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Abstract 

Amyloid research is oriented at present towards finding advanced methods that can provide viable diagnosis 

and treatment options. For this to be achieved, the fundamentals of protein aggregation into fibrils need to be 

clarified. Among spectroscopic techniques, UV-Vis and fluorescence are widely employed in amyloid assays. 

This review evaluates the potential of another spectroscopic method, induced circular dichroism (ICD), coupled 

with molecular modeling, specifically density functional theory (DFT), to provide accurate information on 

conformational changes of thioflavin T (ThT), an amyloid dye, upon binding to amyloid fibrils. We begin by 

recalling general aspects of the molecular rotor behaviour of ThT, which plays the critical role in chirality 

induction, and the basic principles of ICD. Then, we present an overview of literature works revealing chirality-

inducing interactions of ThT, from early pioneering studies to notable recent contributions, pointing out 

remarkable achievements and ongoing challenges. We follow by addressing the progress made in 

computationally assessing ThT interactions, drawing attention to the unexplored potential of the ICD/DFT 

approach as amyloid diagnostic tool complementary to fluorescence. Through this review, we hope to 

encourage researchers to further document the capabilities of the ICD/DFT method, expanding the use of the 

ThT dye beyond its traditional fluorescence applications. 
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Introduction 

Amyloidosis is the general term for a wide range of protein-misfolding disorders in which insoluble 

amyloid fibrils accumulate in tissues and organs, disrupting their normal function. The three most common 

types of the disease are primary or immunoglobulin light chain (AL) amyloidosis, secondary or serum amyloid A 

(AA) amyloidosis and familial transthyretin (ATTR) amyloidosis.[1,2] Amyloid formation plays a significant role in 

the pathogenesis of multiple disorders including neurodegenerative diseases like Alzheimer’s and Parkinson’s, 

and type II diabetes. Definitive diagnosis of amyloidosis can only be made through tissue biopsy, one of the 

challenges being the identification of the amyloidogenic protein in order to provide disease-specific treatment 

aiming at symptoms management. Since no cure for amyloidosis is available at present,[3] early detection 

represents a top priority for health sciences. 

The reason why few amyloid inhibitor compounds pass clinical trials, and none has yet been confirmed 

as effective treatment, is the insufficient comprehension of fibril formation and the limitations of the 

experimental methods used to quantify it. Current understanding indicates that amyloid formation is a 

multistep macromolecular self-assembly process caused by the inability of a protein to correctly fold into or to 

maintain its functionally active conformation.[4] In misfolded state, hydrophobic residues become solvent-

exposed and thus prone to associate into aggregates, and further into fibrils. Protein aggregation is considered 

a kinetically controlled process that may lead to amyloid polymorphs, that is, multiple fibril conformations 

formed from a single polypeptide chain sequence.[5,6] The resulting heterogeneous, dynamic nature of these 

systems poses difficulties for routine structural studies. All native proteins have the generic ability to form 

fibrils in certain, at times non-physiological, conditions. This is why thermal treatment studies are essential for 

gaining insight into the factors that influence the aggregation behaviour. The thermal stability of proteins upon 

interaction with ligands that show potential as aggregation inhibitors has been one of the main research topics 

in our group during the past eight years.[7–14] 



Both ex vivo amyloid detection in tissues and in vitro studies on fibril formation and growth rely on the 

use of optical assays based on staining with amyloid-specific dyes. They are fluorogenic probes whose emission 

intensity increases up to three orders of magnitude upon binding amyloids. Ideally, such probes only interact 

with fibrils, not with the native protein or other non-fibrillar constituents of the system. This specificity of 

amyloid dyes arises from recognizing the repetitive β-sheet structural motif that is common to all amyloids.[15] 

Among amyloid-specific dyes, thioflavin T (ThT) is the most widely used due to the sensitivity of its 

spectral signature to microenvironmental properties that originates in its behaviour as molecular rotor.[16] The 

reader is referred to excellent reviews that detail the molecular mechanisms of ThT binding to amyloid fibrils[17–

19] and offer comprehensive guidelines on conducting ThT amyloid assays.[20,21] New ThT derivatives are 

constantly being developed,[22–28] and their interaction with amyloids is investigated in view of their application 

for amyloidosis detection in vitro and/or in vivo, using advanced methods like positron emission 

tomography,[29–33] as well as in the context of elucidating the pathogenesis of amyloidosis and developing 

efficient inhibitors.[34] As an example, Pittsburgh compound B was the first ThT derivative successfully used in 

vivo for the detection and quantitative evaluation of amyloid plaques in Alzheimer’s patients.[35] Advanced 

fluorescence techniques are also emerging, with ThT being used as molecular probe to explore their 

capabilities in the amyloid field.[36–42] 

The use of spectral probes to study interactions in biological and biocompatible systems is well 

established and requires knowledge of the link between the spectral signature of the probe and the processes 

taking place. Relevant contributions in recent years from our research group and collaborators are exemplified 

in several papers.[43–51] As detailed in invited perspective[52] and review[53] articles, special emphasis has been 

paid to chirality inducing interactions as a handy means of collecting structural information at molecular scale. 

To this end, we proposed a concerted approach pairing induced circular dichroism (ICD) experimental 

measurements with (time-dependent) density functional theory (TD)DFT calculations, and successfully applied 

it to identify the species and conformation of protein-bound ligands belonging to the polyphenol[54–56] and 

coumarin[57,58] classes, both with demonstrated amyloid inhibitor activity.[59–61] The method can be applied to 

achiral ligands that bear one or more torsional degrees of freedom which become hindered upon binding to a 

macromolecular host. The origin of the induced chirality is the conformational adaptation of the ligand to the 

steric requirements of the binding pocket, a so-called “chiral twist” in which intramolecular rotation is followed 

by entrapment of a twisted, thus chiral, rigid conformer. The sensitivity of ICD to subtle structural alterations at 

the binding site makes it a very desirable method for studying binding events associated with ligand and/or 

protein conformational changes. Furthermore, the ICD/DFT procedure has been established as a reliable 

alternative to traditional high-resolution techniques like solution NMR spectroscopy and X-ray crystallography, 

whose application to protein-bound ligands and, by extension, to amyloid-bound ligands is by far more 

strenuous. 

As unravelled by Dzwolak and Pecul,[62] the entrapment of ThT by amyloid fibrils leads not only to 

highly fluorescent conformers, but also to optically active conformers. This is due to the molecular rotor 

behaviour of ThT, which has been extensively exploited in fluorescence but is equally essential for ICD as it 

favours the “chiral twist” chirality-induction mechanism. In addition, the monomeric[62] and dimeric[63] forms of 

ThT have very distinct ICD spectral signatures, each with magnitude and sign that are strongly dependent on 

the degree of intramolecular rotation. Taking these into consideration, we believe that ThT represents an ideal 

molecular probe for the concerted ICD/DFT investigative approach. Since this method selectively reports on the 

fibril-bound ThT fraction, it could be a valuable alternative to the fluorescence amyloid assay, in particular for 

cases when the ThT–amyloid interaction leads to the formation of non-fluorescent complexes.[64] 



In this context, the scope of this review is to provide an account of the ICD investigations conducted 

over the years that deal with interactions of ThT in amyloid and other biologically relevant systems, while 

pointing out current pitfalls and ongoing challenges. Such a systematization of reported works is currently 

missing, and for this reason we consider this review to be a valuable contribution to spectroscopists performing 

amyloidosis-related research. 

Even as spectroscopic techniques progress and new techniques become available, key aspects of the 

ThT–amyloid interaction continue to be debated in literature. These include the molecular form of bound ThT – 

monomer, dimer or higher aggregate, and the localization of the binding site(s) on the fibril.[65] Several 

hypotheses have been put forward that are addressed in this review, as we explore the capabilities of the ICD 

method, assisted by DFT calculations, to shed light into these aspects. We also discuss critically the possibilities 

offered by the ICD/DFT approach to avoid some interference effects observed in fluorescence assays,[66,67] such 

as self-quenching of ThT emission[68] and bias caused by exogeneous species.[69–75] Based on the available data, 

we assess the validity of using the ICD signature of ThT as an amyloid diagnostic tool complementary to 

fluorescence. 

The review is structured as follows. The initial section is dedicated to the fundamentals of the 

molecular rotor behaviour of ThT, which plays the critical role in chirality induction. Then, after a brief recall of 

the basic principles of ICD, we examine a significant number of literature works that discuss chirality-inducing 

interactions of ThT with proteins, peptides, polyamino acids, polyanions and biocompatible gels. We focus on 

the efficiency of ThT as ICD molecular probe in bypassing the complexity of the systems to report on amyloid 

formation. Computational assessments of ICD signals are outlined next, ranking from simple host models like 

cyclodextrins or cucurbiturils to protein systems. The works corroborating ICD data with DFT results are 

discussed in detail. Lastly, conclusions are drawn and future perspectives are envisaged. 

 

The molecular rotor behaviour  

Here we discuss, in brief, the photophysics and spectral signature of ThT that originate in its behaviour 

as molecular rotor. Understanding the mechanisms that operate in ground and excited states for free ThT and 

for ThT in interaction with macromolecular partners is essential for the accurate interpretation of its induced 

circular dichroism signals, and for identifying the key complementary information to fluorescence that they can 

provide.  

