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ABSTRACT

Alzheimer's disease is a multifaceted neurodegenerative disorder with no definitive cure, posing significant challenges in
treatment. Recent advancements in drug delivery systems, particularly through nanotechnology, and the integration of
artificial intelligence and machine learning, have offered promising new avenues for enhancing AD management.
Nanoparticle-based drug delivery systems are being utilized to improve the targeting and bioavailability of therapeutic
agents, allowing more efficient crossing of the blood-brain barrier. Concurrently, Al-driven approaches are being employed
to facilitate early diagnosis, optimize treatment strategies, and predict patient outcomes by analyzing complex datasets,
including brain imaging and biomarker data. Also, a multidrug, multi-target treatment approach, similar to chemotherapy,
is emerging as a potential strategy for addressing the complexity of AD. This review discusses the various Al and
nanotechnology-driven innovations in AD, the current challenges in treatment, and the future directions for research.
Continued exploration of these technologies, combined with early detection, lifestyle interventions, and precision medicine,
holds the potential to revolutionize AD care, minimizing disease recurrence and enhancing patient quality of life.
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1. INTRODUCTION

Alois Alzheimer first characterized Alzheimer's disease (AD) over a century ago as "senile dementia," that causes gradual
decline in mental and physical health, ultimately leading to death [1]. The World Alzheimer's Report 2019 indicates that
around 6.7 million Americans are currently affected by AD, with projections suggesting an increase to 14 million by 2050
in the United States [2]. In 2019, the projected price of treatments was 340 billion USD, with projections suggesting it may
escalate to 1.1 trillion USD by 2050. The Australian Institute of Health and Welfare (AIHW) stated that approximately
472,000 individuals in Australia are affected by Alzheimer's, with projections indicating an increase to 589,000 by 2028
[3]. AD-related dementia is among major cause of death in the country, with a 2018-2019 fiscal year cost of $3 billion.
The cost is expected to treble by 2058, with 849,300 dementia cases and 533,800 women [4]. Alzheimer's accounts for
70% of dementia cases nationwide. The estimated yearly cost of dementia, including all expenses is $15 billion [3].
Demographic and financial patterns show how important AD is for medical professionals and systems globally.

FDA-approved AD medicines fall into two categories. Cholinesterase inhibitors (ChEIs) prevent acetylcholine breakdown
early in the disease. Combining NMDA receptor blockers and AChE inhibitors in advanced stages can slow disease
progression [5, 6]. These pharmacological groups are usually available in tablets and capsules. Clinical and preclinical
studies demonstrate that these drugs significantly alleviate disease burden and enhance cognitive function. Their ability to
slow disease progression by integrating them into sophisticated drug delivery systems tailored for brain targeting. To
improve CNS disease treatment efficacy, specialised drug delivery devices are needed [7]. Due to their capacity to eliminate
AP plaques and aggregates, aducanumab and lecanemab received fast FDA approval [8, 9]. Yet, their impact on disease
development is still debated [10].

Existing pharmacological interventions for AD do not effectively impede or reduce the neurodegenerative progression.
These interventions offer symptomatic relief, focusing mainly on cognitive symptoms, yet they are linked to significant
adverse effects. Rivastigmine, galantamine, donepezil, and tacrine are acetylcholinesterase inhibitors that are part of the
therapy plan, along with memantine, an NMDA receptor antagonist [11]. More research on the causes of AD is needed
since current treatments are ineffective. Although multiple hypotheses have been suggested, none adequately account for
this intricate disorder [12]. The most recognized hypotheses include amyloid-beta, tau, cholinergic, and oxidative stress,
accompanying secondary pathologies including glutamate excitotoxicity and inflammation. A variety of drug candidates
exhibiting different pharmacological actions have been investigated [13].

Oxidative Stress Cholinergic Dysfunction
Hypothesis Cholinergic neuron damage
Oxidant-antioxidant imbalance  Presymaptic Ach deficit impaired
Oxidative damage transmission.

Amyloid Cascade Tau Hypothesis
Hypothesis Tau hyper-phosphorvlation
Amyloid fibril formation Tau aggregation
Senile plaque deposition NFT formation.
- ' - -
Alzheimer's Dlsease Hypothesis

Fig.1: A concise overview of the predominant underlying theories of AD

2. PATHOPHYSIOLOGY OF AD

Despite considerable progress in clarifying biochemical, and cell processes in AD, the underlying etiology and pathogenesis
remain unclear, impeding the advancement of effective disease-modifying therapies [14]. Pathological characteristics of
AD include amyloid-beta (AB) plaque accumulation, neurofibrillary tangles and catastrophic neuronal loss. The etiology
of AD is influenced by a genetic predisposition; however, recent evidence links this condition to gliosis, inflammation,
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mitochondrial dysfunction, generation of reactive oxygen species (ROS) and a significant accumulation of metal ions (see
Fig. 2) [15, 16, 17]. The following sections examine these critical pathological pathways and examine prospective

pharmaceutical targets for AD treatment.

