used to scavenge hydroxyl radicals by complexation with Fe?* [79].

Hypobromic acid (HOBr), as a ROS, can damage proteins or lipids in cells and affect
the normal physiological function of cells. We developed a two-photon fluorescent probe,
NH—-HOBr (Figure 18, 26), for real-time visual monitoring of trace amounts of HOBr in
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living systems [86]. 1, 8-Naphthylimide was selected as a two-photon fluorescence group,
and N-(2-aminoethyl)-morpholine was selected as the lysosome target group and HOBr
recognition group. 26 has the advantages of excellent selectivity, a fast response (5 s), and
high sensitivity (LOD = 15 nM) to HOBr. 26 realized increased HOBr in inflammatory
tissue, breast cancer tissue, and the brains of mice with depression.

Low levels of NE are often associated with the pathogenesis of depression [87]. Yin
et al. developed a small molecule fluorescent probe (Figure 18, 27) that can specifically
detect norepinephrine (NE) using a “protect-deprotect” strategy [88]. 27 used cyanine as a
fluorophore. NE will undergo a nucleophilic substitution reaction with carbon ester and re-
lease a fluorophore (Figure 20). 27 was able to detect norepinephrine specifically in complex
biological systems, demonstrating the effect of antidepressant drugs on norepinephrine
intervention. This strategy provides an effective tool for detecting the mechanism of
norepinephrine and its associated diseases.
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Figure 20. (a) Response mechanism of the probe with norepinephrine. (b): (a—c) In vivo imaging of
rats intraperitoneally injected with saline; (d—f) in vivo imaging of rats intraperitoneally injected with
fluoxetine. (g) Fluorescent intensity of ROIs in normal saline and fluoxetine-injected rats [86].

It has been shown that low levels of acetylcholinesterase may lead to depressive
symptoms. In addition, acetylcholinesterase inhibitors have been found to be effective in
alleviating depressive symptoms in some individuals [89]. We developed a two-photon
fluorescence probe 28 to detect acetylcholinesterase (AChE) in the brains of depressed
mice (Figure 18) [90]. Neostigmine, an inhibitor of AChE, was selected as the AChE
recognition group and merocyanine as the fluorophore (Figure 21). The push-pull electron
effect in MCYN is weakened by the carbon group, showing weak fluorescence. When
combined with AChE, the ester bond is cleaved, the push-pull electron effect is enhanced,
and the fluorescence is enhanced. Through MCYN, we found that AChE activity was
positively correlated with depression-like degrees. In addition, we demonstrated that O,*~
can modulate AChE activity and lead to depressive symptoms. MCYN can be used as
an effective tool to explore acetylcholinesterase-related diseases and provide important
information for the treatment of depression.
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Figure 21. (a) Recognition mechanism of MCYN and structure of MCYO. (b) In situ TP fluorescence
imaging in the brains of mice. (A) Stress: mice exposed to 14 consecutive days of chronic—restraint
stress. (B) Control: mice not subjected to chronic—restraint stress [88].

We developed a nano-MOF nanoprobe with Zr(IV) and boric acid as active centers
to detect phosphorylation levels [91]. In vivo imaging and two-photon imaging were
used to study the relationship between glycosylation and phosphorylation in depressed
mice. Imaging results showed that brain glycosylation and phosphorylation levels were
significantly lower in depressed mice than in normal mice (Figure 22). On the one hand,
this work provides an effective tool for studying glycosylation and phosphorylation, and
on the other hand, it provides a new idea for revealing the pathogenesis of diseases.
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Figure 22. (a) Schematic illustration of the nanostructures of the probe. Visual images in the brains of
mice. (b) Fluorescence imaging of glycosylation sites by MOF in resilient mice (left), susceptible mice
(middle), and control mice (right). (c) Output of the fluorescence intensity of the images [89].

6. Schizophrenia

Schizophrenia is a chronic disease often manifested as a syndrome of different symp-
toms, involving sensory perception, thinking, emotion, and behavior in many aspects of
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the disorder, as well as mental activity incoordination [92]. At present, its pathogenesis is
still unclear. Many researchers have made significant contributions to the investigation
of schizophrenia.

Through proteomic analysis, Yoshikawa et al. found that overproduction of hydrogen
sulfide (HS) may be a cause of schizophrenia [93]. Wang and co-workers developed
three NIR fluorescent probes (Mindo-5SiR) based on the Si-rhodamine and hemicyanine
structures for detecting H,S [94]. They chose Si-thodamine as fluorophores and introduced
hemicyanine to adjust the solubility. Hemicyanine dyes can react with H,S and change the
solubility due to the positive charge (Figure 23). Mindo-SiR has outstanding mitochondrial
targeting, excellent brain uptake, and distinguished hydrogen sulfide selectivity. By Mindo-
SiR, the role of hydrogen sulfide in the pathogenesis and treatment of schizophrenia was
revealed and provided direct evidence for abnormally elevated levels of hydrogen sulfide
in the brains of schizophrenia mice. This work has the potential to evaluate the effects of
drug therapy on schizophrenia.
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Figure 23. (a) Reaction mechanism of Mindo-SiR and HS™. (b) Mindo-SiR was used to monitor the
changes of the H;S flux in the brain of SZ mice treated with risperidone at different times (3 days,
6 days, and 12 days) and fluorescence images of the dissected brains of the three mice (12 days) [92].

