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The development of sensitive, low-cost, and biocompatible sensors for detecting toxic heavy metals remains a pressing challenge in
environmental monitoring. Protein-based nanostructures present unique opportunities in this regard. Coupling amyloid fibrils with amyloid-
sensitive fluorescent dyes, which exhibit distinct spectral responses upon binding to amyloid structures and in the presence of metal ions, may
lead to a promising sensing platform. In this study, the benzanthrone derivative ABM was examined as a fluorescent probe for detecting heavy
metal ions in aqueous solutions and in the presence of - B-lactoglobulin amyloid fibrils (B-1gf). In water, benzanthrone dye shows a broad
emission spectrum dominated by a band at 690 nm. Binding to 3- lgf produces a substantial increase in fluorescence intensity and a ~65 nm
hypsochromic shift, indicating dye partitioning into the fibrillar hydrophobic environment. In aqueous solutions, ABM responds to heavy
metals with characteristic spectral changes: Pb 2" and Ni 2" decrease the 690 nm emission band and generate a 560 nm band, while Cu 2" and
Zn *" cause complete quenching of the 690 nm emission with the appearance of a prominent 560 nm maximum, consistent with the formation
of metal-ligand charge—transfer complexes. In the fibrillar environment, ABM displays a dominant emission at 560 nm; addition of heavy
metals modulates the intensity and shape of this band in an ion-specific manner. Deconvolution of the emission spectra revealed two spectral
components, whose amplitudes and shape descriptors were selectively altered by Ni " and Cu ?*, while Zn 2" and Pb ** had lesser effects. These
findings demonstrate that ABM fluorescence reports sensitively on the strength and specificity of heavy metal interactions with amyloid fibrils,
supporting its potential as an optical sensor for probing protein—metal systems.
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Heavy metal ion contamination poses a significant environmental and public health challenge, as ions such as
mercury (Hg?"), lead (Pb?*), cadmium (Cd?"), and copper (Cu?*) are highly toxic even at trace levels, persist in ecosystems,
and readily bioaccumulate, with strong links to cancer and neurodegenerative disorders [1-3]. Accurate detection of these
ions remains a critical priority for environmental monitoring and disease prevention related to heavy metals. Despite the
high sensitivity and reliability of conventional analytical techniques, including atomic absorption spectroscopy (AAS) [4],
inductively coupled plasma mass spectrometry (ICP-MS) [5], and electrochemical assays [6,7], their applications are
limited by high costs, extensive sample preparation, and limited field portability. These constraints highlight the urgent
need for novel sensing strategies, particularly for detecting water contamination. Recently, fluorescence-based sensing
has emerged as an attractive alternative due to its high sensitivity, selectivity, and potential for real-time
applications [8-11]. Numerous studies have documented advances in fluorescent sensors incorporating aptamers [8,9],
quantum dots [10,11], and organic dyes [12-15] for detecting heavy metals in environmental matrices. Specifically, small-
molecule fluorescent probes offer rapid response and high affinity through selective coordination with metal ions,
enabling precise fluorescence modulation [8, 16].

Concurrently, protein-based nanomaterials are emerging as highly effective nanoscaffolds for heavy metal removal
due to their diverse amino acid functional groups and ability to self-assemble into tunable supramolecular structures such
as fibrils, gels, and spherical condensates. Recent advances in protein- and peptide-derived adsorbents demonstrate
outstanding metal-binding efficiencies. For example, soy protein hydrogels efficiently captured Cu(ll) even in the
presence of competing ions [17], while a BSA/graphene oxide hybrid membrane achieved 90.4% mercury removal [18].
Additionally, elastin-like polypeptides with histidine clusters proved effective for Cd(Il) [19]. Particularly, hybrid
membranes combining activated carbon with amyloid fibrils from proteins such as B-lactoglobulin or soy protein removed
over 99% of various metals, including gold, mercury, lead, palladium, arsenic, chromium, and nickel, in both model and
real wastewater systems [20-22]. Despite the structural stability, high surface area, and abundant binding sites of amyloid
fibrils—making them well-suited for functionalisation with optical reporters in biosensing applications—the convergence
of amyloid fibril scaffolding and fluorescent dyes for heavy metal ion detection remains largely unexplored. This hybrid
sensing approach could utilise the structural and binding capacity of amyloid frameworks with the optical sensitivity of
fluorescent reporters, potentially enabling portable, low-cost detection systems with enhanced sensitivity and selectivity.