Metal Ion Accumulation

Mitochondrial
Dysfunction

Oxidative : 2 regation
Stress Rates
Protein
Misfolding

Fig. 2. Main AD pathophysiological pathways

2.1 Amyloid-p (Ap) cascade
According to the amyloid-f cascade principle, A, a proteolytic component of APP cutting, is crucial for the formation of

AD. APP, a type I membrane protein discovered in neuron somatodendritic and axonal sections, has one across domain, a
large exposed area, and a short cytoplasmic tail [18, 19]. Non-amyloidogenic and amyloidogenic APP degradation
pathways are shown in Fig. 3. APP is initially broken down by a- or B-secretases at the external domain, leading to
accessible ectodomains and membrane-bound C-terminal segment. In both processes, y-secretase cleaves C-terminal
sections in the transmembrane region, resulting in similar cytosolic peptides called the APP intracellular domain [20, 21].

B. Amvloidogenic Pathway

A. Nonamyloidogenic Pathway
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- Secretase
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Fig.3: AD is characterized by two pathways: nonamyloidogenic (A) and amyloidogenic. (A) The non-
amyloidogenic route uses a-secretase to cut APPa into its soluble ectodomain and the C-terminal fragment o
(CTF-0). y-secretase cleaves the CTF-q, resulting in the non-amyloidogenic fragment p3. (B) p-secretase (BACE-
1) makes the soluble ectodomain APP and the C-terminal fragment > during the amyloidogenic process. CTF-f
cleavage by y-secretase produces Ap peptides, which combine to form disease-specific amyloid plaques. In both

processes, y-secretase produces similar cytosolic polypeptides called APP intracellular domains (AICD).
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In the non-amyloidogenic pathway, -secretase initially cleaves APP, which is subsequently managed by -secretase.
Separation by a-secretase generates the soluble ectodomain APPa and the C-terminal fragment a. y-secretase cleaves the
C-terminal fragment o, yielding p3, a non-amyloidogenic peptide devoid of clinical significance (Fig. 3). The
amyloidogenic route entails BACE-1 (B-secretase) followed by y-secretase processing. The breakdown of APP by B-
secretase leads to the breakdown of the soluble ectodomain of APP and the C-terminal fragment. y-secretase cleaves the
C-terminal segment 3 at several locations, resulting in the production of AP peptides (Fig. 3) [18], [19], and [20]. AP
peptides cause neurotoxicity because of their self-aggregation. A monomers can group together and make protofibrils and
fibrils, which can lead to oxidative stress, problems with mitochondria, changes in membrane permeability, inflammation,
problems with synapses, and excitotoxicity [22].

2.2 Tau hyperphosphorylation

The second most important histological feature is neurofibrillary tangles. Tau, a microtubule-associated protein family
phosphoprotein, is found in axons, somatodendritic areas, and glial cells [23]. Tau helps convey axons and preserve
dendritic structure by stabilizing and assembling microtubules. Phosphorylation at many sites regulates its biological
function. Tau's affinity for microtubules decreases with abnormal phosphorylation, making it more aggregable. This
hyperphosphorylation impairs microtubule assembly, disrupts axonal transport and dendritic structure, and leads to synapse
loss, neuronal death, and eventually, dementia [24].

Multiple variables cause Tau-mediated toxicity, involving calcium imbalance and oxidative damage. However, two key
mechanisms are primarily linked to Tau's abnormal hyperphosphorylation in AD. First, Tau undergoes conformational
changes in AD-affected brains, rendering phosphorylation a greater probability than dephosphorylation. PP1 and PP2A
dephosphorylation mechanisms typically restore Tau to its regular condition [24]. It experiences phosphorylation at over
30 serine/threonine debris in AD, notably by glycogen synthase kinase-3 (GSK-3) and calcium/calmodulin-dependent
kinase-II (CaMKII) [25, 26]. Among these, the GSK-3B isoform is particularly important in promoting Tau
hyperphosphorylation, establishing it as a crucial treatment goal for impeding or postponing disease progression [27, 28].

2. 3 Oxidative Stress

Oxidative stress (OS) results from a disparity in the synthesis and removal of oxidants, stemming from inadequate
antioxidant mechanisms of defense, which causes a buildup of free radicals. The oxidative alteration of lipids, proteins,
and nucleic acids arises mainly from this imbalance [29, 30]. Reactive species from endogenous sources and exogenous
stimuli, are essential for multiple biological processes, including receptor-mediated signals and the control of apoptosis
[27].

