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Abstract 

Autoimmune diseases (AD) present substantial challenges for early diagnosis and precise treatment due to their 
intricate pathogenesis and varied clinical manifestations. While existing diagnostic methods and treatment strategies 
have advanced, their sensitivity, specificity, and real-time applicability in clinical settings continue to exhibit significant 
limitations. In recent years, fluorescent probes have emerged as highly sensitive and specific biological imaging tools, 
demonstrating substantial potential in AD research.

This review examines the response mechanisms and historical evolution of various types of fluorescent probes, 
systematically summarizing the latest research advancements in their application to autoimmune diseases. It high-
lights key applications in biomarker detection, dynamic monitoring of immune cell functions, and assessment 
of drug treatment efficacy. Furthermore, this article analyzes the technical challenges currently encountered in probe 
development and proposes potential directions for future research. With ongoing advancements in materials science, 
nanotechnology, and bioengineering, fluorescent probes are anticipated to achieve higher sensitivity and enhanced 
functional integration, thereby facilitating early detection, dynamic monitoring, and innovative treatment strategies 
for autoimmune diseases. Overall, fluorescent probes possess substantial scientific significance and application value 
in both research and clinical settings related to autoimmune diseases, signaling a new era of personalized and preci-
sion medicine.

Keywords  Fluorescent probe, Autoimmune disease, Early diagnosis, Precision medicine, Nanotechnology, 
Multimodal imaging

Introduction
Autoimmune diseases (AD) [1] comprise a group of com-
plex and challenging chronic conditions characterized by 
the immune system’s aberrant attack on its own tissues, 
resulting in widespread inflammation and tissue dam-
age. To date, over 80 distinct types of autoimmune dis-
eases have been identified, capable of affecting any organ 

system [2]. AD can be categorized based on the extent 
of the lesions they cause, including systemic and organ-
specific disorders. Systemic diseases encompass condi-
tions such as systemic lupus erythematosus, rheumatoid 
arthritis, and systemic sclerosis, whereas organ-specific 
diseases comprise type 1 diabetes, multiple sclerosis, and 
myasthenia gravis [1]. In recent years, the global inci-
dence of autoimmune diseases (AD) has shown a signifi-
cant upward trend, affecting approximately 3–5% of the 
population [3] and occurring in individuals of all ages. 
The annual incidence and prevalence rates have risen by 
19.1% and 12.5% [4], respectively, positioning AD as one 
of the most pressing public health concerns. According 
to the National Health and Nutrition Examination Sur-
vey (NHANES) [4], 18% of U.S. adults test positive for 
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thyroid autoantibodies, and 32% of adults aged 60 and 
older possess at least one of four specific autoantibodies: 
rheumatoid factors, anti-thyroglobulin, anti-thyroid per-
oxidase autoantibodies, or anti-tissue transglutaminase 
autoantibodies. An epidemiological study [5] involving 
eight autoimmune diseases among Chinese adults esti-
mated that 2.7–3.0% of this population (over 31 million 
individuals) suffer from one or more autoimmune dis-
eases, with the majority of the burden stemming from 
autoimmune thyroid diseases and rheumatoid arthritis. 
These statistics suggest that AD are likely to emerge as a 
significant healthcare challenge in the future, underscor-
ing the need for heightened attention and research efforts 
to mitigate the disease’s progression.

Autoimmune diseases are notoriously challenging to 
treat. Beyond the substantial physical and psychological 
harm they cause to patients, the potential for compli-
cations warrants significant attention [6]. AD can sub-
stantially elevate the risk of developing cardiovascular 
diseases, malignancies, and various other health con-
ditions [7]. A survey of the American population indi-
cates that several autoimmune diseases are linked to 
an elevated risk of hepatobiliary cancers [8]. The pres-
ence of any autoimmune condition is associated with a 
higher risk of anal squamous cell carcinoma (OR = 1.11, 
95%CI = 1.02 to 1.21; population attributable frac-
tion = 1.8%). Furthermore, systemic lupus erythematosus, 
sarcoidosis, and psoriasis demonstrate moderate asso-
ciations with increased squamous cell carcinoma risk 
[9]. Large-scale cohort studies conducted in China have 
revealed that patients with five types of autoimmune 
diseases—SLE, RA, Sjögren’s syndromes (SS), systemic 
sclerosis (SSc), and idiopathic inflammatory myopathies 
(IIM)—exhibit a heightened cancer risk [10]. Some stud-
ies imply a close relationship between SLE and myasthe-
nia gravis (MG) [11]. Research by L. Sumelahti indicates 
that patients with multiple sclerosis (pwMS) experience a 
median life expectancy reduction of 8–9 years compared 
to healthy controls [12]. Additionally, a study involving 
20,266 patients with Sjögren’s syndrome found that this 
population has a higher prevalence of hearing loss, dizzi-
ness, tinnitus, and sudden deafness [13].

Imaging diagnosis is integral to the evaluation of AD. 
Common imaging methods [14] include conventional 
radiography (CR), ultrasound, computed tomography 
(CT), and magnetic resonance imaging (MRI). CR [15] 
is a simple and rapid technique often employed to assess 
joint damage, such as bone erosion, joint space narrow-
ing, and misalignment in patients with AD. However, 
CR exhibits poor sensitivity in detecting early structural 
changes at the joint and soft tissue levels. Ultrasound 
[16] offers advantages such as being non-invasive, cost-
effective, and devoid of radiation hazards, making it an 

ideal diagnostic tool. It is frequently utilized to evaluate 
synovial inflammation and provide diagnostic support, 
particularly in detecting bone erosion that CR fails to 
identify. Nevertheless, the accuracy of ultrasound results 
is contingent upon the operator’s skill, and its applica-
tion in the management of AD has yet to be systema-
tized. CT is effective for identifying pulmonary lesions 
[17], assessing bone destruction, and precisely evaluating 
bone pathology; however, it is limited in differentiating 
between various soft tissue structures, which restricts its 
use in certain clinical scenarios. MRI [18], characterized 
by high resolution and multi-planar imaging capabili-
ties, provides clear visualization of soft tissue structures, 
including muscles, ligaments, and nerve pathology. Con-
sequently, MRI is pivotal in diagnosing and monitoring 
autoimmune diseases such as RA and MS. However, its 
high cost and longer examination times present signifi-
cant barriers to widespread clinical application. Each 
imaging modality possesses specific advantages and 
limitations; therefore, clinicians typically select the most 
appropriate diagnostic approach based on the patient’s 
individual condition and needs. Ultimately, imaging diag-
nosis alone cannot yield conclusive evidence and must be 
integrated with clinical presentation and laboratory test 
results to enhance diagnostic accuracy.

Autoantibody testing serves as a crucial biomarker 
for diagnosing autoimmune diseases, as autoantibodies 
that target the body’s own tissue components are pre-
sent in nearly all patients with autoimmune diseases. 
For instance, patients with SLE typically test positive for 
antinuclear antibodies (ANA) and anti-double-stranded 
DNA (dsDNA) antibodies [19], while those with RA may 
show elevated levels of rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPA) [20]. Research 
into various autoantibodies and their characteristics 
offers valuable insights into the underlying pathophysi-
ological mechanisms of these diseases. However, the 
specificity of these antibodies is limited [21, 22], and a 
positive antibody test alone cannot definitively confirm 
the diagnosis of AD; such results must be interpreted in 
conjunction with clinical presentation and other diag-
nostic findings. Patients with autoimmune diseases often 
display abnormal immunoglobulin levels [23] and com-
plement system activation [24]. Testing for immuno-
globulins and complement components, such as C3 and 
C4, can aid in evaluating disease activity. Nevertheless, 
these markers also lack specificity and cannot be used 
in isolation for diagnosing autoimmune diseases. Simi-
larly, elevated levels of cytokines (e.g., IL-1, IL-6, TNF-
α) are frequently observed in patients with AD [25, 26]. 
While these cytokines are helpful for assessing disease 
activity and monitoring treatment responses, their lack 
of specificity precludes them from serving as definitive 
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diagnostic criteria. Pathological examination through 
tissue biopsy can provide direct evidence for diagnos-
ing and distinguishing AD by revealing the infiltration of 
inflammatory cells and the destruction of tissue architec-
ture. However, since pathological examination is invasive, 
and some pathological features of autoimmune diseases 
lack high specificity, this may compromise the reliability 
of the diagnosis [27].

In the early stages of AD, patients often exhibit subtle 
symptoms that lack specificity [28]. Consequently, by the 
time a definitive clinical diagnosis is established, patients 
are typically in the mid-to-late stages of the disease, often 
experiencing multi-organ damage and severe complica-
tions. This diagnostic delay results in the loss of oppor-
tunities for early intervention, significantly impacting 
the long-term prognosis for patients. Thus, early diag-
nosis and timely intervention are crucial for enhancing 
disease outcomes in AD. Currently, no single diagnostic 
method provides adequate sensitivity and specificity for 
AD; therefore, diagnosis typically relies on a combina-
tion of multiple methods. While this approach improves 
diagnostic accuracy, it also introduces challenges such as 
increased diagnostic and treatment costs, reduced effi-
ciency in the utilization of medical resources, and the 
potential to exacerbate doctor-patient conflicts, which 
may adversely affect patient compliance. Consequently, 
the development of a diagnostic method that is low-cost, 
highly specific, and accurate is not only of great impor-
tance for the early diagnosis of AD but will also sig-
nificantly enhance treatment outcomes and long-term 
prognosis while facilitating the optimization of health-
care resource allocation.

With the ongoing advancements in diagnostic and 
imaging fields, fluorescence imaging technology has 
emerged as an indispensable method for monitoring 
changes in biochemical indicators and detecting bio-
markers within living systems. Optical imaging tech-
niques based on fluorescence have gained significant 
attention due to advancements in therapeutic diagnos-
tics. Fluorescent probes, as a core component of this 
technology, offer several notable advantages over tradi-
tional imaging modalities (such as conventional radiogra-
phy, ultrasound, CT, and MRI), including high sensitivity, 
real-time imaging capabilities, and the potential for mul-
tiplexing [29]. These characteristics allow fluorescent 
probes to be utilized non-invasively and with high pre-
cision for diagnosing various diseases and measuring the 
concentrations of biological substances within the body. 
Furthermore, fluorescent probes can intricately depict 
dynamic intracellular processes and visualize biologi-
cal activities in response to specific parameters [30, 31]. 
They excel in detecting inorganic ions, biological thi-
ols, reactive oxygen species (ROS), antigen–antibody 

interactions, and large macromolecules [32] while tar-
geting subcellular structures [33] such as the nucleus, 
mitochondria, endoplasmic reticulum, and lysosomes. 
Consequently, they find widespread application in 
research domains such as biology, pathology, pharmacol-
ogy, biochemistry, and medical science.

As the incidence of autoimmune diseases contin-
ues to rise, coupled with an enhanced understanding 
of their pathogenesis, there is an urgent need for the 
development of more precise diagnostic and therapeutic 
methods. Fluorescent probe technology, an innovative 
biological imaging technique, offers remarkable sensi-
tivity and specificity. This review examines the response 
mechanisms and historical evolution of various types 
of fluorescent probes, systematically summarizing the 
latest research advancements in their application to 
autoimmune diseases. It highlights key applications in 
biomarker detection, dynamic monitoring of immune 
cell functions, and assessment of drug treatment effi-
cacy. Unlike previous reviews, this work provides a com-
prehensive overview of fluorescent probes across a wide 
spectrum of autoimmune diseases, offering a unique 
perspective on their potential in this field. To further dis-
tinguish this review, we introduce a comparative table 
(Table 4) summarizing the key characteristics of different 
probe types and propose a novel classification framework 
based on their clinical applications: diagnostic, theranos-
tic, and multimodal probes.

Fundamentals and development history 
of fluorescent probes
The development history of fluorescent probes
The concept of fluorescence was first proposed in 1852 
by Stokes [34], who, while observing the fluorescence of 
chlorophyll and quinine in solution, discovered that the 
wavelength of emitted light was longer than that of the 
excitation light. This phenomenon, defined as Stokes 
Shift [35], spurred in-depth research into fluorescence 
phenomena and their mechanisms of generation. In 
1905, Noelting and Dziewonsky [36] synthesized the 
organic dye rhodamine, which possesses an oxanthrene 
structure and remains one of the most widely used fluo-
rescent groups to this day. In 1955, Albert H. Coons and 
colleagues successfully employed fluorescein to label 
antibodies [37]. Three years later, in 1958, tetramethyl-
rhodamine was reported as a fluorescent marker in the 
study of chronic thyroiditis [38], marking the onset of 
widespread applications of organic dyes in the life sci-
ences. In 1964, Mortimer Litt discovered that fluorescent 
dyes could visualize immune complexes in individual 
cells [39], revealing the potential applications of fluores-
cent probes in autoimmune diseases.
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In 1962, Shimomura discovered green fluorescent pro-
tein in the Victoria multi-tentacled jellyfish [40]. In 1994, 
Martin Chalfie demonstrated that gene-encoded green 
fluorescent protein (GFP) could express its biological 
functions in the neurons of Escherichia coli and Cae-
norhabditis elegans [41], thereby establishing the wide 
application of fluorescent proteins in biological research. 
In 1988, Mark A. Reed discovered quantum dots [42], 
and subsequently, Bruchez and colleagues synthesized 
CdSe/CdS structured quantum dots, employing them 
as fluorescent probes to label tissue cells in mice [43]. In 
1999, red fluorescent protein was discovered in non-bio-
logical luminescent corals [44], followed by the identifi-
cation of monomeric red fluorescent protein in 2002 [45]. 
In 2004, Shaner and collaborators expanded the range of 
fluorescent protein colors through various modifications 
[46].