Structurally, the ThT molecule consists of a benzothiazole fragment connected to a dimethylaniline ring 

through a σ(C–C) bond that allows intramolecular rotation around dihedral angle θ (Figure 1). Other important 

structural features are the positive charge at the azolic nitrogen atom (at pH < 10;[76,77] please refer to the 

Supplementary Material 1 associated to ref.[78] for the pKa determination of ThT), the reactive carbon atom in 

the thiazole ring, and the tertiary dimethyl amino group in the benzyl ring, the latter also associated to a 

torsional degree of freedom, ψ.  



 

Figure 1. Left: Molecular structure of thioflavin T (ThT), with arrows illustrating intramolecular rotations about two 

dihedral angles, θ and ψ. Right: Frontier molecular orbital surfaces (isovalue 0.35 e/au3) for the most stable ground state 

conformer (θ = 37 deg, ψ = 0 deg) calculated at the B3LYP/6-311++G(d,p) level of theory. 

In the early nineties, the research groups of Naiki[79] and LeVine[80] unearthed the fluorescent and 

binding properties of ThT, in the context of testing this molecule as an amyloid-specific fluorescent probe 

(histochemical dye), as had been proposed about forty years prior by Vassar and Culling.[81] Upcoming years 

witnessed a surge of investigations debating the photophysics of ThT in solvents and solvent mixtures of 

different polarity/protic properties[82–85] and viscosity,[86–88] at variable pH and temperature,[76,89] in ionic 

liquids[90,91] and in deep eutectic solvents,[92] as well as the spectral response of ThT during interaction with 

confining media such as host cavitands (cyclodextrins,[93–96] cucurbiturils,[97] calixarenes[98]), micelles,[99–101] 

metal-organic frameworks,[102] bile salts,[103] DNA/RNA,[104–109] peptides,[110–112] proteins in native[113–115] or 

fibrillar[116–118] state and, more recently, in gelling systems.[119–121] The sensitivity of the ThT absorption and 

emission (in terms of band position, fluorescence quantum yield and lifetime) to the properties of the 

microenvironment, allowing ThT to probe the above variety of (supra)molecular systems, relies on its 

behaviour as molecular rotor. This was firstly revealed by Voropai et al.[82] based on semiempirical PM3 

quantum chemical calculations, and later documented in numerous experimental and theoretical studies.[16,122–

125]  

Briefly, molecular rotors are fluorophores susceptible to forming twisted intramolecular charge 

transfer (TICT) excited states upon light absorption.[126] Two competing deexcitation pathways can follow: i) 

radiative decay, by emission of fluorescence from the first locally excited (Franck-Condon) singlet state (S1/LE), 

and ii) non-radiative decay, by torsional relaxation, to a weakly emissive TICT excited state, and subsequent 

quenching of fluorescence. For ThT, the main nonradiative pathway has been shown to be the torsional 

relaxation about angle θ.[127,128] Semiempirical AM1 and PM3 data[82,122] and density functional theory (DFT) 

results at the 6-311+G(d,p) level of theory[127,128] suggest that the twisting of the dimethyl amino group with 

respect to the benzene ring is energetically prohibited in excited state by a four times higher rotational barrier 

as compared to the twisting of the dimethylaniline fragment[122,123] (Figure 2). A spectral signature identical to 

that of ThT was observed for a ThT derivative that was specifically designed having prohibited intramolecular 

rotation around the C–N bond, allowing the authors to conclude that torsional relaxation about angle ψ has 

very little influence on the emissive properties of ThT.[128] Nevertheless, more recent reports[129,130] coupling 

femtosecond transient absorption and femtosecond time-resolved fluorescence with TDDFT calculations draw 

attention to the existence of a dual relaxation channel for the S1/LE state of ThT. The second relaxation 

pathway is non-radiative and involves an additional TICT excited state formed upon torsional relaxation along 

the dimethylamino coordinate, which is energetically favoured in the solvent methanol. 



 

 

Figure 2. Sections through potential energy surfaces with respect to torsion angles θ (A) and ψ (B). Adapted with 

permission from ref.[127] P. K. Singh, M. Kumbhakar, H. Pal, S. Nath, Ultrafast bond twisting dynamics in amyloid fibril 

sensor, J. Phys. Chem. B 114(7) (2010) 2541–2546. doi:10.1021/jp911544r. Copyright 2010 American Chemical Society; 

colour online. 

In non-viscous solution, rotation about angle θ proceeds unhindered, and nonradiative deexcitation 

takes precedence over fluorescence emission. This results in a low fluorescence quantum yield (φ ~ 0.0001[132]) 

and a short fluorescence lifetime (τ ~ 1 ps[87,131–133]) of ThT in water, at room temperature. By difference, in 

confining media – either in a viscous solution or upon an interaction that hinders intramolecular rotation, 

torsional relaxation is obstructed and a sterically favoured ThT conformation is “locked”. Emission from the 

S1/LE state of this conformer occurs, characterized by a 2–3 orders of magnitude higher fluorescence quantum 

yield (φ = 0.28 in rigid isotropic solution, φ = 0.43 in amyloid fibril[131]) and lifetime (τ = 0.48 ns in glycerol[131]) as 

compared to ThT in aqueous solution. This type of straightforward on/off, concentration-dependent response 

upon binding to a macromolecular interaction partner[134,135] constitutes the basis for using ThT as fluorescent 

staining reagent in amyloid assays. The fluorescence enhancement is also accompanied by large bathochromic 

shifts in the absorption and fluorescence maxima that serve as spectral fingerprints of the processes taking 

place.[87] 

At room temperature, ThT presents a wide distribution of conformations, from perpendicular (θ ~ 90 

deg) with broken π-electron conjugation that display absorption and emission bands at shorter wavelengths, to 

quasi-planar conformers responsible for the long wavelength absorption and emission.[133] In homogeneous 

solution, conformer populations are determined by temperature and solvent polarity,[85] while in 

heterogeneous systems, the conformer distribution is decided by the local properties of the 

microenvironment.[136] The most stable conformers of ThT can be identified by plotting sections through 

potential energy surfaces built with respect to angle θ, in electronic ground state, S0, and first excited singlet 

state, S1 (Figure 2A). In S0, the minimum energy conformation corresponds to a value θ = 37 deg, a compromise 

between the planar (θ = 0 deg) conformer favoured by electronic effects and the steric hindrance introduced 

by the presence of a methyl substituent at the azolic nitrogen atom. Nevertheless, the value of 37 deg allows 

for an extended π electron conjugation in the molecule.[62,122,123,137] Quantum chemical calculations at 

semiempirical and ab initio levels evidenced the charge transfer occurring upon excitation from the highest 

occupied molecular orbital (homo), localized on dimethylaniline, to the lowest unoccupied molecular orbital 

(lumo), localized on benzothiazole (Figure 1).[122] 



In water, the absorption band associated with the homo-lumo Franck–Condon transition shows a 

maximum at 412 nm, and the corresponding π-π* transition electric dipole moment is polarized along the long 

axis of the molecule. The maximum energy conformation in S0 state corresponds to θ = 90 deg. The energy 

barrier to rotation between the 37 deg and 90 deg conformers is low (~5 kcal/mol[123,125]), the two molecular 

fragments rotating freely about the σ(C–C) bond. In S1, the energy minimum corresponds to a conformer 

having θ = 90 deg (the TICT excited state)[122] (Figure 2A). Upon excitation, the ThT molecule crosses to this TICT 

state, the nonradiative deexcitation pathway resulting in the weak fluorescence emission observed 

experimentally. This mechanism is favoured by the negligible energy barrier between the S0/37 deg and S1/90 

deg conformers.[16,127,133]  

Perusing these studies, it becomes evident that the molecular rotor behaviour of ThT has been largely 

exploited in conjunction with the emissive properties of the dye. We must nonetheless take note of the fact 

that the presence of twisted conformations opens the way for an additional spectroscopic means of assessing 

the diverse binding interactions of ThT: induced circular dichroism – the primary focus of this review. 

 

Induced circular dichroism as investigative method complementary to fluorescence  

 Compared to the exhaustive collection of fluorescence studies exploiting, thorough particular 

techniques, the emissive features of ThT derived from its molecular rotor behaviour, the number of reports 

addressing the dichroic signal induced to ThT upon interaction is considerably smaller. This is somewhat 

surprising, considering that circular dichroism is one of the go-to methods for characterising structural 

transitions in DNA[28,138] and protein,[6,11,139,140] with emphasis on misfolding and aggregation. Such studies focus 

on revealing changes in the secondary and tertiary protein structures occurring upon fibril formation, and we 

consider that they could be well enriched with complementary insight provided by the induced circular 

dichroism (ICD) signal of the molecular probe counterpart – ThT in the case of amyloid assays. 

An explanation for the limited number of ICD investigations may lay in the elements of difficulty 

inherent to performing dichroic measurements in anisotropic samples that possess light scattering properties 

and are prone to undergo precipitation. The well-known prerequisite for a correct analysis of extrinsic dichroic 

signals of proteins is the accurate determination of the protein concentration. This is not always 

straightforward, due to protein aggregation and subsequent sedimentation. Performing measurements under 

stirring or using dry samples are the workarounds commonly recommended.[20] In the case of ICD signals, which 

have inherent low intensity,[141] it is imperative, for a correct interpretation, to discern the signals originating 

from true chirality at molecular scale from those arising from a macroscopic, temporary alignment of 

chromophores. Such artefacts may ensue from optical effects like linear dichroism, when the incident light is 

not completely right or left circularly polarized, but contaminated by linearly polarized light,[142] and linear 

birefringence, caused by the inherent optical imperfections of the spectropolarimeter.[143] Fortunately, recent 

literature offers detailed guidelines on how to conduct experiments in order to eliminate these effects,[5,137,144–

146] therefore providing the ICD technique with the potential to become, in the near future, a widespread 

complementary tool for detecting the intercalation modes of probe molecules within proteins as well as other 

chiral environments. Since alterations in the local chirality of a macromolecule can often lead to dramatic 

changes in its biological activity, it becomes evident that such ICD studies are exceedingly necessary. 

