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Abstract 

The aberrant aggregation of amyloid-β (Aβ) is a central pathological marker of Alzheimer's disease (AD) and shows different 
neurotoxic properties in various forms, such as monomers, oligomers, fibers and plaques. In recent years, great progress has 
been achieved in the molecular design and the development of magnetic resonance imaging (MRI) probes targeting Aβ 
species. They provide powerful tools for the early diagnosis and pathological investigation of AD. Here, we systematically 
review the molecular design strategies and recent advances in Aβ-targeted MRI probes. First, we introduce the molecular 
pathological basis of Aβ aggregation and the importance of Aβ as an imaging target. Second, we detail the core components 
of probe design, including the selection of targeting ligands (e.g., peptide mimetics, small molecules, and antibody fragments), 
optimization of signal units (e.g., Gd(III), Mn(II), superparamagnetic iron oxide nanoparticles (SPIONs), and ¹⁹F), and the 
delivery strategies to enhance blood-brain barrier (BBB) penetration. We focus on how the probes achieve the transition 
from high-affinity binding in vitro to high-contrast imaging in vivo by means of changes in proton relaxation times (T1/T2) or 
the chemical exchange saturation transfer (CEST) effect upon binding to Aβ. Furthermore, the imaging performance of 
various probes (small molecule probes, nanoprobes, and smart responsive probes) in transgenic AD models is compared 
and evaluated, and the challenges related to sensitivity, specificity, and biosafety are discussed. Finally, we discuss future 
directions for Aβ-targeted MRI probes, including oligomer-specific probes, multimodal imaging probes, and theranostic 
platforms that include both diagnostic and therapeutic functions. Through interdisciplinary innovation in molecular design, 
the next generation of MRI probes is expected to play a key role in preclinical research, early diagnosis, and therapeutic 
evaluation of AD. 
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1. Introduction 
Alzheimer's disease (AD) is the most common 

neurodegenerative disorder and the leading cause of 
dementia worldwide. The characteristic of the disease 
is the gradual deterioration of cognitive functions due 
to damage to neural connections, which may lead to 
the death of many elderly people [1, 2]. As the 
population ages, AD has become a serious global 
health problem. Currently, more than 55 million 
people suffer from memory disorders, most of them 
suffer from Alzheimer's disease. This number is 
expected to double by 2050, placing a significant 
burden on medical systems and the economy. At the 

molecular level, the amyloid-β (Aβ) cascade remains 
the main pathway to understand the mechanism of 
the onset of Alzheimer's disease. In this pathway, the 
abnormal cleavage of the amyloid precursor protein 
(APP) leads to a series of reactions that promote the 
accumulation of Aβ peptide. These peptides are 
initially present in the form of soluble monomers, 
then aggregate to form oligomers and protofibrils, 
and end up forming insoluble plaques within the 
brain [3, 4]. The main difference lies in the relative 
neurotoxicity of each form of Aβ, as well as its effect 
on disease progression. Distinguishing these species is 
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therefore critical in molecular imaging. Soluble Aβ 
oligomers, although relatively low in abundance, 
have significantly more synaptotoxicity than fibrillar 
plaques and show a stronger correlation with the 
severity of cognitive impairment in AD [5]. On the 
other hand, protofibrils are considered highly 
pathogenic intermediate aggregates with strong 
seeding and propagation potential, while mature 
fibrils and plaques mainly reflect the cumulative 
amyloid burden and later-stage pathological 
deposition [6, 7]. These findings show that it is 
important to develop non-invasive imaging 
methodologies that can detect and discriminate Aβ 
species in the living brain. 

For this purpose, several imaging modalities 
have been extensively studied. Positron emission 
tomography (PET) with radiolabeled tracers such as 
[¹¹C]PiB (Pittsburgh Compound B) and its 
[¹⁸F]-labeled derivatives (e.g., [¹⁸F]florbetapir, 
[¹⁸F]flutemetamol, [¹⁸F]florbetaben) allows the in vivo 
visualization of fibrillar Aβ plaques and has been 
incorporated into the revised diagnostic criteria for 
AD [8-11]. The above advances allow the in vivo 
visualization of Aβ plaque distribution and have been 
included in the updated diagnostic criteria for AD. 
However, PET imaging has inherent limitations. The 
required radiation exposure limits safe longitudinal 
applications, particularly in presymptomatic studies 
[12]. Spatial resolution is limited to ~3-5 mm, which is 
insufficient for detailed anatomical localization 
[13,14]. High cost and complex tracer production also 
limit accessibility. Most importantly, available PET 
probes target only the insoluble fibrillar aggregates 
and lack adequate sensitivity and specificity for the 
conformationally dynamic soluble oligomers, the Aβ 
species most closely related to synaptic dysfunction 
and disease progression [15,16]. 

Magnetic resonance imaging (MRI) provides a 
compelling alternative for patients who cannot rely on 
nuclear medical imaging techniques. Unlike PET, MRI 
does not involve exposure to ionizing radiation, and 
offers good soft tissue contrast, high spatial 
resolution, and multi-parameter signal analysis 
capability. Thanks to these properties, MRI is 
particularly suitable for frequent and non-invasive 
evaluation of disease progression or treatment 
response [17, 18]. However, the ability to distinguish 
between Aβ accumulation and surrounding brain 
tissue may be limited in standard MRI sequences, 
largely because of their signaling properties. To 
overcome this major limitation, scientists have created 
molecular probes that target the protein. These probes 
are designed to specifically bind to certain forms of 
Aβ, allowing them to cross the blood-brain barrier 
and cause measurable changes in the MRI signal. 

These changes typically arise from altered proton 
relaxation behavior, including changes in T1, T2, or 
T2* relaxation, or through chemical exchange 
saturation transfer (CEST) mechanisms. This 
molecular imaging approach poses very challenging 
design issues, as it requires high target specificity, 
efficient signal amplification, good pharmacokinetics, 
and excellent biocompatibility. The rational design of 
Aβ-targeted MRI probes is an interdisciplinary 
endeavor involving chemical synthesis, 
bioconjugation strategies, nanomaterial engineering, 
and in vivo validation. In recent years, diverse probe 
architectures have been obtained, from small 
molecule paramagnetic complexes to functionalized 
nanoparticles and activatable CEST agents. All these 
probes need to be evaluated in a proper translational 
pipeline from in vitro binding assays and selectivity 
profiling to in vivo imaging efficacy and safety 
assessment in preclinical models. 

Here, we systematically review the molecular 
design principles and recent progress made in the 
development of MRI probes capable of targeting 
cerebral Aβ species, with special attention to the gap 
between in vitro characterization and in vivo imaging 
application. We assess the design strategies that have 
been proposed for different categories of probes, such 
as gadolinium- and manganese-based T1 agents, 
superparamagnetic iron oxide nanoparticles 
(SPIONs), fluorine-19 (¹⁹F) probes, and CEST-based 
sensors. We pay particular attention to new 
approaches for the selective detection of soluble Aβ 
oligomers (Figure 1). Moreover, we report the 
preclinical imaging results and discuss the remaining 
problems related to sensitivity, specificity, 
pharmacokinetics, and clinical translation. Finally, we 
give a perspective on the development of the next 
generation of theranostic probes and multimodal 
imaging platforms. This study aims to promote future 
developments in the molecular design of MRI probes 
and accelerate their transformation into useful clinical 
tools for early diagnosis and management of AD 
through a comprehensive and balanced review. 

2. Design Principles for Aβ-Targeted MRI 
Probes 

Constructing an effective MRI probe for imaging 
Aβ in the brain requires precise alignment between 
the biological properties of the target, contrast 
composition, and pharmacodynamic modulation. The 
following explains some of the basic design principles 
when logically developing this probe. This paper will 
focus in particular on target selection, key molecular 
components, brain barrier bypass strategy, as well as 
methodology for improving probe behavior and 
safety at the same time. 
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Figure 1. Schematic illustration of synthesis, functionalization and applications of Aβ-targeted MRI probes. Aβ-targeted MRI probes are synthesized from small molecules or 
nanomaterials that then functionalized to target Aβ oligomers and plaques. Their performance is validated by in vitro binding assays and in vivo imaging for Alzheimer’s disease 
diagnosis. 

 

2.1. Pathogenic Role of Aβ and Rationale for 
Molecular Imaging 

The accumulation of amyloid-β (Aβ) is a major 
factor in the harmful changes associated with 
Alzheimer's disease. According to the amyloid 
cascade hypothesis, Aβ is believed to result from a 
series of amyloid precursor protein (APP) 
breakdowns. This process is regulated by the enzymes 
BACE1 and γ-secretase, which play an important role 
in the amyloid production pathway (see Figure 2). 
Cleavage of APP by γ-secretase leads to the formation 
of Aβ monomers of different lengths, among which 
Aβ42 is critical, as it has a greater degree of 
hydrophobicity and tendency to aggregate compared 
to Aβ40. Structurally, the Aβ monomer consists of a 
hydrophilic N-terminus and a hydrophobic 
C-terminus, facilitating self-aggregation in an 
aqueous environment. Thus, insoluble protofibrils or 
fibrils are formed as a result of self-assembly, and 

ultimately transform into insoluble amyloid plaques. 
Aβ42 is also more easily aggregated than Aβ40, 
because it has two additional hydrophobic residues at 
its C-terminus, and is one of the main components of 
senile plaques and vascular deposits within the brain. 
In addition to direct neurotoxicity, Aβ deposition also 
stimulates a series of secondary pathological reactions 
such as neuroinflammation, oxidative stress, and 
abnormal phosphorylation of tau protein. Since Aβ 
aggregates play a key role in this process, the specific 
and accurate detection of Aβ species in living brain 
tissue, especially soluble oligomers and fibrillar 
plaques, is an important goal in diagnostics and 
scientific research. 

2.2. Strategic Target Selection 

2.2.1. Insoluble Aβ Plaques 

Insoluble Aβ plaques are a typical pathological 
feature of Alzheimer's disease and are the primary 
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target in the development of MRI tests [19,20]. These 
deposits contain a rich content of cross-β sheets, 
forming stable hydrophobic binding pockets that 
absorb small organic molecules [21]. Initial probe 
designs relied primarily on thioflavin T derivatives 
and biphenyl ethylene alternatives, which bind to 
beta-sheet regions via π-π stacking and hydrophobic 
interactions [22]. This method has been widely 
adopted due to the abundance of these plaques and 
their structural stability, as well as the availability of 
abundant pharmacological data based on PET tracers 
previously used as targets for Aβ [23]. However, 
recent clinical evidence suggests that the relationship 
between plaques and loss of cognitive function is only 
moderate, and that plaque deposition occurs at a 
relatively late stage of the disease, making it 
unsuitable for diagnosis before the onset of symptoms 
[24]. 

2.2.2. Soluble Aβ Oligomers 

The focus has recently turned toward soluble Aβ 
oligomers (oAβ), which are highly neurotoxic, 
although they have low abundance physiologically. 
Unlike fibrillar aggregates, oligomers are structurally 
heterogeneous, dynamic, and lack conserved binding 

epitopes [19]. To design oligomer-selective probes, we 
need excellent conformational discrimination. The 
strategies that are being pursued are: (i) monoclonal 
antibody fragments against oligomer-specific 
epitopes [25]; (ii) rationally designed constrained 
cyclic peptides; and (iii) smart scaffolds that are able 
to perform conformation-dependent switching of the 
signal. Success in this direction would allow 
prodromal detection and therapy monitoring and 
would represent a paradigm shift in AD management. 

2.3. Core Molecular Constituents 
The design of core molecular constituents of 

Aβ-targeted MRI probes is in line with the principle of 
centering on the pathological aggregate characteristics 
of Aβ, balancing targeting specificity/affinity, MRI 
signal detectability, and compatibility with other 
probe modules. Selection of each component is driven 
by imaging demands and constrained by 
physicochemical properties. Molecular structural 
optimization is employed to achieve an optimal 
balance between binding performance and imaging 
efficacy. 

 

 
Figure 2 Schematic depiction of the mechanism involved in the detection of Aβ species with MRI probes. In AD brain, BACE1 and γ‑secretase cleave APP to generate Aβ 
monomers, which aggregate into oligomers, fibrils, and finally Aβ plaques. MRI probes combine a targeting group (small molecule, peptide, aptamer, or antibody) with a signal 
element (gadolinium, manganese, Fe3O4, ¹⁹F, or Angiopep‑2) to specifically bind Aβ species and enable MR imaging of amyloid pathology. 
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2.3.1. Targeting Moieties 

Targeting moieties confer probe specificity and 
binding affinity via precise molecular recognition. 
Ligands for PET imaging are developed through 
structural optimization of well-validated Aβ-PET 
tracers (e.g., PiB, AV-45), where radionuclides are 
replaced with MRI-active complexes [26, 27]. This 
design strategy leverages mature high-affinity 
molecular frameworks, but the relatively bulky MRI 
module tends to raise lipophilicity and compromise 
blood-brain barrier penetration. Accordingly, the 
introduction of hydrophilic linkers such as PEG and 
trilysine is essential to separate the chelate from the 
targeting core; omitting this structural modification 
can result in a one-order-of-magnitude decline in 
binding affinity. Aβ-mimetic peptides (e.g., KLVFF) 
are biocompatible domains that bind to aggregates by 
self-recognition. Their design is based on β-sheet 
complementarity, but linear peptides suffer from poor 
metabolic stability; it is usually necessary to cyclize or 
modify the backbone to improve in vivo performance 
[28]. De novo designed ligands (e.g., aptamers, 
phage-display peptides) allow the identification of 
novel scaffolds with better aggregation-state 
selectivity [29-31]. The design rationale is to target 
conformationally dynamic epitopes, particularly on 
toxic oligomers, which are not accessible to 
conventional ligands. For example, the DNA aptamer 
ob5 binds exclusively to Aβ oligomers, and when 
conjugated to Gd-DOTA, it produces rapid MRI 
enhancement in early-stage AD mice [32]. 

2.3.2. Signal Elements 

The signal transduction module converts 
molecular binding events into detectable MRI contrast 
by several distinct mechanisms: (1) T1 contrast agents 
(Gd³⁺, Mn²⁺ complexes) shorten longitudinal 
relaxation time to generate positive contrast. The 
design aims to increase relaxivity (r1) by rigidification 
of the chelate or conjugation to large carriers, because 
slower molecular tumbling upon Aβ binding 
amplifies r1 by 2- to 4-fold [33, 34]. Macrocyclic 
chelating agents such as DOTA and DO3A are 
essential to guarantee the biosafety of loaded metal 
ions. Mn²⁺ has higher inherent relaxivity, but the 
signal amplification triggered by target binding is far 
weaker (only 2-3 fold, versus 3-5 fold for Gd³⁺). It also 
tends to bind nonspecifically with transferring, which 
greatly restricts its clinical translation [35, 36]. (2) 
T2/T2* contrast agents (mainly SPIONs) disrupt the 
uniformity of the local magnetic field, generating 
high-sensitivity negative contrast signals. Their 
design mainly relies on surface modification with 
targeting ligands (e.g., curcumin, antibodies) and 

biocompatible coatings (e.g., PEG, PLA) to boost 
blood-brain barrier penetration and reduce uptake by 
the reticuloendothelial system. Thanks to their 
ultrahigh r2 relaxivity (50-200 mM⁻¹ s⁻¹), these agents 
can be detected at low iron concentrations, yet their 
negative contrast is easily misdiagnosed as cerebral 
hemorrhage [37]. (3) ¹⁹F-based probes enable 
quantitative MRI imaging due to the almost no 
endogenous fluorine background in vivo. The core 
difficulty in their design is to avoid signal attenuation 
after target binding. Hydrophobic fluorinated probes 
often get sequestered in myelin and lose detectable 
signals; introducing flexible PEG spacers can separate 
the ¹⁹F module from the rigid targeting structure, 
keeping a clear NMR signal peak even after binding 
[38]. To achieve oligomer selectivity, conformational 
locking strategies (e.g., stabilizing the flexible keto 
form of curcumin) allow preferential binding to 
loosen Aβ oligomers rather than mature fibrils [39]. 
However, these probes require high injection doses 
(100–200 mg/kg) and can only be applied under 
high-field MRI (≥ 7 T). (4) CEST agents work by 
transferring magnetization from exchangeable 
protons (-OH, -NH) to bulk water molecules. Effective 
design requires a suitable proton exchange rate (kₑₓ = 
10-1000 s-1) and a distinguishable chemical shift offset 
(> 1 ppm) from water. The repurposed PET tracer PiB 
contains a phenolic hydroxyl group that produces a 
CEST signal at 5.8 ppm, supporting label-free imaging 
of amyloid plaques [40]. Angiopep-2 peptide, which 
crosses the BBB through LRP1-mediated transport, 
shows a CEST peak at 3.2 ppm; its signal intensity 
increases linearly with age in AD model mice, 
supporting long-term longitudinal disease monitoring 
[41, 42]. The biggest drawback of CEST agents is low 
detection sensitivity, which calls for ultra-high-field 
MRI equipment (7 T or 9.4 T). 

