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a b s t r a c t

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by complex patho-

logical features such as amyloid-β plaques and tau tangles. Early and accurate diagnosis is crucial for

effective intervention, yet remains challenging. This review focuses on current and emerging imaging

modalities used in AD detection, including positron emission tomography, single-photon emission com-

puted tomography, magnetic resonance imaging (MRI), fluorescence imaging, photoacoustic imaging, and

mass spectrometry imaging, with an emphasis on their mechanisms, advantages, and limitations. Special

attention is given to the integration of nanotechnology with imaging platforms, highlighting how nano-

materials enhance diagnostic specificity, sensitivity, stability and therapeutic potential. The review also

explores recent advances in multimodal imaging, artificial intelligence-assisted diagnostics, and future

directions toward personalized and other non-invasive strategies for early AD diagnosis.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In aging societies, Alzheimer’s disease (AD) represents a dev-

astating neurodegenerative condition, accounting for 60%–80% of

all dementias [1–4]. Furthermore, it is estimated that the global

number of individuals with AD will reach 60 million by 2030 [5–

7]. Consequently, predicting the potential incidence of AD is crit-

ical for monitoring disease progression and guiding personalized

pharmacological treatment strategies. Recent studies have shown

that the risk of progression from mild cognitive impairment (MCI)

to AD increases with the duration of MCI. MCI is categorized into

two types: amnestic MCI (aMCI) and non-amnestic MCI (naMCI).

While patients with MCI experience varying degrees of memory

loss, these symptoms do not meet the established clinical diag-

nostic criteria for AD. Therefore, MCI is regarded as a transitional

phase between normal aging and AD [8–11]. AD is generally classi-

fied into two forms: familial AD (FAD) and sporadic AD (SAD). The

majority of AD cases (∼95%) are sporadic and not genetically in-

herited. In contrast, familial AD (∼5%) results from inherited muta-

tions in specific genes. FAD is commonly associated with mutations

in genes encoding amyloid precursor protein (APP), presenilin-1

(PS1), presenilin-2 (PS2), or apolipoprotein E (APOE). While spo-
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radic AD is often age-related, it typically manifests after the age of

65 [12–15].

The primary pathological hallmark of AD is the formation of

insoluble neuritic plaques in the cerebral cortex, composed of

amyloid-β (Aβ) peptides, as well as neurofibrillary tangles (NFTs)

formed by hyperphosphorylated tau proteins [16–18]. Over re-

cent decades, various risk factors, including age [19], gender [20],

acetylcholine levels [21], reactive oxygen species (ROS) levels [22],

mitochondrial dysfunction [23], and the accumulation of certain

metal ions, have been identified as contributing to the develop-

ment of AD [24]. In the realm of drug development, current clin-

ical trials primarily focus on the amyloid cascade hypothesis and

neurotransmitter systems [25]. However, the pre-pathogenic mech-

anisms underlying AD remain poorly understood [25,26]. Despite

extensive efforts, nearly all proposed therapeutic strategies for AD

have failed to produce significant clinical outcomes [27]. Existing

treatments are largely limited to three acetylcholinesterase (AChE)

inhibitors (donepezil, rivastigmine, and galantamine) and a sin-

gle N-methyl-d-aspartate receptor antagonist (memantine). These

drugs provide only short-term symptomatic relief, with minimal

impact on the disease’s progression. Notably, since the approval

of memantine by the U.S. Food and Drug Administration (FDA) in

2003, subsequent drugs have failed in clinical trials, demonstrat-

ing poor efficacy and unfavorable cost-effectiveness ratios [28]. As

a result, drug development for AD has proven to be exceptionally

challenging. Current treatments can manage symptoms but are in-

capable of curing the disease or halting its progression. Thus, early
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detection and intervention are critical for reducing the risk of AD.

The development of cost-effective, efficient, rapid, and sensitive di-

agnostic technologies is therefore essential for enabling early-stage

detection and improving patient outcomes.

Currently, biomarkers in plasma and cerebrospinal fluid (CSF)

are predominantly used for the prediction of AD. Although plasma

or CSF testing can provide preliminary insights into neurological

disorders, an accurate diagnosis often requires brain biopsy, which

is challenging for early-stage AD detection. Cognitive function tests

are crucial for assessing cognitive impairments but cannot defini-

tively diagnose dementia or AD [18]. Existing neuroimaging tech-

nologies are typically expensive and associated with certain health

risks, making them unsuitable for routine AD screening. Notably,

brain lesions in AD patients begin to develop approximately 20

years before clinical dementia symptoms emerge. However, cur-

rent imaging tools can only provide accurate diagnoses in the mid-

dle or late stages of AD, by which time irreversible brain dam-

age has already occurred [29]. For instance, diffuse plaques, which

do not yet form NFTs, may evolve into insoluble plaques and lead

to progressive neuronal atrophy over the next two decades. Un-

fortunately, these diffuse plaques cannot be detected with cur-

rent diagnostic techniques. Several imaging modalities, including

magnetic resonance imaging (MRI), emission computed tomogra-

phy (ECT), and photoacoustic (PA) imaging, are commonly used

to study the pathological features of AD, monitor therapeutic ef-

fects, and evaluate drug efficacy both in vitro and in vivo. Positron

emission tomography (PET) imaging remains the only non-invasive

clinical method capable of quantifying cortical Aβ accumulation

and propagation in the brains of AD patients. However, PET is a

costly modality and is not widely accessible for large-scale pub-

lic use [9,30]. Thus, there is a critical need for the development

of advanced imaging techniques, supported by high-performance

contrast agents or tracers, for the early detection of AD. Such tech-

nologies would facilitate early intervention and improve the man-

agement of patients with early-onset AD (EOAD).

2. Pathological features of AD

2.1. Amyloid

Extracellular deposition of Aβ peptides is a hallmark of AD. Ac-

cording to the amyloid hypothesis, AD results from an imbalance

between Aβ production and clearance, leading to plaque formation

[31]. Aβ peptides, primarily Aβ40 and the more aggregation-prone

Aβ42, are generated by sequential cleavage of APP by β-secretase

(BACE1) and γ -secretase [32–34]. These oligomers disrupt synap-

tic function, form membrane channels permitting Ca2+ influx, and

initiate inflammatory responses by activating pattern recognition

receptors (PRRs) [35]. Structural transition from α-helix to β-

sheet conformations contributes to neuronal toxicity. Mutations in

APP and secretase cleavage sites increase Aβ42 levels and alter

Aβ42/Aβ40 ratios, correlating with disease severity [36,37]. Aβ ac-

cumulates as diffuse and focal plaques, often surrounded by acti-

vated astrocytes, microglia, and damaged neurons. Cerebral amy-

loid angiopathy (CAA), present in ∼80% of AD patients, involves

Aβ40 deposition in vessel walls, compromising blood-brain barrier

(BBB) integrity [38,39]. In contrast, parenchymal plaques are rich

in Aβ42. A declining Aβ42/Aβ40 ratio is linked to vascular amy-

loid predominance. Additionally, advanced glycation end-products

(AGEs) enhance Aβ aggregation via oxidative stress, further driving

neurodegeneration (Fig. S1a in Supporting information) [40,41].

2.2. Tau protein

Tau is a microtubule-associated protein (MAP) essential for mi-

crotubule stabilization and axonal transport in neurons. In AD, tau

undergoes hyperphosphorylation, leading to its dissociation from

microtubules and aggregation into insoluble fibrils that form NFTs

[42,43]. Tau is natively unfolded, highly soluble, and exists in six

isoforms in the central nervous system (CNS). Under physiological

conditions, positively charged microtubule-binding domains pre-

vent aggregation by maintaining tau’s soluble conformation. Patho-

logically, changes in tau’s isoelectric point promote phosphory-

lation and truncation, enhancing its oligomerization and assem-

bly into paired helical filaments (PHFs). These aggregates disrupt

synaptic function, induce neurotoxicity, and contribute to cognitive

decline [43–48]. Post-translational modifications are key drivers of

tau aggregation, though hyperphosphorylation alone is not suffi-

cient to induce insoluble filament formation [45,49]. Notably, Aβ
peptides can bind to tau, facilitating its detachment from micro-

tubules and promoting NFT formation [45,50]. Tau pathology prop-

agates through a prion-like mechanism, where extracellular tau ag-

gregates are transmitted trans-synaptically, amplifying misfolding

across brain regions (Fig. S1b in Supporting information) [42,43].

2.3. Metal ions

Abnormal accumulation of trace metals such as iron (Fe), cop-

per (Cu), zinc (Zn), and aluminum (Al) is closely linked to the

progression of AD through the exacerbation of amyloid and tau

pathologies [23,47,50,51]. These metals of iron, copper, and zinc

are physiologically essential for functions such as neurotransmit-

ter synthesis, enzymatic activity, and synaptic signaling, respec-

tively. However, when their homeostasis is disrupted, they can be-

come neurotoxic and contribute to AD pathology. Elevated iron lev-

els promote lipid peroxidation and oxidative damage, while excess

copper facilitates Aβ aggregation and increases oxidative stress.

Aluminum contributes to tau hyperphosphorylation and enters the

brain via both the BBB and the olfactory route, further accelerating

neurotoxicity and cognitive decline. Zinc imbalance disrupts synap-

tic homeostasis and may activate NLRP3-mediated neuroinflamma-

tion [24,47]. Fe3+, Cu2+, and Zn2+ have been found enriched in Aβ
plaques, NFTs, and synaptic regions of AD brains [52]. These met-

als form complexes with Aβ (e.g., Cu(II)-Aβ , Fe(III)-Aβ , Zn(II)-Aβ),

enhancing Aβ oligomerization and generating cytotoxic partially

reduced oxygen species (PROS) that activate microglia and drive

chronic inflammation [4,53–55]. Additionally, Aβ-heme complexes

exhibit elevated peroxidase-like activity, further contributing to ox-

idative neuronal damage (Fig. S1c in Supporting information).

2.4. Other pathogenic mechanisms

Beyond amyloid and tau pathology, several interconnected

mechanisms contribute to AD progression. Neurotransmitter dys-

regulation plays a pivotal role, with early impairments in glu-

tamate uptake leading to excitotoxicity and sleep disturbances

[56–58]. Dysfunction of metabotropic glutamate receptors, par-

ticularly mGluR5, disrupts calcium homeostasis and synaptic in-

tegrity through Aβ-induced aggregation [59,60]. Dopaminergic and

cholinergic deficits, marked by altered dopamine signaling and in-

creased AChE and butyrylcholinesterase (BChE) activity, are closely

associated with cognitive decline [61,62]. Metabolic dysfunctions

also contribute significantly. Elevated methylglyoxal (MG), a pre-

cursor of advanced AGEs, induces oxidative stress and neuronal

death, especially when detoxification by the glyoxalase pathway

is impaired [41,63,64]. Mitochondrial dysfunction through reduced

adenosine triphosphate (ATP) production and proapoptotic factor

release further accelerates neuronal loss [65–67]. Other contrib-

utors include formaldehyde toxicity, glucose and polyunsaturated

fatty acid metabolic disruption, oxidative stress, and altered nitric

oxide (NO) signaling [55,68–70]. These multifactorial processes in-
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teract to exacerbate neurodegeneration and cognitive impairment

in AD (Fig. S1d in Supporting information).

