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ABSTRACT

Background: Bovine Albumin Nanoparticles (BAN) have a high magnetic susceptibility and
great potential for biomedical applications. Aim: Evaluate the in vitro effects of magnetic BAN
on mouse renal and submandibular cells. Materials and Methods: The ferromagnetic iron oxide
Nanoparticles (NPs) were lyophilized and diluted in Dulbecco's modified eagle culture medium.
The diameters of the NPs were measured. Mouse renal and submandibular cells were cultured
from an initial passage of 3x10° cells in 100 cm? culture flasks. Bovine Aloumin Nanoparticles
were applied to the culture at a concentration of 260, 160 and 85 pg/mL to test the number
of viable or degenerating cells. Detection of apoptic and necrotic cells were carried out using
the color variability and the nucleus morphology, chromatin condensation and fragmentation.
Results: The staining test with acridine orange and ethidium bromide allowed the distinction
between viable, necrotic and apoptotic cells in each of the experimental groups. Frequency of
cells in degeneration was significantly greater in the BAN-treated groups at concentration 260
pg/mL and 160 pg/mL. The comet assay revealed the frequency of cells with DNA damage;
Mouse renal cells have an irregular shape, a large nucleus and numerous cytoplasmic projections.
Their cytoplasm is rich in membranous organelles, maintaining the characteristic ultrastructure
pattern of secretory cells. Mouse submandibular cells treated with BAN showed no changes in
ultrastructure but had agglomerates of NPs inside and a greater amount of BAN agglomerates
in the outside. Conclusion: Results obtained in this article point to the biocompatibility of the
sample of magnetic albumin polymers.
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INTRODUCTION

Nanoparticles (NPs) exhibit significantly different physical,
chemical and/or biological properties. They are applied
successfully in the field of nanotechnology. Their diameter
measures 1-100 nm.? Nanostructured materials have stood
out in the biomedical areas for presenting features such as a
high surface/volume ratio and the capacity for responding
to a magnetic field gradient. Furthermore, when NPs are
scaled to nanometer, they behave like super-paramagnetic
particles, or they do not retain magnetism after removal of the
magnetic field’> Among the several biomedical applications
of Nanoparticles (NPs): the separation, diagnostic imaging
of magnetic resonance, the purification and concentration
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of biomolecules and cells, induction of hyperthermia for the
treatment of several pathologies, in particular cancer and
site-specific drug delivery system.* To separate, purify and
concentrate biomolecules and cells, NPs are usually associated
with molecules which can identify them. When they are added
to a solution, or suspension, containing these biomolecules or/
and cells, NPs form a complex which can be collected by means
of a magnetic separator.® A case of particular cell sorting can be
achieved by linking NPs to a specific antibody. When target cells
are recognized by the antibody, they are magnetically marked
and, in this way, they are separated by means of magnetic
columns and removed with the aid of an external magnet.® Using
this immune-magnetic separation technology, Yildiz, 2016 and
Alvieri, et al. 2020.7* were able to isolate the human protein CD'**
from neutrophils and dendritic cells. Papadimitriou, et al. 1995°
succeeded to isolate the hematopoietic stem cell CD** from
human peripheral blood for cell transplantation therapies. NPs,
even at low concentrations, are captured by cells and remains
there for the time necessary for diagnosis. The effectiveness of
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NPs depends on their physicochemical properties such as size
and connection they establish with other molecules, such as
those used to coat them, which affect their pharmacokinetics
and bio-distribution.' Liver-specific NPs were used as contrast
agent for the first time in 1995." Since then, several works have
shown that NPs, mainly those of iron oxide, are transmitted
spontaneously and preferably to lymph nodes. By means of
magnetic resonance imaging, metastases of lymph nodes and
testicular tumors can be detected at an early stage,'* bladder,
prostate, urethra, breast, colon" and stomach.'* NPs can be used
as drug delivery systems in specific sites, such as for the treatment
of several diseases, including cancer. So, the NPs associated with
chemotherapy drugs can be taken to a specific location through
an external magnetic field, increasing the effectiveness of the
treatment and reducing side effects in normal tissues.”® These
authors used iron oxide NPs associated with the chemotherapy
drug 4-epidoxorubicin with trade name pharmorubicin’ in
patients with axillary node metastases and demonstrated that
the nanoparticle-chemotherapeutic complex was not toxic
and accumulated in tumor tissue. More recently, Heidari, et al.
2013 administered NPs conjugated to the chemotherapy drug
mitozantrone in rabbits and observed that this complex appeared
more concentrated in the tumor tissue, even when only minimal
percentage of the free chemotherapy dose was applied. In addition
to the aforementioned applications, NPs can be used to destroy
tumor cells (magnetic thermocytolysis), because when they are
submitted to a field they alternate the frequency magnets, absorb
energy which is converted into heat and induce hyperthermia.
In magnetically hyperthermia generated, the temperature in
tumor cells can reach up to 42°-45°C,"” enough heat to destroy
them. Heat is normally dissipated by blood circulation, but
tumor tissues have a disordered network of blood vessels, which
make the blood circulation slow and irregular, making the cells
more susceptible to heat. Several studies show that hyperthermia
induces damage to the cytoskeleton, to the plasma membrane
and the membranes of organelles, such as those of mitochondria,
lysosomes and endoplasmic reticulum. In addition, it increases
the immunogenicity of the tumor, potentiates the effects of
radiotherapy and enhances the action of antineoplastic drugs.'
The role on the effects of radiotherapy and antineoplastic
drugs is probably due to increased tissue perfusion, induction
of dispersion of oxygen radicals in the radiotherapy and more
appropriate distribution of antineoplastic drugs.”” Considered
non-toxic, the most tested NPs in biomedical applications are
those of iron oxide, whether in the form of magnetite (Fe,O,) or
in its oxidized form, the maghemite (Fe,O,, y-Fe,O,).