2.4. Blood-Brain Barrier Penetration 
Strategies 

Rational strategies to enhance blood-brain 
barrier penetration are essential for developing 
effective MRI probes targeting Aβ. Such strategies can 
be broadly classified into three mechanistic categories 
(Figure 3): physicochemical optimization for passive 
diffusion; active transport exploiting endogenous 
receptor systems; and physical modulation for forced 
permeability enhancement [43, 44]. For small- 
molecule probes, physicochemical optimization is the 
main approach: it is mandatory to respect Lipinski's 
Rule of Five parameters-molecular mass <500 Da, 
calculated log P of 1-3, and fewer than five hydrogen 
bond donors-to allow efficient passive diffusion 
across endothelial membranes [45]. When passive 
diffusion is kinetically or thermodynamically 
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constrained, as for larger molecular constructs, active 
transport via receptor-mediated transcytosis can be an 
alternative; this strategy consists of conjugation to 
ligands targeting endogenous BBB transport systems, 
including the transferrin receptor, insulin receptor, 
and LDL (low-density lipoprotein) receptor-related 
protein, in order to exploit physiological nutrient 
delivery pathways for CNS access [46-48]. For 
macromolecular or nanoparticulate systems that are 
not compatible with the above molecular 
translocation routes, physical modulation techniques 
allow bypassing of the BBB by methods such as 
focused ultrasound with microbubble cavitation to 
achieve transient, localized barrier disruption, or 
intranasal administration that exploits the 
olfactory-cerebral axis for direct brain delivery. These 
invasive methods show promising preclinical results, 
but before moving to clinical application, a 
comprehensive safety assessment, repeated 
verification, and standardization of criteria are 
required [49,50]. The most appropriate delivery 
strategy largely depends on the physical and chemical 
properties of the probe. Physicochemical optimization 
is suitable for small molecular probes, while active 
transport fits larger structures such as antibody 
conjugates, and physical methods are used in cases 
where nanoparticles or strongly hydrophobic 
optimization are required. For each delivery method 
there is an inherent compromise between delivery 
efficiency, target specificity, and practical feasibility. 
When rationally designing Aβ-targeted MRI probes, 
these factors must be carefully considered. 

2.5. Pharmacokinetic and Safety Profiles 
The feasibility of using Aβ-targeted MRI probes 

in clinical environments depends largely on a 
comprehensive assessment of their overall 
pharmacokinetic and safety properties. Thus, 
intracerebral distribution, systemic clearance, and 
biocompatibility should be systematically improved 
[18,51,52]. From the perspective of brain 
pharmacokinetics, designing an effective probe 
requires precise adjustment of its dynamic properties. 
The interaction between the probe and the target must 
have sufficient duration to successfully obtain images. 
At the same time, unbound particles should be 
removed quickly, minimizing the impact of 
non-specific background signals on image results. The 
designed probe should show stability when bound to 
Aβ aggregates, while non-bound molecules should be 
easily removed from brain tissue. Effective systemic 
clearance requires rapid excretion through the liver, 
bile, or kidney. This process leads to a decrease in 
background signals in the blood, reducing toxic 
effects on the body. This is especially important for 
probes containing heavy metals such as gadolinium 
or manganese. If these metals remain in the body for a 
long time, they can accumulate in tissues, leading to 
health problems such as gadolinium-induced 
systemic fibrosis or manganese-induced encephalo-
pathy. The concept of biocompatibility is not limited 
to just the basic toxicity of metals. It also includes 
multiple safety aspects: the thermodynamic and 
kinetic stability of metal-chelate complexes in 
physiological environments; the immunogenicity of 
nanomaterial-based components; complete metabolic 
breakdown of all molecular parts and their 
metabolites; as well as their final excretion routes. 
Developing MRI probes for Aβ targeting involves 
multi-parameter optimization, covering molecular 

 

 
Figure 3. Schematic diagram of blood-brain barrier penetration strategies for Aβ-targeted MRI probes. Three main strategies enable Aβ‑targeted MRI probes to cross the 
blood‑brain barrier (BBB). Passive diffusion is limited by efflux pumps but can be locally enhanced by Aβ plaques. Active transport relies on receptor‑mediated transcytosis (e.g., 
transferrin receptor) across the endothelium. Physical modulation includes focused ultrasound with microbubbles to reversibly open tight junctions, or intranasal administration 
that bypasses the BBB via olfactory/trigeminal pathways. 
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recognition, contrast production, blood-brain barrier 
crossing, pharmacokinetic behavior, and biosafety. 
Targeting strategies focused on amyloid plaques are 
technically well-established, yet their diagnostic 
utility is limited to the advanced stages of Alzheimer's 
disease. By contrast, strategies targeting Aβ oligomers 
offer great promise for early disease intervention, 
though they present significant design hurdles related 
to conformational selectivity. The selection of signal 
amplification systems and BBB-crossing strategies 
should be tailored to specific imaging goals and the 
inherent properties of the probe itself. Safety 
evaluation should be integrated throughout every 
stage of probe development. With continuous 
optimization of these design guidelines, 
next-generation Aβ-targeted MRI probes will make 
important contributions to the early diagnosis, patient 
stratification, and therapeutic efficacy assessment of 
Alzheimer's disease. 

3. Recent Advances in Various 
Aβ-Targeted MRI Probes 

Given the critical importance of early diagnosis 
and rapid intervention in Alzheimer’s disease (AD), 
the development of non-invasive imaging 
technologies that can specifically detect Aβ 
accumulation in the brain is becoming increasingly 
important. In recent years, significant progress has 
been made in the study of molecular probes based on 
MRI. MRI has several advantages over PET. Due to 
the absence of ionizing radiation, it has a higher 
spatial resolution and can provide detailed 
anatomical information. However, there are also 
problems with the development of MRI probes that 
effectively target Aβ. The main challenges are passing 
through the blood-brain barrier (BBB), the ability to 
detect with sufficient sensitivity, and how to 
accurately identify the target. In this section, we 
systematically summarize the latest scientific trends 
regarding different types of Aβ MRI probes, from 
small molecules to nanoparticle systems, from 
traditional imaging mechanisms to new strategies, 
and highlight the latest achievements and general 
development trends in this area. 

3.1 Small molecular probe 
In particular, small-molecule probes, which do 

not require nanocarriers and connect target moieties 
to the signal unit via a common linker, are a central 
topic of research in Aβ MRI probes. These probes 
have a relatively low molecular weight (less than 1000 
Da) and good blood-brain barrier permeability. In 
T1-enhanced imaging, the positive contrast is 
observed mainly due to the reduced T1 relaxation 
time of neighboring water molecules, which is caused 

by the presence of a small molecular probe. These 
probes use various signal-generating elements such as 
Gd³⁺, Mn²⁺, and other paramagnetic ions, which can 
further reduce the T1 relaxation time of their 
surrounding water molecules. This leads to a stronger 
signal, or positive contrast, in T1-weighted images 
(Figure 4). Alternatively, ¹⁹F-based probes offer 
another way to image Aβ. Unlike T1 agents, they are 
detected directly by ¹⁹F MRI, so there’s no 
background signal from water in the brain. That 
makes it easy to spot Aβ deposits. These probes are 
also small and can cross the blood-brain barrier. Their 
signal depends only on probe concentration, which 
means they can give a quantitative readout of Aβ 
burden. Table 1 summarizes representative 
small-molecule MRI probes for Aβ imaging. 

3.1.1. Gd(III)-Based Probes 

Thanks to their paramagnetic property that 
shortens the relaxation time of water protons, 
Gd(III)-based probes are now the most widely studied 
contrast agents in AD MRI research. The main design 
approach relies on the use of chelators that bind 
gadolinium (Gd) to the Aβ target ligand, with the aim 
of improving its absorption across the blood-brain 
barrier (BBB) and binding with Aβ simultaneously. 
However, there were several challenges in this 
approach. In the initial studies of Poduslo et al., a 
modified peptide of Aβ that binds to Gd-DTPA 
chelators was developed. This probe showed a better 
ability to cross BBB, as well as being able to target 
amyloid plaques in mice with genetic recombination 
after intravenous injection, successfully validating the 
concept of peptide-based MRI probes [53]. The initial 
design of this molecular probe was very simple, as 
classical fibril-based Aβ ligands (e.g. benzothiazole 
(BTA), benzazole, and PiB derivatives) already tested 
in positron emission imaging (PET) studies were 
combined with clinically applicable gadolinium 
chelators (e.g. DOTA and DO3A) [54-56]. In 2014, 
Berth et al. studied a revolutionary system using a 
built-in module strategy, in which 16 different types 
of probes were manufactured. They systematically 
studied how the chelator charge and the linker charge 
(positive or negative) affect the performance of the 
probe, by analyzing the impact of both on the 
performance of the probe. The results showed that 
positively charged linkers (e.g. trilysine/tropizine) 
significantly increase the ability to bind to Aβ1-42 by 
separating the target ligand from negative chelators 
and reducing the strength of electrostatic repulsion, 
and that some probes significantly increase their 
relaxivity and stability in serum (r₁ up to 29.3 mM⁻¹ 
s⁻¹), but their BBB absorption efficiency remained 
relatively low. In an in vitro BBB model, the brain 
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concentration of these probes is only 0.1%-0.5% of 
their plasma concentration, a major bottleneck 
limiting in vivo application. The work of Martins et al. 
(2013, 2014) next introduced a “smart” responsive 
mechanism. They developed the Gd(DO3A-PiB) 
probe, which exhibits environmentally responsive 
relaxivity enhancement: when the probe binds to Aβ 
aggregates or human serum albumin, the molecular 
rotational motion is restricted, leading to a 2- to 4-fold 
increase in r₁ [33, 34]. This “activatable” contrast 
enhancement helps improve the signal-to-noise ratio 
between target and non-target areas. They also 
explored the possibility of constructing multimodal 
(MRI/SPECT) probes based on the same PiB-DO3A 
scaffold, providing a conceptual framework for 
cross-modal validation of imaging specificity. 

Although the above-mentioned first-generation 
probes based on traditional small-molecule ligands 
made some progress in affinity optimization, the 
problem of BBB penetration remained unsolved. 

Therefore, the second-generation design strategy was 
to integrate targeting modules with intrinsic 
BBB-penetrating ability, achieving “targeting- 
delivery” integration. The research by Sulheim et al. 
(2023) exemplifies this direction. They used 
luminescent conjugated oligothiophene (LCO) as a 
multifunctional unit. On one hand, it specifically 
recognizes conformational epitopes on Aβ aggregates 
via hydrophobic interactions; on the other hand, it 
effectively facilitates probe transcytosis across a brain 
microvascular endothelial cell monolayer by 
adsorption-mediated transcytosis (with 2.3-fold 
higher efficiency than free Gd-DOTA) [45] (Figure 
5A). The LCO-DOTA-Gd probe enabled long-lasting, 
high-contrast imaging in 28-month-old transgenic AD 
mice, and the T₁ signal intensity was highly correlated 
with cortical plaque burden (R2 = 0.7), demonstrating 
the possibility of longitudinal monitoring of disease 
progression. 

 

 
Figure 4. Chemical structures of gadolinium or manganese complexes for MRI probe. 
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Table 1. Summary of Small Molecule MRI Probes for Aβ Imaging. 

Probe Type Targeting Group Signal Unit Relaxivity  Binding 
Constant 

Imaging Model Advantages Ref. 

DOTA-Lys₃-BTA T1  Benzothiazole Gd-DOTA r1=8.6 mM⁻¹ 
s⁻¹ 

Ki=71 nM In vitro Aβ₁₋₄₂ 
aggregates 

Positively charged linker 
enhances binding affinity 
by 3-fold 

[57] 

LCO-DOTA-Gd T1 Luminescent 
conjugated 
oligothiophene (LCO) 

Gd-DOTA Not specified Not 
specified 

28-month-old 
Tg-APPSwe mice 

Integrated targeting and 
BBB penetration, 
long-lasting imaging 

[45] 

R3VQ-S-(DOTA/Gd)3 T1 Camelid 
single-domain 
antibody (VHH) 

Gd-DOTA r1=35 mM⁻¹ 
s⁻¹  

IC50=19 nM 15-month-old 
PS2APP mice 

10-fold higher relaxivity 
than clinical agents, BBB 
penetration 

[58] 

Gd(DO3A-PiB) T1  PiB Gd-DO3A  8.1 mM⁻¹s⁻¹ 
 

Kd=180±10 
μM 

Human AD brain 
tissue sections 

Environmentally 
responsive relaxivity 
enhancement 

[34] 

GdDOTA-ob5 T1  ob5 (DNA aptamer) Gd-DOTA r1=28 mM⁻¹ 
s⁻¹ 

Not 
specified 

3xTg-AD mice 
(5-8 months) 

Exceptional oligomer 
selectivity 

[32] 

MnL3 T1/T2  Tryptamine Mn(II) complex r1=7.26, r2 = 
23.26 mM⁻¹ 
s⁻¹ 

Kd=3.19 μM In vitro Aβ fibrils Simultaneous T1 and T2 
imaging, Potential safety of 
endogenous metal 

[61] 

FSB ¹⁹F  Bis-styrylbenzene  ¹⁹F (1 F) Not specified Not 
specified 

Tg2576 mice  First ¹⁹F probe, 
proof-of-concept 

[62] 

TFMB-3Et ¹⁹F  Benzoxazole -OCF₃ (3 F) Not specified Not 
specified 

APP-transgenic 
mouse 

Hydrophilicity, cross the 
BBB 
and bind to senile plaques 

[63] 

Shiga-Y5 (FMeC1) ¹⁹F  Curcumin -OCF₃ (6 F) Not specified Not 
specified 

Tg2576 mice Keto-enol tautomerism 
enables dynamic binding 
regulation 

[64] 

Shiga-X22 (XP7) ¹⁹F  Benzoxazole -OCF₂CF₃ () Not specified Not 
specified 

APP/PS1 mice PEG overcomes 
post-binding signal, 100% in 

vivo specificity 

[65] 

Shiga-Y51 ¹⁹F  Curcumin -OCF₃ (6 F) Not specified Not 
specified 

APP/PS1 mice First oligomer-selective ¹⁹F 
probe 

[39] 

Compound 7d ¹⁹F  Indanone Multi-fluorine Not specified Kd=367-384 
nM 

ICR mice Low toxicity (LD₅₀ > 50 
mg/kg), rapid brain uptake 
and clearance 

[19] 

Curc-Glu-F9 ¹⁹F  Curcumin Perfluoro-tert-butyl 
(9 F) 

T1=558 ms, 
T2=139 ms 

Ka=1.1 × 10⁵ 
M-1 

In vitro Aβ 
oligomers 

Distinguishes oligomers 
from fibrils, high fluorine 
content 

[66] 

 
In order to achieve higher targeting specificity 

and affinity and to partially compensate for the 
difficulty of using antibody-based large molecules to 
cross the BBB, researchers began to use smaller-sized, 
biologically derived high-affinity ligands. 
Vandesquille et al. (2017) [58] were the first to use an 
extremely low molecular weight (~15 kDa) 
camelid-derived single-domain antibody (variable 
domain of the heavy chain of a heavy-chain antibody, 
VHH) in the construction of Gd-based MRI probes. 
They compared random conjugation with site-specific 
conjugation strategies. They found that introducing a 
cysteine at the C-terminus of the VHH for specific 
linkage to maleimide-modified trimeric Gd-DOTA 
yielded the chemically homogeneous probe 
R3VQ-S-(DOTA/Gd)3. This probe perfectly retains 
the high affinity of the VHH for Aβ (IC50 = 19 nM for 
Aβ40), and its small size enables spontaneous BBB 
penetration. More importantly, due to increased 
molecular rigidity after conjugation and the ability of 
the VHH surface to capture more water molecules, 
this probe exhibits excellent relaxivity at every field 
strength, with its r₁ value up to 10 times that of the 

clinical probe DOTAREM (35 mM⁻¹ s⁻¹), giving 
excellent contrast in ex vivo brain tissue imaging. 
Another high-specificity strategy comes from nucleic 
acid aptamer technology (Figure 5B). Kim et al. (2023) 
[32] used the Systematic Evolution of Ligands by 
Exponential Enrichment (SELEX) technique to screen 
a DNA aptamer, ob5, that recognizes oAβ, and 
constructed the GdDOTA-ob5 probe (Figure 5C). The 
important feature of this probe is its excellent 
selectivity: it reacts only with neurotoxic oAβ and 
shows almost no reaction with monomeric Aβ. In a 
5-month-old 3xTg-AD mouse (early stage of oAβ 
deposition), rapid MRI signal enhancement was 
observed just 5 minutes after injection, and the 
fluorescence imaging signal intensity was much 
higher than in other control groups, making this a 
very promising tool for ultra-early diagnosis of AD. 