3. Imaging modalities for AD diagnosis

While significant progress has been made in understanding the

pathological features of AD, numerous challenges remain in the

early diagnosis and subsequent management of the disease. Several

neuroimaging techniques play a crucial role in the diagnosis and

investigation of AD. Notably, MRI, ECT, PA imaging, ultrasound (US)

imaging, fluorescence imaging, spectroscopic imaging, and multi-

modal imaging are of paramount importance in the detection of

AD. The following sections will discuss the recent advancements

in these imaging modalities for the diagnosis of AD.

3.1. MRI

MRI is based on the principles of nuclear magnetic resonance

(NMR), wherein atomic nuclei, particularly hydrogen protons, ab-

sorb and emit radiofrequency (RF) energy when subjected to an

external magnetic field. These nuclei subsequently return to their

equilibrium state through relaxation processes, during which they

emit RF signals that are used to generate images [71]. MRI is non-

invasive and does not require the use of radioactive tracers. It pro-

vides high spatial resolution images of anatomical brain structures

and offers excellent soft-tissue contrast with remarkable sensitiv-

ity [72,73]. Additionally, MRI is one of the most cost-effective and

widely accessible imaging modalities [74]. MRI scans can aid in

detecting abnormalities in the brain, helping to assess the risk of

AD development or the progression of existing AD [75]. MRI tech-

niques are rapidly advancing and can be categorized into func-

tional MRI (fMRI), structural MRI (sMRI), and arterial spin-labeled

MRI (ASL-MRI), each of which provides distinct information regard-

ing the body’s tissues [76–78].

3.1.1. fMRI

fMRI, particularly blood-oxygenation-level-dependent (BOLD)

imaging, has been pivotal in cognitive neuroscience [9,79]. It de-

tects neural activity by measuring hemodynamic changes related

to blood oxygenation, enabling visualization of brain responses to

various stimuli [79–81]. Ren et al. used resting-state fMRI to assess

multiscale entropy (MSE) in healthy, AD, and aMCI groups, identi-

fying time-scale-dependent correlations between MSE changes and

cognitive deficits, which suggests MSE as a potential AD biomarker

(Fig. 1a) [82]. Combining graph convolutional networks (GCNs)

with random forests, researchers used functional connectivity (FC)

data from resting-state fMRI to indirectly predict Aβ-PET find-

ings [83]. Additionally, fMRI studies of the locus coeruleus (LC) re-

vealed greater degeneration in EOAD than in late-onset AD (LOAD),

which proposes a potential biomarker for disease differentiation

[84]. Real-time fMRI (rtfMRI) with neurofeedback may also help

detect early neuroplastic changes linked to cognitive decline [85].

Magnetic resonance spectroscopy (MRS), especially proton MRS

(1H-MRS), complements fMRI by providing neurochemical insights

[71]. Since 2014, it has been widely used to monitor metabo-

lites like N-acetyl-aspartate and inositol, aiding in the prediction

of AD progression from MCI [86–88]. Chemical exchange satura-

tion transfer (CEST) imaging offers molecular-level analysis of sub-

stances like glucose and glutamate. CEST-MRI using the angiopep-2

(ANG) biomarker has shown high specificity and sensitivity for in

vivo Aβ detection (Fig. 1b) [89]. Accurate CEST quantification re-

quires minimizing interference from water saturation and magne-

tization transfer contrast [74,87,88]. Magnetic nanoparticles signif-

icantly enhance MRI sensitivity and specificity [90]. Gadolinium-

based agents detect amyloid plaques as small as 36μm, while su-

perparamagnetic iron oxide nanoparticles (SPIONs) enable efficient

Fig. 1. Different MRI modes for early AD diagnosis. (a) The comparison of MSE pat-

terns between AD and health control in different time scales based on resting-state

BOLD signals (scale 1 and 3: AD; scales 2 and 4: HC). Reproduced with permis-

sion [82]. Copyright 2020, Rapamycin Press LLC. (b) CEST-MRI images of 6-, 8-, 10-,

and 12-month-old AD mice during 60min following ANG injection. Reproduced

with permission [89]. Copyright 2023, American Chemical Society. (c) Grad-CAM

visualization. Red (large) and purple (small) indicate the effects on the model. Re-

produced with permission [104]. Copyright 2023, Elsevier B.V. (d) DWI images of

voxel-of-interest (VOI) templates in terms of bilateral hippocampi, precunei, and the

anterior and posterior cingulate gyri. Reproduced with permission [75]. Copyright

2017, Elsevier Ltd. (e) Quantitative CBF mapping measured by ASL-MRI. Blank con-

trol, aMCI and AD groups are assigned to the photos in the top, middle and bottom

rows, respectively. Reproduced with permission [109]. Copyright 2023, SciELO.

AD-related tissue assessment through uptake by the reticuloen-

dothelial system [72,73,91,92].

3.1.2. sMRI

sMRI differs from fMRI by focusing on detecting brain le-

sions, injuries, and abnormalities, such as atrophy in attention-

deficit/hyperactivity disorder (ADHD) and neurodegenerative dis-

eases like AD [93]. For example, sMRI is used to identify atrophy

in the parietal and posterior temporal cortex in sporadic EOAD. Ru-

binski et al. utilized sMRI to distinguish between brain tissue types

like gray matter, white matter, and CSF [94–96]. Advances in deep

learning, such as the 3D attention network (3DAN), enhance AD

diagnosis by extracting imaging biomarkers with improved accu-

racy [97]. Similarly, the learning vector quantization-support vector

machine (LVQ-SVM) algorithm has achieved high classification ac-

curacy in distinguishing healthy individuals from AD patients [98].

Several other models, including the SSFSHHO-FKNN frame-

work, AutoLoc, and BrainStatTrans-GAN, have been integrated with

sMRI to classify AD and predict progression from MCI to AD

[99]. AutoLoc achieved 93.38% accuracy in AD classification, while

BrainStatTrans-GAN demonstrated 90.4% accuracy for AD and 78.7%

for MCI [100–103]. Furthermore, the PMDA framework, which in-

corporates multi-scale feature extraction, reached impressive clas-

sification accuracies for AD vs. cognitively normal (CN) and AD

vs. MCI (Fig. 1c) [104]. Diffusion tensor imaging (DTI), an ad-

vanced structural imaging technique, measures the diffusion of wa-
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ter molecules in brain tissue to evaluate the integrity of axons

within white matter tracts [105]. When combined with sMRI, DTI

enhances AD classification reliability. Diffusion-weighted imaging

(DWI) further aids in tracing white matter fascicles and calculating

volumes and diffusion coefficients of key brain regions (Fig. 1d).

Topological alterations in white matter connectivity are linked to

cognitive performance and could serve as early biomarkers for AD.

Shu et al. demonstrated that disruptions in structural connectivity

are evident in patients with multidomain aMCI, highlighting neu-

robiological changes underlying cognitive impairment [106].

3.1.3. Others

ASL-MRI relies on the contrast provided by inflowing, electro-

magnetically labeled blood, eliminating the need for exogenous

contrast agents. This enables the measurement of cerebral perfu-

sion and structural features at the tissue level [78,107–109]. Cere-

bral blood flow (CBF) is a critical biomarker for the early diag-

nosis of AD [109]. For instance, global perfusion reductions and

regional hypoperfusion are commonly observed in the brains of

patients with aMCI and AD, and these changes can be detected

using ASL-MRI techniques [78]. Further studies utilizing ASL-MRI

have measured CBF across individuals of different ages, revealing a

statistical correlation between age and CBF [110]. The combination

of hippocampal volumetry and CBF measurements from ASL-MRI

provides higher accuracy in differentiating AD patients from cog-

nitively normal elderly adults [107]. In addition, voxel-based mor-

phometry (VBM) procedures applied to normalized CBF measure-

ments from ASL-MRI offer improved morphological analysis in AD

discrimination (Fig. 1e) [111].

Innovations such as DTI, ASL, and fMRI have provided deeper

insights into microstructural changes, cerebral perfusion, and neu-

ronal activity in early-stage AD. Of particular interest is the emer-

gence of quantitative susceptibility mapping (QSM) and magneti-

zation transfer imaging (MTI), which allow for the non-invasive

assessment of iron deposition and myelin integrity, respectively.

Additionally, molecular MRI using targeted contrast agents (e.g.,

Aβ-specific gadolinium chelates or SPIONs) is under active inves-

tigation to achieve disease-specific imaging. Currently, Gd-based

contrast agents are among the most widely approved and clini-

cally used agents for MRI, though concerns regarding nephrogenic

systemic fibrosis (NSF) and Gd retention have prompted safety

reevaluations. SPIONs have shown promising results in preclinical

and early clinical studies due to their high magnetic susceptibil-

ity and efficient uptake by the reticuloendothelial system. Imag-

ing agents such as angiopep-2-modified probes used in CEST-MRI

are undergoing clinical validation for enhanced BBB penetration

and targeted Aβ plaque detection. Despite these advances, chal-

lenges persist, including variability in BBB permeability, off-target

effects, and inconsistent contrast enhancement, which may limit

their widespread adoption.

3.2. ECT

Single photon emission computed tomography (SPECT) and PET

are well-established imaging techniques used for the diagnosis of

neurodegenerative disorders such as MCI and AD. These modalities

involve the use of positron-emitting or single-electron radioiso-

topes that are covalently conjugated to targeting reagents for

non-invasive imaging of Aβ plaques and tau proteins in the brain.

Each radioisotope, or radionuclide, undergoes a unique radioactive

decay process. For instance, the commonly used radioisotopes

for high-resolution PET imaging include 11C, 18F, and 64Cu, with

half-lives of 20min, 110min, and 12.7 h, respectively [112–114].

In contrast, radioisotopes typically used in SPECT imaging include

iodine-123 (123I), technetium-99m (99mTc), xenon-133 (133Xe),

thallium-201 (201Tl), and fluorine-18 (18F). One important physico-

chemical parameter that influences the pharmacokinetics of these

radioisotopes is lipophilicity, which is related to the clearance rate

and half-life of the tracer. 18F-labeled probes generally exhibit

lower lipophilicity compared to 123I-labeled probes, which may

explain the superior spatial resolution, signal attenuation, and

imaging sensitivity of PET over SPECT [115–117]. Fluorescent dyes,

such as Congo red, thioflavin-S (ThS), and thioflavin-T (ThT),

are commonly employed as histological tools to visualize senile

plaques and NFTs associated with AD. Therefore, SPECT and PET

imaging modalities offer the added advantage of being able to

diagnose and differentiate AD from other forms of dementia.

3.2.1. PET

AD is characterized by the progressive accumulation of Aβ
plaques and tau tangles [118]. PET is a powerful imaging tool for

visualizing and quantifying these pathological changes. Radiotrac-

ers like [11C]PiB and [18F]florbetapir can detect Aβ plaques 10–

20 years before clinical symptoms appear [119]. [11C]PiB has high

affinity for both Aβ1–40 and Aβ1–42 peptides and shows specific

uptake in telencephalic regions containing Aβ plaques, enhancing

its sensitivity for AD detection. Other Aβ imaging agents, such as

[18F]BIBD-124/127, show favorable pharmacokinetics and reduced

defluorination, making them promising candidates for clinical trials

(Fig. S2a in Supporting information) [120,121]. Currently, [18F]AV45,

[18F]FPiB, and [18F]AV1 are commercially available PET probes for

Aβ imaging. Tau imaging, however, is less developed [122]. The

[18F]FDDNP probe binds both tau tangles and Aβ plaques, while

other tracers like [18F]PI-2620, [18F]T807, and [18F]flortaucipir are

specifically designed to image tau pathology in AD [118,122–124].

