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A B S T R A C T   

Alzheimer’s disease (AD) is a non-recoverable progressive neurodegenerative disorder most prevalent but not 
limited to the old age population. After all the scientific efforts, there are still many unmet criteria and loopholes 
in available treatment and diagnostic strategies, limiting their efficacy. The poor drug efficacy is attributed to 
various biological hurdles, including blood-brain barrier (BBB) and peripheral side effects as most prominent 
ones and the lack of promising carriers to precisely deliver the drug to the brain by conserving its therapeutic 
potency. The increasing disease prevalence and unavailability of effective therapy calls for developing a more 
innovative, convenient and affordable way to treat AD. To fulfill such need, researchers explored various bio
materials to develop potential vectors or other forms to target the bioactives in the brain by preserving their 
inherent properties, improving the existing lacuna like poor solubility, permeability and bioavailability etc. and 
minimize the side effect. The unique characteristic properties of biomaterials are used to develop different drug 
carriers, surface modifying target active ligands, functional carriers, drug conjugate, biosensing probe, diagnostic 
tool and many more. The nanoparticulate system and other colloidal carriers like hydrogel and biodegradable 
scaffold can effectively target the drug moieties to the brain. Also, the use of different target-acting ligands and 
stimuli-responsive carriers assures the site-specificity and controlled release at the desired site by interaction 
with receptors and various exo- and endogenous stimuli. This review article has highlighted the application of 
biomaterials for targeting the drug to the brain and as promising diagnostic tools to detect the markers for better 
AD management. The work particularly focuses on the use of biomaterials as smart drug carriers including pH, 
thermo, photo, electro and magnetically triggered system; novel drug carriers for brain targeting including 
polymeric carriers (polymeric nanoparticle, dendrimer and polymeric micelle); lipid carrier (liposome, nano
emulsion, NLC and SLN); inorganic nanoparticles (quantum dots, gold nanoparticles etc.); and other drug vectors 
(hydrogel, biodegradable scaffold, and carbon nanotube) in treatment of AD. It also highlighted the application 
of some novel carrier systems and biomaterials as biosensor and other diagnostic tools for early and precise AD 
diagnosis.   
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1. Introduction 

Alzheimer’s disease, usually recognized as dementia, is a progres
sive, irretrievable, multifactorial neurodegenerative disorder charac
terized by the gradual decay of nerve cells and synapses all over the 
brain. Such continuous and irreversible damage of nerve cells leads to 
profound deterioration of the brain’s cognitive, memory, and behavioral 
functions (Hampel et al., 2020). However, dementia and AD1 are two 
distinct terms closely related to each other concerning the physiological 
symptoms. As per WHO, dementia is described as a syndrome or a group 
of symptoms including impaired cognitive functions and deficit of 
memory, learning and behavioral abilities. In contrast, AD is a disease 
which gets worsens with time and age. It is considered as most common 
type or cause of dementia, contributing around 60–70% of dementia 
cases worldwide. AD is a group of behavioral syndromes, including 
memory impairment, cognitive loss, learning and thinking disabilities, 
mood swings, difficulty in routine activities and many more. After such 
extensive research still, the exact pathological cause of AD is unknown. 
However, various hypotheses have been suggested to define possible 
causative factors of AD, including amyloid cascade hypothesis, tau 
hyperphosphorylation, mitochondrial dysfunctioning, oxidative stress, 
genetic mutation, and some others like exposure to any toxin, environ
mental stimulus and any physical injury. 

Frequent growing incidences of AD urges for a potential diagnostic 
and therapeutic tool. Presently, only five molecules, namely galant
amine, donepezil, tacrine, rivastigmine and memantine, have been 
approved by USFDA2 for AD therapy, and that too only has disease- 
modifying or symptomatic effect. No potential cure is available to act 
on the root cause of disease and, the approved medicines exert severe 
side effects upon long-term use, which can’t be avoided. Another critical 
concern is high-cost therapy, which is almost unaffordable for most of 
the AD population as they belong to a lower-middle economic class of 
society. Hence, this cost indirectly burdens government funds. Thus, the 
WHO3 declared it a world socio-economic burden with a $600 billion 
yearly cost (Kaushik et al., 2016). Looking at all the facts, the need of the 
time is to develop promising drug delivery vectors that precisely deliver 
the drug to the target site of the brain with minimum systemic exposure 
to alleviate the associated adverse effects at an affordable cost. 

The brain is a highly delicate organ, protected by various physio
logical measures, including the BBB,4 meninges, BCSFB5 and efflux 
transport. Among all these, the BBB appears as the foremost constraint 
for the bioactives to reach the brain. It is a protective layer that shields 
the brain tissues from exposure to the general circulation. It imitates an 
essential protective mechanism that obstructs the entry of harmful and 
undesirable chemicals, stimuli, and any deleterious substance to the 
brain and maintains homeostasis (Agrawal et al., 2020b). The BBB is 
primarily composed of BCECs6 joined together by the tight junction and 
supported by astrocytes, pericytes and nerve cells. Tight junction seals 
the adjoining BCECs, imparts high TEER7 between blood and brain and 
thus restricts paracellular transport of any foreign moiety through pas
sive diffusion to the brain. Such an arrangement makes BBB a highly 
selective semipermeable barrier that permits small, low molecular 
weight lipophilic moieties. However, BBB is adorned with special 
transporters like receptors, transporter proteins, ion channels etc., to 
enable the transport of essential nutrients to the brain. The transport 
mechanism of BBB includes passive diffusion, receptor-mediated trans
cytosis, absorption mediated transcytosis, carrier-mediated transport, 

efflux transport and ion channel transport. These passages could be used 
to deliver the drug across BBB effectively. Researchers have explored 
numerous natural and synthetic biomaterials to design promising vector 
or drug carrier systems to target the brain and find a potential treatment 
of AD to fulfill the objective. In this review, we have discussed some 
common biomaterials and their application in developing novel drug 
carriers, including the role of functional biomaterials in brain targeting. 
Precisely, we have highlighted the application of thermoresponsive, pH 
triggered, photosensitive, electroresponsive and magnetically triggered 
biomaterials along with their role in developing different novel drug 
carriers like polymeric nanoparticle, dendrimer, micelle, liposome, 
nanoemulsion, SLN,8 NLC,9 gold nanoparticle, quantum dots, magnetic 
nanoparticle, hydrogel, biodegradable scaffold and Carbon nanotube. 

2. Pathophysiology of AD 

As discussed earlier, AD is a multifactorial neurodegenerative dis
order caused by various pathophysiological abnormalities. It has been 
more than a century since the discovery of AD, and we still do not know 
its exact etiology. Some physiological changes or abnormalities like 
extracellular Aβ plaque, tau hyperphosphorylation, cholinergic imbal
ance, excitotoxicity, mitochondrial dysfunctioning etc., and risk factors 
including aging, genetic mutation, environmental factors etc., are pro
posed and well accepted as AD etiology. However, the triggering factors 
of such abnormalities and mutation are not completely known. Based on 
investigations, various hypotheses are proposed to ease the AD-related 
investigations and find the appropriate therapies discussed below. 

2.1. Cholinergic hypothesis 

It is the first proposed and most accepted hypothesis of AD, nearly 
seen in most AD cases. This hypothesis stated that neuron degeneration 
in AD results from impaired synthesis of ACh10 in the brain. Destruction 
of cholinergic neurons hampered the ACh synthesis and also diminish 
acetylcholine uptake by neurons. The reduced ACh synthesis by the 
cholinergic neurons significantly affects the neurotransmission, dam
ages the synapse and results in loss of cognitive, learning and memory 
function of the brain (Dubey et al., 2019). Cholinergic dysfunctioning is 
a well-accepted characteristic of AD, although cholinesterase inhibitors 
like donepezil, galantamine, rivastigmine etc., only mitigate the symp
toms of AD and not the disease progression. Such clinical observations 
indicate that cholinergic imbalance could be just clinical feature of AD 
and for effective treatment, a better understanding of AD etiology is 
highly desirable. 

2.2. Amyloid cascade hypothesis 

Amyloid cascade hypothesis is the most prevailing theory, proposed 
around 30 years ago in 1991 to explain the etiology of AD neuro
degeneration (Liu et al., 2019). This hypothesis suggests that Aβ plaque 
formation or Aβ accumulation in the brain interrupts neuron functioning 
and causes nerve cell death leading to neurodegeneration. A pathogenic 
mutation in the APP11 gene on chromosome 21 results in APP aberrant 
metabolism, leading to th3e formation of toxic or abnormal Aβ deposits 
and aggregates. APP is an integral membrane protein composed of 695 
AA12 residues, usually expressed in different cells and neuronal synap
ses. Hydrolytic cleavage of APP gives rise to various Aβ peptides con
sisting of 39–43 residual AA (Du et al., 2018). The hydrolytic cleavage of 
APP takes place in two ways (i) α-pathway and (ii) β-pathway. In the first 

1 Alzheimer’s disease.  
2 United State Food and Drug Administration.  
3 World Health Organization.  
4 Blood brain barrier.  
5 Blood cerebrospinal fluid barrier.  
6 Brain capillary endothelial cells.  
7 Transendothelial electrical resistance. 

8 Solid lipid nanoparticle.  
9 Nanolipid carrier.  

10 Acetylcholine.  
11 Amyloid precursor protein.  
12 Amino acid. 
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path, APP is initially hydrolyzed through α-secretase enzyme followed 
by γ-secretase activity and produces non-toxic Aβ fibrils. Conversely, in 
the second pathway, APP cleavage is mediated by BACE1,13 followed by 
γ-secretase and produces insoluble, toxic Aβ. The Aβ peptide produced 
by BACE1 further forms extracellular deposits or aggregates, leading to 
Aβ plaque or senile plaque formation and causing neurodegeneration 
(Fig. 1) (Dubey et al., 2019, 2020). In a healthy brain, APP cleavage 
usually occurs though α and γ-secretase and Aβ fibrils formed and 
thereby are disposed from the brain via the immune system. Some 
physiological abnormalities due to aging, genetic mutation or some 
other factors shift the APP hydrolysis to β-pathway, which cause damage 
of nerve cells and result in AD. 

2.3. Tau hyperphosphorylation 

Tau protein is a highly soluble, microtubule-associated protein 
mainly expressed in the neurons of the central nervous system, including 
glial cells and astrocytes and peripheral nerve cells. The primary func
tion of the tau protein is to stabilize the microtubule assembly and 
facilitate nerve cell stabilization. Microtubules are essential components 
of the neuronal cytoskeleton and act as a conveyer belt for intracellular 
transport of various granules, vesicles, chromosomes, cell organelles 
such as mitochondria etc. These are small tubular structures composed 
of 13 filaments made up of a chain of two structural proteins called α and 
β-tubulin. The tubulin proteins are linearly arranged to form a sheet 
which rolls up and form tubules (Venkatramani and Panda, 2019). tau 
protein stabilizes this tubular structure of the microtubule and also 
provides flexibility as required. The structure of tau protein has four 
regions (i) acidic region or N-terminal, (ii) protein-rich region, (iii) 
microtubule-binding region and (iv) C-terminal. Microtubule binding 
region is responsible for interaction with tubulin protein and holds them 
together. It maintains the structure and stability of microtubules by two 
ways, either through isoforms or phosphorylation. An abnormal, 
excessive or hyperphosphorylation of tau transforms regular tau protein 
into PHF14 and NFT15 (John and Reddy, 2021; Laurent et al., 2018). 
Hyperphosphorylation of tau happens due to various physiological and 
metabolic abnormalities like peculiar Aβ, tau kinase, brain glucose 
metabolism and genetic mutation. It results in disassembly of microtu
bule and formation of insoluble toxic aggregates, PHF and NFT, which 
finally cause neuronal damage or death by destabilizing nerve structure, 
interfering with axonal transport and blocking the neuronal synapse 
(Fig. 2) (Gong and Iqbal, 2008). Thus, tau hyperphosphorylation 
became a major etiological factor of various neurodegenerative disor
ders, including AD. 