In this study, we present a feasibility investigation into the development of a sensor platform comprising
B-lactoglobulin amyloid fibrils with the benzanthrone fluorescent dyes ABM for the detection of Cu?*, Zn**, Ni**, and
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Pb?', heavy metal ions. More specifically, the aim of our study was to assess the ABM sensitivity to heavy metals and
metal-B-lactoglobulin fibril interactions.

EXPERIMENTAL SECTION
Materials
Bovine B-lactoglobulin (Blg), copper(Il) chloride dihydrate, nickel(II) chloride, lead(Il) nitrate, zinc chloride and
thioflavin T (ThT) were purchased from Sigma, USA. Benzanthrone dye ABM [23] was synthesized in the Daugavpils
University. All other reagents were of analytical grade and used without the further purification.

Preparation of working solutions
The B-lactoglobulin stock solutions 10 mg/ml (BIgF) was prepared in distilled water with HCI1 (pH 2.0). The reaction
of the protein (stock solutions) fibrillization was conducted at 90 °C for 2 days. The kinetics of amyloid formation was
monitored using the Thioflavin T assay [24], revealing the dye fluorescence intensity increase at 480 nm ca. 7 times (data
not shown). The working solutions of protein were prepared by dissolving a stock solution of the fibrillar B-lactoglobulin
in distilled water (pH 6.07).The ABM stock solutions were prepared in ethanol, while ThT was dissolved in 10 mM Tris
buffer (pH 7.4). The fluorimetric measurements were carried out in distilled water (pH 6.07).

Spectroscopic measurements
The absorption spectra of the examined dyes were recorded with the spectrophotometer Shimadzu UV-2600 (Japan)

at 25°C. The dye concentrations were determined spectrophotometrically using the extinction -coefficients

el =93.10° M'em! and £]5“ =3.6-10* M-'cm™! for ABM and ThT, respectively. Steady-state fluorescence spectra

were recorded with an RF-6000 spectrofluorimeter (Shimadzu, Japan). Fluorescence measurements were performed at
25°C using 10 mm pathlength quartz cuvettes. Fluorescence spectra were recorded within the range of 480—-800 nm, with
an excitation wavelength of 460 nm. The excitation and emission slit widths were set at 10 nm.

Fluorescence spectra analysis
The deconvolution of the dye absorption spectra was performed with Origin 9.0 (OriginLab Corporation,
Northampton, USA) using the log-normal asymmetric function (LN) [25]:
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I1=1 — In? s 1
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is the emission maximum, A is the wavelength, A, is the position of the

where I is the fluorescence intensity, /

max

peak, p is the asymmetry of the function defined as:
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where 4, and A denote the wavelength values at half-emission. The parameter a designates the limiting wavelength:
e = Awin )
p -1
Binding model

Quantitative characteristics of the dye-protein binding were determined in terms of the Langmuir adsorption model
by analyzing protein-induced changes in the probe fluorescence intensity at the wavelengths, corresponding to emission
maximum for ABM (624 nm was selected for non-deconvoluted spectra). Assuming that the ABM fluorescence response
is proportional to the amount of the protein-bound fluorophore B, the -IgF-induced change in the probe fluorescence
intensity A/ at the fluorescence maximum can be written as:

)B=F, B “)

mol
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where [, and I — fluorescence intensities of the dye in a buffer solution and in the presence of protein, respectively; F, ,

is a coefficient proportional to the difference of the dye quantum yields in buffer and when bound to the macromolecule;
Qg @0d @, — molar fluorescence of the bound and free dye, respectively, Z is the total concentration of the probe.