In what follows, the principle of ICD is briefly recalled, and the literature studies using ThT as ICD 

molecular probe are presented and discussed, emphasizing their implications for current amyloid assays. For a 

detailed view on circular dichroism spectroscopy, the reader is referred to the comprehensive works of Berova 



and Woody,[147,148] which include the basic concepts of electronic circular dichroism and its many applications 

to the biomedical field. 

 

Basic principles of induced electronic circular dichroism  

The absorption, to different extents, of left- and right-hand circularly polarized light by a chiral, non-

racemic chromophore or by an achiral molecule to which chirality has been induced results in elliptically 

polarized light, and thus the observation of either an extrinsic or an induced dichroic signal.[147,149] Since 

electronic circular dichroism is, in essence, an absorption phenomenon, the dichroic signal is observed in the 

light-absorbing spectral region of the chromophore, and its intensity is commonly expressed as ellipticity. 

Differently from the absorption band, an ICD band can have either positive or negative sign, and is very 

sensitive (in terms of shape, position and intensity) to conformational changes, thus providing a spectral 

fingerprint of the microenvironment, which spectroscopists may use to reveal otherwise inaccessible local 

structural changes. 

To optically inactive probes, such as ThT, chirality can be induced by one of the following 

mechanisms:[148] 

i) the “chiral twist” mechanism, for probes possessing one or more torsional degrees of freedom: 

conformational adaptation to the binding site via torsional motion followed by hindering of the degree(s) of 

freedom, resulting in a bound conformer that is rigid and chiral;[52,53] 

ii) non-covalent interactions with a chiral environment, e.g., a cavitand, that alter the electron density 

of the probe; an example is the host–guest inclusion complexation with cyclodextrins, leading to ICD features 

of the guest that are governed by the Harata-Kodaka rules.[150–152] Several reports document the (natural or 

synthetic) cyclodextrin–ThT complexation by fluorescence spectroscopy,[96,153,154], however only two follow the 

ICD of the ThT guest.[155,156] 

iii) intramolecular exciton coupling: coupling of transition electric dipole moments belonging to 

chromophores of the same probe molecule;[157] 

iv) intermolecular exciton coupling: coupling of transition electric dipole moments of chromophores 

belonging a) to probe molecules that are found in close proximity (< 10 Å) and in chiral arrangement relative to 

each other, e.g., dimers, aggregates, or b) to the probe molecule and to its interaction partner, e.g., aromatic 

residues, peptide bonds;[157–159] 

Exciton coupling leads to the observation of characteristic bisignate ICD signals (two bands of similar intensity 

and opposite sign) that are either positive (an –/+ Cotton effect, i.e. a positive long-wavelength band and a 

negative short-wavelength band) or negative (an +/– Cotton effect); the maximum of the absorption band 

corresponds to the cross-point in the ICD spectrum of the exciton.[157–159] 

As was already mentioned, dichroic signals have inherent low intensity. This is because they arise from 

often minute differences between the absorptivities for left and right circularly polarized light. Therefore, an 

essential condition for successful ICD determinations is the existence of a strongly absorbing chromophore. 

With a molar extinction coefficient ε = 36000 M-1 cm-1 (in water)[160] for the absorption band at 412 nm, the ThT 

probe abides to this rule. 

The intensity of the ICD signal is determined by the rotational strength of the corresponding 

transition[147] that, in the particular case of ThT, is dependent on the value of the torsion angle θ. As expected, 

in water and other microenvironments that allow unhindered intramolecular rotation, the ThT monomer 

presents a zero net dichroic signal, as the mirror-image ICD signals of all non-planar conformers cancel each 

other out. The planar, “achiral” conformer (θ = 0 deg) and the conformer twisted at right angle (θ = 90 deg) do 



not show ICD signals due to broken π-electron conjugation.[161] By difference, in restrictive microenvironments, 

one or more twisted, “chiral” conformers can be stabilized, leading to the observation of characteristic mono 

or bisignate ICD bands. It emerges evident one of the key advantages of ICD spectroscopy over traditional 

absorption: while the absorption spectrum is dominated by the unbound species, especially in cases when the 

association constant is low, the ICD spectrum exclusively reports on the bound ThT species acquiring chirality. 

There is also an evident advantage of ICD over the fluorescence method for which results can be biased by 

exogenous compounds present in the amyloid assay that alter the fluorescence response of ThT. Such 

interferences may arise from direct interaction leading to quenching of the ThT fluorescence, e.g., by a Förster 

resonance energy transfer mechanism, from spectral effects like band superposition and inner filter, or from 

cooperative or competitive binding.[71,73] 

 

Induced circular dichroism of thioflavin T bound to proteins, self-assembling peptides and polyamino acids 

The excellent works by the research groups of Dzwolak and Pecul brought forth crucial advances in 

understanding the origin of ThT dichroic signals. Their studies are the first building blocks paving a promising 

way for ICD to become a new diagnostic tool for protein fibrillation. In 2005, they reported the first ICD signal 

of amyloid-bound ThT, observed in the presence of insulin fibrils.[62] The signal consists of one negative band 

located at 450 nm, with intensity linearly dependent on the ThT concentration (Figure 3A). Prior to this study, 

no data was available in the literature regarding the use of ICD as spectroscopic tool for the characterization of 

the interaction of ThT with either native or pathological proteins. By determining that the variation in the 

ThT/amyloid molar ratio caused no alteration in the shape of the ICD signal, the authors were able to discard 

the formation of a chiral assembly of ThT molecules, easily destroyed by dilution. Instead, they concluded that 

the ICD signal originated from a twisted, optically active conformation of the bound ThT molecule. A follow-up 

study published in 2007[5] consolidated the ICD method as an effective tool for investigating conformational 

effects in protein misfolding, adding knowledge on the topological organization and symmetry of the insulin 

amyloid fibril. These investigations also pointed out a noteworthy advantage of the ICD technique, namely that 

it allows experiments to be performed at high ThT concentrations of 1 mM. Such concentrations are unusable 

in fluorescence determinations due to self-quenching of the ThT emission. 

Another pioneering study[162] employed the ICD signal of ThT to evidence the vortex-assisted fibrillation 

of insulin occurring at 60°C. This was the first instance that a chiral symmetry-breaking process was observed in 

a biopolymer. The process, penned by its discoverers “chiral bifurcation”, refers to the formation of two types 

of insulin fibrils with opposite chiral senses (denoted by –ICD and +ICD) that, upon binding of ThT, induce in the 

achiral probe opposite signs of the extrinsic Cotton effect. “Chiral bifurcation” of protein conformational 

transitions was shown to involve an autocatalytic mechanism in which a random conformational fluctuation 

triggers the conversion of a macroscopic amount of insulin into uniformly biased chiral aggregates that bind 

and twist the ThT molecule. 

 



 

Figure 3. (A) The ICD spectra of ThT in the presence of insulin fibrils at different ThT/amyloid molar ratios: 1/1 (a), 1/2 (b), 

1/5 (c), 1/10 (d), 1/20 (e), 1/50 (f), 1/100 (g), 1/200 (h). Used with permission of Elsevier, from ref.[62] Chiral bias of amyloid 

fibrils revealed by the twisted conformation of Thioflavin T: An induced circular dichroism/DFT study, W. Dzwolak, M. 

Pecul, FEBS Letters, 579, 29, 6601–6603, 2005; permission conveyed through Copyright Clearance Center, Inc. (B) The ICD 

spectra of ThT in the presence of polyamino acids PLGA and PDGA in random coil (pH 8.0), intermediate (pH 6.6) and α-

helical (pH 4.1) conformations. Used with permission of Royal Society of Chemistry, from ref.[64] Thioflavin T forms a non-

fluorescent complex with a-helical poly-L-glutamic acid, V. Babenko, W. Dzwolak, 47, 10686–10688, 2011; permission 

conveyed through Copyright Clearance Center, Inc.; colour online. 

To aid in rationalizing the ICD features of ThT bound to insulin fibrils, the authors included in their 

reports data on the ICD observed for ThT in the presence of amyloid-like polyamino acids having opposite 

chirality. Mirror-image ICD signals were revealed for ThT bound to poly-L-glutamic acid (PLGA, –ICD) and to 

poly-D-glutamic acid (PDGA, +ICD) in their β-pleated, amyloid-like conformation,[161] as well as for ThT bound to 

β-sheet-rich fibrils of poly-L-lysine (–ICD) and poly-D-lysine (+ICD).[62] On the basis of these results, the authors 

proposed ThT as an apt molecular probe to report on chiral bias phenomena occurring in amyloid and amyloid-

like structures. 

