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Abstract: The purpose of this study was to apply functionalized magnetic nanoparticles for the
treatment of amyloidosis, a disease characterized by the accumulation of aberrant protein forms
with an insoluble amyloid structure. The dissolution and clearance of these extremely stable fibrils
from lesions is very complicated. For this purpose, we examined the possibility of using magnetic
nanoparticles that generate heat in an external alternating magnetic field with a frequency of 3.5 MHz.
As a convenient model system, we used lysozyme fibrils. For the quantification of fibrillar status, we
used Thioflavin T and Congo red, specific dyes which change their spectroscopic properties upon
binding with the cross-beta structure of fibrils. We found that by using fluorescence, and polarization
microscopy, as well as absorption spectrophotometry, the amyloid-like fibrils can be almost completely
dissolved. The obtained results suggest that the application of magnetic nanoparticles could be a
possible therapeutic intervention in cutaneous amyloidosis.

Keywords: lysozyme; magnetic nanoparticles; alternating magnetic field; cutaneous amyloidosis;
hyperthermia

1. Introduction

Amyloidosis is a class of diseases caused by the accumulation of normally soluble
proteins, which, in this case, forms a beta sheet-rich structure that ultimately leads
to cell death. Unfortunately, curative treatment is not available for these diseases [1].
Amyloidosis has a very long history, beginning in 1639 with Nicolaes Fonteyn describing
a pathologically large human spleen full of white inclusions, which, in the year 1789,
were named as amyloids by Antoine Portal. Nowadays, more than 100 human amyloid
diseases are caused by fibrillar plaques [2-9]. The most known are Alzheimer’s (A3
peptides) and Parkinson’s (x-synuclein) diseases. Less known diseases are, for example,
familial amyloid polyneuropathy (transthyretin) and hemodialysis-related amyloidosis
(B2-microglobulin). Despite the long history of these diseases, a detailed molecular
mechanism of their origin is not completely known. Potential treatments become a
compelling challenge and include inhibitors of molecules that induce fibril formation
and fibril disaggregation [10-16]. The focus of this study is primary localized cutaneous
amyloidosis, which is a rare chronic disorder characterized by the cutaneous deposition
of insoluble amyloid protein between the dermis and epidermis in previously normal
skin, without internal organ involvement [17-21]. There are three types: macular, nodu-
lar, and lichen (Figure 1). As therapeutic modes, topical and intralesional corticosteroids,
capsaicin, DMSO, vitamin D3, colchicine, ultraviolet phototherapy in combination with
psoralens, surgery, cryotherapy, and laser therapy are used [22-24].
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Figure 1. Typical examples of primary localized cutaneous amyloidosis: (a) macular amyloidosis;
(b) lichen amyloidosis; (c) nodular amyloidosis; (d) area of notalgia paraesthetica in macular amyloi-
dosis. Available from dermnetnz.org (accessed on 13 February 2023), a free dermatology resource.

As a convenient protein, widely used for the study of amyloid formation, we used
hen egg white lysozyme—HEWL. From a chemical aspect, lysozymes are glycoside hydro-
lases [25]. HEWL, with an almost identical tertiary structure to human lysozyme (Figure 2),
is, therefore, a useful and easily available protein for the study of the process of amy-
loidosis. Although our goal is not directly the development of a method for removing
lysozyme amyloid plaques, the method we are testing in this work may also be useful for
this purpose [26,27].

Results from previous investigations revealed [29-33] that functionalized magnetic
nanoparticles (MN) are also useful as an inhibitor of amyloidosis. Another emerging treat-
ment, proved useful also in tumor eradication, is hyperthermia, efficient for the destruction
of amyloid aggregates, for example, high-power ultrasound [34] microwaves [35,36] or laser
treatment combined with gold nanoparticles [37,38]. The shortcoming of this approach
is its diffuse nature and the need for long-time irradiation, which lead to unwanted side
effects in adjacent tissues.