2.4. Vascular hypothesis 

The homeostasis of the brain microenvironment and metabolic 
function significantly depends upon the passage of micronutrients to the 
brain and clearance of waste materials through blood vasculature. Nerve 
cells, astrocytes, vascular cells and blood vessels are essential compo
nents of this neurovascular system that assist to maintain the integrity 
and regular functions of a healthy brain. A disturbance in this vascular 
transit interrupts the healthy routine of the brain and leads to various 
diseases, including different cerebrovascular and neurodegenerative 
disorders like AD. It was proven that AD causes the damage of brain 
microvasculature. Inversely, various in vivo studies report neurovascular 
damage or dysfunction prior to Aβ accumulation or onset of AD (Niwa 
et al., 2000; Ruitenberg et al., 2005; Smith et al., 1999). Unusual 
angiogenesis and age-induced deterioration of the cerebrovascular sys
tem affect the elimination of Aβ peptide through BBB, leading to 

regression of vessels and, consequently, brain hypoxia, hypoperfusion, 
and neurovascular inflammation. In addition, damage of BBB due to 
neuroinflammation and chemical imbalance of neural microenviron
ment results in loss of memory and cognitive function due to neuronal 
dysfunction. 

2.5. Mitochondrial cascade hypothesis 

The mitochondrial cascade hypothesis was first introduced by 
Swerdlow and Khan in 2004. This hypothesis stated the mitochondrial 
deregulation greatly affects the APP expression in nerve cells and its 
metabolism along with Aβ accumulation in SAD.16 This theory has three 
main postulates; (i) mitochondrial function of an individual is pre
defined by genetic inheritance, (ii) age-related change in mitochondrial 
function is affected with various inherent and environmental factors and 
mitochondrial sinking leads to aging phenotype, and (iii) rate of mito
chondrial deterioration or functional modulation significantly affect AD 
chronology. Damaged mitochondria are primarily responsible for ROS17 

production, which is a major factor of AD progression. Metabolite pro
duced by mitochondrial TCA18 cycle compounds/intermediates like 
fumarate, pyruvate, malate etc., are essential for neuronal longevity and 
epigenetic regulation (Matilainen et al., 2017). However, mitochondrial 
dysfunctioning significantly affect the metabolic functions of nerve cells 
and cause abnormal redox reaction, thus resulting in excessive free 
radical or ROS production. All these aberrant functioning of mitochon
dria finally leads to neurodegeneration and initiate and affect AD pro
gression (Liu et al., 2019). 

2.6. Oxidative stress 

Oxidative stress is another important driving factor of neuro
degeneration that worsens the disease progression. It is referred to as an 
imbalance between cellular antioxidants and pro-oxidants with disrup
tion of mitochondrial redox circuitry. It is driven due to the excessive 
production of ROS inside the cells. In normal cells, ROS is usually pro
duced during various metabolic reactions in different cell organelles, 
including ER,19 mitochondria, peroxisome etc., and scavenged by anti
oxidants (Di Meo et al., 2016). Various external or internal factors like 
aging, disease condition, injury, shock, and other environmental factors 
interrupt cellular homeostasis and trigger uncontrolled ROS production. 
In the AD brain, nerve cells demonstrate decreased number of healthy 
mitochondria, and excessive oxidative damage alongside an insufficient 
amount of cellular antioxidants results in severe oxidative stress and 
neuronal damage. Increased oxidative stress and ROS level also worsen 
other pathological factors of AD, including Aβ aggregation, tau hyper
phosphorylation and cause neural apoptosis. ROS shifts the APP hy
drolysis to the β-secretase pathway and increases Aβ plaque formation 
(Dubey et al., 2019). 

2.7. Neuroinflammation 

Inflammatory responses of astrocytes and microglia in CNS20 also 
significantly affect AD progression. Microglia are inherently macro
phages of the brain or CNS region, contributing around 10–15% of brain 
cells. Studies demonstrated significantly higher activity of microglia in 
the AD brain as compared to the normal brain. Similarly, the accumu
lation of microglia near NFT, amyloid plaque and damaged neurons is 
also 2–5 folds higher than healthy cells. The overexpression of microglia, 
hyperactivation of histocompatibility complex and release of 

13 β-secretase enzyme.  
14 Paired helical-filament.  
15 Neurofibrillary tangle. 

16 Sporadic AD.  
17 Reactive oxygen species.  
18 Tricarboxylic acid.  
19 Endoplasmic reticulum.  
20 Central nervous system. 
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inflammatory cytokines cause severe neuroinflammation. At the same 
time, Aβ aggregates synergistically act with cytokines to activate 
microglial cells. It interacts with glial cells via CD36-TLR4-TLR6 re
ceptor complex and neuroinflammatory complex, leading to damage or 
death of the nerve cells, release TNF-α or other inflammatory mediators, 
and activate immune response. The significant increase of cytokines like 
TGF-β, IL-1β, IL-12, IL-18 etc. and TGF-α level in the brain increases 
neuronal damage and AD progression (Michaud et al., 2013). 
Conversely, a B-cell receptor, CD-22, exerts a negative impact on 
phagocytosis and causes a functional decline of microglia. Suppression 

of CD-22 facilitates the clearance of various fibrils, deposits and debris 
like Aβ fibrils from the brain, which could be a suitable strategy to lessen 
the inflammation and AD progression (Pluvinage et al., 2019). 

3. Biomaterials 

Biomaterials are referred as substances of either natural or synthetic 
origin, specially designed to interact with the living tissues in the form of 
medical devices, carrier system, diagnostic tools or other supporting 
materials used to treat, diagnose, repair, augment or replace the 

Fig. 1. APP cleavage through α-secretase forms non-toxic sAPPα and C83 residue, metabolized through a regular metabolic process. While hydrolysis through BACE 
or β-secretase forms soluble APPβ and leave C99 residue, which further cleaved through γ-secretase and results in insoluble Aβ40/42 fibrils. These Aβ40/42 fibrils get 
aggregated and lead to Aβ plaque formation that causes neuronal damage and AD. 

Fig. 2. Neurodegeneration by tau hyper
phosphorylation (1) In a healthy brain, tau- 
protein stabilizes the microtubule assembly 
by holding tubulin sheets together through 
its isomers and phosphorylation. Hence, 
they maintain the nerve cell cytoskeleton 
and assist the regular function of neurons. 
(2) Post-translational modification, genetic 
mutation or any metabolic abnormalities 
cause hyperphosphorylation of tau protein 
which interfere with its function and tau fi
brils detached from the microtubule. (3) 
This causes dissembling of microtubule units 
and ultimately neuronal death. The loosened 
tau fibrils form abnormal toxic aggregates 
(PHF and NFTs), which block the synaptic 
transport and lead to neurodegenerative 
diseases like AD.   
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damaged or diseased organ or tissue of the body except for food and 
drugs. Technological advancement in drug development and the me
dicinal industry increases the demand for smart biomaterials to manage 
critical conditions and access delicate organs in a better and convenient 
manner (Hadavi and Poot, 2016). These are also beneficial in drug de
livery to the brain due to their unique abilities like excellent perme
ability, better solubility, flexible physicochemical properties, targeting 
specificity, biodegradability, biocompatibility, lesser toxicity, controlled 
and sustained release, stimuli responsiveness and many more. BBB ap
pears a foremost challenge for brain targeting of therapeutic and diag
nostic agents. Thus, various biomaterials are used as permeation 
enhancers, surface-active ligands, carrier molecules (protein, peptide 
etc.), and surface-modified nanocarriers to promote the drug passage 
across the BBB through passive transport, receptor-mediated and 
carrier-mediated transport. Nano vectors are a promising strategy for 
brain delivery of bioactives due to their smaller size and higher 
permeability across the BBB. Surface modification with specific ligands 
like transferrin, lactoferrin, glutathione etc., facilitates the entry of 
drugs to the brain via active transport mechanism through receptor or 
carrier-mediated transport. Smart biomaterials serve as an essential part 
of novel drug delivery to treat neurological disorders like Alzheimer’s 
disease (Orive et al., 2009). The selection of appropriate biomaterial 
purely depends upon its characteristic features and compatibility with 
the therapeutic or diagnostic agent. And the physicochemical and me
chanical properties of any biomaterial are based on its origin and 
structural composition. So, based on origin, biomaterials can be broadly 
divided into two categories, as discussed below. 

3.1. Natural biomaterials 

Various monomers, dimers, oligomers and polymers originated from 
natural sources like plants, animals, microorganisms, and marine species 
come under this category. These are the essential components of life, 
including amino acids, protein, peptide, lipids, carbohydrates (mono, 
oligo and polysaccharides), nitrogenous bases, nucleic acids etc. (Avi
nash and Govindaraju, 2018). Random and sequential rearrangement 
and organization of the basic units result in various fascinating macro
molecules. Due to their special features like biocompatibility, biode
gradability, flexibility, low toxicity etc., such compounds have variable 
application in the drug delivery system. Naturally originated bio
materials could be used to satisfy different aspects of drug delivery 
system ranging from the bioactives with therapeutic activities including 
various herbal extracts, proteins, peptides etc. to numerous polymers 
with permeation enhancing, release modifying, surface modifying 
properties to achieve target-specific treatment of AD and other CNS 
disorders more (Datta et al., 2020). The biomolecule-derived bio
materials, or naturally occurring biomaterials, offer great advantages in 
terms of biocompatibility, biodegradability, flexibility and safety over 
the synthetic biomaterials. Owing to the natural origin, they mostly 
mimic the biological or physiological environment and provide an 
attractive option over synthetic biomaterials. Although, the availability 
of standard quality materials, lower shelf-life and higher susceptibility 
to environmental and microbial degradation and immunogenicity might 
limit their application. However, advanced derivatives of natural bio
materials, either in combination with other synthetic or natural com
pounds or implementation of advanced technologies, overcome such 
limitations. Starch, fibrin, gelatin, collagen, alginate and their de
rivatives, various gums, resins, bioactive protein and peptides, different 
lipids like lecithin, phosphatidylcholine and phospholipids (from mul
tiple sources like egg, soybean etc.), polysaccharides etc. are popular 
biomaterials used in drug delivery approaches among which chitosan, 
hyaluronic acid, phospholipids, wheat germ agglutinin, vegetable oils 
etc. found useful in brain delivery of bioactives (Song et al., 2018). 

3.2. Synthetic biomaterials 

Apart from the excellent biocompatibility and ability to support the 
cell functions, natural biomaterials are somewhat restricted due to lack 
of stability or higher tendency to degrade, and potency to carry micro
bial contamination evoke an immune response. On the other hand, 
synthetic biomaterials or synthetic derivatives of natural biomaterials 
offer better flexibility, mechanical strength and chemical properties. 
Synthetic polymers can be easily modified to alter their chemical and 
mechanical behavior to achieve desirable characteristics like stability, 
elasticity, bioadhesion etc. However, it possesses some other challenges 
like toxicity upon long-term usage (Fournier et al., 2003). Thus, to avoid 
such complications, various biodegradable synthetic biomaterials are 
being extensively studied for their biomedical applications. It is also 
possible to control and predict the physical and mechanical properties of 
synthetic biomaterials like rate of degradation, elastic modulus, tensile 
strength, etc., due to the well-understood and controlled production of 
these materials. Further, the quality and purity can also be controlled as 
per the need (Austin and Rosales, 2019). In all, the pure, biodegradable 
synthetic biomaterials are found suitable in combination with the nat
ural biomaterials for therapeutic and diagnostic purposes owing to their 
minimum toxicity, higher stability and flexibility. Some common syn
thetic biomaterials involve the use of saturated aliphatic polyesters like 
PGA,21 PLA,22 PLGA,23 PCL24 etc., polyanhydrides, polyurethane, pol
yphosphazene etc. among which PLGA, PCL, PEG25 are commonly used 
for brain delivery of bioactives and formulation of novel drug carriers 
(Song et al., 2018). 