If one protein molecule contains n dye binding sites, the association constant ( K, ) is given by:

B

~(Z-B)(P-n-B) ©)

a

where P is total protein concentration.
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The F,, parameter was calculated form the fluorimetric titration of the dye by the fibrillar -lactoglobulin.

mo

Specifically, at high protein concentrations, when P/n >> B, from the combination of the Egs. (4) and (5) one obtains:

1 1 1

1
=== + (©)
AI BF mol Ku P nZErzol ZF;m)I
F:'m)l = 1 / aZ (7)
where a — the y-intercept of the linear fit of the plot 1/AI =1/P.
Next, Egs. (4) and (5) can be rearranged to give:
1 \/ 2
N:EFmol Z+nP+1/K, - (Z+nP+1/Ka) —4nPZ ®)

The approximation of the experimental dependencies A/ (fluorescence intensity increase) on P (total protein
concentration) by Eq. 8 allowed us to determine the other dye-protein binding parameters — association constant (K, )

and binding stoichiometry (7).

RESULTS AND DISCUSSION

In the initial phase of our study, we assessed the binding of ABM with B- lactoglobulin amyloid fibrils. As can be
seen from Figure 1, a free dye in an aqueous environment is characterized by an emission maximum at 690 nm. The
emission maximum of ABM shifts from 538 nm in nonpolar benzene to 650 nm in polar ethanol, arising from
intramolecular charge transfer between the amine substituent and the carbonyl group, which increases the excited-state
dipole moment and induces solvent relaxation [26]. The addition of fibrillar B-lactoglobulin to ABM in water caused a
marked increase in fluorescence intensity, accompanied by a ~ 65 nm hypsochromic shift in the emission maximum,
indicating dye transfer into a non-polar environment. To quantitatively evaluate the ABM binding, the fluorescence
enhancement at 625 nm (Al) as a function of the protein concentration was fitted using the Langmuir adsorption model

Eq. 8), yielding the association constant K, =1.9x10° M~ and the number of binding sites »n = 7.5+0.3 mol/mol .
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Figure 1. Emission spectra of ABM in the presence of - lactoglobulin amyloid fibrils (A) and heavy metal ions (B). ABM
concentration was 1 uM and 10 uM for ABM-f-IgF and ABM-B-IgF-heavy metal systems, respectively

Next, we evaluated ABM's ability to detect heavy metal ions in aqueous solution (Figure 1B). In water, the
benzanthrone dye ABM displays a broad emission spectrum with a prominent peak at 690 nm and a shoulder at
approximately 560 nm. When it binds to heavy metals, the 690 nm band diminishes, while emission at around 560 nm
increases, with the extent of these changes depending on the specific ion. Particularly, binding with Ni?>* and Pb?* results
in about a 1.8-fold reduction in fluorescence intensity at 690 nm, a 20 nm blue shift of the emission maximum, and the
emergence of a distinct band at 560 nm. Notably, ABM shows an even higher affinity for Cu** and Zn**, demonstrated
by complete quenching of the 690 nm band and the appearance of a highly intense emission maximum at 560 nm. It is
well known that the interaction between fluorescent dyes and heavy metal ions is mainly controlled by the presence of
functional donor groups in their molecular structure (such as carbonyl, amine, nitrogen, hydroxyl, etc.), which act as
coordination sites for metal binding [8]. The shift in emission peaks for ABM with metal ions likely arises from the
formation of metal-ligand charge—transfer complexes involving electron transfer from molecular orbitals in the metal to
those in the ligand. Our results indicate that Pb** and Ni**, probably, exhibit weaker metal-ligand charge—transfer
complex. The strong quenching of the 690 nm maximum and the blue shift at around 560 nm can be explained by the
formation of a metal-ligand charge transfer complex involving the amino and carbonyl groups of ABM, as numerous
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studies indicate Cu?" preference for these structural groups [8,27]. Conversely, Zn?* tends to form stable coordination
complexes mainly through the carbonyl oxygen [8,27], which is also present in the ABM structure. When interacting with
the carbonyl group of ABM, Zn?" likely stabilizes the dye’s excited state, reducing non-radiative decay and leading to the
emergence of a highly emissive band at 560 nm.
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Figure 2. Deconvolution of ABM absorption spectra into two components in water (A), in the presence of 6.64 uM B-IgF (B),
ABM-B-1gF-Ni system (C), ABM-B-1gF-Pb system (D), ABM-B-1gF-Cu system (E), ABM-B-1gF-Zn system (F). Heavy metal
concentration was 423 uM. Empty circles represent raw data. The solid line demonstrates the fitting of the experimental data by the
asymmetric log-normal function