Besides modifying the probe molecules 
themselves, using nanocarrier systems to optimize 
probe pharmacokinetics and relaxivity is also an 
important direction. Patil et al. used the 
biocompatible polymer poly(malic acid) (PMLA) as a 
nanocarrier and covalently linked the natural 
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targeting molecule curcumin (CUR) and Gd-DOTA to 
construct the PMLA-CUR-Gd-DOTA probe, 
achieving specific labeling and relaxivity 
enhancement of Aβ plaques [59]. Badachhape et al. 
made a more structurally complex, PEGylated 
liposomal probe, ADx-001 [60]. This probe displays 
the targeting molecule ET3-73 on the liposome surface 
and encapsulates Gd-DOTA inside. In APP/PSEN1 
transgenic mouse models, this probe showed 100% 
imaging specificity, with sensitivity >80% at a high 
dose (0.20 mmol Gd/kg), and biosafety assessments 
indicated very low toxicity. For this type of 
nanocarrier-based macromolecular probe (particle 
size ~140 nm), BBB penetration mainly depends on 
disruption of BBB integrity in later disease stages or 
slow permeation via the peripheral clearance system; 
it may not be suitable for detecting the earliest stage of 
Aβ pathological changes where the BBB is mostly 
intact (Figure 5D). 

The field of Aβ protein imaging has made great 
progress with small-molecule Gd-based MRI probes. 
Their design philosophy has evolved from initial 
exploration of structure-activity relationships to 
integration of functional modules, and now to the use 
of biological tools such as nanobodies and aptamers to 
achieve ultra-high specificity and selectivity. The most 
advanced probes have achieved excellent 
performance in relaxation efficiency (r1 > 25 mM⁻¹ 
s⁻¹), targeting affinity (IC₅₀ at nanomolar level), and 
precise recognition of pathogenic oAβ. Even with this 
progress, key challenges remain how to further 
improve the efficiency of probes across the entire BBB; 
how to ensure absolute targeting specificity in such a 
complex in vivo environment and eliminate 
interactions with non-target proteins; and how to 
evaluate long-term in vivo safety and Gd clearance 
kinetics. In the future, the development of a new 
generation of probes that can actively target the BBB, 
intelligently respond to the aggregation state or 
pathological microenvironment, and integrate 
multimodal imaging functions will be a key direction 
for promoting early and precise imaging diagnosis of 
AD. 

3.1.2. Mn(II)-Based Probes 

Mn(II) is an endogenous metal element that has 
five unpaired electrons and thus higher relaxivity 
than Gd(III); it is considered a potential alternative. 
The design concept for Mn-based probes is the same 
as for Gd probes, i.e., chelation of Mn(II) with specific 
ligands to form stable complexes. Because Mn²⁺/Mn³⁺ 
is an important biological element that exhibits 
paramagnetism, it is a potentially safer alternative to 
Gd for MRI probe design. For Mn(II)-based probes, 

the main strategy is to use the redox properties 
inherent in Mn or its integration into a biocompatible 
molecular structure to achieve targeted Aβ imaging. 
Initially, the researchers considered the direct use of 
manganese chloride as an MRI contrast agent. The 
Kim group demonstrated that MnCl2 could be used as 
MRI contrast by a two-mechanism approach [36]. 
Mn2+ and Ca2+ can enter the brain through the calcium 
channels of neurons. This is because they are both 
divalent cations. Moreover, Mn ions can bind to the 
carboxyl group and the amino group in the Aβ 
aggregates, which is the basis for targeting. Once 
injected under the skin, this method causes a 
progressive accumulation of the metal in the brain. 
However, it does not specifically target the Aβ 
aggregates. In addition to the simple manganese salt, 
Martinho and Almeida Pinto’s team developed a 
versatile Mn(III) porphyrin complex [61]. The project 
uses tetrapyrrole macrocycle as the main chelating 
ligand, and it is planned to add trifluoromethyl and 
PEG groups to develop an asthonic redox molecular 
probe. At a frequency of 20 MHz, the relaxation rate 
of the probe varies from 4.0 mM⁻¹ s⁻¹ for the oxidation 
state of Mn(III) to 6.8 mM⁻¹ s⁻¹ for Mn(II) in situ, 
which makes it possible to detect the in situ oxidation 
environment of tissues. Hydrophobic porphyrin rings 
are likely to interact with the β-sheet structure of Aβ. 
With Aβ1-40, the relaxivity of the porphyrins increases. 
This work represents obvious conceptual progress, 
but in practice it still faces problems related to 
delivery efficiency and in vivo stability. The synthesis 
of well-targeted and well-defined small Mn(II) 
molecular complexes represents another unique and 
rational design approach. Sharma et al. (2017) [35] 
created a series of Mn(II) complexes based on 
pentadentate ligands. The key innovation in their 
design is the incorporation of tryptamine (bearing an 
indole group) into one ligand (L₃) to serve as an Aβ 
targeting unit, while using structurally similar ligands 
without the indole (L₁, L₂) as negative controls. This 
design proves that the indole group mediates specific 
hydrophobic interactions with Aβ₄₂ fibrils, with MnL3 
exhibiting a dissociation constant (Kd) of 3.19 μM. 
They also demonstrated dual T1/T2 modality, with r1 
relaxivities (6.44 - 7.26 mM⁻¹ s⁻¹) exceeding that of 
clinical Gd-DTPA and high r2 values (23.26 - 37.86 
mM⁻¹ s⁻¹), attributed to their rigid, heptacoordinate 
structure. This work provides clear guidance for 
constructing targeted, multimodal Mn-based probes, 
but as seen in all the above works, it has common 
problems of modest (μM) binding affinity compared 
to high-affinity Gd probes, and a lack of in vivo BBB 
penetration and imaging data. 
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Figure 5. Gd-based small molecule MR probes used for Aβ species imaging. (A) The imaging protocol of TgSweAPP mice using the probe LCO-DOTA, as well as the 
T1-mapping, T1WI, and confocal microscopy imaging of wild-type (WT) and TgSweAPP mice in the same brain section. Adapted with permission from[45], Copyright 2023, 
SAGE. (B) Signal enhancement after injection of the GdDOTA-ob5 contrast agent and the corresponding immunohistological on non-Tg and 3xTg AD mice of different ages. 
Adapted with permission from [58], Copyright 2017, Taylor & Francis. (C) Targeted binding of R3VQ-S-(DOTA/Gd)3, BBB permeability and in vivo T1-weighted MR images of 
transgenic AD model mice. Adapted with permission from [32], Copyright 2023, Wiley-VCH. (D) The T1WI-SE and FSE-IR imaging comparison of ADx-001 (consisting of ET3-73 
and Gd(III)-DSPE-DOTA) in transgenic mice (Tg APPswe/PSEN1dE9) and WT mice. Adapted with permission from[60], Copyright 2020, Springer Nature. 
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Figure 6. Chemical structures of 19F MRI probe for Aβ MR imaging. These examples were obtained from the following references: FBS[62], FMeC1 [64], TFMB-2Et and 
TFMB-3Et[63], Shiga-Y51[39] and Shiga-X22 [65]. 

 
Because of their endogenous metal properties, 

better biological metabolic pathways, and higher 
relaxation rate, Mn-based probes have shown 
potential application value; however, related research 
lags far behind that of Gd-based probes. Core 
bottlenecks are concentrated in several aspects: (1) 
Excessive accumulation of Mn²⁺ can easily cause 
manganese poisoning (such as Parkinson's 
symptoms), necessitating an ultra-stable chelation 
system and increasing synthesis difficulty; (2) The r₁ 
of the Mn complex is greatly affected by the 
coordination environment, and the increase in 
relaxation rate after binding to Aβ is lower than that 
of Gd probes; (3) Mn ions tend to bind 
non-specifically to other metal-binding proteins (e.g., 
transferrin) in vivo, interfering with imaging signals; 
(4) Most existing studies remain in vitro or short-term 
in vivo, lacking long-term biosafety verification, which 
limits their development scale. Therefore, current 
research focuses primarily on the development of 
high-affinity chelator systems to prevent in vivo 
dissociation of Mn²⁺ and on optimization of dosage 
regimens to reduce risks of neurotoxicity. 

3.1.3. ¹⁹F MRI Molecular Probes for AD Imaging 

¹⁹F MRI is a novel molecular imaging technology 
that offers unique advantages for non-invasive and 
highly specific imaging of Alzheimer’s disease Aβ 
pathology, due to the few endogenous fluoride 
background signals present primarily in biological 
systems. There are almost none [67]. The core of 
¹⁹F-labeled probes technology lies in the rational 

design and application of ¹⁹F-labeled probes. To 
ensure the proper operation of ¹⁹F MRI, these probes 
must simultaneously meet a number of demanding 
requirements. The ¹⁹F probes can effectively cross the 
blood-brain barrier and reach effective concentrations 
in the brain parenchyma, with high affinity and the 
ability to selectively bind Aβ assemblies (including 
oligomers and fibrils), as well as maintain targeted 
binding in a complex hydrophobic brain 
microenvironment after binding, particularly by 
maintaining the T₂ relaxation properties, avoiding 
significant loss of signal. The development of ¹⁹F MRI 
probes is essentially an iterative innovation process 
focused on the progressive resolution of 
physico-chemical and biological challenges. 

Early probe designs directly borrowed the 
scaffold of Aβ ligands validated in PET or 
fluorescence imaging and incorporated ¹⁹F atoms. The 
purpose of these works was to check feasibility and 
investigate basic structure-activity relationships 
(Figure 6). The pioneering work of Amatsubo et al. 
involved the synthesis of trifluoromethoxy 
benzoxazole derivatives TFMB 2Et and TFMB 3Et 
[63]. They were the first to clearly observe that 
although both probes give sharp ¹⁹F NMR signals in 
vitro, the signals in brain tissue homogenates differ 
vastly: the signal of the more hydrophobic TFMB 2Et 
(log P = 6.40) is almost completely suppressed, while 
the slightly more hydrophilic TFMB 3Et (log P = 6.07) 
can still be partially detected. This directly shows that 
the highly hydrophobic myelin lipid environment in 
the brain is one of the “traps” leading to ¹⁹F signal 
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attenuation, and enhancing probe hydrophilicity is 
the first guiding principle for early design. Research 
on ¹⁹F probes based on another classic Aβ ligand 
scaffold, distyrylbenzene, also supports this view 
(Figure 7A). Nabuurs et al. systematically synthesized 
15 polyfluorinated derivatives. Some probes (e.g., 
compounds 13 and 22) have nanomolar level high 
affinity and excellent staining specificity for Aβ 
plaques in mouse and human AD brain sections and 
can cross the BBB [68]. However, their very high 
hydrophobicity (log P generally >7) makes them 
unable to generate effective ¹⁹F MRI signals in the 
brain parenchyma. Earlier research by Flaherty et al. 
reported a similar dilemma: even though some 
polyfluorinated distyrylbenzene probes (e.g., 
compound 8) have ultra-high in vitro affinity for 
Aβ₁₋₄₀ fibrils at the picomolar level, their strong 
hydrophobicity leads to failure in vivo [38]. These 
studies show that the probe requires a certain amount 
of lipophilicity (often associated with log P values) to 
prevent the problem of a lipid trap in the brain. 
Adequate hydrophilicity also requires an important 
design trade-off. These compromises aim to achieve 
the ideal log P in the 3-4 range. At the same time, 
researchers are investigating ways to improve the 
physicochemical properties of the probes, using 
chemical and kinetic properties of the targeting 
molecules to improve target binding and imaging 
effects. A typical example is the dual conformation 
probe developed by Yanagisawa and others called 
FMeC1. The probe uses the peculiar keto-enol 
tautomerism of curcumin's inherent backbone. In 
physiological conditions, it is mainly present in the 
enol form, but converts to the keto form upon 
interaction with Aβ. Since the keto form's structure 
interacts with the Aβ β-sheet structure, binding is 
enhanced by increased hydrogen bonding. These 
structural changes have not only strengthened the 
affinity with the target, but also prolonged the probe's 
residence time at the target. A study of Tg2576 
transgenic mice has shown that the probe crosses the 
BBB and shows signal in cortical fibers and 
hippocampus and binds to Aβ. This study confirmed 
for the first time that environmentally responsive ¹⁹F 
probes have been developed, and provided an 
important model for further investigation [64] (Figure 
7B). 

Optimizing the hydrophilic-lipophilic balance 
solved the basic problems of a probe “reaching” and 
“surviving” at the target site. A more subtle problem 
is that when a probe molecule binds to rigid, highly 
ordered Aβ aggregates (especially fibrils), its overall 
molecular motion becomes severely restricted. 
Consequently, the local motional frequency of ¹⁹F 
nuclei decreases, leading to a sharp increase in the 

transverse relaxation rate (1/T2, r₂), i.e., significant T2 
shortening and signal broadening. Even with 
sufficient brain concentration and appropriate 
hydrophilicity, the imaging signal remains weak. 
Such a “post-binding signal attenuation” problem 
was subsequently solved by the Yanagisawa team 
through a revolutionary “structural isolation” design 
strategy [65], and their representative probe Shiga X22 
became a milestone in the field. The structural 
ingenuity of Shiga X22 lies in embedding a flexible 
PEG chain composed of 7 ethylene glycol units 
between the benzoxazole targeting core and the 
trifluoroethoxy (-OCF₂CF₃) signal unit. With this 
design, the functional modules are “decoupled”: the 
PEG chain acts as a long, flexible spatial spacer arm. 
Even after the targeting core becomes rigidified upon 
tight binding to Aβ fibrils, it effectively isolates and 
maintains a high degree of motional freedom for the 
¹⁹F atoms in the terminal trifluoroethoxy group. 
Therefore, probe binding no longer inevitably leads to 
catastrophic ¹⁹F signal attenuation. With this design, 
Shiga X22 achieved, for the first time, specific and 
long duration (signal lasting up to 8 hours post 
injection) ¹⁹F MRI imaging of Aβ plaques in APP/PS1 
transgenic AD mice (Figure 7C). 

Once stable imaging of fibrillar plaques was 
achieved, the research frontier naturally moved 
toward the more neurotoxic early pathological species 
in AD pathogenesis—oAβ. This required probes not 
only to bind but also to differentiate between 
aggregation states. Yanagisawa et al. developed the 
probe Shiga Y51 through clever conformational 
engineering of curcumin, a natural Aβ binding 
molecule [39]. By introducing methyl and ethyl 
substitutions at the C4 position, they “lock” the 
curcumin core into the more flexible ketone form 
instead of the enol form, which tends to form a rigid 
planar structure. This flexible ketone structure can 
more effectively embed into the loosely structured, 
dynamically changing hydrophobic core of oAβ but 
has difficulty binding to the tightly packed, 
structurally rigid mature Aβ fibrils. This probe 
achieved, for the first time, specific ¹⁹F MRI 
visualization of oAβ in the brains of AD model mice, 
with signal intensity positively correlating with 
ELISA-quantified oAβ levels (Figure 7D). The 
fluorinated curcumin probe Curc-Glu-F9, recently 
reported by Micocci and co-workers, has further 
validated and refined this strategy of morphological 
selectivity [66]. When incubated with oligomeric Aβ, 
this probe retained a sharp, narrow ¹⁹F NMR peak; 
however, its signal was almost completely suppressed 
upon binding to mature amyloid fibrils. 
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Figure 7. 19F probes used for MRI of Aβ species. (A) Chemical structures of the fluorinated probes TFMB-2Et and TFMB-3Et, and their corresponding in vivo ¹H gradient 
echo images and co-registered 19F chemical shift images (CSI) in a representative animal model. Adapted with permission from [63], Copyright 2009, Elsevier. (B) 1H-MR images 
and 19F-MR images in WT and APP/PS1 mice that were obtained for 50 min, as well as the levels of 19F signals were measured in five regions indicated in yellow color. Adapted 
with permission from [64], Copyright 2011, Elsevier. (C) 19F MR signals in WT and APPswe/PS1dE9 doubletransgenic (APP/PS1) mice after injected with probes. Adapted with 
permission from [65], Copyright 2014, SAGE. (D) Dose-dependent ¹⁹F signal intensity measured by 19F NMR spectroscopy and 19F CSI in the brains of Tg2576 transgenic mice 
following FMeC1 injection, with corresponding ex vivo histological analysis of brain sections from the same model. Adapted with permission from [39], Copyright 2021, MDPI. 

