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A B S T R A C T   

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder characterized by progressive cognitive 
decline and the accumulation of beta-amyloid plaques and tau tangles in the brain. Current therapies have 
limited efficacy, prompting the search for novel treatments. Selenium nanoparticles (SeNPs) have emerged as 
promising candidates for AD therapy due to their unique physicochemical properties and potential therapeutic 
effects. This review provides an overview of SeNPs and their potential application in AD treatment, as well as the 
main bioanalytical techniques applied in this field. SeNPs possess antioxidant and anti-inflammatory properties, 
making them potential candidates to combat the oxidative stress and neuroinflammation associated with AD. 
Moreover, SeNPs have shown the ability to cross the blood-brain barrier (BBB), allowing them to target brain 
regions affected by AD pathology. Various methods for synthesizing SeNPs are explored, including chemical, 
physical and biological synthesis approaches. Based on the employment of algae, yeast, fungi, and plants, green 
methods offer a promising and biocompatible alternative for SeNPs production. In vitro studies have demon
strated the potential of SeNPs in reducing beta-amyloid aggregation and inhibiting tau hyperphosphorylation, 
providing evidence of their neuroprotective effects on neuronal cells. In vivo studies using transgenic mouse 
models and AD-induced symptoms have shown promising results, with SeNPs treatment leading to cognitive 
improvements and reduced amyloid plaque burden in the hippocampus. Looking ahead, future trends in SeNPs 
research involve developing innovative brain delivery strategies to enhance their therapeutic potential, exploring 
alternative animal models to complement traditional mouse studies, and investigating multi-targeted SeNPs 
formulations to address multiple aspects of AD pathology. Overall, SeNPs represent a promising avenue for AD 
treatment, and further research in this field may pave the way for effective and much-needed therapeutic in
terventions for individuals affected by this debilitating disease.   

1. Introduction 

Neurodegenerative diseases are characterized by progressive 
impairment in various cognitive aspects, such as memory, language, 
executive capacity, spatial vision, personality and behavior [1]. De
mentia is the first leading cause of disability and the second leading 
cause of death worldwide [2]. They currently affect to more than 50 
million people worldwide, and projected to reach 152 million by 2050, 
being ageing the main risk factor [3–5]. However, approximately 75 % 
of people with dementia are not officially diagnosed [6]. Currently, 
there are no effective treatments for these neurological disorders, 
leading to significant socio-economic costs [5]. 

The four most prevalent neurodegenerative diseases are Alzheimer’s 
disease (AD), Parkinson’s disease, amyotrophic lateral sclerosis and 
Huntington’s disease [7–9]. Among them, AD is the most widespread, 
affecting one in ten people over the age of 65, and accounting for 60–80 
% of all dementia cases [5]. AD often coexists with other neurodegen
erative diseases, which is called “mixed dementia” [3]. It is character
ized by progressive memory impairment and increasing cognitive 
dysfunction, due to massive loss of cortical and hippocampal neurons. 
AD is histologically manifested by extracellular deposition of 
beta-amyloid (Aβ) protein plaques, intracellular formation of neurofi
brillary tangles (NFTs) of hyperphosphorylated tau protein (p-tau) and 
neuroinflammation [3,10]. Symptoms usually start at the age of 60, 
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observing apathy, depression and difficulty remembering conversations, 
names or recent events in early stages of the disease [11]. In later stages, 
communication disorders, personality changes, confusion and disori
entation become common. Finally, the patient has great difficulty in 
speaking, swallowing and even walking [12]. More than 50 % of deaths 
derived from AD are failures of respiratory system, while circulatory 
system accounts for 25 % [13]. 

Although AD origin remains unclear, several hypotheses have tried 
to explain it. The first one to be considered was the “cholinergic hy
pothesis”, proposed in 1976 [14]. This hypothesis considered certain 
alterations that interfere with the normal functioning of cholinergic 
neurons, such as choline acquisition, impaired acetylcholine (ACh) and 
butyrylcholine (BCh) release and deficits in axonal transport [15,16]. 
Through post-mortem studies of brains of AD patients, there is evidence 
that the activity of the enzyme choline acetyltransferase, responsible for 
the synthesis of the neurotransmitter ACh, is lower in the amygdala, 
hippocampus and cortex. For this reason, ACh is in lower concentration 
in the synapses of AD patients, presenting a failure of the cholinergic 
system [17]. To address this deficit of ACh and BCh, some of the current 
strategies are based on the inhibition of acetylcholinesterase (AChE) and 
butyrylcholinesterase enzymes. By using acetylcholinesterase and 
butyrylcholinesterase inhibitors, the degradation of ACh and BCh is 
prevented, and the integrity of the cholinergic system is preserved as 
much as possible [18]. However, the effect of these inhibitors is limited 
and, although they improve the quality of life of people diagnosed with 
AD, they fail in slowing down the progression of the disease. 

The "amyloid cascade hypothesis", proposed in 1991, is the most 
widely agreed explanation of how AD is triggered [19,20]. In this hy
pothesis, the aggregation of Aβ protein is responsible for neuronal 
damage and death, which leads to the development of AD. Here, AD 
begins with an imbalance between the generation and clearance of Aβ42 
protein due to erroneous proteolysis of amyloid precursor protein (APP), 
resulting in its accumulation on the outside of neurons and neurites, 
forming extracellular amyloid plaques. This leads to a loss of interneu
ronal communications, affecting synapses [21]. Furthermore, Aβ42 ag
gregation reduces mitochondrial respiration in neurons and astrocytes 
[22]. 

Tau protein, present in high concentrations in neurons, contributes 
to the stabilization of microtubules [23]. However, the primary event of 
Aβ42 aggregation leads to the formation of NFTs of p-tau inside neurons. 
The intracellular accumulation of NTFs prevents the passage of essential 
nutrients and molecules into the cells, hindering their normal func
tioning and triggering neuronal death [24]. 

In addition, neuroinflammation has also been shown to play a key 
role in the development of AD. In AD patients, there is up to a 5-fold 
increased concentration of microglia around amyloid plaques and neu
rons with intracellular NFTs. The Aβ42 protein binds to and destroys 
these glial cells, releasing factors that induce inflammation, triggering 
an immune response and increasing tau hyperphosphorylation [25]. 
Another factor favoring the development of AD is the oxidative stress 
produced inside the brain [22,26]. Together, these events lead to the 
inevitable neurodegeneration and clinical diagnosis of AD [27,28]. 

On the other hand, metals are present in the environment mainly due 
to anthropogenic activities. As a result, humans are chronically exposed 
to essential metals (biometals) such as iron, copper or zinc, and toxic 
metals such as mercury, cadmium or aluminum, disrupting homeostasis 
in the body [29]. Essential metals, or biometals, such as iron, copper and 
zinc, have an optimal concentration at which they are beneficial to the 
humans. However, if they are either deficient or in excess, they can 
cause health problems [29]. In contrast, for toxic metals such as mer
cury, cadmium or aluminum, their toxic effects are observed at excep
tionally low concentration levels (μg kg− 1) [29]. 

The hypothesis that best explains the aggregation of Aβ42 fibrils to 
form senile plaques is the so-called "metal ion hypothesis". According to 
this hypothesis, the dyshomeostasis in the concentrations of essential 
biometals such as Fe, Cu and Zn favors Aβ42 protein aggregation, 

triggering the events described in the "amyloid cascade hypothesis", with 
these hypotheses entering into an inevitable synergy [20,30]. 

Several biometals function as cofactors for enzymatic activity, 
mitochondrial function and neuronal function within the central ner
vous system (CNS), and alterations in the homeostasis of these biometals 
may lead to the development of certain diseases [31]. Through 
post-mortem studies of brains from patients diagnosed with AD, it has 
been observed that senile plaques composed mainly of amyloid fibrils 
also contain metals such as iron, copper and zinc that have collaborated 
in their aggregation [26]. In healthy patients, biometals remain 
up-regulated and in low concentrations. However, copper concentra
tions in brains of AD patients are 5.7 times higher than in healthy brains, 
as are iron and zinc, 2.8 and 3.1 times respectively [32]. 

Selenium (Se), a trace element with notable physiological and 
pharmacological properties, plays a vital role in cellular function, 
detoxification, redox homeostasis, and immune protection. The trace 
element selenium and its redox cycles involving forms such as selenium 
(II), sodium selenate (VI), and sodium selenite (IV) exhibit efficient in
hibition of reactive oxygen species (ROS). In drug delivery and nano
medicine, selenium’s potential has attracted considerable attention. 
Nano-sized elemental selenium (Se◦) offers advantages over other 
forms, but effective gastrointestinal absorption requires this nano-size 
[33]. 

Research has extensively focused on Se’s protective effects against 
neurodegenerative diseases, especially AD. Se inhibits Aβ fibril forma
tion, breaks down existing fibrils, and exhibits antioxidant activity, 
crucial in AD [34]. However, conventional Se supplements have limited 
absorption and considerable toxicity, necessitating innovative carrier 
systems to enhance bioavailability and enable controlled release [35]. 

The intake of moderate amounts of organic selenium provides mul
tiple benefits to the organism. The consumption of selenium-enriched 
yeast improves spatial memory and learning, increases neuronal activ
ity, supports synaptic preservation, and reduces tau levels and its 
hyperphosphorylation, making it a promising candidate against the 
progression of AD [36]. Selenium provides benefits against other types 
of diseases, such as cancer and thyroid [37]. Its antioxidant properties 
come largely from its presence in various enzymes, such as glutathione 
peroxidases (GPx) [38]. Selenium also has a high facility for chelating 
biometals whose oxidative stress favors the development of AD, such as 
Cu and Fe, and biometals involved in matrix metalloproteases (MMPs), 
such as Zn [39]. In addition, it is able to chelate toxic metals, such as Hg, 
Cd and Al, and to reduce their toxicity through the formation of inert 
complexes [40–42]. 

However, selenium properties depend on the chemical form in which 
it is present, differing in oxidation state, isotopic composition or 
chemical structure [43]. This structure can vary depending on the li
gands attached or whether the selenium is nanoparticulated [44]. Se
lenium nanoparticles (SeNPs) possess varied physicochemical 
properties, as they can be chemo preventive, anticarcinogenic and 
antimicrobial [45]. Their role in the treatment of AD is promising, being 
able to penetrate the blood-brain barrier (BBB) given their size [46]. The 
range of selenium from essential to toxic is very narrow, which makes 
SeNPs with low toxicity ideal candidates for treating diseases such as 
arthritis, diabetes and cancer [47]. 

The surface of SeNPs, once synthesized by chemical and/or biogenic 
processes, can be functionalized with a plethora of ligands that stabilize 
them and provide additional characteristics. This wide range of bene
ficial properties that can be brought to SeNPs constitutes a new avenue 
for the synergistic treatment of a multitude of diseases [48]. In addition, 
SeNPs can be coated with a multitude of compounds with the aim of 
reducing their toxicity and even reducing Aβ aggregation. This inhibi
tion of Aβ fibril formation can be accomplished by SeNPs disrupting 
hydrophobic and electrostatic interactions in amyloid nucleation [49]. 

The typical timeline for the development of SeNPs as pharmaceutical 
agents for AD encompasses several key stages. Initial stages involve the 
synthesis and characterization of SeNPs using diverse methods, 
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including chemical, physical, and biological approaches. A focus on 
understanding their physicochemical properties is essential for subse
quent therapeutic applications. Following synthesis, emphasis is placed 
on in vitro studies to assess SeNPs’ interactions with molecular targets 
associated with AD pathology. This phase identifies specific mechanisms 
through which SeNPs can intervene in the disease process. Subsequent 
stages concentrate on optimizing SeNP formulations, considering factors 
such as size, surface modifications, and drug loading capabilities. This 
aims to enhance bioavailability and facilitate targeted delivery to the 
brain. Transitioning to in vivo studies involves assessing the efficacy and 
safety of SeNPs in animal models, particularly in the context of AD. It is 
essential to explore SeNPs’ ability to traverse the BBB and their impact 
on cognitive functions. Current efforts focus on clinically translating 
SeNPs, investigating safety profiles, pharmacokinetics, and therapeutic 
potential in human subjects. Clinical trials are underway to evaluate the 
effectiveness of SeNPs as a targeted intervention for AD. Ongoing and 
future directions include addressing challenges such as scale-up for mass 
production, refining delivery methods, and further elucidating nuanced 
molecular interactions. Additionally, efforts are directed towards 
developing innovative strategies to enhance overall therapeutic efficacy 
of SeNPs in the treatment of AD. This comprehensive overview un
derscores the multidimensional journey of SeNPs, highlighting their 
evolution from synthesis to potential pharmaceuticals for AD treatment. 

While the literature contains some review articles on SeNPs, 
including their synthesis, characterization and biomedical applications 
[50,51], the novelty of this study lies in the comprehensive integration 
of various selenium nanoparticles, encompassing their characterization 
and in vitro/in vivo simultaneous evaluation. This review is specifically 
oriented towards the exhaustive assessment of their neuroprotective 
effects against AD. Simultaneously employing in vitro and in vivo studies 
contributes to a comprehensive and up-to-date understanding, 
providing a holistic perspective on this field. Therefore, in the present 
review, a literature compilation on the different synthesis processes of 
SeNPs, including their various stabilizers, as well as their in vitro and in 
vivo studies will be carried out to further investigate their potential role 
against AD. At the end, future perspectives for their use as anti-AD drugs 
will be discussed. 

2. Selenium nanoparticles and synthesis methods 

2.1. Selenium and nano selenium 

SeNPs have surfaced as unique selenium species, exhibiting 
remarkable prophylactic and therapeutic properties, offering dual syn
ergistic effects by delivering therapeutic cargo and enhancing anticancer 
activity. Recent studies have further expanded the scope of nano-sized 
selenium, exploring its potential for diverse biological activities, 
including serving as antibacterial and antifungal agents [52] (Fig. 1). 

SeNPs have gained global recognition for their remarkable health 
benefits, leading to their widespread application in therapeutic settings. 
Compared to inorganic selenium, SeNPs exhibit lower toxicity, higher 
efficiency in combating free radical species, and favorable bioavail
ability. Additionally, SeNPs demonstrate lower toxicity when compared 
to other organic and inorganic compounds like selenate, selenite, and 
selenomethionine [35]. 

SeNPs play vital roles in numerous physiological and metabolic 
processes, including immune system regulation and antioxidant defense. 
Their remarkable ability to penetrate biological cells and tissues sug
gests potential efficacy in combating oxidative stress and inflammation. 
As a result of these distinct advantages, SeNPs have captivated signifi
cant interest from scientists for their potential use in treating neuro
logical diseases. Recent studies have focused on the relationship 
between altered microbiota and neurological disorders, highlighting the 
significant impact of the synergetic communication between the CNS 
and gut on the development of AD [53]. 

In a study carried out by Lei Qiao et al., it was demonstrated that the 
administration of SeNPs enriched with Lactobacillus casei ATCC 393 
effectively prevented cognitive dysfunction in mice with Alzheimer’s 
disease. This positive outcome was attributed to the modulation of the 
microbiota-gut-brain axis. The results indicated that L. casei ATCC 393- 
SeNPs hold great promise as a safe and beneficial selenium nutritional 
supplement, potentially serving as a food additive to help prevent 
neurodegenerative diseases [54]. 

Since oxidative stress is a key factor in the development of neuro
degenerative diseases, there is a growing emphasis on creating nano
particles (NPs) with enhanced antioxidant capabilities. Numerous 
studies have highlighted the potential of SeNPs in Alzheimer’s disease, 

Fig. 1. SeNPs general structure, bioactive properties and possible therapeutic targets.  
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showcasing their ability to hinder the aggregation of amyloid-Aβ protein 
and their capability to traverse the BBB [53]. 

Yang et al., conducted a study where they synergistically combined 
the distinctive Aβ absorption characteristic of SeNPs with the natural 
antioxidant resveratrol (Res) to create Res@SeNPs. This combination 
demonstrated a remarkable synergistic effect against Cu2+-induced Aβ42 
aggregation and ROS generation, effectively safeguarding PC12 cells 
from cell death induced by Aβ42-Cu2+ complexes [55]. 

Abozaid et al., developed Res-SeNPs and investigated their impact on 
neurochemical and histopathological aspects in a rat model of Alz
heimer’s disease, induced by AlCl3 at a dose of 100 mg kg− 1 day− 1 for 60 
days. The Res-SeNPs exhibited a beneficial effect on cholinergic deficits 
and led to the clearance of amyloid-Aβ, showcasing their potential in 
alleviating AD-related impairments. Beyond their antioxidant proper
ties, the formulated Res-SeNPs also demonstrated anti-inflammatory 
effects, contributing to improved neurocognitive function and modula
tion of signaling pathways associated with AD therapy [56]. 

Li et al., devised a novel nanocomposite comprising small Res 
selenium-peptide, which facilitated the use of Res in combating neuro
toxicity induced by Aβ aggregates and alleviating gut microbiota dis
order in AD model mice induced by AlCl3 and D-galactose. This 
groundbreaking approach presents a promising new strategy for treating 
AD [57]. 

Moreover, Yang et al., formulated Res-loaded selenium nano
particles/chitosan nanoparticles (Res@SeNPs@Res–CS–NPs) to modu
late gut microbiota in cases of AD with metabolic disorders. The 
treatment with Res@SeNPs@Res–CS–NPs effectively regulated the 
levels of gut microbiota linked to oxidative stress, inflammation, and 
lipid deposition. Furthermore, it substantially improved cognitive 
function in AD mice with metabolic disorders, emphasizing its potential 
in preventing cognitive impairments associated with AD [58]. 

Sialic acid-modified SeNPs also demonstrated impressive capabilities 
in inhibiting the Aβ aggregation process and exhibited the ability to 
cross the BBB effectively [59]. While Gao et al., developed 
selenium-chondroitin sulphate (CS) nanoparticles (CS@SeNPs) and 
examined their therapeutic impact on in vitro AD models. CS@SeNPs 
demonstrated a remarkable ability to inhibit amyloid-Aβ aggregation 
and provided protection to SH-SY5Y cells against Aβ1-42-induced cyto
toxicity. Moreover, CS@SeNPs showed potential in suppressing Aβ ag
gregation, minimizing cytoskeletal damage, mitigating oxidative stress, 
and attenuating tau protein hyperphosphorylation. This multifunctional 
capacity makes CS@SeNPs a potential candidate for the treatment of AD 
[34]. 

Additionally, Ji et al., conducted a study to assess the impact of 
CS@SeNPs on mice with AD, resulting in the alleviation of anxiety and 
significant improvement in spatial learning and memory impairment 
[60]. 

