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Amyloid fibrils, a specific type of protein aggregates, involved in the development of a 

number of human disorders, currently attract a growing interest in biomedical and 

nanotechnological aspects. Recently we have demonstrated that amyloid assemblies can serve as 

a molecular framework for the multistep Forster resonance energy transfer (msFRET) in the 

system containing a classical amyloid marker Thioflavin T (ThT) as a primary donor, a 

phosphonium mediator dye TDV and squaraine dye SQ1 as a terminal acceptor. In the present 

study we extended our efforts towards evaluating the possibility of using the novel benzanthrone 

dyes as mediators of msFRET in insulin amyloid fibrils. The four-chromophore systems ThT→ 

3-substituted benzanthrone derivative (BA)→ squaraine dye SQ4→SQ1 have been designed to 

find the most efficient mediators among a series of benzanthrones including a well-known dye 3-

methoxybenzanthrone (MBA) and its amino- (ABM, A6, A8, AZR, AZM, AZPP, AZP4, AZP5) 

and amidino- (AM1, AM2) derivatives. The FRET efficiencies (E) have been determined from 

the decrease of donor fluorescence in the presence of acceptor after deconvolution of the total 

fluorescence spectra into the donor and acceptor peaks using the log-normal asymmetric 

function. In the insulin fibrils the efficiency of energy transfer between ThT and BA was found 

to follow the order ABM (85%) >A6 (83%) >AM1 (73%) > MBA (60%) >A8 (59%) > 

AZPP(45%) > AM2 (43%) >AZP5 (29%) > AZP4 (21%) > AZR (17%) > AZM (6%). The 

differences between BA were observed also in the amplification of the terminal acceptor 

fluorescence upon sequential addition of donors. In the system BA→ SQ4→SQ1, the addition of 

benzanthrone dye produced the following enhancement of SQ1 signal at 680 nm in fibrillar 

insulin: ABM (15 times) >A6 (8) >A8 (6) > MBA (5) >AM1, AZP5 (4) > AZR (4) > AZP4 (3) > 

AZM (2) > AZPP (2). Since the ThT quantum yield increases by more than two orders of 

magnitude in amyloid-bound state, the most pronounced amplification of SQ1 fluorescence was 

observed in the system ThT→BA→SQ4→SQ1: A6 (79 times) >ABM (69) >AM2 (55) > A8 

(50) >MBA (43) > AM1 (26) > AZM (23) > AZP5 (22) > AZP4 (21) > AZR (20) >AZPP(18). 

Remarkably, the FRET efficiencies and the enhancement of SQ1 fluorescence have been 

found to be much higher in insulin fibrils compared to its control non-fibrillized counterpart. The 

proposed three-step FRET protocol has the advantages relative to the conventional one-step 

FRET, among which is the presence of a large, about 240 nm, Stokes shift. Being a principal 

energy donor, ThT in combination with BA and SQ4 act as efficient amplifiers of the SQ1 

fluorescence, producing, in such a way, a 200 nm shift of the spectral response to longer 

wavelengths (from 480 to 680 nm), thereby enabling a higher amyloid detection sensitivity. The 

obtained results show that: i) the system ThT→BA→SQ4→SQ1 can be employed for the 

identification and characterization of amyloid fibrils; ii) the benzanthrone dyes with piperidine 

and morpholine rings seem to be the most efficient mediator dyes among the examined 

benzanthrone derivatives in the FRET cascade. 

Overall, our findings not only offer new possibilities for refining the amyloid detection 

assays but also provide a background for application of amyloid assemblies as a molecular 

scaffold for controlled positioning of multiple chromophores communicating via the multi-step 

FRET in photonic nanodevices.  




