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Abstract: Amyloid self-assembled from amyloid peptides 40 or 42 is notorious for its neurotoxic effects in 

plaque and neurofibrillary tangle formations leading to neuron dysfunction and diseases of cognitive decline 

(e.g. Alzheimer’s, Parkinson’s and Huntington's disease). This contrasts with so-called functional amyloids 

which are non-toxic ordered template structures amenable to applications in tissue engineering. Amyloid fibrils 

of variable morphology including long and hollow fibres and flattened tube and spiral ribbon-like structures 

have been used in engineering applications in nano-biology. Protein assemblies based on amyloid core 

structures display diverse biological functionalities could be applied in futuristic self-assembling biomaterials 

in nano-electronics. These possibilities have revolutionized the development of next generation computers and 

biosensors, ultracapacitors, memristors, actuators, molecular switches and could also be used to develop 

artificial synapses. Amyloid fibril assemblies have also been used in photoelectric and photon capture light 

harvesting technologies and been applied in innovative nano-photoelectronics and photovoltaics. Hybrid 

Aβ(16–22)-α-synuclein amyloid fibrils also exhibit light-harvesting and electron-transfer properties. 

Engineered amyloid assemblies are thus facilitating innovative futuristic advances in nano-technology. 

Furthermore, with a better understanding of amyloid fibril assembly processes it may be possible to develop 

therapeutic methods that prevent the toxic build up of this polymer in brain tissues that leads to diseases of 

cognitive decline. With the ever-expanding prevalence of these diseases in the ageing general global 

population, there certainly is a clear and present need to find a remedy for these debilitating conditions.  

Keywords: amyloid fibrils; nano-electronics; memristors; bio-sensors; actuators; molecular switches; 

photovoltaics; artificial synapses; functional amyloids; neuromorphic computing 

 

1. Introduction 

The aim of this study was to review the roles of amyloid protein aggregates in 

neurodegeneration and contrast this with beneficial aspects of its structural organization which have 

found application in nanobiology in several innovative tissue engineering applications. 

1.1. Definition of Amyloid 

Amyloid is a historic generic term for insoluble misfolded protein aggregates with defining -

pleated sheet content that can be assembled from 36 unrelated proteins. Amyloid can be stained with 

Congo red, exhibiting a characteristic green-yellow birefringence under polarized light [1–6]. These 
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misfolded proteins exhibit specific features that facilitate assembly of ordered repeat structures, 

resulting in formation of insoluble amyloid deposits [2–4]. The A  peptides specifically released from 

appican (APP) in brain tissues are assembled into dimers, trimers, oligomers and distinctive fibrillar 

structures. Generic amyloid deposits can occur in many tissues in the human body other than the 

brain, leading to organ and tissue dysfunction [7,8]. Hence, ‘Aβ’ the molecule and ‘amyloid’ the 

fibrillar deposit are not synonymous terms and should be distinguished. Aβ refers exclusively to the 

protein that, when aggregated into distinctive fibrils, constitutes the specific type of amyloid that 

most commonly accumulates in the aging brain in diseases of cognitive decline such as Alzheimer’s 

(AD) and Parkinson’s (PD). In pathology, amyloid refers to ‘mainly extracellular deposits of protein 

fibrils, recognized by certain properties, such as green-yellow birefringence after staining with Congo 

red’ [7] (for historical considerations of amyloid, see [2–6], and for more on the definition of amyloid 

see [2,9,10]). Amyloid can arise from over 36 different proteins in various parts of the body in different 

human diseases [7,8,11]. Amyloid deposits in the brain display distinctive morphologies (Figure 1). 

Amyloid plaques are visible with the light microscope using a variety of staining procedures, 

including silver stains, Congo red, Thioflavin, cresyl violet and periodic acid-Schiff (PAS) stains 

[7,12]. These methods stain different components of amyloid plaques, with variable sensitivity. 

Immunolocalization of amyloid plaques with a range of specific antibodies to Aβ epitopes and to 

other amyloid-associated components has also been utilized to visualize amyloid formations [13]. 

Examination of human autopsy samples and experimental models of AD have identified the 

biochemical, cytological, and inflammatory processes involved in the generation of these amyloid 

plaques [7]. Amyloid fibrils are diverse molecular structures [14], ENTAIL [15] and PARROT [16] are 

two systems that have been developed for the classification of amyloid fibril biodiversity. 

Ultrasensitive, new generation amyloid biosensors have also been developed for the detection of 

amyloid peptides in tissues, plasma and cerebrospinal fluid [17–24]. Amyloid plaque formation may 

be linked to trauma of the brain microvascular system [25] . Chronic brain inflammation and immune 

dysfunction may also contribute to amyloid deposition [26,27]. 

Aβ40 and Aβ42 oligomers of amyloid-β (Aβ) peptide associated with AD only differ by two C-

terminal residues, however Aβ42 aggregates much faster than Aβ40 and is more toxic, forming pore-

like structures in cell membranes [28–30]. The additional C-terminal residues in Aβ42 allow 

electrostatic interactions which stabilize the β-hairpin and promote dimer formation and 

oligomerization through intermolecular β-bridge formation [31,32]. A combination of hydrophobic 

and charged amino acids in Aβ peptides also contribute to aggregate formation; glycosaminoglycans 

(GAGs) also act at the earliest stage of fibril formation, namely during amyloid-beta nucleation [33]. 

The amyloid plaques in Alzheimer's brains consist mainly of Aβ42 and some plaques contain only 

Aβ42, even though Aβ40 concentrations in cerebrospinal fluids is several-fold higher than Aβ42 in 

the brain. The aggregative process in vivo thus favours Aβ42 interactions and, in this respect, differs 

from aggregative processes investigated in vitro [34,35]. By better understanding these aggregative 

processes in vivo we may be in a better position to develop therapeutic interventions which more 

effectively inhibit such aggregative processes and the deposition of Aβ42 plaques in AD [36,37]. 