 
In addition to achieving morphological 

selectivity, newly designed probes are also pursuing 
comprehensive performance improvements. Dai et al. 
developed probe 7d using the indanone framework 
derived from donepezil, a clinically used drug for 
Alzheimer’s disease [19]. This probe showed balanced 
nanomolar affinity toward both Aβ₁₋₄₀ and Aβ₁₋₄₂, 
with dissociation constants around 370-380 nM. The 

log P value of the compound is 3.87, indicating its 
ability to pass the blood-brain barrier. In addition, its 
pharmacokinetic properties in the body are favorable: 
brain uptake reached a maximum within 1 hour, and 
the compound was almost cleared in 24 hours. The 
compound has relatively low acute toxicity and its 
LD₅₀ values exceed 50 mg/kg, indicating good 
potential for future clinical use. In essence, the field of 
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¹⁹F MRI for Aβ imaging has broken through the first 
challenges regarding hydrophilicity and signal 
disruption. It has reached a stage where it is possible 
to distinguish between certain forms of Aβ 
aggregation, especially oligomers and protofibrils. 
The current core design strategy focuses on 
fine-tuning the molecular hydrophilic-lipophilic 
balance to maintain BBB permeability and stable 
imaging signals, and using flexible linkers or 
conformation-dependent interactions to maintain 
signal strength and target selectivity after binding. 
However, this technology faces a number of 
important limitations. Most probes usually require a 
relatively high dose on the order of 200 mg/kg, which 
means that long-term biosafety needs to be 
thoroughly assessed. Image sensitivity is also highly 
dependent on high magnetic field (≥ 7.0 T) MRI 
scanners. The future direction of development should 
focus on several areas: (1) developing probes with 
higher intrinsic sensitivity by increasing affinity to the 
target and lowering the effective dose by, for example, 
optimizing the number of ¹⁹F atoms and their spatial 
location; (2) further exploring probes that can 
absolutely distinguish between different Aβ 
aggregation forms; (3) performing validation studies 
on multimodal imaging platforms; and (4) working to 
build probe systems compatible with clinical MRI 
scanners and accelerate clinical translation. 

3.1.4. Structural Optimization Strategies from PET to 
MRI Probes 

A common design method is converting a PET 
tracer to an MRI probe. This method utilizes a PET 
ligand-specific target framework while adjusting the 
molecular structure to meet the specific 
physicochemical requirements of MRI. The 
transformation is not just a direct replacement of 
radioactive nuclei. Instead, researchers need to make 
detailed structural optimizations to harmonize 

considerations of affinity, blood-brain barrier 
permeability, relaxivity (or ¹⁹F signal stability), and 
biosafety. Table 2 summarizes typical cases and 
highlights important structural changes and their 
impact on imaging performance. MRI has three 
significant advantages over PET. First, it makes it 
possible to eliminate ionizing radiation completely 
and allow secure and repeated longitudinal 
monitoring (e.g., scanning quarterly) without 
worrying about accumulated radiation exposure, 
which is important for tracking disease progression 
before symptoms appear. Second, MRI has better 
spatial resolution (as low as ~100 μm in high-field 
animal MRI, compared to 3-5 mm for PET), which 
allows for precise anatomical localization of Aβ 
deposits in small brain areas like the hippocampus 
and cortex. Third, MRI is inherently suitable for 
theranostic platforms. The same targeting scaffold 
used to conjugate a contrast agent can also be linked 
to a therapeutic agent (such as anti-aggregation 
compounds or immunomodulators), which makes it 
possible to establish a closed-loop “diagnosis- 
therapy-evaluation” model, something that cannot be 
done with PET. 

3.2. Nanoparticle Based Probes 
Nanoprobes use nanomaterials (e.g., SPIONs, 

liposomes, mesoporous silica) as carriers and are 
conjugated with targeting moieties via surface 
modification. Nanoprobes are supramolecular 
assemblies with sizes of 1-100 nm. Owing to size 
effects and surface functionalization ability, they 
provide novel solutions for Aβ imaging. Compared 
with small molecule probes, nanoparticles have 
higher loading capacity and greater potential for 
multifunctional integration, i.e., multimodal imaging 
modalities (Table 3). 

 
 

Table 2. Comparison of PET and MRI Probes Sharing the Same Targeting Motif. 

PET Prototype MRI Adapted Version Key Modifications Key Performance Changes Ref. 
[¹¹C]PiB Gd(DO3A-PiB) ¹¹C to Gd-DO3A; trilysine linker Dose: 10-20 μCi/mouse vs 0.1-0.2 mmol Gd/kg  

Radiation: Ionizing vs None  
Sensitivity: ~nmol/L vs ~pmol/L (2-4× relaxivity) 

[45,46] 

[¹⁸F]DDNP DDNP-SPIO ¹⁸F removed; PEG-PLA coating Dose: 15-25 μCi/mouse vs 0.3-0.5 mg Fe/kg  
Radiation: Ionizing vs None  
Sensitivity: 3-5 mm vs ~100 μm (r₂ = 140.6 mM⁻¹s⁻¹) 

[69, 70] 

[¹⁸F]AV-45 ADx-001 (liposomal Gd-DOTA) ¹⁸F → Gd-DOTA; DSPE-PEG-styryl-pyrimidine Dose: 20-30 μCi/mouse vs 0.15-0.25 mmol Gd/kg  
Radiation: Ionizing vs None  
Sensitivity: ±15% error vs ±8% (r₁ ≈ 31 mM⁻¹s⁻¹; sensitivity 
>80%) 

[26, 59] 

[¹⁸F]FMeC1 FMeC1-¹⁹F probe ¹⁸F removed; 7-unit PEG spacer Dose: 15-20 μCi/mouse vs 100-200 mg/kg  
Radiation: Ionizing vs None  
Sensitivity: Fibrils only vs Oligomers/fibrils (4× SNR) 

[38, 66] 
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Table 3. Summary of Nanoparticle-Based MRI Probe for Aβ Imaging. 

Probe Type Size 
(nm) 

Targeting 
Mechanism 

Signal Unit Relaxivity Animal Model Key Advantages Ref. 

Cur-MNPs T2 ~10–15 Curcumin SPIONs Not specified Tg2576 mice Natural targeting moiety, good 
biocompatibility 

[69] 

PiB-Mn-Zn Ferrite T2 ~20 PiB Mn-Zn ferrite r2=169.93 
mM⁻¹s⁻¹ 

Not specified Ultra-high r2 relaxivity [71] 

W20/XD4-SPIONs T2 ~50 Anti-Aβ oligomer 
scFv 

SPIONs Not specified APP/PS1 mice Simultaneous imaging and clearance of 
oligomers 

[72] 

Anti-Aβ Antibody-SPIONs T2 ~15–20 Anti-Aβ antibody SPIONs Not specified APP/PS1 mice High specificity, no BBB opening required [73] 
NP@angiopep-2/CD137 T2 ~100 Angiopep-2 + CD137 

antibody 
SPIONs Not specified APP/PS1 mice Targets neuroinflammation [74] 

aAβ-BTRA-NC T1 ~100–
150 

Anti-Aβ antibody Gd-DTPA Not specified Tg mice of different 
ages 

Active BBB targeting [75] 

UFNPs@PEG/PZD T1-T2 <15 Phenothiazine Ultrasmall 
ferrite 

Not specified APP/PS1 mice Complementary signals improve accuracy; 
ultra-small size facilitates passive diffusion 

[76] 

RVG29-Rifampicin-Gd 
NPs 

T1 ~120 RVG29 Gd Not specified AD model mice Active targeting + drug delivery [77] 

CR-BSA-(Gd-DTPA)n T1 ~50–80 Congo red Gd-DTPA Not specified APP/PS1 mice Specific Aβ fibril binding [78] 
ADx-001 (Liposome) T1 ~140 ET3-73 Gd-DOTA  Not specified APP/PS1 mice 100% imaging specificity, low toxicity [60] 
PMLA-CUR-Gd-DOTA T1 ~50–

100 
Curcumin Gd-DOTA r1=12.5 

mM⁻¹s⁻¹ 
Human AD brain 
sections + AD mice 

Targets Aβ plaques, polymer carrier 
improves pharmacokinetics 

[59] 

 

3.2.1. T2 Weighted MRI for AD Diagnosis 

SPIONs, as high performance T2/T2* weighted 
MRI contrast agents, have the advantage of 
non-invasive visualization of Aβ pathology in AD by 
shortening the transverse relaxation time of 
surrounding water protons. The core developmental 
track of this field is how to engineer SPIONs, through 
sophisticated surface modification, to cross the intact 
BBB with high relaxivity and achieve specific 
targeting and enrichment of Aβ aggregates. Research 
in this field is moving from proof-of-concept studies 
to a stage of functional integration and intelligent 
theranostic design. 

Early explorations mainly focused on validating 
the targeting efficacy of conjugating classic small 
molecule Aβ ligands to SPIONs. For example, Zhou et 
al. and Zhang et al. used a ligand exchange strategy to 
modify the SPION surface with high affinity DDNP 
carboxyl derivatives and confirmed their specific 
binding to Aβ fibrils and their potential as T2 contrast 
agents [69,70]. Cheng et al. used non-covalent 
interactions to load the natural multi-functional 
molecule curcumin onto SPIONs stabilized with PEG 
PLA/PVP. This probe achieved specific in vivo MRI 
imaging of Aβ plaques in the cortex and hippocampus 
of Tg2576 transgenic AD mice and showed good 
biocompatibility and potential for BBB penetration 
[37] (Figure 8A). To enhance relaxivity, Zeng et al. 
chose the clinically validated PiB to modify Mn-Zn 
ferrite nanoparticles and achieved an excellent r₂ 
relaxivity as high as 169.93 mM⁻¹ s⁻¹, much higher 
than traditional iron oxide contrast agents [71]. Such 
probes, which rely mainly on passive diffusion, often 
suffer from insufficient delivery efficiency to support 
high sensitivity imaging and lack selectivity for 
different Aβ aggregation states. 

To break the BBB barrier and achieve active 
targeting, research strategies turned to precision 
designs guided by biomacromolecules. Antibody- 
mediated targeting offers extremely high specificity. 
Sillerud et al. covalently conjugated an anti-APP 
antibody to SPIONs and found that the number of Aβ 
plaques detected in APP/PS1 transgenic mice nearly 
doubled without the help of BBB opening agents [73]. 
Uranova and her team developed a nanoprobe with 
an iron core and an iron oxide outer shell, where 
DMSA was used to modify anti-Aβ antibodies. They 
used proteomics technology to systematically assess 
this probe's excellent biocompatibility and provided a 
new model to assess the probe's safety. Yan et al. used 
a "homogeneous measurement" method to conjugate 
the entire length of Aβ1-42 peptides onto a very small 
SPION. This design makes it possible to target Aβ 
deposits in the brain through hydrophobic 
interactions between peptides. Usually, this method 
needs co-administration of mannitol to temporarily 
open the BBB, which adds an extra risk for clinical 
translation [80]. 

Since the molecular size of full antibodies may 
limit penetration efficiency, smaller targeting 
modules such as cell-penetrating peptides and 
specific peptide sequences were favored. Xiong et al. 
co-conjugated the HIV-1 Tat protein transduction 
domain (Tat PTD) and the Aβ core recognition 
fragment Aβ (16-20) to ultrasmall SPIONs [81]. Taking 
advantage of the potent membrane translocation 
capability of Tat PTD, this probe promoted BBB 
penetration and achieved precise imaging of Aβ 
plaques in APP/PS1 mice. Targeting strategies based 
on natural biomolecules have also attracted attention. 
For example, sialic acid was used as a targeting 
ligand, which can bind to histidine residues of Aβ via 
hydrogen bonding (Figure 8B), as explored by 
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Kouyoumdjian et al. and Nasr et al [82]. The cationic 
BSA-sialic acid-SPIONs probe designed by Nasr et al. 
even achieved specific imaging of Aβ plaques in 
APP/PS1 mice in vivo without the aid of mannitol 
[83]. Some studies explored non-traditional targets. 
For example, Mundt et al. attempted to target 
activated microglia via intracerebroventricular 
injection of ultrasmall SPIONs to indirectly reflect 
peri-plaque inflammation, but the probes failed to 
diffuse effectively into plaque regions [84]. 

The most advanced progress in this field is 
demonstrated by the paradigm shift from “imaging 
only” to “theranostics.” Liu et al. designed a 
dual-function probe equipped with a single-chain 
variable fragment antibody (scFv W20) that 
recognizes oAβ and a heptapeptide (XD4) that can 
activate the class A scavenger receptor on microglia 
[52]. It not only enabled MRI detection of oAβ, a key 
pathological species in early AD, but also promoted 
its phagocytic clearance by microglia, representing a 
preliminary synergy between diagnostic and 
therapeutic potential for AD [72] (Figure 8C). The 
work by Ruan et al. built a more complex 
multifunctional nanoplatform integrating SPIONs 
(imaging unit), curcumin (anti-inflammatory 
therapeutic unit), a transferrin receptor targeting 
peptide CRT (BBB penetration unit), and an Aβ 
targeting D peptide QSH. In the APP/PS1 mouse 
model, the platform achieved 3D MRI-based 
quantitative monitoring of Aβ plaque burden and 
simultaneously exerted neuroprotective and cognitive 
improving effects through sustained release of 
curcumin, representing the current pinnacle of 
theranostic design [85] (Figure 8D). Additionally, Lai 
et al. reported a very innovative “in situ biosynthesis” 
strategy. They simply intravenously injected AD mice 
with zinc and iron precursor compounds and 
exploited the unique high reactive oxygen species 
microenvironment within the AD brain to induce in 
situ formation of ZnO/Fe₃O₄ nanoclusters at Aβ 
deposition sites, thereby enabling fluorescence/MRI 
dual-modal imaging. Although this strategy 
circumvented complex in vitro synthesis and BBB 
penetration problems, the specificity and intensity of 
its imaging signal are heavily dependent on the 
pathological microenvironment, challenging the 
universality and stability of this strategy [78]. 

There are remarkable technical advances in the 
application of SPIONs for Aβ imaging, which have 
evolved from simple ligand modifications to active 
targeting strategies and even further to integrated 
multifunctional smart probes. To date, the most 
advanced probe is a theranostic probe that integrates 
high-sensitivity MRI imaging, effective active BBB 
delivery, and potential neuroprotective functions. 

With advances in nanoparticle design, particularly in 
targeting precision, BBB penetration capability, and 
the increase of multiple functions, targeted SPIONs 
have become a powerful and adaptable tool for 
non-invasive early diagnosis and therapeutic 
monitoring of Alzheimer’s disease (AD). Future 
research should focus on the development of 
multimodal probes. These probes combine magnetic 
resonance imaging (MRI) with other imaging 
methods. On the other hand, it is also necessary to 
improve smart probes to identify specific Aβ forms. In 
addition, it is extremely important to optimize the 
dosing schedule for future clinical applications. This 
new technology could radically change the 
understanding and management of Alzheimer’s 
disease. It allows for early intervention that can 
fundamentally change the course of the disease. 