In their research, Gholamigeravand et al., explored the potential of a 
combination therapy involving SeNPs and stem cells to mitigate 
neurotoxicity in an animal model of AD. The synergistic effect of this 
combined therapy proved to be more effective in reducing the deposi
tion of Aβ and elevating the concentration of brain-derived neurotrophic 
factor (BDNF) [61]. 

2.2. Physical characteristics of SeNPs 

Nanomaterials possess distinctive physicochemical properties, 
including small size, a substantial surface area, and high reactivity. 
Studies have highlighted that when appropriately modified, NPs can 
serve as valuable tools for drug delivery, imaging, and therapeutic in
terventions in AD. NPs generally exhibit a large surface area, allowing 
for significant adsorption capabilities. Specifically, certain NPs can bind 
with Aβ, effectively slowing down the fibrillation processes of Aβ [62]. 

The size of nanomaterials plays a crucial role in overcoming both 
extracellular and intracellular barriers for effective nanoparticle- 
mediated delivery. Cellular processing of NPs is greatly influenced by 

their size, which governs the extent and mechanism of retention and 
clearance in the body. The biological activities of NPs are also influenced 
by their size, with smaller NPs being more active than larger ones. 
Notably, NPs smaller than 10 nm are rapidly eliminated through the 
kidneys, while those in the size range of 10–150 nm are sequestered in 
the bone marrow. Particles larger than 200 nm undergo splenic clear
ance, whereas NPs in the range of 50–500 nm are retained in the body 
for longer periods and are slowly cleared through the liver. Finally, 
particles larger than 500 nm are removed from the body by macro
phages and monocytes of the reticuloendothelial system. 

SeNPs represent a cutting-edge source of selenium, offering optimal 
bioavailability in vivo while minimizing the risk of selenium toxicity. 
Studies indicate that SeNPs exhibit superior biocompatibility and de
gradability compared to noble metals like silver, gold, and platinum. 
Furthermore, when compared to organic and inorganic selenium forms, 
various nano-sized selenium formulations have displayed lower toxicity 
alongside enhanced antioxidant and anti-tumor activities. Notably, 
chemogenically synthesized SeNPs demonstrated toxicity levels seven 
times lower than sodium selenite in mice and exhibited a higher LD50 
than selenomethionine. Consequently, nanoforms of selenium have 
proven to possess significant advantages over micro or macroforms, 
making them highly promising for a range of biomedical and dietary 
supplement applications [52]. 

Understanding the physical characteristics of NPs essential because 
their shape and size profoundly impact their interactions with cells and 
tissues. For instance, Se nanowires exhibit higher photoconductivity, 
whereas spherical-shaped SeNPs have demonstrated superior biological 
activities. The antioxidant properties of NPs are also size-dependent. 
SeNPs have shown the ability to scavenge free radicals in a manner 
dictated by their size (ranging from 5 to 200 nm). Additionally, the 
functionalization of NPs with other substances relies on the shape and 
size of the NPs. For example, the effectiveness of chitosan as an anti
oxidant and antitumor agent is intricately linked to the characteristics of 
SeNPs. 

The method of synthesis significantly impacts the shape and size of 
NPs, consequently influencing their medicinal properties. Various forms 
of SeNPs exist, including rod-like, hexagonally flowered, nanowires, 
nanotubes, nanoneedles, and nanorods. Among these, spherically sha
ped SeNPs are more commonly employed for pharmacological and 
biological applications [53]. 

Nanocarriers have brought about a revolutionary impact on ther
agnostics and have emerged as a versatile platform for drug delivery. 
Their small size range (less than 200 nm) provides several advantages, 
such as improved interaction with Aβ fibrils, increased solubility in 
aqueous media, and enhanced intracellular permeability. Se NPs, with 
their high surface-to-volume ratios, have garnered considerable atten
tion in the field of nano delivery [63]. 

Mesoporous selenium nanoparticles (MSeNPs), featuring pores 
ranging from 2 to 50 nm, exhibit remarkable characteristics, including a 
high surface area, low-density nanocarriers, and high volume for drug 
loading in drug delivery systems [33]. For example, Sun et al., demon
strated that borneol-loaded MSeNPs effectively crossed the BBB and 
released at the lesion site. The MSeNPs exhibited inhibitory effects on 
the aggregation of amyloid-Aβ proteins, alleviated oxidative stress, and 
suppressed tau hyperphosphorylation. Additionally, they provided 
protection to nerve cells and showed improvements in memory 
impairment in APP/PS1 mice [64]. 

Studies have also indicated that enlarging the size of NPs can lead to 
a decrease in their brain accumulation percentage and diminish their 
biological activities. Consequently, the relatively large size of SeNPs 
might render them unsuitable for the treatment of nervous system dis
eases [65]. 

Quantum dots (QDs) show immense promise as a novel nanodrug 
material due to their small size, good solubility, and large specific sur
face area. Numerous studies have highlighted their excellent biocom
patibility, cost-effectiveness, and controllable fluorescence properties. 
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Their small size also facilitates BBB penetration, making them suitable 
for AD treatment. Additionally, their fluorescence characteristics, 
including high intensity, long life, and strong light stability, make QDs 
highly valuable in biological diagnosis and tracking detection in medical 
research. Guo et al., successfully developed efficient and straightforward 
ultrasmall-sized SeQDs with potent free-radical scavenging activity, 
effectively shielding cells from oxidative stress induced by various 
stimuli. This led to the inhibition of Aβ aggregation and significant 
reduction of Aβ-mediated cytotoxicity. Consequently, using SeQDs in AD 
treatment offers substantial advantages compared to traditional single- 
target drugs and opens new avenues for combining prevention and 
treatment in neurodegenerative diseases [66]. 

With the aim of creating multifunctional nanocomposites with small 
size and high biocompatibility for AD therapy, selenium-doped carbon 
quantum dots (SeCQDs) have been synthesized through a straightfor
ward hydrothermal treatment of selenocystine. These SeCQDs demon
strated dual capabilities as they effectively inhibited Aβ aggregation and 
efficiently scavenged ROS produced in the brain. Zhou et al., introduced 
large amino acid mimicking SeCQDs as innovative nano agents for 
multi-target therapy in AD, owing to their capability to inhibit Aβ ag
gregation and their broad-spectrum antioxidant properties. The versa
tility of SeCQDs in functionalization and potential to cross the BBB 
position them as promising candidates for prospective nanodrugs for 
treating AD [65]. 

NPs morphology also plays a crucial role in the pharmacokinetics 
and cellular uptake of smart drug delivery systems. The design of an 
optimized nano drug delivery platform aims to achieve efficient delivery 
to the targeted site while minimizing off-target effects. Nano-spherical 
structures possess desirable properties, making them ideal shapes for 
nanoparticle vectors in therapy. They offer advantages such as high 
drug-loading capacity, prolonged circulation time, and enhanced 
cellular uptake [33]. 

2.3. Synthesis methods of Se-based nanoparticles 

Due to their distinct surface activity and particle dispersion, SeNPs 
present numerous advantages compared to bulk selenium-based mate
rials. These advantages include larger biological activity, higher cata
lytic efficacy, greater bioavailability, and lower toxicity [67]. 

SeNPs can be synthesized via chemical, physical and biological 
methods. Chemical synthesis involves the use of highly reactive chem
icals, posing potential risks to human life and the environment. The 
process often requires elevated temperatures, dangerous chemicals, and 
an acidic pH for the catalytic reduction of ionic selenium, making it a 
less safe method for SeNPs synthesis [53]. 

In chemical methods, a selenium salt (commonly sodium selenite) 
serves as the precursor and source of Se. Additional precursors required 
for this wet chemical synthesis include reducing agents, templates, and 
capping agents. Reducing agents such as cetyltrimethylammonium 
bromide, ascorbic acid, and glutathione play a vital role in transforming 
the selenite ion into elemental Se in a zerovalent state. Chandramohan 
et al., conducted a study where different shapes of SeNPs (rod, sphere, 
and cube) were synthesized using various reducing agents such as 
bovine serum albumin, D-glucose, and soluble starch (amylum), 
respectively. This highlights the significance and influence of reducing 
agents on the shape of SeNPs [33]. 

Gholamigeravand et al., employed the chemical precipitation 
method to synthesize SeNPs. They added selenium powder to a solution 
of sodium sulphite, resulting in a transparent Na2SeSO3 solution used as 
a precursor for SeNPs synthesis. To confirm the formation of SeNPs, 
acetic acid was added until the solution turned pink. NPs obtained 
through this process demonstrated the ability to enhance memory 
impairment in streptozotocin-treated rats by increasing antioxidant ca
pacity [68]. 

On the other hand, nanoparticle stability is a significant concern for 
their practical application, as NPs tend to agglomerate. One 

straightforward method to stabilize NPs is by coating them with a single 
layer of polymer or surfactant. This dense matrix increases viscosity and 
reduces the interaction between NPs, effectively inhibiting agglomera
tion. Coating not only protects NPs but also facilitates their conjugation 
with biomacromolecules. To stabilize SeNPs, various coating agents 
such as polymers, surfactants, or biocompatible substances have been 
utilized. Moreover, the concentration of the stabilizer plays a crucial role 
in determining the size and uniformity of the SeNPs [52]. 

In their study, Firouzi et al., employed polyvinyl alcohol (PVA) as a 
coating agent to synthesize coated SeNPs (PVA-SeNPs), and they 
assessed their effects in a rat model of AD. PVA, being a low-cost and 
non-hazardous organic polymer with good water solubility, increased 
the stability of SeNPs and improved their circulation time and drug 
loading capacity. The obtained results demonstrated that PVA-SeNPs 
effectively mitigated oxidative stress and memory impairment caused 
by streptozotocin neurotoxicity [69]. 

Polysaccharides offer several advantages as stabilizing agents, 
including the presence of multiple functional groups, biodegradability, 
and biocompatibility. SeNPs have been reported to be stabilized using 
polysaccharides such as guar gum, chitosan, malt dextrose, and hyal
uronic acid. These polysaccharides are easily digested by enzymes 
within the body and do not pose any toxicity concerns. 

Saini et al., utilized a three-step method involving the redox reaction 
of sodium selenite and ascorbic acid to synthesize SeNPs. To enhance the 
stability of the nanocarriers, xanthan gum powder was added. The 
synthesized NPs demonstrated promise for potential use in intervening 
in Aβ-induced cytotoxicity in neuronal cells [63]. 

Chitosan is one of the most commonly used polysaccharide coatings 
due to its non-toxic, biodegradable, and biocompatible properties. This 
linear biopolymer stabilizes NPs by virtue of its polycationic nature and 
conformation in solution, effectively increasing their stability during 
lyophilization. Despite the potential for a medium with high ionic 
strength to screen charges on the surface of NPs, leading to reduced 
solubility and increased aggregation, chitosan’s electrostatic repulsion 
of negative charges on the nanoparticle surface promotes a stable sus
pension. Asl et al., employed chitosan-coated selenium nanoparticles to 
enhance the efficiency of stem cells in the neuroprotection of 
streptozotocin-induced neurotoxicity in adult male rats by increasing 
the antioxidant capacity [70]. 

On the other hand, Vicente-Zurdo et al., developed chitosan-coated 
selenium nanoparticles that demonstrated remarkable inhibition of 
metal-induced Aβ aggregation. Additionally, these NPs displayed a sig
nificant capacity to disaggregate Aβ fibrils, irrespective of the presence 
or absence of biometals. In the presence of Zn(II), the chitosan-coated 
selenium nanoparticles effectively reduced the length and width of the 
generated Aβ fibrils [71]. These SeNPs coated with the chiral stabilizing 
agent chitosan, exhibited a remarkable capability to reduce and even 
completely inhibit Aβ42 aggregation induced in the presence of amino 
acid enantiomers associated with AD (D-Phe, D-Ala, D-Glu, D-Asp, and 
DL-SeMet). Furthermore, the study revealed that the chirality of these 
enantiomers influences the width of the amyloid fibrils [72]. Addition
ally, chitosan-coated selenium nanoparticles were evaluated in vitro 
using mouse (Neuro-2a) and human (SH-SY5Y) neuroblastoma cell lines 
demonstrating their potential to adhere and cross the cell membrane of 
neuroblastoma cells [73]. 

Other strategies to stabilize the SeNPs include proteins, polyphenols, 
and polysaccharides. However, polyphenols possess certain limitations, 
such as their tendency to undergo auto-oxidation at acidic pH and their 
propensity to aggregate [63]. 

Zhang et al., employed epigallocatechin-3-gallate, the primary 
polyphenol found in green tea, to stabilize SeNPs. These NPs were 
further coated with Tet-1 peptide, leading to a potent inhibition of Aβ 
fibrillation and efficient disaggregation of preformed Aβ fibrils into non- 
toxic aggregates [74]. 

Yang et al., utilized the polyphenol chlorogenic acid (CGA) to create 
CGA@SeNPs. These nanocomposites exhibited enhanced inhibition of 
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Aβ40 aggregation and effectively protected PC12 cells from Aβ 
aggregation-induced cell death. The researchers found that CGA@SeNPs 
demonstrated greater efficiency in reducing Aβ40 toxicity during long- 
term use compared to CGA alone [62]. While Vicente-Zurdo et al., 
synthetized chitosan-CGA@SeNPs, combining the biocompatibility of 
chitosan with the antioxidative and metal-chelating properties of sele
nium and chlorogenic acid. These SeNPs demonstrated remarkable 
metal interaction capabilities and excellent antioxidant properties, 
making them potentially effective scavengers of ROS—an essential 
aspect in addressing AD [71]. 

Yang et al., also coated SeNPs with the natural polyphenol dihy
dromyricetin (DMY) to create DMY@SeNPs. Subsequently, they step
wise decorated the DMY@SeNPs with chitosan to obtain CS/ 
DMY@SeNPs, and further modified them with the BBB-targeting peptide 
TGN (TGNYKALHPHNG) to produce TGN-CS/DMY@SeNPs. These TGN- 
CS/DMY@SeNPs significantly reduced Aβ aggregation and exhibited 
enhanced anti-inflammatory effects of SeNPs in vitro. Moreover, both 
types of NPs were effective in repairing the gut barrier and regulating 
the population of inflammatory-related gut microbiota, including Bifi
dobacterium, Dubosiella, and Desulfovibrio [75]. 

In order to reduce surface free energy, smaller particles have a ten
dency to aggregate and merge into larger particles. Therefore, the use of 
a capping agent is crucial to provide stability to the NPs [63]. Capping 
agents primarily consist of various carbohydrates or chemical groups, 
and they play a significant role in regulating the dispersion of NPs [52]. 
Thus, Sun et al., produced chiral penicillamine-capped SeNPs 
(L-/D-Pen@SeNPs) that function as a novel class of chiral amyloid-Aβ 
inhibitors. These NPs exhibited higher inhibition efficiency compared to 
D-Pen@SeNPs and also showed promising effects in ameliorating 
cognition and memory impairments [76]. 

The majority of the mentioned SeNPs synthesis methods involve 
chemical reduction techniques, which could pose challenges in their 
biological applications due to the use of toxic reducing and capping 
agents. 

SeNPs synthesis can be also done from physical methods such as 
phyto-thermal associated synthesis, γ-irradiation, lithography, pyroly
sis, pulsed laser ablation, sonochemical, ultrasonic, microwave-assisted, 
ionic liquid-induced, electrodeposition or chemical vapor deposition. In 
a study, SeNPs were synthesized using the ionic liquid-induced method, 
wherein stabilizers such as polyvinyl alcohol, sodium dodecyl sulphate, 
polysorbate 80, or tryptone were added. Another electrochemical 
method involved maintaining the reaction at 130 ◦C and incorporating 
sodium dodecyl sulphate and cetane trimethyl ammonium bromide for 
SeNPs modifications [35]. 

Regarding to γ-rays, water-stable SeNPs were produced using several 
natural macromolecules. Additionally, SeNPs were synthesized by 
pulsed laser ablation by irradiating selenium pellets. Selenium nano
materials were also prepared by a microwave approach with L-aspara
gine and H2SeO3, as well as with selenium tetrachloride as the precursor 
under microwave irradiation [67]. 

However, these alternative physical methods are less commonly 
utilized than chemical methods [53] and may not be as popular in the 
SeNPs synthesis process. However, they do offer some control over the 
size and shape of the NPs by manipulating the physical and mechanical 
properties of the method [33]. 

The physical method requires the use of expensive equipment for 
synthesis, involving extreme pressure or temperatures. On the other 
hand, chemical techniques entail multiple steps with the utilization of 
hazardous reagents. Therefore, in comparison to the biosynthesis of NPs, 
both chemical and physical techniques are costly and can be environ
mentally toxic [35]. 

Alternatively, biological methods, also known as green methods, 
have been reported for the synthesis of SeNPs. They offer a promising 
approach to develop reliable, non-toxic, and eco-friendly techniques for 
nanoparticle synthesis. These methods also involve the employment of 
phytochemicals from plant sources or proteins from microbes as 

reducing and stabilizing agents, which are cost-effective, abundantly 
available, and environmentally safe. Additionally, green synthesis can 
be conducted at room temperature without the need for external stimuli, 
expensive equipment, or extreme pressure or elevated temperatures 
[35]. 

Biological methods employing algae, yeast, fungi, and plants as 
biological catalysts for nanoparticle production are highly effective. 
These methods offer several advantages over chemical and physical 
approaches, including lower cost, rapid growth rates of microorganisms 
and plants, reduced toxicity, standard culturing procedures, absence of 
severe extreme conditions, and eco-friendly nanoparticle production. 
The biosynthesis of SeNPs has been conducted using various plant ex
tracts, i.e., Cinnamomum zeylanicum bark, fresh citrus and lemon fruits, 
Aloe vera leaf extracts, Dillenia indica, Vitis vinifera, Prunus amygdalus leaf 
or Allium sativum [53]. The primary advantage of using plant extracts is 
that the plant secondary metabolites serve as natural reductants and 
stabilizing agents, making it an environmentally friendly approach. 

SeNPs derived from Rosmarinus officinalis and Abelmoschus esculentus 
are other examples of SeNPs biological synthesis with plant extracts 
[33]. Al-Qaraleh et al., also synthetized SeNPs using Moringa peregrina 
leaves extract, which showed a considerable antioxidant potential [77]. 

On the other hand, Borowska et al., developed a novel microwave- 
assisted green synthesis of high stable SeNPs using yeast extract as 
source of non-toxic reducing and capping agents [78]. González-Salitre 
et al., fabricated SeNPs by using the probiotic yeast Saccharomyces 
boulardii, which exhibited a wide range particle size distribution [79]. 