1.2. Historical Amyloid Studies 

Amyloidosis [38,39] was first identified as a disease in 1639 by Nicolaus Fontanus [40,41]. The 

visualized protein aggregates were called “amyloids” in 1838 by Matthias Scheiden, since they 

stained blue with an iodine stain, and thus were mistakenly believed to be some form of starch related 

to glycogen. The name persisted even though amyloid was later found to have a different chemical 

structure to starches. Amyloid deposition in the brain leads to AD and is a leading cause of dementia 

affecting individuals over the age of 60, with its incidence increasing in the ageing global population 

[41,42].  
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1.3. Amyloid Toxic Protein Aggregates Promote Neurodegeneration, Cognitive Decline, and Motor 

Dysfunction, However Functional Amyloids Have Beneficial Properties 

The amyloid cascade hypothesis proposes that dysfunctional metabolism of amyloid precursor 

protein (APP) initiates the pathogenesis of AD [43]. This results in aggregation of Aβ and formation 

of neuritic plaques which cause pathological changes through formation of neurofibrillary tangles 

that disrupt normal synaptic connections. This results in compromised neuronal synaptic activity, 

neuronal cell death, cognition, and memory problems and development of dementia [44]. Natural 

amyloids are toxic proteins notorious for their roles in the pathogenesis of cognitive decline in AD 

and PD [43,45–47]. On the other hand, not all amyloids are toxic [48] nor do they all disrupt normal 

organ functions. So-called functional amyloids have beneficial properties in their own right through 

unique structural features and have been receiving considerable attention in tissue engineering 

applications in highly innovative areas of nanobiology [49]. From an engineering perspective, the 

self-assembling regular and tight packing structure of amyloids provides strength, and these are 

useful molecular templates amenable to structural modification and application in tissue engineering. 

Such self-assembled networks are highly suited to biomaterial scaffold developments [50–53]. 

Furthermore, amyloids are some of the strongest protein structures ever identified in nature [54,55]. 

For example, spider-web drag-line silk is composed of repeat peptide modules with a high -sheet 

content; on a weight for weight basis web silk has a strength exceeding that of high quality structural 

steel [56–58].  

1.4. The Morphology of Toxic Amyloid Deposits in Brain Tissues 

Insoluble amyloid deposits in brain tissues display characteristic morphologies as shown in the 

amyloid immunolocalizations depicted in Figure 1. Diffuse “cotton-wool like deposits” (Fig 4d) as 

well as prominent core deposits surrounded by a peripheral radial deposition pattern (Fig 4b, g, h) 

and diffuse deposits with internal granular punctate deposits (Figure 4c, e) are all evident [7,59] 

2. Amyloid Precursor Protein and Its Bioactive Fragments 

Appican is a transmembrane CS-proteoglycan precursor form of amyloid, containing an embedded 

amyloid precursor protein (APP) module within its core protein [61,62]. APP is a 110-130kDa type 1 

transmembrane glycoprotein. APP is also a component of the related APP-like proteins 1 and 2 (APLP-1, 2). 

APP, APLP1, and APLP2 form a family of mammalian membrane proteins. Importantly, unlike APP, 

the APLPs lack the Aβ sequence, thus they do not give rise to the AD Aβ peptide [63]. APP and APLP 

regulate synaptic transmission, plasticity, and calcium homeostasis, and are therefore important cell 

messengers and regulators of nerve activity during neural transduction, nerve network formation 

and tissue development, thus having neuroprotective effects [64–67]. The soluble secreted fragment 

sAPPα counteracts the deleterious effects of the small APP-derived Aβ peptide that leads to amyloid 

deposition. APP, has a key role in pathological changes in AD, and has roles in synaptic transmission, 

synaptic plasticity, memory formation, and maintenance of neurons. 

2.1. Proteolytic Processing of APP 

APP is cleaved by γ-secretase, α-secretases, ADAM 9, 10, and 17, and β-secretases 1 and 2 

(BACE1, BACE2) [68]. Newly identified secretases which cleave APP include η-secretase [63,69], 

meprin-β and δ-secretase [70]. These enzymes generate several biologically active fragments of APP 

[70]; some of these fragments are associated with the pathogenesis of AD and may provide 

opportunities as clinical targets in the treatment or prevention of AD [71]. APP can be cleaved to 

produce a 37 to 49 amino acid peptide, Aβ [67], that is central to amyloid formation [72]. Amyloid 

fibrils represent primary components of the neurotoxic plaques found in AD [73]. While specific 

proteins have been identified as components of amyloid aggregates, this is a generic term that includes any small 

protein that can undergo abnormal folding to form a -sheet that can then stack and propagate to form insoluble 

amyloid fibrils [74]. In addition, besides SAP, APP and A  peptides, other misfolded proteins such as atrial 

natriuretic factor, prion protein, tau protein, immunoglobulin light and heavy chains, transthyretin, 2-
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microglobulin, synuclein, lysozyme and human islet protein can be incorporated into amyloid 

aggregates. Brain amyloid, however, is predominantly composed of Aβ40 and Aβ42 peptides. 

2.2. The Enigmatic and Perplexing Story of APP Processing in Brain Tissues 

APP was first described as a cell-surface receptor and was highlighted as a cell adhesion 

molecule [75]. APP is a type I transmembrane glycoprotein notorious for its involvement in the 

pathogenesis of AD through A40 and A42 peptides generated from APP in an amyloidogenic 

protease pathway in the brain involving β-secretase (BACE-1, -site APP cleaving enzyme, mepapsin 

2) and γ-secretase [76]. These amyloid peptides self-assemble to form insoluble plaques and 

neurofibrillary tangles which detrimentally impact on synaptic function, neuron viability and 

cognitive processes in the brain, leading to dementia [77–79]. APP, however, is also processed by -

secretase via a non-amyloidogenic pathway; this generates the soluble amyloid precursor sAPPα 

peptide [76]. sAPPα promotes neuroprotection, synaptic plasticity, memory formation, neurogenesis, 

neuritogenesis, and reduces amyloid and tau pathology [80–82]. Several studies also suggest that 

sAPPα regulates the trafficking of APP and its processing by proteases via both amyloidogenic or 

non-amyloidogenic pathways, which may decrease the risk of developing AD [83]. Aβ monomers 

share similar properties to sAPPα however, when self-assembled into Aβ oligomers, they become 

neurotoxic [82]. The precise physiological functions of full length APP and its proteolytic fragments 

is thus a complex story [75,84,85], Aβ production is not deleterious per se but when assembled into 

oligomers A has toxic consequences [84–86]. While the exact role of A  in the pathophysiology of 

AD is still unresolved it has proposed that A  has neuroprotective properties in multiple sclerosis 

(MS) and potential therapeutic benefits[87]. MS is an autoimmune disorder propagated by immune 

cells of the peripheral circulation which have damaging effects on the CNS gray and white matter. 