In subsequent, more exhaustive studies, ThT was employed as ICD probe to characterize the PLGA 

structural transition from random coil to α-helix that occurs as a function of pH.[64] For this system, the 

information provided by fluorescence spectroscopy was scarce due to the fact that the ThT/PLGA complex is 

non-fluorescent. Data provided by absorption spectroscopy was equally limited, revealing only a small 

absorbance decrease upon structural conversion. The investigation by ICD was enlightening, as the features of 

the ICD signal of the ThT/PLGA complex proved to be distinct for the different conformations of the polyamino 

acid. For random coil PLGA (at pH 6.5), a strong positive ICD signal of ThT is observed at 387 nm, while for α-

helical PLGA (at pH 5), a weaker negative ICD band, located at 414 nm, is revealed in the spectrum (Figure 3B). 

In what concerns the interaction mechanism, it was rationalized that, at pH 6.5, the negative charge on PLGA is 

the driving force of its electrostatic self-assembly with cationic ThT. The hypsochromic shift of the ICD signal in 

PLGA (387 or 414 nm) with respect to the ICD signal in insulin fibrils and in PLGA β2 fibrils (450 nm) correlates 

with the different emissive properties previously observed for ThT in these systems.[64,163] It is indicative of the 

presence of several bound ThT conformers having different degrees of conjugation between the two molecular 

fragments, i.e. either intact or disrupted π-electron systems. The conformers with broken π-electron 

conjugation have spectral signatures close to those of the individual chromophores.[123] The ICD spectra of ThT 



in PDGA are, as expected, mirror images of those obtained in the presence of PLGA in the same experimental 

conditions. 

These results have two major implications. Firstly, by revealing that ThT binds orderly to α-helical 

structures, the authors demonstrate that ThT binding to protein targets is less amyloid-specific than initially 

assumed. While interactions with β-sheet structural motifs[164] and/or π-π interactions with aromatic amino 

acid residues[64] are still considered responsible for ThT binding to amyloid structures[17] as they occur with 

higher affinities, care must be taken during amyloid assays to eliminate any possible bias arising from non-

specific binding to native background proteins.[85,114,165] Secondly, it is shown that ThT binding to amyloid 

structures, as revealed by the immobilization of ThT in a chiral conformation, is not a prerequisite for 

fluorescence enhancement. That is, a bound ThT conformer that is weakly fluorescent or non-fluorescent may 

give rise to a strong ICD signal, demonstrating complexation. This observation is key for the complementarity of 

the two spectroscopic techniques. When used in tandem with fluorescence, the ICD method can provide a 

means to check whether the binding of the molecular probe to the macromolecular partner results in the 

formation of a non-fluorescent complex that may bias the quantitative results of the traditional fluorescent 

amyloid assay. 

 More recently, the authors recorded, for the first time, the circularly polarized luminescence spectrum 

of ThT bound to insulin fibrils.[137] Their study demonstrated that the induced chirality existing in ground state is 

retained in the emissive excited state of ThT. The sign of the Cotton effect in the circularly polarized 

luminescence spectrum is the same as that in the ICD spectrum. Future studies can be envisioned, as the 

intense circularly polarized luminescence of ThT may find diverse applications in asymmetric synthesis, sensors, 

and in display and optical storage devices.[166] 

The research group of Sabaté has undertaken an investigation[78] aimed at determining whether the 

Cotton effect observed by Dzwolak and Pecul with insulin[62] is a general property of fibril-bound ThT. As 

opposed to insulin, which is a short peptide of 51 amino acids, Sabaté et al. selected for their study the larger 

HET-s protein, namely its 72 amino acid prion forming domain, HET-s(218–289), which assembles into fibrils at 

pH 2.[167] HET-s(218-289) is one of the few amyloid proteins for which the structure of the fibrillar state is 

available at high-resolution.[168,169] The appearance of a negative ICD band at ~450 nm was observed, similar in 

terms of sign and position to that recorded for insulin, but differing in terms of asymmetry (Figure 4). The latter 

feature may be an indication of a slightly different population of conformers being stabilized in HET-bound ThT 

as compared to insulin-bound ThT, and constitutes proof that ThT can report on the heterogeneity of the 

binding site. Corroborating the experimental ICD data with computational results[62] that will be discussed in 

detail later in the review, the left-handed twist of HET-s fibrils was inferred. 

The authors conclude that the chirality imposed to the ThT probe upon binding is a general feature of 

the ThT–amyloid interaction. They point out that the features of the ICD signal can aid in clarifying the binding 

mode of ThT to amyloid fibrils, a subject of continuous debate in the literature over the years. Based upon 

current knowledge, it is reasonable to state that ThT does not bind to the amyloid fibrils in micellar form, as 

previously suggested by Khurana et al. on grounds of fluorescence results.[170] Binding as a dimer was proposed 

by Groenning et al.[160,171,172] but seems equally unrealistic in the case of insulin[173] and HET-s, since no bisignate 

signal, attributable to the ThT–ThT exciton coupling mechanism, is observed. Instead, the ICD results support 

the hypothesis of ThT binding along the fibril’s long axis, either in hydrophobic channels or at the protofilament 

interface, a mechanism that was proposed by Krebs et al.[15] on the basis of confocal microscopy data. Such a 

binding mode can impose preferential twisted conformations of the bound ThT monomers. Measurements of 

fluorescence polarization, quantified using emission dichroism, allow distinction between the monomer, dimer 

(excimer) and micelle emissions of ThT on the basis of their unique spectral signatures. For the system 



ThT/insulin, these measurements support the Krebs binding model, indicating that ThT binds in monomeric 

form to the β-sheet grooves that run parallel to the fibril’s long axis.[174] 

 
Figure 4. The ICD spectra of ThT bound to (A) insulin fibrils and (B) HET-s(218–289) fibrils. The concentrations of ThT and 

fibrillar protein are 0.5 mM. Reprinted from ref.[78] J. Struct. Biol., 162/3, R. Sabaté, I. Lascu, S. J. Saupe, On the binding of 

Thioflavin-T to HET-s amyloid fibrils assembled at pH 2, 387–396, Copyright (2008), with permission from Elsevier. 

Biancalana et al. evidenced the same negative ICD signal of ThT in the presence of some peptide self-

assembly mimic scaffolds.[175] Such scaffolds are constructed with the intention of obtaining simpler model 

systems for the β-sheet rich ThT binding site on amyloid fibrils.[176] They possess the advantages of lower 

heterogeneity and increased solubility, which makes them amenable to various spectroscopic and biochemical 

methods of investigation. The ICD band arising from the twisted ThT conformers bound to these peptides is 

observed in the 420–440 nm spectral region, depending on the scaffold type.  

Notable advances have been brought forth by Zsila with his expertise of over 25 years in decoding ICD 

signals arising from a multitude of biologically relevant interactions. Discussed here is one of the first reports 

on the ICD of ThT, observed upon binding to chicken α1-acid glycoprotein (cAGP),[113] as well as the most recent 

study focused on the interaction of ThT with sulfated glycosaminoglycans (GAGs).[63] 

The cAGP transport protein shares the common structural motif of the lipocalin family, a central β-

barrel cavity serving as main binding site. Inclusion of ThT within this cavity generates a negative ICD band at 

~430 nm (Figure 5A).[113] A large bathochromic shift (~20 nm) is observed in both the ICD and absorption 

spectra of bound ThT as compared to free ThT, associated with a 585 cm-1 decrease in the full width at half 

maximum of the absorption band. These spectral changes can be rationalized in terms of the stabilisation of a 

subset of bound ThT conformers adopting a more planar geometry that enhances the π-electron conjugation 

between the benzothiazole and dimethylaniline fragments, subsequently decreasing the homo-lumo gap. 

Computational data support this assertion as they predict a low energy barrier to rotation of 13.2 kJ/mol 

between the equilibrium conformer (θ = 34.6 deg) and the planar conformer.[62] 

Importantly, Zsila’s studies have shown that the utility of ICD experiments using ThT or other spectral 

probes does not limit to qualitative assertions, but extends to collecting quantitative data on the binding 

process, such as the value of the association constant and the number of binding sites. This can be done by 

fitting the ICD data with binding models described in the literature for different stoichiometries of the 

interaction, and selecting the most appropriate model in terms of statistical parameters.[177,178] In the case of 

the ThT/cAGP system, the values for the association constant and for the number of binding sites, obtained in 

pH 7.4 phosphate buffer, at 25°C, are 4.34(±0.14)×106 M-1 and 0.74, respectively.[113] Competitive or 

displacement experiments can also be performed in order to identify the localization of the binding site of 

ThT.[140,179] Such measurements rely on the disappearance of the ICD signal of the spectral probe of interest 



upon addition of a competing ligand that binds to the same protein pocket with higher affinity.[147,180] To obtain 

accurate results, it is important not to have interfering signals (either extrinsic or ICD) from the competing 

ligand. 

 

 

Figure 5. (A) The ICD (upper) and absorption (lower) spectra of ThT in the absence and in the presence of cAGP at pH 7.4; 

[cAGP] = 47 μM. FWHM denotes the full band width at half of the absorption maximum. Reprinted from ref.[113] Biochim. 

Biophys. Acta, 1760/8, F. Zsila, H. Matsunaga, Z. Bikádi, J. Haginaka, Multiple ligand-binding properties of the lipocalin 

member chicken α1-acid glycoprotein studied by circular dichroism and electronic absorption spectroscopy: The essential 

role of the conserved tryptophan residue, 1248–1273, Copyright (2006), with permission from Elsevier. (B) The ICD (upper) 

and absorption (lower) spectra of ThT in the absence and in the presence of increasing concentrations of heparin in 

deionised water; [ThT] = 55 μM. Reprinted with permission from ref.[63] F. Zsila, S. A. Samsonov, M. Maszota-Zieleniak, 

Mind your dye: The amyloid sensor Thioflavin T interacts with sulfated glycosaminoglycans used to induce cross-β-sheet 

motifs, J. Phys. Chem. B 124(51) (2020) 11625–11633. doi:10.1021/acs.jpcb.0c08273. Copyright 2020 American Chemical 

Society; colour online. 

