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A B S T R A C T

Protein amyloid aggregation involves structural changes in native protein conformers and the formation of
amyloid fibrils that accumulate in deposits in the human body. This study explores the effect of magnetic
nanoparticles functionalized with amino acids (aaMNPs)—cysteine (Cys), poly-L-lysine (PLL), or proline (Pro)—
on the amyloid aggregation of α-lactalbumin (αLA) and its amyloid fibrils (LAF). Our results from thioflavin T
fluorescence assay (ThT), atomic force microscopy (AFM), and infrared spectroscopy revealed that the studied
aaMNPs inhibit αLA fibrillization and destruct LAF in a concentration-dependent manner. The type of amino acid
used for nanoparticle functionalization significantly influences the anti-amyloid efficacy. ProMNPs exhibit the
highest inhibitory activity, with the timing of their addition being crucial Conversely, CysMNPs demonstrate the
highest destructing activity. AFM image analysis through grain mapping was employed to quantify the anti-
amyloid effects of aaMNPs. Cytotoxicity testing on kidney cells identified PLLMNPs as the only cytotoxic
nanoparticles in our study. These findings clarify the mechanisms of inhibition and destruction of LAF in the
presence of aaMNPs, which could inform the design of nanoparticles for therapeutic purposes in the future.

1. Introduction

In protein amyloid aggregation, soluble proteins form long, stable
fibrils associated with diseases like Alzheimer’s and Parkinson’s [1,2].
Amyloid fibrils are elongated, unbranched, and highly stable and
structured protein fibers consisting of tightly interacting repetitive
intermolecular β-sheets arranged into a cross β-structure [3].

The αLactalbumin (αLA), 123 amino acids long (14.17 kDa) protein
belonging to the lysozyme gene protein family, is a predominant protein
component of milk and the second most abundant protein in whey [4].
The structure of αLA is stabilized by the presence of four intramolecular
disulfide bonds and the binding of calcium [5]. Although not associated
with any specific amyloid disease, this protein is well-studied in terms of
structure and stability. Kurouski et al. already prepared amyloid fibrils
using Ca2+-depleted αLA, incubating the protein at pH 2.0 in the pres-
ence of 150mM NaCl at 37◦C after 3 days [6].

In recent years, many studies have focused on nanoparticles (NPs) as
potential inhibitors of amyloid aggregation [7]. Various synthetic
nanoparticles and nanostructures—including gold, graphene, cerium,
magnetite, PEGylated NPs, graphene quantum dots, carbon nanotubes,
dendrimers, star polymers, polyoxometalates, and nanodiscs—have
been explored as inhibitors to combat amyloid aggregation and its
associated toxicity in a range of studies, including in silico, in vitro, ex
vivo, and in vivo [8–13]. Different NPs could variously interfere with the
amyloid aggregation of proteins depending on their physico-chemical
properties, such as surface area, size, shape, charge, and concentration
[14].

Mohammad-Beigi et al. emphasized the critical role of electrostatic
forces in α-synuclein amyloid fibrillization, noting that charged mag-
netic NPs (MNPs) can slow or inhibit this process [15]. Super-
paramagnetic iron oxide NPs (SPIONs) have demonstrated mixed
behavior during Aβ fibrillization. The lower concentrations inhibited
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fibril formation, while higher concentrations led to its acceleration [16].
Cabaleiro-Lago et al. showed that the ratio of peptide to NP concentra-
tion plays a key role in the dual effects of cationic polystyrene NPs on Aβ
fibrillization [17].

Despite the promising anti-amyloid potential of NPs, their biological
safety is not fully elucidated. Factors contributing to NP cytotoxicity
include size [18,19], concentration [19], and surface characteristics [20,
21]. Notably, gold NPs and iron oxide NPs have shown lower toxicity
compared to other metal oxide nanoparticles. To mitigate cytotoxicity,
various molecules - including small proteins, saccharides, amino acids,
and organic compounds - are commonly used as coating agents [14].

Amino acids (aa) functionalization of the nanoparticle’s surface can
improve stability and solubility in aqueous solutions. It enhances their
biocompatibility, making them suitable for biomedical applications such
as drug delivery, imaging, and therapy [22]. Dubey et al. reported that
tryptophan- and tyrosine-coated AuNPs inhibited insulin aggregation,
whereas free tryptophan and tyrosine amino acids were inactive in
inhibiting aggregation [23]. Pradhan et al. have shown that
glutamine/proline-conjugated MNPs effectively inhibit lysozyme and
mutant huntingtin amyloid aggregation [24]. Our previous paper re-
ported that lysine-, glycine-, and tryptophan- MNPs significantly inhibit
lysozyme amyloid aggregation and can destroy lysozyme amyloid fibrils
[25].

In this work, the amino acids cysteine and proline, and the broadly
used biocompatible polymer poly-L-lysine, were used to modify the
surface of MNPs. Amino acids were selected based on their specific
properties. Cysteine contains sulfhydryl and hydroxyl groups that may
interact with hydrophobic regions of proteins. Poly-L-lysine is a syn-
thetic amino acid polymer composed of lysine monomers with a basic
side chain. Proline contains a five-membered ring and is known as a
breaker of β-sheet protein structure, which forms the core of amyloid
fibrils.

We have examined the physico-chemical properties [26](hydrody-
namic diameter, zeta potential, and isoelectric point) of prepared amino
acid-functionalized magnetic nanoparticles (aaMNPs) to evaluate the
impact of different amino acid functionalization on their properties. The
ability of aaMNPs to inhibit αLactalbumin amyloid fibrillization
(inhibitory effect) and destruction of αLactalbumin amyloid fibrils (LAF)
(depolymerizing effect) were monitored using thioflavin T (ThT) fluo-
rescence assay and atomic force microscopy (AFM) techniques. LAFs
were prepared in 100mM CaCl2 at pH 2.0. The preparation conditions
were chosen based on our previous work [27]. Globular proteins such as
αLA are very stable under physiological conditions; therefore, we need
more aggressive conditions to prepare amyloid fibrils, such as acidic pH,
elevated temperature, and mixing. The kinetics of αLA fibrillization
alone and in the presence of aaMNPs were assessed using ThT to shed
light on their inhibitory mechanism. Attenuated total Reflection
Fourier-transform infrared spectroscopy (ATR-FTIR) spectroscopy in the
amide I region was used to study the protein secondary structure of αLA
aggregates after the treatment of aaMNPs. Moreover, the effect of
studied aaMNPs on HEK293 kidney cell viability was determined. For
the first time, an effect of NPs is investigated in the process of αLA
amyloid fibrillization, and statistical AFM analysis is performed.

2. Results and discussion

2.1. Characterization of amino acids functionalized magnetic
nanoparticles (aaMNPs)

The iron oxide MNPs stabilized with perchloric acid were synthe-
sized using a standard coprecipitation method [28]. The aaMNPs:
cysteine (Cys), proline (Pro), and poly/amino acid poly-L-lysine (PLL)
were prepared by mixing MNPs with a solution of a given amino or
poly/amino acids at room temperature. The procedure is described in
detail in our previous studies [29].

Atomic force microscopy (AFM) was used to visualize the

morphology and determine the size distribution of aaMNPs. Uncoated
MNPs were characterized in our previous work with a diameter of 7.6 ±

0.39 nm. Typical AFM images of aaMNPs are shown in Fig. 1a in a grey
inverted scale. The images display individual nanoparticles, clusters, or
larger agglomerates; these higher complexes are the most evident for
ProMNPs. Histograms of diameter distribution with Gaussian fit from a
set of relative AFM images are shown in Fig. 1b. Diameters were
calculated from theminimum circumcircle radius of grains (the radius of
a minimum circle that contains the grain). The diameters of 60 nm
(CysMNPs), 37 nm (PLLMNPs), and 45 nm (ProMNPs) result from the
maximum value of the Gaussian function. The broad peak of ProMNPs
confirms their tendency to aggregate on mica.