Certain studies have also used green sources like Bacillus mycoides, 
Clostridium Perfringens, Saccharomyces cerevisiae, Zooglea ramigera and 
dried Vitis vinifera (raisin) extract as reducing agents, that also 
contribute to stabilizing the SeNPs integrity and structure [35]. In the 
study conducted by Bulgarini et al., SeNPs were produced by the help of 
five different bacterial species [33], while Qiao et al., prepared biogenic 
SeNPs by Lactobacillus casei ATCC 393 (L. casei ATCC 393), which 
exhibited significant antioxidant and anti-inflammatory activities in 
vitro and in vivo and effectively alleviated the Aβ25–35-induced toxicity in 
PC12 cells via Akt/CREB/BDNF signaling pathway [80]. 

However, bacterial synthesis typically involves longer processing 
times compared to chemical and physical methods. Additionally, there 
are additional steps required for the purification of SeNPs, resulting in 
NPs that are often non-uniform in size and have a broad size range [81]. 

Therefore, while green synthesis is considered less toxic and cost- 
effective, its reproducibility remains a significant challenge. As 
mentioned above, several methods have been described to produce 
SeNPs using a wide variety of precursors, reducing agents and stabi
lizers, plant extracts and/or microorganisms. Table 1 summarizes some 
of the procedures used for the chemical synthesis of SeNPs involved in 
Alzheimer’s disease studies, while Table 2 includes some examples of 
biogenic and green SeNPs synthesis methods. 

2.4. Encapsulation of selenium nanoparticles 

The variation in size and bioactivity of pH-sensitive SeNPs has 
prompted researchers to explore nano-sized encapsulation systems 
extensively. Stimuli-sensitive drug delivery, aiming for on-demand drug 
release, is a promising strategy. Targeted release based on pH variation 
has gained significant attention in this context. 

The encapsulation of nanomaterials using hydrophobic and hydro
philic substrates offers a way to modify pharmacokinetics, allowing for 
realistic strategies to control circulation through the reticuloendothelial 
system after cellular uptake. In the development of nanoparticle-based 
diagnostic/therapeutic agents and food supplements, innovative ap
proaches are crucial to achieve in vivo target-specific retention, endo
some escape, and clearance through various mechanisms. These factors 
play pivotal roles in the successful application of nanotechnology in 
biomedicine and various life science applications [52]. 

To mitigate Aβ-induced neuronal cytotoxicity, SeNPs and silymarin 
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were incorporated into a single polysaccharide matrix (xanthan gum) to 
provide dual antioxidant and Aβ fibril disaggregation capabilities. 
Silymarin, a plant-based therapeutic agent known for its neuro
protective properties, effectively inhibits Aβ fibril formation in neuronal 
cells. Xanthan gum, on the other hand, serves as a readily available 
biocompatible and biodegradable stabilizer commonly used in the food 
and pharmaceutical industry. It has also been listed in the FDA’s inactive 
ingredient database. The NPs were designed to alleviate amyloid- 
induced cytotoxicity in SH-SY5Y cells. These nanocarriers demon
strated anti-aggregation properties in neuronal cell lines and effectively 
reduced Aβ-induced cytotoxicity, highlighting their potential for 

neuroprotection and therapeutic applications in Alzheimer’s disease 
[63]. 

Selenium nanocomposites (SeNCs) have also been synthesized to 
enhance the bioavailability of bioactive molecules and serve as a simple 
strategy for drug delivery. For instance, Qia et al., developed P80- 
Que@SeNC to enhance the bioavailability of quercetin (Que), a flavo
noid antioxidant widely used to inhibit Aβ fibril formation and poten
tially reduce oxidative stress. Que’s limited aqueous solubility, extensive 
first-pass metabolism, and low BBB permeability hinder its clinical 
application. The authors combined Que and Na2SeO3 to produce SeNPs, 
which were subsequently modified using a combination of acacia and 

Table 1 
Chemical synthesis of SeNPs used in Alzheimer’s disease studies.  

Precursor Reducing 
agent 

Stabilizer/Decorator Particle size 
(nm) 

Zeta potential 
(mV) 

Characterization techniques Observations Reference 

Na2SeO3 Vitamin C Polyvinyl pyrrolidone/ 
resveratrol 

8.00 ± 0.34 − 10.31 ±
1.17 

TEM, UV–Vis and FTIR 
spectroscopy, DLS, fluorescence 

Simple layer-by-layer structure. 
Homogeneous and nearly spherical 
structure. 

[57] 

Na2SeO3 Vitamin C Polyvinyl pyrrolidone/ 
resveratrol and TGN 
peptide 

14.00 ±
0.12 

− 6.01 ± 0.39 TEM, UV–Vis and FTIR 
spectroscopy, DLS, fluorescence 

Simple layer-by-layer structure. 
Homogeneous and nearly spherical 
structure. 

[57] 

Na2SeO3 NaBH4 Resveratrol ~100  TEM and HR-TEM, UV–Vis and 
FTIR spectroscopy, DLS, RLS, 
fluorescence 

Spherical structure and amorphous 
coating layer. 

[55] 

Na2SeO3  Resveratrol 60–90  TEM, UV–Vis and FTIR 
spectroscopy, DLS 

Spherical shape. [56] 

Na2SeSO3 Glacial 
acetic acid 

Polyvinyl alcohol   SEM, EDX, FTIR Se powder was dissolved in Na2SeO3 

solution to obtain a transparent 
Na2SeSO3 solution, which was used 
as precursor. 
Spherical and uniform structure. 

[69] 

Na2SeSO3 Acetic acid  <50 nm  TEM, XRD, TFIR, MTT assay Se powder was dissolved in Na2SeO3 

solution to obtain a transparent 
Na2SeSO3 solution, which was used 
as precursor. 
Se only and nano-crystalline NPs. 
Monodisperse spherical structure. 

[61] 

H2SeO3 Ascorbic 
acid 

Polyethylene glycol   DLS, TEM, SEM, XRD, FTIR  [82] 

H2SeO3 Ascorbic 
acid 

Polyethylene glycol/ 
curcumin-poly-lactide- 
co-glycolide polymer 

160 ± 5 
(DLS) 
71 ± 6 
(TEM & 
SEM)  

DLS, TEM, SEM, XRD, FTIR Spherical shaped structure. [82] 

Na2SeO3 Ascorbic 
acid 

Xanthan gum powder 119 ± 3 
and 253 ±
3 range 

− 35.4 ± 3.8 
and − 43.3 ±
2.4 range 

HR-TEM, DLS, UV–Vis and FTIR 
spectroscopy, DSC, XRD, DPPH 
scavenging method and MTT 
assay 

Smooth, regular, and spherical in 
shape appearance. Amorphous 
nature and segregated particles. 

[63] 

Na2SeO3 L-cys Chondroitin sulphate 89.1 ± 4.5 − 41.7 ± 3.5 DLS, TEM, FTIR Monodispersed and homogeneously 
spherical structure. 

[34] 

Na2SeSO3 Acetic acid Chitosan 30 ± 20  SEM, EDX, FTIR, MTT assay Spherical shape. [70] 
Na2SeO3 Ascorbic 

acid 
Polyvinyl pyrrolidone/ 
polydopamine-borneol 

160 − 12.7 TEM, SEM, EDX, FTIR Spherical morphology. [83] 

Na2SeO3  Acacia and polysorbate 
80/Quercetin 

90 ± 4 − 9.9 ± 0.5 DLS, SEM, UV–Vis and FTIR 
spectroscopy, DPPH scavenging 
method 

Homogeneous nanocomposites. [84] 

Na2SeO3 Vitamin C Polyvinyl pyrrolidone/ 
chlorogenic acid 

~7.52 − 15.2 ± 0.2 TEM, UV–Vis and FTIR 
spectroscopy, DLS, fluorescence  

[85] 

Na2SeO3 Vitamin C Polyvinyl pyrrolidone/ 
chlorogenic acid and 
TGN peptide 

9.43 − 11.4 ± 0.5 TEM, UV–Vis and FTIR 
spectroscopy, DLS, fluorescence  

[85] 

Na2SeO3 NaBH4 Chlorogenic acid ~100  TEM, EDX, UV–Vis and FTIR 
spectroscopy, DLS, fluorescence 

Spherical structure. [62] 

Na2SeO3 NaBH4 D- and L-penicillamine 
(Pen) 

L-Pen 
SeNPs ~ 
88.1 
D-Pen 
SeNPs 
~113.5 

L-Pen SeNPs 
− 8.36 
D-Pen SeNPs 
− 6.93 

TEM, DLS Monodispersion and homogeneous 
spherical shapes. 

[76] 

Na2SeO3 Ascorbic 
acid 

Chitosan dissolved in 3 
% of acetic acid 

60 ± 6 − 38 ± 1 TEM, DLS, EDXS, ED, DPPH 
scavenging assay 

Spherical morphology and crystal 
structure. 

[71] 

Na2SeO3 Ascorbic 
acid 

Chitosan dissolved in 3 
% of acetic acid/ 
chlorogenic acid 

80 ± 20 45 ± 1 TEM, DLS, EDXS, ED, DPPH 
scavenging assay 

Spherical morphology and crystal 
structure. 

[71]  
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polysorbate 80. The newly developed P80-Que@SeNC demonstrated 
improved drug delivery across the BBB, facilitated by the presence of 
polysorbate 80, which acts as a pharmaceutical excipient enhancing the 
aqueous solubility of quercetin. In vitro experiments showed that P80- 
Que@Se exhibited higher aqueous solubility compared to individual 
Que, effectively inhibiting Aβ fibrillation, suggesting its potential as a 
therapeutic drug candidate. Furthermore, P80-Que@SeNC exhibited 
strong 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activ
ity, indicating excellent antioxidant properties [84]. 

A nano formulation of curcumin (Cur) for AD therapeutics was 
developed by modifying the surface of the poly-lactide-co-glycolide 
(PLGA) polymer and encapsulating SeNPs. Huo et al., utilized the 
emulsion solvent evaporation process to prepare SeNPs loaded Cur/ 
PLGA composites. The drug delivery system of Cur-loaded Se-PLGA 
nanospheres showed promising results, reducing amyloid-β load in the 
brains of AD mice and significantly improving memory deficiency in the 
model mice. This approach could be an effective treatment for Alz
heimer’s disease [82]. 

On the other hand, a novel flowerlike selenium nanocluster (TGN- 
CGA@SeNCs) was developed using the brain-targeting peptide (TGN 
peptide) and CGA. This nanocluster aimed to enhance the bioavailability 
of CGA, a common dietary polyphenol known for its neuroprotective ef
fects. Both CGA-modified selenium nanocluster (CGA@SeNCs) and TGN- 
CGA@SeNCs demonstrated improved efficacy in ameliorating gut micro
biota disorder at the same concentration. Particularly, TGN-CGA@SeNCs 
significantly increased the relative abundance of Turicibacter, Colidex
tribacter, Ruminococcus, Alloprevotella, and Alistipes, which are associated 
with reducing oxidative stress, inflammation, and glucose homeostasis 
imbalance. Furthermore, TGN-CGA@SeNCs showed the capability to 
transport through the BBB, surpassing the effects of CGA@SeNCs in 
regulating Aβ aggregation and enhancing brain glucose homeostasis [85]. 

2.5. Techniques used for selenium nanoparticles characterization 

For the translation of Se-based nanotechnology into clinical appli
cations, it is essential to not only establish safe, simple, sustainable, and 
cost-effective methods for SeNPs synthesis but also gain a comprehen
sive understanding of their relevant physicochemical and biological 
properties [67]. 

SeNPs are usually characterized using microscopic and spectroscopic 
methods. The morphology and particle size distribution of NPs are 
usually characterized by transmission electron microscopy (TEM) and 
scanning electron microscope (SEM) (Tables 1 and 2). The morpholog
ical characterization is of great interest because morphology always 
influences most of the properties of the nanoparticle. Therefore, several 
authors and researchers investigate the size and shape of the synthesized 
SeNPs by both types of electron microscopy [93]. TEM with 
energy-dispersive X-ray (EDX) also provides micrographs showing the 
size and surface morphology of the SeNPs, as it is shown for SeNPs 
stabilized with CGA (CGA@SeNPs) in Fig. 2 a [71]. Therefore, to further 
confirm the presence of Se in the NPs, EDX spectra can be used, since this 
technique allows to identify the composition of the synthesized nano
materials [62,69–71,83]. 

On the other hand, the surface composition and the functional 
groups of prepared NPs is frequently analyzed by using UV–Vis and 
Fourier transform infrared (FTIR) spectroscopy (Tables 1 and 2), and in 
some case, by a fluorescence spectrophotometer [55,57,62,85]. FTIR 
spectroscopy is a non-destructive analytical technique used for the 
characterization of organic and inorganic materials to investigate 
functional groups linked to the compounds. It is also used to study the 
physical state and chemical composition of the sample [93]. 

Particle size, zeta potential, and the polydispersity index of fabri
cated SeNPs can be also determined using dynamic light scattering (DLS) 
(Fig. 2d) [34,55–57,62,71,76,82,84,85]. The stability of SeNPs under 
physiological conditions, and consequently the kinetics of their 
decomposition, depends on numerous factors. Among the most critical 
are their size (larger particles have a greater surface area in contact with 
the environment, leading to a higher decomposition rate but a longer 
time until particle breakdown), stabilizing agent (which maintains 
colloidal stability and prevents particle agglomeration or precipitation), 
surface modifications (enhancing reactivity with specific targets related 
to AD but simultaneously promoting interaction with the environment), 
and, of course, the core of the nanoparticles. 

However, the primary parameter for characterizing nanoparticle 
stability is the zeta potential (ZP), defined as the potential with which 
colloidal particles move under an electric field. The ZP provides infor
mation about the nanoparticles’ stability against agglomeration, cate
gorizing them as highly unstable (|ZP| < 10 mV), relatively stable (10 

Table 2 
Green synthesis of SeNPs which could be exploited potential further for pharmaceutical and/or biomedicine applications.  

Precursor Extract origin/Microorganism Particle size 
(nm) 

Characterization techniques Observations Reference 

Selenium 
oxyanions 

Sulfurospirillum barnesii, Bacillus 
selenitireducens, 
Selenihalanaerobacter shriftii 

~300 UV–Vis absorption and Raman 
spectra 

Monoclinic crystalline structures [86] 

Na2SeO3 E. Coli K-12 10-90 (TEM) 
60 ± 20 
(DLS) 

TEM, SEM, EDXS, DLS, UV–Vis 
spectroscopy 

Spheroidal particles with no crystalline structure. [87] 

Se2Cl2 Klebsiella pneumonia 100-550 (250 
± 80) 

TEM, UV–Vis spectroscopy, EDS  [88] 

HNaO3Se Lactobacillus casei, Lactobacillus 
acidophilus, Bifidobacterium, 
Klebsiella pneumonia 

50–500 
50–500 
400–500 
100–550 

TEM, UV–Vis spectroscopy Production time 12–48 h. Homogeneous particle 
size distribution and regular, spherical shape. 

[89] 

H2SeO3 Dried Vitis vinifera (raisin) extract 3-18 (TEM) 
8 ± 3 (DLS) 

TEM, DLS, XRD, EDX and FTIR 
spectroscopy 

Crystalline nature and spherical shape. [90] 

H2SeO3 and 
ascorbic 
acid 

Fenugreek seed extract 50–150 UV–Vis and FTIR spectroscopy, 
SEM, DLS, XRD, elemental analysis 
by X-ray fluorescence 

Nanocrystalline in nature. The reduction of 
selenious acid was attributed to the presence of 
polysaccharide galactomannan, abundant in 
fenugreek seeds. 

[91] 

Na2SeO3 Terminalia arjuna leaf extract 10–80 UV–Vis and FTIR spectroscopy, 
TEM, EDX, XRD 

Polydispersed and crystalline NPs. [92] 

Na2SO3 Moringa peregrina leaves extract 80–150 FTIR, XRD, SEM, DLS, EDX, DPPH 
assay 

Agglomerated spheres with smooth surfaces and 
negative electric charges on their surfaces. 

[77] 

SeO2 with 
NaOH 

Yeast extract <200 Single particle ICP-MS, scanning 
TEM 

Microwave-assisted synthesis. Spherical particles. [78] 

Na2SO3 Saccharomyces boulardii 365–25150 TEM Spherical morphology [79]  
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mV < |ZP| < 20 mV), moderately stable (20 mV < |ZP| < 30 mV), and 
highly stable (|ZP| > 30 mV). An example of ZP graph is shown in Fig. 2 
c for CGA@SeNPs. 

On the other hand, the employment of X-ray diffraction (XRD) allows 
to determine the crystalline or amorphous nature of the synthetized 
SeNPs. To assess their crystal morphology, the lyophilized powder of the 
samples or the finely ground and homogenized sample is used and 
detected by monochromatic X-rays [61,63,82]. The content of Se in 
Se-NPs has also been determined by inductively coupled plasma (ICP) 
emission spectroscopy [83]. Differential Scanning Calorimeter (DSC) 
have been employed for thermal analysis of SeNPs, although this tech
nique has been scarcely used [63]. 

Regarding biological properties, resonance light scattering (RLS) has 
been employed, for example, to study the binding affinity of resveratrol- 
SeNPs for Aβ42 [55] and MTT assay has been used to determine the 
cytotoxicity of Se-NPs [61,63,70]. 

However, cellular uptake and accumulation of NPs are important 
parameters to determine their effect in living organisms. TEM may be 
useful to provide information on the pathway of these NPs in their 
internalization by cells, but it does not provide quantitative information 
about the concentration of NPs inside a single cell. With this purpose, 
single cell-ICP-MS have been used by few authors to obtain quantitative 
results of bioaccumulation at trace level [73,78]. Finally, the DPPH 
scavenging method is usually employed for evaluate the antioxidant 
properties of SeNPs [63,71,77,84]. 

3. SeNPs and their role in AD treatment: in vitro studies 

In recent years, nanotechnology has emerged as a promising field for 
the development of innovative therapeutic strategies in the treatment of 
neurodegenerative disorders, including AD. Among the various nano
materials investigated, SeNPs have gained significant attention due to 
their unique physicochemical properties and potential therapeutic ap
plications. In vitro studies focusing on SeNPs have provided valuable 
insights into their role in AD treatment, particularly concerning their 

interactions with Aβ protein and their potential neuroprotective effects 
[53]. 

SeNPs showcase a remarkable spectrum of bioactive properties, 
thanks to their diverse synthesis methods and functionalization ap
proaches. Among these properties, their antioxidant and anti- 
inflammatory capacities stand out, offering potential benefits across a 
range of neurodegenerative diseases. However, it is in the treatment of 
AD that their distinctive value becomes most apparent. 