In laboratory settings, extensive studies on cellu-
lar and animal models are necessary to evaluate the 
safety of these probes. Beyond laboratory research, 
fluorescent probes are increasingly employed in clinical 
settings for applications such as guiding surgical proce-
dures [47], assessing treatment efficacy, and predicting 
prognosis. Concurrently, researchers are continually 
improving techniques and developing new applica-
tions, such as utilizing near-infrared (NIR-II) fluores-
cence imaging-guided photothermal therapy to achieve 

integrated diagnosis and treatment through dual-tar-
geted nanotherapy [48].

Reflecting on the evolution of fluorescent probes 
(Fig.  1), it is evident that, despite significant advance-
ments over the past few decades, the development 
of these probes for disease diagnosis and treatment 
remains in its early stages, constrained by numer-
ous limitations and challenges. Certain probes, such 
as heavy metal quantum dots and nanoparticles, are 
hindered by biotoxicity, which restricts their in  vivo 
applications, and their prolonged retention in the body 
poses potential risks of eliciting immune responses and 
organ toxicity. Probes that utilize visible light exhibit 
limited tissue penetration capabilities, whereas most 
near-infrared probes are still in the nascent phases of 
development, facing unresolved issues concerning low 
stability and quantum yield [49]. Future advancements 
in fluorescent probes for the diagnosis and treatment of 
various diseases are anticipated to be at the forefront of 
fluorescent imaging research. Ongoing improvements 
will likely facilitate the rapid detection of key biomark-
ers in deeper biological sites, at lower concentrations, 
and during the early stages of disease progression, thus 
enabling more accurate clinical diagnosis and treat-
ment monitoring while enhancing our understanding 
of the physiological roles of bioactive molecules in tar-
geted diseases.

Fig. 1  Development history of fluorescent probes (Created in https://​BioRe​nder.​com)

https://BioRender.com
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Principle of fluorescence probes
Fluorescent probes are typically composed of a fluoro-
phore, a linking group, and a recognition group, with 
their fundamental principle based on the phenomenon 
of fluorescence [50]. When fluorescent probe molecules 
absorb light energy at a specific wavelength (usually 
ultraviolet or visible light), the excited electrons tran-
sition from the ground state to the excited state. Due 
to the instability of this high-energy excited state, 
electrons rapidly undergo non-radiative relaxation, 
converting to the lowest energy singlet excited state, 
a process known as internal conversion [51]. When 

electrons return from the excited state to the ground 
state, energy is released in the form of light, emitting 
at a longer wavelength than the excitation light, which 
results in fluorescence (Fig. 2a). The ratio of the number 
of emitted photons to the number of absorbed photons 
by a fluorescent probe is termed fluorescence quantum 
yield (FQY) [52], reflecting the efficiency with which 
the probe converts absorbed light energy into fluores-
cence. This parameter can be used to screen suitable 
fluorescent materials. Fluorescence lifetime, the aver-
age time a molecule spends in the excited state before 
returning to the ground state, is sensitive to the probe’s 

Fig. 2  Basic principle of fluorescence probe (Created in https://​BioRe​nder.​com). a pattern of fluorescence excitation: When fluorescent molecules 
absorb light energy of a specific wavelength, excited electrons transition from the ground state S0 to the excited state S2. After internal conversion 
to S1, electrons can return to S0 and produce fluorescence. b FRET mechanism: One fluorescent molecule absorbs light energy and non-radiatively 
transfers this energy to another fluorescent molecule, resulting in a decrease in the fluorescence intensity of the donor and an increase 
in the fluorescence intensity of the acceptor [54]. The FRET mechanism can clearly detect interactions between proteins. c PET mechanism: 
Upon binding of the target molecule to the receptor, the PET process is inhibited, leading to the recovery of the probe’s fluorescence [55]. The 
PET mechanism has significant importance in drug screening and efficacy monitoring [56]. d ICT mechanism: When the donor component 
interacts with a cation, the electron-donating properties of the probe diminish, causing a blue shift in the absorption spectrum. Conversely, 
when the acceptor component interacts with a cation, the absorption spectrum exhibits a significant red shift [57]. The ICT mechanism aids 
in monitoring biochemical processes such as enzyme-catalyzed reactions in vivo [58]

https://BioRender.com
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microenvironment and provides valuable information 
[53].

Fluorescent probes utilize various sensing mechanisms, 
including Förster Resonance Energy Transfer (FRET) 
[54], Photoinduced Electron Transfer (PET) [55, 56], and 
Intramolecular Charge Transfer (ICT) [57, 58]. FRET 
involves non-radiative energy transfer between two fluo-
rescent molecules (Fig. 2b), while PET relies on electron 
transfer between the receptor and fluorophore (Fig. 2c). 
ICT refers to electron transfer within a molecule, leading 
to spectral shifts upon interaction with cations (Fig. 2d). 
These mechanisms enable probes to detect various tar-
gets and processes.

Types of fluorescence probes
Fluorescent probes are widely utilized across various 
fields, including biology, physiology, medicine, pharma-
cology, and environmental science. Depending on the 
excitation light source, they can be categorized as sin-
gle-photon, two-photon, and multiphoton fluorescent 
probes. Based on the type of substances to be measured, 
they can be classified into metal ion fluorescent probes 
and biomolecule fluorescent probes. Furthermore, 
according to their structural characteristics, fluorescent 
probes can be divided into organic molecular dye probes, 
quantum dot probes, fluorescent protein probes, and 
other categories. In this article, we briefly introduce the 
main types of probes based on their structural features 
(Table 1).

Fluorescent organic dye
Fluorescent organic dyes are among the earliest and 
most widely used chemical assays and labeling agents for 
cells and tissues [59]. Commonly employed fluorophores 
include rhodamine, fluorescein, anthocyanins, and their 
derivatives, such as fluorescein isothiocyanate (FITC) and 
tetramethylrhodamine isothiocyanate (TRITC). These 
fluorescent dyes serve as common labels for various 
detection formats, characterized by their clear structures, 
low cytotoxicity, good biocompatibility, and high selec-
tivity and sensitivity. Small organic fluorescent probes are 
favored for their strong emission, tunable wavelengths, 
and versatility in probe construction [60]. However, their 
application in the biomedical field has been somewhat 
restricted due to limitations such as rapid self-quenching, 
photostability issues, and poor water solubility [61, 62].

FITC, with good water solubility and biocompatibility 
[63], is widely used for protein localization [64], anti-
body labeling [65], and immunological research. In pre-
clinical studies of rheumatoid arthritis, FITC has been 
used in the CAR system to eliminate autoreactive B cells 
[66]. However, FITC exhibits fluorescence quenching 

characteristics when its concentration varies [67]; thus, 
factors such as pH must be considered in probe design.

Rhodamine is a catechol-derived fluorophore compris-
ing rhodamine B, rhodamine 6G, and rhodamine 123, 
with rhodamine B being the most commonly utilized. 
Rhodamine presents several advantages, including excel-
lent photostability, a wide wavelength range, and a high 
fluorescence quantum yield [68]. However, some studies 
have indicated that rhodamine B can induce apoptosis in 
the hypothalamic cells of rats, disrupt hormonal balance, 
and may possess carcinogenic and teratogenic effects 
[69]. In 2022, Chen and colleagues developed a fluo-
rescent probe named Probe 9, which incorporates both 
rhodamine and BODIPY fluorophores [70]. This probe 
exhibits low cytotoxicity and good biocompatibility, 
along with high selectivity and sensitivity for nitric oxide 
(NO) and glutathione (GSH), making it suitable for guid-
ing the treatment of heart failure with preserved ejection 
fraction (HFpEF).

Quantum dots
In 1988, Mark A. Reed invented quantum dots [42], 
which are colloidal semiconductor nanocrystals that have 
become widely utilized nanomaterials due to their unique 
quantum effects. Compared to traditional organic dyes, 
quantum dots possess characteristics such as high bright-
ness and strong photostability, providing high signal-to-
noise ratio fluorescence for extended periods. They are 
extensively used in cell labeling, molecular tracking, and 
in  vivo imaging, showcasing immense potential in bio-
medical diagnostics and therapies [71]. Quantum dots 
have a broad absorption spectrum, allowing for simulta-
neous or multiplex emission under a single light source, 
with emission wavelengths covering ultraviolet, visible 
light, and infrared. Their nanoscale size enables conjuga-
tion with multiple copies of dye molecules, resulting in 
high optical sensitivity and chemical stability. However, 
the preparation of quantum dots requires various rea-
gents and involves complex steps, leading to variability 
in the composition of their final structures [72]. When 
applied to living cells or animals, quantum dots contain-
ing heavy metals exhibit cytotoxicity, potentially causing 
DNA damage, endoplasmic reticulum stress, mitochon-
drial dysfunction, and lysosomal rupture [73]. Addi-
tionally, oxidative stress and inflammatory responses 
can elicit toxic reactions from quantum dots, and these 
potential threats to human health limit their widespread 
application in the life sciences [73].

Coating ZnS shells onto the surface of ZnSe/CdS quan-
tum dots can enhance their quantum yield and optical 
stability while reducing biological toxicity [74]. ZnSe/
CdS/ZnS quantum dots exhibit high sensitivity in the 
quantitative determination of C-reactive protein, making 
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them suitable for the early detection of infections and 
autoimmune diseases. In recent years, carbon-based 
quantum dots have garnered considerable research 
attention due to their excellent biocompatibility and low 
toxicity [75]. Studies have shown that carbon quantum 
dots can alleviate dysregulated immune processes in a 
non-obese diabetic mouse model of Sjögren’s syndrome, 
potentially mitigating the apoptosis of submandibular 
gland epithelial cells in patients during the early stages of 
the disease [76].

Fluorescent proteins
Fluorescent proteins were originally derived from marine 
organisms such as jellyfish, corals, and sea anemones. In 
1962, Shimomura and colleagues first discovered green 
fluorescent protein in Aequorea Victoria [77]. Fluores-
cent proteins can be categorized into green fluorescent 
proteins and their derivatives, red fluorescent proteins 
and their derivatives, and near-infrared fluorescent pro-
teins [78]. These proteins possess the capability for imag-
ing in live cells and are extensively employed to monitor 
dynamic changes in proteins within tissues and organ-
isms, as well as to observe cell behavior. Their spectral 
characteristics cover a wide range, providing advantages 
for multicolor imaging. However, green fluorescent pro-
teins, when excited, can generate singlet oxygen, which 
induces significant DNA damage in cells expressing the 
fusion proteins, leading to shrinkage, aggregation, and 
apoptotic cell death [79]. Additionally, fluorescent pro-
teins exhibit issues such as photobleaching and low light 
stability, which limit their reliability as tools for biologi-
cal applications [80]. Therefore, in practical applications, 
researchers must consider these potential drawbacks to 
optimize the use of fluorescent proteins.

A radar chart (Fig.  3e) illustrates the performance of 
four types of probes: organic dyes, quantum dots, fluo-
rescent proteins, and nanoparticle carriers, clearly delin-
eating the advantages and disadvantages of each type. 
Organic dyes demonstrate high sensitivity and speci-
ficity, exemplified by the dynamic quenching constant 
Ksv = 9.8L/mol for FTIC, indicating low sensitivity to 
quenching agents. However, they are susceptible to pho-
tobleaching, and the emission wavelength of FITC shifts 
red to 491  nm, which may influence penetration depth 
[67]. Quantum dots exhibit the highest quantum yield 
(nearly 90%) and outstanding sensitivity, and their pho-
tostability is remarkable, with minimal photobleaching. 
Nevertheless, their biocompatibility is relatively low; 
this issue has been mitigated by employing a ZnS outer 
shell to reduce toxic cadmium exposure [74]. Quan-
tum dots provide good tissue penetration depth but are 
costly and involve complex synthesis processes. Fluores-
cent proteins display exceptional biocompatibility due to 

their natural, non-toxic composition, allowing for direct 
expression in cells without exogenous labeling. They also 
possess high sensitivity, and gene-editing capabilities 
confer considerable specificity, although their cost war-
rants consideration. The sensitivity of nanoparticle carri-
ers varies by material, and their specificity is akin to that 
of quantum dots. They demonstrate favorable biocom-
patibility; for example, the cell survival rate of psi-tGC-
NPs exceeds 80%, while the hemolysis rate remains below 
5% [81]. It is important to note that the diversity of nano-
particle materials may lead to a broader range of perfor-
mance variations.

Fluorescent probes are essential tools in biomedical 
research, and their diverse classification reflects the spe-
cific needs of various application scenarios. Based on 
differences in excitation light sources, target substances, 
and structural characteristics, fluorescent probes can be 
subdivided into multiple types (Fig. 3), each with its own 
advantages and limitations. Among organic dyes, despite 
their high biocompatibility and selectivity, issues such as 
photobleaching and poor water solubility still limit their 
application in long-term imaging. Quantum dots, on the 
other hand, demonstrate broad potential for cell labeling 
and molecular tracking due to their excellent photosta-
bility and multiplex emission capabilities; however, their 
potential heavy metal toxicity and complex synthesis pro-
cesses present challenges for clinical applications. The 
emergence of fluorescent proteins offers new possibilities 
for live cell imaging; however, the risks of photobleach-
ing and DNA damage necessitate careful consideration 
of their use. In the study of autoimmune diseases, select-
ing appropriate fluorescent probes is crucial. Researchers 
should comprehensively evaluate the optical character-
istics, biocompatibility, and potential cytotoxicity of the 
probes to optimize experimental design and enhance 
imaging effectiveness.