Demyelination of focal regions of the CNS occur due to infiltration of lymphocytes and macrophages 

which cause axonal damage [88,89] and these infiltrating cells have been proposed as 

immunohistochemical biomarkers of this degenerative process along with associated A , also found 

in these regions of tissue damage[90,91]. A  is a key component of amyloid plaques in AD and 

associated with activated microglia[92] and astrogliotic astrocytes[93] in neuroinflammation. 

However in an animal model of experimental autoimmune encephalomyelitis (EAE), peripheral 

injection of A  peptides had a significant protective effects against progressive degenerative tissue 

changes in EAE[89], a perplexing observation. Thus A  can have both beneficial and detrimental 

effects depending on tissue context. 

2.3. Amyloid Deposition Can Impact on Tissue Pathology 

Progressive deterioration of cognitive functions induced by amyloid deposition include 

progressive loss of neuron metabolic and synaptic function in specific brain regions, deposition of 

tissue disruptive amyloid plaques and neurofibrillary tangles, neuroinflammation, blood-brain 

barrier breakdown, mitochondrial dysfunction, and ER and oxidative stress. Dementia (now termed 

major neurocognitive disorder) and AD effect more than 24 million people worldwide. This can occur 

with ageing and has an increasing prevalence due to extended global lifespans with an estimated 10 

million new cases occurring annually [94], affecting over 10% of the total world general population 

aged 65 years and older. Model projections indicate such cases may increase three-fold by 2050 to 

48.98 million [94]. The World Alzheimer´s Report indicated a prevalence of 46.8 million people 

affected by AD worldwide and a projected tripling of this condition by 2050. Alzheimers Disease 

International (https://www.alzint.org) reported an incidence of 55 million AD individuals in 2020. 

2.4. Determining the Impact of Amyloid Fibrils on Normal Tissue Physiology Using Quantum Mechanics 

Quantum mechanics has been used to compute the impact of misfolded amyloid fibril structures 

on neurodegenerative disorders [95] and in cardiac mechanobiology [96]. The impact of an increase 

in highly reactive hydrophobic centre interactive -sheet structures in amyloid deposits on the 

propagation of amyloid fibrils can be accurately computed using quantum mechanics. This technique 

is reported to be more accurate than molecular dynamics measurements in the prediction of amyloid 
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fibril assembly processes. Quantum mechanics has opened up new approaches for the accurate non-

invasive mapping of the heart’s conductivity with the aid of quantum sensors [96]. Transfer learning 

techniques using a smart machine learning algorithm has been developed to analyse important 

attributes to cardiac activity. An electric heart model has been developed where different amyloid 

deposition levels can be simulated to assess its impact on cardiac function. Atrial fibrillation is 

affected by cardiac amyloid levels and cardiac function can be computationally assessed using AI 

algorithms and quantum mechanics. 

3. Identification of Proteins with Amyloid Aggregative Potential 

The propensity of a peptide to form an amyloid fibril is dependent on factors such as polypeptide 

charge, sequence, hydrophobicity and peptide secondary structure and not by a specific “amyloid” 

amino-acid sequence per se [97–103]. Amyloidogenic peptides self-assemble into repetitive stacked 

structures that attract further proteins to propagate fibril formation [74]. Predictive algorithms have 

been developed to assess peptides that display a propensity to form amyloid fibrils in web-based 

software that predicts aggregation-prone protein sequences [104–106].  

AMYLPRED2 (http://biophysics.biol.uoa.gr/AMYLPRED2) is a public web tool for the 

prediction of amyloidogenic determinants in 'aggregation-prone' peptide sequences within proteins 

[105]. 

3.1. Determination of Amyloid Forming Peptide Sequences in Proteins 

Development of methods to produce controlled amyloid fibrils in vitro is an important 

innovation and opens the door for the design of new biomaterials exploiting the superior structural 

properties of amyloid fibrils and the inherent diversity of peptide sequences [107]. A number of 

bioinformatics [108,109] and computational studies [110–119] have examined the peptide sequences 

of amyloid proteins [120–126] to better understand the aggregation process and to determine peptide 

sequences that initiate and propagate assembly of fibrillar material. Software developed for the 

prediction of peptide sequences with inherent amyloid fibril forming capability should be very useful 

in the design of specific amyloid nano-components for specific tissue engineering applications [127–

129] and in therapeutics development of compounds that prevent amyloid assembly. 

3.2. The Impact of Misfolded Proteins on Normal Tissue Functional Properties 

The increasing presence of misfolded mutant or damaged proteins in cells sets in motion 

protective cellular stress responses against this accumulation which, if not resolved, can lead to cell 

death [130–132]. Neurodegenerative disorders such as AD, PD, HD, ALS and prion diseases share a 

characteristic accumulation of aggregated misfolded proteins [133–135]. These elicit an ER stress 

response that may protect cells against the toxic buildup of these misfolded proteins [135–139]. If 

these proteins accumulate to an excessive extent, this can overwhelm the cells ‘quality control’ 

system, impairing protective mechanisms designed to promote correct protein folding and 

elimination of faulty proteins. This can ultimately lead to organelle dysfunction and cell death [135–

144]. 