3.2.2. T1 Nanoprobes 

The development of T1-weighted nano-sized 
MRI probes represents an important advance in the 
non-invasive detection of β-amyloid pathology in the 
brain in Alzheimer's disease. It is difficult to 
distinguish signals from T2* contrast from low signal 
artifacts such as bleeding and calcification. In contrast, 
T1-weighted probes generate a positive contrast, 
making it easier to interpret the results and perform 
anatomical co-localization. Recent years of research 
have primarily focused on the manufacture of 
multifunctional nanoparticles based on Gd or Mn. The 
researchers also seek to improve target specificity and 
image sensitivity by systematically optimizing the 
size, surface chemical properties, and functional 
ization methods of these nanoparticles. Previous 
studies focused on examining whether binding of 
Aβ-targeted ligands and paramagnetic ions (such as 
Gd) is possible. Li et al. combined curcumin 
derivative (CR) with bovine serum albumin-Gd 
chelate to create the probe precursor 
CR-BSA-(Gd-DTPA). This study showed that this 
probe can bind specifically to Aβ fibrils in vitro and 
induce changes in the T1 relaxation rate, which has 
formed the basis for the development of small 
molecule targeted probes. However, these initial trials 
had obvious drawbacks, being difficult to cross the 
BBB effectively and unable to distinguish between 
different Aβ structures. Therefore, the researchers 
shifted attention to an active targeting strategy that 
increases target specificity. This is represented 
primarily by antibodies, peptides or small-molecule 
ligands. Antibodies are known for their high binding 
affinity. For example, He et al. conjugated Aβ 
antibodies (4G8) to their probes and targeted soluble 
and insoluble Aβ species. Jaruszewski et al. modified 
the nanocarrier using IgG4.1 antibodies and targeted 
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cerebrovascular amyloid (CVA), while MRI/SPECT 
imaging can be combined with the delivery of 
anti-inflammatory drugs. 

To address the limitations of antibodies, namely 
their large molecular size and high cost, researchers 
developed smaller targeting modules [87]. 
Plissonneau et al. used short Aβ-derived peptides to 
modify ultrasmall Gd-based nanoparticles to achieve 
specific recognition of Aβ fibrils and demonstrated 

potential for typing diagnostics [88]. Tanifum et al. 
synthesized a hydrophilic small molecule ligand, 
ET6-21, for liposome modification; with this “dual 
Gd” design, they achieved high relaxivity and 
successful in vivo imaging at low field (1T) MRI [77]. 
Efficient BBB penetration is a must for probe efficacy. 
Besides passive diffusion, active receptor-mediated 
transcytosis strategies have been widely adopted. The 
probe by He et al. used a brain-targeting polymer to 

 
Figure 8. T2-weighted MR nanoprobes for Aβ species. (A) Synthesis scheme of Cur-MNPs, ex vivo T2*-weighted MR images, and corresponding histochemical staining of 
brain sections from 18-month-old Tg2576 transgenic mice and age-matched wild-type controls following systemic injection of Cur-MNPs. Adapted with permission from [37], 
Copyright 2015, Elsevier. (B) Structure, TEM image, T2* relaxivity, and T2*-weighted MR images of NP-Sia under different conditions after incubation with Aβ-containing mouse 
brain homogenates or brain sections. Adapted with permission from [82], Copyright 2013, American Chemical Society. (C) Preparation and characterization of 
W20/XD4-SPIONs, and in vivo T2*-weighted MR images of AD mouse brains at selected time points after intravenous injection. Adapted with permission from [72], Copyright 
2020, Dovepress. (D) Synthesis and characterization of the SDP@Cur-CRT/QSH nanocomposite, and coronal T2*-weighted MR images of WT and transgenic (TG) mice treated 
with either PBS (control) or Cur-MNPs for three months. Adapted with permission from [85], Copyright 2022, Springer Nature. 
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adsorb ApoE to mediate LDLR-dependent transport 
[86] (Figure 9A); the probe by Zhou et al. used the 
RVG29 peptide targeting nAChR to improve brain 
delivery efficiency of their PLA-PEG nanoparticles 
loaded with rifampicin and Gd, for both therapeutic 
effect and treatment monitoring [89]; the probe by 
Jiang et al. extended the target to neuroinflammation. 
Their probe combines the BBB-penetrating peptide 
angiopep-2 with a CD137 antibody to visualize 
inflammatory foci in early AD [74] (Figure 9B). 

To obtain higher imaging specificity, 
environmentally responsive “smart” probes have 
been developed. Such probes are designed to be 
turned on in situ; that is, the signal turns on when the 
probe encounters specific pathological microenviron-
mental triggers such as high ROS levels or abnormal 
glucose concentration. The seminal work by He et al. 
used MnO₂ nanoclusters as the core; in the presence of 
H₂O₂, Mn²⁺ ions are released. This not only increases 
the r1 value but also consumes pathological ROS, 
representing true theranostic integration [86]. Liu et 
al. utilized the abnormal glucose metabolism often 
present in early AD to construct a GOx-loaded 
ZIF-8@MnO2 probe, enabling glucose concentration- 
dependent signal activation [90] (Figure 9C). 

Current frontiers are in theranostic integration 
and multimodal strategies. Besides the 
aforementioned exemplary studies, other multimodal 
probes provide more complete information by fusing 
complementary imaging modalities. Notably, Cai and 
his team reported a T1-T2 dual-mode probe based on 
ultrasmall ferroxymini nanoparticles. This probe 
targets Aβ aggregates by surface modification of 
phenothiazine derivatives (PZD). The extremely small 
size (less than 15 nm) significantly increases the 
efficiency of passive BBB penetration (Figure 9D). The 
property of this probe is that it simultaneously has a 
marked effect on both T1 and T2 relaxation times, and 
thus can provide synchronized “bright” T1 positive 
contrasts and “dark” T2 negative contrasts during 
visualization. This complementary mechanism of 
double signals makes it possible to effectively avoid 
false positivity or false negativity due to magnetic 
field inhomogeneity or magnetization rate artifacts. 
This will significantly improve the positional accuracy 
and spatial resolution of in vivo Aβ plaques, 
representing an important development direction for 
future highly reliable diagnostic probes. 

Although these advances are very promising, 
there are still challenges in the clinical application of 
T1 nanoprobes. First, it is crucial to achieve optimal 
pharmacokinetic properties. This means that the 
probe must maintain sufficient concentration in the 
brain and minimize systemic exposure to the rest of 
the body. There is also a need for a comprehensive 

assessment of long-term biosafety, with particular 
attention to the accumulation of metals in neural 
tissues. In addition, the development of scalable 
production processes is crucial to ensure quality 
consistency between different batches. Future 
research should focus on three main areas: the 
development of next-generation probes with stronger 
binding specificity for various Aβ species 
(particularly soluble oligomers), the construction of 
intelligent stimuli-response systems that are activated 
only in the presence of specific disease markers, and 
the development of engineering integration platforms 
that integrate precision imaging and multiple 
therapies. Such efforts will pave the way for early and 
accurate diagnosis and intervention of Alzheimer’s 
disease, even at stages that are currently considered 
impossible to treat. 

3.3. Multimodal Probes 
The pathological development of Alzheimer's 

disease (AD) is associated with abnormal 
accumulation of Aβ plaques. Therefore, early, 
non-invasive and accurate imaging of Aβ deposits is 
extremely important, which is crucial not only for the 
diagnosis of AD, but also for discovering the 
underlying mechanisms of the disease. Each imaging 
modality has its own limitations. For example, MRI 
has a high spatial resolution and deep tissue 
permeability, but its sensitivity at the molecular level 
is relatively low. On the other hand, optical imaging 
techniques such as near-infrared fluorescence show 
high molecular sensitivity, but there are limitations 
due to low tissue penetration and autofluorescence 
interference from the tissue itself. To overcome these 
bottlenecks, multimodal imaging probes have been 
developed that combine MRI with other imaging 
modalities (fluorescence, X-ray phase contrast or ¹⁹F 
MRI). These probes integrate the advantages of 
various imaging methods and overcome the 
limitations of single-modal images by leveraging the 
high spatial resolution of MRI, the high sensitivity of 
optical imaging, and the quantitative accuracy of ¹⁹F 
detection. The design of a typical multimodal probe is 
based on functional nanomaterials or molecular 
couplings and comprises the following three main 
components: a targeting unit to identify Aβ deposits, 
an MRI contrast unit (typically paramagnetic Gd³⁺, 
superparamagnetic iron oxide or ¹⁹F labels), and an 
imaging unit (fluorescent or X-ray phase contrast) that 
acts as a molecular tracer. These multimodal probes 
allow for precise positional and quantitative 
measurement of Aβ deposits, as well as real-time 
monitoring of the course of the disease, and they form 
the basis for clinical diagnosis and therapeutic 
intervention of AD. 
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Figure 9. T1-weighted nanoprobes for Aβ species MR imaging. (A) In vivo axial T1-weighted MR images of WT and Tg mice at different ages, acquired before (baseline) 
and 60 min after treatment with aAβ-BTRA-NC. Adapted with permission from [86], Copyright 2020, Elsevier. (B) Synthesis scheme, physicochemical characterization, and in vivo 
T2/T2*-weighted MR images of APP/PS-1 transgenic and WT mice at different time points after intravenous injection of NP@angiopep-2/CD137. Adapted with permission from 
[74], Copyright 2025, Royal Society of Chemistry. (C) Brain glucose activated MRI contrast agent for early diagnosis of AD characterization of ZGMP. Adapted with permission 
from [90], Copyright 2022, American Chemical Society. (D) Fabrication, in vitro MR signal response to Aβ aggregates, and in vivoT1/T2-weighted MR images of a transgenic mouse 
before and after intravenous injection of UFNPs@PEG/PZD. Adapted with permission from [76], Copyright 2020, American Chemical Society. 

 
Among these designs, Gd³⁺ based T1 weighted 

contrast agents are in the majority, and relaxivity is 
the core metric for probe performance. Recently, Yang 
et al. reported a dual-functional probe, Gd 
NP@SiO₂@HY5, with “Aβ targeting and H₂O₂ 
responsive” properties [91]. The nanoparticle used as 
the MRI core is NaGdF₄, coated with mesoporous 
SiO₂ and loaded with the near-infrared fluorescent 

probe HY5. The innovation is its dual response: on 
one hand, HY5 binds to Aβ₄₂ fibrils via hydrophobic 
interactions, giving about 30-fold fluorescence 
enhancement; on the other hand, H₂O₂ generated in 
the Aβ plaque microenvironment can oxidize HY5 to 
HY4, causing a blue shift in the fluorescence emission 
peak from 660 nm to 500 nm, enabling ratiometric 
detection of AD pathology related oxidative stress 
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levels. In vivo experiments showed that this probe 
could clearly distinguish brain signals between 
APP/PS1 transgenic mice of different ages and WT 
mice, with both MRI and fluorescence signal 
intensities positively correlated with the degree of Aβ 
deposition. Targeting the more neurotoxic oAβ, Wang 
et al. developed a theranostic probe, NP@SiO₂@F 
SLOH [92]. They used a core-shell structure of 
NaGdF₄:Yb³⁺,Tm³⁺@NaGdF₄ to ensure high relaxivity 
and loaded the fluorescent dye F SLOH, which 
selectively recognizes oAβ, via mesoporous SiO₂. This 
probe not only enables in vivo monitoring of dynamic 
oAβ enrichment with age (e.g., inducing about 60% 
MRI signal enhancement in the brains of 
11-month-old AD mice), but the loaded FSLOH also 
effectively inhibits Aβ fibrillization and reduces 
Aβ-induced cellular reactive oxygen species levels by 
about 40%, meaning “imaging and therapy” can be 
synchronized (Figure 10A). 

Modular design and multifunctional integration 
are also trends for improving probe application 
flexibility and utility. Pansieri et al. used the AGuIX 
nanoplatform, well known for high relaxivity and 
ultra-small size, to construct modular bimodal probes 
by surface modifying with either the classic Aβ ligand 
PiB or the high-affinity nanobody B10AP [97]. This 
design showed that one platform could be flexibly 
adapted to different targets and amyloid diseases 
(e.g., AD, type 2 diabetes); the affinity of the 
antibody-modified probe was several orders of 
magnitude higher than that of the small molecule 
ligand probe. In terms of molecular theranostic 
integration, Wang et al. synthesized the Gd(DOTA) 
cyanine dyad, Dyad 3 [52]. This small molecule probe 
covalently links an MRI contrast unit with a moiety 
having Aβ binding, aggregation inhibiting, and 
near-infrared fluorescence emitting functions. In AD 
model mice, it achieved near-infrared fluorescence 
imaging peaking at 90 minutes and clear MRI 
localization, and it also effectively inhibits Aβ 
fibrillization with a half-maximal inhibitory 
concentration in the μM range (Figure 10C). Probes 
based on superparamagnetic iron oxide, e.g., the 
USPIO NIR fluorescent probe developed by Li et al., 
take advantage of their T2* negative contrast effect 
and optical signal to provide a radiation-free bimodal 
imaging alternative [98] (Figure 10D). The GdF₃ 
two-photon fluorescence probe by Mpambani et al. 
uses two-photon excitation to achieve high-resolution 
imaging of Aβ plaques in deeper tissue [99] (Figure 
10E). 

Although multimodal MRI probes show great 
promise in preclinical research, translation to the 
clinic still faces a series of challenges. First, efficient 
BBB penetration is not universal. Most probes rely on 

the fact that the barrier function is impaired in the 
pathological state or on passive diffusion; thus, 
efficiency is very limited under physiological 
conditions. Second, long-term biosafety must be 
comprehensively evaluated. Metal-free probes offer 
an alternative path, but the potential central nervous 
system retention and neurotoxicity of Gd-based 
nanomaterials still need to be considered. Third, when 
translating from high-field preclinical MRI to widely 
available clinical equipment, contrast efficacy may 
decrease, posing a signal-to-noise ratio problem. 
Additionally, most existing probes target Aβ fibrillar 
plaques, while probes with high selectivity for the 
more toxic Aβ oligomers remain rather scarce, and 
attention to tau, another key pathological protein in 
AD, is also insufficient. 

Through clever combination of various imaging 
mechanisms and functional units, multimodal MR 
probes have greatly pushed Aβ imaging technology 
toward earlier, more precise, more dynamic, and 
more functionalized development. From responsive 
probes and theranostic designs to modular, 
multi-target platforms, the above-mentioned 
strategies not only contribute to better understanding 
of the complex pathological mechanisms of AD but 
also provide rich and powerful toolboxes for future 
early diagnosis, efficacy monitoring, and even 
targeted therapy. Table 4 summarizes typical 
examples of multimodal probes in Aβ imaging. 
Future research efforts should focus on improving 
probe BBB penetration efficiency, systematic 
verification of long-term biosafety, improved imaging 
performance under clinically relevant field strengths, 
and ultimately promoting these advanced imaging 
tools toward rigorous clinical trials and applications. 

3.4. CEST MRI Probes for Aβ Imaging 

CEST MRI is an emerging molecular imaging 
technique that generates contrast by detecting 
chemical exchange between exchangeable protons 
(e.g., from hydroxyl or amine groups) in solutes and 
bulk water protons. In the free state, exchangeable 
protons (e.g., hydroxyl and amide groups) on CEST 
probes undergo slow exchange with bulk water 
protons. The proton exchange rate (kₛw) is in dynamic 
equilibrium, and the CEST signal is correspondingly 
weak. Once the probe molecules bind to aggregated 
Aβ species, they undergo conformational changes, 
and the exchangeable protons interact with the 
hydrogen bond network on the surface of Aβ 
molecules. This increases kₛw by 3- to 5-fold and 
simultaneously prolongs T1, thus achieving targeted 
activation and specific amplification of the CEST 
signal.  
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Figure 10. Multimodal MRI probes for Aβ species imaging. (A) Synthesis scheme of NP@SiO2@F-SLOH, ex vivo fluorescence staining of brain slices, and in vivo MR 
images of WT and Tg mice at different ages before probe injection. Adapted with permission from [92], Copyright 2020, Wiley-VCH. (B) Morphology and physicochemical 
properties of the BSA@FGQDs probe, and corresponding in vivo 1H MRI and 19F MRI signals of the mouse brain before and after its systemic injection. Adapted with permission 
from [95], Copyright 2019, American Chemical Society. (C) Molecular structures of the Gd(DOTA)-based dyad probes and in vivo dual-modal fluorescence/MR images of 
12-month-old 5XFAD transgenic mice and age-matched WT mice before and after intravenous administration of Dyad-3. Adapted with permission from [52], Copyright 2020, 
American Chemical Society. (D) Fabrication of Fe3O4@SiO2@SLCONHR, its in vitro fluorescence/T1-/T2-weighted MR signal response toward Aβ aggregates, and ex vivo 
T2-weighted MR images of Tg mouse brains 4 h post-injection. Adapted with permission from [98], Copyright 2018, Wiley-VCH. (E) Two-photon fluorescence and MR-specific 
imaging of Aβ amyloid using hybrid nano-GdF3 particles. Adapted with permission from [99], Copyright 2018, American Chemical Society. 
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Table 4. Summary of CEST and Multimodal probes for Aβ Imaging. 