OS can lead to disease progression and worsen symptoms directly and indirectly. Reactive species can directly damage and
kill cells. H202, functioning as a secondary messenger, may interfere with redox signals and influence biological reactions
through protein alterations, mitochondrial dysfunction, and by initiating inflammation and apoptosis. OS in AD is linked
with neurodegeneration via four primary factors: i) Development and accumulation of A, ii) stimulation of microglia, iii)
irregularities of redox-active metal ions, and iv) abnormalities of mitochondria [31].

OS has been demonstrated to contribute to the enhanced formation of senile plaques by reducing a-secretase efficiency
while simultaneously increasing both - and y-secretase efficiency [32, 33]. Additionally, the accumulation of oligomers
further promotes oxidative stress, as AP has been found to elicit a concentration-related rise in ROS levels and to enhance
their generation through the direct activation of NADPH oxidase [34, 35, 36]. Postmortem studies of AD brains have shown
a significant build-up of OS markers, including protein and nucleic acid damage, along with impaired antioxidant defenses
and the deposition of redox-active metals. In AD, redox proteomics investigations have found oxidative injury to energy
metabolism enzymes and proteasome components [37, 38, 39, 40].

The accumulation of AP and hyperphosphorylated Tau leads to the stimulation of glial cells in the CNS, serving as a
histopathological marker of the disease, with neuroinflammation observed in areas impacted by AD. Although chronic
neuroinflammation is often seen as a neuroprotective response, it can lead to neurotoxicity and neurodegeneration [34].
Microglia work as the localized immune cells of the CNS, functioning as the primary protection against stimuli that promote
inflammation and playing a vital part in tissue preservation. When A} accumulates, microglia become stimulated to combat
the toxic effects. Yet the inflammatory mediators released by activated microglia are accountable for neuronal harm in AD
[41, 42, 43, 44]. In AD, microglia that had produce ROS and proinflammatory cytokines leading to inflammation [44].
Activated microglia release inflammatory mediators that can cause reaction astrocytosis, leading to a secondary reaction.
Astrocytes engage with neurons, offering support via neurotransmitter maintenance and facilitation of the development of
synapse [45]. In AD, reactive astrocytes contribute significantly to neuroinflammation and produce free radicals, which
can worsen neuropathology and neurodegeneration. Although reactive astrocytes have been noted for their role in clearing
AP plaques, their effectiveness diminishes once plaque clearance capacity is overwhelmed or morphological changes occur,
leading to increased A pathology due to AP release from astrocytes [46, 47, 48]. Consequently, astrocytes are emerging
as potential therapeutic targets for neurodegenerative diseases, as reviewed elsewhere [49, 50, 51, 52]. Reactive astrocytes
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and oxidative stress-activated microglia may cause synaptic loss, aggravate Tau pathology by raising kinases involved for
Tau hyperphosphorylation, facilitate AB synthesis and buildup, and produce proinflammatory cytokines which encourage
neuronal apoptosis [53, 54].

The BBB must regulate metal ion levels since they are essential for cell metabolism, transfer of signals, protein catalysis,
and stability. Copper (Cu) in the body of an individual is present in either a labile form or as protein-bound, such as in
ceruloplasmin and cytochrome C oxidase. Cu offers neuroprotection to neurons and glial cells through its role in
maintaining neurotransmitter and neuropeptide homeostasis. An affected levels of Cu can result in excessive production
of ROS and subsequent OS. This occurs through two main mechanisms: the generation of hydroxyl radicals and the
reduction of glutathione (GSH), an essential antioxidant and neutralizing enzymes. Elevated concentrations of Cu can result
in the suppression of Cu's catalytic activity by GSH through chelation, thus inhibiting Cu's participation in redox reactions
[55].

Similarly, many biological activities that produce ROS involve iron (Fe) (Fe (II) and Fe (III)). Fe functions as a cofactor
for enzymes critical to metabolic processes, particularly those related to ROS formation. Iron levels are meticulously
controlled to ensure suitable intracellular concentrations [56, 57, 58].

Metal ion dysregulation has been associated with AD, where oxidative stress mediated by AP involves redox-active metals,
especially Cu. Research suggests metals form high-affinity A complexes, affecting its association and engaging in redox-
cycling reactions that produce ROS, thereby triggering Ap-induced neurotoxicity. Further study needed to comprehensively
describe the underlying causes of metal-Ap neurotoxicity; still Fe chelation therapy demonstrates potential in the
management of AD [58].

Mitochondria function as a primary source of intracellular reactive substances; they are also particularly vulnerable to OS.
Abnormal protein, including amyloidopathy and tauopathy, which are associated with AD can trigger apoptosis by ROS
production. Research involving isolated brain tissues and mitochondria from Alzheimer's patients has revealed
mitochondrial damage linked to proteinopathies encompasses interruptions in mitochondrial fusion and impaired
mitophagy [59, 60]. Mitochondrial dysfunction in AD is associated with several issues, including morphological changes,
a decrease in mitochondrial number, reduced ATP levels, increased ROS production, and alterations in mitochondrial cycle
and synthesis [61, 62].