In the next phase of our study, we investigated the sensitivity of ABM to heavy metal ions in the presence of amyloid
fibrils. Figure 2 illustrates the emission spectra of ABM in systems containing -1gF and heavy metals. When only p-1gF
is present, ABM shows a prominent emission peak at 560 nm along with a weaker shoulder around 690 nm. The addition
of heavy metal ions altered the relative intensities of these bands in a metal-dependent manner. Specifically, the addition
of Zn?*, Ni**, and Pb*" did not significantly change the overall shape of the emission spectra, whereas in the presence of
Cu?', the 690 nm peak became dominant. To analyze the spectral behaviour of ABM in the combined amyloid—heavy
metal systems, the dye's fluorescence spectra were decomposed using the log-normal (LN) function, which is well-suited
for resolving asymmetric spectra [25]. It was found that the fluorescence spectra of ABM in water, in the presence of
B-lactoglobulin amyloid fibrils, and in the ABM—-1gF-heavy metal systems could be represented as a sum of two distinct
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bands corresponding to short-wavelength and long-wavelength spectral components. From the deconvolution data, a set
of parameters was obtained, including the amplitude and three shape descriptors: (i) the peak position, which reflects the
polarity of the environment; (ii) the full width at half-maximum (FWHM); and (iii) the asymmetry parameter of the peak.

Table 1. Spectral characteristics of ABM in aqueous solution, 3-lactoglobulin fibrils and p-lgF—metal systems

System Band Ao A, ,cm’! F\Z;I:Hl\/[, p,cm’! R’
ABM I 2514.9 687.7 92.1 0.633 0.996
11 551.7 630.8 433 1.152 ’
ABM_bLgF | 903.5 690 47.2 0.950 0.999
II 5240 625 142.3 0.708 ’
ABM bLgF Ni I 2120 708 85 0.635 0.993
11 5231.0 629 122.8 1.082 ’
ABM bLgF Pb I 613.5 689.9 497 0.692 0,99
1I 4755.7 628.4 150.5 0.781 ’
ABM bLgF Cu I 783.3 691.3 59.2 0915 0.999
11 2653.9 639.8 175.7 0.795 ’
ABM bLgF Zn_ I 665.1 6912 46.0 0.638 0,99
II 4908.8 628.2 152.1 0.80 ’

As summarised in Table 1, the bathochromic band I (690 nm) dominates over the hypsochromic band I (630 nm)
in aqueous ABM, whereas band II prevails in both ABM—f-1gF and ABM—-lgF—-metal systems. Upon addition of
heavy metals, several characteristic changes were observed compared to ABM—f-IgF: (i) an increase in band I
amplitude in the presence of Ni** and Cu?", more pronounced for Ni**; (ii) a slight decrease in band II amplitude for
Zn?*" and Pb?*; and (iii) a 1.9-fold decrease in band II fluorescence intensity in the ABM—f-1gF—Cu?* system. These
spectral alterations were accompanied by broadening of band I (Ni** and Cu?") and band II (Cu?"), as reflected in
increased FWHM values, along with a rise in the asymmetry parameter of band II in the Cu** complex. The presence
of heavy metals did not affect the position of the peaks, except for the band I of ABM_bLgF Ni, where a slight long-
wavelength shift was observed.