Probe Type Targeting Mechanism Signal Unit Signal Property Animal Model Key Advantages Ref. 
Angiopep-2 CEST LRP1-targeting peptide Amide/hydroxyl 

protons 
CEST signal at 3.2 
ppm 

APP/PS1 mice Metal-free, active BBB penetration, 
consistent with 
immunohistochemistry 

[41] 

PiB Derivative CEST Phenolic hydroxyl as 
exchangeable proton source 

Hydroxyl protons CEST signal at 5.8 
ppm 

APP/PS1 mice Rapid conversion from PET probe, 
radiation-free 

[103] 

2-Deoxy-D-glucose 
(2DG) 

CEST Brain glucose metabolism Hydroxyl protons GlucoCEST effect AD model mice Endogenous, no exogenous 
substance, assesses brain metabolism 

[100] 

NP@SiO₂@F-SLOH MRI/FL F-SLOH selective for Aβ 
oligomers 

NaGdF₄ + 
Fluorescence 

T1 enhancement + 
fluorescence signal 

11-month-old 
AD mice 

Simultaneous imaging and inhibition 
of Aβ fibrillation, ROS reduction 

[92] 

Dyad-3 MRI/FL Cyanine scaffold Gd(DOTA) + NIR 
fluorescence 

T1 enhancement + 
NIR fluorescence 

12-month-old 
5XFAD mice 

Integrated small-molecule design, 
inhibits Aβ fibrillation 

[52] 

BSA@FGQDs ¹⁹F 
MRI/FL 

Bovine serum albumin + 
fluorinated graphene 
quantum dots 

¹⁹F + Fluorescence Fluorescence 
quenching + ¹⁹F signal 
activation 

AD model mice Completely metal-free, 
complementary dual-modal signals 

[95] 

Gd-NP@SiO₂@HY5 MRI/FL HY5 specific for Aβ₄₂ + 
H₂O₂ responsive 

NaGdF₄ + NIR 
fluorescence 

T1 enhancement + 
ratiometric 
fluorescence 

APP/PS1 mice Dual-responsive (Aβ + ROS), 
oxidative stress monitoring 

[91] 

NaGdF₄-PMPC SWI MRI PMPC mimics 
acetylcholine targeting α7 
nAChR 

NaGdF₄ Delayed enhancement, 
persists for 24 h 

Early-stage AD 
model mice 

Targets neuroinflammation, 
ultra-small size facilitates diffusion 

[93] 

 
Compared to T1-weighted imaging, which relies 

on paramagnetic metal ions (e.g., Gd³⁺, Mn²⁺), CEST 
probes do not require metal introduction, so they may 
have superior biosafety and a richer, more designable 
chemical space. They allow us to probe biological 
processes such as glucose metabolism, specific protein 
interactions, or enzyme activity, which is a unique 
advantage for imaging Aβ pathology in AD. Based on 
their origin and mechanism, current CEST probes for 
Aβ imaging mainly include endogenous 
metabolite-based probes, exogenous targeted peptide 
probes, enzyme responsive probes, and probes 
developed from repurposing of classic ligands. The 
relevant typical examples are summarized in Table 4. 

Endogenous metabolite-based probes directly 
use intrinsic brain biomolecules or their analogs as 
reporting sources, introducing no exogenous 
substances. Tolomeo et al. were the first to show that 
the glucose analog 2-deoxy-D-glucose (2DG) can be 
an endogenous CEST probe [100]; they demonstrated 
that the hydroxyl groups on the phosphorylated 
intracellular product, 2DG-6-phosphate (2DG6P), 
have exchangeable protons that can generate a CEST 
signal. In AD model mice, because cerebral glucose 
metabolism is diminished, uptake and retention of 
2DG are reduced, and the CEST signal (GlucoCEST 
effect, GCE) is much lower than in WT mice. This 
study achieved the first non-radioactive imaging of 
brain glucose metabolism, providing an MRI based 
alternative to ¹⁸F-FDG PET (Figure 11A). 

To obtain direct and specific imaging of Aβ 
deposition, various exogenous Aβ targeted peptide 
probes have been prepared. Wang et al. first reported 
an artificial peptide probe, Angiopep-2, possessing 
both BBB penetration and Aβ targeting capabilities 
[41]. This probe crosses the BBB by binding to 
low-density lipoprotein receptor-related protein 1 

(LRP1) and specifically binds to Aβ fibrils. Its 
amide/hydroxyl protons give a large CEST signal at 
3.2 ppm. Injection of this probe into APP/PS1 mice 
produced remarkable enhancement of the CEST 
signal in the cortex and hippocampus, and the 
distribution was highly consistent with Aβ plaques 
revealed by immunohistochemistry, confirming its 
targeted imaging capability (Figure 11B). Xu et al. 
subsequently optimized imaging parameters for an 
Angiopep-2 based probe and systematically studied 
its use in dynamic monitoring of AD progression. 
They found that in APP/PS1 mice, the CEST signal 
intensity of this probe increases linearly with age from 
6 to 12 months, and signal enhancement precedes the 
onset of cognitive impairment, allowing long-term, 
non-invasive monitoring of Aβ pathology from early 
deposition to progression [42]. 

Enzyme responsive CEST probes targeting AD 
related pathological processes, in addition to directly 
targeting Aβ protein, also have potential. Suchý et al. 
designed a dual-modal (CEST/fluorescence) probe 
targeting Cathepsin D (Cat D) [101]. Cat D is 
overexpressed in the AD brain and can specifically 
cleave the linker peptide in this probe, releasing an 
active fragment containing thulium ions (Tm³⁺), 
which generates MRI contrast via the Off-Resonance 
and Relaxation Enhancement (OPARACHEE) 
mechanism. This probe exhibited specific uptake and 
signal activation in neuronal cells overexpressing Cat 
D, which proves the feasibility of using it for in vivo 
imaging of changes in AD-related enzymatic activity. 

The strategy of “drug repurposing” or “probe 
repurposing” has attracted attention to speed up 
clinical translation. Zhuang et al. successfully 
repurposed the classic prototype of the Aβ PET 
imaging probe, PiB, as a CEST probe [40]. The 
phenolic hydroxyl group in PiB's structure is the 
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source of exchangeable protons, giving a CEST signal 
at 5.8 ppm, a frequency that does not overlap with 
most endogenous metabolite signals. Their study 
demonstrated that the CEST signal intensity in the 
brains of APP/PS1 mice after injection is positively 
correlated with age (i.e., Aβ burden) and is in very 

good agreement with immunohistochemistry results. 
This work opens a new way to rapidly convert 
extensively preclinically and clinically validated 
high-affinity ligands into non-radioactive CEST 
probes. 

 

 
Figure 11. CEST MRI probes for Aβ species imaging. (A) Dynamic CEST measurements and comparative visualization of [¹⁸F]FDG-PET and CEST data. Top: Group mean 
AUCDyn images normalized to the template. Middle: Group mean dynamic signal curves (averaged from the cortex) and corresponding box plot of cortical AUCDyn. Bottom: 
Representative [¹⁸F]FDG-PET and CEST images, alongside the multi-step fitting procedure: contributions of water and NOE were fitted first, followed by contributions from 
other compounds. Adapted with permission from [100], Copyright 2018, Springer Nature. (B) Z-spectra and CEST images of angiopep-2 and its analogue solutions in vitro, and 
longitudinal in vivo CEST images of APP/PS1 Tg mice (with PBS-treated mice as controls) acquired at different time points post-injection. Adapted with permission from [41], 
Copyright 2019, American Chemical Society. 

 

Table 5. Comparison of Key Features, Advantages, and Limitations of Different Types Aβ-Targeted MRI Probe. 

Probe Type Signal Mechanism Targeting Strategy BBB Penetration Key Advantages Key Limitations 
Small-Molecule 
T1 Probes 

T1-weighted positive 
contrast 

Small-molecule ligands 
(PET-derived, aptamers, 
nanobodies) 

Physicochemical optimization Well-defined structure, high 
designability, exceptionally 
high relaxivity 

Low BBB efficiency, metal 
toxicity concerns 

¹⁹F Probes Direct ¹⁹F imaging 
(zero background) 

Benzoxazole/curcumin 
derivatives, conformation-locking 

Hydrophilicity optimization No endogenous background, 
aggregation state selectivity 

Low sensitivity, high dose, 
signal quenching 

T2 Nanoparticle 
Probes 

T2/T2*-weighted 
negative contrast 

Antibodies, peptides, 
small-molecule ligands 

Active targeting, pathological 
BBB leakage 

High sensitivity, 
multifunctional surface, 
theranostic potential 

Negative contrast 
confusable with 
hemorrhage, safety 
concerns 

T1 Nanoparticle 
Probes 

T1-weighted positive 
contrast 

Antibodies, peptides, active 
targeting ligands 

Receptor-mediated 
transcytosis, passive diffusion 

Clear positive contrast, 
dual-modality imaging 
capability 

Size-dependent BBB 
penetration, metal retention 
risk 

CEST Probes Chemical exchange 
saturation transfer 

Targeting peptides, PET probe 
repurposing, endogenous 
metabolites 

Receptor-mediated 
transcytosis, physicochemical 
optimization 

Metal-free, endogenous 
analogs, large design space 

Low sensitivity, long scan 
time, requires ultra-high 
field  

Multimodal 
Probes 

MRI + FL/¹⁹F/PET Integrated multiple targeting 
functions 

Combined passive, active, and 
physical strategies 

Complementary signals, 
functional integration, 
theranostic potential 

Complex design, unclear 
metabolism 
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Through different design strategies, CEST MRI 
probes have shown their value in metabolic imaging 
of Aβ, direct targeted imaging, monitoring enzyme 
activity, and rapid probe development for AD. 
However, this technology still has problems: most 
studies rely on ultra-high field strengths (7 T or 9.4 T) 
MRI to achieve sufficient signal-to-noise ratio, which 
is not compatible with mainstream clinical scanners 
(1.5T/3T); CEST imaging generally requires long scan 
times and is very sensitive to magnetic field 
inhomogeneity, making it prone to artifacts; the 
optimal dosage, long-term biosafety, and in vivo 
metabolic pathways of exogenous probes need to be 
systematically evaluated. Moving forward, we can 
enhance the role of this non-radioactive molecular 
imaging technology in the early diagnosis and 
treatment evaluation of AD by focusing on several 
key areas. First, we need to develop probes with 
higher exchange rates; second, we should 
continuously optimize fast CEST imaging sequences; 
third, we need to push forward validation research 
under clinical field strengths; and finally, we should 
explore smart, integrated CEST probes that target 
different pathways or mechanisms. 

4. Summary and Perspective 
Various types of probes have been developed so 

far. Due to their different physical and chemical 
properties, they are applicable to different application 
scenarios (Table 5). The development of MRI probes 
aimed at the Aβ species symbolizes a highly dynamic 
and interdisciplinary field combining expertise in 
chemistry, materials science, neurobiology and 
imaging physics. The area has undergone 
fundamental development and is in transition from 
detection of insoluble plaques to detection of soluble 
neurotoxic oligomers. At the same time, probe design 
is constantly evolving from passive imaging agents to 
active target probes and from single-function probes 
to integrated multifunctional platforms. With these 
joint efforts, probes in this area achieve higher 
sensitivity, diagnostic specificity and clinical 
relevance. But despite these great advances, there are 
still some persistent and complex challenges. The 
transition to clinical use of MRI probes is still difficult. 

(1) Sensitivity and signal-to-noise limits 
The intrinsic low concentration of pathological 

aggregates of Aβ, particularly in the early stages of 
the disease, poses a fundamental sensitivity challenge. 
Traditional probes, such as gadolinium-based T1 
agents or CEST probes, often produce insufficient 
molar signals (e.g. relaxation rate variations). To 
achieve a sufficient signal/noise ratio at 
concentrations of nanomoles or picomoles [102], 

although nanoparticle systems can amplify the signal 
through their high load, their size creates new barriers 
to biodistribution and target contact. To overcome this 
problem, it is possible to develop fast-relaxing probes 
with optimized geometry, to use CEST probes with 
multiple exchangeable sites, or to design "turn-on" 
probes that increase the relaxation rate upon Aβ 
binding, without compromising biodistribution. 

(2) High specificity and target discrimination 
Highly specific expression for different Aβ 

species (e.g. oligomers vs. monomers or protofibrils) 
remains very complex. Probes dependent on general 
hydrophobic interactions or β-sheet recognition 
patterns may react with other amyloid proteins 
present in the brain (such as tau or α-synuclein), 
generating false positives [51]. In addition, 
non-specific adsorption to non-target substances will 
increase background noise. Another problem with 
oligomer-specific probes is that the binding event 
itself may alter the aggregation kinetics or the toxicity 
profile of the oligomer and thus interfere with the 
pathology being measured. To overcome these 
challenges, probe design should use high affinity 
binders (e.g., peptides, aptamers) to target unique 
conformational epitopes. Combining orthogonal 
validation methods with specificity improvements 
(such as PEG spacers) can minimize off-target 
binding, while transient binding probes can reduce 
disturbance of oligomer kinetics. 

(3) Pharmacokinetics and in vivo stability 
Optimal probes must have fine-tuned 

pharmacokinetics: effective blood-brain barrier 
penetration, target binding with high affinity and 
sufficient retention time, as well as rapid systemic 
clearance of unbound fractions. The balance of these 
competitive requirements is complex. Long-term 
brain retention can increase the background signal 
and potential toxicity, while too fast clearance can 
prevent sufficient accumulation of the target within 
the image window. In the case of metal-based probes 
(e.g. Gd³⁺, Mn²⁺), the in vivo stability of the complex is 
crucial to prevent the release of toxic metal ions, 
which may lead to nephrogenic systemic fibrosis or 
manganese-induced neurotoxicity [103]. To overcome 
these problems, methods include optimizing 
lipophilicity and molecular weight, using prodrug 
strategies or receptor-mediated transcytosis for BBB 
penetration, and introducing rapid clearance 
mechanisms. For metal-based agents, macrocyclic 
chelators with high kinetic inertness and 
transmetallation resistance (e.g. DOTA) are crucial to 
ensure stability. 
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(4) Long-term biosafety and immunogenicity 
Comprehensive long-term safety is essential for 

all diagnostic agents intended for human use, in 
particular for longitudinal monitoring. In addition to 
concerns about heavy metal toxicity, the fate of 
nanomaterial-based probes requires thorough 
investigation. Important issues include their 
biodegradability, the potential toxicity of degradation 
byproducts, and their tendency to accumulate in 
organs of the mononuclear phagocyte system. In 
addition, both nanomaterials and biopharmaceutical 
probes (such as antibodies and nanobodies) pose a 
risk of triggering immune responses, potentially 
leading to hypersensitivity or accelerated blood 
clearance, affecting the effect of repeated dosing. To 
mitigate these problems, probe development should 
prioritize biodegradable nanomaterials with 
well-defined excretion pathways, surface 
modification with biocompatible polymers to reduce 
immune recognition, and immunogenicity screening 
of biopharmaceuticals. The "low dose, high 
sensitivity" design further reduces the overall material 
load. 

This area is poised to enter a new phase 
characterized by intelligent design and 
multifunctional integration, with future 
breakthroughs going beyond incremental 
improvements to enable new diagnostic and 
therapeutic possibilities. 

(1) Intelligent and activatable probes 
A central trend is the development of 

"intelligent" or activatable probes that respond to 
specific pathological triggers. When they encounter 
unique Aβ conformations or microenvironmental 
changes within Alzheimer’s disease plaques (for 
example, local variations in pH, redox state or metal 
ion concentration), these systems go beyond the 
simple "always on" contrast to turn "on" or "off" in 
response. Changes in the physico-chemical properties 
activated by these targets (such as aggregation or 
rotation time) can generate a significant and specific 
increase in MRI signals (e.g., relaxation rate or CEST 
effect), significantly improving the contrast-to-noise 
ratio [14]. 