Proteins have an intrinsic propensity to undergo misfolding interactions influenced by amino 

acid composition and certain mutations accelerate this process [134]. Environmental conditions such 

as increased temperature, high or low pH, agitation, elevated glucose or oxidative agents can also 

promote a loss of native protein structure, protein denaturation and unfolding and the production of 

non-functional proteins [133]. The unfolded state is thermodynamically unstable and unfolded 

proteins tend to undergo aggregative processes. This leads to the formation of more stable 

intermediate oligomers and to highly ordered fibrils enriched in cross-  structure. Amyloid is a stable 

aggregated protein conformation of unbranched linear peptide fibrils; these bind fluorescent Congo 

red and thioflavin derivatives aiding in their identification.  

4. The Attributes of Functional Amyloids 
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In nature, amyloids have a range of functions across diverse organisms, including mammals, 

bacteria, fungi and marine organisms [38,39,145–148]. Functional amyloids participate in an array of 

beneficial physiological processes such as regulation of pigment formation, storage and controlled 

release of peptide hormones, memory, fertilization of oocytes by sperm, antimicrobial responses, 

regulated necrosis, cellular responses to stress and powerful adhesive properties. Amyloid as a 

biological glue has potential application in highly specialized surgical procedures [140,147–156]. 

Naturally occurring amyloids are also associated with a number of disease processes (Table 1A). 

Amyloid fibrils are also found as components in marine bioadhesives such as those which provide 

adhesion of barnacles and mussels to substrata. These have powerful adhesive properties that have 

inspired the development of tissue adhesives of potential application in highly specialized surgical 

procedures [157]. The unique architectural assembly processes and exceptional mechanical strength 

of amyloid fibrils makes these structures of interest in innovative applications in organic micro-

circuitry in nano-electronics, in the development of actuators, molecular switches, memristors and 

microcomputing [158–167]. The memristor is a resistor with memory that behaves similarly to 

biological synapses [168]. The low power requirements and ultra-high speed signal transmittance 

capability of memristors is revolutionising development of neuromorphic circuits that are used in 

synthetic neural networks, switching devices and low-power sensors in microcomputing [169–171]. 

Nano-wires cast using hollow amyloid fibrils as casting templates have been used in bio-sensing, 

optoelectronics and photovoltaics and show potential in the development of synthetic synapses in 

highly innovative bio-nanotechnological applications [172–174]. Furthermore, carbon-nanomaterial-

amyloid fibril hybrids have potential uses in organic micro-electronics and bio-sensing in 

biomedicine and in structural nano-biomaterials [172–175]. Amyloid fibrils have found a number of 

applications in tissue engineering (Table 1) [176]. Photobiomodulation therapy, using near infra-red 

700-1400 nm low-level laser phototherapy, reduces the deposition of beta-amyloid in the AD brain, 

ameliorating neuroinflammation and oxidant stress, and supporting mitochondrial homeostasis to 

elicit a healing or regenerative response [177]. The surface chemistry of engineered amyloid fibrils 

can be modified depending on the amino acids used and bacterial expression systems used in their 

assembly; fibrils can also coated with chemicals that modify their responsiveness to specific chemical 

microenvironments [178–180]. Fibrils can be coated with gold nanomaterials modified with peptides 

or other chemicals. Gold itself is chemically inert but highly conductive and, when modified with 

additional components, can fine-tune the surface interactivity of amyloid fibrils. Some chemicals can 

improve the light harvesting and electron transfer properties of fibrils which can improve the 

efficiency of photobiomodulation therapy [181]. Other amyloid fibrils can display catalytic enzymatic 

properties of hydrolases, esterases, lipases that can be harnessed for specific purposes or it can be 

used as a nanoscaffold for enzyme immobilisation with enzymatic activities that disassemble 

insoluble amyloid deposits [181–184]. 

Table 1A. Naturally occurring amyloids associated with specific disease processes [11,49,185]. 

Disease process Amyloid precursor protein Amyloid monomer 

AD APP A  

Atrial amyloidosis Atrial natriuritic protein Amyloid ATF 

Spongiform encephalopothy Prion protein PrPc PrPsc 

Primary systemic amyloidosis Ig L and H chains AL, AH 

Secondary systemic amyloidosis Apo serum amyloid A SAA 

Familial amyloid polyneuropathy I Transthyretin ATTR 

Familial amyloid polyneuropathy II ApoA AApoA 

Haemodialysis amyloidosis 2-microglobulin A 2M 

Hereditary systemic amyloidosis Lysozyme ALys 

Diabetes type II ProIAPP   APP/amylin 
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Insulin injection amyloidosis Insulin AIns 

Cerebral amyloid angiopathy Cystatin C ACys 

Finnish hereditary systemic 

amyloidosis 

Gelsolin AGel 

Age associated pituitary 

prolactinomas 

Prolactin APro 

Familial amyloidosis Fibrinogen A chain AFib 

Table 1B Functional Amyloids used in bio-nanotechnology applications. 
Amyloid Applications Reference 

Transthyretin peptide (105-115) Cell adhesive properties [186] 

Gonadotropin releasing hormone  Long acting peptide/protein drug 

depot/delivery 

[187] 

Candida albicans Killer decapeptide  Auto-delivery of therapeutic peptides [188] 

Yeast Sup35p NM prion domain Nanowire development [189] 

-synuclein fibrils Enzyme entrapment hydrogel [190] 

insulin fibril  

semi-conductor oligoelectrolyte 

Optoelectronic nanowire assembly [191] 

PPF coated Insulin fibrils Polymer light emitting diode fibrils [192] 

APFO-12 coated Insulin fibrils  Optical nanowires [193] 

PEDOT-S coated Insulin fibrils  Conductive nanowires [194] 

2-microglobulin Nanoporous cell support matrix [195] 

Abbreviations: PEDOT-S, Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; PPF, 

luminescent polyfluorene ;APFO, Ammonium pentadecafluorooctanoate. 