4. Role of functional biomaterials in AD therapy 

Functional biomaterials are smart polymers which have the ability to 
demonstrate desired characteristics in response to any external stimulus 
like temperature, light, pH, magnetic field, electric stimulus etc., upon 
exposure to the physiological system (Wells et al., 2019). These are also 
termed as stimuli-responsive or smart biomaterials. There are primarily 
two types of stimulus based on its source of origin, including (i) 
endogenous stimulus and (ii) exogenous stimulus. The former involves 
physiological temperature, pH, ROS,26 enzymes, ionic concentration 
and redox reactions. In contrast, the latter involves light, external tem
perature, magnetic field, ultrasound waves, and electric stimulus to 
trigger or activate these smart biomaterials (Rao et al., 2018). Smart 
biomaterials present an exquisite and evolutionary approach to provide 
optimized patient-centric care in terms of target-specific and on-demand 
therapy, which seems to be the prime lacuna in the conventional system. 
In AD therapy, endogenous stimulus-responsive materials are mostly 
explored for therapeutic purposes, i.e., to deliver the drug cargo to the 
affected region of the brain as a novel carrier system. On the contrary, 
endogenous biomaterials have been explored for diagnostic purposes as 
marker compounds or labeling agents (Shan et al., 2019). This section 
has highlighted the most recent application of some highly explored 
categories of smart biomaterials to treat AD. 

4.1. pH-responsive biomaterials 

pH-responsive functional biomaterials possess the ability to respond 
to the change in environmental pH and thus, provide release of drug 
package to the desired site or pathological conditions like amyloid ag
gregates, tumor tissues, site of inflammation etc. The pH-responsive 

21 Polyglycolic acid.  
22 Polylactic acid.  
23 Poly-lactide-co-glycolide.  
24 Polycaprolactone.  
25 Polyethylene glycol.  
26 Reactive oxygen species. 
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delivery system limits the systemic exposure of anti-AD drugs and en
hances drug concentration at the damaged region of the brain with pH 
lower than general circulation. The acidic environment of the amyloid 
plaque, NFT,27 damaged nerve cells or inflamed neurons regulates the 
drug release from this carrier or drug at the target site by triggering the 
physical or chemical changes. These are derivatives of polyelectrolytic 
polymers with weak acid or base in their backbone. The difference in 
surrounding pH promotes chemical or physical changes like cleavage of 
bonds, structural modification, change in solubility, swellability, proton 
release, or acceptance (Wells et al., 2019). Various natural polymers like 
chitosan, cellulose, albumin and gelatin demonstrate both pH and 
thermoresponsive behavior. At the same time, synthetic biomaterials 
like PEG, PAA28 and PDMAEMA29/PDEAEMA30 and their derivatives 
like Carbopol® (a crosslinked derivative of PAA) show pH-responsive 
behavior. Among this chitosan, PEG and PAA derivatives like Carbo
pol® are frequently explored to develop novel carriers to deliver anti-AD 
drugs (Chatterjee and Chi-Leung Hui, 2019). Gao et al. studied the effect 
of GMC31 modified chitosan on the nasal absorption of insulin in the AD 
rat model at varying pH (Gao et al., 2019). Studies proved that insulin 
resistance and impaired insulin signaling act as a key factors for 
cognitive dysfunction and pathogenesis of neurodegenerative diseases 
like AD. Nasal administration of insulin potentially delays the AD pro
gression and improves brain functions along with diabetes management 
(de la Monte, 2013; Dubey et al., 2020). The change in pH significantly 
influences the solubility of insulin and chitosan to promote drug ab
sorption. It also leverages the electrostatic interaction between the 
bioactive (insulin) and chitosan). The study reported GMC-chitosan and 
insulin interaction at 5.8 and 6.7 pH results in encapsulation of insulin 
within the polymeric matrix while no/little interaction at 4.7 pH (Gao 
et al., 2019). 

4.2. Thermoresponsive biomaterial 

Thermoresponsive/thermosensitive or temperature-triggered bio
materials exhibit physical or chemical modification in response to 
change in the surrounding temperature. This ability has been used to 
achieve targeted drug delivery at the diseased site (inflamed tissues, 
Aβ32 aggregates or other damaged tissues of the brain) with increased 
physiological temperature. This phenomenon can also ease the drug 
administration process via intranasal route, peroral administration or 
parenteral administration in a solution form, which gets converted to gel 
or depot after administration at physiological pH to produce a prolonged 
release of the drug (Agrawal et al., 2020a). Poloxamer, chitosan, 
EHEC,33 xyloglucan, PNIPAM34 etc., are some popular thermores
ponsive biomaterials investigated for brain delivery of bioactives. A 
recent investigation explored the photothermic behavior of ruthenium 
nanoparticles to improve the permeability across BBB and provide a 
thermoresponsive release of NGF.35 The study highlighted the devel
opment of a hollow, flower-like ruthenium nanoparticle loaded with 
NGF and modified with a phase-changing material, tetradecyl alcohol, 
to support the thermoresponsiveness. NGF is an effective neurotrophin 
which lessens nerve damage by inhibiting tau hyperphosphorylation 
and improves memory and learning functions. However, poor BBB 
permeability and a shorter half-life reduce its therapeutic efficacy (Zhou 
et al., 2020). The thermoresponsive release behavior of the developed 

nanocarrier prolonged the blood circulation time and prevented the 
early release of the drug. Excellent photothermal sensitivity under NIR36 

irradiation promotes its ability to improve the BBB permeability and 
smartly controlled NGF release under the thermal stimulus (Chen et al., 
2017). In all, it effectively suppressed the multiple factors of AD path
ogenesis, including tau hyperphosphorylation, oxidative stress and 
neuronal damage (Zhou et al., 2020). Georgieva et al. demonstrated the 
thermoresponsive behavior of PNIPAM for transdermal delivery of gal
antamine (a well-known anti-AD drug) to treat AD. Different polymeric 
network films were prepared, evaluated and loaded with galantamine. 
PNIPAM based formulation offers excellent thermoresponsive behavior 
to assist the transdermal administration of the drug in avoiding its sys
temic exposure and, thus, the adverse effects (Georgieva et al., 2020). 
Another study reported the amyloid targeting ability of a thermores
ponsive novel conjugated polymer-based micelle to treat AD. The smart 
polymer consists of two PEG analogs, PMO37 and POEG,38 which ex
hibits excellent thermoresponsiveness and overcome the limitations of 
PNIPAM like poor mechanical strength, slow response, and low 
biocompatibility. The thermal stimulus triggers the polymeric conjugate 
transformation from hydrophilic to hydrophobic form, which further 
captures the Aβ fibril and prevents toxic Aβ plaque formation (Geng 
et al., 2020). 

4.3. Photosensitive biomaterials 

Light is an exogenous stimulus used to regulate the physiochemical 
and biological properties of the polymeric system to fulfill the thera
peutic need. Light offers an inexpensive and flexible tool to control the 
movement inside the biological system, the release pattern and thus, 
achieve target-specific action. In the nervous system, the INS39 can also 
be used to induce the excitation or suppression of neuronal activity 
(Martino et al., 2015). Considering the photo-stimulation in regulating 
neurological responses, photoactive biomaterials serve as a potential 
tool to target specific and better therapeutic action. The photoactive 
biomaterials are subdivided into photothermal, fluorescent, or optical 
waveguided biomaterials based on their different photo stimuli. The first 
category, the photothermal biomaterials demonstrates the ability to 
liberate thermal energy upon activation through the light stimulus. This 
thermal energy further triggers the physical, chemical or mechanical 
modification of the biomaterial to get the desired release behavior, 
target specificity, removal of protein aggregates or damaged cells and 
stimulate the surrounding tissues (Shan et al., 2019). In this sequence, Li 
et al. studied the light-controlled release behavior of PPy40 

nanoparticle-containing microscopic hydrogel loaded with a neuro
transmitter triggered by NIR irradiation. The NIR stimulated photosen
sitive microgels were developed to provide the localized release of 
bioactives to control various neuronal activities in in vivo and in vitro 
models. The photothermal biomaterial was a combination of PNIPAM 
hydrogel and PPy nanoparticles. The PNIPAM exerts thermoresponsive 
behavior, and PPy serves as a photothermal transducer. The 
remote-controlled localized glutamate delivery induced by NIR irradi
ation stimulus demonstrated improved auditory cortex activity in the 
AD rat model (Li et al., 2015). 

4.4. Electroresponsive biomaterials 

Studies reported that electro-active cells like neurons and cardiac 
cells have the ability to generate an endogenous electric field in the form 27 Neurofibrillary tangles.  

28 Polyacrylic acid.  
29 Poly(dimethylaminoethyl methacrylate).  
30 Poly(diethylaminoethyl methacrylate).  
31 Glyceryl monocaprylate.  
32 Amyloid beta.  
33 Ethyl (Hydroxyethyl) Cellulose.  
34 poly(N-isopropylacrylamide).  
35 Nerve Growth Factor. 

36 Near Infrared.  
37 poly-2-(2-methoxy ethoxy)-ethyl methacrylate-co-oligo(ethylene glycol) 

methacrylate.  
38 polyoligo(ethylene glycol) methacrylates.  
39 Infrared neural stimulation.  
40 Polypyrrole. 
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of specific cell membrane potential, which flows throughout the bio
logical system as nerve impulses to transfer and carry the signals and 
cardiac impulses in the cardiovascular system. This electric potential 
typically ranges between − 60 mV and − 100 mV. In the human body, 
these endogenous electric impulses are essential to regulate various 
biological functions like nerve signaling, muscle contraction, tissue 
regeneration, embryogenesis, wound healing etc. It acts as an integral 
part of signal transmission and other nervous system functions like 
Transmission of action potential and depolarization (Li and 
Hoffman-Kim, 2008). Owing to this unique electrical attribute, the 
exogenous electric impulses also significantly impact nerve functioning. 
Thus, various electroactive biomaterials have been explored for their 
ability to modulate the cellular functions, the stimuli-controlled release 
of bioactives, detection and identification of biochemical reactions and 
neurotransmitters and photoacoustic imaging (Manivasagan et al., 
2017). PANI,41 PEDOT42 and PPy are examples of conductive bio
materials, highly explored for nerve tissue regeneration and mitigation 
of neurological ailments. However, the non-biodegradability of these 
conductive polymers, which calls for surgical removal, is the primary 
obstruction in the in vivo application of these biomaterials. Thus, re
searchers focused on the synthesis of biodegradable conductive poly
mers. In this aspect, a study highlighted the fabrication of nerve ducts 
with a combination of PPy and PDLLA43 to treat the defective nerves and 
promote neuroregeneration. The biodegradable PPy/PDLLA composite 
neuro conduit facilitated the rat PC-12 cell differentiation in the in vitro 
model and nerve regeneration in the rat model. Such ability of 
PPy/PDLLA composite could be further utilized in the AD brain to repair 
damaged neurons and facilitate neuroregeneration (Xu et al., 2014). 
Another example of biodegradable conductive biomaterial was the 
synthesis of biodegradable polyurethane by combining poly (glycerol 
sebacate) and aniline pentamer by polycondensation. The system 
potentially repaired the nerve damage and promoted nerve regeneration 
(Wu et al., 2016). 