 

Induced circular dichroism of thioflavin T bound to glycosaminoglycans and other polyanions 

 The recent investigation by Zsila et al.[63] on the interaction of ThT with two GAGs, heparin and 

chondroitin 6-sulfate, was spurred by the fact that GAGs intervene in a multitude of normal and pathological 

mechanisms, and are often used to promote fibril formation in studies of amyloidogenesis. If ThT is added to 

GAG-containing systems, clearly the mechanism of its interaction with the GAGs themselves should be known. 

The authors have shown that the presence of either heparin or chondroitin 6-sulfate determines the 

appearance of a strong +/– bisignate ICD signal of ThT, pointing to an exciton coupling interaction mechanism. 

The negative Cotton effect is observed at +(384 nm)/–(404 nm) for heparin (Figure 5B) and is indicative of a 

left-handed (counterclockwise) arrangement of ThT conformers, with individual transition moments oriented 

parallel to each other, stabilized by π-π stacking interactions. The hypsochromic shift observed in the 

absorption spectrum is characteristic for the formation of H-aggregates that have head-to-head 

arrangement.[181–183] Association of cationic ThT to heparin is driven by electrostatic attraction to the anionic 

sites (sulfate, carboxylate) of the GAG, which are helically arranged along its linear chain. It is also possible for 



the asymmetric centres of the sugar residues to play a role in the observed ICD. In the case of chondroitin 6-

sulfate, a more loosely packed arrangement of bound ThT conformers is proposed based on the different 

features of the absorption spectrum as compared to heparin (smaller hypsochromic shift, fewer isosbestic 

points), and is corroborated by molecular dynamics results. This hypothesis is accounted for by the lower 

negative charge density of chondroitin 6-sulfate. From the intensity of the ICD signals, the apparent 

dissociation constants for the ThT/heparin and ThT/chondroitin 6-sulfate systems were evaluated at ~35 µM. 

Since the main conclusion of the study is that the ThT/amyloid binding equilibrium can be altered by 

concurrent ThT/GAG interactions, the authors warn on the importance of selecting appropriate experimental 

conditions when performing tri-component assays containing cationic amyloid-sensing probes, amyloid fibrils 

and GAGs. The suggested workaround is to perform the assay in the presence of sodium ions at previously 

determined concentrations instead of in pure water as is the current norm. By destabilizing the ThT/GAG 

complexes via Coulombic shielding of the anionic sites on the GAG chain, the presence of sodium ions should 

eliminate any bias induced by ThT binding to the GAG. 

It is important to mention that, prior to Zsila et al., Mudliar and Singh conducted a study on the 

interaction of ThT with heparin and chondroitin sulfate,[181] in which they obtained no evidence of an 

interaction occurring between ThT and chondroitin sulfate on the basis of steady-state and time-resolved 

fluorescence measurements alone. Once more, this points to the necessity of adding ICD as diagnostic tool 

complementary to fluorescence. 

The same authors later developed an ingenious ICD ratiometric sensor for the detection of two amino 

acids with basic character, arginine and lysine, based on them competing with ThT for the same heparin 

binding site.[184] The higher affinity of these amino acids for heparin determines the dissociation of the 

ThT/heparin complex, a process that can be followed in the ICD spectrum. Upon increasing the amino acid 

concentration, the gradual decrease in the intensity of the negative +/– bisignate signal of heparin-bound ThT 

is observed, culminating with its complete disappearance. A similar displacement of ThT from its complex with 

heparin was observed in the presence of protamine, a low molecular weight protein used to treat heparin 

overdoses.[180] 

 Differently from the case of GAGs, the interaction of ThT with another chiral polyanion, polyadenylate, 

leads to the observation of a positive Cotton effect at –(402 nm)/+(422 nm).[185] This study by Fedunova et al. 

brings forth an observation of value for researchers attempting ICD studies on ThT, namely that the interaction 

of ThT with achiral polyanions like polystyrene sulphonate, polyacrylate or polyvinyl sulfate, although 

confirmed by UV-Vis absorption and fluorescence measurements,[183,186] does not lead to the observation of an 

ICD signal.[185] This emphasises that, in complexes with flexible polyanions with random structure, the dominant 

role in generating chirality is played by the chiral template provided by the host environment, and not by the 

conformation of the ligand itself. This interplay between the “chiral twist” and the electronic mechanisms in 

generating chirality has been discussed by our group for the case of host–guest inclusion complexes with 

cyclodextrins.[187] 

Polyadenylate is one of the simplest polynucleotides. The mechanism of interaction of ThT with nucleic 

acids has been documented by fluorescence[188,189] as well as other techniques including circular dichroism on 

the extrinsic band of DNA.[26] Alongside typical dichroic signals of DNA in the 200–350 nm spectral region, there 

is one report mentioning ICD signals of ThT recorded in the presence of DNA.[106] In this work, ThT was shown 

to induce folding of human telomeric DNA into either parallel or antiparallel G-quadruplex structures. 

Concomitantly with the topological change from antiparallel to parallel, the positive ICD band of ThT at ~450 

nm transforms into a negative ICD band shifted hypsochromically to ~440 nm (Figure 6). The process is 

influenced by the concentration of Tris buffer, and is favoured by the presence of metal ions like Na+ and K+. 



These changes in the features of the ICD spectrum reveal different microenvironments and different 

interaction modes experienced by ThT upon binding to DNA, due to distinct topologies of the antiparallel and 

parallel quadruplex structures. Recently, Xue et al.,[190] while using circular dichroism to improve the feasibility 

of their electrochemical/fluorescent dual-sensing platform, recorded a similar, positive ICD band of ThT at ~450 

nm in the presence of antiparallel G4 target DNA. On a side note, electrochemical techniques[191–194] have been 

proven effective in monitoring amyloid formation by following the oxidation of ThT and other benzothiazole 

dyes,[195] and in screening for new dye/inhibitor pairs to be used in amyloid assays.[196] 

 

 
Figure 6. Circular dichroism spectra of 22AG DNA (12.5 μM). Left: Tris buffer (pH 7.2) is (A) 5 mM and (B) 50 mM; ThT is (1) 

0 equiv; (2) 2 equiv; (3) 4 equiv; (4) 8 equiv. Right: Tris buffer (pH 7.2) is 50 mM; salt is (A) NaCl (50 mM); (B) KCl (50 mM); 

ThT is (1) 0 equiv; (2) 2 equiv; (3) 4 equiv; (4) 8 equiv. Reprinted with permission from ref.[106] J. Mohanty, N. Barooah, V. 

Dhamodharan, S. Harikrishna, P. I. Pradeepkumar, A. C. Bhasikuttan, Thioflavin T as an efficient inducer and selective 

fluorescent sensor for the human telomeric G‑quadruplex DNA, J. Am. Chem. Soc. 135(1) (2013) 367−376. 

doi:10.1021/ja309588h. Copyright 2013 American Chemical Society; colour online. 

 

 

Induced circular dichroism of thioflavin T in biocompatible gelling systems 

To date, the only application regarding the generation of an ICD signal of ThT in a gelling system comes 

from the group of Mata.[197] In an interesting study from 2019, the authors report on the self-assembly of 

nanofibers formed by a peptide amphiphile (PA-E3) with a low-molecular-weight gelator, the carboxylate 

derivative of 1,3(R):2,4(S)-dibenzylidene-D-sorbitol (DBS-COO-). The hydrolysis of glucono-δ-lactone to gluconic 

acid provides the slow acidification conditions necessary to trigger the gelation of DBS-COO-, and the slow 

protonation of the carboxylate groups of both DBS-COO- and PA-E3 directs the gradual self-assembly; PA-E3 

self-associates due to a combination of hydrophobic interactions (between the palmitoyl chains attached to the 

peptide backbone) and electrostatic interactions (between the charged head groups), while DBS-COO- forms 

intermolecular hydrogen bonds between the sugar units and participates in π-π stacking interactions. Based on 

this kinetically controlled process, the authors design supramolecular hydrogels with tunable mechanical 

properties. The ICD response of ThT is the key in following the gelation process, which occurs over a time 

course of 4 hours (Figure 7). Incorporation of ThT into the emerging gel network gives rise to a dichroic signal 

as the rigidity imposed by the gel fibres increasingly hinders intramolecular rotation. It is somewhat surprising 



to note that the intensity of the ICD signal is quite large compared to that of ThT in the other chirality-inducing 

systems discussed. The time evolution of the ICD spectrum reveals a combination of two distinct chiral 

signatures, one of ThT in PA-E3 (a decreasing negative band at 385 nm and an increasing negative band at 470 

nm) and the other of ThT in DBS-COOH (a negative +(370 nm)/–(385 nm) Cotton effect), as well as the increase 

of a new positive band at 450 nm. This is a striking observation, which points to the conclusion that ThT can 

sense the different chiral environments present in the gel structure. Importantly, this study suggests that the 

ICD property of ThT could be used in kinetic studies to follow the time course of amyloid growth, on a similar 

premise as that applied to fluorescence measurements, that the quantity of bound ThT is proportional to the 

quantity of fibrils formed. It is also expected for this study to be followed by other investigations exploring the 

capabilities of the ICD response of ThT in diverse gelling systems. The second derivative of the steady-state and 

synchronous fluorescence of ThT have already been successfully exploited by us in order to accurately measure 

the critical gelation temperature of some emerging pluronic F127/polysaccharide gelling materials.[198] 

 

 
Figure 7. The ICD spectra of ThT, acquired at a 2 min interval, during the self-assembly of (i) PA-E3, (j) DBS-COOH, and (k) 

PA-E3/DBS-COOH. The arrows indicate the time evolution of the spectra. Reprinted with permission from ref.[197] B. O. 