4.1. Bacterial Amyloids 

Amyloid fibrils have roles in the formation of fimbriae in some bacteria and in transmission of 

epigenetic traits in fungi. Fimbriae are small adherent 3–10 nm diameter appendages several 

micrometers in length that attach many Gram-negative and some Gram-positive bacteria to one 

another, to animal cells or to abiotic surfaces resulting in biological fouling. Gram-negative bacteria 

assemble surface fibres called Curli in E. coli, Salmonella, and members of the Enterobacteriales [107,196] 

(Figure 2).  
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Figure 2. The morphology and structural organization of Curli fimbriae amyloid fibres produced by 

E. coli k-12 strain BW25113 grown on a low salt agar plate shown in a TEM image (a). Curli 

fibres produced in-vitro from purified CsgA monomers visualized in a TEM image (b). 

Schematic depiction of the structural organization of Curli fibres as proposed by Evans and 

Chapman [197] showing CsgA as a major component in this assembly (c). Some features of 

the repeat structures in CsgA (d) showing the five -sheet pseudo-repeat stacked structures 

(N22, R1-R5) which are prominent features of curlin (e). Localisation of amyloid like 

structures in an E.Coli K-12 strain AR3110 macro-colony biofilm visualized using Thioflavine 

S (f). Images in a, b reproduced from [198]. Images in c, d, e modified from [197], image f 

reproduced from [199]. All images obtained through open access with permission. 

In fruit flies, Orb2, a polyadenylation RNA binding amyloid-like protein, has roles in long-term 

memory formation and retention [200,201]. Orb2 fibrils in Drosophila display a remarkably similar 

structure to mammalian amyloid fibrils, forming ~75-nanometer-long threefold-symmetric amyloid 

filaments. Interestingly, these fruit fly proteins are non-toxic (Figure 3). Amyloid precursor-like 

protein also has roles in the assembly of structures involved in memory formation in Drosophila 

[196,202,203].  
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Figure 3. Comparison of the structural organization of Orb2 and Huntington amyloids (a, b) showing 

the amyloid-forming sequences and high -sheet content. Schematic of in vivo anti-parallel hairpin 

fold and -sheets in Orb2 filaments derived from Cryo-EM analysis showing arrangements of three 

Orb2 molecule in-register multilayer packing of parallel β-sheets (c). Anti-parallel -hairpin and -

sheet structure of in vitro assembled Huntington amyloid visualized by solid state nuclear magnetic 

resonance (d). Figure modified from [204]. 

Cryo-EM has provided detailed structural information on heterogeneous nuclear 

ribonucleoproteins with a modular structure that facilitates their assembly into pathological or 

functional amyloids [205]. Mutations in these assembly domains are associated with hereditary 

neurodegenerative conditions, including amyotropic lateral sclerosis (ALS), dementia, AD and PD 

[206]. Unlike pathological amyloids functional amyloid assembly is predominantly stabilised by 

hydrophobic centres and hydrogen bonding. Nuclear ribonucleoproteins are a large family of RNA-

binding proteins that control the biogenesis of RNA in a tightly controlled process where 

ribonucleoproteins are further processed to give rise to mature mRNAs [207]. Many of the ribonuclear 

proteins have prion-like sequences that drive the assembly of fibrillar assemblies in functional 

amyloids, however when missense mutations are present, formation of pathological amyloids may 

lead to neurodegenerative conditions or cancer [206]. Amyloidogenic proteins from the cytoplasmic 

polyadenylation element-binding protein family play a crucial role in long-term memory formation 

in humans [208,209]. These proteins are well-characterized ribonuclear binding proteins (RBPs) that 

stabilize activity-dependent changes in synaptic connections [209]. RBPs regulate the flow of genetic 

information between the genome and proteome [207]. 
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4.2. Marine Amyloids 

Amyloid fibrils have also been observed in adherent marine organisms and contribute to their 

astonishing strength, tenacity and very rapid adhesive properties under adverse environmental 

biological conditions [54,107] contributing to the high performance of such adhesives and the tenacity 

of binding displayed by marine organisms.[145,210]. Such polymers in barnacles and mussels have 

been de-engineered and new polymers created, inspiring the development of a new generation of 

high-performance surgical adhesives. These may obviate the need for sutures in demanding surgical 

procedures in very soft tissues where sutures may not hold adequately and may be a potential site 

where tearing of suture sites can increase the likelihood of microbial infection [157,211,212]. Surgical 

bioadhesives based on amyloid are non-immunogenic and may obviate the need for sutures 

altogether, providing improved healing responses in cardiac surgery and can even be used directly 

on the beating heart where their rapid, exceptional tissue adhesive properties are an important 

innovative surgical application [213]. 

4.3. Insect Amyloids 

Amyloid fibrils also occur in high performance structural insect proteins. Spider-web drag-line 

and aquatic silk fibroin copolymers in silk-moth (Bombyx mori), caddis-fly larvae (order Trichoptera) 

and sandcastle worms (Phragmatopoma californica) have assembly properties similar to those in brain 

amyloid fibril formation based on modular silk-homology repeat motifs and -sheet formations 

which promote formation of block polymers [56,57]. Silk proteins have found application as suturing 

material and the preparation of engineered composite constructs used in biomedicine [157]. 

Functional amyloid fibril formation in insects is controlled by specific chaperone proteins and 

regulatory domains [48,156] which prevent uncontrolled aggregation of protein assemblies that could 

threaten control of cell and tissue function. This occurs in protein aggregation protein-misfolding 

diseases in humans such as AD, PD, Huntington's disease, Creutzfeldt-Jakob disorder, cystic fibrosis, 

and Gaucher's disease [156,214]. 

4.4. Human Amyloids 

In humans, amyloids are insoluble self-assembling protein aggregates that spontaneously occur 

within tissues. These proteins are folded into a form that allows many copies of that protein or an 

unrelated one to stick to such assemblies to form a stacked aggregate structure, facilitating 

microscopic fibril formation [40,41]. The macromolecular structure of such aggregates may be 

visualised in tissues through interactive properties with the azo-dye Congo red. Intercalation of 

Congo red with amyloid fibrils generates a characteristic apple-green birefringence when viewed 

under polarised light. Amyloid formation is linked to the development of a number of human 

diseases. Amyloid macromolecular protein aggregates disrupt normal tissue function by a process 

known as amyloidosis [200]. While amyloid deposits can form from many dissimilar proteins a 

feature in common held by all of these proteins is that they are of small molecular weight and have 

an ability to form sheet structures that assemble into long unbranched fibres [40]. Pathogenic 

amyloid aggregates occur when previously healthy proteins lose their normal physiological 

functions, attain a misfolded form and form fibrous deposits in so called plaque formations around 

cells that disrupt normal cellular functions.  