2.4 Ferroptosis

Fe accumulation in AD causes cellular damage, higher amyloid-beta (AP) aggregation and oligomerization, and promotes
Tau protein hyperphosphorylation and aggregation. Fe's work in Fenton chemistry drives these consequences [57].
OS inactivates the GSH-dependent antioxidant system, causing harmful lipid-ROS to accumulate and cause ferroptosis, an
iron-dependent cellular death mechanism (see Fig. 3). Ferroptosis exhibits distinct features compared to apoptosis, necrosis,
and autophagy [63, 64]. Key characteristics of ferroptosis are summarized in Table 2.

A. Nonamvloidogenic Pathway B. Amvloidogenic Pathway
AFP APP b
- secretase U f- secretase J
p3

- secretase r wcretaie

APP CTF-u AFPP

AICD AICD

Fig. 3. Key Ferroptosis Processes: A false redox balance between iron and antioxidant systems, particularly the
GSH-GPX4 pathway, damages phospholipids in the membrane and causes ferroptotic cellular death. A
malfunction in GSH-biosynthesis enzyme restriction may affect the GSH-dependent GPX4 pathway. GSH
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depletion inactivates GPX4, which hinders the elimination of cytotoxic lipid hydroperoxides (L-OOH), promoting
free radical accumulation and hazardous lipid molecules such peroxides, causing widespread lipid peroxidation.
(2) TfR1 transports Tf-bound Fe3+ to cells. Ferritin stores additional labile iron and converts Fe3+ to Fe2+ inside
cells. (3) Ferritinopaghy degrades ferritin, releasing cytoplasmic iron. Free labile Fe2+ in cells increases harmful
lipid ROS production largely via the Fenton reaction.

Table 1: presenting ferroptosis morphology and biochemistry:

Morphological Biochemical Characteristics References
Characteristics
Cellular Shrinkage Iron Dependency: Ferroptosis is dependent on the presence of intracellular | [65]
iron.
Membrane Damage Lipid Peroxidation: Accumulation of toxic lipid peroxides due to | [66]

oxidative stress.

Dense Cytoplasmic | Decreased Glutathione (GSH) Levels: Reduced levels of GSH, a key | [67]

Content antioxidant.

Loss of Cell Polarity Increased ROS Production: Elevated levels of reactive oxygen species | [68]
(ROS).

No Apoptotic Bodies Activation of Lipid Peroxidation Enzymes: Involvement of | [69]
lipoxygenases.

Mitochondrial Damage Inhibition of Antioxidant Enzymes: Inactivation of GSH peroxidase and | [70]

other protective enzymes.

Ferroptotic cell death is defined by three key characteristics: (i) the presence of labile redox-active iron and iron-dependent
peroxidation enzymes, (ii) the role of phospholipids with polyunsaturated fatty acid tails, and (iii) the inadequate clearance
of lipid-ROS [71, 72, 73].

Excessive labile Fe (II) enhances non-enzymatic lipid peroxidation through the Fenton reaction, leading to excessive ROS
production and triggering ferroptosis cell death. The synthesis of the tripeptide GSH, which plays a crucial role in regulating
GPX4 activity, is vital for protecting cells from ferroptosis. GSH biosynthesis is supported by the antiporter system Xc—,
which exchanges glutamate and cystine and converts cystine into cysteine. GSH depletion and GPX4 inactivation result
from antiporter system inhibition. In consequence of increased lipid-ROS generation, cells are more prone to ferroptosis
[72,73].

3. CONVENTIONAL DRUG THERAPIES

3.1 Approved Therapies for Alzheimer's Disease

Despite escalating AD diagnoses and socioeconomic load, there is no viable medication to reverse or stop the disease's
course. Only six medications have been approved by the FDA: aducanumab, donepezil, galantamine, rivastigmine,
memantine, and a combination of the two. Only aducanumab targets AP plaques, whereas the other five medications treat
symptoms by strengthening the cholinergic system [74].