Overall, the results in Table 1 indicate that the addition of Ni** and Cu?* influences the fluorescence response of
fibril-bound ABM more strongly than other tested heavy metal ions. Given the highest fluorescence response of ABM in
aqueous solution with Cu?" and Zn?**, these findings suggest that both the dye's sensitivity to heavy metals and the
interaction strength between heavy metals and amyloid fibrils are key factors in the spectral behaviour of the fibril-bound
dye. Little is known about the mechanism of heavy metal ion interaction with B-lactoglobulin amyloid fibrils. However,
Peydayesh et al. [21] demonstrated that adsorption of chromium, nickel, silver, and platinum to B-lactoglobulin amyloid
fibrils is a highly exothermic and ion-specific process. Assuming that the accessibility of metal-binding sites for different
ions in B-1gF varies, stronger binding of Cu?* and Ni** to the fibrils can perturb the local environment of ABM, amplifying
spectral shifts and intensity changes compared to Zn?*" and Pb?". However, further studies are needed to elucidate the
molecular mechanisms of metal—fibril binding and quantitatively assess binding affinities.

CONCLUSIONS

This study demonstrates the feasibility of using B-lactoglobulin amyloid fibrils in combination with the
benzanthrone-based fluorescent dye ABM as a sensing platform for heavy metal ions, including Cu?*, Zn?*, Ni**, and Pb?*.
The results show that ABM exhibits distinct, metal-specific fluorescence responses in both aqueous solutions and fibril-
bound environments. In particular, ABM undergoes pronounced spectral changes in aqueous solution upon binding Cu?",
Zn*", Ni**, and Pb**, with Cu?** and Zn?* producing the most potent effects due to their preferential coordination to amino
and carbonyl donor groups. The incorporation of ABM into -lactoglobulin fibrils enhances dye fluorescence. It enables
the selective modulation of emission signals upon metal binding, with Ni** and Cu?' causing the most significant changes
in spectral characteristics. Collectively, these results indicate that the fluorescence response of ABM reflects not only
direct dye—metal binding but also the strength of metal interactions with amyloid fibrils. This dual sensitivity positions
ABM as a promising optical probe for studying metal—protein interactions and for developing supramolecular platforms
for heavy-metal sensing. Further studies are warranted to characterize the dye-fibril-metal complexation and expand its
application to additional metal ions.