Application of fluorescent probes in the study 
of different autoimmune diseases
Systemic autoimmune diseases
Systemic autoimmune diseases represent a class of dis-
orders marked by the aberrant activation of the immune 
system, which results in the extensive assault of self-anti-
bodies and inflammatory mediators on multiple organs 
and tissues. Key characteristics of these diseases include 
the production of autoantibodies, such as ANA, and 
involvement of various organ systems. Common mani-
festations include RA, SLE, and MS. The incidence of RA 
may be as high as 0.5% [97], while the global incidence of 
SLE ranges from approximately 20–150 cases per 100,000 
individuals [98]. Clinical presentations are complex and 
diverse, often commencing with nonspecific systemic 
symptoms (e.g., fever and fatigue) in the initial stages, 
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which subsequently progress to multi-organ damage. 
For example, RA is characterized by symmetrical joint 
swelling and deformities [99] and SLE manifests with 
butterfly-shaped rashes, lupus nephritis, and hematologi-
cal abnormalities [100], thereby significantly increasing 
patient mortality risk.

Rheumatoid arthritis (RA)
Abnormal activation of T cells and B cells plays a cen-
tral role in the pathogenesis of RA, and their accu-
mulation in the synovium can trigger a persistent 
inflammatory response. Consequently, fluorescent probes 

that specifically detect T cells or B cells hold significant 
potential for the non-invasive diagnosis of RA. Figure 4 
provides a detailed visualization of fluorescent probes 
targeting different immune cells and inflammatory in 
RA, highlighting their potential for early diagnosis and 
disease monitoring. The CD molecules on the surfaces of 
T cells and B cells serve as specific targets for labeling. 
For instance, methods such as labeling with FITC against 
CD4 and using r-phycoerythrin (PE) to label CD39 can 
be employed to observe the frequency and phenotypic 
changes of regulatory T (Treg) cells in RA patients [101]. 
By staining with monoclonal CD3-FITC and CD26-PE, 

Fig. 3  Comparison of different types of fluorescent probes (Created in https://​BioRe​nder.​com) a Organic dye probe: Chemical structures of FITC 
[67], rhodamine B [82] and fluorescein [83]. The bar graph indicates that FITC has a low sensitivity to the quencher (Ksv = 9.8L/mol), suggesting 
its high stability in complex environments [67]. b Quantum dots: Schematic representation of ZnSe/CdS/ZnS, InP QDs and CQDs structures. The 
bar graph compares the quantum yield (QY) of different quantum dots (ZnSe/CdS/ZnS QY = 82% [74], InP QDs QY = 81% [84], CQDs QY = 32.4% 
[85]), demonstrating their excellent optical stability. c Fluorescent protein: Schematic representation of GFP chemical structure and RFP, YFP, and BFP 
structures [86]. The bar graph compares the quantum yield (QY) of various fluorescent proteins (GFP QY = 60%, RFP QY = 79%, EYFP QY = 61%, EBFP 
QY = 31% [86]), proving their good optical stability. d Nanopariticles: Schematic diagram of pDNA/DSP-NPs preparation. It exhibits a very high drug 
loading capacity, with a drug loading efficiency (DIE) of up to 10.54 ± 2.09 wt% [81]. e Based on the design characteristics of probes in the literature 
and practical application scenarios, a radar chart compares the performance of organic dyes, quantum dots, fluorescent proteins, and nanoparticles 
across six key performance indicators (such as sensitivity, specificity, optical stability, biocompatibility, tissue penetration depth, and cost)

https://BioRender.com
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the percentage of activated T cells in peripheral blood 
can be analyzed to assess disease activity [102]. Further-
more, targeting molecules that induce T cell activation 
is also an important strategy. For example, fluorescently 
labeling CD1c + myeloid dendritic cells (mDCs) in syn-
ovial fluid (SF) can indicate their ability to induce the 
proliferation of CD4 + T cells [103]. Using MR1-5-OP-
RU tetramers to detect changes in mucosal-associated 
invariant T (MAIT) cells can aid in diagnosing early 
untreated RA patients [104]. The IRDye-680RD-OX40 
monoclonal antibody (mAb) probe exhibits high sensi-
tivity and specificity for OX40, achieving an area under 
the curve (AUC) of 1.0 in the receiver operating charac-
teristic (ROC) curve constructed using the ratio of RP to 
LP fluorescence intensity. This finding indicates that the 
probe can effectively differentiate between the RA model 
and the healthy control group, and it can be utilized to 
detect T cell activation in early RA tissues, demonstrat-
ing notable predictive potential (Fig.  4b) [105]. Addi-
tionally, IRDye-680RD-4-1BB mAb fluorescent probes 
can track 4-1BB + activated T cells in  vivo for the non-
invasive diagnosis of RA [106]. Fluorescent labeling of 
B cells provides a valuable method for diagnosing RA. 
Following intra-articular injection of anti-CD20 anti-
bodies conjugated with Cy5 fluorescent dye, the signal 
intensity (representing B cell density) within the lesions 
was observed to be 3.2 times higher than that in normal 
tissue (p < 0.001), highlighting the distribution of B cells 
in plasma and lymphatic fluid (Fig. 4c) [107]. Fluorescein-
labeled antigens targeting CD80, CD24, and CD21 can 
visualize the autoreactivity of B cells [108]. Labeling with 
FITC against CD38, PE against CD27, and APC against 
CD19 can categorize B cell subsets, with their percent-
ages serving as early diagnostic indicators for RA [109].

The primary feature of RA is the immune regulatory 
imbalance within the joint synovium, where disruption 
of cytokine and chemokine pathways promotes persistent 

inflammation in the joints. Numerous cytokines play crit-
ical roles in the pathological processes of RA (Table  2), 
and understanding their functions and mechanisms pro-
vides essential insights for the diagnosis and treatment 
of this condition. By labeling cytokines with fluorescent 
probes, new pathways for monitoring and diagnosing RA 
can be established, significantly enhancing diagnostic 
efficiency and therapeutic outcomes. In addition to the 
labeling and detection of individual cytokines, novel fluo-
rescent probes have also been developed for the simul-
taneous detection of multiple cytokines. For example, 
multiplex antibody chips and the Quantibody Human 
Inflammatory Array 1 can detect a variety of cytokines, 
including IFN-γ, IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, 
IL-13, MCP-1, and TNF-α [110]. Li et  al. designed a 
multi-molecular fluorescent probe composed of three 
fluorescent molecules and one dangling single-chain 
domain, which significantly enhances the fluorescent 
signal and enables accurate quantification of cytokines 
under complex conditions [111]. Its high sensitivity 
allows for the clinical diagnosis of low-concentration bio-
markers, providing a powerful tool for the early clinical 
diagnosis of RA.

Visualizing pathological changes in RA joint tissue is 
crucial for the early diagnosis of the condition. The near-
infrared ratio fluorescent probe, Ratio-A, is composed 
of an enhanced rhodamine scaffold, which exhibits a 
linear relationship between the logarithm of its fluores-
cence intensity(lg(F564nm/F700nm)) and ONOO⁻ con-
centration(0-10  μM) (y = 0.2221x-0.4495, R2 = 0.9931). 
This relationship facilitates real-time monitoring of the 
intracellular fluctuations of ONOO⁻ in mouse ankle 
joint tissues (Fig.  4d) [123]. These probes demonstrate 
high selectivity and low detection limits, underscoring 
their potential in RA diagnosis. Nanobody 119 (Nb119), 
labeled with Alexa Fluor 647, exhibits significant signal 
intensity in macrophages of inflamed joint synovium, 

Fig. 4  Comparison of probes for different targets of RA (Created in https://​BioRe​nder.​com) a Pathogenesis of RA: The pathogenesis of RA 
involves the presentation of autoimmune antigens by APC, which activate T cells and initiate an immune response. Additionally, activated B cells, 
macrophages, synovial fibroblasts, and various inflammatory mediators play significant roles in this process [97]. b T cell targets: A schematic 
diagram of the detection of activated T cells in early RA tissues using IRDye-680RD-OX40 mAb. The ROC curve constructed using the RP/LP 
fluorescence intensity ratio achieved an AUC of 1.0, indicating that the probe can completely discriminate between the collagen-induced arthritis 
model (CIA) and the healthy control group, demonstrating high sensitivity and high specificity (redrawn based on data from the literature [105]). 
c B cell targets:A schematic diagram of the distribution of B cells using Cy5-labeled anti-CD20 antibodies. Immunofluorescence images: Left: 
healthy control group (few blue fluorescent spots); Right: RA model group (a large number of green fluorescent spots, clustered in the synovial area 
of the joint). It indicates that the density of B cells in the lesion area is 3.2 times higher than that in the healthy group (p < 0.001). (Redrawn based 
on data from the literature [107].) d Small molecule targets: A schematic diagram for the quantitative monitoring of ONOO− using Ratio-A. The curve 
graph demonstrates a linear relationship between the logarithm of fluorescence intensity and ONOO− concentration (0-10 μM) (y = 0.2221x-0.4495, 
R2 = 0.9931), intuitively showing the high sensitivity and linear response of Ratio-A to ONOO.− (redrawn based on data from the literature [123]). 
e Cytokine targets: A schematic diagram of TNF-α gene silencing using psi-tGC-NPs. The bar graph shows that both the MTX group (P < 0.01) 
and the psi-tGC-NPs group (P < 0.05) significantly inhibit the expression of TNF-α mRNA. This intuitively reflects the potential of the nanoparticle 
delivery system in gene silencing, comparable to the efficacy of MTX (redrawn based on data from the literature [133])

(See figure on next page.)

https://BioRender.com
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Fig. 4  (See legend on previous page.)
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allowing for the production of a targeted nanobody, Cy7-
Nb119, which binds to the V-set and Ig domain 4 (Vsig4) 
present on synovial macrophages [124]. This labeling 
technique enables high-contrast rapid imaging within 
three hours, indicating its promise for arthritis moni-
toring. Fluorescently labeled Cy3-tilmanocept generates 
notable fluorescence in mouse knee and elbow joints, 
demonstrating its effectiveness in the early detection of 
in  vivo inflammation associated with RA [125]. Beyond 
fluorescent probes targeting synovial macrophages, the 
visualization of RA’s pathological structures can also be 
accomplished by targeting joint bone and cartilage tis-
sues. The LS301 fluorescent probe selectively accumu-
lates within the cartilage cells of arthritic joints, with 
fluorescent signal intensity positively correlated to dis-
ease severity, signifying its potential application in RA 
monitoring [126]. Fluorescent probes that bind to the 
integrin αvβ3 receptor effectively target inflamed joints 
with high sensitivity and accuracy [127]. Probes such as 
C700-OMe and P800SO3 enable clear differentiation 
between cartilage and bone tissues within the same indi-
vidual, facilitating real-time dual-channel fluorescent 
imaging [128]. This approach provides visual evidence for 
assessing the severity of inflammation and disease pro-
gression. Through the use of tissue-specific fluorescent 
probes, it is feasible to visualize pathological changes in 
inflammatory tissues with high sensitivity and resolution, 
utilizing a safe, non-invasive method that offers a novel 
perspective for RA detection.

Timely and effective treatment of diseases is cru-
cial for improving the prognosis of RA. Methotrexate 
(MTX) is currently one of the first-line treatment drugs 
for RA; however, its systemic side effects limit its long-
term use. Consequently, achieving targeted drug deliv-
ery and real-time monitoring of therapeutic effects has 
emerged as a significant research focus. Experiments 
have demonstrated that MTX can enhance the activity 
of Treg cells by increasing adenosine production, and a 
fluorescently labeled anti-CD39 ATP probe has been 
shown to predict the therapeutic effects of MTX [129]. 
The fluorescent probe Probe-2, developed by Feng et al., 
can rapidly respond to and monitor dynamic changes in 
HOCl in vivo and in vitro, providing a novel tool for early 
evaluation of MTX efficacy [130]. In addition to real-time 
monitoring of drug efficacy to mitigate adverse reactions, 
employing targeted drug delivery systems to specific cells 
or tissues has significantly reduced the toxicity of MTX. 
Single-walled carbon nanotubes (SWCNTs) synthe-
sized from high-pressure carbon monoxide (HiPco) and 
carboxyl-functionalized SWCNTs (carboxyl-SWCNTs) 
can function as effective drug carriers. SWCNTs loaded 
with siRNA/MTX selectively accumulate in arthritic 
joints and interact with monocytes and neutrophils in a 

dose-dependent manner, thereby reducing drug toxic-
ity, prolonging the drug’s half-life, diminishing immu-
nogenicity, and enhancing bioavailability [131]. By 
encapsulating MTX with indocyanine green (ICG) fluo-
rescent probes in iRGD peptide-modified echogenic 
liposomes (iELPs), efficient targeted accumulation can 
be achieved, enabling controlled release through near-
infrared fluorescence imaging and ultrasound triggering 
[132]. In addition to MTX, therapies targeting specific 
cytokines also exhibit therapeutic potential. The siRNA 
nanocomplex (poly-siRNA), composed of thiolated 
polyethylene glycol-chitosan (tGC) targeting TNF-α 
and labeled with the dye Flamma FPR-675, can accu-
mulate at the site of the joint. Treatment with psi-tGC-
NPs (100 nmol/L) resulted in a 78% inhibition of TNF-α 
expression, demonstrating efficacy comparable to that of 
MTX (Fig.  4e) [133]. The combination of IL-10 pDNA 
with the chemotherapy drug dexamethasone sodium 
phosphate (DSP), incorporated into human serum albu-
min (HSA), results in pDNA/DSP nanoparticles that 
target macrophages in synovial tissue [81]. This combina-
tion can be labeled with a red cell membrane fluorescent 
probe, showcasing advantages such as high drug loading 
capacity, real-time imaging, and no liver toxicity, thereby 
underscoring the application potential of fluorescent 
probes in the treatment of RA.