The dynamic light scattering (DLS) technique was employed to
obtain their hydrodynamic diameter (DH). The hydrodynamic diameters
of the aaMNPs presented in Table S1a, are equal to 70.0 nm (CysMNPs),
50.4 nm (PLLMNPs), and 42.0 nm (ProMNPs) compared to uncoated
MNPs that have 28.4 nm. The differences in the diameters measured by
the two experimental techniques are related to the fact that DLS pro-
vides the average hydrodynamic diameter, including the solvation layer
around the nanoparticles. In contrast, AFM provides the physical
diameter of the nanoparticles.

The laser Doppler velocimetry was used to measure zeta potential (ζ)
values and isoelectric point (pI) to monitor amino acid adsorption on
MNPs and the stability of samples. The obtained data determined in the
buffer used for αLA amyloid fibril preparation (100 mM CaCl2, pH 2.0)
are shown in Table S1a. The high positive zeta potential values observed
for all studied aaMNPs (20.7 mV for CysMNPs, 46.0 mV for PLLMNPs,
and 32.9 mV for ProMNPs) indicate the high stability of aaMNPs in this
buffer. The acidic pH enhances stability due to the presence of a suffi-
cient positive charge. The ζ value > +30 mV ensures that nanoparticles
remain apart from each other, eliminating the possibility of agglomer-
ation, aggregation, and/or flocculation [30]. Zeta potential measure-
ment as a function of pH was performed to confirm the surface charge
properties and the presence of amino groups on the surface of the MNPs.
These ζ vs. pH dependencies were used to determine the pI of aaMNPs
(pH at which a nanoparticle carries no net electrical charge) CysMNPs=
5.1, PLLMNPs = 9.7 and ProMNPs = 6.6. The shift of pI compared to
bare MNPs (pIMNPs = 6.9) in Table S1a also confirms the adsorption of
amino acids on the surface of MNPs.

In our study, we have evaluated how the presence of aaMNPs in-
fluences the αLA amyloid fibrillization process (inhibitory activity) and
how nanoparticles interfere with mature LAF (depolymerization activ-
ity). The experimental conditions for these studies are different (see
Experimental section).

AFM images (Figure S1) show the morphology of aaMNPs under
various conditions. In inhibitory assays (at pH 2.0, 65◦C), a slight in-
crease in deposited PLLMNPs is seen after 25 minutes, along with
reduced ProMNPs clustering. After 180 minutes, clustering increases for
all aaMNPs. For depolymerization assays (at pH 2.0, 37◦C), a slight in-
crease in deposited aaMNPs is visible, with ProMNPs showing observ-
able on mica.

ATR-FTIR analysis confirmed amino acid binding on MNPs’ surface
(Fig. 1c). Characteristic peaks included NH2 stretching at 3300 cm− 1

and carboxylate asymmetric (νas(COO− )) and symmetric (νs(COO− ))
stretching at 1600 cm− 1 and 1400 cm− 1, respectively. MNPs’ presence
was indicated by a strong absorption band at 550–600 cm− 1 for Fe-O
bond vibration. The role of the carboxyl group in binding was evident
in the wavenumber difference (Δ ν) between asymmetric and symmetric
carboxyl stretches, varying with coordination. Spectral shifts in
CysMNPs, PLLMNPs, and ProMNPs confirmed functionalization.
Wavenumber separations (Δ) of 227 cm− 1 for CysMNPs and 208 cm− 1

for ProMNPs suggested a monodentate COO− interaction with MNPs’
surface. MNPs’ Fe-O bond stretching modes at approximately 538 cm− 1

(CysMNPs), 540 cm− 1 (PLLMNPs), and 544 cm− 1 (ProMNPs) validated
successful amino acid coating. Our data showed that the surface func-
tionalization of MNPs with selected amino acids leads to variability in
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the size, zeta potential, and charge of the prepared aaMNPs. Changes in
pI and shift of absorption bands in the FTIR spectra confirmed the
binding of amino acids to the magnetite core.

The potential toxicity of newly developed aaMNPs is a key factor that
limits their use in nanomedicine [31]. Nanoparticle toxicity depends on
factors like size, charge, and targeting [32–34]. Uncoated MNPs showed
no toxicity on HEK293 cells [35]. We assessed the cytotoxicity of
aaMNPs on HEK293 cells, Figure S2. CysMNPs and ProMNPs showed
minimal toxicity, PLLMNPs were the most toxic, with 21.8 % cell
viability at 50 µg.ml− 1 concentration of these MNPs. The lethal dosage
LD50 for PLLMNPs is >25 µg.ml− 1, consistent with results from similar
experiments on various cancer cell lines [36]. PLL is commonly used for
cell culture applications due to its ability to enhance cell adhesion and
proliferation. However, its high positive charge density may also lead to
interactions with cellular components that induce cytotoxic effects [37].
In contrast, cysteine and proline may exhibit lower cytotoxicity due to
their roles as naturally occurring amino acids in biological systems.
Cysteine has been used in several studies as a coating agent for various
metal- and polymer-based NPs, showing minimal cytotoxicity. For
example, Liu et al. designed a cysteine-coated CdSe(ZnCdS) quantum
dots, where cysteine coating enabled the NPs to be biologically
compatible, easily functionalized, and cleared via renal pathways,
minimizing toxicity in rat models [38]. Magnetite nanoparticles coated
with L-cysteine were used as a support matrix for the immobilization of

Candida antarctica Lipase A [39]. On the other hand, to our knowledge,
proline is usually used as a coating agent for particles designed for
various catalytic applications [40]. Proline-coated gold NPs were used
as a highly efficient nanocatalyst for the enantioselective direct aldol
reaction in water [41].

2.2. Anti-amyloid activity of uncoated MNPs and aaMNPs on
αLactalbumin amyloid fibrils

2.2.1. Inhibition of αLA amyloid aggregation by MNPs and aaMNPs
ThT fluorescence assay was used to investigate the inhibitory effect

of aaMNPs compared to uncoated MNPs against αLA amyloid aggrega-
tion (Fig. 2a). The concentration of αLA in the inhibition assay was kept
at a constant value of 20 μM (284 μg.ml− 1). The αLA to MNPs/aaMNPs
concentration (taken to magnetite) ratios range from 2 to 4260 μg.ml− 1.
Presented data indicate that uncoated MNPs and aaMNPs dose-
dependently inhibited αLA amyloid fibrillization as relative ThT fluo-
rescence values are decreasing with increasing concentration of MNPs/
aaMNPs. Similar dose-dependent inhibitory activity was observed for
AuNPs [42], curcumin-functionalized gold [43] and magnetic NPs
coated with dextran [44], trisodium acetate [45], and glycine [46] on
β-lactoglobulin and HEWL amyloid aggregation. The MNPs/aaMNPs’
inhibitory efficiency was quantified by IC50 values (a concentration of
MNPs/aaMNPs leading to a 50 % decline in ThT fluorescence intensities,