4.5. Magnetically controlled biomaterials 

Magnetism is an inherent characteristic of every atom. Hemoglobin 
found in human blood, a protein with iron content, demonstrates mag
netic behavior. The magnetic property of hemoglobin varies with its 
oxygen-carrying capacity. The oxygenated hemoglobin was less sensi
tive to the magnetic field than the deoxygenated one (Bren et al., 2015). 
Based on these facts, magnetic biomaterials were found to have signif
icant importance in biomedical science. The magnetic biomaterials are 
used to design and synthesize magnetic nanoparticles for the controlled 
and target-specific delivery of various therapeutic and diagnostic agents. 
Pure metals like Fe, Co, Ni, Ti etc., metal oxides, ferrite, maghemite and 
metal alloys containing one of the above-mentioned metals are common 
magnetic biomaterials (Majidi et al., 2016). Iron oxide nanoparticle is 
popular in the biomedical industry for drug targeting or diagnosis owing 
to its lower toxicity profile. The magnetic IONs44 are highly susceptible 
to the external magnetic field and lose their magnetization upon 
removing the external magnetic field (Dragar et al., 2021). This phe
nomenon is called superparamagnetism, which is highly desirable for 
the biomedical application of IONs. Usually, the IONs with a size below 
20 nm possess such ability and termed as SPIONs45 (Cardoso et al., 
2018). Although the particle size should not be less than 10 nm is easily 
susceptible to rapid renal clearance. Decoration of SPIONs with 
target-specific biomaterial and combination with biocompatible and 
biodegradable agents improves its efficiency, site-specificity and 

compatibility with the biological system. The SPIONs were found useful 
in AD imaging as ultrasensitive nanoprobe. For this, the SPION was 
surface-functionalized with a carboxyl derivative of DDNP46 through 
ligand exchange technique. DDNP is a viscosity and solvent sensitive, 
highly lipophilic, fluorescent compound with high affinity to Aβ 
aggregate. Hence, it was used as a molecular imaging probe to target 
senile plaque. The 11.7 nm sized magnetic nanoparticle showed signif
icant binding to the Aβ aggregate in an in vitro Aβ model when visualized 
through fluorescent imaging. Excellent Aβ binding and fluorescent 
properties of DDNP and magnetically regulated SPION serve as potential 
diagnostic tools for AD. Such findings supported SPION’s application as 
an MRI contrast agent for AD diagnosis (Zhou et al., 2014). It also has 
applications in stem cells targeting the hippocampal region of the brain 
to treat AD. The study demonstrated the labeling of Human WJ-MSCs47 

with dextran-coated SPIONs targeted to the hippocampus of the rat 
brain by applying the external magnetic field using the Halbach magnet 
array. The study reported improved memory and cognitive function, 
which assures the successful targeting of MSCs through SPIONs and its 
regenerative effects (Hour et al., 2020). 

5. Biomaterial for development of novel carrier for brain 
targeting of anti-AD drugs 

The unique characteristics of various natural and synthetic bio
materials have been used to design different types of novel drug carrier 
systems to target anti-AD drugs to the desired site of the brain. Here, we 
discuss the applications of biomaterial for the development of some 
well-known drug carriers, including polymeric nanoparticles, lipidic 
nanocarrier, inorganic nanoparticles, hydrogel, biodegradable scaffold, 
and carbon nanotube etc. 

5.1. Polymer-based carrier systems 

Polymer drug carriers received significant attention in novel drug 
delivery approaches in the past two decades. The unique properties of 
natural or synthetic polymers as biomaterials assist the drug delivery 
process with various advantages over the conventional system. Biode
gradability, biocompatibility, flexibility, site-specificity, controlled 
release behavior, permeation enhancement, improved stability, less 
toxicity etc., are the most desirable characteristics of a polymeric carrier 
system. These can be used as a vector for delivering a broad range of 
bioactives, including synthetic drugs, herbal moieties, proteins, pep
tides, biological agents, gene and genetic factors, along with various 
diagnostic agents (Sung and Kim, 2020). Based on their inherent prop
erties, method of preparation and structure of the final product, the 
polymeric biomaterials can be formed as polymeric nanoparticles, 
polymer-drug conjugates, micelles, polyplexes, dendrimers, etc. Surface 
modification of a polymer-based drug carrier with a targeting ligand 
gives precise targeting. This section will discuss the role of various 
biomaterials in developing a suitable carrier system for delivering bio
actives to treat AD (Table 1). 

5.1.1. Polymeric nanoparticles 
The field of nanotechnology had some drastic evolutions in the past 

years to produce potential drug delivery systems capable of imposing 
minimum toxicity. The materials with a size of 1–100 nm were prefer
able for nanosize formulation (Alexander et al., 2016). In Alzheimer’s 
condition, when the patient is administered with these nanoparticles, 
there are number of evidence that they may promote, suppress, or delay 
the kinetics of amyloid plaque formation. Apart from the above 
advantage, the polymeric nanoparticles also have some limitations like 
the accumulation of biomaterials in the brain, non-biodegradability, 41 polyaniline.  

42 poly(3,4-ethylene dioxythiophene).  
43 Poly(D,L-lactic acid).  
44 Iron oxide nanoparticles.  
45 Superparamagnetic iron oxide nanoparticle. 

46 1,1-dicyano-2-[6-(dimethylamino)naphthalene-2-yl]propene.  
47 Wharton’s jelly-derived mesenchymal stem cells. 
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systemic toxicity in some conditions (Dhas and Mehta, 2020). Thus, 
numerous efforts have been made to design promising polymeric 
nanoparticles with desirable properties. One such strategy highlighted 
the role of cationic chitosan functionalized PLGA core/shell nano
particles for brain delivery of carotenoid (lutein) through the intranasal 
route to treat AD. Lutein is a natural dietary xanthophyll carotenoid, 
identified as an anti-AD drug due to its potential anti-inflammatory and 
antioxidant activity. However, poor solubility and bioavailability 
restricted its therapeutic potency. Hence, it was embedded in PLGA 
nanoparticles to improve solubility and bioavailability and achieve 
brain targeting. PLGA nanoparticle was prepared by nanoprecipitation 
method. The system was then coated with chitosan by electrostatic 
interaction. The prepared nanoparticles had particle size, PDI,48 and 
zeta potential 134–145 nm, 0.01, and +48 mV, respectively. The release 
of lutein from the nanoparticles was sustained after 8 h up to 96 h. The 

electrostatic interactions between endothelial cells and cationic 
chitosan-coated nanoparticles lead to the internalization of the nano
carriers. The chitosan-coated lutein-PLGA nanoparticles had a great 
ability to cross the nasomucosal membrane and effectively deliver the 
drug cargo to the brain, where lutein exerts therapeutic action by 
reducing the oxidative stress in nerve cells (Dhas and Mehta, 2020). 
Another study also demonstrated the use of chitosan nanoparticles for 
nose-to-brain delivery of alendronate. Alendronate is a nitrogenous 
bisphosphonate with the potency to inhibit the AChE and cholesterol 
synthesis. The drug was encapsulated with chitosan by ionic gelation 
technique, using sodium tripolyphosphate as a crosslinking agent. The 
carrier provides sustained release of a drug where the initial burst 
release was less than 39% in 30 min. The permeation rate of the 
formulation was more than expected due to the interaction of the amino 
acid group with the negatively charged cell surface. The chitosan 
nanoparticle promisingly delivers the drug to the brain via the intranasal 
route and provides an effective, non-invasive technique to treat AD 
(Alexander et al., 2014; Zameer et al., 2020). PLGA nanoparticles are 

Table 1 
Some examples of biomaterials used as therapeutic agents and development of polymer-based carrier system.  

S. 
no. 

Targeted Pathological factor Bioactives/Drug Biomaterials Outcome References 

Polymeric nanoparticles  
Oxidative stress Lutein PLGA  • 17.64% after 6 h & up to 71% was released in 96 h  

• Erosion controlled sustained release of lutein from 
polymeric matrix  

• Higher permeation to nasal mucosa  
• Lesser cellular toxicity  
• Bioavailability is more through intra-nasal route 

Dhas and Mehta 
(2020)  

AChE Alendronate sodium Chitosan, Sodium 
tripolyphosphate  

• Prolonged and controlled release  
• Around 88.61% of drug released in 24 h  
• Improved spatial memory in mice due to synergistic 

effect of chitosan and the drug  
• Effective brain targeting due to high affinity to 

hippocampal neurons 

Zameer et al. 
(2020)  

Aβ aggregation Curcumin Selenium  • Sustained release of drug from selenium matrix up 
to 24 h  

• New targeting agents for AD is selenium 
nanoparticles  

• Selenium increases bioavailability as a penetration 
enhancer 

Huo et al. (2019)  

Aβ aggregation anti-Aβ1-42 monoclonal 
antibody 

PEG derivatives  • Monoclonal antibodies can treat memory loss in AD  
• Long circulation half-life was due to PEGylation 

Carradori et al. 
(2018)  

Aβ fibrillogenesis Insulin Maghemite  • Increase therapeutic potency  
• Better brain targeting 

Lu et al. (2018) 

Dendrimers  
AChE Tacrine PAMAM  • Complexation with PAMAM dendrimer does not 

alter drug release, which shows weak interaction  
• Decreases toxicity  
• Increased drug efficacy 

Igartúa et al. 
(2020)  

NMDA excitotoxicity & 
glutamate overexpression 

Memantine PAMAM  • Initial burst release for 1 h followed by slow and 
sustained release of 51.23% in 48 h  

• Increased permeability  
• No memory deficits in mice 

Gothwal et al. 
(2019)  

Protein aggregation due to 
impaired autophagy 

Carbamazepine PAMAM  • Initial burst release with subsequent sustained 
release  

• PAMAM dendrimer enhances drug solubility  
• Reduced toxicity  
• Higher bioavailability 

Igartúa et al. 
(2018)  

Inflammatory damage & 
γ-secretase irregularity 

Flurbiprofen poly (epsilon-lysine)  • High permeability  
• Less cytotoxicity 

Al-Azzawi et al. 
(2018) 

Micelle  
Oxidative stress Resveratrol PEG-PLA  • NCAM is efeective target for AD Yang et al. 

