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A B S T R A C T   

Neurodegeneration-related human-type beta-amyloid 1-42 aggregates (H-Aβ) are one of the biochemical markers 
and executive molecules in Alzheimer's disease. The exogenic rotifer-specific biopolymer, namely Rotimer, has a 
protective effect against H-Aβ toxicity on Euchlanis dilatata and Lecane bulla monogonant rotifers. Due to the 
external particle-dependent secreting activity of these animals, this natural exudate exists in a bound form on the 
surface of epoxy-metal beads, named as Rotimer Inductor Conglomerate (RIC). In this current work the expe
riential in vitro molecular interactions between Rotimer and Aβs are presented. The RIC form was uniformly used 
against H-Aβ aggregation processes in stagogram- and fluorescent-based experiments. These well-known cell- 
toxic aggregates stably and quickly (only taking a few minutes) bind to RIC. The epoxy beads (as carriers) alone 
or the scrambled version of H-Aβ (with random amino acid sequence) were the ineffective and inactive negative 
controls of this experimental system. The RIC has significant interacting, anti-aggregating and disaggregating 
effects on H-Aβ. To detect these experiments, Bis-ANS and Thioflavin T were applied during amyloid binding, 
two aggregation-specific functional fluorescent dyes with different molecular characteristics. This newly 
described empirical interaction of Rotimer with H-Aβ is a potential starting point and source of innovation 
concerning targeted human- and pharmaceutical applications.   

1. Introduction 

Various neurotoxic peptides (e.g., beta-amyloids) or proteins (e.g., 
alpha-synuclein, huntingtin and prion) are involved in the development 
of neurodegenerative diseases, where the aggregation is caused by an 
abnormal conformational change in related molecules [1]. These dys
functions occur either extra- or intracellularly [2,3]. Several types of 
cell-toxic aggregates are known depending on different cognitive dis
eases [4], such as Alzheimer's disease (AD), characterized by human- 
type beta-amyloid 1-42 (H-Aβ) deposits in the brain [5]. 

The aggregating-mechanism of Aβs is influenced by different agents, 
which may have anti-aggregating and/or disaggregating effects. 

Numerous studies have shown [6] that natural compounds (e.g., Ginkgo 
biloba extracts) have high pharmacological potentials and attenuating 
effects against the AD. Curcumin, besides its widespread positive effects, 
is another natural molecule that can also block the aggregation and is 
able to dissociate an existing one [7]. Various active substances with 
herbal origin show antagonistic effects against amyloid genesis activity 
and they may even have preventive and therapeutic relevance in de
mentias [8]. Some molecules (e.g., polyphenols or chaperones), in 
addition to inhibiting aggregation, can stabilize the native protein 
conformation [9]. Moreover, some anti-inflammatory small molecules 
(e.g., Aspirin) can also inhibit the aggregation processes, and signifi
cantly reverse the conformation of beta-sheet structures to alpha helix 
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[10]. 
Various biopolymers emerged as new scientific possibilities in the 

research field and in the pragmatic application of natural agents. Based 
on their multifunctional roles in the living world, the question arises as 
to what impact they may have on aggregation processes. The answer can 
be investigated in an interdisciplinary approach connecting biotech
nology with neurobiology. Since biopolymers are also involved in 
degradation processes in the natural habitat [11]; therefore, they may 
influence the conglomeration and aggregation processes. Several bio
polymers affect the polymerization or precipitation of different types of 
organic materials and molecules [12]. Thus, preventing/inhibiting 
peptide or protein aggregation processes are also worth studying. 

The secreting exudates had primarily been investigated with an in
dustrial purpose; nevertheless, their beneficial effects have also been 
studied in medicine. A representative example for this technical trans
lation is the gold nanoparticles, coated with dextrin or chitosan, which 
are able to inhibit insulin amyloid fibrillation in a complex form [13]. 
These biopolymer-coated particles interact with the insulin monomers 
and prevent the formation of its oligomers. The polysaccharide β-D- 
glucan and carboxylmethylated derivatives were also able to block 
platelet aggregation [14]. In addition to various compounds, numerous 
proteins complexes (e.g., heat shock types) attenuate the aggregation of 
different monomers [15]. Because biopolymers are biocompatible, 
biodegradable and have low immunogenicity, they are promising 
theoretical sources in biomedicine [16], even in neurobiology. There are 
several natural molecules (e.g., collagen, gelatin, heparin or chitosan) 
that are the bases of artificial products available in clinical application 
[17]. Furthermore, many plant-based polymers (e.g., cellulose) can also 
be used as medical engineering constructs due to their good physical 
properties. These agents are suitable as therapeutic molecules in drug 
and gene delivery [18]. 