Fig. 1. a) Typical AFM images of magnetic nanoparticles functionalized by: CysMNPs (red), PLLMNPs (blue), ProMNPs (green). All images are 5×5 μm with a scale
bar representing 1μm. The concentration of aaMNPs was 7 µg.ml− 1. b) Histogram of diameter distribution with Gaussian fit from relative AFM images. c) The FTIR
spectra of free amino acid (dotted line) and aaMNPs (solid line): cysteine and CysMNPs (red), PLL and PLLMNPs (blue), and proline and ProMNPs (green).
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indicating the formation of 50 % fibrils).
The most significant inhibition of αLA amyloid fibrils formation was

observed for the smallest ProMNPs (IC50 = 134.6 ± 5.6 μg.ml− 1), fol-
lowed by PLLMNPs (IC50=159.9 ± 7.3 μg.ml− 1). The weakest effect has
been shown for the CysMNPs (IC50 = 332.2 ± 8.9 μg.ml− 1). Compared
with uncoated MNPs (IC50 = 191.3 ± 4.8 μg.ml− 1), the functionaliza-
tion of MNPs by proline and polylysine improved the inhibitory activity
of NPs. However, functionalization by cysteine reduced the inhibitory
activity of MNPs, likely due to interactions between the protein cysteine
residues and those on the CysMNPs, potentially forming disulfide bonds.
Obtained IC50 values are summarized in Table 1. It is worth noting that
the amino acids alone (not bound to MNPs surface) do not possess
inhibitory activity towards αLA fibrillization even at the highest

concentration (data not shown). Our data suggest that the combination
of NP size, stability and dispersity, and interactions between αLA and
aaMNPs are essential for effectively inhibiting αLA amyloid fibrilliza-
tion. The importance of NP size in inhibiting amyloid aggregate for-
mation has also been highlighted in other studies. For example, Gao et al.
demonstrated that while large gold NPs (36 nm) accelerated Aβ aggre-
gation, smaller NPs (6 nm) significantly delayed or even inhibited the
aggregation process [47]. On the contrary, Kim et al. observed that very
large NPs (80 nm) produced large amorphous peptide aggregates, while
smaller NPs (20 nm) led to protofibril formation [48].

To better explain the inhibitory activity of uncoated MNPs and
aaMNPs, the kinetics of αLA amyloid fibrillization was monitored by
ThT emission intensity over the course of 3 h incubation of native αLA

Fig. 2. a) Relative ThT fluorescence detected for αLA amyloid fibrillization in the presence of an increasing concentration of CysMNPs (red triangles), PLLMNPs (blue
circles), ProMNPs (green squares) and uncoated MNPs (black circles). The concentration of αLA was 20 μM (284 μg.ml− 1). The average values of fluorescence in-
tensities (n = 6) were normalized to the untreated αLA (taken as 100 %). b) Zeta potential of uncoated MNPs and aaMNPs alone and in mixtures with αLA; at two
αLA:aaMNPs ratios 1:1 and 1:5; after 0 h (full colour bars) and after 180 min (dashed colour bars) incubation at 65◦C and 1200 rpm. c) Kinetic profiles of αLA
amyloid fibrillization alone (grey diamonds) and in the presence of CysMNPs (red triangles), PLLMNPs (blue circles), ProMNPs (green squares) and uncoated MNPs
(black circles) (w/w ratio αLA:aaMNPs = 1:1). The error bars represent the average deviation of multiple measurements (n = 6). d) Detailed view of the first 30 min
of kinetics.

Table 1
IC50 values and kinetic parameters derived from aggregation kinetics of αLA in the presence of aaMNPs. Every experiment was performed six times, and the final data
represented an average value accompanied by a corresponding deviation. tLAG represents a lag time of aggregation, tHALF stands for aggregation half-time, and kAGG is
the aggregation rate constant.

INHIBITION αLA αLAþuncoatedMNPs αLAþCysMNPs αLAþPLLMNPs αLAþProMNPs

IC50 [µg.ml− 1] ​ 191.3± 4.8 332.2 ± 8.9 159.9 ± 7.3 134.6 ± 5.6
tLAG [min] 24 ± 0.2 1.13 ± 0.7 18.7 ± 0.3 34.0± 0.7 12.5 ± 0.2
tHALF [min] 28 ± 0.1 3.7 ± 0.4 22.7 ± 0.1 43.4 ± 0.4 14.5 ± 0.1
kAGG [min− 1] 0.5 ± 0.03 0.8 ± 0.20 0.5 ± 0.04 0.2 ± 0.02 1.0 ± 0.11
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alone or in the presence of MNPs/aaMNPs at concentration ratio 1:1
(αLA:MNPs/aaMNPs).

As shown in Fig. 2c (grey curves), the αLA amyloid formation follows
characteristic nucleation-polymerization model, with three distinct
phases: initial nucleation characterized by lag time (tLAG), elongation
phase described by aggregation half-time (tHALF), and aggregation con-
stant (kAGG) parameters. In the third phase, the plateau, fluorescence
values reach equilibrium, indicating the presence of mature amyloid
fibrils. The kinetic parameters of αLA amyloid fibrillization alone and in
the presence of uncoated MNPs and aaMNPs are summarized in Table 1.
For αLA, the 24-minute long lag phase is followed by a rapid elongation
phase characterized by tHALF = 28 ± 0.1 min and aggregation constant
kAGG = 0.5 ± 0.3 min-1.

Adding MNPs/aaMNPs at the beginning of the aggregation process (t
= 0 min) led to significant kinetics changes. In Fig. 2c (in the detailed
view in Fig. 2d), the presence of uncoated MNPs (black squares),
CysMNPs (red triangles), and ProMNPs (green squares) presumably
catalyze the nucleation processes of αLA as evidenced by shorter lag
phases (Table 1) compared to the untreated αLA. On the contrary,
PLLMNPs (Fig. 2c, blue circles) prolong the lag phase tLAG = 34 ±

0.7 min, thus delaying the overall formation of amyloid aggregates. The
tHALF parameters analogically followed the trend of tLAGs: MNPs <

ProMNPs < CysMNPs < PLLMNPs. The aggregation constants deter-
mined for MNPs and ProMNPs were higher compared to untreated αLA.
Contrarily, the PLLMNPs’ kAGG was lower, and CysMNPs’ kAGG was
comparable to untreated αLA (Table 1). All aaMNPs and uncoated MNPs
caused a significant decrease in steady-state fluorescence values in
correlation with ThT intensities obtained from concentration
dependencies.

To elucidate which step of the αLA aggregation pathway is affected,
we have monitored the kinetics of αLA fibrillization after adding MNPs/
aaMNPs in different stages of amyloid aggregation. The goal was to

identify the ability of MNPs/aaMNPs to interact with different αLA pre-
fibrillar species and, thus, influence the fibrillization progression.
Therefore, the uncoated MNPs and aaMNPs were added to the aggre-
gation mixture at two time points during the αLA lag phase (t = 10 and
15 min; triangles and stars) in addition to t = 0 min (Fig. 3). The time
points were selected based on the kinetics profile of αLA alone (Fig. 2c,
grey curve). As mentioned earlier, adding uncoated MNPs, CysMNPs,
and ProMNPs at the beginning of the process shortened the lag phase,
indicating catalysis of the pre-fibrillar species formation (Fig. 3).

The addition of CysMNPs (shades of red) and ProMNPs (shades of
green) later during the lag phase (t0 – squares, t10 – triangles, and t15 -
stars) resulted in its prolongation (by ~ 7 and 12 min, respectively),
roughly matching the untreated α-LA upon addition at t = 15 min
(Fig. 3b, d). We also observed such behavior in the case of uncoated
MNPs (shades of black) (Fig. 3a). Still, even though their addition at t =
15 min resulted in the most pronounced, ~ 14 minutes, lag phase
elongation, they simply induced the amyloid aggregation at the point of
their addition. These results indicate that adding uncoated MNPs,
CysMNPs, and ProMNPs closer to the end of the lag phase can suppress
their unwanted catalytic activity. The addition of PLLMNPs after
10 minutes had no significant impact on lag phase duration (blue tri-
angles in Fig. 3c) while increasing the aggregation rate compared to the
addition at t = 0 min. Moreover, the steady-state ThT intensity values
are significantly higher, suggesting a higher amount of formed aggre-
gates. Furthermore, introducing PLLMNPs at t = 15 min resulted in an
instantaneous, rapid elongation phase and effectively shortened the lag
phase even compared to the untreated αLA (cyan stars in Fig. 3c). Unlike
in the case of PLLMNPs, the fluorescence upon adding uncoated MNPs,
CysMNPs, and ProMNPs at different time points are comparable to
fluorescence values observed after introduction at t = 0 min, suggesting
that the addition time does not affect the aggregation results. From ki-
netic experiments, we conclude that uncoated MNPs and aaMNPs