The D-amino acid oxidase (DAO) decomposes D-forms of amino acids to the corre-
sponding «-keto acids, hydrogen peroxide (H,O;), and ammonia. DAO has been reportedly
associated with several neuropsychiatric or neurological diseases, such as schizophrenia and
amyotrophic lateral sclerosis (ALS) [95]. Fukushima et al. designed and synthesized a D-
kynurenine (D-KYN) derivative, MeS-D-KYN, for detecting DAO activity [96]. The amino part
of MeS-D-KYN was hydrolyzed to produce MeS-KYNA with blue fluorescence (Figure 24).
MeS-D-KYN can be used for DAO fluorescence imaging in LLC-PK1 cells. MeS-D-KYN can
be used as a molecular tool to explore DAO-related diseases, for DAO fluorescence imaging
in LLC-PK1 cells, and as a molecular tool for exploring DAO-related diseases.
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Figure 24. Reaction scheme of direct DAO activity determination method using MeS-D-KYN [94].
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7. Conclusions and Prospects

and provide an effective tool for the diagnosis and treatment of related diseases.

The brain is the command center of the human body and the basis of mental activities.
The occurrence of brain diseases seriously affects daily life and work. Therefore, it is important
to be able to accurately diagnose brain diseases or understand the onset and progression
of diseases. We reviewed the recent five years of small molecule fluorescence probes and
nanofluorescence probes related to brain tumors, Alzheimer’s disease, Parkinson’s disease,
depression, and schizophrenia (Table 1). Fluorescent probes have the advantages of high
spatial and temporal resolution and are suitable for real-time in situ imaging detection in
living cells or in vivo. To date, a number of fluorescent probes have been designed to image
biomarkers of different brain diseases or to treat related diseases. The development of different
fluorescent probes is expected to help diagnose disease-related biomarkers under different
circumstances, explore the occurrence and development mechanisms of different diseases,

Table 1. Category of fluorescent imaging agents for brain diseases.

Brain Disease Probe Name A ex/A em (nm) LOD Bioactive Molecule Biological Model References

m-PBTQ 900/950 N/A C57BL/6 mice, ND2:SmoA1 mice [27]
TQFP-10 NPs 72371020 N/A subcutaneous U87 malignant (MG) [28]

tumor-bearing mice

NaNdF4@NaLuF4/IR-

808@DSPE- 808/1060,1340 N/A UB7-Luc cells, the [29]

PEG5000 NP tumor-bearing mice

U87 cells, orthotopic glioma
DCNPs 808/1525 N/A bearing mice [30]
Brain tumors
MFe304-Cy5.5 680/710 N/A macrophages, C6 glioma cells [31]
CP NPs 980/1156 12.5 ug/mL N/A Nude mice [32]
UIONPs 690~800/750~950 N/A brain tumor-bearing mice, C6 cells [33]
RGD-RFP-LBT-Gd 584 /607 N/A tumor-bearing mice [34]
TB1 652/929 N/A BALB/c nude mice [35]
B-AIE 280/340 N/A C6-Luc cells, BALB/c nude mice [36]
HA-AuNPs 355/438 hyaluronidase HEK-293 cells [37]
CRANAD-2 640/820 AP fibrils arcA3 mice [42]
SH-SY5Y cells, 5XFAD-Tg mice,
Gd(DOTA)-cyanine 465/600~760 AB double transgenic (APP/PS1) [43]
model mice
Rho4-Cu 540/594 AB42 APP/PS1 mice [44]
. HaCat, HeLa and bEnd.3 cells, )
Eth-BF 808/1015 A oligomers APP/PS1 Tg mice [45]
RB-CDs 430/582~675 0.5 pM AR peptide SH-SYS5 cells [46]
PTAD-3 453/580 AP aggregates Hela and U87 cells, APP/PS1 [47]
transgenic mice
Alzheimer’s
h Nematode AD model, 5x ,
disease CAQ 565/635 A aggregates FAD-transgenic mice [48]
BINPO 340/418 peroxynitrite PC12 cells, APP/PS1 double [49]
transgenic mice
Rd-DPA3 602/702 peroxynitrite PC12 cells, AD mouse [51]
. S HepG2 and SH-SY5Y cells,
Golgi-NO 560/589 nitric oxide SH.SH5Y cells [52]
TM-IONP 808/1000~1700 210 nM methylglyoxal AD mouse [53]
. SH-SY5Y cells, HepG2 and 293T )