The tailored application of SeNPs against specific targets implicated 
in the pathogenesis of AD distinguishes their therapeutic potential. 
Notably, SeNPs have demonstrated efficacy in inhibiting beta-amyloid 
aggregation and mitigating the hyperphosphorylation of tau protein. 
These targeted actions position SeNPs as potential disruptors of the 
cascade of events outlined in the amyloid cascade hypothesis, which is 
considered a pivotal driver in the development of AD. 

Beyond their general bioactive properties, the capacity of SeNPs to 
intervene at key molecular levels associated with AD pathology marks 
them as promising candidates for therapeutic interventions. By 
addressing multiple facets of AD, from oxidative stress and inflammation 
to specific protein abnormalities, SeNPs hold the potential to not only 
ameliorate symptoms but also modify the underlying disease processes. 

As research progresses, further elucidation of the nuanced in
teractions between SeNPs and AD-specific molecular targets may un
cover additional avenues for intervention. This underscores the 
importance of ongoing investigations into the intricate mechanisms 
through which SeNPs exert their effects, offering a pathway towards 
innovative and targeted approaches in the quest for effective AD 
treatments. 

This section aims to provide a comprehensive overview of the find
ings from in vitro studies investigating SeNPs in the context of AD. By 
examining the chemical interactions between SeNPs and Aβ42 and 
evaluating their neuroprotective effects using cell models, a deeper 
understanding of the therapeutic potential of SeNPs in AD may be 
achieved. 

The investigation of the chemical interactions between SeNPs and 

Fig. 2. Characterization of CGA@SeNPs employing TEM and EDX (a), electron diffraction pattern (b), DLS (c) and ZP (d) graphs. Adaptation from Vicente-Zurdo, D. 
et al. [71]. 
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Aβ42 forms a critical aspect of this review. Various bioanalytical tech
niques have been employed to assess the binding affinity, kinetics, and 
conformational changes occurring during the SeNPs-Aβ42 interaction. 
These techniques, including spectroscopic and microscopic analyses, 
have provided valuable insights into the ability of SeNPs to modulate Aβ 
aggregation and potentially mitigate its neurotoxic effects [94]. 

Additionally, the evaluation of the neuroprotective effects of SeNPs 
using cell models has further contributed to our understanding of their 
potential as therapeutic agents for AD. By employing different cell lines 
commonly studied in AD field, researchers have assessed the protective 
effects of SeNPs against Aβ-induced neurotoxicity. Various experimental 
techniques, such as cell viability assays, antioxidant determination and 
immunofluorescence staining, have been employed to investigate the 
underlying cellular mechanisms and signaling pathways involved in the 
neuroprotective effects of SeNPs [70]. 

Through these in vitro studies, significant progress has been made in 
unravelling the potential of SeNPs as therapeutic interventions for AD. 
Further exploration of SeNPs in preclinical and clinical studies holds 

great promise for advancing our understanding of their therapeutic ef
ficacy and potential translation into effective treatments for AD, 
providing hope for improved outcomes in the management of this 
devastating neurodegenerative disorder. 

3.1. Exploring chemical interactions between selenium nanoparticles and 
Aβ42: an integrated approach through diverse bioanalytical techniques 

The chemical interaction between Se or SeNPs and biomolecules 
involves intricate processes determined by factors such as the selenium 
form, NPs size, surface characteristics, and the nature of biomolecules. 
SeNPs possess functional groups on their surface that facilitate interac
tion with biomolecules through mechanisms like hydrogen bonding, van 
der Waals forces, and electrostatic interactions. Due to its redox activity, 
SeNPs participate in redox reactions in biological environments, 
impacting cellular redox balance. 

Proteins can bind to SeNPs through surface adsorption or covalent 
bonds with amino acid residues, potentially altering protein 

Table 3 
Compendium of the principal methods and analytical techniques for investigating the effect of SeNPs on the Aβ42 protein.  

Method/Technique Experimental conditions Reference 

ThT/Fluorescence spectroscopy Medium Incubation 
time 

ThT (μM) Darkness 
(min) 

Excitation/emission 
wavelength (nm) 

Aβ (μM)  

50 mM PBS 0–5 days 15 15 440/490 35 [55] 
10 mM Tris-HCl 1–11 days 20 10 440/480 25–50 [80] 
10 mM Tris, 150 mM NaCl 0–7 days 10 Not specified 444/482 100 [65] 
10 mM PBS, 10 mM 
Na2HPO4, 10 mM NaH2PO4 

0–60 min Not 
specified 

Not specified 440/488 20 (mM) [76] 

50 mM PBS 0–5 days 15 Not specified 440/490 35 [62] 
10 mM PBS 3 days (100 

rpm) 
10 Not specified Not specified/480 20 [74] 

DMEM 3 days 25 Not specified 440/480 100 [34] 

ANS/Fluorescence spectroscopy Medium Incubation 
time 

ANS (μM) Darkness 
(min) 

Excitation/emission 
wavelength (nm) 

Aβ (μM)  

Not specified 3 days 50 30 380/500 30 [34] 

Congo red/UV–Vis spectroscopy Medium Incubation 
time 

Congo red 
(μM) 

Darkness 
(min) 

Absorption wavelength 
(nm) 

Aβ (μM)  

20 mM PBS, 50 mM NaCl 3 days 30 30 500 30 [34] 

Transmission Electron Microscopy 
(TEM) 

Medium Incubation 
time 

Voltage (kV) Negative staining (%, w/ 
v) 

Aβ (μM)  

50 mM PBS 3 days Not specified Phosphotungstic acid (1.5) 35 [55] 
10 mM Tris, 150 mM NaCl Not specified 200 Phosphotungstic acid (1.5) 100 [65] 
10 mM PBS, 10 mM 
Na2HPO4, 10 mM NaH2PO4 

2 days Not specified Uranyl acetate (2) Not 
specified 

[76] 

50 mM PBS 3 days Not specified Phosphotungstic acid (1.5) 35 [62] 

Method/Technique Medium Incubation 
time 

Voltage (kV) Negative staining (%, w/ 
v) 

Aβ (μM) Reference 

Transmission Electron Microscopy 
(TEM) 

10 mM PBS 6–96 h (100 
rpm) 

80 Uranyl acetate (2) 20 [74] 

10 mM HCl 2 days 100 Uranyl acetate (2) 50 [71] 
10 mM HCl 2 days 100 Uranyl acetate (2) 50 [72] 
Not specified 3 days Not specified Phosphotungstic acid (2) 1 (mg 

mL− 1) 
[34] 

Atomic Force Microscopy (AFM) Medium Incubation time Aβ (μM)  
10 mM PBS, 10 mM Na2HPO4, 10 mM NaH2PO4 2 days Not 

specified 
[76] 

10 mM PBS 6–96 h (100 rpm) 20 [74] 

Resonance light scattering (RLS)/ 
Fluorescence spectroscopy 

Medium Incubation time Excitation/emission 
wavelength (nm) 

Aβ (μM)  

H2O 10 min 200-800/200-800 0.05-0.5 [55] 
H2O 10 min 200-800/200-800 0.6 [62] 

Nuclear Magnetic Resonance 
(NMR) spectroscopy 

Medium Incubation time Aβ (μM)  
HEPES/10 % D2O 2 h 200 [65] 

Circular dichroism (CD) Medium Incubation 
time 

Absorption wavelength 
(nm) 

Aβ (μM)  

10 mM Tris, 150 mM NaCl 7 days 200–300 100 [65] 
10 mM PBS, 10 mM Na2HPO4, 10 mM NaH2PO4 2 days 190–260 10 [76] 
10 mM PBS 1–3 days 190–290 20 [74] 
DMEM 3 days 200–290 100 [34]  
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conformation and activity. SeNPs may also interact with enzymes, 
influencing their activity and, in the case of selenoproteins, modulating 
cellular functions. Interactions with nucleic acids, such as DNA and 
RNA, are possible, potentially affecting gene expression and genetic 
material integrity. Cellular uptake mechanisms, like endocytosis, facil
itate the internalization of SeNPs, allowing interaction with intracellular 
biomolecules and influencing cellular signaling pathways. 

The antioxidant properties of selenium, including SeNPs, involve 
scavenging free radicals and reactive oxygen species, offering cellular 
protection from oxidative damage. This diverse range of interactions 
underlines the complexity and potential applications of SeNPs in various 
fields, including medicine and nanotechnology. 

The Aβ42 protein is the keystone of current strategies in the devel
opment of drugs for the treatment of AD, as its aggregation is the initi
ator in the "amyloid cascade hypothesis", which is primarily responsible 
for the development of AD. As mentioned above, the events triggered by 
the aggregation of Aβ42 into extracellular amyloid plaques include 
impairment of interneuronal synapses, decreased mitochondrial respi
ration in neurons and astrocytes, oxidative stress, neuroinflammation 
and the formation of intracellular tangles due to hyperphosphorylation 
of tau with consequent disruption of cellular metabolism in neurons 
[21]. 

Since Aβ42 aggregation is the main cause of AD development, recent 
strategies are focused in inhibit the interaction between monomers, 
which lead to the formation of extracellular amyloid plaques. Different 
analytical methods and techniques, found in literature, to quantify and 
observe Aβ42 aggregation are compilated in Table 3. These methods 
include molecular fluorescence using Thioflavin T (ThT), transmission 
electron microscopy (TEM), and RLS. These techniques provide valuable 
information about the aggregation process, fibril morphology, and 
protein-nanoparticle interactions. In this context, the use of SeNPs 
modified with polyphenols such as resveratrol, CGA, epigallocatechin-3- 
gallate (EGCG), chiral penicillamine, as well as biogenic SeNPs, has 
shown potential in inhibiting amyloid aggregation and protecting 
against AD-related toxicity. This section compiles and discusses the 
different techniques and methods used to study Aβ42 aggregation and 
highlights the results obtained by employing SeNPs. 

One of the most accurate techniques to quantify amyloid aggregation 
and evaluate the aggregation process is the molecular fluorescence 
employing ThT as intercalating agent. ThT intercalates between aggre
gated Aβ42 fibrils, changing its structure and thus its excitation length 
from 415 nm in its free form to 450 nm in protein binding, with emission 
at 490 nm. This increase in ThT intensity at 490 nm, due to Aβ42 ag
gregation, can be determined by fluorescence spectroscopy [95]. 

Microscopy techniques such as TEM can be used to assess the 
morphology of Aβ42 protein aggregation [96]. Negative staining methods, 
such as the use of uranyl acetate or phosphotungstic acid, are necessary to 
observe these fibrils correctly. In addition, the microscope voltage should 
not be too high to avoid degradation of the organic matter. The micro
graphs obtained can be used to obtain data on the aggregation of the Aβ42 
protein under different conditions, and to estimate the length and width of 
the fibrils using programs such as ImageJ [97]. 

RLS is an optical technique that can provide information about the 
binding of Aβ42 fibrils to NPs, due to its high sensitivity [75]. This 
technique provides information about the radius of the nanoparticle, 
thus confirming the modification of its surface due to possible protein 
interactions. 

Resveratrol is a polyphenol with remarkable antioxidant properties, 
which has been used to modify SeNPs surface [55]. SeNPs stabilized 
with resveratrol (Res@SeNPs) were able to interact with Aβ42 fibrils, as 
TEM analysis (experimental conditions shown in Table 3) revealed that 
fibrils bounded to the surface of the NPs, not observing free Res@SeNPs 
in the micrographs. By using RLS (Table 3), Res@SeNPs signal increased 
in presence of Aβ42 fibrils, confirming the binding of the fibrils on the 
surface of the NPs via Se–N bonds. Aβ42-Res@SeNPs binding could 
interfere with the “metal ion hypothesis”, preventing metal ions to 

interact with Aβ42 fibrils. To this end, ThT assay (Table 3) was employed 
to study the kinetic of Aβ42 fibrils aggregation, induced by Cu(II), during 
5 days in presence of Res@SeNPs. Cu(II) increased ThT signal, obtaining 
a maximum at 48 h of incubation. Res@SeNPs were able to delay fibril 
aggregation up to 3 days. Res@SeNPs tested concentrations (20, 40 and 
60 μg mL− 1) proved that inhibition of amyloid aggregation was 
dose-dependent, being ThT fluorescence minimum at higher concen
trations of Res@SeNPs. Therefore, surface modification of SeNPs with 
resveratrol improves their antiamyloidogenic properties, blocking Cu(II) 
binding to Aβ42 fibrils. 

Another polyphenol with potential application in NPs surface func
tionalization is CGA [71]. CGA@SeNPs proved to reduce Aβ40-induced 
H2O2 generation employing DCFH-DA method [62]. For this purpose, 
35 μM Aβ40 was incubated with various concentrations of CGA@SeNPs 
(20, 40 and 60 μg mL− 1) at 37 ◦C for 3 days. Afterwards, 100 μM 
DCFH-DA was added and fluorescence was recorded at 488 nm excita
tion and 525 nm emission wavelengths. CGA@SeNPs reduced H2O2 
generation in a dose-dependent manner, from 60 % (20 μg mL− 1) to 70 
% reduction (60 μg mL− 1). Inhibition of Aβ40 fibrillation was evaluated 
by ThT assay for 5 days (conditions shown in Table 3). While Aβ40 
reached a plateau of fibrillation at 3 days of incubation with a maximum 
at 200 % of fluorescence intensity (compared to t = 0), in presence of 
CGA@SeNPs fluorescence intensity remained constant, specially at 60 
μg mL− 1. Morphology of Aβ40 fibrils was evaluated by TEM (conditions 
shown in Table 3). CGA@SeNPs results were consistent with ThT assay, 
preventing fibrils formation at 60 μg mL− 1. To deepen the interaction 
between Aβ40 and CGA@SeNPs, RLS was applied (conditions shown in 
Table 3). Intensity of CGA@SeNPs incubated with Aβ40 showed higher 
intensity (150 %) than CGA@SeNPs alone at 475 nm, confirming the 
binding of the amyloid protein to the surface of SeNPs by Se–N bonds. 
For that reason, CGA@SeNPs could interfere with Aβ40 fibrillation since 
they were able to block contact between monomers during incubation. 

Epigallocatechin-3-gallate (EGCG) is the most abundant polyphenol 
in green tea, with outstanding antioxidant properties. On this basis, 
EGCG has also been used to stabilize SeNPs (EGCG@SeNPs) [74]. 
However, EGCG has serious drawbacks, such as low cellular uptake, 
poor bioavailability, and cytotoxicity at high concentrations. To solve 
these problems, EGCG@SeNPs have been coated with Tet-1, a peptide of 
the tetanus toxin (Tet-1-EGCG@SeNPs). To evaluate the ability of these 
NPs to Aβ, ThT assay was employed (conditions shown in Table 3). 
While Aβ at 20 μM concentration generated a typical sigmoidal curve 
starting at 10 h of incubation with a maximum of 14000 a.u. at 70 h, in 
presence of 10 μg mL− 1 of EGCG@SeNPs and Tet-1-EGCG@SeNPs the 
maximum level decreased to 5000 a.u. and 4000 a.u., starting at 30 h 
and 40 h, respectively. To observe fibrils morphology, TEM technique 
was applied (conditions in Table 3). The presence of SeNPs led to an 
increase in amorphous oligomers and short fibrils, in contrast to Aβ 
alone, where large fibrils were observed. Tet-1-EGCG@SeNPs produced 
smaller amorphous oligomers than those obtained by EGCG@SeNPs, 
revealing the potential neuroprotection of Tet-1 peptide against AD. 
AFM was employed to monitor fibrillation process (conditions shown in 
Table 3), corroborating the ability of both types of SeNPs to inhibit 
amyloid plaques. Both SeNPs were able to disaggregate preformed fi
brils, by TEM and AFM measurements, at different paces. While 
Tet-1-EGCG@SeNPs started the disaggregation process at 24 h of incu
bation, and the expulsion of degradative products of the fibrils at 48 h, 
EGCG@SeNPs only started disaggregation of fibrils at 48 h. CD spec
troscopy was applied to study the secondary structure of fibrils under the 
presence of both SeNPs (conditions shown in Table 3). While Aβ 
monomer exhibited a random-coil conformation spectrum, with a 
negative peak at 195 nm, Aβ fibrils showed a B-sheet structure, with a 
negative peak at 218 nm. In presence of Tet-1-EGCG@SeNPs at different 
incubation times, β-sheet structure was transformed into a random-coil 
conformation, indicative of the presence of amorphous aggregates. The 
higher presence of H-bond sites in Tet-1 peptide, may allow the higher 
interaction with Aβ fibrils. 
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Selenium nanoparticles stabilized with chitosan (Ch-SeNPs) had also 
demonstrated an elevated ability in inhibition and disaggregation of 
metal-induced Aβ42 aggregation [71]. Aggregation and fibril 
morphology were studied by TEM with negative staining and ImageJ 
software treatment of micrographs (conditions shown in Table 3). 
Essential metal ions such as Fe(II), Cu(II) and Zn(II) favored amyloid 
aggregation, however co-incubation of Aβ42 with Ch-SeNPs prevented 
fibrils accumulation at 48 h. Additionally, these NPs were able to 
disaggregate pre-formed fibrils due to Fe(II) effect at 24 h, demon
strating their enormous potential in AD treatment. Continuing with 
Ch-SeNPs, their effect over enantiomerically-induced amyloid aggrega
tion had been also studied [72]. Due to the deleterious effect of D-en
antiomers of amino acids in AD, as the chiral environment affects Aβ, the 
need for chiral drugs is of increasing interest. As it is widely known, 
chitosan possesses chirality, which may be useful to inhibit 
enantiomerically-induced Aβ42 aggregation. In this work, authors 
demonstrated the preference of D-amino acids over L-amino acids, being 
the former the non-naturally present in human organisms, in increasing 
amyloid aggregation and fibrils width. However, Ch-SeNPs were shown 
to interact with D-enantiomers, while not with L-enantiomers, by 
UV–Vis and fluorescence spectroscopy, and in some cases, stoichiometry 
could be elucidated. Therefore, they were able to inhibit the 
enantiomerically-induced aggregation of Aβ42 (conditions shown in 
Table 3). Taking these results into account, Ch-SeNPs are a promising 
drug against AD and should be further investigated. 