Based on basic- and preclinical research, Ow et al. [19] asserts that 
biomolecules play an increasing role in neuromedicine, related to the 
modulation of aggregation processes in vitro. 

Some micrometazoans are able to produce exogenous biopolymers 
[20]. Of these phylogenetically conservative beings, the rotifers form 
large portion of natural water biomass; moreover, their possible appli
cation as modern micro-in vivo models have been demonstrated in 
several interdisciplinary areas, e.g., in pharmacotoxicology, neurobi
ology and especially in neurobiochemistry. Their exceptional ability for 
survival in neurotoxic aggregates-supplemented environment has been 
recently revealed [21]. This fact brings the rotifers into the attention of 
researchers committed to amyloid-related science. These animals are 
outstanding candidates for holistic and experiential studies investigating 
neurotoxic aggregates. Rotifer-specific biopolymer (namely Rotimer) 
was recently discovered and first described by Datki et al., [22] in ac
ademic literature. The production of Euchlanis dilatata- and Lecane bulla- 
specific Rotimers, as monogonant bioproducts, can be induced by me
chanically stimulating these animals with various types of microparti
cles (e.g., carmine or urea crystals, epoxy beads and microcellulose). The 
multiple in vitro bioactivities of these biomolecules were proved by 
applying three different cell types: alga, yeast and human SH-SY5Y 
neuroblastoma. The exudates had no negative effect on the cells; how
ever, they completely inhibited the motility and the proliferation of 
neuroblastoma cultures. 

The effect of the Rotimer was further investigated on rotifers in terms 
of their viability, where the animals were treated with aggregated H-Aβ. 
The H-Aβ was non toxic to those native entities which were able to 
produce fiber webs; however, it proved to be harmful for Rotimer- 
depleted ones. In these experiments, the relations between biopolymer 
and H-Aβ were indirectly tested in vivo. The potential interaction of 
Rotimer and H-Aβ is directly investigated in vitro in animal-free condi
tions in this current study. Two different methods were applied to 
examine the potential Rotimer-Aβs connections: stagogram pattern 
analysis (interaction measurements) parallelly with fluorescence-based 
methods such as anti- and disaggregation monitoring. Stagogram 

analysis is an adequate tool for quick and holistic evaluation of the 
possible reactions between rotifer-type biopolymers and human-type 
aggregates. This optical imaging-based method has a history in 
biomarker research [23], but this is the first time, that it was applied for 
investigating the interacting effect of biopolymers. 

The H-Aβ containing deposits or plaques can be detected by various 
absorbent (e.g., Congo red) or fluorescent dyes (e.g., Thioflavin S, Thi
oflavin T/ThT/, ANS or Bis-ANS). Among methods (e.g., mass spec
trometry or infrared spectroscopy), analyzing molecular interaction, the 
efficacy of the anti-amyloid compounds in vitro can be semi-quantified 
by detecting the relative fluorescence intensity of the above- 
mentioned dyes [24] in targeted biochemical samples. Functional fluo
rophores with different specificity can be selected depending on the type 
of Aβs and the aim of the related experiments. The aggregates, as targets 
with various size and profiles, bind to dyes in diverse extents. The Bis- 
ANS is better able to detect the oligomer-type of H-Aβ then the fibrils 
with a larger conformational spectrum. The ThT binds with higher af
finity to H-Aβ fibrils than to oligomers, based on the beta-sheet structure 
preference [24,25]. 

Based on the previously published facts [21,22] as well as on the 
novelties of the current research, the Rotimer has a high potential of 
becoming a promising drug candidate for human application in phar
macology and clinical medicine. 