Table 2: The modes of action, molecule weights, structure-activity references, and approval dates of Alzheimer's

medications:
Drug Mechanism of Action Molecular Approval Molecular
Weight (g/mol) | Date (FDA) Structure
(References)
Aducanumab Monoclonal antibody that targets and | 146,000 June 7, 2021 [75]
clears amyloid-beta (AB) plaques (approximate)
Donepezil Acetylcholinesterase inhibitor; increases | 379.49 November 25, | [76]
acetylcholine in the brain 1996
Galantamine Acetylcholinesterase inhibitor and | 368.44 February 28, | [77]
allosteric modulator of nicotinic receptors 2001
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Rivastigmine Acetylcholinesterase and | 250.33 April 21,2000 | [78]
butyrylcholinesterase inhibitor

Memantine NMDA receptor antagonist; reduces | 179.25 October 16, | [79]
glutamatergic excitotoxicity 2003

Memantine + | Combined action of NMDA receptor | 558.74 March 2015 [80]

Donepezil antagonism (memantine) and | (combined)

cholinesterase inhibition (donepezil)

Aducanumab

Aducanumab, a monoclonal antibody, targets soluble B-amyloid fibrils and oligomers to eliminate A plaques. At least 21
days between treatments, 10 mg/kg should be infused intravenously for an hour every four weeks [81]. In April 2021, the
FDA approved aducanumab to reduce AD development by targeting senile plaques. The medication was approved after
three clinical trials showed its promise.

The multicenter, PRIME trial (NCT01677572) administered 165 patients [V aducanumab (1, 3, 6, or 10 mg/kg) weekly for
one year. Study demonstrated dose- and time-varying decrease in A plaques and improved clinical symptoms, as measured
by CDR-SB and MMSE scores at greater doses [82]. Other big phase 3, double-blind, placebo-controlled, randomized
clinical trials included EMERGE (NCT02484547) and ENGAGE (NCT02477800), with 1643 and 1653 participants,
respectively. The EMERGE study found that 10 mg/kg IV aducanumab monthly reduced CDR-SB scores by 22% and
improved cognitive and daily function tests like MMSE, ADAS-Cog 13, and ADCS-ADL-MCI. The ENGAGE study did
not confirm these findings, possibly due to variation in disease progression and the number of treatments received. Despite
this, further pharmacometrics analysis linked aducanumab administration to positive responses in both studies [83].

Both phase 3 studies revealed that high-dose aducanumab (10 mg/kg) reduced amyloid deposits relative to placebo,
however only the EMERGE study showed a substantial decrease in CSF tau protein content. The most prevalent adverse
effect was hemosiderin accumulation, recorded in 41% of patients versus 10% in the placebo group. ARIA was usually
asymptomatic and recovered [84, 85].

4. ACETYLCHOLINESTERASE INHIBITORS (ACHE)
1. Tacrine

The first FDA-approved acetylcholinesterase inhibitor (AChEI) was acridine-derived tacrine in September 1993.
Acetylcholine levels rise in numerous parts of the brain as an important acetylcholinesterase inhibitor. It also inhibits
pseudocholinesterase better than acetylcholinesterase. Tacrine's oral and IV administration and BBB crossing made it
attractive for AD testing by Dr. Williams Summer in 1989 [86, 87]. Clinical trial outcomes were variable, casting doubt
on its AD treatment efficacy. Tacrine relieved mild to moderate dementia yet did not slow neurodegeneration [88]. Tacrine
was withdrawn in 2013 due to frequent side effects such loss of appetite, diarrhoea, clumsiness, and liver cytotoxicity [89].

2. Donepezil

Donepezil, a piperidine-derived cholinergic medication, inhibits acetylcholinesterase centrally and non-competitively.
Besides to its primary effect, donepezil impacts AD's molecular and biological mechanisms. It suppresses glutamate-
induced excitotoxicity, lowers initial inflammatory cytokines, produces a beneficial acetylcholinesterase isoform, and
reduces OS [90]. Donepezil, approved in 1996 for AD, is available in oral tablet, liquid, jelly, or transdermal formulations
[91]. Start with 5 mg/day and raise to 10 mg/day after 4—6 weeks. After three months on 10 mg/day, moderate to severe
dementia patients can take 23 mg/day [92].

Studies have shown that donepezil at 10 mg/day improves cognitive function, daily activities, and global clinician ratings,
though it does not improve behavior or quality of life [93, 94]. Higher doses (up to 23 mg/day) have not shown significant
benefits over the 10 mg/day dose. Moreover, no dose of donepezil has been able to halt the progression of AD [95]. Still,
the medication is usually well-tolerated with minor side effects mostly affecting the gut and nervous system [96].

3. Galantamine

The FDA approved galantamine in 2001, an selective tertiary isoquinoline alkaloid which inhibits acetylcholinesterase
competitively and reversibly [97, 98]. Oral dosages of 4, 8, 12, 16, and 24 mg are given as quick-release solutions twice
daily or extended-release capsules once daily. Starting at 8 mg/day, the maintenance dose can be increased to 16 mg/day
after 4-8 weeks [99]. Galantamine's ability to focus on the CNS with limited peripheral activation makes it a unique AD
treatment. Galantamine is coupled with ceria-containing hydroxyapatite particles, solid lipid nanoparticles, and chitosan to
improve brain delivery [100, 101]. clinical trials showed that galantamine lowers agitation and abnormal movements in
AD patients. In a study by Li et al. found that the medicine controls behavioral symptoms, improves daily living activities,
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cognitive performance, and clinician-assessed global condition, making it a favored AD treatment [102, 103]. Galantamine
is normally safe and well-tolerated, but it might produce convulsions, disorientation, muscle weakness, and moist eyes
[104, 105].