Chy-1 670/715 0.12ng/mL butyrylcholinesterase cells, AD model transgenic mice [54]
Q-tau 4 424/637 tau Human Neuron Cell Line [55]

(SHSY-5Y)
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Brain Disease Probe Name A ex/A em (nm) LOD Bioactive Molecule Biological Model References
PC12 and SH-SY5Y cells, parkin
NIR-PN1 510 /670 4.59 nM peroxynitrite null Drosophila, WLZ3 C. [58]
elegans
K-ONOO 405/570 212nM peroxynitrite HelLa cells, zebrafish [59]
ER-PN 488/540 8.3nM peroxynitrite PC12 cells, WLZ3 elegans [61]
. living cells, zebrafish
Parkinson’s NIR-HP1 395/500,650 0.27 uM hydrogen peroxide and drosophila [63]
disease h :
o ydrogen HepG2 cells, zebrafish
Mito-LX 380/585 peroxide/viscosity and drosophila (6]
TAT-Polyp-QL 458,/600 0.3832 pM iron and reactive PC12 cells, SD rats [66]
oxygen
NUU-1 438/503 258 nM hypochlorous acid SH'SY5¥,S"HS' drosophila, [68]
mouse
i viscosity and
N-THA 385/516 hydrogen sulfide HelLa cells, PD mouse [69]
TCS 340/443 0.16 pM cysteine PC12 cells, C57BL/6] mice [73]
TCP 370/495 21.5nM SUPerr‘:gizlamon PC12 cells, C57BL/6] mice [74]
superoxide anion HepGa2 cells, macrophages, Hela
Te-CDs 380/440 8.0 pM p radical cells and lung cancer cells, [75]
BalB/C mice
ACy7 570/690 10 nM ozone RAW 264.7 Macrophages, CUMS 1771
mouse model
. . PC12 cells, PC12
Depression TCE 370/500 24 uM hydroxyl radical cells, C57BL/6] mice [79]
. brain-derived PC12 cells, PC12 cells, .
Golgi-P 700/780 neurotrophic factor C57BL/6] mice (811
DNP 390/460 0.32 uM Zn** and H* PC12 cells, C57 mouse [85]
. . PC12 cells, RAW 264.7
NH-HOBr 400/505 15 nM hypobromic acid Macrophages, zebrafish, mice [86]
Cy7 -OH 550/ 640 norepinephrine PC12 cells, HepG2 cells, SD rats [88]
MCYN 520/560 0.36 pM acetylcholinesterase PC12 cells, mice [90]
UIO-66-NH2 425/610 phosphorylation HL-7702 cells, mice [91]
. . X bEnd.3 cells, )
Mindo-SiR 650/680 0.45 UM hydrogen sulfide schizophrenia mouse [94]
Schizophrenia - -
MeS-D-KYN 364/450 182 mU/mL D-amino acid LLC-PK1 cells [96]

oxidase

However, due to the complex physiological environment of cells in vivo, the con-
struction of fluorescence imaging tools has high requirements. There have been exciting
advances in the development of existing imaging tools, but there are still some unresolved
challenges to overcome. First, most fluorescent probes are single-color fluorescent probes
for single biomarkers. In the physiological and pathological processes of organisms, multi-
ple components often play a role together, so it is difficult to observe the synergistic changes
of multiple related substances with fluorescent probes only targeting a single component.
It is easy to interfere with the diagnosis of other diseases and affect the accuracy of the
diagnosis. Secondly, many fluorescent probes are difficult to accurately reach and stay
in the brain. On the one hand, the existence of the blood-brain barrier protects the brain
from the invasion of harmful substances; on the other hand, it also prevents the intake of
partial fluorescent probes, thus affecting its further development. Finally, the thickness of
brain tissue imposes greater challenges for fluorescence imaging of the brain, especially
the human brain, which has an average size of 140 x 167 x 93 mm [97]. Currently, the
penetration depth of two-photon or three-photon imaging can exceed the mm level, which
to some extent overcomes the obstacle of penetration. NIR II imaging could reach a depth
of up to 1cm, which has been clinically used in gastrointestinal endoscopy [98]. Moreover,
utilizing fluorescent probes, fluorescence imaging technology offers a promising method
for in vitro diagnosis of human brain diseases. However, real-time in situ fluorescence
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imaging of the human brain is still insufficient. Therefore, it is essential to advance the
development of more effective two-photon, three-photon, or NIR-II fluorescent probes.

In conclusion, the development of new fluorescent probes for detecting brain diseases
will still be an important research topic in the future development frontier of fluorescence
imaging, which will provide important new materials and new methods for revealing the
occurrence and development process of brain diseases as well as diagnosis and treatment.
We hope that the current summary of some of the brain disease imaging tools will lay the
foundation for future advances.
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