2. Materials and methods 

2.1. Materials 

Materials applied in this work were the following: yeast (Saccharo
myces cerevisiae; EU-standard granulated instant form, cat. no.: 2-01- 
420674/001-Z12180/HU); algae (Chlorella vulgaris; BioMenu, Caleido 
IT-Outsource Kft.; cat. no.:18255); the applied fluorescent dyes were 
obtained from Sigma-Aldrich: 4,4′-dianilino-1,1′-binaphthyl-5,5′-disul
fonic acid dipotassium salt (Bis-ANS, cat. no.: D4162) and Thioflavin T 
(ThT; cat. no.: T3516); from Merck: distilled water (DW; Millipore Ul
trapure); from Life Technologies AS: DynaMag-2 magnet (cat. no.: 
12321D); Dynabeads M-270 superparamagnetic epoxy beads (cat. no.: 
14301); from Greiner: 96-well microplate with half-area (cat. no.: 
675101, Greiner Bio-One International); from Corning: treated (cat. no.: 
430293) and non-treated (cat. no.: 430591) Petri dishes, culture flasks 
(cat. no.: 430168); Whatman filter with 10 μm diameter pore (cat. no.: 
6728-5100); universal plastic web (pore diameter: 50 μm); the amount 
of diluted cations and anions in standard medium (mg/L): Ca2+ 30; 
Mg2+ 15; Na+ 3.2; K+ 0.5; HCO3

− 150; SO4
− 2.5; Cl− 1.4; NO3

− 4.5; F−

0.01; SiO2 8; pH = 7.5; conductibility (20 ◦C): 428 μS/cm. Human-type 
beta-amyloid 1-42 (H-Aβ; cat. no.: A14075, human Amyloid b-Peptide 1- 
42; cat. no.: 107761-42-2) was purchased from AdooQ Bioscience LLC., 
California. The scrambled Aβ (S-Aβ) (LKAFDIGVEYNKVGEGFAISHG
VAHLDVSMFGEIGRVDVHQA) were prepared at the Department of 
Medical Chemistry, University of Szeged, Szeged, Hungary. The peptides 
were synthesized on an Fmoc-Ala-Wang resin using Nα-Fmoc-protected 
amino acids with a CEM Liberty microwave peptide synthesizer (Mat
thews, NC, USA). 

2.2. Preparation of the amyloid aggregates 

The concentrations of the various beta-amyloid (H-Aβ and S-Aβ) 
stock solutions were 1 mg/mL in DW. The aggregation time was 3 h (3 h) 
or 3 days (3d) alone or together with Rotimer Inductor Conglomerate 
(RIC) at 24 ◦C (pH 3.5). The neutralization (to pH 7.5) was performed 
with NaOH (1 N) [26]. At the end of the aggregation process the samples 
were vortexed (5 min; 600 rpm) and before using theirs stock solutions, 
they were ultrasonicated (Emmi-40 HC, EMAG AG, Mörfelden-Walldorf, 
Germany) for 10 min at 45 kHz to achieve semi-sterilization and ho
mogenization. After 20-fold dilution with standard medium, the final 
concentration of Aβs were 50 μg/mL. 
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2.3. Animal culture 

The experiments were performed on E. dilatata and L. bulla monog
onant rotifer species; therefore, no specific ethical permission was 
needed according to the current international regulations. The species 
have been maintained and cultured at standard laboratory conditions for 
several years. These parameters and the origin of the above-mentioned 
rotifers were precisely described previously by Datki et al. [22]. For 
standard food of cultures, a mixture of homogenized baker's yeast and 
alga was used after heat-inactivation and filtration (diameter of particles 
ranged 8–10 μm). 

2.4. Rotimer induction, RIC production and harvesting 

As a first step, monogonant populations (1200 ± 85 individuals) 
were harvested from the culturing flasks by selective accumulation of 
animals with a plastic web (pore size 50 μm) into surface-treated Petri 
dishes (55 cm2 area). The animals were currently unfed, their stomachs 
were empty by the second day following feeding. This precaution was 
necessary to avoid contamination of RIC-solution with their faeces. 