However, first-generation tau tracers suffer from off-target binding,

limiting their diagnostic accuracy for AD. Second-generation trac-

ers, such as [18F]MK-6240 and [18F]JNJ64349311, show promise for

better specificity and reduced off-target binding [118,119,122–124].

[18F]RO-948, for instance, has shown high affinity for tau aggre-

gates in AD brains, with lower reactivity in non-AD tauopathies

[125,126]. Moreover, tau PET has revealed that atypical AD forms

show higher tau burden in the cerebral cortex compared to typical

AD [125].

Fluorodeoxyglucose (FDG)-PET is another promising modality

for detecting early brain changes in AD and pre-dementia stages

like aMCI. 18F-FDG, a radiolabeled glucose analog, visualizes glu-

cose metabolism in the brain, providing insights into neuronal

activity and metabolic dysfunction [127,128]. FDG-PET has been

shown to detect hypometabolism in key brain regions, offer-

ing superior accuracy over MRI for diagnosing aMCI (Figs. S2b

and c) [94,128,129]. PET ligands based on antibodies, such as

[125I]8D3-F(ab’)2-h158, have shown potential for early AD diag-

nosis, with higher concentrations in cortical regions compared

to [11C]PiB [130]. Additionally, radiolabeled antibody-based lig-

ands like [124I]RmAb158-scfv8D3 have been developed to detect

Aβ in early AD diagnosis [130,131]. PET imaging also highlights

the role of P-glycoprotein (P-gp) in Aβ clearance [132]. Decreased

P-gp levels are associated with impaired Aβ clearance in AD

patients. Copper(II)-based PET tracers, with thiosemicarbazone-

pyridylhydrazone ligands, have been synthesized for Aβ plaque

imaging with high specificity [133]. Finally, while PET shows a lin-

ear correlation with AD progression, it is limited in predicting the

conversion from aMCI to AD. Combining PET with sMRI and MRS

could provide more comprehensive insights into disease progres-

sion, improving the accuracy of conversion timelines and aiding in

disease staging [134].

3.2.2. SPECT

While the spatial resolution and quantitative accuracy of SPECT

are generally lower than PET, SPECT remains crucial for AD di-
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agnosis [114,116]. [123I]IMPY is one of the SPECT probes used for

Aβ imaging but suffers from weak signal strength, highlighting

the need for more effective radiotracers [135]. Technetium-99m

(99mTc) is a commonly used radionuclide in SPECT due to its

favorable properties [136,137]. Several 99mTc derivatives, such as

[99mTc]5 and [99mTc]14b, have been developed for Aβ plaque imag-

ing, but they face challenges with cerebral penetration, limiting

their clinical utility [135–139].

Protein-based SPECT probes for Aβ detection are hindered

by poor BBB penetration and enzymatic degradation [38].

[123I]ABC577, a triazole-substituted derivative, shows high affinity

for Aβ plaques but suffers from non-specific cortical uptake, which

affects diagnostic accuracy [114,140]. [123I]IMPY also demonstrates

similar limitations [112,136,138]. 99mTc remains the preferred agent

for SPECT Aβ imaging, with the 99mTc1–3 complex showing the

highest cerebral uptake reported for SPECT, offering potential for

both diagnostic and therapeutic applications [138,139]. Recent ad-

vancements include [125I]PIP-NHMe, a novel SPECT probe for tau

imaging, which exhibits rapid clearance and high selectivity. Ad-

ditionally, antibody-based probes like TCO- [125I]I-RmAb158 have

shown improved imaging contrast in AD models, indicating en-

hanced clearance and earlier detection opportunities [141,142].

Dual-modality imaging techniques, which combine SPECT with

other modalities, offer enhanced sensitivity and specificity. For in-

stance, regional CBF (rCBF) SPECT has been shown to predict amy-

loid pathology patterns in both typical and atypical AD [143].

SPECT-EEG integration improves diagnostic accuracy for cogni-

tive impairments, while deep learning models applied to Tc-99m-

ECD SPECT can differentiate AD from Lewy body dementia (LBD)

[144,145]. Furthermore, [123I]FP-CIT SPECT is highly accurate in dis-

tinguishing AD from other forms of dementia, such as Parkinson’s

disease (PD) and dementia with Lewy bodies (DLB), achieving 94%

accuracy for differentiating AD from DLB [146]. Despite its advan-

tages, CT is rarely combined with SPECT in clinical practice due

to its lower spatial resolution and the need for large, specialized

equipment [147]. Overall, while many imaging agents have demon-

strated acceptable safety profiles in clinical settings, ongoing de-

velopment is required to optimize pharmacokinetics, minimize off-

target effects, and improve diagnostic accuracy, especially for tau

imaging and in resource-limited environments.

3.3. US imaging

Unlike CT scans, US imaging carries no radiation risk and pro-

vides high anatomical resolution, enabling precise imaging of deep

structures such as capillaries [148–151]. Focused US (FUS) has re-

cently gained attention as a promising tool for in situ photon emis-

sion and neuromodulation. When combined with circulating mi-

crobubbles, FUS is currently the only non-invasive, transient, and

reversible method to open the BBB with high precision. As such,

FUS-based strategies show considerable potential for both diagnos-

ing and treating AD. For example, Wang et al. developed liposomal

nanoparticles (Lipo@IR780/L012) for FUS-triggered mechanolumi-

nescence in the brain, enabling non-invasive optogenetic manipu-

lation with high temporal resolution and favorable biocompatibility

[152,153]. Notably, the combination of proteolytically degradable

nanoscale contrast agents with quantitative US imaging offers the

possibility of non-invasive, functional imaging of cellular degrada-

tive processes in the cerebral neurons of AD patients [154].

US imaging offers a cost-effective alternative, enabling visual-

ization of tissue structures on planar surfaces and the measure-

ment of CBF based on the Doppler effect [149]. Functional US

(fUS) enables non-invasive imaging of neurovascular alterations,

bypassing cranial restrictions, and can provide valuable insights

into cerebral hemodynamics. For instance, the retinal hemody-

namic response function can be characterized in vivo following

visual stimuli, making the retina an accessible window into the

nervous system (Fig. S2d in Supporting information). Alterations

in neurovascular coupling may occur during the pathogenesis of

AD, and retinal hemodynamics have been linked to the progres-

sion of neurodegenerative disorders [151]. Lassila et al. demon-

strated that carotid ultrasonography could improve the diagnos-

tic accuracy for dementia and AD by measuring ambulatory blood

pressure. Transcranial Doppler US measurements, including assess-

ments of decreased CBF and increased pulse index, have been

shown to be linked to the development of aMCI [149]. In addi-

tion, high-spatiotemporal-resolution vector micro-Doppler imaging

(HVμDI) based on contrast-free, ultrafast, high-frequency US imag-

ing can visualize cerebrovascular hemodynamics in mice with high

sensitivity (Fig. S2e in Supporting information) [155]. HVμDI holds

promise for diagnosing AD by not only imaging CBF but also quan-

tifying cortical and hippocampal vessel density [156].

Commonly used US contrast agents include microbubble-based

formulations such as Definity R©, Lumason R© (SonoVue R©), and

Optison R©, which are composed of gas-filled lipid or protein shells.

These agents are FDA-approved for enhancing vascular imaging

due to their excellent echogenicity, high safety profile, and short

systemic half-life. They are primarily used to improve delineation

of vascular structures, assess perfusion, and detect abnormal flow

patterns, which is particularly relevant in the context of AD where

cerebral perfusion deficits are key features. Emerging nanoscale

agents, including phase-change nanodroplets and engineered pro-

tein nanostructures, offer enhanced stability, deeper tissue pene-

tration, and potential for molecular targeting. However, challenges

such as immune clearance, limited BBB permeability, and regula-

tory concerns about long-term safety and biodegradability remain.

Furthermore, while most clinical agents are approved for cardio-

vascular or hepatic imaging, their application in neuroimaging is

still under investigation.

3.4. PA imaging

By integrating the high contrast of light and the deep pene-

tration capabilities of standard US, PA imaging enables precise lo-

calization and non-invasive physiological and pathological imaging.

PA imaging does not rely on ionizing radiation, which makes it a

safer alternative to techniques such as CT and other X-ray-based

methods [157–160]. For instance, the elevated concentration of

Cu2+ ions in the brain has been implicated in the accumulation of

pathological Aβ , a hallmark of AD. Traditional detection strategies

face challenges in offering non-invasive and accurate Cu2+ quan-

tification in deep tissues. A novel PA nanoprobe, NRh-IR-NMs, was

developed for ratiometric PA imaging of Cu2+ with high selectiv-

ity and tissue penetration depth. This probe incorporates a Cu2+-
responsive probe (NRh) as the indicator and a nonresponsive dye

as an internal reference (Fig. S3a in Supporting information) [160].

In another approach, ultrathin zinc selenide (ZnSe) nanoplatelets

were engineered as PA probes to monitor brain Cu2+ levels [161].

Highly sensitive imaging of NO in the brain is crucial for under-

standing the pathophysiological processes underlying neurodegen-

erative diseases. PANO1–3 PA probes were developed to visualize

the distribution of NO in the mouse brain at micron resolution,

offering the potential for PA probes with BBB-crossing capabil-

ity for studying neurodegeneration [162]. Homogeneous-resolution

arched-scanning PA microscopy (AS-PAM) has emerged as a pow-

erful tool for quantitatively imaging the vascular features of the

meninges and cortex (Fig. S3b in Supporting information) [163].

PA computed tomography (PACT) leverages the PA effect to

generate high-resolution images with deep tissue penetration and

enhanced contrast. For example, ratiometric PACT imaging probes

such as APC-1 and APCT have been developed for Cu(II) detection.

These PA probes incorporate an aza-BODIPY dye scaffold, which
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exhibits dual-wavelength near-infrared (NIR) absorbance bands.

The combination of a unique dual-wavelength absorbance profile

and the low apparent pKa of the dichlorophenol group results in a

substantial turn-on response (100.5-fold) in the presence of Cu(II)

[158,164]. PACT obviates the need for magnetic fields, enabling

the quantification of oxygen saturation and blood volume by mea-

suring concentrations of deoxyhemoglobin and oxyhemoglobin.

Functional PACT demonstrates a strong spatial correspondence

and temporal correlation between CBF and PA signals, allowing

for efficient imaging of the human cerebral vascular system and

enabling rapid detection of functional activation (Fig. S3c in

Supporting information) [165]. Furthermore, PACT has been used

to monitor hyperoxia- and hypoxia-induced changes in cerebral

hemodynamics, offering insights into brain function [166].

Multispectral photoacoustic tomography (MSOT) utilizes multi-

wavelength excitation to spectroscopically analyze the chemical

composition of endogenous molecules or contrast agents, provid-

ing additional information that is not readily obtainable through

other imaging techniques [147,167]. Curcumin-derived CRANAD-2

is a suitable contrast agent for MSOT imaging of Aβ deposits in

mouse models of AD cerebral amyloidosis (Fig. S3d in Support-

ing information) [147]. In addition, polymer-coated gold nanorods

(GNRs) have been employed as MSOT contrast agents by conjugat-

ing them with anti-Aβ antibodies, which are then attached to pre-

formed Aβ seeds [167]. Unlike traditional optical imaging modali-

ties, volumetric MSOT (vMSOT) is not limited by photon scattering

but is governed by US diffraction. vMSOT, coupled with a NIR ox-

azine derivative Aβ probe (AOI987), allows for the 3D mapping and

quantification of Aβ deposits throughout the entire brain in mouse

models of AD [168]. Beyond Aβ detection, vMSOT has also been

utilized to visualize tau protein accumulation with a spatial res-

olution of 115μm [169]. Thus, vMSOT integrates multiplexing ca-

pabilities with real-time 3D imaging, positioning it as a promising

technique for the effective diagnosis and exploration of AD [147].