(2020)  
Oxidative stress & inflammatory 
damage 

– lactoferrin and conjugated 
linoleic acid  

• 11% in 2 h and approximately 100% in subsequent 
8 h at 6.8 pH  

• Safe and effective treatment  
• 2.8 fold increase in in-vivo distribution 

Agwa et al. 
(2020)  

Aβ aggregation, oxidative stress 
& inflammatory damage 

Curcumin DSPE-PEG2000  • Reduction in Aβ plaque  
• Early diagnosis of AD  
• High accumulation in brain tissues 

Chibhabha et al. 
(2020)  

Aβ aggregation, oxidative stress 
& inflammatory damage 

RAGE targeting 
peptide, Curcumin 

PEG polymer, which has ROS 
responsiveness  

• Multi-targeting  
• Increase in cellular uptake 

Lu et al. (2019)  

48 Polydispersity index. 
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extensively investigated for the brain delivery of a broad range of 
therapeutics, including small hydrophilic molecules, lipophilic drugs, 
proteins, peptides and various other macromolecules (Ferreira et al., 
2020). Utilizing this strategy, Huo et al. developed selenium nano
particle doped PLGA nanospheres for effective brain targeting of cur
cumin. The work aimed to enhance the cellular uptake and transport of 
this poorly soluble drug across BBB to treat AD. The curcumin-loaded 
selenium-PLGA nanosphere was prepared using the emulsion solvent 
evaporation method, which produces a nanosphere with a size of 
approximately 80 nm. The initial burst release of selenium-loaded cur
cumin-PLGA nanoparticles was less compared to curcumin-PLGA loaded 
nanoparticles. Selenium increased the BBB penetration and also exerted 
a synergistic effect with curcumin to treat neuronal damage. The 
formulation significantly reduces Aβ aggregation and neuro
inflammation in 5XFDA transgenic AD mice (Huo et al., 2019). PEG is 
one of the very popular biomaterials used in developing novel carrier 
systems for brain delivery. Its unique features are used to get desirable 
characteristics like stealth nature, biocompatibility, prolonged-release, 
reduce toxicity, improve permeability and surface modification of 
nanoparticles to protect the therapeutics and target-specific delivery. 
The fate of PEG inside the body depends on its molecular weight (Aja
zuddin et al., 2013). Various derivatives of PEG are used in nano
formulations to improve bioavailability and efficiency. Using the PEG 
derivatives Carradori et al. developed antibody (anti-Aβ1-42) function
alized PEGylated polymeric nanoparticle and investigated its fate in the 
in vivo transgenic AD mice model towards AD treatment. Treatment of 
transgenic mice with antibody decorated nanocarrier showed consid
erable improvement in memory and reduced the Aβ level in the brain 
(Carradori et al., 2018) (Table 1). 

5.1.2. Dendrimer 
Another popular polymeric carrier is dendrimer, which has gained 

popularity to access the brain in the last decade. Dendrimers are novel 
drug carriers with tree-like structures where branches are formed from 
the core molecule in hierarchical order. Various advantages of den
drimers like high density, monodispersity, controllable size and a high 
degree of surface functionality make them suitable for site-specific drug 
delivery. Different types of dendrimers have been synthesized based on 
composite biomaterials like PAMAM,49 PPI50, carbosilane, PLL,51 and 
triazine. PAMAM is the most common and acceptable polymer for 
biomedical applications due to its biocompatibility, flexibility, and low 
cost (Igartúa et al., 2018). Igartua et al. reported co-administration of 
tacrine, a licensed anti-AD drug with PAMAM dendrimer, to minimize 
the toxicity profile and improve the therapeutic efficacy of the drug. 
They prepared a suspension of tacrine and dendrimers (DG 4.0 and 4.5) 
in methanol and studied the interaction. The toxicological profile was 
evaluated using human RBC52 for ex vivo toxicity, cell culture studies 
(Neuro-2a cell culture) to determine the in vitro toxicity and zebrafish 
larvae for in vivo toxicity. The study revealed a significant decrease in 
cell viability when treated with 300 μM of tacrine. In contrast, no sign of 
toxicity was observed when tacrine was administered along with 1.8 μM 
of DG 4.0 or 4.5 (Igartúa et al., 2020). Previously, they have utilized 
PAMAM dendrimer for brain delivery of carbamazepine to improve drug 
solubility, reduce dose, dosing frequency, adverse effect, and therapy 
cost. Complexation with PAMAM dendrimer significantly increases the 
solubility of the drug, almost 3 folds. At the same time, the formulation 
was also found to be safe in ex vivo human blood cell, in vitro N2a cell and 
in vivo zebrafish model (Igartúa et al., 2018). Another similar work 
evaluated the brain targeting efficiency of Lf53 conjugated PAMAM 

dendrimer for delivering memantine (NMDA antagonist) through in vivo 
AD mouse model. 1HNMR confirmed the Lf-PAMAM conjugation by 
chemical reaction. Conjugation with Lf significantly increases the size of 
the drug-loaded PAMAM dendrimer from 11.5 to 131.7 nm. The cationic 
behavior of the lactoferrin increases the zeta potential, and surface 
coating with Lf slows down the drug release rate and provides sustained 
release as desired. The Lf conjugated dendrimer successfully delivered 
the drug to the brain with improved bioavailability and showed 
improvement in memory and behavioral function of AD mouse model 
(Gothwal et al., 2019). Another exciting piece of work demonstrated the 
use of PEL54 dendrimer for brain delivery of flurbiprofen, a USFDA 
approved anti-inflammatory drug to treat AD. The dendrons were 
initially prepared by solid-phase peptide synthesis and coupled with 
flurbiprofen. The binding of the polymer and drug was confirmed using 
mass spectroscopy and FTIR analysis. The cell viability of the formula
tion was performed on bEnd.3 cells, and the system was found highly 
biocompatible. Drug integration with the PEL dendrimer increased 
permeation across BBB and delivered the drug to the target site by hy
drolysis. The formulation effectively targeted the drug to the desired site 
on the γ-secretase enzyme (Al-Azzawi et al., 2018) (Table 1). 

5.1.3. Micelles 
Polymeric micelles are nanosized carriers with core-shell arrange

ments formed by spontaneous self-association of amphiphilic block co
polymers in an aqueous solution. The micelle structure has a hydrophilic 
shell and hydrophobic core, enabling the entrapment of hydrophobic 
molecules in the core and entrapment of hydrophilic moieties in the 
shell (Shah and Leon, 2021). Such an arrangement makes it compatible 
with a wide variety of both hydrophobic and hydrophilic drugs. The size 
of the micelles can be adjusted based on the requirement. It offers a great 
advantage of surface modification with target active ligands, enabling 
drug delivery to the target site by minimizing the off-site delivery (Agwa 
et al., 2020). Oxidative stress and mitochondrial dysfunctioning are 
well-accepted causative factors of AD. Effective targeting of potent an
tioxidants to the neurons could be a promising way to mitigate the 
oxidative stress-induced mitochondrial dysfunction and slow down the 
disease progression. Using this strategy, Yang et al. developed neuronal 
mitochondria targeting polymeric micelle, co-decorated with C3 
(neuron adhesion molecule mimicking peptide) and TPP55 to target 
mitochondria. Resveratrol was entrapped in PEG-PLA-based micelles, 
which are then functionalized on the surface with C3 and TPP. The 
TPP-modified particles can escape lysosomal enzymes and facilitates 
localization in mitochondria. The formulation attenuates the oxidative 
stress-induced mitochondrial damage, restored the cognitive functions 
in APP56/PS157 transgenic mice model, alleviates tau hyper
phosphorylation and amyloid deposition and protects the synapses 
(Yang et al., 2020). Additionally, micelles can increase the solubility of 
the drug and enhance biocompatibility. One such work was reported by 
Chibhabha et al., where they developed DSPE-PEG2000 micelles with 
curcumin by the solvent evaporation method. The encapsulation effi
ciency was less than 79%, while the drug loading capacity was less than 
14% with 80–100 nm particle diameter. The sensitivity of the micelles to 
Aβ plaque was predicted by immunofluorescence imaging of 
APPSWE/PSIΔE9 mice brain and retinal sections, which showed a sig
nificant reduction of Aβ plaque. The toxicity of the formulation was 
minimum in both ARPE-19 and 661W retinal cell lines (Chibhabha et al., 
2020) (Table 1). 

49 polyamidoamine.  
50 polypropylene-imine.  
51 poly-L-lysine.  
52 Red blood cells.  
53 Lactoferrin. 

54 Poly(epsilon lysine).  
55 Triphenylphosphonium.  
56 Amyloid precursor protein.  
57 Presenilin 1. 
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5.2. Lipid-based carrier system 

Another important class of biomaterials is natural or synthetic lipids 
or lipophilic substances used to develop an interesting class of nano
carriers, lipid nanoparticles. Nowadays, lipid-based drug carriers have 
gained much popularity compared to the other nanocarrier systems 
owing to the great advantage of biocompatibility, biodegradability, and 
less toxicity than polymeric and inorganic materials, and better 
permeation through various biological membranes, higher drug loading 
and many more. Approximately 70% of the nanomedicines in clinical 
trials up to 2019 were formulated using lipids as their carrier. Phos
pholipids are more biocompatible and can self-assemble into lipid-based 
carriers better than other polymeric or inorganic materials. Different 
types of lipid nanoparticles are formulated and defined on the basis of 
their composition, structure, method of preparation and other formu
lation variables (Fan et al., 2021). Here, we have discussed some most 
recent strategies highlighting the application of lipid nanocarriers for 
brain targeting of bioactives to treat AD (Table 2). 

5.2.1. Liposome 
Liposome is one of the highly explored nanocarriers for AD therapy. 

It is a nano-sized lipophilic vesicle composed of a phospholipid bilayer 
surrounding an aqueous core. Such a special arrangement of liposome 
with lipophilic shell and aqueous core permits the loading of hydrophilic 
drug in the core and hydrophobic moieties in the phospholipid shell 
(Agrawal et al., 2018). It is a non-toxic, biocompatible carrier system 
that significantly improves the solubility, permeability and bioavail
ability of the drug and potentially targets it to the desired site. Apart 
from such advantages, poor stability is a significant limitation of the 
liposomal delivery system, which can be overcome using suitable sta
bilizers (Antimisiaris et al., 2021). Liposome is susceptible to RES58 

when administered through the IV59 route and undergoes cellular 
metabolism and clearance. Thus, to protect it from physiological 
degradation, various surface modification has been done. One such 
strategy is PEGylation or stealth liposome, which circumvent the RES 
clearance, improves the circulation time, and facilitates drug targeting 
to the brain (Bruch et al., 2019). One recent strategy on PEGylated li
posomes reported the development of transferrin-modified osthole 
loaded liposomes by thin-film hydration method. The prepared lipo
somes were then PEGylated with PEG2000/DSPE-PEG2000. The fluores
cence intensity of cells with PEGylated liposomes was 1.61 times more 
than other cells, which shows more uptake of the liposomes by cells. The 
neuroprotective effect of the liposomes was analysed using 
APP–SH–SY5Y cells, and the viability was more than 80%. In vivo 
pharmacokinetics and biodistribution studies revealed that PEGylation 
prolonged the circulation time and transferrin facilitated brain targeting 
(Kong et al., 2020). The same drug osthole, is used to target CXCR-460, 
on which the sole ligand present was SDF-1 highly expressed in Alz
heimer’s, reported by Ni et al. The CXCR-4 modified osthole liposomes 
were prepared by thin-film hydration, with a particle size of less than 
110 nm and zeta potential − 11 mV. The liposomes prepared increased 
the cell viability of cells and exert a protective effect. The targeting of 
liposomes was evaluated by making a placebo preparation, and the li
posomes still entered inside the brain of mice. It was then proven that 
the liposomes effectively target the SDF-1 in the brain (Ni et al., 2020). 
Saffari et al. reported the co-administration of metformin and phos
phatidylserine liposomes as neuroprotective agents to ameliorate AD 
pathologies like memory deficit and neuroinflammation. The prepared 
nanoliposomes have a particle size of 150 nm and 39% encapsulation 
efficiency. The formulation effectively targeted the brain and improves 
memory and learning ability in AD-rat, decreases cytokine level, 

neuroinflammation and neuronal necrosis (Saffari et al., 2020) 
(Table 2). 