The inductor (epoxy-metal beads; 200 μL vortexed stock solution 
with a dose of 6 mg/mL concentration) of Rotimer secretion was added 
to the rotifer-containing standard medium (30 mL in Petri dishes) for 2 
h. Based on the manufacturer's product description of the Dynabeads M- 
270, 1 mg of these beads can bind approximately 10 ± 2 μg of ligands (in 
this case the Rotimer); however, 6 mg of beads from one induction can 
theoretically bind about 50–60 μg Rotimer onto their surfaces if they are 

widely covered. Calculating with this amount of biopolymer, the 
working concentration of Aβs was determined to be 50 μg/mL. The RIC 
productions by rotifers were monitored under light microscope (at 63×
magnification; Leitz Labovert FS, Wetzlar, Germany). The attachment of 
Rotimer onto the epoxy beads was validated by scanning electron mi
croscopy which was presented in our previous publication [22]. 

In order to perform all types of measurements in this work, RIC 
samples were prepared in a newly modified version compared to pre
vious studies. The medium, including animals in Petri dishes, was 
removed repetitively and carefully by a pipette (5 mL working volume) 
then, the Rotimer-containing RIC were mechanically recovered and 
homogenized in 5 mL DW. The remaining rotifers were removed by 
filtration using the above-mentioned plastic web. The animal-free, but 
RIC-containing solution was then prepared at room temperature, 
applying DynaMag-2 magnet to fix the exudate-coated beads tempo
rarily and reversibly. The supernatant was removed by a pipette and the 
RIC-pellet was washed once with DW and finally resuspended in 150 μL 
DW. This conglomerate material solution was used for all types of 
measurements. 

2.5. RIC-Aβ interaction protocols 

2.5.1. Stagogram-based optical assay 
After a short time (5 min) of incubation, the interaction between 

mixed monogonant-specific RIC (6 mg Rotimer-coated epoxy beads per 
mL) and 3 h or 3d Aβ aggregates were investigated. The beads were 
isolated with a magnet in the previously described way. After discarding 

Fig. 1. Stagogram-based optical imaging and analysis of RIC and aggregated H-Aβ interactions. ED: Euchlanis dilatata; LB: Lecane bulla; RIC: Rotimer Inductor 
Conglomerate; H-Aβ: human-type beta-amyloid 1-42; Scale bar represents 0.5 mm. The error bars represent SEM. One-way ANOVA with Bonferroni post hoc test was 
used for statistical analysis, the levels of significance are p¤¤¤ ≤ 0.001 or p****,#### ≤ 0.0001 (*, significant difference from all other groups; #, significant difference 
from those treated with the same ED-RIC; ¤, significant difference from LB-RIC belonging to the same group). 
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the supernatant, the pellet was washed and resuspended in 150 μL DW. 
Drops (n = 10) with 1 μL volume were put onto non-treated hydrophobic 
plastic surface of Petri dish, then, they were dried for 1 h at 40% 
humidity. 

The formed stagograms of the drops (Fig. 1) were detected by light 
microscopy and were photographed (Nikon D5600, 25 MP, RAW/NEF, 
14 bit; Nikon Corp., Kanagawa, Japan). The digital pictures were con
verted into a black and white graphical format with greyscale 
(threshold; 2.46 pixel = 1 μm; 8-bit). Maximum measured area of the 
drops was 1.68 mm2. These images (total area of this complex) were 
analyzed with ImageJ program (Wayne Rasband, USA) and the related 
extracting data of the conglomerate-covered area (%) and the average 
size (μm2) were presented. 

2.5.2. Bis-ANS- and ThT-based fluorescent assays 
The amyloid-sensitive Bis-ANS and ThT dyes were applied in 

fluorescent-based in vitro (animal-free) experiments (n = 12 wells/ 
sample type) including investigations on: quick molecular interaction 
(Fig. 2) and on anti-aggregation (Fig. 3A) or disaggregation (Fig. 3B). 
The final dose of the dyes was 50 μM. 