In this study we decided to evaluate the effect of heating MN after exposure to an
alternating magnetic field (AMF) [39-46] on the dissolution of lysozyme fibrils. The leading
idea is to investigate the possible synergism of hyperthermia and MN on their interaction
with amyloid fibrils and on the enhancement of fibril dissolution. For these purposes, we
utilized the unique properties of Congo red and Thioflavin T [47], which, after their specific
binding to fibrils, can monitor the extent of HEWL fibrillation via spectroscopy, as well as
fluorescence and polarization microscopy.
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Figure 2. Structures of (a) human lysozyme 1LOZ and (b) hen egg yolk lysozyme 1LYZ, available
from the RSCB Protein Data Bank archive [28].

2. Materials and Methods
2.1. Materials

HEWL, Congo red (CR), Thioflavin T (ThT), as well as other reagents were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Magnetic nanoparticles fluidMAG-OS, stabilized
by the sodium salt of oleic acid with sodium carboxylate -COO™ Na* functional group,
were kindly supplied by Chemicell GmbH (Berlin, Germany). Buffered solutions were
filtered through a 0.22 pm Micro Syringe filter (Millipore, Billerica, MA, USA).

2.2. Amyloid Fibrils Preparation

For the preparation of stock solutions of fibrils, 20 mg-mL~! of HEWL was added
to 100 mM phosphate buffer with 150 mM NaCl of pH 2 [47], which was then stored in
an incubator at 65 °C for 7 days. As has been demonstrated, this is the most common
condition used for inducing amyloid fibrillogenesis of HEWL. The experiments were
carried out in such a way that the desired amounts of magnetic nanoparticles were added
per 1 mL of fibrils with a concentration 2 mg-L~! (the molar extinction coefficient of HEWL
is 37,646 M~ cm™~! at 280 nm) and an AMF field with a frequency of 3.5 MHz was applied
for 15 min.

2.3. Thioflavin T Binding Assays

For fluorescence microscopy, 10 mM ThT (the molar extinction coefficient of ThT is
26,620 M~ cm~! at 412 nM) in double-distilled water was used. After binding ThT to the
(3-sheet-rich regions of fibrils, an approximately 10-fold fluorescence enhancement was
observed at 482 nm, when excited at 450 nm.

2.4. Fluorescence Microscopy

To 10 uL of fibrils deposited on a glass slide, 5 uL of 1 mM ThT was added, and the
sample of amyloid fibrils was monitored by means of an epifluorescence unit of a Meiji
Techno TC5400 (Saitmama, Japan) biological inversion microscope. Photos were acquired
using a Canon EOS400-D camera (Figure 3).
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Figure 3. Visualization of amyloid structures using optical microscopy of CR-stained samples and
polarized light between crossed polarizer and analyzer (left). ThT—stained samples were examined
using fluorescence microscopy (right). Scale bar for both structures: 200 pum.

2.5. CR Binding Assay

A CR dye solution in 25 mM phosphate buffer (pH 7.4) with a concentration of 25 uM
(the molar extinction coefficient of CR is 45,000 M~! cm~! at 498 nm) was used, and 250 uL
samples of HEWL fibrils, MN, and CR at desired concentrations were made. Spectral anal-
ysis was performed using a UV /Vis spectrophotometer UV mini-1240 (Shimadzu, Japan)
in the range of 400 and 600 nm at room temperature using a quartz cuvette. CR staining
is a standard method [48-51] for the visualization of amyloids, exhibiting apple-green
birefringence under polarized light microscopy. The sample solution was deposited onto
a glass slide after air-dried CR was added; when viewed under cross-polarized light, it
exhibited a typical birefringence pattern (Figure 3).

2.6. Application of Alternating Magnetic Field (AMF)

For the alternating magnetic field heating of MN bound to fibrils, we used an AMF
generator GV6A (ZEZ, Rychnov, Czech Republic) working at 3.5 MHz (the magnetic field
induction intensity was 1.2 kAm™!). For cooling, water was circulated through the three
15 cm copper coil turns. The temperature was measured using a fiber-optic temperature
sensor system (TS5 and FOTEMPMK-19, Optocon AG, Dresden, Germany).