Okesola, Y. Wu, B. Derkus, S. Gani, D. Wu, D. Knani, D. K. Smith, D. J. Adams, A. Mata, Supramolecular self-assembly to 

control structural and biological properties of multicomponent hydrogels, Chem. Mater. 31(19) (2019) 7883−7897. 

doi:10.1021/acs.chemmater.9b01882. Copyright 2013 American Chemical Society; 

https://pubs.acs.org/doi/10.1021/acs.chemmater.9b01882; colour online. 

 

 

Circular dichroism induced to other amyloid-specific dyes during protein structural changes 

Promising results that further demonstrate the capability of the ICD method to reveal conformational 

changes in proteins have been reported with two other amyloid dyes possessing rotational degrees of 

freedom, Congo red[180] and, recently, 8-anilinonaphthalene-1-sulfonic acid (ANS).[199]  

The ICD response of Congo red upon interaction with bovine serum albumin (BSA) was investigated 

during thermal treatment of the protein in the temperature range 30–90°C, in the presence of site I (warfarin, 

phenylbutazone) or site II (ibuprofen, naproxen, dansylglycine) markers.[180] The increase in temperature 

determined a decrease in the intensity of the ICD band of Congo red at 490 nm, concomitantly with the 

increase of a new band at 536 nm. Such spectral features indicate that the dye is subjected to a conformational 

change rather than to dissociation from the binding pocket of the protein, as the latter would result in a 

complete loss of ICD signal. By fitting the ellipticity values at either wavelength to a sigmoid function, the 

midpoint temperature of the native-to-amyloid structural transition was determined at 58°C. This value 

corelates to that obtained following the extrinsic circular dichroism signal of BSA in the spectral domain that 

reveals changes in the tertiary structure of the protein. This study marks the first successful investigation of a 

native-to-amyloid structural transition undertaken using the temperature-dependent alterations of the ICD 



spectrum of a protein-bound molecular probe. The authors highlight the utility of such an experimental 

protocol that allows real time monitoring of protein aggregation.  

In the study employing ANS,[199] DFT calculations and principal component analysis complement the ICD 

study performed at variable temperatures in the range 20–80°C, revealing gradual conformational changes that 

occur during two different thermal denaturation pathways of BSA (as a model for self-crowding media) and 

lysozyme (model for surface binding).  

Interesting results reported recently by de Carvalho Bertozo et al.[200] can spur new applications of the 

ICD method to amyloid studies. By observing an inversion in the ICD signals of two dimers of vanillin and 

methyl vanillate, the authors demonstrated the displacement of these molecular probes from their binding site 

on BSA to the binding site on human serum albumin. On this basis, they propose to use the ICD inversion 

property of these molecules to study albumin structural alterations caused by temperature. Extrapolating, we 

can assume other phenomena affecting the structural integrity of proteins could be investigated in this 

manner.  

Along with ThT, which yields characteristic bisignate signals due to exciton coupling when two 

monomers are in close proximity, molecular probes that display ICD inversion can be of use in monitoring in 

real time the structural evolution of intermediates formed during amyloid disaggregation.[201] This is a 

mechanism under consideration as treatment option for amyloidosis. Disaggregating agents like heat shock 

proteins or small molecules (polyphenols, osmolytes) can be used to break down amyloid aggregates into 

oligomers and monomers. Nevertheless, the mode of action and resulting products of these agents must be 

characterized at molecular level, as they could in fact exacerbate the disease due to an elevated cellular toxicity 

of amyloid oligomers.[202,203] While the fluorescence assay may detect a decrease in ThT fluorescence upon 

disaggregation, the ICD method could provide more detailed information on the generation conditions and 

structure of disaggregation intermediates and products. This is due to the fact that, during this process, the 

molecular probe experiences different strand-to-strand or sheet-to-sheet interactions, which are expected to 

produce gradual changes in the ICD signal.  

These findings accentuate the potential of the ICD technique for investigating amyloid-like fibril 

aggregates by employing not only ThT, but other amyloid dyes as well, and undoubtedly invite further studies. 

As elaborated in our perspective article,[52] the ICD technique becomes even more attractive for 

harvesting structural information when it is used in tandem with high level quantum chemical computational 

methods like (time-dependent) density functional theory, (TD)DFT. In the final section of this review, an 

account of the molecular modeling methods used to characterize the interactions of ThT with various 

macromolecular partners is presented, with emphasis on the reports corroborating DFT results with ICD data. 

  

Computational assessment of chirality-inducing interactions of ThT 

Computational methods of variable degrees of complexity have been essential tools in clarifying the 

molecular rotor behaviour of ThT, and in rationalizing the changes in its photophysics upon interaction with 

diverse macromolecular partners. In the particular case of amyloid assays, the interaction parameters 

determined experimentally could be interpreted on the basis of in silico simulations, to provide an atomic-scale 

rationale.  

Some of the most relevant computational studies dealing with the molecular rotor behaviour of ThT 

have been addressed at the beginning of this review. The early theoretical investigations also concerned the 

inclusion complexation of ThT, as guest molecule, with cucurbiturils[204] and cyclodextrins,[154] as host cavitands. 

This type of non-covalent interaction has initially been explored by the semi-empirical PM3 method, which 

revealed the guest–host stoichiometries: 1:1 and 1:2 with CB7, 2:1 and 2:2 with the larger CB8 where ThT can 



be included as excimer.[205] Recently, a more computationally expensive approach, ONIOM, has been applied by 

Kung et al.[134] to rationalize the turn-on fluorescence response of ThT upon immobilization within the cavity of 

a β-cyclodextrin derivatized with seven carboxylate tails. The ThT high layer was described at the B3LYP/6-

31+G(d,p) level of theory, while the PM6 semi-empirical method was used for the cyclodextrin low layer. 

Molecular docking was also used to support spectroscopic results regarding the effect of the cavity size of 

sulphated cyclodextrins on the ThT binding affinity;[96] a 1:1 stoichiometry was predicted for complexes with α- 

and β-cyclodextrins, while a ThT trimer was included in the larger γ-cyclodextrin cavity. A combined molecular 

docking/molecular dynamics procedure was reported for modeling a ternary ThT/γ-cyclodextrin/sodium 

dodecyl sulfate complex.[206] 

Several computational works were dedicated to the interaction of ThT with DNA, either by docking ThT 

to G4 DNA and RNA grooves[108] or by applying molecular dynamics considering different binding poses of the 

ThT monomer to G-quadruplex DNA: antiparallel groove-binding (unstable complex), antiparallel or parallel 

end-stacking (energetically favoured complexes), antiparallel or parallel structure in dual binding mode (end-

stacking and groove-binding), parallel groove-binding.[106] The latter investigation revealed that antiparallel 

DNA can accommodate two ThT monomers, one in end-stacking mode and the other in groove-binding mode. 

The authors hinted at the fact that these dimeric structures might be responsible for the ICD bands observed 

experimentally (Figure 6). Complex quantum mechanics, molecular mechanics and molecular dynamics 

combined approaches have been undertaken by Biancardi et al.[188,207] to evidence how the shape of the DNA 

binding site can influence intramolecular rotation in ThT upon binding. A complex interaction was revealed, 

involving an interplay of several binding modes: monomer intercalation, external binding/minor groove binding 

of ThT dimers. TDDFT calculations at the CAM-B3LYP/6-311+G(d,p) level for ThT and at CAM-B3LYP/6-31G level 

for the frozen geometries of the DNA pockets were applied to simulate absorption and fluorescence spectra.  

One of the key advantages brought by computational simulations to the study of amyloids is the means 

to simplify these structurally complex systems by using minimalist molecular models that capture the 

properties of the fibrils by taking into account their repetitive nature. Such models can be used to identify 

preferential interaction sites and elucidate interaction mechanisms. An accessible model system describing the 

protofibrils formed by the Alzheimer peptide Aβ16-22 was constructed by Wu et al.[208] and investigated using 

molecular dynamics. The theoretical results provided support for the channel model of interaction proposed by 

Krebs and coworkers.[15] According to this model, ThT binds in monomer form, into channels parallel to the 

fibril’s long axis that are formed by amino acid side chains of the stacked β-sheets. Steric interactions between 

ThT and these side chains are considered responsible for the fluorescence enhancement of ThT upon binding. 

The Krebs model was also supported by computational results from Wolfe et al.[209] who performed ab initio 

restricted Hartree-Fock calculations on ThT in interaction with an amyloid-like oligomer of β-2 microglobulin. 

Their results also revealed the preference of ThT monomers for channels formed by aromatic amino acids.  