In these interaction-specific experiments, the 3 h or 3d Aβ aggregates 

(final concentration 50 μg/mL) were mixed with RIC (6 mg epoxy 
beads/mL), similarly to the stagogram protocol, where the incubation 
time was only 5 min. The free Aβ-containing supernatants and the RIC- 
Aβ pellets were measured separately. Bis-ANS was used for 3 h samples, 
while ThT was preferred in the case of 3d ones. In the anti-aggregation 
study, the H-Aβ-stock solution (1 mg/mL) and the concentrated RIC 
(120 mg epoxy/mL) were incubated together during the whole aggre
gating period (3d). The H-Aβ and RIC stock solutions were also incu
bated together for 12 h and the measurements were also performed in 
the case of disaggregation experiments. In these cases, the Rotimer 
containing RIC-Aβ mixes were not separated to pellet and supernatant, 
their fluorescent intensity was recorded together by applying the fluo
rescent dyes alternately. The dose ratio of Aβs and the theoretically 
calculated Rotimer was 1:1 in each study. 

Samples containing the investigated molecules were measured with 
a BMG NOVOstar micro-plate reader (BMG Labtech, Ortenberg, Ger
many) at ex/em: 405/520 nm on Bis-ANS and 450/480 nm on ThT, 
using a 96-well plate with half well area (100 μL/well). The number of 
laser flashes per well was 30 and orbital shaking (3 s and 600 rpm) was 
applied before each detection. Calibration/gain adjustment was 1% of 
the maximal relative intensity, where the blank of the relevant 

Fig. 2. Quick and sequence-based interaction of E. dilatata- and L. bulla-specific RIC with H-Aβ aggregates (3 h and 3d). ED: Euchlanis dilatata; LB: Lecane bulla; RIC: 
Rotimer Inductor Conglomerate; H-Aβ: human-type beta-amyloid 1-42. The error bars represent SEM. One-way ANOVA with Bonferroni post hoc test was used for 
statistical analysis, the levels of significance are p***,### ≤ 0.001 or p****,#### ≤ 0.0001 (*, significant difference from all other bound-type groups; #, significant 
difference from all other free-type inductor, RIC and RIC + H-Aβ groups). 
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fluorescent dye was about 650. The labelling time of the samples with 
the dyes took 5 min before starting detection. 

2.6. Statistics 

Statistical analysis was performed with SPSS 23.0 (SPSS Inc., USA) 
using one-way ANOVA with Bonferroni post hoc test. The error bars 
represent the standard error of the mean (SEM). The homogeneity and 
normality of the data were checked, and they were found suitable for 
ANOVA followed by Bonferroni post hoc test. Using the above-mentioned 
statistical test, 99% confidence level (1-aplha, alpha = 0.01) was applied 
and 1% error was handled in this analysis. The different levels of sig
nificance are indicated as follows: p***, ###, ¤¤¤ ≤ 0.001 and p****, 

#### ≤ 0.0001. All relations and comparisons between the presented 
groups are defined in the given figure legend. 

3. Results and discussion 

The investigation of function, nature and applicability of bio
polymers is a significant branch of biology nowadays [27]. The list of 
these natural and multifunctional materials is long; moreover, all of 
them have unique characteristics, making it necessary to study them 
individually. Such a relevant material is the recently published rotifer- 
specific biopolimer, namely Rotimer [22]. This biomolecule is a 
species-specific exudate of the relevant micrometazoa. E. dilatata and 
L. bulla monogonants are prominent representatives of the exogenic 
fiber-producing animals. 

This current study has two objectives: on one hand to investigate the 
binding between the biopolymer-containing conglomerates and H-Aβ 
neurotoxic aggregates and, on the other hand, to reveal the effects of RIC 
complex on H-Aβ aggregation itself. The measurements could not be 

Fig. 3. Anti-aggregation (A) and 
disaggregation (B) effects of 
E. dilatata- and L. bulla-specific RIC 
against H-Aβ aggregates (3 h and 3d). 
ED: Euchlanis dilatata; LB: Lecane 
bulla; RIC: Rotimer Inductor 
Conglomerate; H-Aβ: human-type 
beta-amyloid 1-42. The error bars 
represent SEM. One-way ANOVA with 
Bonferroni post hoc test was used for 
statistical analysis, the levels of sig
nificance are p¤¤¤ 

≤ 0.001 or p****, 

#### ≤ 0.0001 (*, significant differ
ence from all other Bis-ANS groups; #, 
significant difference from all other 
ThT groups; ¤, significant difference 
from RIC-containing 3d Bis-ANS 
group).   
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carried out with Rotimer lacking an inductor material (epoxy-metal 
beads), because according to our current knowledge and empirical 
experience, there is no method available to remove the mentioned 
biomolecule from the inductor without any structural changes (e.g., a 
chemical one, such as racemization in alkaline solution). The organizing 
conditions and the binding of aggregates were monitored directly and 
indirectly with optical imaging methods; however, the detailed inves
tigation of physicochemical properties was beyond the scope of this 
paper. RIC is the only possible form used for empirical characterization 
[28] and treatment studies at the time of this current publication. 