Systematic lupus erythematosus (SLE)
The formation of autoantibodies and immune complexes 
(ICs) plays a significant role in the pathogenesis of SLE 
[134]. ANA serve as key biomarkers for the diagnosis 
of SLE and are an essential component of its classifica-
tion criteria [135]. Immunofluorescence testing using 
human epithelial cell tumor (HEp-2) cells is considered 
the gold standard for ANA detection [136]. The Interna-
tional Consensus on ANA Patterns (ICAP) categorizes 
30 distinct HEp-2 indirect immunofluorescence assay 
(IFA) patterns into four major groups: negative, nuclear 
fluorescence patterns, cytoplasmic fluorescence patterns, 
and mitotic fluorescence patterns [137]. SLE is associ-
ated with patterns AC-1, AC-4, AC-5, AC-13, AC-19, 
AC-24, and AC-26, and the clinical relevance of these 
patterns has become a focus of research in recent years 
[138]. Studies have found a positive correlation between 
ANA levels in saliva and serum ANA titers, suggest-
ing the potential for a non-invasive alternative to blood 
tests [139]. This provides a new strategy for developing 
targeted fluorescent probes for autoantibodies. In addi-
tion to ANA, other fluorescence labeling techniques 
targeting autoantibodies are also extensively explored. 
Fluorescently labeled caspase-1 inhibitor probes can 
illuminate the relationship between autoantibodies and 
disease activity [140]. Other techniques, such as using 
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fluorescently labeled TaqMan probes, enhance the diag-
nostic performance of autoantibodies in identifying SLE 
[141]. By introducing fluorescently labeled cells into 
nanopores, B cells producing anti-SSA/Ro and anti-SSB/
La antibodies—and their secretion levels—can be simul-
taneously detected to assess disease activity [142]. The 
quantification of immune complex deposition in SLE 
mice using Alexa Fluor 594-conjugated IgG provides a 
basis for the diagnosis of SLE [143]. Additionally, using 
FITC staining for autoantibodies enables visualization 
of immune complex deposition in glomerular basement 
membranes, facilitating the diagnosis of lupus nephritis 
[144]. These fluorescent labeling methods provide a vital 
technical foundation for developing targeted fluorescent 
probes for ICs and point towards new directions for early 
diagnosis and disease monitoring in SLE.

LN represents a subtype of glomerulonephritis and 
significantly influences the morbidity and mortality 
rates associated with SLE [145]. Approximately 50% of 
patients with SLE are likely to develop LN, rendering it 
one of the most severe organ manifestations of the dis-
ease [146]. Early and accurate diagnosis of LN is thus 
crucial for enhancing the prognosis of SLE patients. 
Percutaneous kidney biopsy remains a commonly uti-
lized method in the assessment of renal diseases, pro-
viding precise diagnostic information. However, this 
procedure may lead to complications, such as bleeding 
[147], and has limitations in terms of treatment guid-
ance and prognosis prediction in patients with LN 
[148]. As a result, the development of non-invasive 
diagnostic fluorescent probes for LN presents con-
siderable clinical significance. Takuji et  al. designed 
an activatable fluorescent probe, gGlu-HMRG, which 
facilitates the clear identification of the renal cortex in 
kidney biopsy specimens by quantifying fluorescence 
intensity [149]. This demonstrates the potential applica-
tions of fluorescent probes in clinical nephrology. Fur-
thermore, Tang et  al. employed small molecule amino 
acids to create a lysosome-targeted two-photon fluores-
cent probe, Cys-j, which effectively visualizes cysteine 
levels in renal diseases [150]. This probe demonstrates 
adequate depth of penetration, making it a promising 
tool for the imaging diagnosis of kidney disorders. A 
characteristic feature of LN is the accumulation of pol-
yclonal immunoglobulin G (IgG) in various regions of 
the glomeruli. Edwin et al. observed IgG deposition in 
the glomerular mesangium, subendothelial, and subepi-
thelial regions using immunofluorescence probes [151]. 
Additionally, they measured the thickness of the kidney 
basement membrane, thereby facilitating rapid imag-
ing for detecting the ultrastructure of glomeruli. This 
enhances the classification of lesion stages and contrib-
utes to a deeper understanding of the mechanisms of 

renal tissue damage, as well as the early diagnosis of the 
disease.

Skin manifestations are often the initial indicators 
of SLE [152], including butterfly-shaped erythema on 
the cheeks [153] and scarring alopecia [154]. Cutane-
ous lupus erythematosus (CLE) is an autoimmune 
skin disease characterized by diverse clinical presenta-
tions, which may either reflect one of the many clinical 
manifestations of SLE or occur as an independent skin 
condition, exhibiting an incidence rate double that of 
SLE [155]. As the disease progresses, CLE may evolve 
into SLE, with the average duration from the diagno-
sis of skin disease to the development of systemic dis-
ease being approximately eight years [156]. Early and 
accurate identification of CLE is crucial for effective 
treatment and improved prognosis. The lupus band 
test (LBT) [157] performed on lesional skin can reveal 
the deposition of IgM, IgG, and C3 at the dermal–epi-
dermal junction [158], which aids in distinguishing 
between various CLE subtypes and is of significant 
importance for CLE diagnosis. Additionally, the LBT, in 
conjunction with monitoring anti-chromatin responses 
and complement levels, can predict the transition from 
CLE to SLE [159]. The use of ex  vivo confocal laser 
scanning microscopy facilitates simultaneous histo-
pathological and immunofluorescent examinations 
of CLE, significantly enhancing diagnostic efficiency 
[160]. Ultraviolet (UV) exposure serves as a critical 
trigger for CLE, leading to keratinocyte apoptosis and 
the activation of immune responses [161, 162]. Utiliz-
ing fluorophore derivatives to stain keratinocytes ena-
bles real-time monitoring of their dynamic changes and 
tracking of disease progression [163]. Katsuyama et al. 
developed a fluorescent probe, Fluo-4AM, for detecting 
intracellular calcium levels in keratinocytes to assess 
the impact of UV exposure on cellular function, thus 
providing new insights into the diagnosis of CLE [164]. 
While fluorescent probes can enhance detection sen-
sitivity, they may also influence keratinocyte functions 
and induce cytotoxicity [165]. Therefore, the develop-
ment of efficient and biocompatible fluorescent probes 
remains a significant challenge in the field of CLE 
diagnosis.

In the pathogenesis of SLE, the destruction of central 
and peripheral immune tolerance mechanisms leads to 
abnormal apoptosis of B cells, resulting in the produc-
tion of autoreactive B cells and pathological autoantibod-
ies that induce autoimmune responses [166]. Abnormal 
expression of the Fas/FasL signaling pathway may impede 
the apoptosis process [167], while a decreased clearance 
function of apoptotic cells further fosters the occur-
rence of autoimmune responses [168]. These mecha-
nisms indicate that the development of probes targeting 
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cell apoptosis provides novel approaches for the diagno-
sis and monitoring of SLE. MicroRNA-21 (miRNA-21) 
and caspase-3 are key signaling molecules within the 
apoptosis pathway. Fluorescent probes targeting apop-
tosis, such as dsDNA-AuNP-pep [169], allow for real-
time monitoring of this process in SLE. Other probes, 
like TBCI [170] and PPCN [171], can distinguish cellular 
states during apoptosis. Additionally, fluorescent probes 
targeting metal ions, such as Zn2⁺, including SPI [172] 
and DCSH [173], can visualize changes in ion concentra-
tions during apoptosis, providing significant non-inva-
sive examination tools for visualizing the progression of 
SLE. The application of these probes not only enhances 
the sensitivity of detecting apoptosis but also establishes 
a technical foundation for precise diagnosis and dynamic 
monitoring of SLE.

Other systemic autoimmune diseases
Sjogren’s syndrome (SS) is primarily characterized by the 
autoimmune destruction of salivary and lacrimal glands, 
resulting in dry mouth and dry eyes [174]. A polarity-
sensitive fluorescent probe, DIM, exhibits increased 
fluorescence intensity with heightened polarity, which 
can be employed to monitor changes in the polarity of 
the submandibular gland, aiding in the diagnosis of sali-
vary gland abnormalities [175]. The novel near-infrared 
organic fluorescent probe CyA-B2 facilitates highly effec-
tive in  vivo imaging of the vascular endothelial layer 
[176]. This probe integrates a three-dimensional vascu-
lar model with a Diversity-Oriented Fluorescent Library 
(DOFL) screening strategy, overcoming the limitations of 
conventional targeted probe development and offering a 
robust tool for the dynamic investigation of autoimmune 
vasculitis.

Organ‑specific autoimmune disease
Organ-specific autoimmune diseases constitute a cat-
egory of disorders characterized by the aberrant targeting 
of specific organs or tissues by the immune system, pri-
marily mediated by self-antibodies or T cells that cause 
localized damage. Common examples include multiple 
sclerosis, type 1 diabetes, inflammatory bowel disease, 
pemphigus, myasthenia gravis, autoimmune hepatitis, 
idiopathic pulmonary fibrosis, psoriasis, autoimmune 
myocarditis, Sjögren’s syndrome, and autoimmune thy-
roiditis. The etiology of these diseases is frequently 
unknown, presenting a subtle onset and a chronic course 
characterized by recurrent and persistent symptoms. 
Clinical manifestations predominantly involve functional 
impairments in the target organs, such as visual distur-
bances and motor ataxia in multiple sclerosis [177], the 
classic "three polys and one less" symptoms in type 1 
diabetes [178], erythematous plaques in psoriasis, and 

myasthenic crisis in myasthenia gravis. Diagnosis relies 
on specific antibody assays, imaging modalities, and his-
topathological examination; however, current methods 
possess substantial limitations, including fluctuating dis-
ease symptoms, elevated risks associated with invasive 
procedures, inadequate sensitivity of antibody tests, and 
disease heterogeneity, underscoring an urgent need to 
develop novel diagnostic strategies to improve diagnostic 
accuracy.

Multiple sclerosis (MS)
MS is a T cell-mediated autoimmune disease character-
ized by the immune system mistakenly attacking its own 
tissues, resulting in inflammation and demyelination 
[179]. A comprehensive understanding of T cell behavior 
and function in the central nervous system can enhance 
the diagnosis of the disease and inform the development 
of treatment strategies. By utilizing GFP-labeled myelin 
basic protein (MBP)-specific T cells, in  vivo imaging 
facilitates the monitoring of brain autoantigen-specific 
T cell behavior before the onset of disease symptoms, 
thereby allowing for the formulation of more targeted 
treatment plans [180]. Employing two-photon micros-
copy to observe GFP and TdTomato-labeled Treg cells in 
conjunction with Th17 cells enables a systematic compar-
ison of cell behavior and activation status, elucidating the 
cellular mechanisms by which T cells inhibit spinal cord 
neuroinflammation [181]. By visualizing the relationship 
between immune cell distribution and disease progres-
sion, this research contributes to the development of 
more precise therapeutic intervention strategies.

Oligodendrocytes are responsible for forming myelin 
around neuronal axons [182]. In MS, peripheral immune 
cells cross the blood–brain barrier and release various 
cytokines that attack oligodendrocytes, leading to their 
death and subsequent demyelination [183]. The utiliza-
tion of the chromis-1 probe to visualize changes in intra-
cellular Zn2⁺ levels in oligodendrocytes allows for the 
identification of their developmental stages, providing 
new insights for the diagnosis of MS [184]. Phospholipid 
fragments that accumulate in demyelinated areas must 
be cleared by microglia, making the study of microglial 
activity essential for monitoring the clinical progres-
sion of MS. By employing the fluorescent dye acridine 
orange, researchers can monitor the status and function 
of microglia, as real-time imaging of microglia phago-
cytosing cell debris during neurological demyelination 
offers deeper insights into the pathogenesis of MS and 
enables dynamic monitoring of the disease [185]. Kim 
et  al. developed a high-performance fluorescent probe, 
CDr20, which can visualize microglia both in  vivo and 
in vitro, serving as a potential imaging tool for identifying 
MS [186]. Boronic acid-based fluorophores can penetrate 
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the central nervous system and co-localize with micro-
glia, enabling the identification of active phagocytic cells 
in demyelinating regions and providing insights into the 
demyelination process, with potential applications for 
monitoring disease progression and diagnostic staging 
[187]. The targeted fluorescent probe Rhp-pip-C1 can be 
delivered across the blood–brain barrier via ultrasound 
and microbubbles, selectively accumulating in activated 
microglia, thereby facilitating the imaging of inflamma-
tory sites and supporting research on the inflammatory 
mechanisms associated with MS and the development 
of therapeutic drugs [188]. Furthermore, administer-
ing fluorescently labeled dendritic PAMAM dendrimers 
through the subarachnoid space allows for the localiza-
tion of activated microglia, enabling targeted delivery of 
therapeutic drugs for MS [189].

The primary feature of MS is the demyelination of 
neuronal axons [190]. Visualizing myelin fibers can sig-
nificantly facilitate the rapid diagnosis of the disease. 
The non-toxic dye FluoroMyelin™ Red selectively stains 
myelin, enabling real-time imaging of myelin without 
significant adverse effects on the myelin or axons [191]. 
Case Imaging Compounds (CIC) are targeted fluo-
rescent imaging agents that selectively bind to myelin 
lipids, accurately reflecting differences in the content of 
healthy and pathological myelin, which can be utilized 
for assessing MS [192]. The near-infrared aggregation-
induced emission fluorescent probe PM-ML provides 
high penetration depth, allowing for three-dimensional 
visualization of myelin [193]. The FA-CND, made from 
carbon nanodots, can display the spatial distribution 
of myelin images from multiple directions, dynami-
cally monitoring the process of neuronal demyelination 
[194]. The probe 1-MeNHNR is capable of crossing the 
blood–brain barrier and can specifically bind to myelin 
fibers, aiding in the diagnosis and efficacy evaluation of 
MS [195]. Another fluorescent probe, Cy5-MBP81-99-
QXL680, can distinguish newly occurring lesions from 
long-term active lesions through targeted recognition 
of myelin basic protein, thereby supporting disease clas-
sification [196]. The DBT-NIRF probe serves as a cost-
effective imaging tool for myelin lipids, with fluorescent 
intensity quantifying levels of demyelination and myelin 
regeneration, complementing existing imaging methods 
[197]. Furthermore, the use of the fluorescent neuronal 
tracer Dil allows for tracking of the corticospinal tract to 
monitor axon damage, providing a quantitative method 
for assessing MS progression and evaluating treatment 
efficacy [198]. Table 3 summarizes the fluorescent probes 
utilized for myelin imaging.