4.5. Mammalian Amyloid-Related Proteins 

Serum amyloid P (SAP, Pentraxin-2) [215] is a 25kDa pentameric protein of the pentraxin protein 

family [216] which becomes incorporated into insoluble amyloid protein aggregates [217]. Deletion 

of SAP delays formation of amyloid in tissues [218]; SAP prevents the proteolysis and clearance of 

amyloid deposits [141]. C-reactive protein (CRP) is a 120kDa protein that shares ~50% homology in 

amino acid sequence with SAP and is released during inflammation. CRP is used as a disease marker; 

its levels may increase 1000-fold to regulate inflammation and infection [219]. 
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Amyloid fibrils are ordered nanostructures that undergo self-assembly [74,176]. Charged and 

hydrophobic amino acid sequences (Figure 4) have been shown to have roles in these aggregative 

processes, GAGs can also aid in amyloid fibril assembly in the early nucleation stages of fibril 

formation [220–222]. Cooperative hydrogen bonding promotes amyloid formation [223]. Amyloid 

fibrils can disrupt normal cellular activity and tissue architecture affecting tissue functional 

properties. In neurodegenerative disorders such as AD and PD this results in dysfunctional neuronal 

synaptic and neural network activity and feed-on effects on cognitive processes, memory and motor 

functions affecting neuromuscular control of normal bodily movement. 

 

 

Figure 4. Characteristic senile A  plaques stained with silver or immunolocalised within A  

antibodies in tissue sections from the cortex of patients who died with AD. a. Naoumenko-Feigen 

silver-stained plaques counterstained with Periodic acid Schiff; an amyloid core (dark pink) is 

surrounded by profuse abnormal neurites (black). b.Brown-stained A  plaques visualized using anti-

A  Mab 4G8 with a Nissl counterstain (blue). Glial nuclei are visible in the plaque core and the 

surrounding stained peripheral region. Brown A  plaques stained with anti-A 40 monoclonal 

antibody (MAb) (c-e) and A 42 MAb (f-h) showing coarse punctate (c, d), diffuse (e,f) and prominent 

core staining (g, h). Scale bars 20 m. Mouse MAb 4G8 from Covance, Labcorp Drug Development 

(Princeton, NJ) raised against residues 17-24 of Aβ peptide, with a 4G8 epitope at residues 18-22 [60]. 

Images reproduced from [7]. 

4.6. Amyloids that Display Metallo-Enzyme Catalytic Activities 

Ab40	 Ab42	

a.	 b.	
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g.	 h.	
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Amyloid fibrils are remarkable interactive structures; short prion peptides have been observed 

to assemble into fibrillar structures that display properties of metallo-enzymes [224]. Enzymes folded 

into defined 3D protein structures exhibit a high catalytic efficiency and selectivity [224]. From an 

evolutionary standpoint, it has been proposed that the earliest enzymes may have arisen from self-

assembly of such short peptides into supramolecular amyloid-like structures. Amyloid fibrils are 

ordered nanostructures that are self-assembled in vivo. Several artificially-produced amyloids display 

catalytic activity and offer advantages over natural enzymes due to their regular modular structure, 

flexibility, stability, and reusability [164]. Hydrolases and esterases, are common amyloid-like 

nanozymes; some of these act as carbonic anhydrases [225]. Carbonic anhydrase (carbonate 

dehydratase EC 4,2.1.1) is a very ancient metalloenzyme present in red blood cells (RBCs) that 

catalyses the bidirectional interconversion of CO2 and water (H2O) into bicarbonate (HCO3−) ions and 

protons (H+) controlling acid-base levels, pH and fluid balance, impacting on numerous physiological 

processes within and across numerous tissue compartments throughout the human body. When 

RBCs reach the lungs, haemoglobin binds oxygen and delivers this via the bloodstream to all cells. 

This is required to fuel the breakdown of sugars and fat in cellular metabolism for energy production 

and generates CO2 that needs to be removed from the body. Approximately 20% of the CO2 produced 

by cellular metabolism binds to hemoglobin, while ~70% is converted to carbonic acid and 

bicarbonate ions by carbonic anhydrase and transported in the blood then converted back to CO2 to 

be carried out of the lungs during expiration. While this interconversion of CO2 can occur in the 

absence of carbonic anhydrase this enzyme assists rapid inter-conversion of CO2 and water into 

carbonic acid, protons and bicarbonate ions by approximately one-million-fold. This is a fundamental 

evolutionary adaptation essential to life in mammals. Carbonic anhydrase inhibitors have been 

shown to reduce cerebral, vascular, and glial Aβ accumulation and amyloid fibril deposition and 

improved cognitive processes in mice. Carbonic anhydrase inhibitors may be useful in the treatment 

of AD and cerebral amyloid angiopathy [226]. Carbonic anhydrase occurs as 14 isozyme zinc 

metalloenzymes that catalyze the reversible hydration of carbon dioxide to bicarbonate and have 

major roles in controlling acid-base balances and pH in tissues [227]. This is particularly important in 

the regulation of the astrocyte [228] in brain tissues which controls ion profiles in niche environments 

that control neuronal activation and neurotransduction and signaling activity in neural networks 

[229]. Recent studies highlight the involvement of activators of carbonic anhydrase in brain processes 

essential for the transmission of neuronal signals [230]. Carbonic anhydrase activation may be a 

potential therapeutic option in the treatment of AD and neurodegenerative conditions characterized 

by memory loss and cognitive impairment. Furthermore, CO2 has important roles to play in the 

regulation of mitochondrial metabolism [231]. Carbonic anhydrase in mitochondria regulates CO2 

fixation assisted by enzymes of the tricarboxylic acid (TCA) and Embden Meyerhof Parnas (EMP) 

aerobic glycolysis and gluconeogenesis pathways respectively which are responsible for ATP 

generation and energy production [232]. This is important in neuronal energy production, the neuron 

is an energy demanding cell type [233]. 