Chondroitin sulphate (CS) possess diverse biological properties, such 
as antioxidant, anti-inflammation and neuroprotective. Therefore, 
selenium-chondroitin sulphate nanoparticles (CS@SeNPs) have been in 
vitro studied in AD field [34]. Regarding Aβ42 aggregation kinetics, ThT 
fluorescence and Congo red assays were employed (conditions shown in 
Table 3). In ThT assay, while Aβ42 alone presented a maximum of (103 
± 4) a.u., in presence of 50 μg mL− 1 CS@SeNPs intensity decreased to 
(81 ± 2) a.u. By Congo red assay, Aβ42 alone had a maximum of 0.24 a. 
u., while in presence of CS@SeNPs at 25 μg mL− 1 absorbance decreased 
to 0.13, and at 50 μg mL− 1 decreased to 0.8. Employing CD, monomeric 
Aβ42 presented a random-coil structure, while Aβ42 incubated for 3 days 
changed secondary structure towards a β-sheet rich form with a negative 
peak at 216 nm. In presence of 25 μg mL− 1 CS@SeNPs secondary 
structure presented the same pattern with a decrease in the band at 216 
nm. Nevertheless, at 50 μg mL− 1 the structure was similar to monomeric 
Aβ42, showing the ability of these NPs to inhibit the transition to β-sheet 
in Aβ42, and therefore preventing amyloid plaques formation. Employ
ing 1-anilino-8-naphthalene sulphate (ANS), authors could quantify the 
hydrophobicity of Aβ fibrils (conditions shown in Table 3). ANS is a 
commonly employed extrinsic fluorescent protein probe that exhibits 
distinctive fluorescence emission when it binds to hydrophobic regions 
located on the protein surface. Its application is widespread in assessing 
the likelihood of hydrophobic regions within a protein. Aβ42 alone 
showed a fluorescence intensity of (410 ± 7) a.u., while in presence of 
25 and 50 μg mL− 1 CS@SeNPs, intensity was reduced to (370 ± 7) and 
(358 ± 9) a.u., respectively. In order to study fibrils morphology, TEM 
assay was employed as described in Table 3. Aβ42 incubated for 3 days 
formed long branched fibrils, while in presence of CS@SeNPs many 
amorphous oligomers and short fibrils were observed. This decrease in 
fibrils length was dose-dependent, obtaining the most promising results 
at 50 μg mL− 1 CS@SeNPs. Results were consistent with CD analysis, 
were the highest concentration of CS@SeNPs inhibited β-sheet 
formation. 

Biogenic SeNPs from Lactobacillus casei have been also tested against 
Aβ25-35 toxicity [80]. For this purpose, Aβ aggregation was monitored by 
fluorescence spectroscopy employing ThT (conditions shown in 
Table 3). This assay demonstrated that the fragment 25–35 of Aβ 
reached a maximum of aggregation at 7 days, when incubated at 37 ◦C, 
and SeNPs were able to reduce fluorescence maximum, therefore 
inhibiting amyloid aggregation. 

Additionally, effect of selenium-doped carbon quantum dots 

(SeCQDs) against Aβ40 has been tested in vitro [65]. Employing fluo
rescence spectroscopy and ThT assay, Aβ40 effect increased ThT fluo
rescence reaching a maximum of intensity at 7 days (conditions shown 
in Table 3). However, the presence of SeCQDs (5 and 50 μg mL− 1) 
inhibited the aggregation process, slowing the kinetic reaction and 
reducing the maximum intensity, in a dose-dependent manner. By 
employing circular dichroism (CD), SeCQDs were able to inhibit the 
transition to β-sheet conformation of Aβ40 (Table 3). In addition, by TEM 
analysis, SeCQDs inhibited Aβ fibrillization process, stopping the 
assembling into mature fibrils. To further understanding the binding to 
Aβ40, nuclear magnetic resonance (NMR) spectroscopy was applied 
(Table 3). SeCQDs broadened His and Tyr10 lines of Aβ40 and shifted Lys 
and Glu resonances to high-field, confirming the direct interaction of 
SeCQDs with Aβ residues or the induction of structural changes in this 
protein. This could be explained by the possible electrostatic in
teractions between the negative charged surface of SeCQDs, in contrast 
with to cationic cluster HHQK of the amyloid protein. This interaction 
could be the reason of the inhibition activity against amyloid 
aggregation. 

On the other hand, chiral penicillamine-capped selenium nano
particles (L-/D-Pen@SeNPs) have demonstrated excellent anti- 
amyloidogenic properties [76]. To study their inhibition of 
Aβ40-induced aggregation, fluorescence spectroscopy using ThT assay 
was applied (conditions shown in Table 3). While Zn(II) increased the 
aggregation rate of fibrillation (maximum of fluorescence at 30 min), 
addition of L-/D-Pen@SeNPs delayed the fibrillation process, increasing 
the time to reach the plateau (40–60 min). While L-Pen@SeNPs only 
decreased the maximum intensity by 30 %, D-Pen@SeNPs inhibited it by 
42 %. As observed by CD, Aβ40 incubated during 48 h changed its 
structure from random coil to β-sheet, with a negative peak at 215 nm. 
The presence of Zn(II) in the incubation process increased the intensity 
of this peak, confirming the formation of more β-sheet structures. While 
both enantiomers successfully reduced the intensity of the band at 215 
nm, D-Pen@SeNPs demonstrated a greater ability in the inhibition of 
β-sheet structure. TEM analysis showed various amorphous aggregates 
with heterogeneous oligomers when Aβ40 was incubated with Zn(II) 
(conditions shown in Table 3). While D-Pen@SeNPs decreased the size 
of the amorphous aggregates, L-Pen@SeNPs had almost no effect. 

In conclusion, the techniques and methods employed in this field 
have provided valuable insights into Aβ42 aggregation, and the potential 
of SeNPs in inhibiting amyloid formation and protecting against AD- 
related toxicity. Molecular fluorescence using ThT has proven to be an 
accurate technique for quantifying amyloid aggregation and evaluating 
the kinetics of the aggregation process. TEM has allowed the visualiza
tion of Aβ42 fibrils and the estimation of their length and width, 
providing crucial data on the morphology of the aggregates. RLS has 
demonstrated its high sensitivity in detecting the binding of Aβ42 fibrils 
to NPs, offering valuable information about nanoparticle-protein in
teractions. The surface modification of SeNPs with polyphenols such as 
resveratrol, CGA, and Tet-1-EGCG has shown promising results in 
inhibiting amyloid aggregation and interfering with the binding of metal 
ions to Aβ42 fibrils. The biogenic SeNPs derived from Lactobacillus casei 
and SeCQDs have also demonstrated inhibitory effects on Aβ aggrega
tion. Chiral L-/D-Pen@SeNPs have exhibited excellent anti- 
amyloidogenic properties, with D-Pen@SeNPs showing a greater abil
ity to inhibit β-sheet structure formation. Overall, these findings support 
the potential of SeNPs as therapeutic agents for the treatment of AD, 
providing new avenues for future research and drug development in the 
field of neurodegenerative disorders. 

3.2. Bioanalytical assessment of selenium nanoparticles neuroprotection 
in cell lines: unravelling mechanisms and efficacy 

This section focuses on the in vitro evaluation of the neuroprotective 
properties of SeNPs using different cell lines relevant to AD research. By 
employing bioanalytical techniques several aspects have been explored, 
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including the cytotoxicity of SeNPs, their intracellular effects, accumu
lation within cells, and antioxidant properties. 

The choice of appropriate cell lines is crucial for studying AD-related 
mechanisms and evaluating potential therapeutic interventions. 
Commonly used cell lines such as PC12, SH-SY5Y, N2a, and SN56 offer 
valuable models for investigating AD pathology and assessing the effi
cacy of neuroprotective agents. By employing these cell lines, re
searchers have gain insights into the cellular responses to SeNPs and 
their impact on AD-related processes. 

Bioanalytical techniques play a fundamental role in elucidating the 
mechanisms underlying the neuroprotective effects of SeNPs. These 
techniques allow the assessment of the cytotoxicity of SeNPs and their 
ability to reduce AD-induced cytotoxicity in cell lines. Moreover, they 
provide valuable information about the intracellular effects of SeNPs, 
including their accumulation patterns and potential interactions with 
cellular components. Additionally, the antioxidant properties of SeNPs 
can be evaluated using these techniques, shedding light on their po
tential to mitigate oxidative stress, a key factor in AD pathogenesis. 

The findings obtained from in vitro studies employing cell lines 
contribute to our understanding of the therapeutic potential of SeNPs in 
AD. By elucidating the mechanisms underlying neuroprotective effects 
of SeNPs and their interactions with cellular components, these studies 
provide a foundation for further research and development of SeNPs as 
potential therapeutic interventions for AD. 

3.2.1. Overview of main cell lines undergoing in AD research 
Several cell lines have emerged as valuable models to study AD- 

related processes and explore the neuroprotective effects of various 
compounds. Here, an overview of the primary cell lines employed in AD 
research (Fig. 3) and highlights their significance in advancing our un
derstanding of the disease is provided. 

Rat pheochromocytoma (PC12) cell line, originally derived from a 
rat adrenal medullary tumor, has been extensively utilized in AD studies 
due to its ability to differentiate into a neuronal phenotype [98]. This 
cell line exhibits characteristics of sympathetic neurons and has proven 
valuable for investigating cellular processes involved in AD pathogen
esis, such as neurotoxicity, oxidative stress, and neuroinflammation. 
PC12 cells have been instrumental in elucidating the molecular mech
anisms underlying Aβ-induced neurotoxicity and the evaluation of po
tential neuroprotective agents. Several studies have reported their use 
for in vitro assessment of SeNPs neuroprotection [55,62,65,74,76,80]. 

Additionally, adipose mesenchymal stem cells (AMSCs) have gained 
recognition as a valuable cell line in AD research [99]. AMSCs, derived 
from adipose tissue, possess the ability to differentiate into multiple cell 
types, including neuronal-like cells. These cells offer a unique advantage 
in AD research by providing a model that closely mimics the physio
logical environment of the brain. AMSCs have been utilized to study 
various aspects of AD, including Aβ metabolism, neuroinflammation, 
and neurogenesis. Their regenerative properties and potential for 
neuronal differentiation make AMSCs a promising tool for investigating 
novel therapeutic approaches and regenerative strategies in AD. The 

Fig. 3. Main cell lines employed in AD research (ATCC).  
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inclusion of AMSCs as a cell line in AD research broadens the scope of 
investigation and adds another dimension to our understanding of the 
disease processes involved. 

Another widely used cell line in AD research is SH-SY5Y, a human 
neuroblastoma cell line [100]. SH-SY5Y cells possess dopaminergic 
neuronal characteristics and can be differentiated into mature neurons, 
making them suitable for studying AD-related processes. This cell line 
has been employed to investigate Aβ aggregation, tau phosphorylation, 
mitochondrial dysfunction, and neuronal cell death [34]. The SH-SY5Y 
cell line offers a valuable model to explore the cellular mechanisms 
involved in AD pathology and assess the therapeutic potential of various 
compounds. 

Neuro-2a cells, derived from a mouse neuroblastoma, have also 
played a significant role in AD research [73]. Neuro-2a cells exhibit 
neuronal characteristics and have been utilized to study Aβ metabolism, 
cellular signaling pathways, and neuronal differentiation. These cells 
provide a platform to investigate the impact of various interventions on 
Aβ production, clearance, and neurotoxicity, contributing to our un
derstanding of AD pathogenesis. 

In summary, the selection of appropriate cell lines is crucial for 
advancing our knowledge of AD pathogenesis and evaluating potential 
therapeutic interventions. Each cell line provides a unique perspective, 
allowing to explore various aspects of AD pathology and assess the ef
ficacy of potential neuroprotective agents. The utilization of these cell 
lines has contributed to the progress in understanding AD and provides a 
solid foundation for future studies aimed at developing effective treat
ments for this debilitating disorder. 

3.2.2. Main bioanalytical techniques employed in AD cellular studies 
In this section, the main bioanalytical techniques used in cellular 

studies related to AD will be introduced. These techniques can be 
categorized into three subgroups: cytotoxicity assays, accumulation and 
intracellular effect analysis, and oxidative stress assessment (Fig. 4). 

Cytotoxicity assays play a crucial role in evaluating the toxic effects 
of compounds on cells. Two commonly employed methods within this 
category are UV–Vis spectroscopy, applied to MTT and CCK-8 assays, 
and flow cytometry utilizing propidium iodide (PI) staining. UV–Vis 
spectroscopy has been extensively used in MTT and CCK-8 assays to 
assess cell viability. These colorimetric assays rely on the conversion of 

tetrazolium salts into formazan crystals by mitochondrial enzymes in 
viable cells. The resulting absorbance is measured using UV–Vis spec
troscopy, providing quantitative information about cell viability [70]. 
On the other side, flow cytometry employing with PI staining, allows for 
the assessment of cell death. PI, a DNA intercalating agent, is imper
meable to live cells but enters and stains the DNA of dead or dying cells. 
By analyzing the fluorescence emitted by propidium iodide-stained cells 
using flow cytometry, it is possible to quantify the extent of cytotoxicity 
in a cell population [73]. 

Understanding the accumulation and intracellular effects of mole
cules within cells is crucial for studying the mechanisms underlying AD. 
Several techniques commonly employed in this regard are microscopy 
techniques, fluorescence spectroscopy, and ICP techniques. Microscopy 
techniques, such as TEM, provide high-resolution imaging of cellular 
structures. In this context, TEM allows to examine the accumulation of 
SeNPs by cell population and observe their impact on cellular 
morphology [73]. Fluorescence spectroscopy techniques, ThT and 4′, 
6-diamidino-2-phenylindole (DAPI) or Hoechst 33342 staining, offer 
valuable insights into the intracellular localization of specific molecules. 
ThT is a fluorescent dye that binds to amyloid fibrils, enabling the 
detection and quantification of their accumulation. DAPI and Hoechst 
33342 are DNA-intercalating dyes used to visualize the nuclei of cells, 
aiding in the analysis of nuclear alterations [34]. Inductively coupled 
plasma techniques, such as inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) and inductively coupled plasma mass spec
trometry (ICP-MS), provide quantitative measurements of elemental 
composition in cellular samples. These techniques have been employed 
to investigate the accumulation of selenium in cell populations [74]. 

Oxidative stress is a critical factor in AD progression, and its 
assessment within cellular studies is of immense importance. Several 
techniques commonly used to evaluate oxidative stress include fluo
rescence microscopy, flow cytometry, and fluorescence spectroscopy, all 
employing the fluorescent probe 2′,7′-dichlorofluorescin diacetate 
(DCFH-DA). Fluorescence microscopy enables the visualization and 
quantification of ROS generation within cells. By measuring the fluo
rescence intensity of the oxidized product, it is possible to assess the 
extent of oxidative stress in specific cellular compartments [80]. Flow 
cytometry and fluorescence spectroscopy allow for the quantitative 
analysis of ROS levels in a cell population. By monitoring the 

Fig. 4. Main bioanalytical techniques for in vitro neuroprotective studies in cell lines.  
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fluorescence signal, the overall response to oxidative stress can be 
assessed in a high-throughput manner [55]. 

In summary, the utilization of bioanalytical techniques within 
cellular studies in the field of AD is vital for understanding disease 
mechanisms and identifying potential therapeutic targets. Cytotoxicity 
assays, accumulation and intracellular effect analysis, and oxidative 
stress assessment techniques contribute significantly to our knowledge 
of the cellular processes underlying AD pathology (Table 4). 

3.2.3. Cytotoxicity of selenium nanoparticles and reduction of AD-induced 
cytotoxicity in cell lines 

The assessment of cytotoxicity is crucial when evaluating the po
tential applications of SeNPs. Various techniques and methods are 
employed to determine cell viability and detect cellular changes asso
ciated with cytotoxicity. This section explores the utilization of different 
techniques such as the 3-(4,5- dimethylthiazol-2-yl)-2,5- 
diphenyltetrazole bromide (MTT) colorimetric assay, flow cytometry 
with fluorochromes, terminal deoxynucleotidyl transferase dUTP nick 
end labelling (TUNEL)- DAPI co-staining, and lactate dehydrogenase 
(LHD) analysis to evaluate the cytotoxicity of SeNPs. 

MTT assay is a widely used colorimetric method, for assessing cell 
viability and proliferation, which measures the metabolic activity of 
cells [101]. The MTT assay is commonly used for evaluating the cyto
toxicity of compounds, NPs, or drugs, as well as assessing the effects of 
various treatments or conditions on cell viability. It is a simple, rapid, 
and cost-effective assay that provides quantitative information about 
cell viability and can be adapted to high-throughput screening. 

Flow cytometry is a powerful analytical technique used to analyze 
and quantify characteristics of individual cells or particles in a hetero
geneous population [102]. It utilizes the principles of fluid dynamics 
and laser-based detection. In a flow cytometry assay, cells are labelled 
with fluorescently labelled antibodies or dyes, mainly propidium iodide 

(PI), that bind to specific molecules or cellular components of interest. 
By this way, flow cytometry can provide information about cell viability, 
proliferation, differentiation, apoptosis, and the expression of cell sur
face markers. It enables the identification and characterization of 
different cell populations within a sample and allows for the study of 
complex cellular processes at the single-cell level. Flow cytometry is 
widely used in various fields, including immunology, cancer research, 
stem cell biology, and microbiology, due to its high throughput, sensi
tivity, and versatility in analyzing multiple parameters simultaneously. 

In TUNEL-DAPI assay, DNA strand breaks in apoptotic cells are 
labelled by incorporating fluorescently labelled nucleotides at the free 
3′-OH ends of fragmented DNA [62]. By combining TUNEL labelling and 
DAPI staining, the TUNEL-DAPI assay allows for the visualization and 
quantification of apoptotic cells with fragmented DNA. Apoptotic cells 
typically exhibit bright fluorescent labelling in their nuclei due to the 
presence of DNA breaks. This assay provides valuable information on the 
initial stages of DNA fragmentation in apoptotic cells and can be used in 
conjunction with other techniques to study cell death processes, eval
uate the efficacy of potential therapeutic interventions, and assess the 
cytotoxicity of various agents or NPs. 

LHD assay is a commonly used method to assess cell membrane 
damage and cytotoxicity [103]. LHD, or lactate dehydrogenase, is an 
enzyme present in the cytoplasm of cells. By quantifying the amount of 
LHD released, the LHD assay provides a quantitative measure of cell 
membrane integrity and can be used to evaluate the cytotoxic effects of 
various compounds, NPs, or treatments. It is a valuable tool in assessing 
cell viability, cytotoxicity, and the protective effects of agents against 
membrane damage. 

Briefly, the assessment of cytotoxicity is essential in understanding 
the potential applications of SeNPs. Techniques such as the MTT assay, 
flow cytometry with fluorochromes, TUNEL-DAPI co-staining, and LHD 
analysis provide valuable insights into cell viability, apoptosis, DNA 

Table 4 
Comprehensive bioanalytical approaches for the assessment of bioanalytical parameters in AD cell populations regarding SeNPs effect.  