Presumably, the Rotimer plays an outstanding role in the neurotoxic 
aggregates-catabolism caused by rotifers [21]; therefore, it is reasonable 
to study this exceptional phenomenon. As a first step, the quick inter
action (taking a few minutes) between the natural polymers of rotifers 
and the artificially made H-Aβ was investigated, applying two different 
methods. The binding between H-Aβ and E. dilatata- or L. bulla-RIC (ED/ 
LB-RIC) was measured by the so-called stagogram analysis (Fig. 1), 
which is a simple, but widely accepted method to visualize, for instance, 
the aggregation capacity of the different molecular composition of 
samples, based on their optical diversity [23,29]. This technique is a 
sensitive crystallizing process using the covered (%) area and average 
size (μm2) parameters of particles. These indicators can be adequately 
applied during the image analysis, based on the number and size of the 
conglomerate unit; moreover, the dried drops can be qualitatively 
differentiated. Differently treated groups were investigated and 
compared with the adequate controls. The effective agent in the present 
case was the RIC (epoxy beads with Rotimer). 

The Aβs were aggregated for 3 h (3 h) or for three days (3d) before 
mixing them with the respective RIC. Then, we measured the inductor 
itself, H-Aβ and ED/LB-RIC alone, and the conglomerates of H-Aβ with 
the ED/LB-RIC respectively, using the stagogram based optical assay 
(Fig. 1). The solutions of fresh (0 min) H-Aβ and S-Aβ (with a random 
sequence of amino acids) were not presented on the stagogram figure, 
because they showed transparent crystallizing patterns; therefore, the 
borders of the dried samples could not be identified. 

The crystallized drops of the groups were different both in their 
density and structure phenotype (Fig. 1). This is a closed and precisely 
defined chemical environment with few components; however, it is a 
well controllable in vitro system. The profiles of the different samples 
represent the interactions between the components during crystalliza
tion. The presence, absence, or variations in the amounts of determining 
factors is the quintessence of this drying process. According to the op
tical stagogram markers, the parameters of H-Aβ, the inductor and the 
conglomerates significantly differed from each other. The more aggre
gated (3d) H-Aβ showed a denser pattern compared to the ones incu
bated for a few hours (3 h). Both RIC groups of the two tested rotifers 
presented outstanding density in the empiric analysis of stagograms; 
therefore, they provided maximal reference to further analyze other 
samples. After removing the unbound/free H-Aβ, it can be noted that the 
biopolymers of the two species bind to aggregates; furthermore, the 
optical density of relevant stagograms, derived from RIC alone, 
decreased in the presence of H-Aβ in the conglomerate. We observed a 
higher level of density of the ED-RIC/H-Aβ conglomerate compared to 
the LB-RIC/H-Aβ ones. Based on the results, it can be stated that there 
are possible molecular interactions between the Rotimer and Aβs, 
particularly with the H-Aβ form. The relations between RIC and H-Aβ of 
both rotifer species showed similar tendencies; however, we also noticed 
that the pictures were significantly brighter of the samples originating 
from L. bulla. 

Besides and parallel with the optical analysis, the quick interactions 
between the molecules of interest were investigated by fluorescent 
methods. To measure the fluorescent indicator signals, two adequate 
dyes were applied, the Bis-ANS and the ThT. According to literature, 
these molecules have different binding affinities to various aggregates 
[30]. These functional sensors can mark the oligomeric and fibrillar 
forms of Aβs, labeling the whole conformational spectrum of H-Aβs. The 

Bis-ANS is more sensitive to the oligomers [24], while the ThT is more 
adequate for the fibrils [25,31]. Based on the previous Aβ character
izations [21,32–34], it can be stated that the 3 h and 3d aggregating 
periods are well-reflected for the larger quantity of the oligomers or fi
brils in the relevant samples. The H-Aβ (3 h) with lower organization 
contains oligomers in higher proportions, and they were measured by 
Bis-ANS, while the considered fibrillar ones with longer incubation time 
(3d) were detected by ThT (Fig. 2). All samples were monitored with 
both fluorophores in anti- (Fig. 3A) and disaggregating (Fig. 3B) 
measurements. 