5. Amyloid Fibrils as Building Blocks for Innovative Biomaterials 

Protein assemblies based on amyloid core structures display diverse biological functions with 

potential application in futuristic self-assembling biomaterials [52,181,185,234–237]. These roles 

contrast with the stigmatized picture of amyloid fibrils as pathological toxic structures in a range of 

human diseases of cognitive decline [74,238], however, not all amyloids are toxic. So-called functional 

amyloids have low toxicity and beneficial properties in a range of physiologic processes (eg, long-

term memory formation, gradual release of stored peptide hormones). Interestingly, amyloid fibrils 

formed by HET-s, a fungal protein [239,240], can confer functional prion-like fibril assembly behavior. 

The assembled structures have a much higher Young's modulus and tensile strength than those of 

PrP, i.e., they are much stiffer and stronger due to a tighter packing of the fibril structure [241]. The 

HET-s fungal cytoplasmic prion protein assembles into amyloid-like nucleation structures which 

accelerate formation of amyloid-like fibrils [242]. These stain with Congo red and are birefringent 
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under polarised light. HET-s fibrils resist compressive and tensile forces better than PrP and are stiffer 

and stronger than A aggregates. 

Functional amyloids play a role in cell fate and control cell-signalling cascades in mammals, 

bacteria and fungi. Amyloids have a range of functions inside and outside cells such as hormone and 

toxin storage and release, formation of cell surface structures in microorganisms and scaffolding 

associated with pigment synthesis [243–245]. The csgA gene encodes curlin - the major subunit 

protein of curli, a thin, coiled surface bacterial structure which binds to a variety of extracellular 

matrix and serum proteins and has roles in E coli biofilm formation [246]. Functional amyloids, such 

as CsgA and FapC are highly stable, and can be used to assemble monopolymeric amyloids [247]. 

CsgA has been used to prepare hydrogels suitable for gastrointestinal colonization and regenerative 

tissue engineering, cell-specific drug release, water-purification filters, and biosensors [248]. FapC 

shares many features with CsgA but has yet to be used to develop functional scaffolds.  

5.1. Functional Amyloids and Their Application in Tissue Engineering 

Functional amyloids display many features that make them attractive biomaterial candidates for 

tissue engineering applications [56,176,249]. Amyloid fibrils undergo self-assembly, forming 

regularly organised structures with impressive biophysical properties and a range of morphologies 

including extended straight filaments, tapes, twisted ribbons, and hollow tubes. Fibrils are typically 

5–20 nm in diameter with a length in the micron size range. This is irrespective of the many different 

proteins from which amyloid structures are assembled; currently 36 proteins have been demonstrated 

to be capable of forming amyloid deposits. Fibrils can be assembled from a diverse range of small 

proteins and polypeptides over a wide range of assembly conditions influenced by temperature, pH 

and solvent conditions. This provides flexibility in the procedures that may be utilised in engineering 

applications to assemble fibrils at the nanoscale level. Furthermore, since fibrils are assembled from 

arrangements of amino acids these are amenable to genetic manipulation and the use of a range of 

bacterial expression systems for their production. Moreover, introduction of point mutations in fibril 

structures can potentially be used to design structures with variable chemical surface and electrostatic 

characteristics to produce fibrils of variable binding properties and unique environmental 

responsiveness [237,250].  

Amyloid fibrils possess a Young’s Modulus in the GPa scale and a strength comparable to steel. 

High-resolution data gathered from X-ray diffraction and NMR experiments, demonstrate the 

presence of extensive cross β-sheet structure within the core of the fibril which forms an expansive 

hydrogen-bonding network throughout the polypeptide backbone spanning the length of the fibril. 

It is this cooperative intermolecular hydrogen-bonding network which confers stability and unique 

material properties to amyloid fibrils [54,251]. Amyloid fibrils have similar mechanical properties to 

dragline spider silk, which is one of the strongest and most rigid biomaterials in nature [252]. Silk 

and amyloid fibrils both contain expansive hydrogen-bonded β-sheet networks.  

5.2. Engineered Amyloid Polymers 

Several classes of engineered amyloid polymers have so far been developed with impressive 

credentials as biomaterials for engineering applications. These include (i) templates for nanowires 

and nanoelectronics, (ii) hydrogels applied to cell scaffolds and stem cell and drug delivery, (iii) light 

harvesting electron transport biomaterials for biophotonics, (iv) biosensors, actuators and molecular 

switches [183,253]. 

Hollow ~100 nm nanotubes have been developed using self-assembly of amyloid-like fibrillar 

structures to form templates within which silver nanowires can be cast of 10-nm width and lengths 

ranging from 60-100 microns [162,163,254]. The central nanowire is recovered by proteolytic 

dissolution of the peptide shell. Multi-layered co-axial nano-wire assemblies have also been prepared 

decorated on the exterior of the nanowire with metallic gold [161]. The nanowire structures were 

confirmed by TEM and energy dispersive X-ray analysis. Gold or silver nanowires with widths of 

~100 nm have demonstrated high conductivities and low resistances (~80 Ω). Nanowires can be 

applied to microcircuitry in nano-electronics and have revolutionised the development of next 
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generation computers and biosensors [255]. Ultracapacitors have also been developed using an 

external magnetic field to orient horizontal and vertically aligned arrangements of nanotubes. These 

amyloid assemblies display enhanced capacitance relative to carbon and carbon nanotube–modified 

electrodes [160].  