Damage to neuronal axons in MS is driven by inflam-
mation, and monitoring inflammatory activity in MS is 
crucial for diagnosis and treatment. Using the 5-HT1A 

ligand UCM-2550, Gloria and colleagues developed a flu-
orescent probe capable of detecting the specific expres-
sion of the 5-HT1A receptor in CD4⁺ T cells [199]. This 
probe dynamically displays pro-inflammatory or anti-
inflammatory responses induced by the pathological 
environment or drug treatment, serving as a key indicator 
for assessing the severity of MS. Additionally, oxidative 
stress levels are closely related to the severity of neuroin-
flammation. The far-red fluorescent probe DCI-H rapidly 
responds with fluorescence changes, allowing for real-
time monitoring of hypochlorous acid (HOCl) activity 
in vivo and in vitro with high sensitivity and selectivity, 
showcasing its potential value in diagnosing neuroin-
flammation [200]. Currently, INF-β is one of the first-line 
treatments for MS. The use of fluorescent probe-labeled 
nanoparticles carrying INF-β (INF-β-NPs) enables the 
delivery of INF-β to the central nervous system via intra-
nasal administration, significantly reducing drug dosage 
requirements and providing an effective, non-invasive, 
and cost-efficient treatment option for MS [201]. Fur-
thermore, elevated levels of peptidylarginine deiminase 
(PAD) 2 lead to the citrullination of MBP, which repre-
sents a significant mechanism in the pathogenesis of MS 
[202]. The probe 4MeBz-FluME effectively monitors the 
activity of PAD isoforms, providing a reliable method for 
high-throughput screening of PAD inhibitors and facili-
tating the development of new drugs targeting this path-
ological pathway [203].

Type 1 diabetes (T1D)
The onset of T1D is primarily attributed to the infiltra-
tion of CD4⁺ and CD8⁺ T cells into the pancreatic islets, 
leading to the destruction of islet β-cells and insufficient 
insulin secretion [204, 205]. Consequently, the autoim-
mune responses occurring within the β-cells provide 
new avenues for the diagnosis and monitoring of T1D. 
Research indicates that employing the improved fluores-
cent dye 5,6-carboxyfluorescein diacetate can assess T 
cell proliferation, enabling the determination of disease 
heterogeneity and tracking disease progression. Imaging 
and accurately measuring the quality of islet β-cells are 
pivotal for monitoring T1D progression and develop-
ing personalized treatment plans [206]. Bertrand et  al. 
designed a small molecule fluorescent probe targeting 
free fatty acid receptor 1 (FFAR1/GPR40) that can spe-
cifically image β-cells and stimulate the FFAR1 receptor 
to promote insulin secretion, offering the potential for 
accurately assessing the quantity and viability of resid-
ual β-cells in patients’ pancreases [207]. The fluorescent 
probe E4 × 12-VT750 can rapidly bind to β-cells, facili-
tating in vivo imaging and precise measurement of β-cell 
viability, thereby serving as a crucial tool for monitoring 
diabetes progression [208]. Additionally, the fluorescent 
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dyes NG-DCF/PI [209] and the ligand 12 [210] are novel 
Zn2⁺-specific fluorescent dyes capable of locating pan-
creatic β-cells for continuous fluorescent bioimaging, 
allowing for the dynamic assessment of β-cell function. 
The activation of the pro-inflammatory NF-κB signaling 
pathway in pancreatic tissue is a significant factor con-
tributing to β-cell destruction. Measuring the fluores-
cence intensity of the NIR-ODND probe can visualize 
NF-κB levels in pancreatic tissue and cells, which is criti-
cal for early disease assessment and enables the detection 
of changes in pro-inflammatory signals prior to disease 
onset, facilitating early intervention [211].

Advancements in technology have led to the emergence 
of smartphone-based microfluidic fluorescence imag-
ing systems, providing novel tools for the physiological 
research of pancreatic islets [212]. This system enables 
real-time analysis of β-cell metabolic activity and ionic 
signaling through high-resolution dynamic imaging, 
offering a convenient solution for monitoring islet func-
tion. Significant progress has been made in the develop-
ment of fluorescent probes for monitoring T1D, which 
offer advantages such as ease of synthesis, low cost, and 
specific labeling, thereby facilitating their application in 
clinical diagnosis. The decline in pancreatic β-cell qual-
ity accompanies the progression of T1D; therefore, the 
development of related fluorescent probes further pro-
motes the advancement of personalized medicine.

Inflammatory bowel disease (IBD)
Monitoring biomarkers serves as an important supple-
mentary method for assessing disease activity in IBD. 
After intravenous injection of the fluorescent probe 
Cy-DM, the probe is taken up by inflammatory cells in 
the intestine, visualizing endogenous HClO and provid-
ing a means for early diagnosis of IBD [213]. The fluores-
cent probe LS-NO can sensitively monitor levels of NO 
in the intestine and shows promise as a diagnostic rea-
gent for real-time monitoring of IBD [214]. The fluores-
cent probe BPan-CL, prepared using a dual-lock strategy, 
circumvents the issue of false positives by co-activating 
multiple biomarkers, enabling it to differentiate between 
various states of disease activity in IBD after injection 
[215].

The core issue in IBD is primarily the disruption of 
intestinal barrier function. Utilizing fluorescent probes 
for in vivo imaging of inflammatory regions in the intes-
tine provides new insights into the diagnosis and locali-
zation of inflammatory lesions. Xu et  al. developed the 
PTZB-FR probe, which enables in vivo imaging through 
oral administration and assesses intestinal barrier func-
tion, making it applicable for research, diagnosis, and 
treatment monitoring of IBD [216]. The near-infrared 
fluorescent probe WS-1-NO2 has been successfully used 
for in  vivo imaging, facilitating differentiation between 
ulcerative colitis and healthy colon tissue, thereby serv-
ing as an early diagnostic tool for IBD in clinical practice 

Table 3  Fluorescent probes for neuromyelin imaging

Fluorescent probe Excitation 
wavelength 
(λex/nm)

Emission 
wavelength 
(λem/nm)

Feature Application References

FluoroMyelinTMRed 490 655 Large Stokes shift, good photosta-
bility, and non-toxic

Selectively stains myelin and ena-
bles real-time imaging of myelin

[191]

CIC 448–467 466–517 The preparation process is sim-
ple and sensitive to differences 
in the levels of healthy and patho-
logical myelin

Targeted binding to myelin lipids 
can be used to assess the disease 
course of MS and develop treat-
ment strategies

[192]

FA CND 355 446 Low cost, photobleaching resist-
ance, high spatial resolution, 
and good biocompatibility

Visualization of the three-dimen-
sional distribution of myelin lipids

[194]

PM-ML 495 708 High contrast, good photostability, 
and greater penetration depth

High-resolution 3D imaging 
for the visualization of myelin

[193]

1-MeNHNR 667 691 High specificity and high affinity Can be used to diagnose MS 
and assess treatment efficacy

[195]

Cy5-mbp81-99-QXL680 643 663 The synthesis process is simple, 
with high sensitivity and high 
specificity

Can be used for early diagnosis 
of MS and to predict disease 
progression

[196]

DBT-NIRF 782 797 High specificity and high sensitivity Monitoring the demyelination 
process and the level of myelin 
regeneration

[197]

Dil – – High fluorescence intensity, pho-
tobleaching resistance, and non-
cytotoxicity

Monitoring axonal injury 
and assessing the efficacy of MS 
treatment regimens

[198]
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[217]. The Cy-Azo probe exhibits high sensitivity and 
specificity, allowing precise targeting of inflammatory 
sites, which is significant for the diagnosis and treat-
ment of IBD [218]. DCM-KPV is a fluorescent probe 
that targets oligopeptide transporters, enabling real-time 
tracking and visualization of inflammatory cells while 
non-invasively observing inflammatory responses in the 
colonic mucosa, thus assisting in the differentiation of 
acute and chronic IBD [219]. Coupling the Pyr1 fragment 
to infliximab forms a probe with high affinity for TNF-
α, which can be utilized for monitoring treatment and 
evaluating therapeutic efficacy [220]. After intravenous 
injection of BPN-BBTD nanoparticles, the probe specifi-
cally localizes to inflammatory sites, and the fluorescence 
intensity in the affected colon reflects the severity of IBD 
and the response to therapeutic interventions, providing 
a powerful tool for developing new treatment strategies 
[221].

Pemphigus
Pemphigus encompasses a group of rare acantholytic 
mucocutaneous autoimmune skin diseases, including 
various subtypes such as pemphigus vulgaris, pemphi-
gus foliaceus, and IgA pemphigus [222]. These conditions 
are mediated by autoantibodies that target desmoglein 
(Dsg) 1 and Dsg3, disrupting their adhesive function in 
keratinocytes, which leads to acantholysis and the forma-
tion of subepithelial blisters [223]. The significant differ-
ences in prognosis and treatment between pemphigus 
and other pemphigoid diseases underscore the critical 
importance of accurate diagnosis. Utilizing FITC staining 
of immunoglobulins and C3 can reveal intercellular dep-
osition of IgG and IgA, thus assisting in the diagnosis and 
classification of pemphigus [224, 225]. Even in cases of 
partial epidermal loss, the honeycomb-like fluorescence 
of skin appendages such as sweat glands, sweat ducts, 
and hair follicles can contribute to an accurate diagnosis. 
Currently, a multiplex immunofluorescence technique 
known as BioCHIP has been validated for diagnosing and 
screening various disease subtypes, thereby providing a 
simpler and more efficient diagnostic method for pem-
phigus [226]. With advances in technology, additional 
fluorescent probe methods are anticipated to play signifi-
cant roles in the research of pemphigus and other auto-
immune skin diseases.

Autoimmune hepatitis (AIH)
The dual-modal probe hCy-Tf-CA can visualize intracel-
lular oxidative stress, accurately detecting cellular oxida-
tive damage; it exhibits excellent photostability and has 
potential for dynamic monitoring, making it an effective 
tool for the early diagnosis of AIH [227]. The Q-SNAP 
nanoprobe allows for deep tissue imaging, enabling 

differentiation between autoimmune hepatitis and 
healthy liver tissue as early as four hours post-injection, 
thus facilitating real-time in situ monitoring of the T cell-
mediated processes in AIH and assessing the efficacy of 
prophylactic immunosuppressive treatment [228]. Addi-
tionally, the bimodal fluorescent probe ETYZE-GGT 
shows dose-dependent fluorescence signal changes when 
detecting pathological states of liver tissue, providing 
corresponding quantitative analysis results and indicat-
ing its potential as an early diagnostic tool for AIH [229].

Idiopathic pulmonary fibrosis (IPF)
Fluorescent probes not only serve as essential research 
tools for elucidating the pathogenesis of IPF but also 
present a promising approach for aiding in the clinical 
diagnosis of the disease. Immune-mediated damage to 
alveolar epithelial cells constitutes a critical step in the 
progression of IPF; thus, the detection of circulating anti-
bodies targeting these cells may facilitate early diagnosis. 
Imaging with fluorescently labeled anti-IgG antibodies 
reveals a linear deposition of IgG along the alveolar epi-
thelial cells of lung tissue in IPF patients [230], providing 
a detailed representation of the severity of alveolar epi-
thelial cell dysfunction and contributing to the early con-
firmation of the disease.

The progression of IPF is closely associated with ele-
vated levels of oxidative stress, where excessive stimula-
tion by reactive oxygen species promotes the apoptosis 
of alveolar epithelial cells, leading to the activation of 
fibroblasts and the deposition of extracellular matrix 
(ECM), ultimately resulting in persistent inflammation 
and fibrosis. Consequently, oxidative stress has garnered 
significant attention as a novel strategy for the specific 
diagnosis of IPF. The fluorescent probe Cy-GGT can 
effectively demonstrate changes in oxidative stress during 
the lung fibrosis process, displaying remarkable potential 
for real-time monitoring and serving as an effective tool 
for detecting the progression of pulmonary fibrosis [231]. 
Additionally, the probe DCM-NO can respond to in vivo 
NO levels in IPF patients at a low detection limit and 
reacts within 60 s, allowing for the rapid visualization of 
fluctuations in NO levels [232]. This capability renders it 
a valuable tool for real-time monitoring of lung fibrosis 
damage. The two-photon imaging probe FS-MnCl pen-
etrates deeper into tissues, yielding improved imaging 
results and enhancing the capacity to assess the extent of 
lung fibrosis damage, potentially playing a significant role 
in the early detection and later treatment of IPF [233]. 
Another two-photon probe, rTPONOO-1, can visualize 
the transition of lung tissue from healthy to inflamed and 
fibrotic states via ONOO-, thereby predicting the early 
progression of IPF [234].
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In the monitoring of treatment for IPF, fluorescent 
probes play a crucial role. The mitochondria-targeted 
near-infrared responsive emitting probe NIR-PTZ-HClO 
rapidly responds within 2  s to monitor fluctuations of 
HClO during nintedanib treatment, providing real-time 
evaluation of the drug’s therapeutic effects [235]. The 
fluorescent probe Bcy-HS, designed and synthesized by 
Hou et al., not only monitors changes in sulfur elements 
in IPF in real time but also alleviates oxidative damage 
to alveolar epithelial cells and inhibits the activation of 
fibroblasts [236]. Its therapeutic effect on lung fibrosis is 
significantly enhanced when used in combination with 
pirfenidone. The fluorescence signal of the probe Cy-
GST increases with the severity of lung fibrosis, and the 
combined administration of the glutathione S-transferase 
(GST) inhibitor TLK117 alongside pirfenidone yields 
better therapeutic outcomes than either treatment alone, 
indicating that the probe Cy-GST has potential for the 
diagnosis and treatment of IPF [237]. Wei et  al. devel-
oped the fluorescent probe Cy-HDAC, which targets his-
tone deacetylase (HDAC) and can reflect the severity of 
lung fibrosis by monitoring fluctuations in HDAC levels 
in IPF [238]. The efficacy of HDAC inhibitors combined 
with pirfenidone for treating IPF is superior to that of 
using either treatment alone, offering a novel auxiliary 
diagnostic tool and treatment approach for IPF.