In order to carry out biomedical applications of NPs, researchers
developed an ionic magnetic fluid consisting of maghemite NPs
that, subsequently, they were encapsulated in Bovine Albumin
Nanoparticles (BAN) which showed a high magnetic susceptibility.
Due to this feature, this new material should enable magnetic
hyperthermia, as well as favor the delivery of site-specific drugs.
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Prior to their use in biomedical applications, however, effects
of administering new materials must be tested in biological
systems. Among the models of in vitro experiments, different
cell lines can be used, including Mouse Submandibular Salivary
Gland (MSG) and Mouse Renal Mesangial Cells (MRMC). Cell
lines have assumed an important role in studying physiological,
pathophysiological, and differentiation processes of specific
cells. The extreme difficulties in the isolation and purification of
individual epithelial cells from complex tissues by maintaining
their native characteristics have hampered our understanding
of their physiological, biological, growth, and differentiation
characteristics. As in the case of irradiated human salivary gland,”
the MRMC line has been used in cytotoxicity and genotoxicity
tests of therapeutic substances and in cell differentiation
studies.”” In turn, the submandibular gland ductal cell line was
immortalized from a culture of primary cells.” It is one of the cell
types found in the glomeruli of the kidneys, in the intercapillary
spaces immersed in a mesangial matrix. They participate, by
contraction, in intraglomerular hemodynamics, and the rhythm
of glomerular filtration, in addition to having phagocytic and
clearance of substances such as immunocomplexes. Mesangial
cells have been used in cytokine cytotoxicity tests.*

This article aims to evaluate the in vitro effects of magnetic
BAN. Determine the modal diameter of the NPs constituents
of magnetic BAN; Evaluate possible cytotoxic effect of different
concentrations of magnetic albumin polymers in MRMC and
MSG by means of acridine orange ethidium bromide assay;
Determine the main route of cell degeneration after treatment
with magnetic BAN; Evaluate the possible genotoxic effect
of magnetic BAN in MRMC and MSG through the comet
assay; Verify a possible relationship between cytotoxicity and
genotoxicity of magnetic BAN and investigate the occurrence of
morphological and ultrastructure alterations and interiorization
of NPs in magnetic BAN -treated MRMC and MSG.

MATERIALS AND METHODS

Magnetic Albumin Polymers®

The ferromagnetic iron oxide, Maghemite (Fe,O,, y-Fe,O,) NPs
from a magnetic fluid sample of ionic acid (2.17x10* particles/
mL) were dispersed in an aqueous albumin solution and
subsequently lyophilized, with a final concentration of 2.51x10%*
particles/mg. The ionic magnetic fluid was synthesized and its
NPs were encapsulated in BAN. For cell treatment, magnetic
BAN were diluted in Dulbecco's modified eagle culture medium
(Thermo Fisher Scientific-US), in order to obtain different
concentrations. To determine the diameter of NPs of the albumin
polymers, samples were solubilized in Phosphate buffer saline pH
2.5toincrease dispersion and facilitate counting. By co-precipiting
Fe(IT) and Fe(III) chlorides by ammonium hydroxide and then
oxidizing, respectively, and thermally breaking down Fe(III)
carboxylates in the presence of oleic acid, iron oxide nanoparticles
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with uniform sizes ranging from 5 and 150nm and polydisperse
14 nm were produced. The second procedure created hydrophilic,
but uncoated, nanoparticles, whereas the first method produced
hydrophobic, oleic acid-coated particles. The surface of the
iron oxide particles was treated with poly (ethylene glycol)
and sucrose, respectively, to make them colloidally stable and
water soluble. X-ray diffraction, dynamic light scattering, and
transmission electron microscopy were used to determine the
size and size distribution of the nanoparticles. The surfaces of the
iron oxide particles treated with sucrose and functionalized with
PEG were examined using Fourier Transform Infrared (FT-IR)
and Raman spectroscopy. NPs were analyzed and photographed.
The diameters of the NPs (1=400) were measured using electron
microscopy coupled to spectroscopic methods to perform
elemental analysis. The particle distribution was achieved using
the best lognormal fit.