5.3. Amyloid Cell Attachment Matrices and Hydrogels for Cell Delivery in Tissue Repair Strategies 

The ECM has important instructive properties over cells, communication between the cells and 

ECM is encoded in peptide epitopes of structural and signaling components that act as molecular 

directors of cellular activity [256]. Peptide epitopes can be incorporated into synthetic biomatrices to 

mimic the specific communication that occurs between cells and tissues to control cell adhesion, 

differentiation, immunomodulation and ECM turnover to achieve tissue homeostasis. Self-assembled 

amyloid peptide biomatrices have been prepared with RGD motifs to improve cellular attachment 

[257]. Lysozyme amyloid micronetworks have been shown to support chondrocyte viability and 

ECM deposition, while α-synuclein and β-lactoglobulin matrices maintained cell viability [256]. 

Synthetic amyloid biomatrices with specific added proteins hold promise in cartilage regeneration 

[258].  

Amyloids are novel cell-adhesive matrices [259]; cell adhesion on amyloid fibrils occurs despite 

a lack of integrin recognition motifs [260]. Amyloid biomatrices have also been prepared containing 

RGD cell attachment motifs [257]. Amyloid scaffolds represent versatile biomaterials for cell adhesion 

and tissue engineering applications [52]. Amyloid fibril hydrogels have also been prepared and 

shown to be suitable 3D macrostructures for cell culture and as cell delivery vehicles for cultured 

stem cells which have undergone cellular differentiation [261,262]. In tissues, amyloid fibrils also 

promote neural proliferation and neurite outgrowth through interaction with ECM components 

[75,263]. Amyloid fibril 3D scaffolds have been used to culture neurons and used to develop a model 

of AD [264]. Amyloid fibril bioscaffolds have been used to culture neural progenitor cells to assess if 

an A   sheet environment guided differentiation of cultured neural progenitor cells simulating 

conditions found in brain tissues in which amyloid deposition was evident. A   sheet bioscaffolds 

produced neural progenitor cells of a phenotype similar to that induced by amyloidosis in AD tissues 

[265]. 

Amyloid hydrogels are highly hydrated 3D polymer networks with cell adhesive properties that 

are suitable as a scaffold for tissue engineering, regeneration, and repair [266]. Such hydrogels are 

smart materials capable of transitioning to altered rheological properties in response to 

spatiotemporal changes in temperature, pH, ionic strength, and external stresses and are also 

applicable for drug delivery and stem cells in regenerative procedures [186,267]. 

5.4. Application of Amyloid Fibrils in Nanobiology and Organic Microelectronics 

Amyloid fibrils have found application in photoelectric and light harvesting technologies [268]. 

A peptide fragment of transerythritin (TTR 105-115) spontaneously forms highly aligned uniform 

fibrils in which fluors can be incorporated with little disruption in fibril structure to provide an 

amyloid fibril with the ability to capture photons and harvest light [269]. Aβ(16–22)-α-synuclein 

hybridised amyloid fibrils also exhibit light-harvesting and electron-transfer properties [270]. 

While naturally occurring amyloids are robust self-assembled nanometer-sized fibril 

biomaterials, it is now possible using in-vitro methods to assemble large 10-20 μm diameter amyloid 

fibers several mm in length [271]. Using a short, hydrophobic director α-helical template peptide and 

mixtures of peptides it is possible to self-assemble large amyloid fibers [272], encoded by micron-

sized self-assembled structures at the genetic level, with tailored rectangular or cylindrical cross-

sectional morphologies and robust material properties (modulus 0.1-2.5 GPa) [273]. A template 

peptide expressed in E. coli has been used to grow customized 200-500 nm amyloid fibrils and 7-20 

μm wide fibers for tissue engineering. 

5.5. Amyloid Fibrillar Assemblies and Neuromorphic Computing 
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Quantum computers offer the computational power required to drive neuromorphic hardware 

in neural network dynamic simulations [274]. Machine learning and artificial intelligence algorithms 

running on neuromorphic hardware by quantum computers are being developed to assist in data 

analysis in artificial synapse modular supercomputing developments. Self-assembling amyloid 

fibrillar structures can be modeled to provide neuromorphic hardware due to varied fibril surface 

chemistry and their responsiveness to specific electrochemical microenvironments. This may be 

useful in the development of electrochemical random-access memory using ionic neurotransistors, 

leading to neuromorphic computing networks that drive sensory intelligent perception systems 

[275,276]. 

6. Concluding Remarks 

This review has illustrated the toxic features of amyloid plaques and neurotangles in brain 

tissues which lead to neurodegeneration, impaired neuron synaptic function and consequential 

diseases of cognitive decline. The beneficial properties of functional amyloids are also reviewed and 

engineering applications that have been developed using the amyloid fibril as a molecular template 

which can be manipulated in a number of innovative applications in significant advancements in 

nano-technology. These have made important contributions to neuro-signaling in neural repair 

strategies and in areas of bio-regulation using nano-electronics. Development of biosensors, 

actuators, ultracapacitors, memristors, molecular switches and next generation micro-computing 

technologies are examples of these innovative applications that have been applied in bioregulation. 

The high conductance of nano-wires cast in hollow amyloid fibril molecular templates, low resistance 

and ultra-high signaling capability of such structures makes them particularly suitable in nano-

electronic applications. Furthermore engineered amyloid fibril assemblies have also found 

application in photoelectric and photon capture light harvesting technologies of application in 

innovative nano-photoelectronics and photovoltaic applications which promise to revolutionise 

specific areas of optical neuro-regulatory processes. Furthermore, the application of AI methodology 

in brain-interface technologies offers particularly exciting possibilities in the improvement of real-

time bidirectional control systems between living brains and actuators in motor and sensory 

neuromorphic applications and have had notable clinical success in the treatment of paralyzed 

patients’ and expanded the mobility of disabled patients [277]. 

7. Conclusions 

This review has shown that functional amyloids are useful cell attachment matrices and 

hydrogels for cell delivery in tissue repair strategies and in innovative nano-electronics, bio-sensors, 

memristors and light harvesting technologies in photovoltaics. The stigma associated with amyloid 

fibrils that disrupt normal brain function impacting on cognition and memory processes thus needs 

to be balanced with the innovative properties of functional amyloids employed in the development 

of futuristic applications in nanobiology, organic nano-electronics and neuromorphic computing. 
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