To date, various types of nanoparticles have been developed

as PA probes, including inorganic nanoparticles (e.g., gold, iron,

molybdenum, and copper-based nanoagents), organic nanoparti-

cles (e.g., ICG-conjugated polymers and mesoionic dye A1094-

encapsulated nanocomplexes), and semiconductor nanoparticles

(e.g., perylene-3,4,9,10-tetracarboxylic diimide and benzodithio-

phene/benzobisthiadiazole nanospheres). These diverse nanoparti-

cles contribute to expanding the capabilities of PA imaging modal-

ities [170]. However, for neurodegenerative diseases like AD, no

PA imaging agent has yet reached clinical approval, primarily due

to challenges in BBB penetration, off-target effects, and regulatory

hurdles. Future efforts should focus on designing biocompatible,

brain-penetrant, and stimuli-responsive PA probes with high speci-

ficity, along with robust clinical validation to facilitate their trans-

lation into human studies.

3.5. Fluorescence imaging

While traditional brain imaging techniques such as CT, SPECT,

and PET provide whole-body images, the associated ionizing radi-

ation poses a risk of cellular damage and tissue harm. Similarly,

spatial resolution in MRI is constrained by the signal detection

sensitivity of nuclear magnetic resonance (NMR). NIR fluorescence

(NIRF) imaging, by contrast, is a simple, non-invasive, and cost-

effective modality that serves as a complementary tool to more

expensive imaging techniques (e.g., MRI, PET, and CT) [171–173].

Particularly useful for early AD diagnosis, NIRF imaging offers

advantages such as low instrument requirements, rapid data ac-

quisition, minimal photodamage, high sensitivity, and deep tissue

penetration. Donor-acceptor NIRF probes, with high affinity for Aβ
plaques, are often constructed with conjugated π-electron chains.

Probes featuring longer conjugated π systems (carbon-carbon

double bonds) typically display optimal emission wavelengths

in phosphate-buffered saline (PBS) (>650nm) [27,174–176]. NIRF

dyes, such as methylene blue (MB) and fluorescein isothiocyanate

(FITC), have been utilized for preoperative detection and intraop-

erative visualization of brain tumors [177].

Given that Aβ peptides primarily exist in either soluble or

insoluble forms, fluorescent probes such as BAP-1, AOI-987, and

DANIR-2c have been developed for the detection of insoluble

Aβ aggregates [27,178]. Specifically, a series of D-π-A-based Aβ
probes, with PEG modified acceptors, are designed to optimize

lipophilicity and improve the pharmacokinetics of NIR probes tar-

geting Aβ plaques. The length of the π bridge has been shown

to be a critical factor influencing the emission wavelength, quan-

tum yield, and binding affinity to Aβ aggregates [176]. For in-

stance, DSPE-PEG2000 copolymer is used to encapsulate curcumin,

forming micelles via the solvent evaporation method, for fluores-

cence imaging of retinal Aβ plaques to diagnose AD [179]. Other

probes, including QD-PEG-BTA, ZT-1, AD-1, 4a1, CPDs, BMAOIs, and

PDPP, have been developed for the early detection of Aβ plaques

via NIRF [27,175,178,180–183]. In contrast to Aβ plaques, hyper-

phosphorylated tau proteins are the primary components of NFTs,

which are strongly associated with the progression and severity of

cognitive deficits [184]. Tau-selective, smart NIRF probes have been

developed by incorporating a 3,5-dimethoxy-N,N-dimethylanilin-4-

yl moiety core scaffold, combined with the characteristic donor-

π-acceptor architecture of NIRF probes, such as DANIR-2c and

MCAAD-3 [185].

In addition to tau and Aβ aggregates, other pathological fea-

tures of AD can also be detected using NIR fluorescence NIRF

imaging with reliable probes. For example, zinc oxide nanoclusters

(ZnO NCs) can accumulate in the hippocampal region, enabling tar-

geted and rapid in vivo fluorescence imaging [55]. A Golgi-targeted

NO probe, Golgi-NO, has been developed by incorporating a NO

recognition moiety (o-diaminobenzene) with a Golgi-localizing flu-

orophore (Golgi-RhB), facilitating sensitive and selective detection

of NO within the Golgi apparatus during AD progression [186].

Additionally, a NIRF probe, Chy-1, has been designed for the spe-

cific detection of BChE activity, demonstrating excellent sensitivity

and biocompatibility, with a limit of detection (LOD) of 0.12ng/mL

[62].

This increased tissue transparency in the NIR-II region enables

more effective imaging of deeper biological tissues. However, NIR-

II dyes face challenges in crossing the BBB due to their larger

molecular size and increased hydrophobicity [172,177]. To address

this, a series of boron difluoride (BF2) formazanate NIR-II dyes

have been developed with tunable photophysical properties, excel-

lent photostability, and high biological stability. These dyes, mod-

ified with morphine derivatives on the aniline fraction, demon-

strate improved BBB penetration, enabling effective in vivo NIR-II

fluorescence imaging of the brain, including both the epicranium

and cranium [172]. Additionally, the high fidelity of AgAuSe quan-

tum dots (QDs) as NIR-II fluorescence probes enables multiscale

imaging, from whole-body to single-cell levels, with the added ad-

vantage of acetylcholine receptor targeting [187]. A "D-A-D" type

NIR-II probe, incorporating N,N-diethylaniline as the recognition

group and a boron difluoride-bridged azafluvene as an electron-

withdrawing group, selectively targets Aβ oligomers in the NIR-

II biowindow for in vivo imaging [188]. Furthermore, various ad-

vanced NIRF imaging applications, such as multiphoton fluores-

cence imaging, fluorescence lifetime imaging, and fluorescence res-

onance energy transfer (FRET) imaging, are being explored for the

early diagnosis of AD.

3.5.1. Multiphoton fluorescence imaging

Multiphoton microscopy, in particular, is currently regarded as

the optimal method for imaging deep tissue in living brains or

6



X. Zhang and P. Xue Chinese Chemical Letters 37 (2026) 111628

intact animal specimens due to its several advantages, including

NIR excitation and emission, minimal photobleaching and photo-

damage, reduced interference from autofluorescence, and the abil-

ity to generate high spatial resolution 3D images [189]. The pen-

etration depth of multiphoton fluorescence imaging is less con-

strained by the wavelength of the shorter-wavelength fluorescence

light [70,189–192]. Two-photon fluorescence imaging, which uses

two red photons to excite a fluorophore typically excited by a sin-

gle green photon, overcomes the issue of photobleaching and in-

herently provides 3D resolution due to the intensity-squared de-

pendence of two-photon absorption [191,192]. An iminocoumarin-

thiazole (ICT) fluorescence probe, ICTAD-1, has been developed

to exhibit distinct spectral characteristics for detecting Aβ40 and

Aβ42 fibrils via two-photon fluorescence imaging (Fig. S4a in Sup-

porting information) [193]. Another example is the two-photon

fluorescent probe NATP, designed to monitor ONOO− levels in

brain tissue [194]. The WAPP-4 probe, which exhibits two-photon

NIR emission (920/705nm), demonstrates a large Stokes shift

(�λ=324nm in ethanol) and exceptional BBB permeability, en-

abling effective characterization of Aβ plaque distribution and

morphology in brain sections [195].

Monoamine oxidases (MAOs), crucial enzymes in neurodegen-

eration, are central to AD pathology. A reaction-based two-photon

MAO probe has been developed to monitor both MAO activity and

Aβ plaques, relying on its ability to efficiently cross the BBB and

provide detailed imaging in deep cerebral regions [192]. Addition-

ally, a two-photon fluorescence imaging probe, combining organic

and inorganic components, has been designed to specifically de-

tect NO in neurons and zebrafish brain tissue, making it a promis-

ing tool for monitoring NO distribution and concentration in the

brains of AD patients [196]. A bifunctional two-photon fluorescent

probe, BTNPO, based on an oxindole-functionalized benzothiazole-

naphthalene derivative, enables the simultaneous visualization of

both Aβ aggregates and ONOO− [191]. Compared to two-photon

fluorescence microscopy, three-photon excitation enables imaging

at depths of up to 1.4mm into the cortical tissue, offering high-

resolution images in scattering tissues. This technique has also

been applied to visualize Ca2+ signaling in astrocytes, demonstrat-

ing its potential for advanced in vivo neuroimaging [189].

3.5.2. Fluorescence lifetime imaging

In recent years, fluorescence lifetime imaging has emerged as

a powerful method for the quantitative detection of tissue and

intracellular biomarkers, enhancing its applicability in both ba-

sic biological studies and clinical diagnostics [197,198]. Lumines-

cent Ru(II) phenanthroline complexes exhibit long-lived emission

in the visible spectrum and serve as reversible inhibitors of AChE

and BuChE with high specificity. Using this technique, protofib-

rils were identified in the self-assembly of Aβ1–40, while glob-

ular structures were detected in the shorter fragment Aβ15–21

[199]. Two-photon fluorescence lifetime imaging combined with

FRET was used to confirm direct molecular interactions between

Aβ and CD14, revealing a molecular interaction on the nanometer

scale. This interaction highlights the role of the lipopolysaccharide

(LPS) receptor CD14 in the pathophysiology of AD [200]. A novel

two-photon fluorescence lifetime imaging probe (TFP) was devel-

oped to quantify mitochondrial hydrogen peroxide (H2O2) and ATP

levels in neurons. The TFP probe reveals the relationship between

oxidative stress-induced mitochondrial dysfunction and the alter-

ations in intracellular H2O2 and ATP levels during the pathological

progression of AD (Fig. S4b in Supporting information) [201]. As-

trocytic calcium homeostasis is closely linked to neuronal health

and AD pathology. Fluorescence lifetime imaging of resting calcium

(Ca2+) levels in astrocytes reveals the occurrence of intercellular

calcium waves exclusively in the presence of Aβ plaques in mice

[202].

3.5.3. FRET imaging

FRET is a phenomenon wherein energy is transferred from an

excited fluorophore to a nearby chromophore, typically within a

distance of approximately 10nm [203,204]. A range of nanopar-

ticles has been employed in FRET assays, including semiconduc-

tor QDs, graphene QDs (GQDs), up-conversion nanoparticles (UC-

NPs), gold nanoparticles (AuNPs), and graphene oxide (GO) [203].

To enable accurate detection of Aβ oligomers, a fluorescent biosen-

sor has been developed by incorporating fluorescein-modified Aβ
aptamers as the fluorophore and 3D Fe3O4/MXene nanospheres

as the fluorescence quencher. The Fe3O4/MXene nanosphere-based

biosensor demonstrates a robust linear correlation between flu-

orescence intensity and the logarithmic concentration of Aβ
oligomers in the range of 0.10–200nmol/L [205]. The inner fil-

ter effect (IFE) occurs when the absorption of excitation or emis-

sion light by an absorber overlaps with the fluorescence spectra of

the donor fluorophore in the detection system. A novel, label-free,

highly selective, and sensitive method for visualizing Aβ oligomers

has been proposed, based on the IFE of AuNPs on the fluorescence

of CdTe QDs. In the presence of Aβ oligomers, the aggregation of

AuNPs is inhibited, resulting in the quenching of CdTe QD fluores-

cence [203]. In an alternative approach, H-UCNPs-SiO2@ZIF-8/BHQ-

1 (H-USM/BHQ-1) microspheres are synthesized to enable precise

quantification of Aβ oligomers using the 540nm and 654nm emis-

sion ratios of highly doped UCNPs as reporters [206].