5.2.2. Nanoemulsion 
Nanoemulsion is thermodynamically stable isotropic mixtures of two 

immiscible liquids, one organic and another aqueous phase stabilized 
with suitable surfactants and co-surfactants (Thomas et al., 2017). The 
average size of the nanoemulsion globule is 10–200 nm. The oil droplets 
can hold lipophilic drugs, while the aqueous phase holds the hydrophilic 
drugs. This formulation enhances the drug solubility, mucosal perme
ability, dissolution rate, and overall bioavailability. It is a non-toxic, 
non-irritating, highly biocompatible and stable drug carrier system 
that can be formulated as a variety of semisolid and liquid dosage forms 
like cream, gel, spray, foam, drops etc. Kaur et al. studied brain targeting 
efficiency of donepezil loaded o/w nanoemulsion administered through 
the intranasal route. The nanoemulsion was prepared by homogeniza
tion of Labrasol, cetyl pyridinium chloride and glycerol. The globule size 
of the nanoemulsion was 65.3 nm with zeta potential − 10.7 mV. The cell 
viability was done on Neuro 2a cell lines, and it showed the viability of 
77%. The formulation was stable up to 24 h and was safe on nerve cells. 
It demonstrated improved uptake by brain cells, dose-dependent cyto
toxicity and antioxidant activity (Kaur et al., 2020). Also, Jiang et al. 
reported brain delivery of Huperzine A loaded lactoferrin conjugated 
nanoemulsion via the intranasal route. In vitro study revealed uptake by 
CMEC/D3 cells was higher than unmodified nanoemulsion. The mech
anism of drug transport was predicted as receptor-mediated trans
cytosis, which proved lactoferrin efficiency for brain targeting. Better 
pharmacokinetic and animal study data also supported the hypothesis 
that intranasal nanoemulsion is a potential tool to target the AD site 
(Jiang et al., 2019) (Table 2). 

5.2.3. SLN 
SLN is the new generation delivery system containing solid lipid as 

the main core and biocompatible surfactant as an outer shell. Some of 
the unique characteristics of the use of SLN are its high drug loading 
capacity, small size, higher effective surface area, better stability than 
other lipid carriers, biocompatibility, compatibility with a broad range 
of therapeutics, and minimum toxicity profile, solubility and perme
ability enhancement. Owing to the properties mentioned above, SLN 
offers a promising carrier for brain targeting. SLN is mostly preferred for 
delivering proteins, peptides, and other considerable molecular weight 
hydrophobic drugs and suitable for all the other classes of bioactives. 
These are currently highly explored for developing novel therapies to 
treat various neurological disorders like AD (Agrawal et al., 2020b). One 
such study by Satya et al. reported the brain targeting of a natural 
antioxidant and neuroprotective agent α-Bisabolol to alleviate Aβ ag
gregation and mitigate neurotoxicity. SLN was prepared by a hot ho
mogenization method using soy lecithin, tween 80 and cholesterol. 
α-Bisabolol has a higher affinity to the lipid matrix, increasing the drug 
encapsulation and minimizing the loss during the encapsulation process. 
The system considerably reduces the activity of AChE, oxidative stress 
and thereby diminished neurotoxicity and Aβ aggregation (Sathya et al., 
2020). Another similar example is the brain delivery of andrographo
lide, a diterpenoid through SLN, to get neuroprotective and antioxidant 
effects. Graverini et al. prepared andrographolide loaded SLN by 
emulsification method with compritol 888 ATO, Brij 78. The burst 
release from the carrier is due to the drug-enriched lipid shell. The 
permeability of andrographolide into the cells was enhanced due to its 
formulation into nanocarriers. When the formulation was administered 
to rats, there is no microglia activation, which indicates that brain 
macrophages do not consider the SLN as foreign bodies. The results 
showed that SLN significantly increased the drug’s bioavailability and 
brain targeting (Graverini et al., 2018). Another natural product incor
porated into SLN was Resveratrol. This was reported by Yadav et al. 
using lecithin, taurocholate, stearic acid. The in vitro release showed 
biphasic release with initial burst release due to the three hydroxyl 

58 Reticuloendothelial system.  
59 Intravenous.  
60 chemokine receptor 4. 
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groups present in the structure, localized in the core and interface near 
the shell. The bioavailability in the brain was 4.5 times higher than free 
drugs. The drug can diminish oxidative stress and cognitive defects, and 
this action was done by activating the Nrf2/HO-1 pathway. This shows 
that the formulation effectively alleviated oxidative stress and cognitive 
impairments (Yadav et al., 2018) (Table 2). 

5.2.4. NLC 
Nanocarriers enhance the delivery of drugs to the target site. SLN and 

NLC are very similar types of nanocarriers with some distinct charac
teristics. NLC is one such nanocarrier composed of solid and liquid 
lipids, where SLN consists of only solid lipids. It is also known as the 
second generation SLN. NLC is composed of a blend of solid and liquid 
lipid stabilized by surfactant coating. The boon is its higher loading 
capacity due to the imperfect arrangement of solid lipid crystals, 
excellent stability, non-immunogenicity and biocompatibility. Due to 
their colloidal nature, they can easily penetrate through the skin and 
other physiological membranes, making them a potential carrier to ac
cess the tough regions of the body like the brain. The site-specific 

delivery of the NLC was investigated by Pinheiro et al. in comparison 
with SLN. The quercetin-loaded NLC was prepared by hot homogeni
zation with cetyl palmitate as solid lipid and miglyol-812 as liquid lipid 
with transferrin as targeting ligand. The study reported, NLC had higher 
entrapment efficiency than SLN. Cell permeability studies were done on 
hCMEC/D3 cells, and again NLC showed better cellular permeability. 
However, excessive exposure of cellular receptors to the transferrin 
leads to saturation and restricts the drug uptake after a threshold limit. 
The prepared formulation satisfactorily inhibits amyloid fibrillation in 
the brain than SLN. The nanosystem effectively crosses BBB and exerts 
high Aβ plaque inhibition activity (Pinheiro et al., 2020). Direct 
nose-to-brain delivery of NLC is a fascinating and popular strategy in the 
past few years. It offers higher brain targeting and minimum adverse 
effect due to less systemic exposure. Cunha et al. developed 
rivastigmine-loaded NLC with glyceryl di-stearate and phosphatidyl
choline by high-pressure homogenization using this approach. The 
prepared NLC formulations are an alternative and effective drug de
livery approach through the nose to brain route. The study focused on 
formulation optimization by the QbD approach (Cunha et al., 2020). 

Table 2 
Some examples of biomaterials used as therapeutic agents and development of lipid-based carrier system.  

S. 
no. 

Targeted Pathological 
factor 

Bioactives/Drug Biomaterial Outcome References 

Liposomes  
ApoE expression & 
amyloid plaque 

Osthole Transferrin  • pH-controlled release up to 72 h  
• Enhanced penetration  
• High therapeutic efficacy 

Kong et al. (2020)  

Oxidative stress & 
neuroinflammation 

Osthole CXCR 4  • Sustained release of 70% drug in 72 h  
• Effectively target SDF-1 part of the brain 

Ni et al. (2020)  

Neuroinflammation Metformin Phosphatidylserine  • Decreased neuroinflammation Saffari et al. 
(2020)  

Aβ aggregation Apoprotein E2 Transferrin  • Targets BBB through gene therapy Dos Santos 
Rodrigues et al. 
(2019) 

Nanoemulsion  
Cholinergic 
dysfunctioning 

Donepezil Labrosol (oil phase), cetyl pyridinium chloride 
(surfactant), glycerol (co-surfactant)  

• 96% burst release in 2h in PBS media  
• Enhanced activity  
• High cell viability 

Kaur et al. (2020)  

Cholinergic 
dysfunctioning 

Huperzine A Capryol 90 (oil phase), Cremophor EL & 
Labrasol (surfactant & co-surfactant) & 
Lactoferrin (targeting ligand)  

• Showed sustained release with less than 
85% release in 24 h  

• Lactoferrin is used to target BBB  
• High activity 

Jiang et al. (2019)  

Aβ aggregation Naringenin –  • More activity than free drug  
• Has potent action 

Md et al. (2018) 

SLN  
Neuroinflammation Erythropoietin EPO, glyceryl monostearate  • Initial burst release of 41.02% in 3 h 

followed by sustained release of 83.22% in 
next 21 h  

• Minimum cytotoxicity at BBB cell line  
• Potentially delivers protein to the brain 

Dara et al. (2019)  

Aβ aggregation α-Bisabolol Soy lecithin  • Initial burst release of 17% in 2 h with 
subsequent slow and sustained release of 
98% in 128 h  

• Impact on neuroprotective potential 

Sathya et al. 
(2018)  

Oxidative stress and 
neuroinflammation 

Andrographolide Compritol 888 ATO, Brij 78  • Burst release in first 6 h followed by 
sustained release  

• Increased bioavailability  
• Enhanced efficacy 

Graverini et al. 
(2018)  

Oxidative stress and 
neuroinflammation 

Resveratrol Lecithin  • Sustained-release with 91.0% after 24 h  
• Effective in treating oxidative stress  
• More bioavailability in the brain 

Yadav et al. 
(2018) 

NLC  
Oxidative stress and 
neuroinflammation 

Quercetin Cetyl palmitate and miglyol-812  • Effective in crossing BBB  
• Inhibits amyloid-beta aggregation 

Pinheiro et al. 
(2020)  

Cholinergic 
dysfunctioning 

Rivastigmine Glyceryl distearate and phosphatidylcholine  • 60% at 12 h and 89% at 48 h  
• Alternate approach for delivering drugs 

through nose to brain delivery 

Cunha et al. 
(2020)  

Cholinergic 
dysfunctioning 

Rivastigmine Castor oil and glyceryl monostearate  • Treats dementia in AD Chauhan and 
Sharma (2019)  

Cholinergic 
dysfunctioning 

Donepezil 
hydrochloride 

Stearic acid, oleic acid, lecithin, and sodium 
taurodeoxycholate  

• Burst release at 12 h followed by sustained 
release  

• Enhanced penetration of drug  
• Enhanced activity 

Mendes et al. 
(2019)  
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NLC also possesses higher permeability across the skin due to its lipo
philic nature. This unique feature of NLC could make it suitable for 
transdermal delivery of bioactives to the brain as an alternative 
approach to omit systemic exposure. Utilizing a similar approach, 
Chauhan et al. designed rivastigmine-loaded castor oil and glyceryl 
monostearate based NLC by the HPH61 method. The NLC significantly 
enhances the drug bioavailability in the brain, which was maintained 
upon loading into the transdermal patch. Hence, it can effectively 
manage dementia (Chauhan and Sharma, 2019) (Table 2). 

5.3. Inorganic carrier system 

Inorganic nanoparticles elicited considerable interest because of 
their enthralling physicochemical properties, smaller size and stability. 
Quantum dots, gold, silver, mesoporous silica, magnetic nanoparticles 
etc., have been broadly used for diagnosis and imaging of many acute 
and chronic disorders. Their unique electrical, chemical, and magnetic 
capabilities make them highly competent for imaging and diagnosis. 
Inorganic nanoparticles possess high photostability compared to high 
photobleaching in fluorophores (Alexander et al., 2019a). Summary of 
various inorganic biomaterials used for brain targeting as drug delivery 
vehicles or diagnostic agents are given in Table 3. 