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®JIYOPECHEHTHE JETEKTYBAHHS IOHIB BA’KKUX METAJIIB 3A TOIIOMOI' OO
BEH3AHTPOHOBOI'O FAPBHUKA
Y. Manosuus?®, O. Kutnskisebka?, K. €abuos?, K. Byc?, B. Tpycosa?, E. Kipinosa®, I'. F'op6enko?
“Kagheopa meduunoi ¢izuxu ma 6iomeduunux Hanomexnonoziu, Xapkiscokuil HayioHanbHuil yHisepcumem imeni B.H. Kapasina
M. Ceo600u 4, Xapxis, 61022, Vkpaina
bKagheopa npurnadnoi ximii, Incmumym nayx npo scummsa ma mexuonoaii, Jlayeasninocokuii ynicepcumem, LV-5401 Jayeasninc, Jlameisn
Po3pobka 4yTnMBUX, HEAOPOTHX Ta OIOCYMICHHX CEHCOpPIB IS BHSBICHHS TOKCHYHUX BaKKHX METAJiB 3aJMIIAETHCS aKTyalbHHM
3aBIaHHSM Y cepi eKOJIOTTYHOr0 MOHITOPUHTY. HaHOCTpYKTYpH Ha OCHOBI OUITKIB HAJAI0Th YHIKAIbHI MOKIIMBOCTI JJIsI CTBOPCHHS TaKUX
cercopiB. [loeqHannas aminoimHux ¢GiOpuI 3 aMuTOIA-9yTIUBUMH (IIyOPECHICHTHUMH OapBHHUKAMH, sSKi IEMOHCTPYIOTH XapaKTEpHi
CIEKTPAaNIbHI 3MiHH IIPH B3a€MO/Iii 3 aMUIOITHUMH CTPYKTYypaMH Ta i0OHAMHU METaJIiB, MOXKE CTBOPHUTH IIEPCIIEKTHBHY CEHCOPHY IIaT(GopMy.
B naniit po6oTi JocimKeHo Ty IMBICTE OeH3aHTPOHOBOTO 30H1a ABM 110 10HIB Ba)KKHX METANIIB y BOAHHUX PO3YHMHAX Ta y HPHCYTHOCTI
aminoinaux Giopun B-makrornodyininy (B-1gF). YV Boai 30HI XapakTepH3y€eThCsl CIIEKTPOM BHITPOMIHIOBAHHS 3 TOMIHYHOYHM TIKOM IIPU
690 M. 3B’s13yBanHst 3 B-1gF cnipruunHsie 3HauHe 301IbIICHHS IHTEHCUBHOCTI (TyopecueHLii Ta ~ 65 HM TillCOXpPOMHUIA 3CyB ITOJI0XKESHHS
MaKCHMyMy, 1[0 BKa3ye Ha mepexij 6apBHuKa y rinpopobHe cepenosuiie Gpidpmwit. Y Boguux po3unHax ABM pearye Ha Bakki MeTanu
XapaKTepPHUMH CHIEKTpaIbHUMH 3MiHamMu: Pb?* Ta Ni?* 3MeHIIyI0Th CMyTy BUNIpOMiHIOBaHH: 1pu 690 HM Ta popMyIOTh cMyTy mpH 560 HM,
toxi sik Cu*" Ta Zn*' MOBHICTIO TacATh (piyopecueHuito mpu 690 HM, M0 CYNPOBOIKYETHCS YTBOPEHHAM MaKCHMyM Ha 560 HM, 1m0,
HaOIBII IMOBIPHO, € HACIIIKOM YTBOPEHHSAM KOMIUIEKCIB IIEPEHOCY 3apsiay METaI—JIrana. Y IpuCcyTHOCTI aMiutoiqaux ¢ibpun ABM
Mae MIIPOKHH CHEKTp ¢uryopecreHnii 3 MakcuMyMoM Ha 560 HM. JlofmaBaHHS BaXKKHX METANIB MOJYIIOE IHTEHCHBHICTB 1 (hopMy i€l
CMYTH B 10H-CIenu(iqHui crocid. JIeKoHBOIIONIs CIIEKTPiB BUIPOMIHIOBAHHS ITOKA3ajla HAasBHICTH ABOX CHEKTPAIGHUX KOMIIOHEHTIB,
AMILTITY/IM Ta XapaKTEPUCTUKH SIKMX 3MIHIOBAIUCH Mif miero NiZ* ta Cu?!, tomi sk Zn?* Ta Pb*" manu menmmit BB, Li pesynsratu
JIEMOHCTPYIOTh, 110 (yopeciieHiiss ABM uyTiuBo BigoOpaxae crenudigHiCTh B3aEMOIIT BAKKUX METAIB 3 aMUIOTTHUME QiOpHIIIMH,
HiATBEPUKYIOYN HOTO MOTEHLIAN K ONTHYHOTO CEHCOpa JUIS BABYEHHS CHCTEM «OLIOK—MeTai».
Kunrouosi cnoBa: 6enzanmponogi bapsHuxu, oemexyis Memanie, 6axcki memanu