2.7. Measurement of Magnetization Curve

The magnetic properties were investigated using a MicroMagTM3900 (Princeton
Measurements Corp., Westerville, OH, USA) vibrating sample magnetometer.

2.8. Calculation of Fractal Dimension

For the determination of the fractal dimension of amyloid fibrils, the box-counting
method was used, in which the surface profile was covered by N squares. By continuously
changing the size of the squares 1, their number N needed to cover the surface changes. In
this way, we obtained data for the construction of the dependence log(N) = D x log(r). Its
correlation is a straight line, the slope of which indicates the fractal dimension D of the
given surface. Efficient and precise HarFA v. 5.5 software [52] was used for this purpose.

3. Results and Discussion

The magnetic nanoparticles have great potential in biomedical and clinical applications
because of their unique physicochemical properties. Previous studies have reported that
oleic acid and sodium oleate have a high affinity to the surface of iron oxide particles,
being effective in the stabilization of nanoparticles by steric repulsion. It is possible to
obtain iron oxide nanoparticles coated with monolayers of these surfactants, which are
dispersible in organic solvents, or bilayers that can be dispersed in water. In the latter case,
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the primary layer is first adsorbed onto the surface of the nanoparticles through chemical
bonds between the carboxylic acid head groups of the surfactant molecules and the particle
surface. The secondary layer is adsorbed onto the primary layer through hydrophobic
interactions. Thus, the outermost layer provides hydrophilic groups that make the magnetic
nanoparticles dispersible in aqueous solutions [53-56].

Toxicity is crucial for biomedical applications. Sun et al. [57] reported that magnetite
nanoparticles coated with sodium oleate had a low toxicity and a better biocompatibility
than magnetite nanoparticles coated with polyethylene glycol. Jain et al. evaluated the
distribution, clearance, and biocompatibility of iron oxide magnetic nanoparticles coated
with oleic acid and Pluronic® in rats [58]. They found that the coated nanoparticles did
not cause long-term changes in liver enzyme levels, or induce oxidative stress, and, thus,
can be safely used for drug delivery and imaging applications without significant levels of
toxicity. For our experiments, we decided to use commercial sodium oleate-functionalized
magnetic nanoparticles fluidMAG-OS. The advantage is that they are certified to “Good
Manufacturing Process (GMP)” standards and may be more rapidly transferred to medically
approval processes. Moreover, the toxicity and biocompatibility of these products must be
resolved prior to their commercialization [58].

The magnetization of fluidMAG-OS, as shown in Figure 4, exhibits a value of about
41 emu/g at an external field strength of 15,000 A/m. This is approximately 44% of the bulk
saturation magnetization of magnetite (92 emu/g). Furthermore, the magnetization does
not saturate for this large value of the external field strength. Both results are signatures of
small size superparamagnetic nanoparticle systems. The reduced value of magnetization
may be partially attributed to dilution effects, caused by the presence of the sodium oleate
adsorbed layer.
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Figure 4. Magnetization curve of fluldMAG—OS magnetite nanoparticles; full symbols represent the
experimental results, and the line represents the theoretical model.