5.3.1. Quantum dots 
Quantum dots are semiconductor particles fall in the range of 

nanometer size. It exhibits distinct electronic and optical characteristics 
owing to the quantum mechanics, which varies with the size and 
composition of the nanoparticle. These nanocrystals are considered as 
artificial atoms with a size range between 2 and 10 nm diameters. It is 
composed of a core-shell type structure where the semiconductor fluo
rescent materials are enveloped within an outer shell of another semi
conductor (Alexander et al., 2019b; Yuan et al., 2021). Novel materials 
like these have distinguished electro-optical capabilities like high QY,62 

symmetrical and sharp emission peaks, photoluminescence, photo
bleaching resistance, and the ability for multicolor fluorescence under a 
single-wave excitation. It offers efficient and tunable photoluminescence 
with excellent photochemical stability (Cotta, 2020). Inorganic quan
tum dots are known to be structurally more stable than organic quantum 
dots and hence possess good shelf lives. Novel tools like an innovative 
fluorescent probe, quantum dots distinguish themselves in unique size, 
chemical stability, and spectral properties compared with the historic 
dyes used in fluorescence studies (Galstyan, 2021). One of the most 
studied form is graphene quantum dots which offers good electro
chemical properties. The graphene quantum dots not only enhanced 
their electrochemical properties but also imparted fluorescence sensi
tivity. Hence, present a dual-sensing platform for detecting 
ApoE4-biomarker by using EDC/NHS chemistry for bioconjugation with 
a DNA probe. The probe was amino terminated with CM-GQD63-ITO64 

system using malonic acid as a spacer. The modification of graphene 
quantum dots on ITO electrode helped in improving the electron transfer 
rate. When incubated with various concentrations of ApoE4 DNA, the 
amperometric measurements decreased with increase in the concen
tration of ApoE4 and reduces the electron transfer capability of curcu
min (Ruther et al., 2013). GQD as a biomaterial is not only limited to 
diagnostics but also extensively explored as a novel carrier for drug 
delivery. These are known to be having appreciable solubility, flexible 
surface properties, small size, and are economical with no toxicity in vivo 
and in vitro. The availability of epoxy/ether, –CO–NH2, C––O, and –OH 
surface functional groups enable their use as a biomaterial for the 
development of drug delivery systems with multiple functions. They can 

minimize the cytotoxic effects of the Aβ oligomer by inhibiting the ag
gregation of Aβ1-42. Neuroprotective peptides like GPE65 can be conju
gated with GQD and the Aβ inhibition activity was tested on APP/PS1 
transgenic mice. The formulation showed good inhibitory effect on 
Aβ1-42 fibrils in the brain and serum resulting in improved learning and 
memory capacity in vivo (Xiao et al., 2016) (Table 3). 

5.3.2. Magnetic nanoparticle 
The majority of the available magnetic nanoparticles have proven to 

be nontoxic and possess good absorption capabilities for decades. 
SPIONs have been explored as theranostics for various neurodegenera
tive disorders, including AD. These are widely employed as contrast 
agents for MRI66 and nano-drug carriers for AD and can assist in 
detecting early hall markers, protein aggregates of AD pathogenesis. 
Gd3+67 chelates have been successfully inducted in imaging of Aβ plaque 
using high-field MRI (Wahsner et al., 2019). SPIONs is structurally 
composed of ferric and ferrous ion core with an outer coating of dextran 
or other polysaccharide. These are having relatively good chemical 
stability, high saturation magnetic moment, and minimal toxicity (Jar
ockyte et al., 2016). SPIONs have been widely utilized as a membrane 
shell material to prepare magnetic nanobubbles for boosted ultrasound 
MRI dual contrast imaging and cellular fate tracking of loaded cargoes in 
vivo due to their exceptional chemical, physical, and biological proper
ties (Thanh and Green, 2010). Release control, monitoring the drug 
distribution, and targeting the desired site are major challenges in AD 
therapy, significantly affecting drug efficacy and toxicity. Hence, there 
is a need for promising delivery systems for site-specific, controlled 
delivery of therapeutic and diagnostic agents. In this view, the use of 
siRNA as gene therapy to repair genetic defects opened new perspectives 
in AD treatment. Utilizing this, a distinguished work has been reported 
by Lopez-Barbosa and coworkers; they prepared a PEGylated magnetite 
nanoparticle to deliver immobilized siRNA. The siRNA was modified at 
3′ and 5′ end with thiol group to suppress the expression of the BACE1 
gene, responsible for Aβ accumulation. Furthermore, a translocation 
protein OmpA was co-immobilized on the prepared magnetite nano
particles. The PEGylation of the magnetite nanoparticles conferred the 
stealth property and increased their solubility and biocompatibility. The 
co-immobilization of OmpA translocation protein facilitated the cellular 
internalization and significantly enhanced the endosomal escaping 
property of the prepared vehicle for siRNA strand without affecting its 
biocompatibility. The developed PEGylated magnetite nanoparticle 
significantly suppressed the BACE1 gene expression in HFF-1 human 
fibroblast cell lines. The cell viability was more than 82%. After 7 days, 
endosomal escape efficiency in SH-SY5Y human neuroblastoma cell 
lines were 69% and 89% for PEGylated nanoparticles and OmpA/PE
Gylated nanoparticles, respectively. Hence, these multifunctional 
magnetite nanoparticles could be employed as an efficient vehicle to 
deliver siRNA to the targeted site to manage AD pathogenesis (Lopez-
Barbosa et al., 2020). Distinctly, magnetic nanoparticles also serve as 
potential diagnostic tools and carriers to deliver suitable analytes for 
early and precise diagnosis of AD and precise diagnosis of AD. In a 
relevant work, multifunctional SPION was prepared by surface conju
gation with scFv68 antibody W20 and XD4.69 The system was aimed to 
detect AβO70 as a potential biomarker for early diagnosis of AD. 
W20-SPION provides a safer way to target AβO without inducing any 
inflammatory reaction. Alongside, XD4 facilitates microglial phagocy
tosis of AβO by activating class A scavenger receptors. SPION assures 
brain targeting of this molecular MRI probe to the brain. In all, the 

61 High pressure homogenization.  
62 Quantum Yield.  
63 Graphene quantum dots.  
64 Indium tin oxide. 

65 Glycine-proline-glutamate.  
66 Magnetic resonance imaging.  
67 Gadolinium.  
68 Single chain variable fragment.  
69 Scavenger receptor activator.  
70 Amyloid β oligomer. 
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Table 3 
Some examples of biomaterials used as therapeutic agents and development of inorganic and other nanocarrier systems.  

S. 
no. 

Targeted Pathological factor Bioactive Biomarker/ 
Analyte 

Biomaterial Outcome References 

Quantum Dots  
Genetic factor-ApoE4 Curcumin ApoE4 DNA Graphene quantum 

dots & Indium–Tin- 
Oxide Electrode  

• LOD of fluorescence sensing has 
been estimated to be 12.4 ng/ 
mL  

• High sensitivity towards 
detection of ApoE4 DNA 

Mars et al. (2018)  

Amyloid plaque Streptavidin Aβ1-42 CdSe–ZnS  • The linear range of Aβ1–42 
assay is from 5.0 to 100 pM 
(0.023–0.45 ng/mL) and LOD 
1.7 pM (7.6 pg/mL) 

Tang et al. (2018)  

Amyloid plaque & 
inflammation 

Glycine-Proline-Glutamate 
(GPE) peptide 

– Graphene  • Inhibited Aβ aggregation  
• Improved memory and learning 

in APP/PS1 transgenic mice  
• Reduced pro-inflammatory 

cytokine level in the brain of 
experimental animal 

Xiao et al. (2016)  

– – ApoE CdSe–ZnS quantum 
dots & PDMSa-PCb 

microfluidic chip  

• Potentially detect ApoE as 
biomarker for AD  

• LOD value of 12.5 ng/mL 

Medina-Sánchez 
et al. (2014) 

Magnetic Nanoparticles  
– Neural stem cells – SPION enclosed 

nanobubbles  
• Stable structure  
• Significant contrast 

enhancement in Ultrasound 
imaging (US) and MRI  

• Potential nanocarrier for US/ 
MRI dual model imaging 

Li et al. (2020)  

APP accumulation siRNA – Magnetite  • Immobilization of siRNA 
maintains biological activity  

• Silencing of BACE1 gene in HFF- 
1 cells 

Lopez-Barbosa 
et al. (2020)  

Amyloid aggregation – AβO W20/XD4-SPION  • Promote microglial 
phagocytosis of AβO  

• Early detection of AD biomarker  
• Safer mode of brain targeting of 

diagnostic tool 

Liu et al. (2020)  

Cholinergic dysfunction, 
Cognitive decline, 
neuroinflammation 

Human Wharton’s Jelly 
derived MSCs 

– Dextran coated 
SPION  

• Successfully target the MSCs to 
the hippocampal region of AD 
rat  

• Improved cholinergic functions 
of hippocampal cells  

• Memory and cognitive 
improvement  

Gold Nanoparticles  
Tau hyperphosphorylation Cab-GA conjugate Tau protein & 

immunocomplex 
Electrografted PABA  • Effectively detect tau protein as 

AD biomarker from human 
blood plasma and brain 
homogenate  

• LOD value of 1.7 pg/mL  
• More effective to diagnose AD 

Razzino et al. 
(2020)  

Amyloid aggregation L and D glutathione – Gold nanoparticles  • Effective to cross BBB  
• Rescue memory deficits in AD 

Hou et al. (2020)  

Amyloid aggregation Bucladesine – Gold nanoparticles  • Effective in relieving memory 
impairment and neuronal 
damage  

• Redirection of Aβ peptide 
fibrillation kinetics 

Sanati et al. (2019) 

OTHER NOVEL CARRIER SYSTEMS 
Hydrogels  

Cholinergic dysfunction Donepezil hydrochloride – PVA-PVP Hydrogel  • Enhanced mechanical and 
pharmacokinetic properties  

• Effective delivery of donepezil 
via transdermal route 

Bashyal et al. 
(2020)  

Amyloid aggregation – – Collagen type I based 
3D hydrogel system  

• Significant confinement of Aβ  
• Low cytotoxicity 

Simpson et al. 
(2020)  

APP accumulation & 
amyloidogenesis 

Resveratrol – Gellan gum and 
xanthan gum-based in 
situ gelling system  

• 5-6-fold increase in penetration 
of drug  

• Improved memory and 
cognitive function of an AD rat 
model 

Rajput et al. 
(2018)  

Amyloid aggregation, 
oxidative stress & 
neuroinflammation 

Curcumin – Neuro-compatible 
peptide-based 
hydrogel  

• On enzymatic degradation gives 
neuropeptide  

• Significant neuroprotection 

Adak et al. (2017) 

Biodegradable Scaffolds 

(continued on next page) 
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developed W20/XD4-SPION presented a highly selective and sensitive 
diagnostic tool for the early detection of AD (Liu et al., 2020). The 
magnetic nanoparticles were also found effective in the targeted de
livery of human Wharton’s jelly derived MSCs71 to the hippocampus of 
the AD rat model. The developed system offered a potential regenerative 
medicine for AD treatment. It was found to improve the cognitive 
functions of the brain, reduce neuroinflammation and enhance functions 
of cholinergic neurons (Hour et al., 2020). All these studies have 
established the use of magnetic nanoparticles for targeted drug delivery, 
contrast enhancement for both US and MRI, and tracking of cellular fate 
on a long span in Alzheimer’s disease management (Table 3). 