MicroRNA-125b (miR-125b) has been implicated in synaptic

dysfunction and tau hyperphosphorylation during the early stages

of AD pathogenesis. To facilitate the rapid detection of miR-125b,

a dual “turn-on” fluorescence biosensor, TPET-DNA@Dex-MoS2, has

been developed for real-time imaging of AD-associated microR-

NAs [207]. A self-assembled nanoparticle-mediated amplified flu-

orogenic immunoassay (SNAFIA) enables analysis of liquid biopsy

samples, thereby enhancing clinical trial efficiency and expedit-

ing the development of therapeutic interventions for AD [208].

A simple approach involving the coupling of the natural product

resveratrol (Res) with graphene oxide (GO) results in the forma-

tion of Res@GO composites. Upon interaction with Aβ , the com-

posite emits fluorescence due to the inhibition of energy transfer

between GO and photoexcited Res [209].

3.5.4. Others

In recent years, synchrotron-based X-ray fluorescence mi-

croscopy (XFM) has emerged as the "gold standard" for determin-

ing the distribution of elemental and chemical species in biolog-

ical tissues at various spatial resolutions. Its spatial resolution is

comparable to that of inductively coupled plasma mass spectrom-

etry (ICP-MS), yet XFM offers faster and more reliable sample pro-

cessing. To explore the relationship between metal content and

anatomical Aβ plaque deposition, metal distribution in the hip-

pocampus of APP/PS1 mice has been assessed using XFM. The find-

ings reveal an elevation in zinc (Zn) content in the plaques, which

may be associated with the initiation of Aβ production [210]. A

multifocal illumination fluorescence microscope is capable of de-

tecting Aβ deposits across the entire brain [211]. The combination

of label-free super-resolution spectroscopy for subcellular imaging,

based on novel optical photothermal infrared (O-PTIR) and XFM

imaging techniques, enables unprecedented resolution of elemental

distributions and fibrillary forms of Aβ in neurons [212–215].

3.6. Mass spectrometry imaging (MSI)

MSI is a powerful label-free technique for visualizing the spatial

distribution of small metabolites, including proteins, peptides, and

lipids, in tissue sections. Its superior sensitivity, high spatial res-

olution, and ability to provide highly informative molecular pro-

files make it an invaluable tool in biological research [216,217].
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MSI combines two essential features: first, the specificity of mass

spectrometry, which enables precise determination of molecular

mass by measuring the mass-to-charge (m/z) ratio; and second,

the capability to map the spatial distribution of these molecular

species within the sample [218]. Notably, MSI has shown signif-

icant promise in studying AD pathology, offering detailed insights

into the molecular changes in brain tissue, both in AD mouse mod-

els and human samples. This makes MSI a potentially invaluable

technique for advancing the understanding of AD at the molecular

level [219].

3.6.1. Matrix-assisted laser desorption/ionization mass spectrometry

(MALDI-MS)

MALDI-MS imaging is a highly effective technique for inves-

tigating the spatial distribution of proteins and small molecules

within biological tissues by enabling in situ analysis of tissue sec-

tions [220,221]. For example, MALDI-MS imaging can distinguish

between cortical, hippocampal, and cerebellar layers while also

identifying specific lipid species associated with Aβ plaques, such

as sulpholipids/hexyl ceramide sulfate (SHexCer) and glycerophos-

phatidylinositols (GroPIn), as well as probing the spatial hetero-

geneity of n-streptocellulose in both mouse and human brain tis-

sues [216,222–224]. This technique has also been used to detect

Aβ species deposition in cerebral CAA and AD brains (Fig. S4c

in Supporting information) [225]. Furthermore, MALDI-MS imaging

has revealed the deregulation of proteostasis-related protein mod-

ules, oxidative stress, and metabolic changes in the hippocampus

of early AD mice. These findings suggest that disruptions in pro-

tein modules can potentially be mitigated by early dietary inter-

vention with ubiquinol (Fig. S4d in Supporting information) [226].

Additionally, MALDI-MS imaging has proven useful for detecting

early proteomic alterations in the 5xFAD neonatal mouse model of

AD, with the results showing a striking resemblance in protein ex-

pression profiles between the neonatal 5xFAD brain and AD patient

specimens [220].

3.6.2. Secondary ion mass spectrometry (SIMS)

SIMS is an advanced imaging mass spectrometry technique that

utilizes the kinetic energy transfer between a focused ion beam

and the sample surface to generate secondary ions specific to the

sample. SIMS is capable of constructing three-dimensional images

of biomolecules and their associated metals without the need for

external markers, making it a powerful tool for studying complex

biological systems [227,228]. Specifically, time-of-flight SIMS (ToF-

SIMS) is particularly adept at detecting the localization of lipids

and Aβ in narrow (∼10nm) 2D planes at the tissue surface. This

capability allows SIMS to extend conventional tissue imaging tech-

niques, enabling the investigation of the intricate interplay be-

tween different molecules in AD pathology [221]. ToF-SIMS has

also been employed to identify and localize cholesterol on tissue

surfaces without the need for extensive pre-processing. Findings

from these studies suggest that the density of NFTs is not statis-

tically correlated with cholesterol abundance [229]. Furthermore,

by using metal oxide nanoparticle-conjugated antibodies, ToF-SIMS

enables the simultaneous imaging of multiple proteins associated

with AD pathology [227]. Additionally, SIMS has proven effective in

visualizing various lipid species, such as lyso-phosphocholine (LPC)

lipids, gangliosides, and sulfatides in AD mouse models [2].

3.6.3. Others

Laser ablation-inductively coupled plasma mass spectrometry

(LA-ICP-MS) has been employed for the detection and imaging

of Aβ in immunohistochemical brain sections from transgenic AD

mouse models, utilizing Eu- and Ni-coupled antibodies for en-

hanced detection [230]. Another study integrates desorption elec-

trospray ionization (DESI) with MALDI-MS to investigate early-

stage AD pathology in the brains of AD mice. The results indi-

cate that significant alterations in lipid metabolic pathways, par-

ticularly glycerophospholipid metabolism, may play a role in the

early onset of AD [231]. Gold nanoparticles anchored to porous

perovskite oxide microrods (CTO@Au) have been developed as a

high-performance platform for precise serum metabolic analysis,

offering a robust approach for the detection of metabolic changes

in AD mice [232]. In the context of AD, immunoprecipitation mass

spectrometry (IP-MS) has been applied to diagnose the disease by

measuring plasma Aβ42/Aβ40 ratios and Aβ amyloid levels, pro-

viding valuable diagnostic information [233,234].

Selected reaction monitoring (SRM), performed on triple-

quadrupole mass spectrometers, enables the detection of low-

abundance proteins in complex biological samples. Using SRM, a

high-throughput method has been developed to analyze 48 key

proteins in CSF [235]. Liquid chromatography-mass spectrometry

(LC-MS) has been applied to accurately quantify plasma Aβ42 and

Aβ40, as well as to identify the ApoE proteotype in blood samples

[236]. MSI technologies have also been utilized to determine the

ratio of phosphorylated tau to non-phosphorylated tau in blood,

offering diagnostic accuracy comparable to clinical CSF testing for

AD [237]. Using ultra-high-performance LC-MS, five metabolites,

including cholic acid, chenodeoxycholic acid, allocholic acid, in-

dolelactic acid, and tryptophan, have been identified as specific

biomarkers for distinguishing AD patients from healthy controls

and individuals with non-neurological disorders [238].

3.7. Spectral imaging

Spectral imaging enables the simultaneous characterization and

quantification of multiple features, such as organelles and pro-

teins, in both qualitative and quantitative terms. This technique

significantly enhances the capabilities of biological and clinical re-

search. Spectral imaging encompasses two primary components:

spectroscopy and imaging. It has become a well-established tool in

the diagnosis of AD, with applications in vibrational spectral imag-

ing (VSI) and hyperspectral imaging (HSI) [239].

3.7.1. VSI

VSI is a promising label-free technique for studying protein mis-

folding, especially in neurodegenerative diseases like AD. Spectral

imaging involves recording a spectrum at each spatial point, us-

ing dispersive optics with standard imaging systems [239–241].

Three common scanning modes are point scanning (whiskbroom),

line scanning (pushbroom), and area imaging (wavelength scan-

ning) [242]. IR spectroscopy measures molecular vibrations result-

ing from interactions with radiation and is applicable across varied

sample states. Two main instruments used are Fourier-transform

infrared (FTIR) spectrometers and dispersive spectrometers [241].

FTIR is particularly sensitive to protein secondary structure, mak-

ing it ideal for detecting misfolding and aggregation [243]. In 2010,

FTIR imaging visualized unsaturated lipids in the hippocampus of

mouse models, revealing plaque-related pathology [69]. Micro-FTIR

(μFTIR) further showed colocalization of amyloid and lipid per-

oxidation in AD patient tissues, emphasizing lipid oxidation’s role

in disease progression (Fig. S5a in Supporting information). μFTIR

also detects early conformational changes in APP and Aβ [244,245].

Discrete frequency infrared imaging (DFIR) enables precise map-

ping of β-sheet aggregates, including those outside plaques, indi-

cating potential diagnostic value [246].

While IR detects dipole changes, Raman detects polarizability

changes, aiding protein structure analysis and amino acid residue

identification in physiological settings [247–249]. Its main limita-

tion is the inherently weak signal, but this has been mitigated
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by signal-enhancing techniques such as coherent Raman scatter-

ing (CRS), surface-enhanced Raman scattering (SERS), tip-enhanced

Raman scattering (TERS), and resonance Raman scattering (RRS)

[250,251]. Among these, SERS is particularly powerful due to its

high sensitivity, enabling simultaneous structural and concentra-

tion analysis with minimal sample preparation [252,253]. For ex-

ample, silver nanogap shells (AgNGSs) serve as SERS nanoprobes

for multiplex Aβ40 and Aβ42 detection in blood, outperforming

ELISA in detection range [254]. A label-free ratiometric SERS plat-

form with gold nanoparticles enables real-time imaging of Aβ ag-

gregation by tracking I1244/I1268 intensity ratios [255]. Similarly,

SERS-LFIA biosensors quantify Aβ1–42 via the I1334/I2225 ratio for

accurate AD diagnosis [256]. Other probes target NO sensing using

the I698/I974 ratio in live-cell imaging [257].

CRS techniques, including coherent anti-Stokes Raman scatter-

ing (CARS) and stimulated Raman scattering (SRS), greatly amplify

Raman signals. CRS allows label-free vibrational excitation, distin-

guishing scattered from Rayleigh light by energy shifts. In CARS,

vibrational modes generate enhanced anti-Stokes signals, free from

fluorescence interference and ideal for high-contrast imaging [250].

CARS imaging provides real-time, non-invasive analysis of lipids

and proteins in live tissues. In AD models, it differentiates plaque

regions by comparing spectral intensity ratios (Fig. S5b in Sup-

porting information) [258,259]. SRS imaging offers label-free, high-

speed chemical imaging with improved contrast over CARS due to

the absence of non-resonant background signals [260–262]. In AD

research, SRS detects protein misfolding by spectral shifts. For in-

stance, blue-shifting of the amide I band by ∼10 cm−1 signifies Aβ
protofibril formation. Imaging at 1640, 1658, and 1670 cm−1 dis-

tinguishes lipids, native proteins, and Aβ plaques (Fig. S5c in Sup-

porting information) [240].