From a patient safety aspect, it is important to realize that in the human body,
water is a conductor, and eddy currents can be induced, causing a damaging effect
by AMF. Therefore, there must be an upper limit for the allowed magnetic field and
frequency that can be safely applied to living organisms. In 1984, Atkinson et al. [59]
performed some clinical tolerance tests on healthy volunteers. They conducted the test
using a single-turn induction coil, which was placed around the thorax of the volunteer.
They also found that field intensities up to 35.8 A-turns/m at a frequency of 13.56 MHz
could be thermally tolerated for extended periods of time. Importantly, for human
exposure, it is pivotal to maintain the product of the magnetic field strength (H) and
its frequency (f) below a threshold safety value known as the “Atkinson-Brezovich
criterion”, where the product of magnetic field intensity and frequency H X f should
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not exceed 4.85 x 10° A/m/s. This criterion is considered, at best, an upper limit when
applying a uniform field over an entire thorax of an adult. In practice, smaller coils are
used with inhomogeneous fields and off-axis field directions, which are significantly
different conditions than those used by Atkinson et al. [59]. These factors are expected
to reduce eddy current heating. Hence, this criterion should not be considered as the
only one. In a more recent study [60], the authors suggested that the upper limit for
H X fshouldbe5 x 109 A/m/s. In this paper, H = 1.2 X 103 A/mandf=35 x 100s~!
were used; therefore, our product was H x f=4.2 x 10° A/m/s. Therefore, the AMF
used in this study would also be safe for clinical applications.

An example of the heating curve of the fluidMAG-OS suspension is shown in Figure 5.
For sodium oleate fluidMA-OS (diameter 50 nm) with a concentration of 25 mg~mL’1, the
increase in temperature is rather fast, with a temperature of 90 °C being achieved in 1 h. In
the control experiments, heating of the sample without magnetic nanoparticles was found
to be negligible. To avoid higher temperatures, the maximal concentration of magnetic
nanoparticles used in all experiments was 2 mg-mL ™.
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Figure 5. Kinetics of the temperature increase of fluidMAG-OS magnetite nanoparticles in 3.5 MHz AMF.
Mean values (red squares) and standard deviations (error bars) from five independent experiments.

From measurements of the time-dependent temperature curves, the temperature-to-
time variation for the start of heating (AT/At) was calculated from the regression line.
For thermally equilibrated samples with steady temperatures before exposure to an AMF-
specific loss power (SLP), an important parameter characterizing the heating capabilities of
magnetic nanoparticles was calculated by the following formula [61]:

Msample daT

SLP=C-
myp dt

where C is the specific heat capacity of the sample, myp is the total mass of magnetic
nanoparticles in the suspension, Mg is the mass of the sample mixture, T is the tempera-
ture, and f is time. From the measured values, for fluidMA-OS we obtained SAR =124 W/g
at a frequency of 3.5 MHz and a magnetic field of 1.2 kA/m.

The MN's ability to destroy amyloid fibrils is already known [29-33] and is most likely
caused by a specific interaction with the hydrophobic groups of the fibrils [62-65]. However,
the incubation of nanoparticles with fibrils for several days is then necessary. Such an
approach would not be very suitable for removing cutaneous fibril deposits. Therefore,
in this work, we tested the possibility of the rapid disintegration of amyloid fibrils if the
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application of nanoparticles is combined with the simultaneous action of AMF. For this,
we first used fluorescence microscopy, with the help of which we could directly monitor
the size of amyloid fibrils formed from HEWL and their size change after the application
of different concentrations of nanoparticles under the action of the AMF. ThT-stained
individual amyloid fibrils can be viewed using fluorescence microscopy because bounded
ThT emits yellow fluorescence under excitation at 450 nm. A reduction in fluorescence
intensity with increasing concentration of magnetic nanoparticles was observed (Figure 6),
indicating the dissolution of fibrillar species into smaller aggregates due to increased
heating after the application of AMF for 15 min.

Figure 6. Representative images of lysozyme fibrils produced by ThT staining under the fluores-
cence microscope after the application of AMF for 15 min: (A) pure preformed fibrils without MN,
(B) fibrils with 0.5 mg/mL of MN, (C) fibrils with 0.9 mg/mL of MN, and (D) fibrils with 1.3 mg/mL
of MN. Scale bars: 200 um.

The UV /Vis spectra for fibrils stained with the CR dye are shown in Figure 7. For an
approximate quantification of fibrillation, we used two wavelengths corresponding to the CR
absorption maximum (at 538 nm) observed when it is associated with (3 plate structures, and
to the CR absorption peak at (505 nm) when the dye was in its free state in solution [66,67].