Fig. 3. Kinetic profiles of αLactalbumin amyloid fibrillization alone (grey squares in each figure) and in the presence of a) uncoated MNPs, b) CysMNPs, c) PLLMNPs,
and d) ProMNPs (ratio w/w αLA: aaMNPs= 1:1) added in different times (t = 0, 10 and 15 min) of αLA fibrillization. Data were obtained using ThT assay. The error
bars represent the arithmetic deviation for repeated measurements of six separate samples. The curves were obtained by fitting the average experimental values using
4-parameter logistic equation in OriginPro software.
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interact with pre-fibrillar and fibrillar species in a different manner.
When added at t= 0, MNPs/aaMNPs interact primarily with monomeric
αLA. In this case, PLLMNPs were the most effective, significantly pro-
longing the lag phase, while uncoated MNPs, CysMNPs, and ProMNPs
displayed amyloid-inducing behavior. Adding uncoated MNPs at later
time points resulted in a lag phase shift to longer times; however, lag
times only correlate to the addition times. The delayed addition of
CysMNPs and ProMNPs (after 15 min incubation) apparently suppressed
their amyloid-inducing properties, effectively elongating the lag phase.
The most striking difference was observed in the case of PLLMNPs,
losing their inhibition efficacy at later addition times, suggesting that
they almost exclusively bind monomeric αLA. Overall, the functionali-
zation of bare MNPs enhanced their anti-amyloid efficacy (with the
exception of CysMNPs). Assessment of their addition time reduced their
amyloid-inducing effect (lag phase shortening). Moreover, in the case of
ProMNPs (all time points) and PLLMNPs (t0), we observed a ~10–12 %
reduction in the number of fibrils formed compared to uncoated MNPs,
in agreement with their lower IC50 values. (Fig. 3a, c, d). Obtained re-
sults are in good agreement with published data for positively charged
MNPs, which promoted the fibrillization of Aβ peptide [16].

All studied aaMNPs displayed concentration-dependent inhibition
effects. CysMNPs exhibited the weakest inhibitory activity, likely bind-
ing weakly with monomers. Moreover, the aggregation pathway was
only slightly influenced (tLAG and tHALF comparable to αLA). Similar
results were observed for cysteine-modified carbon NPs [49]. PLLMNPs
bound αLA more effectively, leading to a lower number of free mono-
mers in bulk available for aggregation prolonging the lag phase and
causing a significant reduction of fibril load (the longest tLAG and second
lowest IC50 values). ProMNPs also significantly shortened lag phases and
reduced amyloid fibril formation, presumably by binding monomers or
pre-fibrillar species. We assume that this adsorption might lead to two
simultaneously acting effects: decreasing the number of free monomers
(the lowest IC50 values) and providing an environment for the mono-
mers to form short-lifetime oligomers, accelerating the formation of
amyloid fibrils (the shortest tLAG and the steepest elongation phase

indicated by the highest kAGG). Published studies support the inhibitory
potential of our aaMNPs, as proline-coated NPs demonstrated to inhibit
amyloid fibril formation by blocking oligomer formation and binding to
amyloidogenic regions through various interactions [24,50]. Similarly,
NPs coated with amino acids containing cyclic structures have shown
significant inhibitory activity [23].

Various types of metal and carbon NPs, can modify the nucleation
phase of amyloid fibril formation by providing an additional surface or
by interacting with amyloid peptides, thus promoting the aggregation.
For instance, some studies found that carbon-based NPs could reduce the
lag phase in the Aβ aggregation, suggesting a similar mechanism [51].
Additionally, NPs’ size and surface characteristics can affect the aggre-
gation dynamics of proteins. Smaller NPs tend to be more effective in
delaying fibril formation compared to larger ones, as they provide a
larger surface area for interaction [14,52]. These findings support our
results as PLLMNPs exhibited the longest lag phase when added at the
beginning of the aggregation or in early stages of the lag phase (Fig. 3c,
t0 and t10). Moreover, the catalytic role of NPs in protein aggregation
has been discussed in the context of enhancing nucleation by stabilizing
intermediates or promoting conformational changes in the protein [14,
53,54].

2.2.2. Destruction of αLactalbumin amyloid fibrils by MNPs and aaMNPs
In addition to inhibiting the formation of amyloid aggregates, we

were also interested in the destructive activity of uncoated MNPs and
aaMNPs on mature amyloid fibrils. The formed LAF (10 μM) were
treated with aaMNPs in a broad concentration range for 24 h. The ability
of MNPs/aaMNPs to interfere with mature LAF was assessed using the
thioflavin T (ThT) fluorescence assay to determine DC50 values (a con-
centration of MNPs/aaMNPs that leads to a 50 % decrease in fluores-
cence intensity corresponding to the destruction of 50 % fibrils). Fig. 4a
plots the relative ThT fluorescence of LAF+MNPs/aaMNPs complexes:
CysMNPs (red triangles), PLLMNPs (blue circles), ProMNPs (green
squares) and uncoated MNPs (black squares) against MNPs/aaMNPs
concentration. As the concentration of MNPs/aaMNPs increases,

Fig. 4. a) Relative ThT fluorescence detected for LAF in the presence of an increasing concentration of CysMNPs (red triangles), PLLMNPs (blue circles), and
ProMNPs (green squares) after 24 h at 37◦ C. The concentration of LAF was constant 10 μM (142 μg.ml-1). The average values of fluorescence intensities obtained
from six independent measurements were normalized to the untreated LAF (taken as 100 %). The curves were obtained by fitting the average values using a non-
linear least-squares method. In the table, values DC50 are reported. b) Zeta potential measured for MNPs/aaMNPs alone and in mixtures with LAF after 24 h at 37◦C
for different concentrations ratios of LAF to nanoparticles.
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relative ThT fluorescence decreases, suggesting a concentration-
dependent destroying effect. Obtained DC50 values are listed in Fig. 4.
The strongest destroying effect with the lowest DC50 (DC50 = 190 ±

4 μg.ml-1) was observed for CysMNPs. The higher DC50 values, except
uncoated MNPs, were determined for PLLMNPs (DC50=275± 1 μg.ml-1)
and ProMNPs (DC50=257 ± 4 μg.ml-1). The highest DC50 was observed
for uncoated MNPs (DC50 = 332 ± 2 μg.ml-1), which implies that the
functionalization of MNPs with the studied amino acids improved the
destructive activity of MNPs on LAF.

Concentration ratios of LAF:aaMNPs = 10:1 (where no or minimal
destructive effects on the DC50 curve are observed), 1:1 (where a
30–45 % destruction from ThT fluorescence is observed), and 1:5
(where fibril destruction is higher than 70 %) were chosen for next an-
alyses. These concentrations are highlighted in the Fig. 4a. The effect on
protein amyloid destruction has been only partially investigated. Barros
et al. showed that the addition of Au-NPs to lysozyme fibrils was asso-
ciated with a larger amount of β-sheet structures in the system once
equilibrium was reached [55].