Bioanalytical 
parameter 

Method Technique Experimental conditions Reference 

Cytotoxicity MTT UV–Vis 
spectroscopy 

Incubation time 
(days) 

MTT (mg L− 1) Absorption 
wavelength (nm) 

Aβ (μM)  

2 Not specified Not specified 35 [55] 
1 Not specified 570 10 [65] 
1, 2, 3 Not specified Not specified – [70] 
3 Not specified Not specified 35 [62] 
2 Not specified Not specified 20 [74] 
2 0.5 570 – [73] 

CCK-8 Incubation time 
(days) 

CCK-8 Absorption 
wavelength (nm) 

Aβ (μM)  

2 Not specified 450 25 [80] 
1 Not specified 450 20 [34] 

PI Flow cytometry Incubation time 
(days) 

IP (μg mL− 1) Excitation/emission wavelength (nm)  

2 2 535/617 [73] 
Oxidative stress DCFH-DA Fluorescence 

spectroscopy 
Medium (pH) Incubation 

time (days) 
DCFH-DA 
(mM) 

Under darkness 
(min) 

Excitation/emission 
wavelength (nm) 

Aβ 
(μM)  

50 mM PBS (7.4) 5 0.1 Not specified 488/525 35 [55] 
10 mM Tris, 150 
mM NaCl (7.4) 

7 0.02 60 488/525 100 [65] 

PBS 6 (h) 0.005 30 488/525 10 [34] 
Flow cytometry  2 10 Not specified 488/525 35 [55] 

PBS 3 10 30 488/525 35 [62] 
Not specified 1 0.005 30 488/530 20 [74] 

Fluorescence 
microscopy 

Not specified 2 0.01 20  25 [80] 
PBS 3 10 30 488/525 35 [62] 

Intracellular Aβ- 
fibrillation 

ThT/DAPI Fluorescence 
microscopy 

Medium (pH) Incubation 
time (days) 

ThT (%) DAPI (μg mL− 1) Excitation/emission 
wavelength (nm) 

Aβ 
(μM)  

10 mM PBS (7.4) 2 0.05 1 Not specified/480 20 [74] 
Not specified 2 0.05 1 440/488 10 [76] 

ThT/ 
Hoechst 
33342 

Medium (pH) Incubation 
time (days) 

ThT (%) Hoechst 33342 Excitation/emission 
wavelength (nm) 

Aβ 
(μM)  

PBS 2 Not 
specified 

Not specified Not specified 10 [34]  
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fragmentation, and membrane integrity. These methods have been 
employed in numerous studies to evaluate the cytotoxicity of SeNPs and 
assess their potential protective effects against different cytotoxic 
agents. 

Res@SeNPs have been tested in vitro with PC12 cells against Cu(II)- 
induced Aβ42 cytotoxicity during 48 h by MTT assay (experimental 
conditions shown in Table 4) [55]. While Aβ42 produced a cell viability 
of 46 %, Aβ42-Cu(II) decreased viability to 32 %. However, Res@SeNPs 
increased cell viability to 93 %, protecting PC12 cells from Aβ42-Cu(II) 
cytotoxicity. Additionally, extracellular lactate dehydrogenase (LHD) 
levels, as an indicator of cell membrane damage, were analyzed by using 
a commercial kit. While Aβ42 and Aβ42-Cu(II), increased cell membrane 
damage (142 % and 213 %, respectively), Res@SeNPs were able to 
prevent membrane integrity, achieving normal LHD levels. Aβ42 and 
Aβ42-Cu(II) also demonstrated to induce early apoptotic death in PC12 
cells, by using TUNEL-DAPI co-staining. However, in presence of 
Res@SeNPs, DNA fragmentation decreased significatively, suggesting 
that this SeNPs could mitigate Aβ42-Cu(II) apoptotic activity in PC12 
cells. 

CGA@SeNPs demonstrated to reduce cytotoxicity of Aβ40 against 
PC12 cells by MTT method (conditions shown in Table 4) [62]. While 35 
μM Aβ40 produced a 47 % decrease in cell viability, co-treatment with 
60 μg mL− 1 CGA@SeNPs only reduced cell viability by 5 %, protecting 
cells against Aβ40 toxicity. Regarding membrane integrity, Aβ40 
increased 142 % LDH levels, while in presence of CGA@SeNPs LDH 
levels were statistically similar to control. Therefore, CGA@SeNPs could 
prevent membrane integrity against Aβ40 effect. By using TUNEL-DAPI 
co-staining and fluorescence microscopy, CGA@SeNPs were able to 
counteract cell apoptosis induced by Aβ40, reducing fluorescent green 
intensity of apoptotic nuclei, and protecting neurons from apoptotic 
death. 

EGCG@SeNPs and Tet-1-EGCG@SeNPs cytotoxicity was tested 
against PC12 cells by MTT assay (conditions shown in Table 4) [74]. 
While Aβ at 20 μM decreased cell viability to 56 %, the presence of 
EGCG@SeNPs and Tet-1-EGCG@SeNPs at 10 μg mL− 1 increased this 
percentage to 75 % and 88 %, respectively. TUNEL-DAPI co-staining 
assay was applied to test protection against DNA fragmentation induced 
by Aβ fibrils, observed by a fluorescence microscope. While these fibrils 
provoked an increase in DNA fragmentation and nuclear condensation, 
both types of SeNPs reduced these effects, demonstrating their ability to 
transform Aβ fibrils into other structures that resulted in less induction 
of DNA fragmentation. 

Cytotoxicity of selenium nanoparticles stabilized with chitosan (Ch- 
SeNPs) has been evaluated in vitro against adipose mesenchymal stem 
cells (AMSC) employing MTT method (conditions shown in Table 4) 
[70]. Ch-SeNPs (0.01, 0.1, 1 and 10 μg mL− 1) were able to increase cell 
proliferation at 24 (20, 20, 22.5, and 25 %, respectively), 48 (20, 15, 15, 
and 15 %, respectively) and 72 h (20, 15, 10 and 10 %, respectively), in 
comparison with the control group. In addition, Ch-SeNPs at 10 μg mL− 1 

were able to decrease LDH levels after 24 (40 %), 48 (20 %) and 72 h (43 
%) treatment, which indicates their ability to protect cell membrane 
damage. 

Additionally, Ch-SeNPs have been in vitro evaluated employing 
mouse (Neuro-2a) and human (SH-SY5Y) neuroblastoma cell lines [73]. 
Regarding cytotoxicity assays, two methods were employed: MTT and 
flow cytometry (conditions shown in Table 4). For this purpose, 
Ch-SeNPs at various concentrations (50–1000 μM) were evaluated at 48 
h of exposure. Results showed that Neuro-2a cells were more sensitive 
than SH-SY5Y to Ch-SeNPs toxicity. Moreover, MTT method and flow 
cytometry assay offered similar cytotoxicity values for SH-SY5Y cells, 
while differences between methods were found in Neuro-2a cells. This 
distinction can be attributed to the different metabolic activity of 
mammalian cells in relation to mitochondrial dehydrogenases. Howev
er, Ch-SeNPs at 50 μM had no significant effect on cell viability in any 
cell line. Lethal concentration for 50 % of cell population values for 
Neuro-2a were ranged between (250 ± 30) and (330 ± 20) μM, while 

for SH-SY5Y were (350 ± 10) and (430 ± 10) μM, for MTT and flow 
cytometry methods, respectively. 

Reduction of Aβ42-induced cytotoxicity in SH-SY5Y cell line by 
CS@SeNPs employing CCK-8 assay as described in Table 4 [34]. While 
20 μM Aβ42 reduced cell viability to (70 ± 2)% at 24 h, co-incubation 
with 25 and 50 μg mL− 1 increased cell viability to (80 ± 6)% and 
(103 ± 9)%, respectively. Therefore, CS@SeNPs could mitigate Aβ42 
cytotoxicity in a dose-dependent manner. 

Biogenic SeNPs from Lactobacillus casei demonstrated to reduce the 
cytotoxicity of Aβ25-35 in PC12 cells [80]. Aβ25-35 toxicity was tested at 
two different concentrations (25 and 50 μM) at two different incubation 
times (24 and 48 h). Since Aβ toxicity was statistically similar for both 
concentrations at 48 h, authors chose 25 μM (24.42 % of cytotoxicity) to 
perform the following experiments. Biogenic SeNPs, from 0 to 64 μg 
mL− 1, demonstrated no cytotoxicity in PC12 cells, while pre-treatment 
of cells during 12 h with SeNPs (2, 4 and 8 μg mL− 1) mitigate Aβ25-35 
toxicity, in a dose-dependent manner. Regarding membrane integrity, 
LDH levels were measured under the effect of 25 μM of Aβ25-35 during 
48 h, observing higher LDH release than cells pre-treated with 8 μg mL− 1 

of SeNPs. Therefore, biogenic SeNPs could protect membrane integrity 
from Aβ effect. Aβ25-35 increased AChE activity by 10 %, while 
pre-treatment with 8 μg mL− 1 SeNPs reduced its activity to similar levels 
than control. Moreover, SeNPs were able to inhibit Aβ25-35-induced 
apoptosis and necrosis, confirmed by fluorescence of Hoechst33342 
nuclear dying agent and Annexin V-FITC/PI staining. The inflammatory 
response in PC12 cells induced by Aβ25-35 was measured by the mon
itorization of the increase of pro-inflammatory (IL-1β and IL-18) and 
decrease of anti-inflammatory (IL-4 and IL-10), cytokine levels. 
Pre-treatment with SeNPs decreased pro-inflammatory cytokines while 
increased anti-inflammatory ones, counteracting Aβ25-35 effect. 

Ability of SeCQDs against Aβ40-induced cytotoxicity in PC12 cell line 
had also been investigated, employing MTT method (conditions shown 
in Table 4) [65]. Aβ40 decreased cell viability to 54 % at 24 h, while 
pre-treatment with SeCQDs (0.5 and 5 μg mL− 1) prevented this cyto
toxicity in a dose-dependent manner (80 % and 90 %, respectively). 

In conclusion, the studies discussed in this section provide evidence 
for the potential of SeNPs in mitigating cytotoxicity and protecting cells 
against various toxic agents. The techniques and methods employed, 
such as the MTT assay, flow cytometry with fluorochromes, TUNEL- 
DAPI co-staining, and LHD analysis, have been instrumental in evalu
ating the cytotoxic effects of SeNPs and assessing their protective 
properties. Further research is warranted to explore the underlying 
mechanisms and optimize the use of SeNPs in biomedical applications. 

3.2.4. Accumulation and intracellular effect of SeNPs in cell lines 
The accumulation and intracellular effects of SeNPs in cell lines have 

been a subject of investigation in the field of AD. Various techniques and 
methods have been employed to study the internalization, distribution, 
and impact of SeNPs within different cell types. This section focuses on 
the utilization of fluorescence spectroscopy, microscopy, and ICP anal
ysis, among others, to investigate the behavior of SeNPs in cell lines. 

Biogenic SeNPs from Lactobacillus casei were able to internalize in 
PC12 cells, as observed by TEM [80]. Se signal was observed by EDX, 
confirming the presence of this NPs in cytoplasm of PC12 cells by 
endocytosis. However, no evidence of nuclear internalization was shown 
in this research. 

Fluorescence microscopy is a technique which allow to visualize 
intracellular Aβ aggregates, by the proper staining of fibrils with ThT 
and DAPI [76]. By this method, L-/D-Pen@SeNPs have been tested to 
counteract Aβ40 intracellular aggregation (conditions shown in Table 4). 
While D-Pen@SeNPs successfully achieved to reduce ThT fluorescence 
induced by Zn(II), L-Pen@SeNPs did not show anti-amyloidogenic ac
tivity. Inhibition of intracellular Aβ40 aggregation due to D-Pen@SeNPs 
could be related to their enhanced cellular uptake by PC12 cells. 

EGCG@SeNPs and Tet-1-EGCG@SeNPs cellular uptake has been 
quantified by ICP-AES in PC12 cells [74]. For this purpose, 107 cells 
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were incubated in presence of both types of SeNPs (5 and 10 μg mL− 1) 
during 12 h, being washed afterwards. An acid digestion employing 
HNO3 and H2O2 at 180 ◦C during 90 min was performed, and samples 
were analyzed by ICP-AES. While EGCG@SeNPs at 10 μg mL− 1 

increased Se content from 0.09 μg to 1.4 μg, Tet-1-EGCG@SeNPs at 5 
and 10 μg mL− 1 increased Se to 2.8 and 5.6 μg respectively, being 
therefore the most accumulated by this cell line. Intracellular Aβ ag
gregation was detected by ThT and DAPI staining (conditions shown in 
Table 4). While EGCG@SeNPs at 10 μg mL− 1 slightly reduced ThT 
fluorescence intensity, Tet-1-EGCG@SeNPs completely inhibited ThT 
signal, indicative of the enormous potential of the latter to inhibit 
intracellular Aβ fibrillation inside PC12 cells. The higher cellular uptake 
of this type of SeNPs may be related to their ability to inhibit amyloid 
aggregation. 

The internalization pathway of Ch-SeNPs in SH-SY5Y cells has been 
studied by TEM, pre-fixed with paraformaldehyde/glutaraldehyde and 
post-fixed with osmium tetroxide [73]. These NPs were observed in 
three distinct stages of internalization (early, intermediate and 
advanced), as can be seen in Fig. 5. Since they were able to inhibit in vitro 
amyloid aggregation, their adherence to the outside part of the cell 
membrane in early (Fig. 5b) and intermediate (Fig. 5c) stages could be 
indicative to their enormous potential in the disruption of extracellular 
amyloid plaques. Due to the well-known antioxidant properties of se
lenium, presence of Ch-SeNPs inside mitochondria in intermediate 
stages (Fig. 5d) could be strongly beneficial to reduce mitochondrial 
DNA oxidation observed in AD patients. Nevertheless, in intermediate 
and advanced (Fig. 5e) stages, the Ch-SeNPs were able to cross the nu
clear membrane, hence their effect inside the nucleus and nucleoli 
should be further studied. 

With the aim of deepening into the accumulation of Ch-SeNPs inside 
neuroblastoma cell lines, ICP-MS in single cell mode (SC-ICP-MS) was 
employed to Neuro-2a and SH-SY5Y cells exposed to Ch-SeNPs (10, 50 
and 250 μM) during 48 h [73]. Once more, SH-SY5Y cells offered higher 
accumulation of selenium than Neuro-2a, while both of them were able 
to accumulate Ch-SeNPs at every concentration tested in a 
dose-dependent manner. For 10, 50 and 250 μM, Neuro-2a accumulated 
a maximum of 37.4, 63.9 and 89.5 fg Se cell− 1, respectively, while 
SH-SY5Y demonstrated a maximum accumulation of 54.1, 76.8 and 
129.8 fg Se cell− 1, respectively. Due to the high variability of selenium 
accumulation by neuroblastoma cells, selective techniques such as 
SC-ICP-MS are often used to provide solid information of selenium dis
tribution in cell populations. 

CS@SeNPs ability to inhibit intracellular Aβ42 fibrillation inside SH- 
SY5Y cells was evaluated by ThT/Hoechst 33342 fluorescence assay, as 
shown in Table 4 [34]. In presence of Aβ42, several green spots were 
observed in SH-SY5Y cells, indicative of the formation of intracellular 
fibrils. However, in presence of 25 μg mL− 1 CS@SeNPs green fluores
cence significatively decreased, and at 50 μg mL− 1 nearly all fluores
cence disappeared. Additionally, CS@SeNPs were able to reduce 
Aβ42-induced hyperphosphorylation of tau at Ser396 and Ser404, being 
therefore promising anti-AD drugs. 

These findings emphasize the potential of SeNPs as therapeutic 
agents for AD and provide a better understanding of their intracellular 
behavior. The combination of fluorescence spectroscopy, microscopy, 
TEM, and ICP analysis has proven valuable in investigating the accu
mulation and intracellular effects of SeNPs in cell lines, paving the way 
for further research in the field of AD treatment. 

3.2.5. Antioxidant properties of SeNPs in cell lines 
Oxidative stress has emerged as a crucial factor in the pathogenesis 

of AD. The disruption in the equilibrium of pro-oxidant/antioxidant 
homeostasis is a major mechanism underlying oxidative stress. In 
recent years, various techniques and methods have been employed to 
investigate the antioxidant properties of SeNPs to mitigate the oxidative 
stress associated with AD. 

One notable technique used to assess the antioxidant activity of 

SeNPs is the DCFH-DA assay, which measures the intracellular levels of 
ROS. In this method, the DCFH-DA molecule is internalized by cells and 
converted to DCFH in the presence of ROS. DCFH is non-fluorescent, but 
when oxidized by ROS, it is converted to 2′,7′-dichlorofluorescein (DCF), 
a highly fluorescent molecule. 

On the other hand, flow cytometry is a technique that enables 
quantitative measurement and analysis of the physical and chemical 
characteristics of individual cells. In the case of the DCFH-DA assay, flow 
cytometry is used to quantify the fluorescence intensity generated by 
DCF in cells treated with SeNPs. 

In flow cytometry, treated cells are suspended in a fluid and injected 
into a continuous flow in a flow cytometer. As the cells pass through the 
laser, they are excited and emit fluorescence, which is detected by 
photomultipliers. The fluorescence intensity measured in each cell cor
relates with the amount of ROS present, providing information about the 
level of oxidative stress in the cells. 

In summary, the DCFH-DA method relies on its conversion to DCF in 
the presence of intracellular ROS, and flow cytometry is used to quan
titatively measure and analyze the fluorescence intensity generated by 
DCF in treated cells. This combination of techniques allows for the ac
curate evaluation of ROS levels and the antioxidant capacity of the 
studied compounds. 

Res@SeNPs have demonstrated great in vitro antioxidant properties 
in PC12 cells by DCFH-DA assay (conditions shown in Table 4) [55]. 
While Cu(II) increased Aβ42-induced H2O2 levels by 263 % in compar
ison to control, Res@SeNPs reduced oxidative stress by 135 % in com
parison with metal-treated cells. 

CGA@SeNPs in vitro antioxidant activity against Aβ40-induced ROS 
was evaluated in PC12 cells by DCFH-DA assay (conditions shown in 
Table 4) [62]. 35 μM of Aβ40 produced an increase of 50 % of ROS in 
comparison to control, while 60 μg mL− 1 of CGA@SeNPs reduced ROS to 
similar levels than control. 

Moving on to polyphenol-stabilized SeNPs, EGCG@SeNPs and Tet-1- 
EGCG@SeNPs antioxidant activity was tested in PC12 cells by DCFH-DA 
assay and flow cytometry (conditions shown in Table 4) [74]. Aβ fibrils 
at 20 μM increased ROS production, achieving an intensity of 8647 
counts, while the presence of SeNPs at 10 μg mL− 1 during 72 h reduced 
oxidative stress to 5647 counts (EGCG@SeNPs) and 3678 counts 
(Tet-1-EGCG@SeNPs), being therefore potent antioxidant SeNPs. 