Nevertheless, as the X-ray diffraction data collected for the β-2 microglobulin oligomer revealed, dimer 

structures of ThT can also be encountered in the protein binding sites.[209] Groenning et al.[171] were the first to 

affirm the existence of amyloid-bound ThT dimers, on the basis of their molecular docking results corroborated 

with fluorescence and isothermal titration calorimetry data. They investigated the binding of ThT to β-sheet-

rich (transthyretin, acetylcholinesterase) and non-β-sheet (β-, γ-cyclodextrins) cavities, observing that ThT 

binds to transthyretin and β-cyclodextrin in monomer form, and to acetylcholinesterase and γ-cyclodextrin as 

dimer (Figure 8). The latter interactions lead to a significant increase in fluorescence, with emission features 

similar to those observed in the presence of amyloid fibrils. The insight brought by Groenning’s study was 

essential in understanding that not all β-sheet-rich structures have the ability to induce a significant 

fluorescence enhancement of ThT upon binding. In a recent report, Sulatskaya et al.[117] drew attention to the 



existence of distinct emission profiles of the ThT excimer and of amyloid-bound ThT, after performing inner 

filter correction[210] of the fluorescence spectra collected for a very broad range of ThT concentrations (3×10-6 

M to 3×10-2 M), pointing out the danger of misinterpreting these two spectral signatures.  

 

 
Figure 8. Energetically most favourable binding of ThT as monomer to the β-sheet cavity of transthyretin (upper) and as 

dimer to the cavity of acetylcholinesterase (lower). Reprinted from ref.[171] J. Struct. Biol., 158/3, M. Groenning, L. Olsen, 

M. van de Weert, J. M. Flink, S. Frokjaer, F. S. Jorgensen, Study on the binding of Thioflavin T to beta-sheet-rich and non-

beta-sheet cavities, 358–369, Copyright (2007), with permission from Elsevier; colour online. 

The presence of amyloid-bound ThT dimers was also confirmed by Rodriguez-Rodriguez et al.[125] in a 

study correlating X-ray diffraction data to DFT, molecular docking and molecular dynamics results. A neutral 

ThT derivative was also found to bind as dimer.[171] More recently, Maskevich et al.[182] performed geometry 

optimizations on ThT dimers using DFT calculations at the B3LYP/6-31G level. To construct the dimer 

structures, two relative arrangements of monomers were considered, namely head-to-head (H-aggregate, 

sandwich-type dimer) and in-line (J-aggregate, junction-type dimer). The H-aggregates with a small 

intermonomeric distance of 3.6 Å, in which intramolecular rotation around θ is not allowed, were found to be 

energetically favoured. Mudliar and Singh[181] inferred that such H-aggregates may be responsible for the 

negative (+/–) Cotton effect observed in the ICD spectrum of ThT bound to heparin.  

Molecular dynamics simulations performed by Zsila et al.[63] revealed that ThT binds to heparin as a 

π−π stacked oligomer formed by up to six ThT dimers. This binding mode accounts for the blue shift of the 

absorption band via exciton coupling of the electronic transitions of ThT monomers, while the helical ordering 

of ThT oligomers along the chiral GAG chains is considered responsible for the exciton signals observed in the 

ICD spectrum (Figure 5B). The distance between monomers in the ThT dimer is 3.5–4 Å, and their arrangement 

is antiparallel, that is, the benzothiazole fragment of one monomer overlaps the benzyl moiety of the other. 

This energetically favoured dimer conformation can be explained by steric requirements imposed by the non-

planar monomer geometries. Differently from the case of heparin, chondroitin 6-sulfate only interacts with one 

ThT dimer or trimer, and this can be corelated to the less significant changes observed in the absorption 

spectrum as compared to heparin. Most probably, this is due to the lower number of sulfate groups on this 

GAG, which prevents the formation of higher oligomers. 



As discussed above, the peptide self-assembly mimic scaffolds[175] represent another amyloid model 

system that captures the basic features of fibril-like β-sheet surfaces. They are of great utility for computational 

investigations, as they allow the researcher to operate targeted changes in the composition of amino acids, in 

order to gain insight into the minimal size requirements for ThT binding, and into the effects that aromaticity 

and attractive/repulsive electrostatic interactions have on the affinity of ThT for amyloids. A molecular 

dynamics study on these systems[211] complemented the earlier experimental work (fluorescence and ICD).[175] 

It is important to note that this study marks the first application of theoretical simulations to a well-defined 

binding site of ThT. Correlating the computational results with the experimental ones and making use of the 

available X-ray crystallographic data, several important conclusions have been drawn, as follows. ThT does not 

bind with high affinity to highly charged fibrils that have been designed to only possess charged side chains at 

the β-sheet surface. Instead, ThT favours the surface-exposed channels that are rich in hydrophobic, aromatic 

amino acids (tyrosine, phenylalanine, leucine). The primary binding site is represented by a groove formed by 

tyrosine and leucine residues adjacent on the β-sheet surface. Visualisation of this binding site (Figure 9) clearly 

evidences a dominant binding mode of ThT to aromatic residues across four consecutive β-strands, which was 

suggested as a generic recognition motif. 

 
Figure 9. Binding modes of ThT to the single-layer β-sheet of the peptide self-assembly mimic 5-YY/LL: (a) on the top of 

five consecutive tyrosine side chains across β-strands; (b) on top of serine and threonine; (c) at the upper edge of the 

single-layer β-sheet; (d) at the lower edge of the single-layer β-sheet; abundances and MM-GBSA (molecular mechanics-

generalized Born/surface area) binding energies in parentheses; N-terminus as red ball; surface side chains in blue 

(positively charged), red (negatively charged) and black (hydrophobic). Reprinted from ref.[211] J. Mol. Biol., 394/4, C. Wu, 

M. Biancalana, S. Koide, J. E. Shea, Binding modes of thioflavin-T to the single-layer β-sheet of the peptide self-assembly 

mimics, 627–633, Copyright (2009), with permission from Elsevier; colour online. 

Computational methods could contribute to the elucidation of the mechanism of amyloid 

disaggregation, thus facilitating the design of disaggregating agents with tailored characteristics. A combined 

molecular docking/molecular dynamics approach can be used, the former to examine the binding of the 

disaggregating agent to the amyloid fibril, and the latter to shed light into the molecular interactions leading to 

disaggregation.[201] Umbrella Sampling calculations could also be of use in gaining an understanding of the 

molecular events leading to aggregation/disaggregation, and in identifying the formed intermediates.[212] This 

computational technique was applied to the systems involving dimers of vanillin and methyl vanillate and 

albumins[200] in order to monitor the displacement of the two ICD probes between proteins and to propose a 

dissociation pathway for each system. In the same study, DFT calculations at the B3LYP/6-31G(d) level were 

employed to simulate electronic circular dichroism spectra from individual spectra of minimum energy 

conformers, weighted by their respective Boltzmann population.  

DFT calculations allowed to identify the origin of the bathochromic shift of the absorption band of ThT 

upon binding to insulin and to HET-s(218–289) amyloids.[136] For this, in vacuo geometry optimizations at the 

B3LYP/6-31G(d) level were performed for the ThT monomer, for dimer structures constructed from coplanar 



ThT monomers placed at different distances (16, 17, 18 Å) and in different relative mutual orientations (180–75 

deg), and for ThT in interaction with a model β-sheet. This model of an amyloid structure consisted of five 

strands of triglycine capped with acetyl and methylamine groups mimicking the interaction of ThT with the 

polypeptide chain, as described previously.[125] Single point TDDFT calculations were then performed at the 

B3LYP/6-31++G(d,p) level to simulate absorption spectra. It was found that both the dimer model and the 

interaction model account for the ~10 nm bathochromic shift in the absorption maximum of ThT. In the latter 

case, the minimum energy structure of the ground state complex suggests a parallel orientation of the 

dimethylaniline ring of ThT with respect to the peptide bond, with stabilization occurring via π-π stacking and 

dispersion interactions. Corroborating the DFT results with molecular dynamics data[125] allowed further 

exploration of the role played by the amino acid residues from the energetically favoured binding pockets in 

the preferential stabilization of ThT conformers with specific θ angle values. In the case of the dimer model, the 

positions and widths of the simulated and experimental absorption bands are in good agreement for an 

oblique arrangement of monomers situated at a distance of 17 Å and at a relative inclination of 120 deg. The 

authors note the presence of two exciton coupled states, and hint at the possibility that this dimer structure 

could give rise to the Cotton effects observed in the ICD spectrum in their previous study.[78] 

  Computational assessment of the interaction of ThT with native serum albumin was done by molecular 

docking in order to localize the binding pocket of ThT.[165] Several conformers of ThT were predicted to bind to 

the binding site located in subdomain IB within a narrow free energy interval of 0.6 kcal/mol. In such a case, a 

concerted ICD/DFT analysis could pinpoint the preferred bound conformation, as we have previously 

demonstrated for several ligands belonging to the flavonoid class, for which the bound species (neutral,[54] 

anionic[55] or both[56]) and the bound conformations were successfully identified. 