2.2.3. Effect of MNPs/aaMNPs on zeta potential of αLA and LAF
Understanding the variations in the zeta potential of nanoparticles as

they bind with protein species during amyloid fibrillization is crucial for
unraveling the potential inhibitory mechanisms of aaMNPs. Structural
changes in αLA monomers and different amyloid species upon NP
binding can alter electrostatic interactions, thereby affecting zeta po-
tential [56]. Zeta potential measurements were conducted for aaMNPs
at two concentrations (Table S1b) and αLA+MNPs/aaMNPs mixtures at
1:1 and 1:5 ratios before and after incubation (Fig. 2b). The zeta po-
tential of certain nanoparticles alone (MNPs, PLLMNPs, and ProMNPs)
remained consistent with increasing concentration, while others showed
an increase, notably CysMNPs. Upon incubation with αLA, certain
nanoparticles exhibited changes in zeta potential. αLA+MNPs,
αLA+CysMNPs, and αLA+ProMNPs mixtures at a 1:1 ratio showed
increased zeta potential compared to nanoparticles alone. However, at a
1:5 ratio, the charge of ProMNPs appears to influence their inhibitory
activity significantly. Minimal zeta potential changes were observed for
αLA+PLLMNPs. Changes in zeta potential with time were not observed
for the αLA+CysMNPs complex. It agrees with its lowest inhibitory ca-
pacity. The zeta potential values of αLA and LAF confirm the influence of
protein size and structure (Fig. 4b).

Complexes of LAF with MNPs, CysMNPs, PLLMNPs, and ProMNPs
showed increased zeta potential compared to aaMNPs alone, Fig. 4b.
The zeta potential of native α-lactalbumin (αLA) and LAF was 18.1 mV
and 38.4 mV, respectively. Minimal zeta potential changes were
observed with increasing MNPs/aaMNPs concentration, with a more
pronounced increase for CysMNPs. Zeta potentials of LAF: MNPs/
aaMNPs complexes remained relatively stable over 24 hours at both
aaMNPs concentrations (no significant zeta potential change was
noted). This suggests that the charge of aaMNPs may not influence their
depolymerization activity under these conditions.

To better understand anti-amyloid effects of MNPs/aaMNPs, addi-
tional studies utilizing FTIR and AFM will concentrate only on aaMNPs
and their influence on αLA aggregation.

2.3. Activity of aaMNPs on αLactalbumin aggregation - AFM
morphological analysis

2.3.1. AFM morphological analysis for depolymerization
AFM is an essential technique for the study of surfaces and their

interactions, especially in the case of bio-/non-bio- interfaces. AFM has
been used to visualize the impact of aaMNPs on mature LAF at various
concentration ratios selected from DC50 curves. Figure S3 displays
typical AFM images of LAF incubated with CysMNPs, PLLMNPs, and
ProMNPs at LAF:aaMNPs ratios of 10:1, 1:1, and 1:5. In the 10:1 ratio,
NPs are barely visible. In contrast, in the 1:5 ratio, their abundance
obscures fibril characterization. Further analysis focused on the 1:1

ratio, optimal for distinguishing between fibrils and nanoparticles. AFM
images in Fig. 5a show a reduction in amyloid fibrils, confirming the
destroying activity of each aaMNPs type. Interaction between LAF and
aaMNPs leads to fibril destruction, forming diverse complexes evidenced
by increased number of small objects on the mica surface.

AFM images underwent statistical analysis to quantify aaMNPs’
destroying activity and characterize LAF morphology. Detailed analysis
procedures are outlined in Section 4.4. Grains on the AFM image for
LAF+CysMNPs, for example, were separated based on minimum
circumferential radius (Re) into two intervals: below 100 nm (small Re)
and above 100 nm (big Re) (Fig. 5b). This categorization aimed to
distinguish nanoparticles from longer fibrillar objects. Circularities and
analyzed grain numbers are reported.

The diameter of these complexes represents their size in one
dimension while considering their overall size in three dimensions re-
quires the calculation of the volume. Therefore, we conducted calcula-
tions to determine the volume as a function of the objects’ diameters in
all AFM images. This analysis provides valuable insights into the size
and morphology of the complexes formed between LAF and aaMNPs,
elucidating the nature of their interactions and the effects on amyloid
fibril structure.

Histograms of grains’ volume per 1 µm2 for both intervals are shown
in Fig. 5c for LAF alone (grey bars), aaMNPs alone (semi-transparent
wide bars), and LAF+aaMNPs mixtures (full colored bars). The mini-
mum volume between the grain surface and the plane z = zmin, where
zmin is the minimum height present in the grain, was calculated for each
grain. Errors were estimated as the root sum of the statistical un-
certainties (maximum semi-dispersion).

The provided discussion focuses on the analysis of objects in AFM
images, particularly concerning different ranges of diameters. It is
important to notice the number of objects observed. In the range of small
Re for only aaMNPs, thousands of objects are present on images
(2500–4500 objects were analyzed); for complexes LAF+aaMNPs within
the small diameter range, the number of observed objects is significantly
lower. We found only tens of objects, with the analysis ranging from 3.5
to 100. The number of objects observed increases when examining a
larger range of diameters for the same complexes LAF+aaMNPs. In this
case, we observed hundreds to thousands of objects in the images, with
the analysis ranging from 100 to 1500.

Histograms show small objects (small Re) are nearly absent in the
case of LAF alone (control). In the small Re range, an increased volume
has been noted in the case of LAF+CysMNPs, which is in good agree-
ment with its lowest DC50 value. A decreased volume for
LAF+PLLMNPs, compared to CysMNPs and PLLMNPs alone, is observed.
In the case of the LAF+ProMNPs complex, the volume remains almost
unchanged. In the large Re range, the average object volume remains
unchanged for all LAF+aaMNPs mixtures compared to LAF alone, but
the number of objects is different. For only LAF hundreds of objects were
observed compared to, complexes LAF+aaMNPs resulting in thousands
of objects, but evidently shorter. These findings suggest different effects
of aaMNPs on the size and morphology of amyloid fibrils after 24 h in-
cubation, particularly in the small Re range. At the same time, minimal
alterations are observed in the big Re range.

We plotted the collected data for each LAF+aaMNPs mixture
alongside LAF and aaMNPs alone to analyze grain volume values against
their diameter. Using the LAF+CysMNPs mixture as an example
(Figure S4a), objects within a 1000 nm diameter range are presented to
illustrate the relationship between volume and diameter. The data for
only LAF and only CysMNPs were fitted with an exponential function.
This exponential relationship showed that as the diameter increased, the
volume grew more rapidly for only CysMNPs compared to only LAF
(twice). In Figure S4b, the volume values vs diameter is shown in a
logarithmic scale. Linear regression was used to derive the slope, indi-
cating the rate of volume change concerning diameter for each popu-
lation (LAF, CysMNPs, and their complex) within the 50–3000 nm
diameter range (Figure S4c). Contributions of three populations are
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evident.
We repeated this analysis for every LAF+aaMNPs mixture and found

that each mixture exhibited a higher packing density than LAF alone
(higher slope values), indicating aaMNPs’ affinity to LAF, see Figure S5.
For mature LAF, we observe fibrils maximum diameter/length of up to 3
000 nm. This is in good agreement with published data [57]. For
LAF+aaMNPs complexes, this value is significantly reduced, reaching a
maximum of 1 500–1 800 nm, resulting in shorter and more compact
aggregates. However, the slope values for mixtures were lower
compared to aaMNPs alone, suggesting a less densely packed structure.
This indicates that the 24 h treatment of LAF with aaMNPs resulted in
the presence of a significant quantity of smaller objects compared to
only LAF, confirming the destructive effect of aaMNPs. All derived
values are listed in Table S2.

Our depolymerization study shows that aaMNPs have the ability to
depolymerize LAF to some extent in concentration-dependent manner.
However, the surface functionalization of aaMNPs has no significant
impact on the observed depolymerization activity of aaMNPs (DC50
values within the range of 190 – 275 μg.ml-1). AFM images analysis
suggest that morphological changes in LAF+aaMNPs complexes, espe-
cially in small intervals of diameters, indicate potential interactions
facilitating depolymerization.