Psoriasis
Abnormal activation of T cells is considered a key fac-
tor in the pathogenesis of psoriasis. Schwenck et al. uti-
lized substrate-like protease-activating probes, known as 
ProSense, to achieve non-invasive in vivo imaging, facili-
tating the assessment of T cell activation during delayed-
type hypersensitivity and the expression levels of tissue 
cathepsin B [239]. This strategy not only aids in under-
standing the mechanisms underlying delayed-type hyper-
sensitivity reactions in the skin but also provides new 
insights for the early diagnosis and treatment of psoriasis. 
By using PE and BV421 staining to label HLA-C*06:02 
tetramers containing self-peptides, researchers can 
directly identify CD8 + T cells in patients, revealing the 
potential role of cross-reactive T cells between environ-
mental antigens and self-peptides in psoriasis [240]. This 
method can be used to evaluate the impact of different 
environmental antigens on the risk of developing psori-
asis, thereby contributing to the formation of personal-
ized multimodal management plans for psoriasis patients 
through dietary adjustments and lifestyle improvements.

ROS play a significant role in the pathogenesis of pso-
riasis by promoting the release of inflammatory factors, 
which, in turn, stimulate the proliferation of keratino-
cytes. Therefore, fluorescent probes that target ROS 
are advantageous for the early diagnosis and treatment 

monitoring of psoriasis. The specific fluorescent probes 
G1 and G2 undergo highly selective reactions with HOCl, 
enabling the in  situ identification and imaging of HOCl 
and providing a novel method for diagnosing psoria-
sis [241]. Based on the finding that the concentration of 
HOCl in the skin is positively correlated with the degree 
of inflammation in psoriasis, Zhao et  al. designed the 
lipid droplet imaging probe CN2-CF3-5, which has been 
successfully employed to track endogenous HOCl in pso-
riasis cells and skin [242]. This probe can simultaneously 
visualize lipid droplets while monitoring HOCl in real 
time, offering an innovative and promising imaging tool 
for the diagnosis of psoriasis.

In psoriasis treatment research, the application of 
nanotechnology has paved the way for the development 
of novel therapeutic strategies. Lin et al. Designed PLGA 
nanoparticles that enhance targeting capabilities toward 
skin dendritic cells by controlling particle size, while also 
reducing systemic side effects [243]. These nanoparticles 
can be utilized not only for the treatment of psoriasis but 
can also be expanded for other immune-related skin dis-
eases, offering new insights for customizing personalized 
nanoparticle treatment plans.

Myasthenia gravis (MG)
The concentration of anti-muscle-specific kinase 
(MuSK)-specific IgG4 is significantly correlated with the 
severity of MG. Han et  al. developed a method based 
on a MuSK antibody cell-based assay (CBA) utiliz-
ing fluorescent dye-labeled specific antibodies, allow-
ing for the determination of anti-MuSK-specific IgG4 
antibody concentrations through the intensity of fluo-
rescent signals, which reflect the severity of the disease 
[244]. This method features a low detection limit and 
high sensitivity, enabling early detection of MG. For 
patients who are negative for anti-acetylcholine recep-
tor (AchR) antibodies and MuSK antibodies, Pevzner 
et  al. found that antibodies against low-density lipo-
protein receptor-related protein 4 (LRP4) can serve as 
an important biomarker for MG [245]. By employing 
an enhanced green fluorescent protein (EGFP)-labeled 
detection method, anti-LRP4 autoantibodies can be effi-
ciently and clearly detected, providing a new diagnostic 
pathway for patients for whom traditional methods fail to 
yield a definitive diagnosis. This finding has opened new 
avenues for the early diagnosis of MG. Recently, Álvarez-
Velasco et al. established a connection between reduced 
Treg cells expression and the prevalence of MG through 
dual immunofluorescence staining (CD4-FOXP3), sug-
gesting that functional deficits in Treg cells may play a 
significant role in the pathogenesis of MG [246]. This dis-
covery aids in the deeper understanding of the immuno-
logical basis of MG and offers new perspectives for the 
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early detection, diagnosis, and treatment of the disease. 
In summary, fluorescent probes have played a crucial role 
in the diagnosis of MG, particularly in detecting relevant 
autoantibodies, thereby enhancing the sensitivity and 
specificity of MG diagnostics.

Autoimmune myocarditis
Research conducted by Martinez et al. demonstrated that 
the fluorescently labeled targeting peptide MyH-PhD-05 
can co-localize with CD4 + T cells and monocytes, ena-
bling the early identification of severe myocarditis even 
in the absence of changes in cardiac function, thus pro-
viding a novel approach for early diagnosis [247]. In 
another study, a nanoprobe that assesses granzyme B 
activity can localize with CD8 + T cells, facilitating visu-
alization of myocardium-related autoimmune responses 
induced by myosin and evaluating the efficacy of dexa-
methasone treatment for myocarditis, thereby promoting 
the development of non-invasive imaging technologies 
for autoimmune myocarditis [248]. Sun et al. constructed 
a high-performance near-infrared emitting nano-
fluorescent probe, TNP, which specifically targets 
CXCL9 + macrophages, aiding in the early diagnosis of 
acute myocarditis [249]. By monitoring changes in NIR-II 
fluorescence intensity at the lesion site, researchers can 
accurately assess the pathological progression of the dis-
ease and simultaneously evaluate the therapeutic effects 
of drugs on myocarditis, providing a powerful tool for 
screening anti-myocarditis drugs. The dye-doped poly-
mer probe SDPP, constructed using fluorescent dyes as a 
scaffold, can accurately image •OH radicals in vivo, eval-
uate the severity of myocardial inflammation, and signifi-
cantly reduce the incidence of false-positive signals, thus 
providing a new direction for the diagnosis of autoim-
mune myocarditis [250].

With an enhanced understanding of disease pathogen-
esis, various nanodrug delivery systems are increasingly 
being utilized in the study of autoimmune myocarditis. 
Keiji Okuda et  al. developed PEG-modified liposomes 
capable of encapsulating the immunosuppressant FK506 
[251]. Following intravenous administration, fluores-
cence nanoprobes loaded with FK506 can reach the 
affected myocardial sites on the same day as administra-
tion, significantly inhibiting the expression of cytokines 
such as IFN-γ, TNF-α, IL-17, and IL-1β. The results in 
a reduction of myocardial inflammatory responses and 
fibrosis area, markedly improving cardiac dysfunction by 
day seven post-administration. This finding demonstrates 
the broad potential of this treatment approach for acute 
autoimmune myocarditis. Xiong et al. developed a novel 
fluorescence probe that employs T lymphocyte-mac-
rophage hybrid membranes to coat zeolitic imidazolate 
framework-8 (ZIF-8) nanoparticles loaded with targeted 

small interfering RNA against interferon regulatory fac-
tor 1 (siIRF1) (siIRF1@ZIF@HM NPs) [252]. This probe 
utilizes the selective uptake of pro-inflammatory mac-
rophages (M1 macrophages) to specifically target these 
cells, achieving high targeting accuracy, effectively silenc-
ing IRF1, and inhibiting IFN-γ-mediated macrophage 
pyroptosis. As a result, it significantly relieves myocar-
dial inflammation and curtails disease progression. This 
strategy not only has significant clinical application value 
but also offers a novel targeted therapeutic approach for 
autoimmune myocarditis.

Other organ‑specific autoimmune diseases
In addition to the aforementioned diseases, the applica-
tion of fluorescent probes in other organ-specific auto-
immune disorders has also advanced significantly. The 
probe Ox-PGP1 can accurately differentiate between 
normal, inflammatory, and cancerous thyroid cells, dem-
onstrating the potential for rapid and sensitive distinction 
between autoimmune thyroiditis and undifferentiated 
thyroid cancer, thereby facilitating early intervention in 
thyroid illnesses [253]. Dong and colleagues devised a flu-
orescent protein-conjugated probe, PM Q-probe, which 
selectively binds to anti-thyroid IgG and detects T4 con-
centration in serum, offering a tool for early detection 
and diagnosis of Graves’ disease and thereby enhancing 
the diagnosis and treatment for patients afflicted with 
this condition [254].

The application of fluorescent probes in autoimmune 
diseases primarily involves real-time monitoring of 
abnormal immune response processes, which is essential 
for the early diagnosis of these conditions and facilitates 
timely intervention. These probes can visualize the acti-
vation status of immune cells, providing a foundation for 
adjusting immunotherapy regimens and enhancing treat-
ment efficacy. Furthermore, fluorescent probes enable 
precise imaging of target tissues and organs, mitigating 
the risks associated with traditional invasive procedures, 
reducing the likelihood of misdiagnosis and missed diag-
noses, and making image interpretation more objective 
and reliable. In summary, fluorescent probes play a cru-
cial role in the diagnosis, differential diagnosis, and treat-
ment monitoring of autoimmune diseases, particularly 
demonstrating significant potential for non-invasive real-
time visualization.

The scope of this review goes beyond traditional appli-
cations of fluorescent probes, incorporating cutting-edge 
research in biomarker detection, dynamic monitoring 
of immune cell functions, and evaluating the efficacy of 
drug treatments. While previous reviews have focused 
on specific applications or limited subsets of autoim-
mune diseases, our work provides a more comprehen-
sive perspective, covering a broad range of autoimmune 
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conditions and their unique challenges. By systematically 
summarizing the latest advancements in the field, this 
review highlights the growing potential of fluorescent 
probes as versatile and powerful tools for both diagnos-
tics and therapeutic interventions. To differentiate this 
work from earlier reviews, we introduce a novel com-
parative framework (Table  4) for classifying fluorescent 
probes based on their clinical applications. Specifically, 
we categorize probes into four main types: diagnos-
tic probes, theranostic probes, multimodal probes and 
prognostic probes. This classification not only offers a 
clearer understanding of the probes’ applications in the 
clinical setting but also enables a more nuanced explora-
tion of their respective advantages and limitations. This 
table serves as an invaluable resource for clinicians and 
researchers alike, enabling them to select the most appro-
priate probes for specific diagnostic and therapeutic 
needs in autoimmune diseases.

Technical challenges
Biocompatibility and toxicity issues
The design of fluorescent probes must prioritize safety, 
particularly given their potential applications in biomedi-
cine. A prevalent concern is the toxicity associated with 
these probes, especially those represented by quantum 
dots, which can induce harmful reactions such as oxi-
dative stress, alterations in gene expression, autophagy, 
apoptosis, and the release of metal ions [257]. These 
factors significantly impede the use of probes in clini-
cal diagnosis and treatment. Consequently, reducing the 
cytotoxicity of probes and enhancing their biocompat-
ibility are critical advancements necessary to promote 
their clinical application.

Fluid dynamics, particle surface charge, core com-
position, and surface coatings are four common factors 
influencing the toxicity of fluorescent probes [258]. At 
equivalent concentrations, smaller-sized fluorescent 
probes can penetrate the nucleus and cause DNA dam-
age, leading to apoptosis [259]. In contrast, spherical 
probes diffuse more rapidly than rod-shaped probes, 
exhibiting stronger toxicity. Therefore, under identical 
functional conditions, optimizing the size and shape of 
probes to facilitate their entry and exit from cells within 
the constraints of natural pore size structures can signifi-
cantly reduce their cytotoxicity [260, 261]. Coating probe 
surfaces with protective layers, such as Si polymer bilayer 
encapsulation [262] or GSH-Ag₂S conjugated quantum 
dots [263], offers robust protection against degradation 
while enhancing both the biocompatibility and opti-
cal performance of the probes. Additionally, modifying 
probes with ionic liquids can improve the biocompat-
ibility of carbon quantum dot probes and induce vary-
ing fluorescence emission characteristics [264]. In recent 

years, probes synthesized without heavy metals (e.g., Fe 
[265], carbon [266], or Mn/ZnS [267]) have gained atten-
tion due to their low cost, minimized toxicity, and ease of 
use, significantly advancing probe applications. However, 
probe distribution at the same dosage varies among dif-
ferent cell lines due to differences in cell viability. Con-
sequently, there remains a need for a comprehensive 
standardized guideline to assess probe toxicity, allowing 
for accurate evaluation of their toxicity and facilitating 
the selection of suitable probes for clinical applications.

Recent advancements in toxicology have led to sig-
nificant progress in reducing the toxicity of fluorescent 
probes and enhancing their biocompatibility. Neverthe-
less, research into the potential toxicity mechanisms of 
nanoprobes, particularly quantum dots, remains in its 
early stages. The metabolic and excretion pathways of 
these probes in  vivo are still not fully understood, and 
most quantum dots are composed of non-degradable 
materials, such as heavy metals, which raises concerns 
regarding their biocompatibility and chronic toxicity. 
While modifications in variables such as fluid dynam-
ics and the physicochemical properties of the probes 
can help mitigate their biological toxicity, the assess-
ment of their biosafety must also account for various 
factors influencing the organism, underscoring the need 
for more systematic toxicological analyses. This entails 
extensive studies and a standardized protocol for evalu-
ating the cytotoxicity and biocompatibility of probe 
materials, which will facilitate comparisons across differ-
ent laboratories. Furthermore, translating the effects of 
probe toxicity from animal models to human applications 
necessitates further breakthroughs in future research.