(2) Multimodal integration 
Integrating complementary imaging modes on a 

single probe platform is a powerful strategy to 
overcome the inherent limitations of individual 
technologies. An integrated probe compatible with 
MRI, PET and optical imaging would allow, after 
preliminary screening based on the high sensitivity 
and quantitative capacity of PET, anatomical 
localization and longitudinal tracking thanks to the 

superior spatial resolution and tissue contrast of MRI, 
as well as surgical guidance or histopathological 
validation by the high molecular sensitivity of 
fluorescence. 

(3) Probe design and image analysis driven by 
artificial intelligence 

AI and machine learning will greatly accelerate 
this progress. Computer simulation methods, 
including virtual screening and generative models, 
will accelerate the optimization of affinity, selectivity 
and blood-brain barrier (BBB) penetration of new 
targeted ligands. In addition, AI- based image 
analysis algorithms can extract fine multidimensional 
attributes from image data, allowing automated, 
accurate and reproducible segmentation and 
quantification of Aβ pathology, reducing 
inter-observer variability and improving diagnostic 
reliability. 

(4) Transition to theranostic platforms 
The ultimate progress is to develop true 

theranostics combining diagnosis and therapy. The 
new generation of probes could not only serve as 
imaging biomarkers but also as therapeutic vectors. 
Once specifically targeting Aβ aggregates, these 
platforms could directly neutralize toxic oligomers via 
their functional components, effectively administer 
targeted therapeutic loads (such as anti-aggregation 
compounds or immunomodulators), or even promote 
clearance mechanisms. This paradigm will allow 
disease detection and targeted interference 
simultaneously, paving the way for personalized and 
precision treatment for Alzheimer’s disease. 

(5) Regulatory compliance and standardization 
When introducing new Aβ-targeted MRI probes 

into the clinic, the regulatory criteria established by 
the agencies must be met. For example, the FDA 
requires that new diagnostic agents ensure clearly 
defined sensitivity and specific thresholds and 
consistent performance between batches. On the other 
hand, the guidelines for the biosafety assessment of 
nanomaterials drawn up by the European Medicines 
Agency (EMA) emphasise the importance of assessing 
the long-term toxicity of new diagnostic agents and 
their metabolic pathways. To meet these basic 
requirements, it is necessary to build a standardized 
image data analysis workflow to facilitate the 
transition to clinical applications on a larger scale. 

Acknowledgments 
This project was financially supported by the 

National Natural Science Foundation of China (No. 
81901808), Henan Provincial Science and Technology 



Theranostics 2026, Vol. 16, Issue 13 
 

 
https://www.thno.org 

7285 

R&D Program Joint Fund (No. 232301420035), Henan 
Provincial Natural Science Foundation (232300420041, 
252300421118). Henan Province Middle-aged and 
Young Health Scientific and Technological Innovation 
Talent Training Program (JQRC2024011). ChatGPT‑4 
was used solely for English language polishing to 
improve clarity and grammar. No AI was used to 
generate scientific content, conclusions, or figures. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Walker LC, Jucker M. The prion principle and Alzheimer's disease similarities 

to molecular mechanisms underlying prion diseases may help to refine 
Alzheimer's disease therapies. Science. 2024; 385: 1278-9. 

2.  Nandi A, Counts N, Chen S, Seligman B, Tortorice D, Vigo D, et al. Global and 
regional projections of the economic burden of Alzheimer's disease and 
related dementias from 2019 to 2050: a value of statistical life approach. 
EClinicalMedicine. 2022; 51: 101580. 

3.  Jagust WJ, Teunissen CE, Decarli C. The complex pathway between amyloid β 
and cognition: implications for therapy. Lancet Neurol. 2023; 22: 847-57. 

4.  Zhang Y, Chen HQ, Li R, Sterling K, Song WH. Amyloid β-based therapy for 
Alzheimer's disease: challenges, successes and future. Signal Transduct Target 
Ther. 2023; 8: 248. 

5.  Simoes-Pires EN, Torrente D, Singh P, Strickland S, Norris EH. Synergistic 
effects of the Aβ/fibrinogen complex on synaptotoxicity, neuroinflammation, 
and blood-brain barrier damage in Alzheimer's disease models. Alzheimers 
Dement. 2025; 21(5): e70119. 

6.  Rinauro DJ, Chiti F, Vendruscolo M, Limbocker R. Misfolded protein 
oligomers: mechanisms of formation, cytotoxic effects, and pharmacological 
approaches against protein misfolding diseases. Mol Neurodegener. 2024; 
19(1): 20. 

7.  Andersson E, Lindblom N, Janelidze S, Salvadó G, Gkanatsiou E, Söderberg L, 
et al. Soluble cerebral Aβ protofibrils link Aβ plaque pathology to changes in 
CSF Aβ42/Aβ40 ratios, neurofilament light and tau in Alzheimer's disease 
model mice. Nat Aging. 2025; 5: 366-75. 

8.  Zhou Z, Wang QG, Liu LW, Wang Q, Zhang XJ, Li C, et al. Investigating the 
Aβ and tau pathology in autosomal dominant Alzheimer's disease: insights 
from hybrid PET/MRI and network mapping. Alzheimers Res Ther. 2025; 
17(1):45. 

9.  Pascoal TA, Mathotaarachchi S, Kang MS, Mohaddes S, Shin M, Park AY, et al. 
Aβ-induced vulnerability propagates via the brain's default mode network. 
Nat commun. 2019; 10(1):2353. 

10.  Ossenkoppele R, Smith R, Ohlsson T, Strandberg O, Mattsson N, Insel PS, et al. 
Associations between tau, Aβ, and cortical thickness with cognition in 
Alzheimer disease Neurology. 2019; 92: E601-E12. 

11.  Lin HM, Jiang QL, Yang YH, Huang Q, Zhang Y, Zhang ZW, et al. 
Harmonizing Aβ deposition threshold for 18F-florbetaben PET imaging: 
addressing discrepancies and calibration between PET/CT and PET/MRI. Eur 
J Nucl Med Mol Imaging. 2025; 52: 3591-9. 

12.  Hope TA, Allen-Auerbach M, Bodei L, Calais J, Dahlbom M, Dunnwald LK, et 
al. SNMMI procedure standard/EANM practice guideline for SSTR PET: 
imaging neuroendocrine tumors. J Nucl Med. 2023; 64(2): 204-210. 

13.  Zhang M, Hu JL, Zhang YY, Meng ZY, Zhao YB, Li YD, et al. Associations 
between Aβ deposition and neurometabolic alterations in Alzheimer's disease: 
insights from hybrid 3D MRSI-PET imaging. Alzheimers Dement. 2025; 
21(6):e70332. 

14.  Minhas DS, Price JC, Laymon CM, Becker CR, Klunk WE, Tudorascu DL, et al. 
Impact of partial volume correction on the regional correspondence between 
in vivo C-11 PiB PET and postmortem measures of Aβ load. Neuroimage Clin. 
2018; 19: 182-9. 

15.  Bandara N, Sharma AK, Krieger S, Schultz JW, Han BH, Rogers BE, et al. 
Evaluation of 64Cu-based radiopharmaceuticals that target Aβ peptide 
aggregates as diagnostic tools for Alzheimer's disease. J Am Chem Soc. 2017; 
139: 12550-8. 

16.  Li J, Liao W, Huang DQ, Ou MT, Chen TK, Wang XL, et al. Current strategies 
of detecting Aβ species and inhibiting Aβ aggregation: status and prospects. 
Coord Chem Rev. 2023; 495: 215375. 

17.  You SH, Kim B, Kim I, Yang KS, Kim KM, Kim BK, et al. Integrative MR 
imaging interpretation in cognitive impairment with Alzheimer's disease, 
small vessel disease, and glymphatic function-related MR parameters. Acad 
Radiol. 2025; 32: 932-50. 

18.  Xia YN, Li MQ, Zhang RY, Zhou MY, Jing LH, Wang WJ, et al. Functional 
Modular Stacking Nanoprobes Based on Bimetallic Doped Carbon Dots for 

Multimodal Bioimaging and Photothermal Combined Tumor Therapy. Adv 
Health Mater. 2025; e04706. 

19.  Dai YQ, Fang TN, Xu YH, Jiang TS, Qiao JP. Multi-fluorine labeled indanone 
derivatives as potential MRI imaging probes for β-amyloid plaques. Chem 
Biol Drug Des. 2023; 101: 650-61. 

20.  Soontornniyomkij V, Choi C, Pomakian J, Vinters HV. High-definition 
characterization of cerebral β-amyloid angiopathy in Alzheimer's disease. 
Hum Pathol. 2010; 41: 1601-8. 

21.  Fertan E, Meisl G, Klenerman D. Small-diffusible aggregates, plaques, tangles, 
and dynamic equilibria: untangling Alzheimer's disease. Alzheimers Dement. 
2025; 21(7): e70462 

22.  Meisl G, Kirkegaard JB, Arosio P, Michaels TCT, Vendruscolo M, Dobson CM, 
et al. Molecular mechanisms of protein aggregation from global fitting of 
kinetic models. Nat Protoc. 2016; 11: 252-72. 

23.  Niu Z, Sarkar R, Aichler M, Wester HJ, Yousefi BH, Reif B. Mapping the 
binding interface of PET tracer molecules and Alzheimer disease Aβ fibrils by 
using MAS solid-state NMR spectroscopy. Chembiochem. 2020; 21: 2495-502. 

24.  Yu XF, Zhang Y, Cai Y, Rong N, Li RX, Shi R, et al. Asymmetrical patterns of 
β-amyloid deposition and cognitive changes in Alzheimer's disease: the 
SILCODE study. Cereb Cortex. 2024; 34(12):bhae485. 

25.  Viola KL, Bicca MA, Bebenek AM, Kranz DL, Nandwana V, Waters EA, et al. 
The therapeutic and diagnostic potential of amyloid β oligomers selective 
antibodies to treat Alzheimer's disease. Front Neurosci. 2022; 15: 768646. 

26.  Chen KW, Ghisays V, Luo J, Chen YH, Lee WY, Wu TRS, et al. Harmonizing 
florbetapir and PiB PET measurements of cortical Aβ plaque burden using 
multiple regions-of-interest and machine learning techniques: an alternative to 
the Centiloid approach. Alzheimers Dement. 2024; 20: 2165-72. 

27.  Zhang M, Qian XH, Hu JL, Zhang YY, Lin XZ, Hai WX, et al. Integrating TSPO 
PET imaging and transcriptomics to unveil the role of neuroinflammation and 
amyloid-β deposition in Alzheimer's disease. Eur J Nucl Med Mol Imaging. 
2024; 51: 455-67. 

28.  Ye ZJ, Li LP, Duan QY, Sheng XY, Zhang C, Fan XL, et al. KLVFF-guided 
molecular scissors: a Trojan horse strategy for precision photodynamic 
dissolution of Aβ aggregates. Adv Healthc Mater. 2025; 14: e2502595. 

29.  Yuan ZN, Du MG, Chen YW, Dou F. Construction of human Fab library and 
screening of a single-domain antibody of amyloid-beta 42 oligomers. Neural 
Regen Res. 2013; 8: 3107-15. 

30.  Munguia ME, Govezensky T, Martinez R, Manoutcharian K, Gevorkian G. 
Identification of amyloid-beta 1-42 binding protein fragments by screening of 
a human brain cDNA library. Neurosci Lett. 2006; 397: 79-82. 

31.  Chen DL, Martin ZS, Soto C, Schein CH. Computational selection of inhibitors 
of Aβ aggregation and neuronal toxicity. Bioorg Med Chem. 2009; 17: 5189-97. 

32.  Kim ST, Kim HG, Kim YM, Han HS, Cho JH, Lim SC, et al. An aptamer-based 
magnetic resonance imaging contrast agent for detecting oligomeric 
amyloid-β in the brain of an Alzheimer's disease mouse model. NMR Biomed. 
2023; 36(3): e4862. 

33.  Martins AF, Morfin JF, Geraldes C, Tóth É. Gd3+ complexes conjugated to 
Pittsburgh compound B: potential MRI markers of β-amyloid plaques. J Biol 
Inorg Chem. 2014; 19: 281-95. 

34.  Martins AF, Morfin JF, Kubícková A, Kubícek V, Buron F, Suzenet F, et al. 
PiB-conjugated, metal-based imaging probes: multimodal approaches for the 
visualization of β-amyloid plaques. ACS Med Chem Lett. 2013; 4: 436-40. 

35.  Rastogi N, Tyagi N, Singh O, Kumar BSH, Singh UP, Ghosh K, et al. Mn(II) 
based T1 and T2 potential MRI contrast agent appended with tryptamine: 
recognition moiety for Aβ-plaques. J Inorg Biochem. 2017; 177: 76-81. 

36.  Kim E, Di Censo D, Baraldo M, Simmons C, Rosa I, Randall K, et al. In vivo 
multi-parametric manganese-enhanced MRI for detecting amyloid plaques in 
rodent models of Alzheimer's disease. Sci Rep. 2021; 11: 12419. 

37.  Cheng KK, Chan PS, Fan SJ, Kwan SM, Yeung KL, Wáng YXJ, et al. 
Curcumin-conjugated magnetic nanoparticles for detecting amyloid plaques 
in Alzheimer's disease mice using magnetic resonance imaging (MRI). 
Biomaterials. 2015; 44: 155-72. 

38.  Flaherty DP, Walsh SM, Kiyota T, Dong Y, Ikezu T, Vennerstrom JL. 
Polyfluorinated bis-styrylbenzene β-amyloid plaque binding ligands. J Med 
Chem. 2007; 50: 4986-92. 

39.  Yanagisawa D, Ibrahim NF, Taguchi H, Morikawa S, Tomiyama T, Tooyama I. 
Fluorine-19 magnetic resonance imaging for detection of amyloid β oligomers 
using a keto form of curcumin derivative in a mouse model of Alzheimer's 
disease. Molecules. 2021; 26: 1362. 

40.  Zhuang CY, Chen BB, Wu SH, Xu L, Zhang XL, Zheng XH, et al. Repurposing 
of the PET probe prototype PiB for label and radiation-free CEST MRI 
molecular imaging of amyloid. ACS Chem Neurosci. 2023; 14: 4344-51. 

41.  Wang RR, Wang CW, Dai ZZ, Chen YZ, Shen ZW, Xiao G, et al. An amyloid-β 
targeting chemical exchange saturation transfer probe for in vivo detection of 
Alzheimer's disease. ACS Chem Neurosci. 2019; 10: 3859-67. 

42.  Xu L, Lai LF, Wen YQ, Lin J, Chen BB, Zhong YZ, et al. Angiopep-2, an MRI 
biomarker, dynamically monitors amyloid deposition in early Alzheimer's 
disease. ACS Chem Neurosci. 2023; 14: 226-34. 

43.  Kastelik-Hryniewiecka A, Jewula P, Bakalorz K, Kramer-Marek G, Kuznik N. 
Targeted PET/MRI imaging super probes: a critical review of opportunities 
and challenges. Int J Nanomedicine. 2021; 16:8465-8483. 

44.  Yang CT, Chuang KH. Gd(III) chelates for MRI contrast agents: from high 
relaxivity to "smart", from blood pool to blood-brain barrier permeable. 
Medchemcomm. 2012; 3: 552-65. 



Theranostics 2026, Vol. 16, Issue 13 
 

 
https://www.thno.org 

7286 

45.  Sulheim E, Wideroe M, Bäck M, Nilsson KPR, Hammarström P, Nilsson LNG, 
et al. Contrast enhanced magnetic resonance imaging of amyloid-β plaques in 
a murine Alzheimer's disease model. J Alzheimers Dis. 2023; 93: 411-419. 

46.  Khoury N, Pizzo ME, Discenza CB, Joy D, Tatarakis D, Todorov MI, et al. 
Fc-engineered large molecules targeting blood-brain barrier transferrin 
receptor and CD98hc have distinct central nervous system and peripheral 
biodistribution. Nat commun. 2025; 16: 1822. 

47.  Guo KY, Cao DLG, Marchese-Thomas LP, Dong YZ. Antibody engineering for 
receptor-mediated transcytosis across the blood-brain barrier. Bioconjugate 
Chem. 2025; 36: 2109-15. 