We suggest that the ability of aaMNPs to destroy LAF is caused by the
adsorption of the nanoparticles on amyloid fibrils. A similar effect was
observed for the interaction of MNPs with amyloid fibrils of hen egg

white lysozyme [58]. The interactions between nanoparticles and fibrils
most likely lead to the interruption of the interface between two
neighboring β-sheets stabilizing the amyloid fibrils. These results are in
good agreement with published data regarding the destroying activity of
various nanoparticles [46,50].

2.3.2. AFM morphological analysis for inhibition
It’s crucial to highlight the complementary nature of ThT fluores-

cence and AFM imaging in characterizing fibril formation processes.
AFM images of αLA amyloid structures formed alone or with aaMNPs (at
1:1 concentration ratio) reveal crucial insights, Fig. 6. At 25 minutes,
αLA alone displays short protofibrils and fibrillar aggregates, progress-
ing to longer, mature fibrils at 180 minutes. In contrast, αLA with
CysMNPs at 25 minutes exhibits small objects, likely nanoparticles with
protein prefibrillar species, and short protofibrils. By 180 minutes,
mature fibrils with fewer free nanoparticles are observed. Similarly, αLA
with ProMNPs at 25 minutes shows significant material deposition,
mainly protofibrils or prefibrillar species, and short fibrils. By
180 minutes, shorter fibrils and aggregates, distinct from untreated fi-
brils, are present. The αLA+PLLMNPs complex, with the longest lag
time, predominantly reveals small non-fibrillar objects at 25 minutes,
transitioning to short mature fibrils at 180 minutes. These observations
underscore the significant impact of all aaMNPs on fibril formation
dynamics, highlighting the interplay between nanoparticles, fibril as-
sembly rates, and resultant fibril morphology.

Fig. 5. a) Typical AFM images of 7 µg.ml-1 LAF alone and in the presence of aaMNPs after 24 h incubation at 37 ◦C: from left to right LAF alone (control),
LAF+CysMNPs, LAF+PLLMNPs and LAF+ProMNPs. The ratio of LAF:aaMNPs = 1:1. All images are 5×5 μm with a scale bar representing 1 μm. b) Grain selections
from LAF+CysMNPs AFM image; grains are separated in two intervals of the minimum circumcircle radius Re: below 100 nm (small Re interval) and above 100 nm
(big Re interval). Grain circularity corresponds to 0.5–1 for a small interval and 0–0.5 for a big one. c) The surface volume of grains per 1 µm2 for adequate intervals is
plotted. The errors were estimated as the sum in quadrature of statistical uncertainties (maximum semi-dispersion). Semi-transparent bars represent aa-MNPs alone.
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Statistical analyses of samples post-inhibition experiments further
elucidate these dynamics. The diameter/length of fibrils in complexes
with aaMNPs is significantly reduced compared to untreated fibrils,
resulting in shorter and more compact aggregates. Notably, the slopes of
observed populations of complexes remain relatively consistent over
time, suggesting sustained interactions within complexes, Figure S6.

The histograms of object volume per μm2, showed in Fig. 7, reveal
fluctuations over time, with smaller objects dominating initially, espe-
cially in complexes of CysMNPs and ProMNPs, indicating accelerated
nucleation processes. However, after 180 minutes, all αLA+aaMNPs
complexes exhibit an abundance of objects, with significant increases in
volume observed in the larger size range, coinciding with changes in

Fig. 6. Typical AFM images of 7 µg.ml-1 αLA amyloid structures formed alone and in the presence of aaMNPs measured after a) 25 min and b) 180 min at 65◦ C and
1200 rpm: from left to right CysMNPs, PLLMNPs and ProMNPs. The ratio of αLA: aaMNPs = 1:1. All images are 5×5 μm with a scale bar representing 1 μm. Per-
centage taken from measurement of relative ThT fluorescence.

Fig. 7. Statistical analyses from AFM images. Bar graphs depicting the volume of grains in the population of objects per square micrometer (µm²) under inhibition
conditions at two specific time points: a) 25 minutes and b) 180 minutes. Histograms depict the distribution of objects in both large and small size ranges. At
25 minutes, small objects (< 100 nm) are prevalent (Small Re range), contrasting with a scarcity of objects above 100 nm (Big Re), notably in αLA. However, by
180 minutes, histograms balance in both intervals. There’s a tripling of objects in Big Re ranges. The use of two distinct time points implies a temporal aspect to the
study and provides insights into the dynamics of the inhibition process over time.
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zeta potential. The longer lag phase in αLA+PLLMNPs contributes to
higher volumes of objects, reflecting the relationship between lag phase
duration and object volume.

The relative ThT fluorescence percentage values serve as indicators
of amyloid fibril presence and abundance in relation to observed object
volumes. Despite representing 100 % fibrils, untreated αLA exhibits
volume distributions similar to those of αLA+PLLMNPs and
αLA+ProMNPs after 180 minutes. This comprehensive overview high-
lights the intricate dynamics of object distribution over time and the
influence of amino acid coatings on object density and behaviour in the
studied systems.

In conclusion, the integration of ThT fluorescence and AFM provides
a holistic understanding of protein fibril formation processes, especially
in the presence of aaMNPs. These techniques reveal crucial insights into
fibril morphology, nanoparticle-protein interactions, and the dynamics
of fibril assembly.

2.4. Activity of aaMNPs on αLactalbumin secondary structure - FTIR
analysis

ATR-FTIR spectroscopy was utilized to analyze the secondary
structure of αLA after inhibition and destruction by aaMNPs at a 1:1
ratio, Fig. 8. Deconvolution of the spectra obtained after inhibition
revealed a shift in absorption maxima, indicating a reduction in β-sheet
content by almost 30 % compared to untreated α-LA fibrils (Table S5).
This suggests the ability of aaMNPs to inhibit amyloid aggregation,
which is consistent with ThT assay and AFM findings. The position of the
bands in the amide I region provides information about the secondary
structure of the aggregates. Mature LAF (control) are characterized by
1617 cm-1, 1624 cm-1, and 1636 cm-1 bands, indicating a significant
amount of β-sheet secondary structure typical for amyloid fibrils [59].

The spectra of all LAF+aaMNPmixtures contain these bands; however, a
decrease in intensity was observed. Our data show that, compared to
LAF alone, LAF+aaMNPs shifted absorption maxima from 1624 cm-1

towards 1646 cm-1, indicating an increase of unordered structure at the
expense of β-sheets supporting the ability of aaMNPs to depolymerize
LAF to some extent. Deconvolution of the recorded spectra was per-
formed to quantify the protein secondary structure content, which is
summarized in Table S3.

3. Conclusions

Our study demonstrates the dose-dependent effect of uncoated MNPs
and aaMNPs on the process of αLA amyloid fibrils formation and mature
LAF destruction. ProMNPs, with smaller hydrodynamic diameter,
showed the most potent inhibitory effect (IC50=134.6 µg.ml-1), while
CysMNPs displayed the strongest depolymerizing efficiency (DC50 =

190.4 μg.ml-1).
The incubation of aaMNPs with LAF destabilizes and destroys the

LAF. Nanoparticles provide a large surface area for interactions with
LAF, facilitating the destabilization of LAF́ β-sheets. This leads to the
formation of amyloid aggregates with a higher content of unordered
structures at the expense of β-structures.

In the inhibition scenario, aaMNPs adsorbed protein monomers,
reducing the availability of free monomers to aggregate, resulting in
fewer fibrils. Interestingly, ProMNPs possess dual inhibitory activity.
They can bind monomers and prefibrillar species, leading to the
decrease of free monomers and facilitate the formation of short-lifetime
oligomers, accelerating the formation of low amounts of amyloid fibrils.