4. Novel Drug Delivery Systems

Effective management of AD patients requires improving drug delivery to the brain. Recently, it gains a significant
attention due to their possibility for use in treatment, diagnosis, and specified drug delivery. Typically, they ranged between
1 and 100 nm, offer unique advantages, such as increased surface area, adaptable properties, and the capacity to manage
several payloads [106]. Several production methods provide exact nanoparticle structure and property control. One
common method is nanoprecipitation, it includes immediately mixing a drug-containing polymer solution with a non-
solvent, leading to nanoparticle precipitation [107]. This technique enhances stability and allows for controlled release,
especially for hydrophobic drugs incorporated into the nanoparticle matrix. Another method is emulsion solvent
evaporation, in which an organic immiscible solvent emulsifies a polymer solution, followed by solvent evaporation to
form nanoparticles [108].

Electrostatic self-assembly is another approach used to create layered nanoparticles. The layer-by-layer assembly technique
has the capacity to control nanoparticle release kinetics and capabilities by switching layers of different materials [109,
110].

Structural modifications to medical nanoparticles have also been examined to increase their performance. Core-shell
nanoparticles, which consist of a central core and an outer shell made from different materials, improve stability, prolong
circulation time, and enable controlled release of therapeutic agents [111]. Surface functionalization of nanoparticle allows
selective binding to target tissues, improving transport and absorption [112].

Understanding medicinal nanoparticle composition and characteristics requires characterization. Transmission electron
microscopy (TEM) reveals nanoparticle form, size, and inside structure [113]. Dynamic light scattering (DLS) measures
nanoparticle range of sizes and colloidal stability in solution [114]. Nanoparticle compounding and functional groups are
examined by Fourier-transform infrared spectroscopy (FTIR) [115]. X-ray diffraction (XRD) and atomic force microscopy
(AFM) help study medicinal nanoparticle structure and behavior. Several clinical nanoparticles have been studied to
improve BBB medication transport for neurological treatment. Table 3. These nanoparticles use unique shapes and methods
to cross the BBB, enabling drug transport.

Table 3 lists nanoparticles used to breach the BBB and their principal routes of action:

Nanoparticle Defining Characteristics Main Mode of Action References
Type
Lipid-Based Biocompatible, non-toxic, capable of | Cross BBB through receptor-mediated | [116]
Nanoparticles encapsulating hydrophobic drugs, | endocytosis or by enhancing permeability
with modifiable surface for targeted | through lipid-soluble characteristics
delivery
Polymeric Biodegradable polymers like PLGA, | Cross BBB by passive diffusion or receptor- | [117]
Nanoparticles customizable size, and release profile | mediated endocytosis, and sustained release
for controlled drug delivery of drugs
Solid Lipid | Solid lipid matrix at room | Transport through BBB by passive diffusion | [118]
Nanoparticles temperature, high drug loading | or by adsorptive-mediated transcytosis
capacity, stable in biological fluids
Dendrimers Highly branched polymers, | Cross BBB through receptor-mediated | [119]
nanoscale size, large surface area for | transcytosis or adsorptive-mediated transport
functionalization = with  targeting
ligands or drugs
Gold Small size (~2-100 nm), easily | Cross BBB via endocytosis, and can be | [120]
Nanoparticles functionalized with targeting | conjugated to drugs or imaging agents for
molecules like peptides or antibodies | targeted therapy and diagnostics
Magnetic Iron oxides, directed by magnetic | Cross BBB through magnetically guided | [121]
Nanoparticles fields, are ideal for imaging and | transport, and often combined with targeting
administration drugs. ligands for receptor-mediated transcytosis
Carbon Drug distribution can be done | Cross BBB by adsorptive-mediated | [122]
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Nanotubes utilizing high-surface-area | endocytosis or active transport mechanisms,
cylindrical carbon structures. potential for delivering small drugs and
biomolecules
Exosomes Naturally occurring vesicles, | Cross BBB via endocytosis, excellent for | [123]
biocompatible, can carry proteins, | transporting genetic material or drugs for
lipids, RNA, and drugs neurodegenerative diseases
Nanogel Hydrogel nanoparticles with a high | Cross BBB through endocytosis or | [124]
degree of water retention, soft and | adsorptive-mediated transcytosis, useful for
adaptable in biological systems delivering small and large molecules,
including proteins and nucleic acids
Silica Highly porous, customizable surface | Cross BBB by endocytosis, useful for | [125]
Nanoparticles for functionalization, good for | delivering drugs and imaging agents
controlled release