Coupling the experimental circular dichroism technique with quantum chemical calculations can 

provide valuable information on the number, identity and conformation of the bound species. This concerted 

approach is based on finding an identity between the experimental ICD spectrum and the theoretically 

computed electronic circular dichroism (ECD) spectrum. The method can be used in conjunction with molecular 

docking and molecular dynamics to confirm the results.[55] More details on this facile approach, which can 

successfully substitute X-ray diffraction or NMR techniques in the quest to harness information on the bound 

molecule, can be found in ref.[52] This perspective article was inspired by the results obtained in our group,[54–57] 

and discusses the capabilities of the DFT method to predict the bound conformation of probes bearing in their 

structure one degree of freedom that becomes hindered upon interaction. In a recently published paper, we 

expanded this method to probes bearing two torsional degrees of freedom.[58] 

The first application of a concerted ICD/DFT approach to rationalize the features of ICD signals of ThT 

was reported by Dzwolak and Pecul.[62] On the basis of DFT calculations at the B3LYP/6-311G(d,p) level of 

theory, the authors ascribed the strong negative ICD signal of ThT observed at 450 nm in the presence of 

insulin fibrils (Figure 3A) to the stabilisation of a bound ThT conformer having a positive θ value of +34.6 deg. 

This conformer is separated from its mirror image (θ = 145 deg = –35 deg) by a low energy barrier of 13.2 

kJ/mol, which explains the lack of optical activity of free ThT in solution, through rapid interconversion. When 

ThT becomes entrapped by the fibril’s chiral environment, intramolecular rotation about angle θ is hindered, 

and the sterically favoured chiral conformer prevails. As a general characteristic, ThT molecules with positive θ 

angle values exhibit negative ICD signals for the homo-lumo transition and, conversely, ThT conformers with 

negative θ values yield positive ICD signals, reflecting the opposite local chirality.[5] 

Once the X-ray structure of the complex of ThT with acetylcholinesterase became available,[213] it was 

revealed that ThT binds this enzyme as a planar conformer, in a microenvironment that is rich in aromatic 

amino acid side chains. The following major implication arose: any ICD signal observed for this complex cannot 



be explained on the basis of intramolecular twisting and subsequent rigidization, but by a purely electronic 

mechanism. By using TDDFT calculations, Rybicka and Pecul[214] conducted a theoretical study that has indeed 

demonstrated that the π-π interactions between ThT and the aromatic side chains of acetylcholinesterase are 

responsible for chirality induction. To ease the computational burden, the authors approximated the 

neighbouring tryptophan, tyrosine and phenylalanine aromatic amino acids from the X-ray structure of 

acetylcholinesterase by indole, phenol and toluene moieties, respectively (six aromatic rings in total, located at 

less than 4 Å from a planar ThT molecule, as shown in Figure 10). The rotatory strengths, responsible for the 

intensity of the ICD signal, were calculated in vacuo using the Coulomb-attenuated CAM-B3LYP functional, due 

to a consensus that this functional is superior to B3LYP for such calculations. The double-hybrid B2GPPLYP 

functional, much more computationally expensive, was also used, as it is generally recommended for systems 

exhibiting exciton coupling with aromatic chromophores. Both functionals were used in combination with the 

aug-cc-pVDZ atomic basis set. Additional calculations were performed using the IEE-PCM model with a 

dielectric constant of 4 in order to better mimic the hydrophobic protein microenvironment. It was shown that 

the degree of altering the electron density of ThT, as well as the coupling between electronic transitions of ThT 

and of the aromatic chromophores are determinant for the magnitude of the induced Cotton effect observed 

in the ECD spectrum (Figure 10). Importantly, the magnitude of this dichroic signal is comparable to that 

induced by a “chiral twist” mechanism. Through this investigation, the authors demonstrated for the first time 

that the presence of a chiral environment can contribute in a significant manner to the ICD of a planar ThT 

molecule. The main contribution originates in the tryptophan residue oriented parallel to the bound ThT 

molecule in the acetylcholinesterase binding pocket. The contribution from the crystallization water molecules 

was also considered, but found to be one order of magnitude smaller. 

 

 

Figure 10. Left: In vacuo simulated ECD spectra of an isolated ThT molecule and of ThT in interaction with the aromatic 

rings of tyrosine (TYR), tryptophan (TRP) and both. Right: Aromatic rings mimicking the position of the amino acid side 

chains located at a distance of up to 4 Å from ThT in the acetylcholinesterase binding pocket. Reprinted from ref.[214] 

Chem. Phys., 463, A. Rybicka, M. Pecul, Induced circular dichroism of thioflavin T interacting with acetylcholinesterase: A 

computational study, 82–87, Copyright (2015), with permission from Elsevier; colour online. 



The authors continued to explore the effect that the proximity of aromatic rings and other moieties like 

alkyl or polar side chains has on the ECD signal of ThT.[137] To eliminate the effect of the “chiral twist” 

mechanism, the value of angle θ was set to zero, and a benzene ring was placed successively in three distinct 

positions relative to the ThT molecule: above the phenyl ring of ThT (which resulted in a +ECD signal), above 

the σ(C–C) bond connecting the two molecular fragments (+ECD signal) and above the benzothiazole moiety (–

ECD signal). The benzene ring was placed at distances in the range 3–7 Å, and its orientation was varied from 

parallel (0 deg) to vertical (90 deg) in 15 deg increments. TDDFT calculations were then performed on these 

structures, without geometry optimization. The strongest +ECD signal (~40% of the one resulting from a “chiral 

twist” to a θ angle value of 30 deg) is obtained when the benzene ring is oriented parallel to the phenyl ring of 

ThT, and situated at a distance of 3 Å. Increasing the distance between the benzene ring and the ThT molecule 

determines a decrease in rotatory strength. The rotation of the benzene ring has little influence on the 

intensity of the ECD signal. The effect of the benzene ring is smaller than the one previously determined for a 

tryptophan moiety.[214] The dielectric constant of the environment was also varied (values of 4, 15, 78 were 

considered) to gain insight into the influence of polarity on the most stable ThT conformers in both S0 and S1 

states. It was found that the dielectric constant has a more substantial influence on the equilibrium geometry 

of the S1 state as compared to the S0 state. In water (dielectric constant 78), the energetic minima correspond 

to θ angle values of 39.4 deg and 27.9 deg for S0 and S1, respectively. To describe the folding of the two 

molecular fragments in ThT towards each other, the authors introduce a third, planar angle ξ having a value of 

~177 deg in S0, and ranging from 154.9 deg in vacuo to 163.2 deg in water, in S1. On a separate note, the 

change in this bending angle upon excitation and upon binding to DNA was also investigated by other 

authors.[207,215] The value of dihedral angle ψ describing the internal rotation of the dimethylaniline fragment is 

not significantly influenced by the nature of the energy state (ground or excited) or by the polarity of the 

microenvironment, remaining in all cases at ~90 deg. 

Not only the ICD spectral features, but also the circularly polarized luminescence spectra of ThT bound 

to insulin fibrils can be rationalized using TDDFT calculations.[137] For this purpose, geometry optimization of 

ThT in the S0 and S1 states was performed at CAM-B3LYP/6-31+G(d) level, both in vacuo and using the IEE-PCM 

polarizable continuum model to simulate protein and aqueous environments. Potential energy surfaces in S0 

and S1 states were constructed by varying angles θ and ψ, and the dependence of the rotatory and oscillator 

strengths on these torsion angles was analysed. The TDDFT spectral simulations were performed using the 

functional/basis set combinations CAM-B3LYP/6-31+G(d) and CAM-B3LYP/aug-cc-pVDZ. The results predicted 

that Cotton effects of the same order of magnitude are induced though the “chiral twist” mechanism and 

through electronic interactions with the protein aromatic rings in the close vicinity of ThT. As such, the authors 

concluded that the two mechanisms contribute to the same degree to the observed ICD and circularly 

polarized luminescence signals of ThT bound to insulin. 

 

 

Concluding remarks and outlook 

For over sixty years, ThT has been the main amyloid-specific dye used for examining the complex 

mechanisms responsible for protein aggregation and amyloid formation, by following its characteristic emissive 

signature. This review proposes a paradigm shift, bringing attention to applications of ThT that focus on 

chirality induction upon binding to amyloid fibrils. Upon closer examination, the induced circular dichroism of 

ThT, along with that of other amyloid-specific dyes, emerges as a valuable candidate for delving deeper into the 

complexity of amyloid systems. Among the spectroscopic techniques currently available, ICD stands out by 



offering complementary insight to the widely used fluorescence spectroscopy, while being less affected by 

spectral bias from unbound species or from exogeneous compounds.  

Until now, the characterization of amyloid systems by traditional high-resolution methods of structure 

determination like X-ray crystallography and solution NMR has been hindered by the inherent heterogeneity 

and poor solubility of the systems. In this context, assisting an accessible spectroscopic technique like ICD with 

computational methods (DFT, along with others) can provide otherwise unavailable structural information. The 

computational works overviewed here have revealed the great progress over recent years, in terms of 

computational cost of theoretical methods, which makes feasible investigations on increasingly complex 

systems. 

Such a relatively fast and reliable approach to collect structural data is necessary in the context of the 

multitude of ThT derivatives currently being synthesized for in vitro and in vivo application, often through  

challenging routes, that require rapid screening of their spectral response and binding properties.  

The concerted ICD/DFT approach may also serve to optimize current ThT assays with respect to several 

key aspects: identifying the conformation of the bound dye, the binding stoichiometry and kinetics, the degree 

to which the dye may influence fibril formation, the effect of competitive interactions with amyloid inhibitors. 

Findings from such studies may serve as guidelines for the design of new amyloid dyes and therapeutic amyloid 

inhibitors, and aid in the development of advanced detection methods. Working toward these goals, we hope 

that this review will encourage researchers to further document the potential of the ICD/DFT method, 

expanding the use of amyloid-specific dyes beyond their traditional fluorescence applications. 
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