AFM imaging revealed alterations in aggregate morphology upon
interaction with aaMNPs, influencing fibril size distribution. For the first
time, statistical analysis of AFM images quantified the anti-amyloid

Fig. 8. ATR-FTIR spectra recorded to determine inhibition (a-c) and depolymerization (d-f) activity of aaMNPs on secondary structure of αLA aggregates. FTIR
spectra of native αLactalbumin (αLA; full light grey lines), untreated LAF (only LAF; dashed dark grey lines) and after 3 h of fibrillization of αLA in the presence of
aaMNPs: a) αLA+CysMNPs (red solid line), b) αLA+PLLMNPs (blue solid line) and c) αLA+ProMNPs (green solid line) and after 24 h incubation of mature fibrils
with aaMNPs: d) LAF+CysMNPs (red solid line), e) LAF+PLLMNPs (blue solid line) and f) LAF+ ProMNPs (green solid line).
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activity of aaMNPs, demonstrating their influence on the dimensionality
of amyloid aggregates. AFM analysis provided insights at the nanoscale
level, enhancing our understanding of nanoparticle-fibril complexes.

Moreover, differences in cytotoxicity observed between PLLMNPs,
CysMNPs, and ProMNPs may stem from variations in their surface
properties. While CysMNPs and ProMNPs showed minimal cytotoxicity,
PLLMNPs induced cell death, and alteredmorphology, likely due to their
high positive charge density. In summary, our findings indicate that the
coating and size of nanoparticles are very important in influencing
amyloid aggregation.

These findings suggest diverse mechanisms of aaMNPs’ anti-amyloid
effect and help understand the impact of different surface modifications
on protein amyloid aggregation.

4. Experimental methods

Poly-L-lysine hydrobromide (0.1 % (w/v) in H2O, Mw = 150000 –
300000 g/mol), L-proline (99 %), cysteine (≥ 98 %), ferric chloride
hexahydrate (FeCl3⋅6 H2O), ferrous sulfate heptahydrate (FeS-
O4⋅7 H2O), ammonium hydroxide (NH4OH), perchloric acid (HClO4),
α-lactalbumin from bovine milk (lyophilized powder, type III, calcium
depleted, purity ≥ 85 %, lot number L6010, CaCl2, thioflavin T (ThT)
and all other chemicals were obtained from Sigma-Aldrich Company (St.
Louis, MO). The protein concentrations were determined spectropho-
tometrically (UV VIS JASCO V-630 spectrophotometer) using an
extinction coefficient for α-lactalbumin in water (ε) of 28,540 M− 1 cm−

1 at 280 nm at λ = 280 nm [60]. Ultrapure deionized water (Milli-Q) was
used throughout the experiments.

4.1. Preparation of iron oxide nanoparticles

Aqueous solution of magnetic nanoparticles (MNPs) stabilized with
perchloric acid was prepared by the method described in detail previ-
ously [28,29]. The concentration of Fe3O4 in MNPs estimated by thio-
cyanate colorimetry [61] was 30 mg. ml-1. The coating of iron oxide
MNPs with amino acid (aa) cysteine (Cys), poly-L-lysine (PLL) or proline
(Pro) was carried out by mixing aqueous solution of the corresponding
amino acid with MNPs in the weight ratio of aa/Fe3O4 = 1.3/1, 2/1 and
5/1 for Cys, PLL and Pro, respectively. Then, the samples were centri-
fuged at 35 000 rpm for 2 hours; the nonmagnetic fraction (supernatant)
was removed. The sediment (magnetic fraction) containing Fe3O4 at
concentration of 20 mg. ml-1 (determined by colorimetric method) was
used for further experiments and are referred to as aaMNPs.

4.2. Dynamic light scattering method (DLS) and Laser Doppler
velocimetry of iron oxide nanoparticles

The prepared samples were characterized using a various method in
order to determine their properties.

Zetasizer NanoZS (Malvern Instruments) instrument was used for
both particle size analysis (using DLS as the basic principle of operation)
and zeta-potential measurement (using Doppler electrophoresis as the
basic principle of operation). DLS with laser beam λ = 633 nm produced
by a He-Ne laser, operating with a scattering angle of 173◦, was applied
to determine the hydrodynamic size distribution of MNPs and aaMNPs.
The measuring cell (DTS0012) was used for the size determination
studies. Electrophoretic mobility was measured using a Folded Capillary
Zeta Cell (DTS1070). The samples with the desired concentration were
injected into the cells to cover the electrodes of the cells completely. The
sample was injected slowly into the cells to avoid air bubbles, and
analysis was only carried out if no visible air bubble inclusions were
present. After measurements, the instrument calculated the zeta po-
tential from the electrophoretic mobility using the Smoluchowski
equation: ζ = (U.η/ε), where ζ is zeta potential, U is electrophoretic
mobility, η is a medium viscosity, and ε is the dielectric constant. The
zeta potential transfer standard from Malvern was used for instrument

verification.

4.3. ATR-FTIR spectroscopy of aaMNPs

ATR-FTIR spectra of 30 mg. ml− 1 amino acids, 10 mg. ml− 1 aaMNPs
alone were recorded with a Nicolet 8700 FTIR spectrometer (Thermo
Scientific) equipped with a Smart OMNIC sampler (diamond prism).
Each spectrum represents an average of 64 interferograms recorded in
the broad region (1800–500 cm− 1) with a resolution of 4 cm− 1. Each
sample was measured as a triplicate (n = 3). The buffer (background)
was subtracted from the spectrum.

4.4. AFM measurements

Samples of aaMNPs, and LAF+aaMNPs, αLA+aaMNPs complexes for
AFM were prepared by drop casting method. An aliquot of 10 μL solu-
tion diluted to a required concentration was deposited on the surface of
freshly cleaved mica and after 10 min adsorption, the substrate was
rinsed with ultrapure water and dried with N2 gas. AFM images were
taken in the SPM@ISMN facility using a standalone SMENA NT-MDT
(NT-MDT, PRA.MA. Sondalo, Italy) microscope operated in semi-
contact mode by silicon cantilevers (NSG10, NT-MDT, PRA.MA. Son-
dalo, Italy) with typical force constant 11.8 N/m. The topographic im-
ages were corrected line by line for background trend effect with second-
order polynomial fitting (Image Analysis 2.2.0, NT-MDT, PRA.MA.
Sondalo, Italy) and line profile analyses were performed using Gwyd-
dion software [62].

4.5. Analysis of AFM- data processing and grain analysis

All images for statistical analyses were 5μm x 5μm in size with res-
olution set to 1024 ×1024 px2. This means that 1 pixel corresponds to
4.88 nm. This is an important factor to take into consideration since we
worked with nanoparticles with diameters of tens of nanometers and
considering that the tip has a radius of curvature of 10 nm, a pixel res-
olution allows us to describe nanoparticles with more pixels (i.e. with
more points). All images were analyzed with Gwyddion software [62],
an open source software dedicated to the analysis of images produced
with microscopes probe scanning. Overall 2500–4500 objects were
analyzed.