Antioxidant properties of CS@SeNPs employing SH-SY5Y cell line 
and DCFH-DA method were evaluated, following conditions in Table 4 
[34]. While 10 μM Aβ42 increased fluorescence intensity up to 140 %, in 
presence of 25 and 50 μg mL− 1 CS@SeNPs fluorescence was reduced to 
70 % and 75 % in comparison with control, respectively. Therefore, 
these NPs were able to reduce ROS formation in human neuroblastoma 
cell line in a dose-dependent manner. 

Biogenic SeNPs from Lactobacillus casei mitigated Aβ25-35-induced 
oxidative stress in PC12 cells, by the monitorization of intracellular ROS 
generation by DCFH-DA assay and fluorescence microscopy (conditions 
shown in Table 4) [80]. Aβ25-35 ROS generation was confirmed by 48 h 
of incubation in PC12 cells, while pre-treatment with 8 μg mL− 1 of 
biogenic SeNPs for 12 h significatively decreased intracellular ROS 
levels. 

SeCQDs were able to reduce the intracellular generation of ROS in 
PC12 cells, as confirmed by the DCFH-DA assay (conditions shown in 
Table 4) [65]. While Aβ40 increased up to 236 % ROS levels, 
pre-treatment with SeCQDs (0.5 and 5 μg mL− 1) decreased their levels 
(173 % and 139 %, respectively). 

The studies discussed in this section have shed light on the antioxi
dant properties of SeNPs in the context of AD. The results obtained 
through various techniques and methods have demonstrated the po
tential of SeNPs in mitigating oxidative stress, a significant factor in the 
pathogenesis of this neurological disorder. These findings highlight the 
importance of SeNPs as promising candidates for the development of 
novel antioxidant therapies for AD. Further research and in vivo studies 
are necessary to fully explore the therapeutic potential of SeNPs and to 
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Fig. 5. Micrographs depicting the internalization of Ch-SeNPs (indicated by green, yellow, and red arrows) in SH-SY5Y cell line as observed through TEM. a) Control 
SH-SY5Y cell; b) SH-SY5Y cell in the early stage of Ch-SeNPs internalization; c) SH-SY5Y cell in the intermediate stage of Ch-SeNPs internalization; d) Localization of 
Ch-SeNPs inside mitochondria; e) SH-SY5Y cell in the advanced stage of Ch-SeNPs internalization; f) Deceased SH-SY5Y cell attributed to the effects of Ch-SeNPs. 
Figure obtained with permission of Vicente-Zurdo, D. et al. [73]. 
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translate these findings into clinical applications. The use of SeNPs as 
antioxidants in AD treatment holds great promise and warrants 
continued investigation in the field of neurodegenerative diseases. 

4. SeNPs and their role in AD treatment: in vivo studies 

Traditionally, in vivo models have been deemed indispensable tools 
in preclinical research and for evaluating new pharmaceuticals. Rodent 
experiments remain crucial for AD studies, and various models utilizing 
genetic and non-genetic approaches are available in the market, facili
tating the identification of key mechanisms involved in the disease’s 
progression. Nevertheless, other animals, such as the Caenorhabditis 
elegans nematode, fruit fly, and zebrafish, have also been employed in 

AD research, benefitting from their complete genetic sequencing data. 
While some human genes linked to AD are present in these sequences, 
these models suffer from the drawback of differing significantly in 
anatomical and physiological characteristics from humans [104]. 

Studies involving SeNPs for in vivo assays have been conducted using 
both genetically modified mice and mice with induced disease symp
toms (Table 5). 

In AD research, mice have been utilized for testing novel drugs and 
investigating underlying biological mechanisms [105]. Given the 
occurrence of synaptic and cognitive impairments in the disease, in vivo 
investigations have focused on developing cognitive assays in mice, 
particularly examining memory and learning abilities associated with 
the hippocampus. Additionally, these studies delve into mechanisms 

Table 5 
SeNPs used in the diagnosis and therapy in mouse models of Alzheimer’s disease.  

Mouse 
model 

Description Nanoparticle Studies in mouse Ref. 

APP/PS1 Transgenic Penicillamine selenium nanoparticles 
L-/D-Pen@SeNPs 

Cognitive ability (Morris water maze and Novel-object 
recognition test) 
Histological analysis 

[76] 

APP/PS1 Transgenic Chlorogenic Acid-Selenium nanocluster 
Chlorogenic Acid-Selenium-peptide 
CGA@SeNCs 
TGN-CGA@SeNCs 

Cognitive ability (Morris water maze, Novel-object 
recognition and open-field test) 
Glucose and Insulin tolerance 
Histological studies 
Gut microbiota analysis 

[85] 

APP/PS1 Transgenic Dihydromyricetin-selenium 
Dihydromyricetin-selenium Chitosan 
Blood brain barrier peptide 
CS/DMY@SeNPs 
TGN-CS/DMY@SeNPs 

Cognitive ability (Morris water maze test) 
Histological studies 
Gut microbiota analysis 

[75] 

APP/PS1 Transgenic Mesoporous nano-selenium 
MSe-Res/Fc-β-CD/Bor 

Cognitive ability (Morris water maze test) 
Immunohistochemistry and western blot 
Metabolic research of selenium 

[64] 

APP/PS1 Transgenic Selenium-polydopamine nanozyme 
Se@PDA@Bor 

Cognitive ability (Morris water maze test, nesting test) 
Immunohistochemistry 
Immunofluorescence 

[83] 

Male 
C57BL6/ 
J 

AD model induced Aβ40 oligomers injected each 
side of hippocampus 

Selenium-doped carbon quantum dots 
SeCQDs 

Accumulation of NPs in brain by ICP-MS 
Cognitive ability (Morris water maze test) 
Immunohistochemistry of Aβ 

[65] 

Male 
C57BL/6 

AD model induced D-gal 120 mg kg− 1 day− 1 

Aluminum chloride 200 mg kg− 1 day− 1 for 60 
days 

Chondroitin sulphate nano-selenium 
CS@SeNPs 

Cognitive ability (Morris water maze, Novel-object 
recognition and open-field test) 
Immunohistochemistry and wester blotting 

[60] 

Male ICR AD model induced D-gal 120 mg kg− 1 day− 1 

Aluminum chloride 50 mg kg− 1 day− 1 for 24 
weeks 

Resveratrol-loaded selenium chitosan 
nanoflowers 
Res@SeNPs@res–CS–NP 

Cognitive ability (Morris water maze test) 
Blood glucose tolerance and insulin tolerance test 
Serum and liver biochemical and physiological index 
Intraperitoneal adipose tissue studies 

[58] 

Male ICR AD model induced D-gal 60 mg kg− 1 day− 1 

Aluminum chloride 35 mg kg− 1 day− 1 for 16 
weeks 

Resveratrol-Selenium -peptide 
nanocomposites 
TGN-Res@SeNPs 

Cognitive ability (Morris water maze test) 
Histological studies 
Microbiome imbalances 
Liver and renal functions 

[57] 

Male 
Kunming 

AD model induced Aβ42 peptide Selenium quantum dots nano selenium Cognitive ability (Y-maze spontaneous alternating test, 
Novel-object recognition and open field test) 
Immunofluorescence 

[66] 

Male 
Wistar 

AD model induced Aluminum chloride 100 mg 
kg− 1 day− 1 for 60 days 

Resveratrol-Selenium 
RSV-SeNPs 

Aβ-42 and Tau protein levels 
Neuroinflammatory markers 
Wester immunoblotting 
Histopathological studies 

[56] 

Male 
Wistar 

AD model induced Streptozotocin 3 mg kg− 1 

day− 1 
Selenium nanoparticles and mesenchyme 
stem cells 
AMSCs SeNPs 

Cognitive ability (Novel-object recognition test) 
Histological studies 
Determination of brain derived neurotrophic factor 
(BDNF) 

[61] 

Male 
Wistar 

AD model induced Streptozotocin 3 mg kg− 1 

day− 1 
Chitosan-coated selenium nanoparticles 
and mesenchyme stem cells 
AMSCs SeNPs 
AMSCs Ch-SeNPs 

Cognitive ability (Novel-object recognition test) 
Histological studies 
Determination of brain derived neurotrophic factor 
(BDNF) 

[70] 

Male 
Wistar 

AD model induced Streptozotocin 3 mg kg− 1 

day− 1 for 1 month 
SeNPs Passive avoidance learning 

Aβ deposition 
Oxidative stress and antioxidant capacity 
Histological studies 

[68] 

Male 
Wistar 

AD model induced Streptozotocin 3 mg kg− 1 

day− 1 
Polyvinyl alcohol selenium nanoparticles 
PVP-coated SeNPs 

Cognitive ability (NOR and passive avoidance learning 
test) 
Hippocampal brain-derived neurotrophic factor (BDNF) 
Histological assessments 
Oxidative stress assessments 

[69]  

D. Vicente-Zurdo et al.                                                                                                                                                                                                                         



Talanta 269 (2024) 125519

20

related to the formation of Aβ protein deposits, neuroinflammation 
processes, the role of the microbiota in AD’s etiology, oxidative damage, 
autophagy, implications of the Tau protein, and vascular dysfunctions 
[104] (Fig. 6). 

Assorted options exist for employing genetically modified mice to 
assess the therapeutic potential of different SeNPs. However, researchers 
have predominantly utilized double transgenic APP/PS1 mice [64,75, 
76,83,85] for these investigations. This particular model features 30 
mutations in the transmembrane glycoprotein type I (APP) and 200 
mutations in PS1. These mutations have been identified in families with 
early-onset AD, showing an overexpression of pathology related to the 
development of amyloid plaques, synaptic loss, cognitive deficits, and 
impaired synaptic plasticity [105]. 

Indeed, a significant concern associated with using genetically 
modified mice is the potential distortion of data in research studies. The 
pathogenesis and overexpression of related genes in these mice can lead 
to unintended effects on neuronal functions, which may not be directly 
linked to the Aβ protein or the pathology of AD. Consequently, the 
interpretation of results obtained from such studies must be approached 
with caution, as the genetic modifications can introduce confounding 
factors and influence neuronal mechanisms beyond the scope of AD- 
related research. 

Indeed, the pathology of AD can be induced through various 
methods, as shown in Table 5. Some approaches include injecting Aβ40 
oligomers bilaterally into the hippocampus [65] or using Aβ42 peptide 
[66]. In other studies, researchers induce the pathology using aluminum 
chloride [56] or a combination of aluminum chloride and D-galactose 
[57,58,60]. Another possibility involves the use of Streptozotocin, 
which induces autophagy [61,68–70]. Each of these methods offers 
valuable insights into different aspects of the disease’s pathogenesis and 
helps researchers better understand its underlying mechanisms. 

In all instances of inducing AD symptoms, the animals are catego
rized into groups to ensure a systematic evaluation. The first group 
serves as the control and receives no treatment. The second group is 
administered the inducing agent with varying amounts and for different 
durations (as indicated in Table 5). The third group is treated with both 
the inducing agent and the SeNPs under investigation. The data 
collected from these three groups are then subjected to statistical anal
ysis using analysis of variance. This analytical approach allows 

researchers to assess the significance of differences between the groups 
and determine the effects of the inducing agent and SeNPs on the 
observed outcomes in a rigorous and quantitative manner. 

4.1. Behavioral assays with mouse models of Alzheimer’s disease 

The hippocampus is a critical region for spatial memory, and early- 
stage AD can lead to damages in this area. When conducting studies 
with mice, it is essential to consider the differences between species. In 
humans, the hippocampus is associated with spatial and verbal memory, 
while in rodents, it is related to spatial navigation and olfactory behavior 
[105]. The Morris water maze test (MWM) is the most widely used 
method to evaluate how spatial cognitive behavior is affected by the 
disease and its treatment with SeNPs [57,58,60,64,65,75,76,83,85]. 
This test assesses learning and long-term spatial memory in mice. During 
the experiment, mice are trained for a variable duration, usually around 
five days, in a circular pool containing an escape platform positioned 1 
cm below the water surface. During the initial training days, the mice are 
allowed a maximum time to locate the platform and can stay on it for a 
predetermined period. Following the training period, the platform is 
removed, and the mice are given the opportunity to swim freely. The 
number of times the mice cross the location where the platform used to 
be is recorded and subjected to statistical analysis. This analysis helps 
researchers to understand the impact of the disease and the potential 
therapeutic effects of SeNPs on spatial memory in the mice. 

Regarding the treatment of transgenic mice with SeNPs, several 
strategies have been developed, as shown in Table 5. These strategies 
involve the use of chiral molecules, antioxidant polyphenolic com
pounds, peptides, or borneol to enhance passage through the BBB. For 
instance, transgenic mice were treated with capped to penicillamine 
chiral L-/D-Pen@SeNPs, resulting in a reduction in escape latency 
observed in all groups. However, animals treated with D-Pen@SeNPs 
exhibited a significant decrease in escape latency compared to those 
treated with L-Pen@SeNPs or the control group, highlighting the 
importance of the stereoselectivity of these NPs [76]. 

Similarly, the use of SeNPs modified with chlorogenic acid or with 
chlorogenic acid and TGN peptide [85] in APP/PS1 transgenic mice 
demonstrated significant cognitive improvement when treated with 
TGN-CGA@SeNCs. In contrast, no statistically significant improvements 

Fig. 6. Studies involving SeNPs for in vivo assays.  
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were observed when treated with CGA@SeNCs. Another attempt to 
improve the passage through the BBB involved modifying NPs with 
another polyphenol, dihydromyricetin, using the same peptide [75]. The 
study with CS/DMY@SeNPs and TGN-CS/DMY@SeNPs on the behavior 
of transgenic mice in the MWM trial showed that both NPs led to an 
improvement in cognitive ability. 

Similar assays using resveratrol- and borneol-modified NPs have 
demonstrated improved memory impairment in APP/PS1 mice 
compared to untreated control mice [64]. Trials with transgenic mice 
have included the use of nanozyme with polydopamine modified with 
borneol [83]. The results from the MWM test revealed that mice treated 
with Se@PDA@Bor exhibited more frequent crossings over the location 
of the hidden platform and longer swim times, indicating an enhance
ment in cognitive ability and memory. 

In addition to these studies, SeNPs modified with chondroitin sul
phate CS@SeNPs [60], resveratrol-loaded selenium chitosan nano 
flowers Res@SeNPs@res–CS–NPs [58], and resveratrol-selenium-pep 
tide nanocomposites (TGN-Res@SeNPs) [57] have been employed in 
mice in which amyloid plaque formation was induced using D-galactose 
and aluminum chloride. In all these cases, improvements in spatial 
memory deficiency caused by D-galactose and AlCl3 were observed in 
mice after treatment with the different modified SeNPs. These findings 
indicate the potential therapeutic benefits of using SeNPs with various 
modifications for combating memory impairments associated with AD. 

The novel object recognition (NOR) test has been employed in 
numerous studies involving both APP/PS1 transgenic mice [76,85] and 
mice in which AD symptoms were induced using a combination of 
D-galactose and aluminum chloride [60,61], Aβ42 peptide [70], or 
streptozotocin [69]. 

In the NOR test [106], attention and visual recognition abilities are 
evaluated. The mice are introduced to a box without a lid and allowed to 
familiarize themselves with it for a predetermined time. Then, two 
identical objects are placed inside the box, and the curiosity displayed 
by the animals towards these objects is measured for a specific duration. 
On subsequent days, other objects of equivalent size but with different 
shapes are introduced, and the mice’s behavior towards the new objects 
is again observed for a certain time. The results are expressed as a per
centage of time spent exploring the new objects. 

In the context of selenium nanoparticle treatments, certain obser
vations have been made. Mice treated with L-Pen@SeNPs were unable 
to distinguish between new and familiar objects, whereas APP/PS1 mice 
treated with D-Pen@SeNPs demonstrated the ability to recognize the 
difference [76]. Similarly, in the case of treatment with CGA@SeNCs or 
TGN-CGA@SeNCs, only mice treated with TGN-CGA@SeNCs were able 
to distinguish new objects [85]. High doses of selenium nanoparticles 
modified with chondroitin sulphate CS@SeNPs showed improved re
sults in the NOR test compared to the control group [60]. 

Combining SeNPs with stem cells (AMSCs) [61], SeNPs resulted in 
significant differences in the NOR test results compared to mice treated 
only with streptozotocin. Stem cell treatments combined with 
chitosan-coated nanoparticles (Ch-SeNPs) [70] also led to a decrease in 
cognitive impairment caused by streptozotocin, with greater enhance
ment observed when combined with Ch-SeNPs. Furthermore, cognitive 
abilities were increased in mice treated with selenium nanoparticles 
coated with polyvinyl alcohol (PVP-coated SeNPs) [69] after strepto
zotocin treatment. 

Table 5 demonstrates that various tests can be utilized to evaluate 
different cognitive abilities in mice. These tests include the Open Field 
test [60,85], the Nesting test [83], the Y-maze spontaneous alternating 
test [66], and the Passive Avoidance Learning test [68]. Each of these 
tests offers distinct insights into various aspects of cognitive function 
and behavior in mice, providing valuable information for researchers 
studying AD and potential therapeutic interventions involving SeNPs. 

4.2. Histopathological studies: effect of SeNPs in brain 

After conducting behavioral studies, the animals are sacrificed, and 
their brains are examined to assess potential damage to the hippocam
pus and the presence of Aβ protein aggregates. These studies are con
ducted after fixing the brain tissues using various methods such as 
formaldehyde, glutaraldehyde, or paraffin embedding, among others 
[56,60,61,66,68–70,83]. The primary goal of histopathological studies 
is to determine the effects of SeNPs on symptoms such as edema, hy
poplasia, neuronal degeneration, or the formation of amyloid plaques in 
the hippocampus. 

To detect these modifications, various techniques may be employed, 
including microscope studies, photographic systems, or fluorescence 
measurements after appropriate treatment with a dye or fluorescent 
reagent. These methods enable the visualization and analysis of struc
tural changes and molecular markers associated with AD, providing 
crucial insights into the potential therapeutic effects of SeNPs in miti
gating pathological changes in the brain. 

After hematoxylin-eosin staining, microscopic images of the CA1 
zone of the hippocampus in mice treated with AlCl3 display features 
indicative of edema, hypoplasia, neuronal degeneration, and amyloid 
plaques (at a x400 magnification). In contrast, mice administered RSV- 
SeNPs [56] exhibit higher neuronal density in the dentate gyrus and, 
overall, a healthier conformation of the CA1 region of the hippocampus. 