Rx —R
Relative number of fibrils = —>——SR__ %100 (%)
Reontrol — Rcr

where ratio R is given by
R — ABSs3g

~ ABSsps

where subscript X corresponds to the sample of fibrils with concentration X of magnetic
nanoparticles after 15 min of AMF application; CR corresponds to the sample containing
only Congo red; and Control corresponds to initial untreated fibrils saturated by bounded
Congo red without magnetic nanoparticles and without the application of an AMF. We
found that fluidMAG-OS MN with a concentration greater than 1 mg/mL can almost
destroy HEWL fibrils after 15 min of exposure to the AMF field (Figure 8).




Magnetochemistry 2023, 9, 84

8of 13

0.6 ————r———4——F——F——1————T——1——

0.7 ]
0.6 ~ ' , .
0.5 -
0.4 -

0.3

Absorbance [a.u.]

Congo red
—— AMF treated fibrils
0.1 4 : Control untreated fibrils

0.2

1)1 J | I R U S E [ EPU B S B |
400 420 440 460 480 500 520 540 560 580 600

Wavelength [nm]

Figure 7. Absorbance of fibrils stained with Congo red. AMF-treated fibrils corresponding to the
presence of 0.9 mg/mL of magnetic nanoparticles.

T u T X T X T i T ¥ T ¥ T U T
100 | ! -

80 + -

60 AMF induced dissolution I

40 - 4

20 + -

Relative number of fibrils (%)

. T ¥ T 5 T Y T Y T v T
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
Magnetic nanoparticles (mg/mL)

Figure 8. Relative number of fibrils after 15 min of applying an alternating magnetic field as a function
of MN concentration. On the graph, rescaled values are presented for clarity, where 0% corresponds to
pure CR and 100% corresponds to amyloid fibrils without nanoparticles and without the application of
a magnetic field. Mean values and standard deviations from three independent experiments.

It should be stressed that the application of AMF without MN does not dissolve
preformed fibrils, and MN without AMF application also do not alter them at the studied
timescale up to one hour. A 15 min application of MN with an applied AMF is also optimal
a therapeutic aspect. In addition, MN can be used for the magnetophoretic extraction of
dissolved fibrils from skin lesions [68].

Although in the work we only present the results obtained using fluidMAG-OS, we
tested several versions of magnetic nanoparticles with different functionalization pro-
vided to us by the company Chemicell GmbH, e.g., starch-functionalized nanoparticles,
fluidMAG-D, or poly(maleic acid-co-olefin)-functionalized nanoparticles, fluidMAG-PMO,
widely used for purification or separation of biomolecules, as well as for hyperthermia.
However, functionalization using sodium oleate proved to be ideal, most likely because
sodium oleate consists of a hydrophobic chain as well as a hydrophilic COOH-Na+ group,
which both prevent the aggregation of these nanoparticles and make them soluble in water.
It can also bind to hydrophilic groups on the surface of fibrils and interact via hydrophobic
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forces, which could be one of the main reasons for the shortening of the amyloids. We
believe that fluidMAG-OS nanoparticles with both hydrophobic and hydrophilic properties
are unique and promising for amyloid treatment. This effectiveness of sodium oleate is not
particularly surprising, since this molecule is a major component of soap as an emulsifying
agent. In addition, the heating of MN by AMF can significantly accelerate this process,
for example, due to the partial denaturation-induced structure change of HEWL [68,69].
Amyloid fibrils are thermodynamically very stable, and their disruption is extremely dif-
ficult. We must emphasize that when using magnetic nanoparticles with a concentration
on the order of 1 mg/mlL, as we used in the experiments, it was not possible to observe
bulk heating; for this effect, 10 times larger concentrations were needed. It is, therefore,
localized heating in the vicinity of the nanoparticles which helps and accelerates the process
of amyloid dissolution. The detailed mechanism of this process is unknown, but it could be
revealed, for example, by molecular simulation at high temperatures [70,71].