3.7.2. HSI

A typical HSI system consists of three main components: a light

source, wavelength dispersion devices, and area detectors [262]. It

has been reported that Aβ aggregates accumulate in retinal tis-

sue during the progression of AD, and these aggregates serve as

surrogate markers for brain Aβ levels [263]. HSI is well-suited to

detect AD-related markers in the retina in a non-invasive, cost-

effective, rapid, and label-free manner, leveraging Rayleigh light

scattering (Fig. S5d in Supporting information) [264–266]. Spectral

differences between healthy and transgenic AD mice, which accu-

mulate Aβ in both the brain and retina, have been observed [265].

In another study, a reduction in short-wavelength reflectance was

observed in the retinas of AD mice over time, compared to wild-

type mice, due to the presence of soluble Aβ1–42 aggregates

(Fig. S5e in Supporting information) [37,265–268]. In addition to

Aβ plaques, phosphorylated tau has also been detected in the reti-

nas of AD patients, further supporting the potential of HSI for

label-free screening and early diagnosis of AD [267].

3.8. Multimodal imaging

Multimodal imaging integrates two or more imaging modali-

ties within the same visualization region, offering significant ad-

vantages for both diagnostic and therapeutic applications. Ideally,

distinct imaging probes can be employed to capture both struc-

tural and functional data at the same anatomical location, fol-

lowed by the fusion of these images for more detailed analysis

[92,173,268]. Additionally, multimodal imaging systems combine

various techniques, such as MSI, MRI, vibrational spectroscopy, and

fluorescence imaging, to gather extensive information on metabolic

activity and molecular dynamics [269]. For example, a multi-

modal data fusion framework utilizing deep autoencoders and self-

representation (MFASN) has been proposed for the early diagnosis

of AD, through the integration of fMRI and sMRI data to construct a

multimodal brain network [270]. Furthermore, combining PET with

MRI allows for precise mapping of both structural and functional

features in brain tissue, enhancing the diagnostic and prognostic

accuracy for AD [271–273]. The integration of 18F-FDG PET/CT is

also valuable for studying the correlation between CSF levels of

striatal dopamine transporter and regional brain metabolism, pro-

viding deeper insights into the role of dopaminergic degeneration

in the pathogenesis of AD [274].

Despite the widespread use of MRI as a clinical diagnostic

tool, there are currently no MRI contrast agents approved for the

in vivo imaging of cerebral AD biomarkers [275]. Therefore, the

development of multifunctional probes to enhance MRI perfor-

mance for brain imaging is of significant interest. One such ap-

proach involves conjugating the well-established Aβ probe, Pitts-

burgh compound B (PiB), to DO3A-monoamide. This conjugation

facilitates the formation of non-charged complexes with triva-

lent metal ions, such as Gd3+ for MRI applications and In3+ for

SPECT imaging [92]. In clinical studies, three-dimensional MRI,

DTI, and FDG-PET imaging have been employed to assess patients

with MCI and AD. These modalities were used to evaluate hip-

pocampal volume (HC-Vol), parahippocampal cingulum fractional

anisotropy (PHC-FA), and hippocampal glucose metabolism (HC-

Glu) [276]. Another study combined FDG-PET, MRI morphometry,

and DTI-derived fractional anisotropy (FA) measurements in indi-

viduals with MCI [277]. Fluorescent-magnetic γ -Fe2O3-rhodamine

or γ -Fe2O3-Congo red nanoparticles have emerged as promising

multimodal imaging agents for Aβ detection, combining MRI and

fluorescence imaging in a single nanostructured platform [91]. Ad-

ditionally, theranostic Gd(DOTA)-cyanine dyad conjugates enable

both one- and two-photon excited fluorescence imaging and MRI

of Aβ in transgenic mouse models of AD [275]. Relying on the re-

dox environment characteristic of AD, injections of zinc gluconate

and ferrous chloride into AD mice promote the biosynthesis of flu-

orescent zinc oxide and magnetic iron oxide nanoclusters (Fig. 2a)

[278].

The bivariate distribution of amyloid-β and tau provides in-

sights into the underlying mechanisms of neurocognitive clinical

syndromes, which can be assessed using PET-based multimodal

imaging techniques. Tau aggregates predominantly accumulate in

regions of the brain exhibiting hypometabolism, whereas amyloid

deposits are distributed across the entire cerebral cortex [125].

Phenyl/pyridinyl-butadienyl-benzothiazole/benzothiazole (PBBs), a

novel multimodal imaging agent, integrates two-photon fluores-

cence imaging with PET, enabling the visualization of various tau

inclusions in the brains of AD patients. These findings align with

the known progression of tau pathology in AD, demonstrating its

widespread dissemination as the disease advances (Fig. 2b) [279].

MSI technology offers a method for monitoring spatial lipid

changes in situ. However, the diagnosis and treatment of AD often

require the integration of multifaceted pathological information to

reach a definitive diagnosis. Therefore, the integration of MSI with

other imaging modalities is highly advantageous for the compre-

hensive diagnosis of AD [280]. The high background noise and arti-

fact signals inherent to these modalities complicate the calibration

of MSI images. To address this challenge, a correlative chemical

imaging strategy that combines multimodal matrix-assisted laser

desorption/ionization (MALDI)-MSI, hyperspectral microscopy, and

spatial chemometrics has been developed. This approach enables

the high-resolution delineation of co-localized lipids and Aβ pep-

tides within plaques, providing predictive multimodal MSI signa-

tures that are reflective of distinct Aβ structures implicated in AD

pathogenesis [269].

Dual-polarity matrix-assisted laser desorption-ionization imag-

ing mass spectrometry (MALDI-IMS) further enhances this tech-

nique by offering high-throughput lipid molecular profiling at the

same spatial resolution as individual Aβ peptide isoforms. Addi-
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Fig. 2. Multimodal imaging for AD diagnosis. (a) Fluorescence imaging of the dis-

sected brain from normal mice without any treatment or AD mice with the treat-

ment of zinc gluconate and ferrous chloride solution. T2-weighted MRI imaging of

the brain from normal mice with treatment of zinc gluconate or AD mice with the

treatment zinc gluconate and ferrous chloride. Reproduced with permission [278].

Copyright 2017, American Chemical Society. (b) Accumulation of [11C]PBB3 in the

hippocampal formation of AD patients revealed by in vitro autoradiography and in

vivo PET. In hippocampal formation, the [11C]PBB3 retention rate is significantly in-

creased in AD patients, in contrast to the negligible change in NC patients. Repro-

duced with permission [279]. Copyright 2013, Elsevier Inc. (c) Comparison of typical

multimodal multiphoton microendoscope images of normal and AD samples from

hippocampal dentate gyrus region. Reproduced with permission [284]. Copyright

2015, SPIE. (d) In vivo hybrid 3D vMSOT and epifluorescence imaging of CRANAD-2

in an Aβ mouse. Reproduced with permission [147]. Copyright 2021, Elsevier B.V.

tionally, structural diversity among Aβ plaques can be detected,

along with other chemical species, including neuronal lipids, us-

ing both MALDI-IMS and fluorescence imaging [217]. These find-

ings manifest the significant role of lipid disturbances, including

sphingolipid metabolism, in the pathophysiology of AD [281]. To

further investigate the molecular basis of Aβ aggregation in AD, an

integrated tetramodal chemical imaging approach has been devel-

oped, which incorporates trimodal MSI along with interlaced flu-

orescence microscopy from a single tissue section. Characteristic

patterns of plaque-associated lipid and peptide localizations in AD

models can be elucidated by analyzing multimodal imaging and

multivariate data [282].

An acoustic wave-based acoustofluidic separation device has

been developed to isolate and purify AD biomarkers, enhancing

the signal-to-noise ratio through SERS and electrochemical im-

munosensing. The diagnostic accuracy and reliability of these mul-

timodal biosensors are significantly improved, positioning them as

potentially viable clinical translational devices for early AD diagno-

sis [283]. Furthermore, multicolor imaging of AD brain samples has

been achieved by integrating two-photon excited fluorescence and

second-harmonic generation on a CARS microendoscope platform.

Analysis of two hippocampal regions, the cornu ammonis-1 (CA1)

and dentate gyrus, revealed that lipids, amyloid fibrils, and colla-

gen are more abundant in AD samples compared to NCs (Fig. 2c)

[284].

Label-free optical techniques offer a direct means of detecting

elemental and biochemical changes with high reliability and preci-

sion, owing to their high resolution, intrinsic contrast, and minimal

sample preparation. Multimodal biospectroscopic approaches, such

as XFM and FTIR spectroscopy, enable the identification of signif-

icant biochemical and elemental alterations and their colocaliza-

tions within specific cerebral regions [213]. Notably, the combina-

tion of FTIR, Raman microscopy, and XFM has provided substan-

tial complementary information on the biochemical and elemen-

tal composition of Aβ plaques. This multimodal imaging approach

does not require complex tissue fixation or staining, allowing for

the comprehensive analysis of key components, including aggre-

gated proteins, lipids, cholesterol, and metal ions [285].

The integration of fluorescence spectroscopy, atomic force mi-

croscopy (AFM) imaging, and circular dichroism (CD) spectroscopy

provides a powerful approach to investigating the selective bind-

ing of molecularly imprinted nanoparticle (MINP) receptors to spe-

cific segments of Aβ40 [286]. Additionally, the curcumin deriva-

tive CRANAD-2 is employed for detecting Aβ deposition in trans-

genic AD mouse models using multi-spectral optoacoustic tomog-

raphy and fluorescence imaging. CRANAD-2 demonstrates specific

and quantitative detection of Aβ fibrils in vitro, with the ability to

differentiate between monomeric and fibrillar forms of Aβ (Fig. 2d)

[147]. Furthermore, nanogel probes, such as SPIO@GCS/acryl/biotin-

CAT/SOD-gel (SGC) and BRET-FRET nanobubbles, are utilized for

imaging inflammation through US imaging/MRI and US imag-

ing/bioluminescence, respectively [150,287].

Spectral imaging is a crucial component of multimodal imaging,

with the combination of spectral and fluorescence imaging being

the most widely studied. The integration of two-photon excitation

fluorescence (TPEF) microscopy and CARS enables long-term imag-

ing of Aβ plaques and blood vessels in AD mouse models, facilitat-

ing the study of both physiological and disease conditions to ex-

tract essential structural and functional information [288]. The bio-

chemistry of Aβ plaques, including their chemical signatures and

the presence of oxidized lipids, can be characterized through the

combined application of FTIR spectroscopy, Raman spectroscopy,

and immunofluorescence imaging [246]. The elemental distribu-

tion and fibrillar structure of Aβ plaques in neurons can be as-

sessed by combining optical photothermal infrared (O-PTIR) and

synchrotron-based X-ray fluorescence (S-XRF) nano-imaging tech-

niques [212]. Additionally, the use of hyperspectral snapshot cam-

eras and optical coherence tomography (OCT) allows for the ac-

curate determination of retinal nerve fiber layer (RNFL) thickness.

The relationship between retinal structure and cognitive function

can be clarified through standardized and longitudinal data analy-

sis from amyloid-phenotyped cohorts [289].

3.9. Nanoparticle-based imaging strategies

Recent advances in nanotechnology have significantly improved

the early diagnosis of AD, particularly through the development

of nanoparticle-based imaging strategies. These approaches lever-

age the unique physical and chemical properties of engineered

nanomaterials to enable non-invasive, highly sensitive, and target-

specific imaging of pathological biomarkers such as Aβ plaques

and tau protein aggregates. Based on material composition and

function, these strategies can be categorized into several main

classes: magnetic nanoparticles, gold nanoparticles, QDs and fluo-

rescent nanoprobes, polymeric/liposomal nanoparticles, and hybrid

theranostic nanostructures.