In the study exploring the combined effect of stem cells with SeNPs 
or Ch-SeNPs [70], the cell tissue is stained with cresyl violet to assess cell 
density in the CA1 zone of the hippocampus. Congo red staining is 
employed to evaluate the presence of Aβ plaques. Light micrographs 
demonstrate that only the combination of AMSCs with Ch-SeNPs results 
in a significant decrease in Aβ plaque deposition. 

In another study evaluating the effect of AMSCs conjugated with 
SeNPs, Congo red staining and analysis with ImageJ software revealed 
no significant differences in the number of plaques between mice treated 
and not treated with SeNPs. However, transplantation of AMSCs com
bined with SeNPs significantly reduced the number of plaques [61]. 

Optical microscopy, following Congo red staining, has also been 
employed to evaluate the effect of SeNPs on mice brains induced with 
AD using Streptozotocin. This approach demonstrated a reduction in the 
number of plaques in mice treated with SeNPs [68]. A similar method
ology confirmed the beneficial effect of PVP-coated SeNPs on amyloid 
plaque degrowth [69]. 

TEM has been used to evaluate the formation of amyloid plaques in 
cell tissue [60]. This technique allows for the examination of hippo
campal neuronal morphology, the number of synapses between neurons, 
and the morphology and structure of mitochondria in mice. Through 
TEM, it has been observed alterations in neurons of mice with AD, such 
as pyknosis, structural damage in synapses, reduction of postsynaptic 
density, or loss of activity. However, the brains of mice treated with 
nanoparticles modified with chondroitin sulphate (CS@SeNPs), partic
ularly in medium and high doses, showed improvements in postsynaptic 
density, membrane disruption, and a reduction in mitochondrial 
swelling. Tissues were stained with lead citrate and uranyl acetate for 
this evaluation. 

Additionally, the assessment of brain tissue with TUNEL immuno
fluorescence revealed a decrease in tau plaques in the brains of mice 
treated with SeCQDs [66]. This technique aids in evaluating the po
tential benefits of selenium quantum dots in reducing tau pathology, 
another characteristic feature of AD. 

4.3. Biodistribution of selenium nanoparticles in mouse models 

There are two main methods to evaluate the distribution of SeNPs: 
the first one is through ICP-MS analysis of the organs of the animals after 
they are sacrificed, and the second one involves chemically marking the 
NPs to track them in the body using imaging techniques. 

ICP-MS analysis has been used to study the distribution of SeCQDs 
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[65] in different organs of mice treated with these NPs. SeCQDs were 
analyzed in the heart, liver, lungs, kidneys, spleen, and brain, and a high 
concentration of these NPs was observed in the brain, indicating their 
ability to cross the BBB. Similarly, the same technique was used with 
TGN-CS/DMY@SeNPs [75] to confirm their presence in mice brains and 
their ability to cross the BBB. 

To assess the real-time mobility of NPs, researchers modified them 
with a fluorescent complex of Ru(II) and then injected the modified NPs 
into mice. NPs such as MSe-Ru2/Fc-β-CD/Bor [64] exhibited fluores
cence in the brains of APP/PS1 mice within 15 min of injection. The 
maximum fluorescence intensity was reached 1 h after treatment, and 
fluorescent particles were primarily observed in the hippocampal den
tate gyrus. Fluorescence was still present 12 h after treatment, indicating 
successful penetration through the BBB. This technique provides valu
able insights into the ability of SeNPs to cross the BBB and their distri
bution within specific brain regions. 

4.4. Bioanalytical assays: impact of selenium nanoparticles in mice 

Several experimental studies involving SeNPs have a broader 
objective beyond assessing potential improvements in disease symp
toms. They also strive to provide valuable information about the un
derlying molecular mechanisms associated with the dysfunctions 
observed in AD. Such research serves as a foundation for discovering 
innovative and effective therapeutic approaches against this debilitating 
condition. 

4.4.1. Estimation of oxidative stress 
The assessment of oxidative stress levels in the brain involves 

measuring malondialdehyde (MDA) levels and brain catalase activity 
(CAT). Mice treated with AlCl3 exhibit severe tissue toxicity, leading to 
mitochondrial dysfunction and oxidative stress, resulting in reduced 
CAT activity and a significant increase in lipid oxidation (MDA). 
Conversely, mice treated with RSV-SeNPs [56] demonstrate reduced 
MDA levels and improved CAT activity compared to control mice that 
did not receive the NPs. 

To further evaluate oxidative stress and antioxidant capacity, the 
total level of thiol groups (TTG) and total antioxidant capacity (TAC) in 
the hippocampal homogenate supernatant have been studied [68]. 
SeNPs enhance antioxidant capacity in the hippocampus by reducing 
MDA levels and increasing TTG levels relative to mice with AD symp
toms [68]. Similarly, mice treated with PVP-coated SeNPs also show 
significant improvements in TAC and MDA levels [69]. These findings 
indicate that SeNPs have the potential to mitigate oxidative stress and 
enhance antioxidant defenses in the brain, providing valuable insights 
for potential therapeutic interventions against AD. 

4.4.2. Estimation of anti-inflammatory effects 
Neuroinflammation plays a critical role in the development of AD. 

Excessive production of Aβ and tau proteins triggers uncontrolled 
inflammation in brain tissues, leading to cell degeneration and death 
[104]. The presence of various cytokines, such as TNF-α, IL-1β, or IL-6, 
resulting from cellular inflation, can be evaluated through western 
blotting. Generally, AD mice exhibit high expression levels of TNF-α, 
IL-1β, and IL-6 proteins [60], which can be mitigated by CS@SeNPs 
treatments. Additionally, RSV-SeNPs reduce the expression of IL-1β 
protein and levels of the pSTAT3 gene, associated with inflammation, 
when compared to the control group [56]. 

By modifying NPs with the TGN peptide (TGN-Res@SeNPs), the 
production of TNF-α, IL-1β, and IL-6 can be reduced, while increasing 
the amount of IL-10, a protein that inhibits the overproduction of in
flammatory cytokines by activating macrophages [57]. Treatment with 
TGN-CGA@SeNCs in transgenic mice also results in reduced over
expression of TNF-α, IL-1β, IL-18, and IL-6, with a simultaneous increase 
in IL-10 levels [85]. The presence of substances with antioxidant ca
pacity in the NPs and the modification with the TGN peptide appear to 

enhance the anti-inflammatory effect of SeNPs. 
These findings highlight the potential of SeNPs to modulate neuro

inflammation in AD, offering a promising avenue for developing ther
apeutic interventions aimed at curbing inflammatory responses in the 
brain and potentially slowing the progression of the disease. 

4.4.3. Estimation of brain-derived neurotrophic factor 
Brain-derived neurotrophic factor (BDNF) is a crucial protein that 

promotes the generation of new brain cells and enhances the strength of 
existing ones. To assess BDNF levels, hippocampal tissue is homogenized 
with PBS and analyzed using an ELISA kit. 

AMSCs SeNPs [61], AMSCs Ch-SeNPs [70], and PVP-coated SeNPs 
[69] induce an increase in the concentration of BDNF in the hippo
campal region, resulting in an improved ability to repair damaged cells 
and even stimulate the generation of new cells. This enhancement in 
BDNF levels may play a vital role in potential therapeutic approaches for 
promoting neurodegeneration and neuroprotection in AD. By fostering 
the growth and maintenance of brain cells, SeNPs show promise in their 
potential to combat the neural degeneration associated with the disease 
and support the development of innovative treatment strategies. 

4.4.4. Effects of selenium nanoparticles on microbiota 
In recent years, research has begun to investigate the role of the 

microbiota in the development of AD. The human intestinal tract’s 
microbiota comprises bacteria, viruses, fungi, and parasites [104]. 
Studies reveal a bidirectional relationship between the brain and gut 
microbiota through the nervous, endocrine, and immune systems. 
Changes in the composition of the microbiota, characterized by reduced 
diversity and stability, occur with age, as observed in feces and the 
microbiome of the small intestine [104]. Currently, the mechanisms 
linking AD and microbiota modification remain unknown, but micro
biota dysbiosis appears to be associated with Aβ protein aggregation and 
neuroinflammation. Additionally, there seems to be a correlation be
tween the BDNF factor, the N-methyl-D-aspartate receptor (NMDA), and 
a healthy microbiota. 

Numerous studies have been conducted with SeNPs on microbial 
DNA from mouse feces using the Fast DNASpin kit. The V3–V4 region of 
the 16S rRNA gene is amplified with 338F and 806R primers via PCR 
analysis [57,75,85]. Evaluations of gut microbiota diversity and abun
dance, using the α-diversity index, indicate that mice treated with 
TGN-Res@SeNPs [57] demonstrate greater microbiota abundance and 
diversity. Mice with AD show an increased presence of pathogenic 
bacteria, such as Alistipes and Rikenella, while beneficial bacteria, like 
Desulfovibrio, are at lower levels. Treatment with TGN-Res@SeNPs re
sults in an increase in beneficial bacteria and a reduction in pathogenic 
ones. A Spearman correlation study reveals a negative correlation be
tween antioxidant capacity and some pathogenic bacteria, such as 
Alistipes and Rikenella, while a positive correlation is found between gut 
microbiota and inflammatory processes when the two aforementioned 
bacteria are combined. Treatment with TGN-Res@SeNPs leads to the 
restoration of the bacterium Faecalibaculum to normal levels and an 
increase in the amount of IL-10. Similarly, treatment with 
Rs@SeNPs@Res–CS–NPs [58] regulates the abundance of Firmicutes 
and Bacteroidetes, restoring the composition of the intestinal micro
biota, and reducing inflammation, lipid deposition, and oxidative ef
fects. Studies with CS/DMY@SeNPs [75] also show that improved 
microbiota regulation leads to the regulation of the NLRP3 inflamma
some and an increase in the level of Bifidobacterium in mice. 

These findings provide compelling evidence for the potential of 
SeNPs to influence gut microbiota and modulate inflammatory pro
cesses, contributing to a deeper understanding of the complex in
teractions between the microbiota and AD. Further research in this area 
holds promise for the development of targeted therapeutic interventions 
aimed at harnessing the gut-brain axis to combat neuroinflammation 
and enhance neuroprotection in AD. 
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5. Future trends in SeNPs for AD treatment: novel brain delivery 
strategies and expanding animal models 

AD is a progressive neurodegenerative disorder that poses significant 
challenges in finding effective therapeutic interventions. In recent years, 
nanoparticle-based approaches, specifically SeNPs, have emerged as 
promising candidates for AD treatment. This section discusses future 
trends in SeNPs utilization for AD therapy, including innovations in 
brain delivery, alternative animal models for research, and unexplored 
areas for potential future trials. 

The efficient delivery of therapeutic agents, including SeNPs, to the 
brain is hindered by the BBB. To overcome this challenge, efforts are 
well underway to develop novel brain delivery strategies that can tra
verse the BBB while minimizing toxicity. These advancements aim to 
enhance the accumulation of SeNPs within the brain parenchyma, where 
they can target AD pathology effectively. Promising approaches involve 
surface modifications with ligands that can interact with specific re
ceptors expressed on BBB endothelial cells, enabling targeted transport 
of SeNPs into the brain. Additionally, the utilization of carrier systems, 
such as exosomes or liposomes, is being explored to enhance brain- 
specific delivery and reduce off-target effects. 

While mouse models have been extensively employed in AD 
research, exploring alternative animal models can provide additional 
insights into disease mechanisms and therapeutic potential. Caeno
rhabditis elegans (C. elegans) and Drosophila melanogaster (fruit fly) are 
two species with fully sequenced genomes, therefore allowing to 
conduct detailed genetic and proteomic studies. Although these organ
isms differ significantly from humans, their genetic tractability and 
conserved signaling pathways related to AD may offer valuable infor
mation about the disease’s underlying molecular processes and potential 
therapeutic targets. Integrating findings from these alternative models 
with data from mouse models could provide a more comprehensive 
understanding of AD pathogenesis and SeNPs efficacy. 

Current AD research in mice often employs Al(III) to induce the 
disease, reflecting the aluminum hypothesis and its involvement in Aβ 
aggregation. However, the role of other metal ions, such as Fe(II), Cu(II) 
and Zn(II), in AD development remains an intriguing avenue for 
exploration. Considering the relevance of the “metal ion hypothesis”, 
conducting in vivo studies to induce AD in animal models using iron, 
copper, and zinc could shed light on their potential contributions to AD 
pathology. Such investigations may reveal new avenues for SeNPs 
intervention based on their interaction with metal ions and amyloid 
aggregation processes. 

Presently, the research on SeNPs frequently concentrates on a 
particular facet of AD pathology. However, AD is a multifaceted disorder 
with multiple underlying mechanisms. To maximize therapeutic effi
cacy, future studies could explore multi-targeted SeNPs formulations 
that simultaneously address key aspects of AD pathology, such as neu
roinflammation, oxidative stress, and tau protein abnormalities. Such 
integrated approaches may yield synergistic effects and improve overall 
treatment outcomes. Further exploration of the interactions between 
SeNPs and gut microbiota is essential, as emerging evidence suggests a 
potential link between the microbiome and neuroprotection in AD 
treatment. 

The future of SeNPs utilization for AD treatment holds immense 
promise. Innovations in brain delivery strategies, exploration of alter
native animal models, investigations into metal-induced AD models, and 
multi-targeted formulations represent exciting areas for future research. 
Through the investigation and consideration of these aspects, note
worthy progress in comprehending the underlying causes of AD may be 
made. Moreover, this research can reveal the untapped possibilities of 
SeNPs as an innovative and promising therapeutic method for managing 
this severe neurodegenerative condition. 

6. Conclusions 

The present review explores the potential application of SeNPs in the 
treatment of AD while encompassing the diverse methods of SeNPs 
synthesis and the main bioanalytical techniques to assess the neuro
protective effect. AD, a progressive neurodegenerative disorder, is 
characterized by the accumulation of Aβ and tau proteins in the brain, 
leading to cognitive decline and neuronal damage. 

The versatility of SeNPs in functionalization and their unique prop
erties such as antioxidant capacity, anti-inflammatory effects, and BBB- 
penetrating ability, make them promising candidates for AD therapy. To 
fully harness their potential, different methods for SeNPs synthesis have 
been employed. SeNPs used in Alzheimer’s disease studies are mainly 
produced by chemical approaches. However, green methods employing 
algae, yeast, plant extracts, fungi, and bacteria offer a promising, eco- 
friendly and biocompatible alternative for nanoparticle synthesis with 
potential therapeutic applications. 

In vitro studies investigating the effects of SeNPs on AD have yielded 
encouraging results, demonstrating their ability to reduce amyloid ag
gregation, inhibit tau hyperphosphorylation, and mitigate oxidative 
stress-induced damage in neuronal cells. In vivo studies using transgenic 
mouse models and AD-induced symptoms have shown improvement in 
cognitive deficits and a reduction in amyloid plaque burden in the 
hippocampus upon SeNPs treatment. 

However, challenges remain, particularly concerning the interpre
tation of data obtained from genetically modified mouse models due to 
potential confounding effects. To complement mouse studies, alterna
tive animal models like Caenorhabditis elegans and Drosophila mela
nogaster are being explored, offering fully sequenced genomes and 
allowing for genetic and proteomic investigations related to AD. 

Future trends in SeNPs utilization for AD treatment focus on inno
vative brain delivery strategies to overcome the BBB and enhance tar
geted delivery to the brain parenchyma. Surface modifications with 
ligands and carrier systems like exosomes and liposomes are being 
explored for this purpose. Moreover, multi-targeted SeNPs formulations 
addressing multiple aspects of AD pathology, including neuro
inflammation, oxidative stress, and tau protein abnormalities, hold po
tential for synergistic therapeutic effects. 

In conclusion, SeNPs represent a promising avenue for AD treatment 
due to their multifaceted properties and potential to address various 
aspects of AD pathogenesis. Diverse methods of SeNPs synthesis offer 
flexibility in tailoring nanoparticle characteristics. The combination of 
in vitro and in vivo studies with alternative animal models holds great 
promise for unravelling the complex mechanisms underlying AD and 
maximizing the therapeutic potential of SeNPs. As research in this area 
continues to advance, collaborative efforts across disciplines will pave 
the way for innovative therapeutic interventions that could revolu
tionize the management of Alzheimer’s disease, alleviating the burden it 
poses on patients and caregivers worldwide. 
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Abbreviations 

ACh acetylcholine 
AChE acetylcholinesterase 
AD Alzheimer’s disease 
AMSCs adipose mesenchymal stem cells 
ANS 1-anilino-8-naphthalene sulphate 
APP amyloid precursor protein 
Aβ beta-amyloid 
BBB blood-brain barrier 
BCh butyrylcholine 
BDNF brain-derived neurotrophic factor 
CAT catalase 
CGA chlorogenic acid 
CNS central nervous system 
DAPI 4′,6-diamidino-2-phenylindole 
DCF 2′,7′-dichlorofluorescein 
DCFH-DA 2′,7′-dichlorofluorescin diacetate 
DLS dynamic light scattering 
DPPH 1,1-diphenyl-2-picrylhydrazyl 
DSC differential scanning calorimeter 
ED electron diffraction 
EDX energy-dispersive X-ray 
EGCG epigallocatechin-3-gallate 
FTIR Fourier transform infrared 
GPx glutathione peroxidases 
HR-TEM high-resolution transmission electron microscopy 
ICP-MS inductively coupled plasma mass spectrometry 
LHD lactate dehydrogenase 
MDA malondialdehyde 
MMPs matrix metalloproteases 
MS mass spectrometry 
MSeNPs mesoporous selenium nanoparticles 
MTT 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazole bromide 
MWM Morris water maze test 
Neuro-2a mouse neuroblastoma cell line 
NFTs neurofibrillary tangles 
NMDA N-methyl-D-aspartate receptor 
NOR novel object recognition 
NPs nanoparticles 
PC12 rat pheochromocytoma cell line 
PI propidium iodide 
PLGA poly-lactide-co-glycolide 
p-tau hyperphosphorylated tau protein 
PVA polyvinyl alcohol 
QDs quantum dots 
Res resveratrol 
RLS resonance light scattering 
ROS reactive oxygen species 
SEM scanning electron microscope 
SeNCs selenium nanocomposites 
SeNPs selenium nanoparticles 
SH-SY5Y human neuroblastoma cell line 
TAC total antioxidant capacity 
TEM transmission electron microscopy 
ThT Thioflavin T 
TTG total level of thiol groups 

TUNEL terminal deoxynucleotidyl transferase dUTP nick end 
labelling 

XRD X-ray diffraction 
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[79] L. González-Salitre, A. Castañeda-Ovando, U.A. Basilio-Cortés, A. del Carmen 
García-Contreras, G.M. Rodríguez Serrano, A. Cardelle-Cobas, A.D. Román- 
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