In our experiments, we obtained hundreds of photographs of ThT-stained amyloid
plaques from a fluorescence microscope; therefore, we decided to also analyze the possible
fractal morphology of amyloids. To do so, we used the HarFA v.5.5 program. As can
be seen from Figure 9, this program provides very accurate values of fractal dimension
D =1.463 (for comparison, the exact value for this Vicsek fractal is D = log(5)/log(3) = 1.4649).
A typical example of fractal analysis of an amyloid fibrillary plaque is shown in Figure 10.
The obtained fractal dimension in this case was D = 1.859. By analyzing dozens more
structures, we obtained the fractal dimension D = (1.7- 1.9).

Fractal Analysis

In(M)

(b)

Figure 9. Determination of the fractal dimension: (a) Picture of Vicsek fractal; (b) Fractal dimension can be
calculated as a slope from this linear log-log plot produced by HarFA software: log(N) = 1.463 x log(r).

Fractal Analysis

Ingh)

W s~

N

(a) (b)

Figure 10. Determination of the fractal dimension: (a) Picture of lysozyme amyloid plaque; (b) Fractal
di-mension can be calculated as a slope from this linear log-log plot produced by HarFA software:
log(N) = 1.859 x log(r).
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The fact that the amyloid plaque is a fractal structure also indicates that the cytotoxicity
of amyloids is not a property specific to the morphology of aggregates, but rather an emer-
gent property characterizing the amyloid as a whole [72-74] and it is also reflected by the
polymorphism of amyloid fibrils [75]. The observed value of the fractal dimension can be
interpreted as a quantitative measure of complexity, characterized by surface irregularities,
which are responsible for the interaction with the cellular environment.

A related example is catalysis, where the fractal structure of the catalyst is the most
effective because it theoretically has an infinite area per unit mass and, therefore, is best
accessible by the reactants.

4. Conclusions

Until now, most of the research in amyloid aggregation of proteins has been focused
on searching for and testing effective inhibitors. However, in amyloid-related diseases, es-
pecially skin-related, amyloid fibrils are already formed between the dermis and epidermis.
Therefore, it is equally important to find and investigate the agents which are capable of
dissolving the preformed fibrils. The dissolution and clearance of these extremely stable
fibrils from lesion is very complicated. We examined the possibility of using magnetic
nanoparticles, generating heat in an external alternating magnetic field with a frequency
3.5 MHz, for these purposes. As a convenient model system, we used lysozyme fibrils.
For the quantification of fibrillar status we used Thioflavin T as well as Congo red, spe-
cific dyes which change their spectroscopic properties upon binding with the cross-beta
structure of fibrils. Using fluorescent and polarization microscopy, as well as absorption
spectrophotometry, we found that amyloid-like fibrils can be almost completely dissolved.
This study, therefore, reveals that the sodium oleate-functionalized magnetic nanoparticles
in an alternating magnetic field can efficiently disrupt preformed HEWL fibrillar species.

Radiofrequency (RF) has been used in surgery since the 1920s. In the 1950s, neurosur-
geons and cardiac surgeons began to use this method, targeting the burning of unwanted
tissues. In the year 2002, the first device was approved by the American FDA (ThermaCool
from Thermage, Bothel, USA) to reduce wrinkles and rejuvenate skin, working on the
principle of monopolar RF [76]. The first FDA approved device utilizing bipolar RF was
Aluma (Lumenis Ltd., Yokneam, Israel). Considering that both monopolar and bipolar RF
devices in cosmetic dermatology work most often with a frequency of 1-10 MHz [77,78],
our next goal is to test these devices as a sources of AMF for the removal of cutaneous
amyloid plaques, using, for example, the intralesional application of magnetic nanopar-
ticles, which is widely used for the application of methotrexate [79]. We hope that our
method can be further developed into an effective strategy for the treatment of localized cu-
taneous amyloidosis, as well as other diseases characterized by insoluble fibrillar deposits
in various tissues.
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