5. RECENT ADVANCES AND CLINICAL TRIALS

As of January 1, 2024, there were 164 clinical trials underway for AD, including those targeting prevention, mild cognitive
impairment (MCI), and AD dementia, involving 127 drugs [126, 127]. The majority of drugs are disease-modifying
therapies (DMTs), with 96 DMTs making up 76% of the total drugs in clinical trials. Meanwhile, 12% (15 agents) focus
on cognitive enhancement, and 13% (16 agents) address neuropsychiatric symptoms. Among the DMTs, 55% (53 agents)
are small molecules, while 45% (43 agents) are biologics. Phase 3 trials consist of 66% DMTs, Phase 2 trials have 78%,
and Phase 1 trials are 84% DMT-focused [127]. These pipeline agents target several key processes related to AD according
to the Common Alzheimer’s Disease Research Ontology (CADRO). For example, 22% target neurotransmitter receptors,
20% focus on neuroinflammation, and 18% address amyloid-beta (AB) processes. The therapies address synaptic
plasticity/neuroprotection (12%), tau-related processes (9%), metabolism and bioenergetics (6%), and other factors such
as proteostasis, oxidative stress, and vascular factors [126, 127].

Among the 164 trials, 35 were newly started in 2024, comprising 9 in Phase 3, 17 in Phase 2, and 9 in Phase 1. In the past
year, 37 trials concluded, 10 discontinued, 4 have been dropped, 1 was suspended, and 7 currently have an unknown status.
Repurposed drugs are currently involved in 52 trials, representing 31% of existing drugs and 32% of ongoing trials. These
include small molecules and biologics targeting DMT, cognitive enhancement, and therapy of neuropsychiatric symptoms.
Currently, 51,398 participants are required for all trials, with 36,998 in Phase 3, 13,138 in Phase 2, and 1,262 in Phase 1.
The majority (79%) of participants are involved in DMT-related trials. The U.S. is hosting 44% of the trials, while others
are being conducted internationally. Likewise, four trials include cognitively healthy people at risk for AD, 42 trials target
participants with mild cognitive impairment, and 49 trials involve respondents with early-stage AD. The pharmaceutical
industry funds 60% of these trials [126, 127, 128, 129, 130].

table summarizing the minimal, mean, and maximal study durations for DMT biologics, DMT small molecules,
based on available references:

Category Trial Minimal Mean Maximal References
Phase Duration Duration Duration

DMT Biologics Phase 1 6 months 12 months 18 months [131]
Phase 2 12 months 24 months 36 months [132]
Phase 3 18 months 36 months 48 months [132]

DMT Small Molecules Phase 1 3 months 9 months 12 months [133]
Phase 2 9 months 18 months 24 months [133]
Phase 3 18 months 30 months 42 months [134]

Cognitive Enhancing | Phase 1 4 months 8 months 12 months [135]

Agents
Phase 2 6 months 16 months 24 months [136]
Phase 3 12 months 24 months 36 months [136]
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Neuropsychiatric Drugs Phase 1 3 months 7 months 12 months [137]

Phase 2 6 months 12 months 18 months [138]

Phase 3 12 months 24 months 36 months [138]

In 2023, the FDA approved 55 new chemical entities (NCEs) and 18 biologics across various therapeutic areas. Among
these, one drug—lecanemab, an anti-amyloid monoclonal antibody (mAb)—received approval for the treatment of AD.
Brexpiprazole received approval for the management of agitation related to dementia resulting from AD, although it is not
a new medication, having previously been approved for other conditions [126, 127].

AD treatments have seen substantial advancements in recent years. The endorsement of aducanumab in 2021 concluded a
17-year hiatus devoid of novel AD therapies [129]. The expedited approval of lecanemab, succeeded by its complete
approval in 2023, was predicated on mounting evidence indicating that the reduction of amyloid plaques, as evidenced by
amyloid PET scans, correlated with a deceleration of cognitive deterioration. Donanemab is presently undergoing FDA
evaluation, and the examination of its trial data may yield additional insights into the correlation between cognitive
deterioration and results from amyloid and tau PET imaging [130].

In 2023, brexpiprazole, an atypical antipsychotic, became the first approved therapy for managing agitation in dementia
associated with AD, representing a breakthrough for treating neuropsychiatric symptoms in AD [139]. Additionally,
emerging data suggests that plasma biomarkers may soon replace amyloid PET and cerebrospinal fluid (CSF) studies for
diagnosing AD, improving trial recruitment and quality by ensuring the presence of the disease in participants [140].
Transformations in the ability of biological targets, pharmacological efficacy, and biomarkers, together with changes in
trial design, are anticipated to expedite the discovery of AD therapeutics. Ongoing financial support from governmental
entities, advocacy organizations, philanthropic foundations, and pharmaceutical corporations is crucial to utilize this
expanding knowledge and deliver novel therapies to patients.