Insufficient sensitivity and specificity
Prolonged excitation-emission cycles of fluorescent 
groups can result in permanent chemical damage due to 
oxidative free radicals, leading to gradual decay or com-
plete disappearance of the fluorescence signal [268]. The 
phenomenon of photobleaching in fluorescent probes 
poses a significant challenge in the development of fluo-
rescence imaging techniques, adversely affecting imag-
ing quality and constraining the feasibility of long-term 
dynamic observations, thereby significantly limiting 
their widespread application. Researchers have currently 
gained a deeper understanding of the photobleaching 
mechanism at the molecular level, which has spurred the 
development of various innovative solutions. Inducing 
structural changes in fluorescent proteins is an effective 
strategy to enhance the photostability of these probes, 
as it mitigates photobleaching damage without requir-
ing dynamic adjustments to light intensity or sampling 
time [269]. However, this method may lead to reduced 
quantum yield. Simultaneous Photo-Activated Imaging 
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(SPI) fluorescent groups facilitate photactivation and 
excitation with a single light source, thereby eliminating 
the need for repeated switching between excitation and 
emission light, which addresses the problem of signal 
depletion during prolonged imaging [270]. A competitive 
relationship exists between FRET and photobleaching 
kinetics; incorporating small molecules that act as FRET 
receptors into probes can suppress rapid photobleach-
ing, though this approach may reduce imaging brightness 
[271]. While photobleaching is a common characteristic 
of probes, it has evolved from a mere technical obstacle 
into an important research tool. Probes designed using 
photobleaching can also serve as valuable detection tools, 
offering more robust observation methods for biomedi-
cal imaging research [272].

In the practical application of fluorescent probes, back-
ground fluorescence represents a significant concern. 
High background signals not only diminish detection 
sensitivity but may also result in false-positive results 
[273]. Non-specific binding of fluorescent probes to sub-
strates can lead to considerably elevated background sig-
nals, thus constituting a key challenge in enhancing the 
selectivity of these probes. Hydrophobicity is a primary 
determinant of the binding affinity between fluorescent 
dyes and substrates, and the main focus in probe design 
is to select hydrophilic dyes with favorable photophysi-
cal properties [274]. Encapsulating quantum dots probes 
with bovine serum albumin (BSA) can increase the water 
solubility of quantum dots, effectively reducing non-
specific cellular binding [275]. Furthermore, introducing 
neutral auxiliary groups to control the hydrophilicity of 
the probes can decrease their non-specific accumulation 
on hydrophobic cellular components [276]. However, 
these methods may suffer from challenges such as leak-
age and operational complexity. Novel protein cavity-
encapsulated fluorescent probes can effectively address 
these issues by encapsulating the probes within protein 
cavities and utilizing SNAP-tag as a protein barrier to 
block non-specific interactions [277, 278]. Additionally, 
single-target fluorescent probes, which rely solely on 
a single biomarker, often face specificity issues. Equip-
ping a single probe with two recognition sites allows it to 
detect two specific biomarkers or microenvironmental 
conditions simultaneously, thereby reducing non-spe-
cific activation of a single probe and improving diagnos-
tic accuracy [279]. Moreover, the mechanism of twisted 
intramolecular charge transfer (TICT) can enhance 
probe specificity [280]; when the probe undergoes con-
formational twisting and enters the TICT state, the 
emitted light is significantly weakened or may not emit 
at all. Designing TICT-emitting fluorescent probes with 
protein ligands that emit fluorescence exclusively upon 

binding to the target can substantially enhance labeling 
selectivity [281].

Tu et  al. introduced steric hindrance and competitive 
binding designs in fluorescent probes to suppress back-
ground signals, successfully enhancing sensitivity and 
minimizing interference from elevated background noise 
during detection [282]. By incorporating fluorescence 
quenching groups into the probe design, they further 
inhibited the fluorescence of the fluorophore [283]. The 
synergistic effect of multiple quenching groups allowed 
for the complete elimination of background signals, 
resulting in a zero-background signal CuFS fluorescent 
probe. This strategy facilitates the clear identification 
of subtle fluorescence changes; however, the prepara-
tion process is relatively complex, necessitating further 
research to evaluate its applicability to other probe types. 
Recently, Mela et al. improved the signal-to-noise ratio of 
fluorescent imaging by more than twofold using a dense 
light flow point tracking mechanism, pulsed fluores-
cence excitation, and interleaved collection techniques 
[284]. Nevertheless, this method relies on high-quality 
equipment and requires minimizing signal delays or 
desynchronization, which presents challenges for prac-
tical implementation. Consequently, designing a simple 
and efficient fluorescent probe structure that effectively 
reduces background signals remains a critical issue that 
warrants further investigation.

Barriers to clinical translation
Translating developed fluorescent probes from preclini-
cal stages to clinical applications is a vital step in their 
implementation, yet it faces challenges such as funding, 
mass production, and regulatory approvals. The high 
demands for costly synthesis equipment and associated 
expenses significantly restrict the large-scale produc-
tion and application of fluorescent probes, making the 
exploration of simple and low-cost synthesis processes 
an essential task in their development. Natural diatoms 
yield over 10 million tons annually, providing a continu-
ous supply of affordable raw materials for producing 
high-quality SiNP probes [285]. Wang et  al. identified a 
novel fluorescent dye that can be produced at low cost 
and scaled up through a user-friendly and environmen-
tally sustainable reaction pathway, presenting significant 
potential for the clinical application of fluorescent probes 
[286]. Yan et  al. introduced an effective method for the 
large-scale preparation of probes by integrating hydro-
thermal treatment, sintering, and ultrasonic processing 
[287]. Wang et  al. demonstrated that high-quality fluo-
rescent probes can be produced in large quantities using 
a molecular fusion approach [288]. Mass production of 
fluorescent probes often entails multiple steps and tech-
nologies; effectively addressing these challenges could 
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greatly enhance the clinical utility of the probes. Cur-
rently, most fluorescent probes remain in the preclinical 
research phase; only after thorough verification through 
preclinical studies can human clinical trials commence. 
Aseptic Bevacizumab-800CW is the first NIR fluorescent 
molecular imaging agent approved for use in humans 
[289], and it is anticipated that more fluorescent probes 
will achieve clinical application in the future.

The quantum dot market, valued at $4 billion in 2021, 
is expected to reach $8.6 billion by 2026 [290]. This 
growth suggests significant potential for the clinical 
application of fluorescent probes; however, their clini-
cal translation is fraught with challenges. First, an ideal 
fluorescent probe must exhibit biocompatibility and sta-
ble metabolism; nonetheless, many existing probes face 
issues related to long-term retention, which may result 
in chronic toxicity. Second, a critical challenge for future 
research involves the development of green, environ-
mentally friendly synthesis methods for probes. These 
methods aim to minimize complexity, variability, and 

production costs in fluorescent probe development. As 
products that integrate diagnosis and therapy, fluorescent 
probes must adhere to dual regulations governing phar-
maceuticals and medical devices to guarantee patient 
safety and promote the sustainable advancement of the 
fluorescent probe industry. For instance, compliance 
with the In Vitro Diagnostic Medical Devices Regulation 
(IVDR) is necessary to achieve regulatory approval and 
complete clinical trials prior to market entry [291].

Future perspectives
Integration and innovation of cutting‑edge technologies
AD characterized by its intricate pathogenesis and 
dynamic progression, necessitates non-invasive in  vivo 
monitoring tools that possess high sensitivity and spati-
otemporal resolution. The Abbé diffraction limit imposes 
significant constraints on the resolution of conventional 
optical microscopes [292]. To overcome this limitation, 
researchers have developed super-resolution micros-
copy techniques (Fig. 5a), including Stimulated Emission 

Fig. 5  The prospect of fluorescent probes (Created in https://​BioRe​nder.​com) a High-Resolution Probes: The utilization of high-resolution 
fluorescent probes significantly enhances spatiotemporal resolution and deep tissue penetration, facilitating high-precision imaging. b Multiple 
Functions: Multifunctional fluorescent probes enable the simultaneous detection of multiple biomarkers, thereby improving detection efficiency. 
c Multiple Modes: Multimodal fluorescent probes amalgamate various detection methods, compensating for the limitations inherent in different 
imaging modalities and achieving synergistic effects. d Intelligent Probes: Intelligent fluorescent probes operate at the cellular and molecular levels 
to dynamically detect specific small molecules and changes within the cellular microenvironment. e AI Integration: The integration of artificial 
intelligence has accelerated the development of fluorescent probe design, application performance, and data analysis. f Personalized Medicine: 
Patient-specific probes address diverse requirements for personalized diagnosis and therapeutic monitoring. g Therapeutic Development: 
Fluorescent probes facilitate research and screening of new drugs and synergize with nanotechnology to advance the development of fluorescent 
nanoprobes that integrate diagnosis and treatment

https://BioRender.com
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Depletion (STED) microscopy [293], Photoactivated 
Localization Microscopy (PALM) [294], and Stochas-
tic Optical Reconstruction Microscopy (STORM) [295]. 
STED microscopy utilizes a toroidal depletion beam to 
induce stimulated emission, causing excited-state elec-
trons at the periphery to return to the ground state while 
permitting only those in the central region to revert to 
the ground state in a spontaneously fluorescent man-
ner, thereby achieving high-resolution imaging [296]. For 
example, the imaging resolution of the Lipi-BDTO probe 
can reach the nanoscale, enabling visualization of synap-
tic structures formed by neutrophils [297], T cells, and B 
cells, and illuminating the crucial role of neutrophils in 
autoimmune demyelinating diseases [298]. Nevertheless, 
STED microscopy continues to encounter challenges 
such as photobleaching [299] and background noise 
[300], which necessitate further optimization.

PALM overcomes the optical diffraction limit through 
fluorescence photoactivation and single-molecule locali-
zation [301]. Its fundamental principle involves the use 
of photoactivatable GFP to label proteins [294], followed 
by a repetitive cycle of activation, excitation, localization, 
and bleaching to achieve precise localization and count-
ing of proteins, attaining nanoscale resolution [302]. In 
recent years, photoactivated BODIPY probes have been 
successfully utilized in PALM microscopy for sub-diffrac-
tion imaging of cellular substructures, providing a novel 
approach to studying dynamic processes within live cells 
[303].

Fluorescence-switching groups are a key feature of 
STORM, where different subsets of fluorophores are 
randomly activated during each imaging cycle [304]. 
This process allows for high-precision localization of 
each fluorophore and the construction of high-resolu-
tion images. Live-cell STORM imaging offers significant 
advantages for evaluating cellular structures and dynamic 
processes [305]. For instance, in studies examining the 
impact of autoantibodies on the distribution of cellular 
components, STORM technology can provide nanoscale 
quantitative assessments [306]. Furthermore, STORM 
technology enables high-precision three-dimensional 
imaging, visualizing interactions between presynaptic 
terminals and microglia, which enhances our under-
standing of intercellular interaction mechanisms [307].

In addition to high-resolution devices, near-infrared 
fluorescent probes (NIR-FPs) are emerging as a new gen-
eration of tools for elucidating autoimmune imbalances 
and guiding the precise treatment of AD, owing to their 
deep tissue penetration (NIR-I: 700–900  nm; NIR-II: 
1000–2000 nm), minimal biological background interfer-
ence, and multi-parametric responsiveness [308]. Zhang 
et  al. developed an activatable NIR-II fluorescent probe 
that integrates a long-wavelength aggregation-induced 

emission unit with a manganese carbonyl cage motif, 
which can be activated within the inflammatory micro-
environment of RA to release therapeutic carbon mon-
oxide (CO) [309]. This probe can also be conjugated with 
anti-IL-6R antibodies, enabling active targeting of RA. 
Furthermore, NIR fluorescent probes have been widely 
applied in other inflammation-related diseases. The novel 
NIR two-photon probe HDM-Cl-HClO developed by 
Luo et  al. can detect HClO in inflammatory and tumor 
mouse models, effectively tracking HClO levels in both 
cellular and animal contexts, thereby enhancing the 
understanding of the relationship between HClO, inflam-
mation, and tumors [310]. In the future, NIR-FPs may 
focus on strategies that integrate treatment and immune 
regulation, effectively modulating the polarization state 
of immune cells and reducing inflammatory cell infiltra-
tion, thus providing new avenues for the treatment of 
AD. While challenges persist regarding biocompatibility, 
signal quantification standardization, and clinical trans-
lation, their integrated characteristics that link diagno-
sis and treatment hold significant promise for advancing 
precision medicine for various diseases.

Multifunctional fluorescent probes
The early diagnosis of diseases often necessitates the 
identification of multiple biomarkers. However, the con-
current use of several probes based on a single biomarker 
may result in issues related to fluorescence crosstalk 
[311]. Consequently, the synchronous detection of mul-
tiple biomarkers presents a significant challenge in the 
current advancement of fluorescent probes. To address 
this issue, researchers have proposed various strategies 
to optimize the design of multifunctional fluorescent 
probes  (Fig.  5b). For instance, incorporating multiple 
specific binding sites within these probes permits the 
simultaneous detection of several target molecules [311]. 
Furthermore, combined triggering and serial activation 
strategies facilitate real-time detection of multiple bio-
markers, effectively mitigating spectral overlap while 
significantly enhancing specificity and diagnostic accu-
racy [312]. Additionally, bimodal fluorescent probes that 
integrate both diagnostic and therapeutic functions fur-
ther broaden the potential applications for disease man-
agement. These probes enable in vivo imaging of lesions 
while concurrently regulating drug release, providing a 
comprehensive solution for the diagnosis and treatment 
of autoimmune diseases [313].