The results of the interaction studies (Fig. 2) can be classified into 
three units: 1. H-Aβ-types alone; 2. inductor, various RIC-versions and 
the inductor-Aβ interactions as appropriate controls; 3. the connections 
between the species-specific RIC and the various H-Aβs (according to 
amino acid sequence and levels of aggregation). Based on the applied 
aggregates, three categories can be identified: 1. Aβs alone; 2. free Aβs in 
the supernatant; 3. binding Aβs to the RIC-types. 

The given forms of H-Aβ aggregates showed elevated fluorescence 
intensities in the presence of both Bis-ANS and ThT, in contrast with S- 
Aβ, which shows higher signal intensity rather together with Bis-ANS. 
The S-Aβ with random sequence presented decreased aggregating or
ganization. Measurements of the Aβs alone were the reference points for 
further experiments. The relevant fluorescence intensities of the 
inductor and ED/LB-RIC combinations were also measured and used as a 
background control to the aspecific binding. Based on the achieved re
sults it can be concluded that they show a minimal binding between the 
above-mentioned reference controls and the applied fluorescent dyes 
during the relatively short incubation time. Besides these cutoff values, 
the binding of Aβs to biopolymer-containing RIC was significantly 
measurable. Here, the inductor alone was not a disturbing factor either. 
After removing the non-bound (free) Aβs with supernatant, the binding 
of aggregates to RIC were labeled. The H-Aβ interacted with the con
glomerates of both rotifer species, and a relatively high fluorescent 
signal was shown, while the S-Aβ had a lower value similarly to the 
background control. The data derived from this reference amyloid type 
led us conclude sequence specificity in H-Aβ-binding to biopolymers. In 
our previous publication [35], the sequence-specific effect of H-Aβ was 
proved in the autocatabolism-related processes of rotifers compared to 
S-Aβ. The H-Aβ samples with lower (3 h) or higher (3d) conformational 
organization were significantly bound to both tested Rotimer coatings, 
but they showed higher affinity to the biopolymer secreted by E. dilatata 
than the one produced by L. bulla. 

After proving the particular interaction between Rotimer and H-Aβ, 
the effects of the investigated biopolymer on aggregation processes were 
tested using Bis-ANS and ThT measurements, which were able to indi
rectly detect the approximate aggregation status of Aβs. The controls 
showed similar fluorescence intensity to the previously measured ones 
(Fig. 2); therefore, they were not presented again in this case. To mea
sure the anti-aggregating effects of RIC-types (Fig. 3A), H-Aβ was 
applied with various aggregation times (0 h, 3 h and 3d). During co- 
incubation, the inductor alone did not inhibit the aggregation of H-Aβ; 
however, the initial signal of Bis-ANS significantly decreased in the 3d 
sample, while the ThT signal increased. These results refer to the time- 
dependent high aggregation level of H-Aβ; moreover, these processes 
are in line with the relevant literature [36,37]. In contrast with the 
above mentioned, the H-Aβ (3 h and 3d) + RIC related ThT signals 
decreased in samples of both relevant species, while the Bis-ANS fluo
rescence remained on the reference (0 min) level. The materials from 
E. dilatata proved to be more effective in anti-aggregation processes than 
the ones derived from L. bulla applying the same experimental period of 
time. The 3d group showed the less efficiency. In the LB-RIC and H-Aβ/ 
3d combination, the ThT resulted an elevated level; thus, unlike in the 
other samples, there was no clear conclusion about the aggregation 
changes of H-Aβ. 