48.  Petralla S, Panayotova M, Franchina E, Fricker G, Puris E. Low-density 
lipoprotein receptor-related protein 1 as a potential therapeutic target in 
Alzheimer's disease. Pharmaceutics. 2024; 16(7): 948. 

49.  Zhao PX, Wu TT, Tian Y, You J, Cui XW. Recent advances of focused 
ultrasound induced blood-brain barrier opening for clinical applications of 
neurodegenerative diseases. Adv Drug Deliv Rev. 2024; 209:115323. 

50.  Wang Z, Xiong GJ, Tsang WC, Schätzlein AG, Uchegbu IF. Nose-to-brain 
delivery. J Pharmacol Exp Ther. 2019; 370: 593-601. 

51.  Yeo SK, Shepelytskyi Y, Grynko V, Albert MS. Molecular imaging of 
fluorinated probes for tau protein and amyloid-β detection. Molecules. 2020; 
25(15): 3413. 

52.  Wang XL, Chan HN, Desbois N, Gros CP, Bolze F, Li YH, et al. Multimodal 
theranostic cyanine-conjugated gadolinium(III) complex for in vivo imaging of 
amyloid-β in an Alzheimer's disease mouse model. ACS Appl Mater 
Interfaces. 2021; 13: 18525-32. 

53.  Poduslo JF, Curran GL, Peterson JA, McCormick DJ, Fauq AH, Khan MA, et al. 
Design and chemical synthesis of a magnetic resonance contrast agent with 
enhanced in vitro binding, high blood-brain barrier permeability, and in vivo 
targeting to Alzheimer's disease amyloid plaques. Biochemistry. 2004; 43: 
6064-6075. 

54.  Chinnathambi S, Malik S, Chandrashekar M. Tau PET probes for Alzheimer's 
disease detection and their structural characterization. Adv Protein Chem 
Struct Biol. 2025; 145: 255-285. 

55.  Dhillon S, Kinger M, Rani P, Chahal M, Kumari G, Aneja DK, et al. Advances 
in Aβ imaging probes: a comprehensive study of radiolabelled 
1,3-diaryl-2-propen-1-ones for Alzheimer's disease: a review. RSC Adv. 2023; 
13: 35877-35903. 

56.  Su D, Diao W, Li J, Pan L, Zhang X, Wu X, et al. Strategic design of amyloid-β 
species fluorescent probes for Alzheimer's disease. ACS Chem Neurosci. 2022; 
13: 540-551. 

57. Bort G, Catoen S, Borderies H, Kebsi A, Ballet S, Louin G, et al. 
Gadolinium-based contrast agents targeted to amyloid aggregates for the early 
diagnosis of Alzheimer's disease by MRI. Eur J Med Chem. 2014; 87: 843-861. 

58.  Vandesquille M, Li TF, Po C, Ganneau C, Lenormand P, Dudeffant C, et al. 
Chemically-defined camelid antibody bioconjugate for the magnetic 
resonance imaging of Alzheimer's disease. MAbs. 2017; 9: 1016-1027. 

59.  Patil R, Gangalum PR, Wagner S, Portilla-Arias J, Ding H, Rekechenetskiy A, 
et al. Curcumin targeted, polymalic acid-based MRI contrast agent for the 
detection of A plaques in Alzheimer's disease. Macromol Biosci. 2015; 15: 
1212-1217. 

60.  Badachhape AA, Working PK, Srivastava M, Bhandari P, Stupin I, Devkota L, 
et al. Pre-clinical dose-ranging efficacy, pharmacokinetics, tissue 
biodistribution, and toxicity of a targeted contrast agent for MRI of amyloid 
deposition in Alzheimer's disease. Sci Rep. 2020; 10(1): 16185. 

61.  Pinto SMA, Lacerda S, Morfin J-F, Aroso RT, Teixeira DSdS, Garda Z, et al. 
Towards more efficient, more specific, and safer MRI contrast agents: a 
Portuguese-French collaborative journey. C R Chim. 2025; 28: 95-110. 

62.  Higuchi M, Iwata N, Matsuba Y, Sato K, Sasamoto K, Saido TC. 19F and 1H 
MRI detection of amyloid β plaques in vivo. Nat Neurosci. 2005; 8: 527-33. 

63.  Amatsubo T, Morikawa S, Inubushi T, Urushitani M, Taguchi H, Shirai N, et 
al. Trifluoromethoxy-benzylated ligands improve amyloid detection in the 
brain using 19F magnetic resonance imaging. Neurosci Res. 2009; 63: 76-81. 

64.  Yanagisawa D, Amatsubo T, Morikawa S, Taguchi H, Urushitani M, Shirai N, 
et al. In vivo detection of amyloid β deposition using F magnetic resonance 
imaging with a F-containing curcumin derivative in a mouse model of 
Alzheimer's disease. Neuroscience. 2011; 184: 120-127. 

65.  Yanagisawa D, Taguchi H, Ibrahim NF, Morikawa S, Shiino A, Inubushi T, et 
al. Preferred features of a fluorine-19 MRI probe for amyloid detection in the 
brain. J Alzheimers Dis. 2014; 39: 617-631. 

66.  Micocci S, Stefania R, Garello F, Fasoglio U, Hawala I, Tei L, et al. Synthesis of 
fluorinated curcumin derivatives for detecting amyloid plaques by 19F-MRI. 
Org Biomol Chem. 2024; 22: 5948-5959. 

67.  Tooyama I, Yanagisawa D, Taguchi H, Kato T, Hirao K, Shirai N, et al. 
Amyloid imaging using fluorine-19 magnetic resonance imaging (19F-MRI). 
Ageing Res Rev. 2016; 30: 85-94. 

68.  Nabuurs RJA, Kapoerchan VV, Metaxas A, de Jongh S, de Backer M, Welling 
MM, et al. Polyfluorinated bis-styrylbenzenes as amyloid-β plaque binding 
ligands. Bioorg Med Chem. 2014; 22: 2469-2481. 

69.  Zhou JT, Fa HB, Yin W, Zhang J, Hou CJ, Huo DQ, et al. Synthesis of 
superparamagnetic iron oxide nanoparticles coated with a DDNP-carboxyl 
derivative for in vitro magnetic resonance imaging of Alzheimer's disease. 
Mater Sci Eng C. 2014; 37: 348-355. 

70.  Zhang D, Fa HB, Zhou JT, Li S, Diao XW, Yin W. The detection of β-amyloid 
plaques in an Alzheimer's disease rat model with DDNP-SPIO. Clin Radiol. 
2015; 70: 74-80. 

71.  Zeng JQ, Wu JQ, Li MH, Wang PJ. A novel magnetic nanoparticle for early 
detection of amyloid plaques in Alzheimer's disease. Arch Med Res. 2018; 49: 
282-285. 

72.  Liu XG, Zhang L, Lu S, Liu DQ, Zhang LX, Yu XL, et al. Multifunctional 
superparamagnetic iron oxide nanoparticles conjugated with Aβ 
oligomer-specific scFv antibody and class A scavenger receptor activator show 
early diagnostic potentials for Alzheimer's disease. Int J Nanomedicine. 2020; 
15: 4919-32. 

73.  Sillerud LO, Solberg NO, Chamberlain R, Orlando RA, Heidrich JE, Brown 
DC, et al. SPION-enhanced magnetic resonance imaging of Alzheimer's 
disease plaques in AβPP/PS-1 transgenic mouse brain. J Alzheimers Dis. 2013; 
34: 349-65. 

74.  Jiang YJ, Li WY, Ma YQ, Hou Y. Neuroinflammation-targeted magnetic 
resonance imaging nanoprobes for the early diagnosis of Alzheimer's disease. 
J Mater Chem B. 2025; 13: 1424-36. 

75.  Li SP, He HJ, Cui WG, Gu B, Li J, Qi ZX, et al. Detection of Aβ plaques by a 
novel specific MRI probe precursor CR-BSA-(Gd-DTPA)n in APP/PS1 
transgenic mice. Anat Rec. 2010; 293: 2136-43. 

76.  Cai J, Yi PW, Miao YQ, Liu JB, Hu YF, Liu QC, et al. Ultrasmall T1-T2 magnetic 
resonance multimodal imaging nanoprobes for the detection of β-amyloid 
aggregates in Alzheimer's disease mice. ACS Appl Mater Interfaces. 2020; 12: 
26812-21. 

77.  Tanifum EA, Ghaghada K, Vollert C, Head E, Eriksen JL, Annapragada A. A 
novel liposomal nanoparticle for the imaging of amyloid plaque by magnetic 
resonance imaging. J Alzheimers Dis. 2016; 52: 731-45. 

78.  Lai LM, Jiang XR, Han SY, Zhao CQ, Du TY, Rehman FU, et al. In vivo 
biosynthesized zinc and iron oxide nanoclusters for high spatiotemporal 
dual-modality bioimaging of Alzheimer's disease. Langmuir. 2017; 33: 
9018-24. 

79.  Ulanova M, Gloag L, Bongers A, Kim CK, Duong HTK, Kim H, et al. 
Evaluation of dimercaptosuccinic acid-coated iron nanoparticles 
immunotargeted to amyloid beta as MRI contrast agents for the diagnosis of 
Alzheimer's disease. Cells. 2023; 12(18): 2279. 

80.  Yang J, Wadghiri YZ, Hoang DM, Tsui W, Sun YJ, Chung E, et al. Detection of 
amyloid plaques targeted by USPIO-Aβ1-42 in Alzheimer's disease transgenic 
mice using magnetic resonance microimaging. Neuroimage. 2011; 55: 1600-9. 

81.  Xiong YJ, Qu Y, Min Z, Wu J, Zhang SM, Xue Z. Amyloid plaque imaging with 
a targeted MRI contrast agent in a transgenic mouse model of Alzheimer's 
disease. Int J Nanomedicine. 2022; 17: 927-36. 

82.  Kouyoumdjian H, Zhu DC, El-Dakdouki MH, Lorenz K, Chen JJ, Li W, et al. 
Glyconanoparticle aided detection of β-amyloid by magnetic resonance 
imaging and attenuation of β-amyloid induced cytotoxicity. ACS Chem 
Neurosci. 2013; 4: 575-84. 

83.  Nasr SH, Kouyoumdjian H, Mallett C, Ramadan S, Zhu DC, Shapiro EM, et al. 
Detection of β-amyloid by sialic acid coated bovine serum albumin magnetic 
nanoparticles in a mouse model of Alzheimer's disease. Small. 2018; 14(3): 10. 

84.  Mundt AP, Winter C, Mueller S, Wuerfel J, Tysiak E, Schnorr J, et al. Targeting 
activated microglia in Alzheimer's pathology by intraventricular delivery of a 
phagocytosable MRI contrast agent in APP23 transgenic mice. Neuroimage. 
2009; 46: 367-72. 

85.  Ruan YT, Xiong Y, Fang WL, Yu Q, Mai YR, Cao ZY, et al. Highly sensitive 
curcumin-conjugated nanotheranostic platform for detecting amyloid-beta 
plaques by magnetic resonance imaging and reversing cognitive deficits of 
Alzheimer's disease via NLRP3-inhibition. Nanobiotechnology. 2022; 20(1): 
322. 

86.  He CS, Ahmed T, Abbasi AZ, Li LY, Foltz WD, Cai P, et al. Multifunctional 
bioreactive-nanoconstructs for sensitive and accurate MRI of cerebrospinal 
fluid pathology and intervention of Alzheimer's disease. Nano Today. 2020; 
35: 100965. 

87.  Jaruszewski KM, Curran GL, Swaminathan SK, Rosenberg JT, Grant SC, 
Ramakrishnan S, et al. Multimodal nanoprobes to target cerebrovascular 
amyloid in Alzheimer's disease brain. Biomaterials. 2014; 35: 1967-76. 

88.  Plissonneau M, Pansieri J, Heinrich-Balard L, Morfin JF, Stransky-Heilkron N, 
Rivory P, et al. Gd-nanoparticles functionalization with specific peptides for 
β-amyloid plaques targeting. J Nanobiotechnology. 2016; 14(1): 60. 

89.  Zhou RY, Zhu LH, Zeng ZH, Luo RX, Zhang JW, Guo R, et al. Targeted brain 
delivery of RVG29-modified rifampicin-loaded nanoparticles for Alzheimer's 
disease treatment and diagnosis. Bioeng Transl Med. 2022; 7(3): e10395. 

90.  Liu JM, Chen CY, Chen HT, Huang C, Ren QF, Sun MY, et al. Brain glucose 
activated MRI contrast agent for early diagnosis of Alzheimer's disease. Anal 
Chem. 2022; 94: 16213-21. 

91.  Yang YC, Wang CK, Kong J, Zhang JX, Wong MS. Multifunctional nanoprobe 
for near-infrared and magnetic resonance dual-modal amyloid-β imaging and 
oxidative stress monitoring in early stage of Alzheimer's disease. Chem Eng J. 
2025; 519: 165383. 

92.  Wang CK, Wang XL, Chan HN, Liu GF, Wang ZX, Li HW, et al. Amyloid-β 
oligomer-targeted gadolinium-based NIR/MR dual-modal theranostic 
nanoprobe for Alzheimer's disease. Adv Funct Mater. 2020; 30: 1909529. 

93.  Li WY, Zhang XY, Liu C, Ma YQ, Jiang YJ, Zhang N, et al. Delayed magnetic 
resonance imaging of Alzheimer's disease by using 
poly(2-(methacryloyloxy)ethyl phosphorylcholine)-functionalized 
nanoprobes. ACS Appl Mater Interfaces. 2024; 16: 69045-54. 

94.  Ren WW, Li LL, Zhang JR, Vaas M, Klohs J, Ripoll J, et al. Non-invasive 
visualization of amyloid-beta deposits in Alzheimer amyloidosis mice using 



Theranostics 2026, Vol. 16, Issue 13 
 

 
https://www.thno.org 

7287 

magnetic resonance imaging and fluorescence molecular tomography. Biomed 
Opt Express. 2022; 13: 3809-22. 

95.  Yousaf M, Ahmad M, Bhatti IA, Nasir A, Hasan M, Jian X, et al. In vivo and in 
vitro monitoring of amyloid aggregation via BSA@FGQDs multimodal probe. 
ACS Sens. 2019; 4: 200-10. 

96.  Lerouge F, Ong E, Rositi H, Mpambani F, Berner LP, Bolbos R, et al. In vivo 
targeting and multimodal imaging of cerebral amyloid-β aggregates using 
hybrid GdF3 nanoparticles. Nanomedicine. 2022; 17: 2173-87. 

97.  Pansieri J, Plissonneau M, Stransky-Heilkron N, Dumoulin M, 
Heinrich-Balard L, Rivory P, et al. Multimodal imaging Gd-nanoparticles 
functionalized with Pittsburgh compound B or a nanobody for amyloid 
plaques targeting. Nanomedicine. 2017; 12: 1675-87. 

98.  Li YH, Xu D, Chan HN, Poon CY, Ho SL, Li HW, et al. Dual-modal 
NIR-fluorophore conjugated magnetic nanoparticle for imaging amyloid-β 
species in vivo. Small. 2018; 14: e1800901. 

99.  Mpambani F, Åslund AKO, Lerouge F, Nyström S, Reitan N, Huuse EM, et al. 
Two-photon fluorescence and magnetic resonance specific imaging of Aβ 
amyloid using hybrid nano-GdF3 contrast media. ACS Appl Bio Mater. 2018; 
1: 462-72. 

100.  Tolomeo D, Micotti E, Serra SC, Chappell M, Snellman A, Forloni G. Chemical 
exchange saturation transfer MRI shows low cerebral 2-deoxy-D-glucose 
uptake in a model of Alzheimer's disease. Sci Rep. 2018; 8: 9576. 

101.  Suchy M, Ta R, Li AX, Wojciechowski F, Pasternak SH, Bartha R, et al. A 
paramagnetic chemical exchange-based MRI probe metabolized by cathepsin 
D: design, synthesis and cellular uptake studies. Org Biomol Chem. 2010; 8: 
2560-6. 

102.  Arora H, Ramesh M, Rajasekhar K, Govindaraju T. Molecular tools to detect 
alloforms of Aβ and tau: implications for multiplexing and multimodal 
diagnosis of Alzheimer's disease. Bull Chem Soc Jpn. 2020; 93: 507-46. 

103.  Chen KH, Cui MC. Recent progress in the development of metal complexes as 
β-amyloid imaging probes in the brain. Medchemcomm. 2017; 8: 1393-407. 

 