Multimode fluorescent probes
The integration of various imaging modalities can address 
the limitations of individual techniques to achieve opti-
mal synergistic effects. Multimodal fluorescent probes 
are capable of simultaneously detecting multiple signals, 
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offering high sensitivity, specificity, and the capacity to 
identify multiple target biomarkers, thereby present-
ing a promising strategy for precision medicine (Fig. 5c). 
Near-infrared fluorescent (NIRF) probes provide high 
sensitivity and non-invasive imaging; however, their 
practical application is often constrained by tissue pen-
etration capabilities, rendering high-resolution visu-
alization of deep tissues challenging. Photoacoustic (PA) 
imaging combines the benefits of fluorescence and ultra-
sound, further enhancing real-time imaging of deep tis-
sues. By merging these two imaging approaches, Zhang 
et  al. developed an activatable NIRF/PA dual-modal 
probe, hCy-Tf-CA, which successfully achieved real-time 
in situ imaging of the liver with enhanced sensitivity and 
improved signal feedback [227]. Gold nanoparticles pos-
sess excellent plasmonic properties that can amplify the 
Raman signals of nearby molecules, facilitating broad 
applications in photoacoustic imaging, surface-enhanced 
Raman scattering (SERS), and CT imaging. However, the 
paramagnetic characteristics of gold limit its applicability 
in MRI technology. By adsorbing gold nanoparticles onto 
pre-fabricated iron oxide cores, the resulting hybrid nan-
oprobes enable synchronized imaging using MRI, SERS, 
and CT modalities, providing high sensitivity and rapid 
deep tissue penetration imaging for in vitro cellular and 
ex  vivo tissue studies, thereby revealing more detailed 
pathological information [255].

Multimodal fluorescent probes are progressing from 
simple diagnostic tools to integrated platforms for both 
diagnosis and therapy. The probe PiF is a multimodal 
imaging agent for pancreatic β-cells that combines fluo-
rescence and positron emission tomography (PET), facili-
tating intraoperative imaging of islets and significantly 
shortening surgical duration [256]. Its imaging capa-
bilities, compared to MRI and PET, demonstrate higher 
resolution, thereby greatly enhancing the application 
potential of fluorescent probes. Leveraging the comple-
mentary features of PA and fluorescence imaging, Sun 
et  al. developed a photoacoustic-fluorescence (PA-FL) 
imaging system based on varying imaging contrasts, 
depths, and spatial resolutions [314]. This system enables 
real-time dual-modal imaging and opens new avenues 
for preclinical disease research, including monitoring 
systemic drug delivery dynamics, tracking cancer cells 
labeled with dual-modal molecular tracers, and inves-
tigating neurovascular coupling in both the central and 
peripheral nervous systems.

While multimodal fluorescent probes present signifi-
cant application prospects, their future development 
is challenged by several critical issues. These include 
the need for systematic evaluation of probe biocom-
patibility, in  vivo metabolic safety, and chronic toxic-
ity. The synchronization of excitation and emission of 

multimodal signals, alongside the calibration of signal 
quantification, requires the standardization of various 
research protocols. Furthermore, the intricate inter-
pretation of multimodal signals necessitates the devel-
opment of innovative computational algorithms. It is 
anticipated that advancements and integration across 
toxicology, materials science, and big data algorithms 
will enable multimodal fluorescent probes to play a piv-
otal role in personalized medicine, real-time intraop-
erative navigation, and drug development.

Intelligent fluorescent probes
With advancements in fluorescent probe technology, 
small molecule probes have garnered significant atten-
tion from researchers due to their high sensitivity and 
selectivity  (Fig.  5d). Enzymes, as fundamental regula-
tors of biochemical reactions, play a crucial role in both 
physiological and pathological conditions, with their 
activity serving as a vital indicator of cellular metabolic 
status [315]. By monitoring the formation and breaking 
of chemical bonds during enzyme-catalyzed reactions, 
smart probes can effectively target hydrolases [316], 
oxidoreductases [317], and transferases [318], enabling 
both visualization and quantitative analysis of enzyme 
activity. This approach has demonstrated exceptional 
performance in monitoring enzyme expression both 
within and outside cells and has significant application 
value in drug delivery and high-throughput screening 
[319].

Abnormal fluctuations in pH are closely associated 
with cellular dysfunction and serve as indicators for the 
onset of various diseases [320]. For example, the pH in 
RA joints is lower than that of adjacent normal tissues. 
The Lyso-Cy probe selectively targets ONOO− within 
lysosomes and aids in the diagnosis of RA by visualiz-
ing pH levels [321]. The dynamic response mechanism 
of the probe’s fluorescence intensity to changes in pH 
facilitates real-time monitoring of the tissue microen-
vironment, offering a novel concept for the design of 
intelligent probes.

Various biochemical reactions continuously occur 
within organisms. The future development of real-time 
imaging technologies for dynamic molecular tracking 
will be a central objective in the design of intelligent 
fluorescent probes. For instance, real-time monitor-
ing of lysosomal pH can be accomplished through the 
dynamic reversible ICT mechanism of fluorescent 
dyes [322]. Additionally, interactions between orga-
nelles can be visualized using fluorescent lipid drop-
let probes [323]. Furthermore, integrating fluorescent 
probes into STED microscopy can significantly enhance 
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super-resolution dynamic imaging capabilities, offering 
new insights for cell biology research [324].

Artificial intelligence integration
The integration of fluorescent probes with artificial intel-
ligence (AI) has emerged as a notable advancement in 
the biomedical field in recent years. AI technologies, 
particularly machine learning (ML) and deep learning 
algorithms, have revolutionized the design, optimiza-
tion, and application of fluorescent probes  (Fig.  5e). 
Zhao et  al. developed predictive models by employing 
the ensemble learning algorithm LightGBM in conjunc-
tion with molecular fingerprints to analyze extensive 
datasets of experimental results and fluorescent dye data-
bases [325]. Their model achieved an accuracy of 0.974 
on the independent test set, significantly accelerating the 
development of novel fluorescent probes. Utilizing an AI-
driven multi-level prediction system, they screened over 
700 previously undiscovered excited-state intramolecu-
lar proton transfer (ESIPT) fluorescent molecules from 
a library of 570,000 compounds, thereby narrowing the 
gap between design and experiment [326]. This method 
streamlined the development process for ESIPT fluores-
cent molecules, while ensuring good biocompatibility 
and pharmacokinetic properties across various appli-
cations, ultimately reducing the development cycle of 
probes and enhancing overall efficiency.

AI technology not only enhances the design efficiency 
of fluorescent probes but also improves their perfor-
mance in practical applications. ML in tandem with 
molecular evolution techniques, optimizes the function-
ality of GFP by guiding mutations to facilitate effective 
modifications in GFP’s fluorescence color, thereby ensur-
ing optimal probe performance in complex and dynamic 
environments [327]. The integration of algorithmic sys-
tems into fluorescence microscopy can reduce acquisi-
tion time and minimize the risks of photobleaching and 
cellular damage while sustaining high spatial, temporal, 
and spectral resolutions [328]. This approach not only 
accelerates the research and development process for 
novel probes but also significantly reduces development 
costs. Asadiatouei et al. developed software called Deep-
LASI, which can process multicolor fluorescence data 
and is characterized by strong adaptability, user-friendli-
ness, and compatibility [329]. Each step in the software’s 
workflow can be executed either manually or automati-
cally using ML algorithms, thus addressing the growing 
analytical demands of the rapidly evolving field of probes.

Moreover, AI can be employed to enhance the subcel-
lular targeting capabilities of fluorescent probes, ena-
bling precise targeting of specific locations within cells 
and demonstrating significant potential for application in 
the biomedical field [330]. As AI technology continues to 

advance, the performance and range of applications for 
fluorescent probes are similarly expanding, resulting in a 
substantial reduction in data analysis time and research 
costs. This progress presents new opportunities and chal-
lenges for biomedical research and applications.

Personalized medicine
The foundation of personalized medicine lies in the pre-
cise identification of disease states through biomarkers, 
which are linked to the potential progression of diseases 
to formulate targeted treatment strategies  (Fig. 5f ). Flu-
orescent probes, due to their high selectivity and sensi-
tivity toward specific biomarkers, have become essential 
tools in personalized medicine. Probes represented by 
quantum dots fulfill many of the requirements of per-
sonalized medicine by effectively delivering diagnostic 
probes and therapeutic drugs to lesions [331], releas-
ing fluorescent signals and drugs at the lesion sites to 
achieve precise diagnosis and treatment [332]. In the 
study of autoimmune diseases, immune phenotype anal-
ysis provides critical evidence for personalized treatment 
[333]. By integrating the design of fluorescent probes 
with in  vitro screening of immune-modulating drugs, 
nanoscale carriers can be developed to cater to the spe-
cific needs of individual patients. These carriers not only 
incorporate precise size and drug load designs but also 
establish a quantifiable relationship between fluorescent 
intensity and therapeutic potential [334], laying a solid 
foundation for the significant role of fluorescent probes 
in personalized medical services.

Development of novel therapeutic strategies
The incidence and prevalence of autoimmune diseases 
are on the rise, presenting an urgent challenge in devel-
oping efficient and precise treatment strategies. The 
role of fluorescent probes in drug development is par-
ticularly significant, as they can be utilized not only for 
high-throughput screening of drugs but also for evaluat-
ing the hepatotoxicity [335] and nephrotoxicity [336] of 
various medications, thereby aiding in the early diagno-
sis of drug-induced liver injury [337]. Natural products, 
as essential sources for new drug development, have 
recently been shown to function as both specific fluo-
rescent probes and potential therapeutic candidates, sig-
nificantly broadening the application scope of fluorescent 
natural products. For instance, natural alkaloid fluores-
cent probes can achieve both specific labeling and thera-
peutic efficacy in treatment [338].

Fluorescently labeled nanocarriers not only facili-
tate precise drug targeting and release but also enable 
real-time monitoring of drug distribution and efficacy. 
Their application in targeted drug delivery systems 
has emerged as a significant focus within biomedical 
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research. Chen et al. successfully developed a novel chi-
tosan-based gated fluorescent mesoporous silica nano-
carrier, CS-Na-MSN, characterized by its ICT properties, 
which utilizes fluorescence changes resulting from drug 
release to monitor the release process in real time [339]. 
This approach maximizes the avoidance of interference 
with drug activity and allows for the real-time monitor-
ing of various drugs. The ratio-type fluorescent probe 
totalROX exhibits high sensitivity and excellent oxida-
tive capacity in cells; however, it encounters practical 
limitations due to poor water solubility and insufficient 
targeting of diseased areas. Wang et  al. combined the 
physical properties of pH-responsive nanoparticles, EHC 
NP, with the totalROX probe, which not only minimized 
probe release in the acidic gastrointestinal environment 
and accumulation in other organs but also significantly 
enhanced the ability to actively target inflamed areas in 
IBD [340]. Zhang et al. utilized polystyrene nanospheres 
as carriers to prepare nanoscale domain-enhanced fluo-
rescent nanospheres, which possess both fluorescence 
and colorimetric dual signal recognition capabilities, 
with a fluorescence quantum yield reaching up to 98.21% 
[341]. This dual-mode multifunctional fluorescent nano-
sphere facilitates instrument-free, ultra-sensitive, and 
rapid detection, accommodating various applications 
in biomedical and environmental monitoring. Overall, 
the integration of fluorescent probes and nanocarriers 
provides robust technological support for targeted drug 
delivery systems  (Fig.  5g). Future research will increas-
ingly focus on integrating fluorescent probes with various 
targeting ligands, optimizing the performance of tar-
geted nano-drug delivery systems under different physi-
ological and pathological conditions, thereby facilitating 
the translation of fluorescent nanocarrier targeted drug 
delivery systems from laboratory research to clinical 
applications.

Conclusion
Autoimmune diseases pose a significant threat to human 
health and quality of life. Currently, the primary focus for 
most AD is achieving standard treatment, which under-
scores the importance of early disease detection and 
accurate diagnosis. This article reviews the fundamen-
tal principles and developmental history of fluorescent 
probes, systematically analyzing their applications in 
various autoimmune diseases, including RA, SLE, pem-
phigus, Sjögren’s syndrome, and thyroid disorders. It 
highlights the significant potential of fluorescent probes 
in early diagnosis, disease progression monitoring, and 
the evaluation of immunotherapy. We are encouraged 
to observe that fluorescent probe technology, with its 
advantages of high sensitivity, real-time imaging, and 

non-invasive detection, has become an essential tool for 
diagnosing and monitoring autoimmune diseases.

Although fluorescent probes have demonstrated sub-
stantial value in clinical practice, they continue to face 
numerous challenges, including issues related to probe 
specificity, stability, imaging resolution, and clinical 
implementation. In particular, when diagnosing vari-
ous disease subtypes and formulating individualized 
treatment plans, enhancing the precision and operabil-
ity of fluorescent probes remains a pressing issue that 
requires resolution.

The development of fluorescent probes is highly 
interdisciplinary, requiring a comprehensive under-
standing of various fields, including organic chemistry, 
biochemistry, medicinal chemistry, and photophysics. 
As our understanding of the mechanisms underlying 
diseases deepens, along with ongoing advancements 
in biochemistry and medicinal chemistry, theoretical 
research on the binding sites between biomarkers and 
probes will become increasingly enriched, providing a 
robust theoretical foundation for the development of 
novel fluorescent probes. We believe that fluorescent 
probes represent not only an innovative technologi-
cal breakthrough but also a pivotal force driving the 
transformation of diagnosis and treatment for auto-
immune diseases. Their immense potential in medical 
research and clinical applications heralds a new era of 
personalized and precise treatment in future medical 
developments, warranting our continued attention and 
exploration.
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