The following experiments revealed that the presence of the inductor 
alone during a further 12 h had no impact on the condition of 3d-pre- 

Z. Datki et al.                                                                                                                                                                                                                                    



International Journal of Biological Macromolecules 201 (2022) 262–269

268

aggregated H-Aβ (Fig. 3B). In these cases, the Bis-ANS and ThT signal 
ranges are alike the previously presented data (Fig. 3A). In contrast, the 
control Bis-ANS and ThT values significantly differed from the RIC- 
containing ones from the same category at the end of disaggregating 
processes. During the co-incubation time, the RIC of both monogonant 
species increased the level of Bis-ANS sensitive oligomers, and they 
decreased the concentration of ThT-specific fibrillar forms. Based on the 
characteristics of the two fluorophores it may be assumed that the 
presence of Rotimer in the samples has a disaggregating effect against 
the H-Aβ. Such as in the previous measurements, the biopolymer of 
E. dilatata was more efficient, and it gave more comprehensible results 
about the condition of the neurotoxic aggregates. 

Different behavior of RIC-types on H-Aβ-binding and aggregating 
processes, derived from the two different species, can be further 
explained. One interpretation may be that L. bulla originally secreted 
less biopolymer to the epoxy beads than E. dilatata. Another possibility is 
that the biopolymers may differ in the various rotifer species in terms of 
structure, functionality, and efficacy. The anti-aggregation effect of LB- 
RIC did not increase when the number of animals was higher during 
longer secretion time (4 h) of Rotimer, or a two-fold dose of RIC was 
tested in the presence of standard H-Aβ amount (data not shown). 

Altogether, the results show that the ED/LB-RIC, with proteinous 
exudate on their surface, explicitly binds the H-Aβ. It is an efficient 
influencing factor in aggregation kinetics; moreover, the activity of the 
species-specific biopolymers may differ from each other. Further pro
teomic experiments (e.g., mass spectrometry) are needed to investigate 
the interaction between the Rotimer and the neurotoxic protein aggre
gates (e.g., alpha-synuclein and prions). It is well-known that during the 
Rotimer secretion, the calcium is built-in [28], and it may provide 
different ionic characteristics to this biomaterial; therefore, the metal 
ion content of the biopolymer may enhance these molecular relations. 
The mechanism of anti- and disaggregating ability may be similar to the 
action of beta-sheet-breaker molecules or that of some natural (LPFFD, 
[38]; RIIGL, [39–41]) or artificial (LPYFD, [32,42]) peptide sequences. 
The spectroscopic analysis of Rotimer may give the proper answer to 
these questions, which will be part of the following projects. 

In summary, it is essential to highlight that the direct molecular ef
fects of natural polymers [43,44] on neurodegeneration-related amy
loids have been barely investigated, resulting only a few cases [13]. 
Based on the results obtained, Rotimer is assumed to have a structure- 
breaking capability, dissociating H-Aβ aggregates. The current rotifer- 
specific biomaterials, namely Rotimers, were used for that purpose for 
the first time. Concerning the protective role of Rotimer against H-Aβ, 
indirect in vivo measurements were carried out [22]; however, in vitro 
binding, anti- and disaggregating experiments have never been previ
ously performed. Moreover, this interdisciplinary approach may also 
open novel perspectives in pharmacological research against Alz
heimer's disease. 

4. Conclusion 

Various interactions were discovered between human-type amyloids 
and other biological and synthetic drugs, e.g., antibodies, hormones, 
polymers, or small molecules. The present work aimed to measure the 
binding interaction between the Rotimer-containing conglomerate 
(formed by rotifers) and neurotoxic H-Aβ peptide aggregates; moreover, 
to investigate the effect of this RIC on Aβ aggregation processes. To 
prove these, two test methods were used, namely optical stagogram and 
fluorescence intensity measurement. The obtained results reflect the 
relationship between RIC and H-Aβ, in addition, the stable interaction 
shows Aβ sequence specificity. There was minimal binding between RIC 
and S-Aβ. The conglomerate of both monogonant rotifer species 
(E. dilatata and L. bulla) interacted with H-Aβ considered as oligomer 
and/or fibril type; however, ED-RIC was more effective in binding and 
aggregation processes. The novelty of this work is the first demonstra
tion of the in vitro interaction between Rotimer and H-Aβ by presenting 

the anti- and disaggregating effects of this biopolymer against the 
neurotoxic agents of AD. Due to its properties mentioned above, this 
natural material needs further study in the future; moreover, this 
biopolymer can be a relevant molecular specimen for developing drug 
candidates in neurodegeneration-related research. 
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