To be able to distinguish and analyze nanoparticles, single or more
frequently aggregated, from protofibrils or mature fibrils we used two
parameters: I.) Circularity - this parameter is calculated as a function of a
circumference which has the same area as the object and the perimeter
of the particle projected. The value of roundness, between 0 and 1, al-
lows us to do so to evaluate the geometry of an object; a perfectly
rounded object will assume circularity equal to 1 while an object
completely irregular will assume circularity equal to 0. On the basis of
this parameter, in our study we hypothesized that we could do this
classification: protofibrils or mature fibrils were marked as objects with
circularity between 0 and 0.5, i.e. as multiple objects or less irregular
while the nanoparticles were marked as objects with circularity between
0.5 and 1, i.e. as regular objects (rounded). II.) Minimum circumcircle
radius ("Re"): corresponds to the radius of the smallest circumference
containing the object [63]:

Nanoparticles are objects much smaller than the fibrils and taking
the phenomenon into account of tip-sample convolution, it was possible
to group the nanoparticles in the Re range 0–100 nm (Interval small Re)
and the fibrils in the range Re 100–1500 nm (Interval big Re). We have
these values subsequently doubled to obtain the diameter of the
circumcircle minimum.
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After setting these parameters, we analyzed the number of objects
presented on AFM images, their area and their volume. Gwyddion offers
different mathematical functions to calculate the area and volume of
objects. We used the following functions: I.) "Surface area": the surface
area is estimated by the following method. Let zi for i = 1, 2, 3, 4 denote
values in four neighbor points (pixel centers), and hx and hy pixel di-
mensions along corresponding axes. If an additional point is placed in
the center of the rectangle which corresponds to the common corner of
the four pixels (using the mean value of the pixels), four triangles are
formed and the surface area can be approximated by summing their
areas. The method is now well-defined for inner pixels of the region. The
triangulation scheme for the calculation of the surface area is shown:

II) Grain minimum basis (Vmin): the volume between grain surface and
the plane z = zmin, where zmin is the minimum value (height) occurring
in the grain. The grain volume is, after subtracting the basis, estimated
as the volume of exactly the same body whose upper surface is used for
surface area calculation. Afterwards data were calculated per 1 µm2.

More than 100 images were analyzed. Each sample was measured as
a triplicate. For our study, we used above described tool to export the
raw data (ascii file) of the average height, surface area and volume with
minimum grain base (Vmin). Ascii files were afterward plotted in Ori-
ginLab graphics software (OriginLab Corporation, Northampton, MA,
USA) [64] with statistical test ANOVA single factor used to processed the
results with p< 0.001 (n=3).

4.6. Nanoparticles cytotoxicity assessment – LDH assay

The HEK 293 (human epithelial kidney cell line ATCC CRL-1573)
was used to evaluate cell viability in the presence of aaMNPs. The
HEK 293 cells (passage 9) were seeded to a 96-well plate at 10,000 cells/
well density in 10 % DMEM and incubated overnight in a humid at-
mosphere (5 % CO2, 37 ◦C). The aaMNPs were firstly dispersed in ultra-
pure H2O to 10 mg.ml-1 (magnetite concentration). The serial dilution of
studied NPs (0.1, 1, 10, 50, 100, and 200 µg/ml) was prepared in 10 %
DMEM. The samples were added to attached cells in 96-well plates and

incubated for 24 h. After a given time, the LDH assay was performed
following manufacturer protocol (CyQUANT, Invitrogen company). The
absorbance of all samples was measured at 490 nm with correction at
680 nm using microplate reader Synergy Mx (BioTek Company, USA).
Statistical significance was determined using ANOVA single factor. The
viability of cells after treatment with aaMNPs was calculated from
following equation:

%Viability=100 −
(Compound − LDH activity – Spontaneous LDH activity)

(Max LDH activity – Spontaneous LDH activity)
×100

(1)

4.7. Formation of αLactalbumin amyloid fibrils (LAF) for
depolymerization

αLA was dissolved to a final concentration of 5 mg.ml-1 in 100 mM
CaCl2. Protein solutions’ pH was adjusted to 2.0 by the addition of HCl.
The formation of amyloid fibrils was achieved by incubating the protein
solution at 65 ◦C and constant stirring (1200 rpm) for 90 min. The for-
mation of amyloid fibrils was confirmed using ThT assay and atomic
force microscopy (AFM).

4.8. Formation of αLactalbumin amyloid fibrils (LAF) for inhibition

αLA was dissolved to a final concentration of 20 μM (284 μg.ml-1) in
100 mM at CaCl2, pH 2.0. To produce the αLA amyloid fibrils (LAF),
50 μl of the protein solution was incubated at 65 ◦C and stirred
constantly (1200 rpm) for 3 h. The formation of lysozyme amyloid fi-
brils was monitored by characteristic changes in thioflavin T fluores-
cence intensity (ThT assay). Morphology of fibrils was examined using
atomic force microscope.

4.9. Thioflavin T (ThT) fluorescence assay

20 μM thioflavin T was added to αLA samples (10 μM) and samples
were incubated at 37 ◦C for 1 h. Fluorescence intensity was measured in
black 96-well plates using a Synergy Mx spectrofluorometer (BioTek
Company, USA). The excitation wavelength was set at 440 nm, and the
emission recorded at 485 nm. The emission slits were adjusted to 9.0/
9.0 nm, and the top probe vertical offset was 6 mm. All ThT fluorescence
experiments were performed in triplicate and the final value is the
average of measured values with average deviation.

4.10. Effect of aaMNPs on αLA amyloid fibrillization and LAF-
determination of IC50 and DC50

The fibrillization of αLA was carried out in presence of CysMNPs,
PLLMNPs and ProMNPs to investigate their ability to inhibit the for-
mation of amyloid aggregates and to destroy LAF. To determine IC50 and
DC50 values (concentration of nanoparticles at which inhibition of fibril
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formation or destroying of amyloid fibrils is half maximal), the effect of
studied nanoparticles was investigated at nanoparticle concentrations
ranging from 2 μg.ml-1 to 4260 μg.ml-1 of Fe3O4 at a fixed protein con-
centration (10 μM corresponding to 142 μg.ml-1 for inhibition experi-
ments and 20 μM corresponding to 284 μg.ml-1 for depolymerization
experiments). The extent of aggregation was observed using ThT assay.
All data were normalized to ThT fluorescence determined for LAF fibrils
formed alone (100 %). Each experiment was performed in 6 replicas and
the final value represents the average of the measured values with
average deviation. The IC50 and DC50 values were determined from
curves obtained by fitting of the average fluorescence values with
sigmoidal function - Sigmoid, Parameter 3 in the Origin software (Systat
Software Inc., USA) using following equation

y =
a

(

1+ exp
(

(x− x0)
b

)), (2)

where x0 corresponds to IC50 or DC50 value.

4.11. Kinetics of amyloid fibrillization

ThT assay was used for measurement of the kinetics of αLA fibril
formation alone (284 μg.ml-1) or in presence of aaMNPs (284 μg.ml-1),
w/w ratio of LAF: nanoparticles (related to Fe3O4) = 1: 1. The samples
were incubated at 65◦C, acidic pH and the aliquots were withdrawn at
given time. Every experiment was performed in 6 replicas and the re-
ported values are averages of measured data, the error bars represent the
average deviation.

4.12. Analysis of kinetics data of amyloid fibrillization

The kinetics of αLA fibril fibrillization represented by changing of
ThT fluorescence intensities were plotted as a function of time and fitted
by a Boltzmann sigmoidal described by following equation

y = A1 +
(A2 − A1)

(

1+ exp
(

− (t− thalf)
τ

)), (3)

where y is the fluorescence intensity, A1 and A2 are the initial and the
final values of ThT fluorescence intensity, t is the time, thalf is the time at
half-height of fluorescence maximum, and τ is the time constant
describing the steepness of the curve at t = thalf . This equation was used
to determine the kinetic parameters including the lag time tlag = thalf −

2τ, the apparent fibril growth rate kagg=1
τ and span = A2 − A1.

4.13. ATR-FTIR spectroscopy of αLA, LAF and their mixtures with
aaMNPs

Solution of 5 mg.ml− 1 αLA, LAF, and αLA/LAF:aaMNPs mixtures
(5 mg.ml− 1 of αLactalbumin incubated 3 h for inhibitory experiment,
24 h for destroying) with 5 mg.ml− 1 studied nanoparticles) were
recorded with a Nicolet 8700 FTIR spectrometer (Thermo Scientific)
equipped with a Smart OMNIC sampler (diamond prism). Each spectrum
represents an average of 254 interferograms recorded in the amide I
region (1700–1600 cm− 1) with a resolution of 2 cm− 1. Each sample was
measured as a triplicate (n= 3). The buffer (background) was subtracted
from the spectrum.
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