6. CHALLENGES AND FUTURE PROSPECTS

6.1 Monoclonal antibodies as anti-AD agents

Several approaches have been offered for using mAb in immunotherapy-based anti-Af treatments to target and eliminate
amyloid plaques associated to AD [141]. The antibody must cross the BBB and enter the brain for this approach to work
[142]. It should promote macrophage/monocyte phagocytosis via Fc receptors by having a low affinity for monomers and
a high affinity for accumulated amyloid [143]. Despite this, bapineuzumab along with other amyloid plaque and fibril-
targeting medicines failed [144]. Cognitive function was not improved in phase 3 studies of amyloid monomer-targeting
drugs such solanezumab [145]. But Table 4's anti-amyloid antibodies have shown promising Phase 2 and 3 outcomes.

ALZ-801 (tramiprosate), a selective anti-oligomer agent, signifies the next generation as it does not interact with amyloid
plaques and is not linked to ARIA-E events [146]. Oral ALZ-801 is a suitable choice for at-home treatment in older people
and may also be applicable for pre symptomatic persons at high risk of developing AD [147]. Aducanumab (BIIB037), a
human mAbs, is undergoing assessment as a therapeutic intervention for AD. Since 2017, Biogen and Eisai Co., Ltd. have
partnered for the global research and marketing of aducanumab. To evaluate its safety and effectiveness, two multicenter,
double-blind, randomized, placebo-controlled, parallel-group Phase 3 studies, EMERGE and ENGAGE, were executed.
Upon approval, aducanumab may become the inaugural medicine capable of potentially altering the trajectory of AD.
Biogen sent in aducanumab for FDA approval in July 2020 [148, 149].

6.2 Artificial Intelligence in Alzheimer's Disease Management

Al and ML technologies in AD medical planning and simulation have improved pathophysiology and prognostic
understanding of organelle interactions [150]. ML methods and ab initio simulations have improved physiological stability
enabling deeper qualitative assessments and in silico simulations, enhancing neurotoxicology and neuromedicine [151].
Researchers have explored the opportunities, barriers, and prospective developments that Al and ML offer in improving
AD treatment strategies and predicting toxicities, utilizing phytochemicals and innovations in plant nano-bionics [152].
NEM-based nanosensors utilized in this research are essential for monitoring plant signalling pathways and physiology,
facilitating non-invasive, real-time investigations across biological and chemical components to enhance crop viability
[153].

The integration of data from NEM-based tiny sensors into modern precision medicine is a novel invention that may perform
the roles as agroecological strategy [154]. Growing data indicates that AD neuropathology is intricate, encompassing a
range of biological processes. Consequently, treatment strategies need to be as diverse as the disease itself. Early detection,
combination therapies, and lifestyle interventions are key factors in successfully addressing AD pathology [155].
Additionally, studies have demonstrated that AChE and BChE activity can be restored, antioxidant status can be improved,
and elements of AD pathogenesis can be highlighted through antioxidant-enriched meals, but inadequate nutrition can
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increase the chance of developing AD [156]. As previously mentioned in this review, the theory of an amyloid cascade has
been the primary area of study for the last twenty years, with numerous studies mostly aiming at reducing or eliminating
AP and senile plaques. The primary goal is to evaluate AB (1-42), Tau levels in the brain by the use of magnetic resonance
imaging (MRI) techniques [157]. Unfortunately, amyloid-centric treatments have failed to improve patients' cognition, and
Cognitive decline in AD is linked to dendritic spine abnormalities [158]. These shortcomings should be considered in future
drug development, as they may represent early signs of memory circuit instability [159]. Instead of relying solely on the
amyloid cascade theory, a greater focus on synaptic events is needed to understand the disease's cause. Future AD
treatments will likely adopt a chemotherapy-like approach, using a method that targets many drugs and multiple targets.
Still, it remains uncertain how these treatments will be tailored to specific subgroups or in what order they will be
administered. Such developments could significantly shift the therapeutic landscape, including the adoption of non-amyloid
approaches [159].

7. CONCLUSION

AD remains a major challenge, with no definitive cure. Recent advances in drug delivery systems, particularly those
utilizing nanotechnology, have shown promise in improving the bioavailability and targeting of therapeutic agents to the
brain. Al and ML innovation are making strides in understanding the disease's pathophysiology and improving diagnosis
and treatment strategies. By combining innovative drug delivery methods with Al-driven diagnostics and therapeutic
strategies, there is optimism that in the future, AD will be managed more effectively. The application of multi-target drug
approaches, non-invasive technologies, and lifestyle modifications will likely play important role in minimizing
progression of AD and improving patient outcomes. Continued research and collaboration between academic,
governmental, and pharmaceutical entities are essential to capitalizing on these advancements and providing patients with
better therapeutic options.
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