Magnetic nanoparticles (MNPs) have gained prominence as con-

trast agents for MRI due to their strong magnetic susceptibility

and ability to enhance signal contrast. MNPs can be functional-

ized with specific ligands or peptides that facilitate BBB penetra-

tion and targeting of AD-related biomarkers, such as Aβ plaques

and regions of neuroinflammation. Chaparro et al. highlighted the

theranostic potential of MNPs, demonstrating their dual utility

in imaging and treatment [290]. Similarly, Jiang et al. developed

neuroinflammation-targeted MNPs that successfully enabled early-
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stage detection of AD through enhanced MRI sensitivity and speci-

ficity [291]. AuNPs, particularly in rod or spherical forms, have

been extensively utilized for optical and CT imaging due to their

unique surface plasmon resonance (SPR) properties. Morales-Zavala

et al. demonstrated the application of GNRs in micro-CT imaging in

vivo, showing not only the effective visualization of amyloid bur-

den but also a therapeutic decrease in plaque load, emphasizing

their value as a neurotheranostic platform for AD [292].

QDs and fluorescent nanoprobes offer significant advantages in

optical imaging due to their bright fluorescence, tunable emission

spectra, and stability. These properties allow for the ultra-sensitive

detection of AD biomarkers at very low concentrations. Agraharam

et al. discussed the use of QDs in FRET and SERS imaging to detect

both Aβ and tau proteins in early disease stages [293]. The ability

of QDs to be conjugated with biomolecular probes provides a flex-

ible platform for highly specific, multiplexed imaging. Polymeric

nanoparticles and liposomes represent another important class of

nanocarriers for imaging agents. Song et al. reviewed the poten-

tial of polymeric systems to encapsulate both therapeutic and diag-

nostic agents, achieving targeted imaging of AD-related biomarkers

[294].

Hybrid or multi-material nanostructures, often described as

theranostic platforms, are engineered to simultaneously perform

diagnostic imaging and deliver therapeutic agents. These mul-

tifunctional nanoparticles often integrate inorganic cores (such

as magnetic or gold components) with polymeric or lipid-based

shells, offering synergistic capabilities in targeting, imaging, and

therapy. Panghal and Flora emphasized the significance of such

systems in enabling simultaneous visualization and treatment of

AD pathology [295]. Dai et al. and Li et al. further discussed re-

cent developments and the bibliometric landscape of nanothera-

nostics in AD, highlighting the rapid growth of hybrid nanoparti-

cle research and the push toward multifunctional platforms that

bridge diagnostics and treatment [296,297].

3.10. Summary of imaging modalities

Further investigation into AD pathogenesis and the refinement

of molecular mechanisms are essential to drive the development

of more advanced therapeutic approaches for AD [7]. Although CSF

analysis demonstrates high accuracy in the early diagnosis of AD,

the invasive nature of lumbar puncture for CSF collection, which

often causes discomfort and reduces patient compliance. Emerg-

ing evidence indicates that blood biomarkers, such as P-tau, Aβ1–

40, and Aβ1–42, are correlated with AD pathology in brain tis-

sue. However, detecting AD biomarkers at low concentrations in

blood remains challenging due to limited sensitivity and interfer-

ence from the blood matrix composition, which impairs detec-

tion performance [5]. To address these issues, non-invasive imag-

ing techniques are being developed to provide solutions. Although

PET has become the primary in vivo technique for amyloid detec-

tion and early AD diagnosis, its spatial resolution is relatively low,

and image quality is often compromised by substantial noise. Flu-

orescence and PA imaging are emerging as cost-effective and safe

alternatives, as they do not require extensive infrastructure. How-

ever, the number of endogenous fluorophores present in human

tissue is extremely limited, and the targeted delivery of exoge-

nous fluorophores presents significant challenges, which compro-

mises both sensitivity and specificity [36,147]. In contrast, vibra-

tional spectroscopy detects molecular vibrational frequencies with-

out the need for dyes or extrinsic labeling. While infrared mi-

croscopy has the potential to detect protein aggregation and lipid

homeostasis, its application is constrained by low sensitivity, lim-

ited spatial resolution, and infrared absorbance [298]. FTIR spec-

troscopy is capable of detecting protein aggregation and lipid dis-

turbances, while Raman spectroscopy offers higher spatial resolu-

tion for imaging lipids, particularly cholesterol, but suffers from

prolonged acquisition times despite efforts to accelerate signal cap-

ture [299]. XFM is capable of detecting a broad range of transi-

tion metals such as iron, copper, and zinc [288]. HSI can identify

Aβ-containing aggregates in retinal tissue [263]. To overcome the

limitations of individual imaging modalities, multimodal imaging,

which combines two or more imaging techniques, has emerged as

a powerful strategy for obtaining comprehensive information on

AD pathology (Table 1).

4. Imaging-guided AD therapy

For decades, therapeutic strategies have primarily targeted the

pathological features of AD, with a focus on the targeted deliv-

ery of monoclonal antibodies to Aβ plaques or oligomers [31]. The

integration of imaging modalities in the therapeutic process can

contribute to achieving more precise treatment outcomes, surpass-

ing conventional therapies by enhancing biosafety and improving

efficacy [300]. Imaging-guided therapy could enhance the unifor-

mity of drug dosing and optimize drug utilization, enabling the as-

sessment of both dosimetric and non-dosimetric factors at the le-

sion site. The use of molecular probes during treatment allows for

the evaluation of drug biodistribution, delivery efficiency, as well

as clearance and excretion profiles, offering a comprehensive ap-

proach to therapeutic management [301]. The PET modality serves

as a critical link between the molecular mechanisms underlying

AD pathology and targeted therapeutic interventions. Taking the

advantages of precise targeting, accurate dose delivery, minimal

toxicity, and enhanced therapeutic efficacy, PET image-guided drug

delivery has been widely employed in the treatment of conditions

such as rheumatoid arthritis, cancer, and infections [302].

The BBB prevents the majority of pharmaceuticals from cross-

ing into the extracellular fluid of the CNS [303,304]. MRI-guided

focused US (MRIgFUS) has emerged as a pivotal non-invasive tech-

nique for transiently opening the BBB in targeted regions, thereby

facilitating the efficient delivery of therapeutic agents to the brain

[153,305,306]. For instance, MRIgFUS-mediated enhancement of

BBB permeability enables the delivery of the neuroprotective agent

D3, which counteracts neurodegeneration in AD through activation

of the TRKA-related signaling cascade (Fig. 3a) [307]. Subsequent

prognostic evaluations show that the BBB in AD patients returns

to a normal state without causing further impairment [148–151].

MRIgFUS also facilitates passive immunization with a novel 2N tau

isoform-specific single-chain antibody fragment, RN2N, which re-

duces anxiety-like behavior and the phosphorylation of tau at spe-

cific sites [308]. When combined with microbubbles, MRIgFUS of-

fers a targeted and non-invasive approach to BBB disruption. For

example, the combination of low-intensity focused US and mi-

crobubble contrast agents, guided by real-time MRI imaging, tran-

siently opens the BBB, enabling the precise delivery of fluorophores

and immunotherapeutics to amyloid plaques with minimal tissue

damage [309]. The surface properties of Fe-MIL-88B-NH2-NOTA-

DMK6240/MB enhance MRI capability and improve AD symptoms

by preventing hyperphosphorylated tau aggregation and neuronal

death (Fig. 3b) [310]. Transcranial pulse stimulation (TPS), a novel

technique involving single ultrashort US pulses at frequencies of

200–300ms, differs from focused US and has been shown to sig-

nificantly improve neuropsychological scores in AD patients, with

curative effects maintained for up to three months based on func-

tional MRI data [311].

Fluorescence image-guided therapy for AD has been exten-

sively explored with a view toward clinical application. For exam-

ple, RVG-modified neural stem cell membrane-coated nanoparti-

cles (NSCs) encapsulated with AgAuSe QDs have been developed

for the pharmacological treatment of AD, with real-time moni-

toring via multiscale NIR-II imaging (Fig. 3c) [187]. Additionally,
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aggregation-induced emission (AIE) nanotherapeutic agents have

been designed for targeted AD treatment [312]. The binding of

these nanotheranostics to amyloid plaques inhibits Aβ fibril for-

mation, degrades existing fibrils, and prevents reaggregation. Self-

fluorescent monochrome nanoparticles (TNPs), composed of amino

acids, can label and detect diphenylalanine and Aβ42 peptide fib-

rils due to their intrinsic fluorescence properties. Moreover, TNPs

have shown the potential to inhibit peptide aggregation and allevi-

ate Aβ-induced cytotoxicity [313]. Furthermore, ultrathin zinc se-

lenide (ZnSe) nanoplatelets have been engineered to monitor brain

copper levels in AD mice using PA imaging, while simultaneously

reducing oxidative stress in neurons to restore neurological func-

tion (Fig. 3d) [161]. To enhance the properties of nanoagents lack-

ing inherent fluorescence, a nanosystem (FGL-NP(Cit)/HNSS) mod-

ified with an FGFR1 ligand, FGL peptide, has been developed for

enhanced brain accumulation (4.8-fold) and preferential distribu-

tion to cholinergic neurons in AD-affected regions. This system is

responsive to mild acidity, triggering lysosomal escape and con-

trolled intracellular drug release in neurons [314]. Thioflavin T

(ThT), a β-amyloid-specific dye, modified graphene oxide and iron

oxide nanoparticles (GOIO) have been shown to reduce Aβ ag-

gregation and mitigate the toxicity of Aβ fibrils to neuroblastoma

cells, with the process being monitored via fluorescence imag-

ing [315]. Additionally, PEGylated silica nanoparticles (PSiNPs) have

demonstrated the ability to cross the BBB for non-invasive in vivo

or ex vivo fluorescence imaging, facilitating drug delivery and en-

hancing therapeutic outcomes [316].

Image-guided photothermal therapy (PTT) is an effective thera-

peutic strategy with high diagnostic accuracy, enabling the mon-

itoring of photothermal agent accumulation at lesion sites and

determination of the optimal treatment window. A novel macro-

molecular fluorophore, formed by conjugating a small-molecule

NIR-II fluorophore (Flav7) with an amphiphilic polypeptide, has

shown promise for the visualization of Aβ fibrils using NIR-II flu-

orescence, while also producing significant photothermal ablation

effects for AD treatment (Fig. 3e) [317]. Additionally, photothermal

reagents such as PDA-Ru, KLVFF@Au-CeO2, and Ru@Pen@PEG-AuNS

have been utilized for NIR/PA imaging, with demonstrated abil-

ity to decompose Aβ fibers [318–320]. GO-ThS nanomaterials have

been shown to induce dissociation of aggregated amyloid plaques

through hyperthermia upon NIR light irradiation, with real-time

monitoring of the morphological changes of Aβ fibrils [321]. Chlo-

rin e6 (Ce6) and immunoglobulin G (IgG) can self-assemble into

nanocomplexes that enable fluorescence image-guided photody-

namic therapy (PDT) and immunotherapy for AD [322,323]. Metal-

organic framework-derived carbon (MOFC) materials, exhibiting

NIR light-responsive PA properties, have demonstrated the ability

to transform robust, β-sheet-dominant neurotoxic Aβ aggregates

into non-toxic debris, providing a promising approach for AD treat-

ment [322].