5.3.3. Gold nanoparticles 
Gold nanoparticles or GNPs72 are well known for fascinating physi

cochemical attributes owing to their morphological and optical prop
erties. The availability of superficial electrons allows them to resonate 
when stimulated with the incident light, known as SPR.73 GNPs can 
absorb energy from a light source and proficiently scatter it as heat 
energy and produce light scattering. Notably, this light scattering 
property is capable of enhancing the fluorescence emission of nearby 
fluorescent molecules present at an optimum vicinity to the gold surface. 
This capability of GNPs has been employed in various studies involving 
the detection of biomarkers in vitro by SEF74 (Kaushal et al., 2020). 
GNR75 has been developed for fluorescence-based detection (using 
CRANAD-2 fluorescent probe) and therapeutic intervention (using D1 
peptide) of Aβ accumulation. CRANAD-2 is a derivative of curcumin 
with a great affinity for insoluble amyloids like Aβ fibrils. It can give 
good fluorescence emission in the NIR region and useful for in vivo ap
plications. Also, D1 is an endogenous protease resistant peptide 
formed using D amino acids and can restrict the aggregation of Aβ and 
encourage Aβ disaggregation. The functionalization of D1 peptide in the 
presence of CRANAD-2 with GNR significantly improved the fluores
cence intensity signal of CRANAD-2 for in vitro and ex vivo (Jar
a-Guajardo et al., 2020). Tau protein is another biomarker for AD and is 
considered more accurate for predicting disease severity. The soluble 
pre-filaments are the most toxic and significant tau aggregates respon
sible for AD pathology. Razzino and coworkers fabricated disposable 
SPCEs76 and used gold nanoparticles- PAMAM nanocomposites to 
modify the fabricated SPCEs (3D-Au-PAMAM) for the sandwich immu
noassay and amperometry-based detection of tau proteins in human 
plasma samples and brain tissues. The use of gold nanoparticle encap
sulated PAMAM dendrimer here imparted –NH2 surface functional 
group, excellent biocompatibility, and conductivity. 3D-Au-PAMAM 
was covalently bonded with ρ-ABA.77 The system further immobilizes 

the CAb78 by crosslinking with GA79 of the developed 3D-Au-PA
MAM-ρ-ABA. The resultant immunosensor and horseradish peroxidase 
labeled detector antibodies were used to sandwich the tau protein and 
detect the immunocomplex. This gold nanoparticle-based immuno
sensor detected tau protein levels in human plasma and tissue extracts 
with improved LOD of 1.8 pg/mL and excellent selectivity in AD patients 
(Razzino et al., 2020). Glutathione has both D and L chiral forms, which 
have been recognized to protect tissue damage resulting from ROS and 
potentially be used in AD therapeutics. The abundant presence of 
glutathione transporters in the brain makes them a good surface capping 
agent for Gold nanoparticles, enabling the GNPs to permeate through 
BBB. Notably, this surface chirality and helix structure of L- and 
D-glutathione can enantio-selectively prevent Aβ aggregation in vitro 
(Guan et al., 2018). In a similar study, Sanati and co-workers demon
strated the neuroprotective property of bare gold nanoparticles in rat 
models treated through intrahippocampal and intraperitoneal routes. 
The GNPs showed significant improvement in acquisition and retention 
of spatial learning and memory along with the good indication of 
neuronal survival evaluated by expression of various brain-derived 
neurotrophic factors (BDNF80) stromal interaction molecules, cAMP81 

binding protein, binding protein, and stromal interaction molecules like 
STIM1 and STIM2 (Sanati et al., 2019) (Table 3). 

5.4. Other novel carrier systems 

Novel carrier systems like hydrogels, biodegradable scaffolds, 
stimuli-responsive systems, and carbon nanotubes can be inducted for 
developing efficient treatment strategies for brain-related disorders like 
AD. They have the ability to overcome various limitations faced by 
conventional delivery systems, like low bioavailability, non- 
biocompatibility, and non-specificity to the target. Additionally, novel 
drug carriers can actively cross the BBB and efficiently deliver the 
cargoes into the lesion site and overcome the poor bio-integration seen 
in conventional delivery systems for cell replacement therapy in 
neurological disorders (Table 3). 

5.4.1. Hydrogel 
Among the various biomaterials used, hydrogels offer significant 

advantages because of their exceptional biodegradability, biocompati
bility, and reactivity properties. These are composed of a network like 
cross-linked soft materials in a 3D structure capable of retaining a 
considerable volume of aqueous fluids or water (Chai et al., 2017). 
Based on molecular interaction present, they can be classified into 
chemical hydrogels and physical hydrogels. The chemical hydrogels 
have covalent bonding, whereas the physical hydrogels comprise 
hydrogen bonding, hydrophobic interactions, and ionic cross-linking 

Table 3 (continued ) 

S. 
no. 

Targeted Pathological factor Bioactive Biomarker/ 
Analyte 

Biomaterial Outcome References  

Cholinergic dysfunction 2-furoyl piperazine 
derivatives 

– Medicinal scaffold for 
enzyme inhibition  

• Superior inhibitory action on 
BChE 

Hassan et al. 
(2019)  

Cholinergic dysfunction Coumarin & lipoic acid – Coumarin-Lipoic acid 
conjugated scaffolds  

• Significant inhibition of self- 
induced and AChE-induced Aβ1- 
42 aggregation 

Jalili-Baleh et al. 
(2018)  

Cholinergic dysfunction, 
Amyloid aggregation & 
oxidative stress 

Triazolopyrimidine 
quinoline & 
cyanopyridinequinoline 

– Scaffold  • Selective inhibition of AChE  
• Promising neuroprotective 

effect 

Kumar et al. 
(2016)  

a Polydimethylsiloxane. 
b Polycarbonate. 

71 Mesenchymal stem cells.  
72 Gold nanoparticles.  
73 Surface Plasmon Resonance.  
74 Surface-Enhanced Fluorescence.  
75 Gold Nano Rods.  
76 Screen 3D printed carbon electrodes.  
77 ρ-aminobenzoic acid. 

78 anti-tau capture antibody.  
79 Glutaraldehyde.  
80 brain-derived neurotrophic factors.  
81 Cyclic adenosine monophosphate. 
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(Lim et al., 2019). Broadly hydrogels show efficient loading capacity for 
both small and large cargo molecules, additionally, due to their simi
larity with normal tissues concerning physiological activity, they can be 
employed to load and diffuse nutrient levels below normal biological 
conditions. Synthetic or natural materials like cellulose, PEG, PVA,82 

hyaluronic acid, sodium alginate, chitosan, PVP,83 gelatin methacrylate, 
casein, other modified electroconductive polymers can be used to pre
pare hydrogels for multipurpose applications (Tian et al., 2020). In line 
with cell-based treatments, the 3D structure of hydrogels can be used for 
enclosing various types of cells. Additionally, hydrogels in a pre-gel state 
can be implanted in the brain directly for delayed in situ gelations 
facilitating localization of graft and implanted cells into the cortical and 
subcortical regions. Polymers of a mixture of components/blends can be 
used to prepare hydrogels by submerging them in an aqueous solution 
forming an insoluble 3D gel state with tunable water content along with 
gelation and degradation time. Hydrogels prepared from chitosan, silk 
fibroin, methylcellulose, Matrigel, PLGA-PEG, hyaluronan, isopropyl 
acrylamide have been used particularly for cell/drug delivery applica
tions into CNS (Fernandez-Serra et al., 2020). The PG84-hydrogel patch 
significantly improved the bioavailability of donepezil in vivo in hairless 
rats. Along with an excellent pharmacokinetic profile, the system also 
provides a dose-dependent reduction of AD symptoms as a feature of 
hydrogel-mediated permeation (Bashyal et al., 2020). In contrast to 
2D-based cell culture techniques for developing AD drugs, 3D hydrogel 
culture significantly improves AD therapeutics by restricting Aβ cyto
toxicity responsible for neurodegeneration. Rat tail collagen type I based 
3D hydrogel system with 2D based cell culture system was evaluated for 
Aβ detection and lessening cytotoxic effects. The 3D environment pro
vided by the hydrogel system can efficiently reduce the cytotoxicity of 
PC12 cell lines by reducing the susceptibility towards Aβ, likely by 
altering the diffusivity of Aβ into the 3D hydrogel system and varying the 
Aβ aggregation (Simpson et al., 2020). The nanostructured in situ 
hydrogel system can be developed using the melt emulsification-probe 
sonication method for the delivery of resveratrol through nasal mu
cosa to treat AD. Gellan gum and xanthan gum were employed to induce 
in situ gelations by incorporated NLC. The prepared in situ gel signifi
cantly enhanced resveratrol permeation by five to six folds with respect 
to conventional suspension across sheep nasal mucosa. Additionally, the 
NLC incorporated in situ gel prolongs the adhesion time with nasal 
mucosa and provides effective treatment for AD (Rajput et al., 2018). 
The various work discussed here shows a great potential of 
hydrogel-based systems in preventing neurodegeneration and the 
management of AD (Table 3). 

5.4.2. Biodegradable scaffold 
In the past decade, significant efforts have been made to synthesize 

functionalized biodegradable biomaterials that can be used as a scaffold 
for developing regenerative medicine (Guo et al., 2015). Scaffold or 
extracellular matrix acts as a template for tissue regeneration and fa
cilitates adhesion of cells, differentiation, proliferation, and formation of 
new tissues in three dimensions. Scaffold design should have a 
biocompatible and biodegradable substrate along with controlled 
degradation rates, a highly porous three-dimensional structure to facil
itate cell adhesion, penetration, proliferation, and interconnected pores 
enabling nutrient and waste exchange. Along with these, the biode
gradable scaffold should also have sufficient mechanical strength for 
backing regeneration (Nikolova and Chavali, 2019). In contrast to metal 
or ceramics-based scaffold, the biodegradable polymer offers the most 
widely used scaffolding material owing to its great flexibility in pro
cessing and biodegradability incorporated by molecular design (Liu 
et al., 2012). Hassan and coworkers designed a medicinal scaffold for 

enzyme inhibition-based treatment for Alzheimer’s disease. BChE85 has 
been associated with Aβ and is a promising target for AD treatment. 
Series of scaffolds were developed using 2-furoyl piperazine-based de
rivatives and evaluated for BChE inhibitory potential by in vitro and in 
silico studies (Hassan et al., 2019). Coumarin and lipoic acid conjugated 
scaffolds have been designed as multi-target-directed ligands for the 
effective treatment of AD. The designed scaffolds showed higher inhi
bition of self-induced and AChE-induced Aβ1-42 aggregation with respect 
to the reference drug donepezil. Additionally, the reduction of intra
cellular ROS generation decreased ferric ion, and chelation of selective 
metal showed that the synthesized compound acts as an effective 
multifunctional antioxidant (Jalili-Baleh et al., 2018). All these various 
studies highlight the potential application of biodegradable scaffolds 
design for effective treatment of AD through a multitarget approach 
(Table 3). 

6. Conclusion 

Even with the plethora of investigational reports and literature on 
successful target-specific therapies using the unique features of 
numerous biomaterials, the fact is we still lack a proper cure for AD. 
Most of the research shows success in preclinical studies and fails to 
reproduce in different clinical trials. Although some of the strategies are 
under clinical trials, most of them fail to reproduce the desirable effects. 
Also, the strategies are still focusing on mitigating the symptoms of AD 
instead of the pathophysiological factors. Only a few target-acting 
moieties, gene therapy and nerve regeneration therapies give hope to 
treat the disease causative factor and remove it from the roots. However, 
these therapies are at their initial level and very difficult to scale up. 
Concerning the biomaterials, both the available and investigational 
diagnostic and therapeutic approaches utilized specific biomaterials to 
reach the brain in different forms. It assists drug permeation across BBB, 
protects the drug property, minimizes the side effect, targets the 
bioactive to the affected site, and ensures cost-effective therapy as per 
the need. Use as biosensor probe, MRI imaging agents and carrier for 
delivery of diagnostic agents showed another interesting mode of using 
biomaterials for effective diagnosis and management of AD. The com
bined application of suitable biomaterial with precise strategy and 
advanced technologies will undoubtedly result in promising diagnostic 
and therapeutic tool to treat AD in the near future. 
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