Magnetic thermotherapy, when combined with magnetic par-

ticle imaging (MPI), offers an image-guided therapeutic platform

that allows for precise targeting of pathological cells while mini-

mizing non-specific damage to healthy tissues. Magnetic nanopar-

ticles, delivered specifically to the lesion site, can be activated by

an alternating magnetic field (AMF), resulting in localized heat

generation for magnetothermal treatment. For example, SPIONs

used as tracers in MPI can be excited to produce heat for mag-

netic hyperthermia, facilitating the accurate localization and treat-

ment of diseases (Fig. 3f) [323]. The integration of multiple imag-

ing modalities addresses the inherent limitations of each individual

modality, thereby enhancing both diagnostic and therapeutic capa-

bilities for various diseases [300,324,325]. A theranostic Gd(DOTA)-

cyanine dyad is used for imaging Aβ plaques in AD mouse mod-

els. This probe not only enables imaging but also demonstrates the

ability to inhibit Aβ aggregation and reduce Aβ-induced ROS gen-
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Fig. 3. Imaging-guided AD therapy. (a) Scheme to illustrate the MRIgFUS delivery of D3, a selective TrkA agonist, to the basal forebrain to rescue neurotrophin signaling

and cholinergic function in AD mice. Reproduced with permission [307]. Copyright 2020, AAAS. (b) T2-weighted MRI images of AD mice after administration of Fe-MIL-88B-

NH2-NOTA, Fe-MIL-88B-NH2-NOTA-DMK6240, and saline for 4h. Reproduced with permission [310]. Copyright 2020, American Chemical Society. (c) Scheme of genetically

engineered NSCs membrane-camouflaged nanocomplex (RVG-NV-NPs) and its applications in CNS drug delivery. Reproduced with permission [187]. Copyright 2023, American

Chemical Society. (d) Scheme to illustrate the concept of ultrathin zinc selenide (ZnSe) nano-ions for monitoring brain copper levels and treatment AD. Reproduced with

permission [161]. Copyright 2022, American Chemical Society. (e) Schematic diagram of the mechanism of NIR image-guided photothermal therapy. Schematic illustration of

the mechanism of the NIR image-guided PTT by a facile macromolecular fluorophore. Reproduced with permission [317]. Copyright 2019, American Chemical Society. (f) In

vivo experimental demonstration of localization of magnetic hyperthermia using SPIONs. Reproduced with permission [323]. Copyright 2018, American Chemical Society.

eration [275]. Furthermore, the curcumin-derivative CRANAD-2 has

been developed for multispectral optoacoustic tomography and flu-

orescence imaging of brain Aβ deposits in AD cerebral amyloidosis

models, such as arcAβ mouse models [147].

5. Current limitations and future perspectives

In the current landscape of imaging technologies for AD, each

modality offers unique strengths and limitations in terms of sensi-

tivity, specificity, and clinical applicability. Optical imaging, while

highly sensitive, is limited to preclinical use due to poor tissue

penetration. US imaging is hindered by skull interference and re-

mains unsuitable for brain diagnostics. PET and SPECT provide high

sensitivity and target specificity but are limited by radiation expo-

sure, high cost, and limited accessibility, making them less ideal

for routine screening. In contrast, MRI and CT show strong poten-

tial for broader clinical use. MRI offers excellent spatial resolution

and anatomical detail, and its molecular imaging capabilities are

expanding through the development of targeted contrast agents

such as gadolinium-based probes and SPIONs. CT, particularly with

dual-energy or spectral techniques, has been explored for amy-

loid imaging using high-atomic-number contrast agents. Despite

promising advances, MRI and CT imaging probes still face chal-

lenges related to sensitivity, target specificity, and BBB penetration.

Ongoing research into optimized probe design and clinically trans-

latable agents will be critical for realizing the full diagnostic po-

tential of these platforms in AD.

PA imaging bridges optical contrast with acoustic resolu-

tion, enabling high-resolution imaging of vascular and molecular

changes with moderate depth penetration. It shows growing

promise in detecting Aβ-related pathology but remains limited

in deep brain applications. Fluorescence imaging allows real-time

visualization with high sensitivity; yet, its application is chal-

lenged by limited tissue penetration, potential photobleaching, and

autofluorescence interference. MSI provides unparalleled molec-

ular specificity and multiplexed biomarker profiling, including

spatial distributions of Aβ and tau species, but it is inherently a

post-mortem, label-free modality unsuitable for in vivo monitor-

ing. Multimodal imaging strategies have emerged as promising

solutions, combining complementary strengths of two or more

techniques, to enhance diagnostic accuracy, anatomical context,

and molecular characterization. Nonetheless, these platforms are

still evolving, with challenges in integration, probe compatibility,

and clinical scalability.

One of the most formidable challenges in the development of

imaging agents for AD lies in the effective traversal of the BBB, a

selective physiological barrier that limits the entry of diagnostic

and therapeutic agents into the brain parenchyma. Recent advance-

ments in nanotechnology have introduced a range of innovative

strategies to overcome this limitation. Various nanomaterials, such

as liposomes, polymeric nanoparticles, and metal-based systems,

have been engineered with physicochemical properties tailored

to enhance BBB permeability, often through mechanisms such

as receptor-mediated transcytosis or surface functionalization
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with targeting ligands [326–328]. These nanoplatforms not only

improve the transport of imaging probes across the BBB but also

stabilize the probes in circulation, reducing off-target effects and

enhancing signal specificity.

Multifunctional nanocarriers that integrate diagnostic and

therapeutic modalities have demonstrated particular promise. For

example, nanostructures with high surface area and modifiable

surfaces have been shown to increase both brain uptake and

contrast efficiency in imaging Aβ and tau pathologies [327,329].

Moreover, MNPs and QDs exhibit intrinsic imaging properties

that, when functionalized appropriately, can target specific AD

biomarkers while navigating the restrictive BBB environment

[329]. Lipid-based nanoparticles and dendrimers also offer fa-

vorable biodistribution and BBB penetration profiles, making

them suitable vehicles for imaging agents as well as therapeu-

tic payloads [330]. Importantly, ongoing research has explored

surface modifications that enhance nanoparticle interaction with

endothelial receptors, enabling more efficient brain delivery even

under pathological conditions where BBB integrity is variably

altered [327,331]. Despite these advancements, several limitations

remain. Many nanomaterials still face challenges related to bio-

compatibility, long-term safety, and scale-up production for clinical

translation. Furthermore, while animal models show promising

results, the human BBB presents additional complexities that may

reduce translational efficacy. Therefore, future work should focus

on refining nanoparticle design for increased targeting precision,

minimizing potential toxicity, and validating performance through

well-controlled clinical studies [326–331].

Looking forward, one of the most promising directions in the

imaging-based diagnosis of AD lies in the advancement of per-

sonalized diagnostic strategies. As our understanding of AD het-

erogeneity deepens in recognizing the differences in biomarker

expression, disease progression rates, and comorbidities. There is

growing recognition that a one-size-fits-all imaging approach is in-

sufficient. Future developments are expected to take account of

patient-specific molecular profiles, integrating multimodal imag-

ing data (e.g., Aβ , tau, neuroinflammation, and metabolic signa-

tures) with genetic risk factors and clinical phenotypes to tailor

diagnostic protocols. Artificial intelligence and machine learning

algorithms are increasingly being deployed to analyze complex,

longitudinal datasets and predict disease trajectories on an indi-

vidual level. Furthermore, personalized imaging probes that target

unique biomarker combinations or respond to microenvironmental

cues (such as pH or oxidative stress) hold promise for improving

early detection and monitoring therapeutic response. As precision

medicine principles are progressively integrated into neurodegen-

erative disease management, the future of AD imaging will likely

shift from population-based diagnostics toward patient-tailored,

adaptive imaging frameworks that enhance both accuracy and clin-

ical relevance.

Recent progress in artificial intelligence (AI)-assisted neu-

roimaging has opened promising avenues for enhancing early

diagnosis and precision in AD. Deep learning and explainable

AI models have demonstrated significant potential in detecting

subtle neurodegenerative patterns, particularly in early-stage AD,

by extracting high-dimensional features from structural MRI,

PET, and retinal imaging data that are often imperceptible to

the human eye [332–338]. These technologies facilitate not only

more accurate classification of AD subtypes but also interpre-

tation transparency, as seen in the integration of explainable

frameworks to improve clinical trust and adoption [332,337].

Moreover, the fusion of multimodal data, including structural

imaging, histopathology, and even retinal biomarkers, has emerged

as a powerful strategy to overcome the limitations of single-

modality approaches [334,335,338]. Future directions point toward

the convergence of digital pathology and radiological imaging,

enabling integrated diagnostic systems that link image-based

phenotypes with tissue-level pathology, supported by AI-driven

algorithms capable of learning from cross-domain datasets [337].

This cross-disciplinary synergy is anticipated to not only accelerate

early lesion detection and individualized risk prediction but also

to reshape the diagnostic landscape toward a more multi-scale,

data-integrated model of AD diagnosis and progression monitoring

[333,335,338].

Imaging-guided therapy represents a rapidly evolving frontier

in AD research, offering the potential to precisely monitor thera-

peutic response and optimize intervention timing. Advanced neu-

roimaging modalities such as PET and MRI are increasingly being

used not only for diagnosis but also to assess dynamic changes

in Aβ and tau deposition following treatment, allowing real-time

feedback on drug efficacy. Molecular imaging agents targeting neu-

roinflammation, synaptic activity, and metabolic dysfunction fur-

ther expand the ability to personalize therapeutic strategies and

track off-target effects. By combining diagnostic imaging and tar-

geted drug delivery, theranostic nanoplatforms are being devel-

oped to enable spatially and temporally controlled treatment of

AD pathology. These approaches facilitate the visualization of drug

distribution and accumulation within specific brain regions, ensur-

ing precise targeting of affected areas while minimizing systemic

exposure. As the field advances, integrating imaging biomark-

ers into therapeutic decision-making frameworks will be essential

for moving toward adaptive, individualized treatment paradigms

that respond dynamically to disease progression and treatment

response.

6. Conclusion

AD is the result of a complex interplay of multiple interre-

lated pathological factors, severely impacting the health of indi-

viduals over the age of 65 and posing a significant global health

challenge. While the precise contributions of key pathological fea-

tures, such as Aβ plaques and NFTs, to brain damage in AD re-

main a topic of ongoing debate, research into the determinants

of AD progression and effective therapies is actively ongoing. The

continuous development and refinement of various imaging tech-

nologies have greatly enhanced their utility in investigating neu-

rodegenerative diseases, providing invaluable tools to explore the

underlying pathology of AD in greater detail. This review sum-

marizes the diverse imaging modalities used for AD diagnosis,

highlighting their respective advantages and limitations. Moreover,

the integration of multiple imaging techniques holds consider-

able promise for advancing the understanding of AD pathogene-

sis and progression by enabling the concurrent detection of dis-

ruptions in cellular metabolism, signaling pathways, and structural

integrity. The review also briefly discusses the emerging field of

image-guided therapy for AD. In contrast to diagnostic imaging, re-

search on image-guided therapeutic strategies remains in its early

stages, with significant gaps remaining in areas such as MSI, spec-

tral imaging, and other advanced techniques. These areas warrant

further investigation to optimize their application in clinical set-

tings. Ultimately, there is a pressing need to develop more refined

imaging-guided therapeutic approaches to enhance AD manage-

ment. Such approaches could not only improve patient outcomes

but also reduce treatment durations, providing a more effective

means of combating this devastating disease.
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