Maintenance and propagation of MRMC and MSG?¢

MRMC and MSG were added to fetal bovine serum 10%,
streptomycin-penicillin 1.2%, buffered with sodium bicarbonate,
with pH 7.6 adjusted by addition of hydrochloric acid. Cultures
were established from an initial passage of 3x10° cells in 100
cm? culture flasks and kept in an oven at 37°C, in an atmosphere
4% CO, and saturated humidity. Once 85-95% of confluence is
reached, the cells were released from the bottom of the culture
flask by treatment with trypsin solution and 0.110%/EDTA
0.02% for 2 min, centrifuged at 180g for 5 min, counted in a
counting chamber BLAUBRAND' Neubauer (Sigma-Aldrich)
and transferred to a new culture flask.

Determination of BAN concentrations to be
administered to MRMC and MSG?

In order to determine the concentration of magnetic BAN
administered to the cells to carry out the biological assays,
cell viability tests were carried out in triplicate. The cultures
were maintained in 9-well plates initially containing 2x10°
cells. The initial concentrations of BAN were defined from the
concentrations previously tested,” in melanocyte culture. After
24 hr of cultivation in BAN samples, cells were trypsinized,
centrifuged and resuspended in 2.2 mL of culture media.

Treatment of MRMC and MSG with BAN2®

Based on the BAN concentrations used in the viability tests
and their results, the concentrations added to the cultures were
established, kept for 24 hr biological assays were performed. So,
follow the standards established in the studies of genotoxicity and
cytotoxicity, it included the positive control, consisting of a group
of cells treated for one hour with hydrogen peroxide at a final
concentration of 1 mM (20 pg/mL).
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Distinguishing between apoptosis and necrosis
degeneration pathways by means of staining with
acridine orange and ethidium bromide?®

For the Acridine Orange (AA) and Ethidium Bromide Staining
Assay (BE), performed in triplicate, MRMC and MSG were
cultivated and maintained. After 24 hr of passing the cells, each
experimental group received the respective treatment, after 24
hr of treatment, the cells in suspension and those adhered to
the flasks were collected, subjected to centrifugation at 740g
for 5 min and resuspended in 100 pL of culture medium. From
each sample, 20 uL were removed and subsequently added 2 pL
of a freshly prepared mixture of the acridine orange (100 pL/
mL water) and ethidium bromide (100 uL/mL water), in the 1:1
ratio. The stained cells were then immediately placed on glass
slides (25x70 mm), previously washed and identified and, after
assembly with coverslips (24x24 mm) were analyzed by means
of a blind test, under a light microscope. Fluorescence (Olympus,
530 nm dam filter) used for photography. About 300 cells were
analyzed from each treatment, 100 cells in each of the triplicates,
as a minimum.

Criteria for classifying cells as apoptotic, necrotic or
viable3®

Analyzes for detection of apoptic and necrotic cells quantification
were carried out using the variability in color and the nucleus
morphology, the chromatin fragmentation and condensation.
This differentiation is attainable because, while the Acridine
orange (AA) penetrates dead and living cells, generating green
fluorescence emission by intercalating in DNA and orange in
RNA, Ethidium Bromide (EB) only passes through cells that
already have changes in the membrane (late apoptic or necroic),
emitting an orange fluorescence when intercalating in the DNA.

Evaluation of DNA damage of isolated cells in
microgel Comet Assay?'

The comet assay was carried out in triplicate. For this test, MRMC
and MSG were cultured and maintained. After 24 hr of cultivation,
each experimental group received the respective treatment. After
24 hr of treatment, the culture medium was removed and placed
in centrifuge flasks to which the cells were added after being
released from the board background. The samples were then
centrifuged at 740 g for 5 min and the resuspended cells in 1 mL
of PBS. This procedure was repeated for two times. Cells were
resuspended in 20 pL of low melting point agarose (Low melting
point - LPM-Sigma, USA) at 0.5% in PBS and heated to 37 °C
in a water bath. Immediately after this procedure, 130 pL of this
mixture were dropped into a 26 x 76 mm glass slide, previously
prepared. The preparation of the slides was carried out immersing
them in type II agarose diluted in 1.5% PBS and then keeping
them at room temperature for a period of 12 hr. After dripping
the cells into LPM agarose on the slides, a coverslip was attached
to each slide and the set was placed in the refrigerator.
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Criteria for DNA damage analysis3?

DNA damage was assessed using a light microscope. fluorescence,
Axioplan imaging® (Carl Zeiss AG, Germany) using 510-560
nm filter, 590 nm filter barrier and total magnification of 400x.
From each treatment, about 300 nucleotides, 100 in each of the
triplicates, in the minimum, were analyzed in a blind test and
classified according to the length of the tail of the nucleoid, in
which the analyzed nucleoids are classified from 0 to 4, according
to their degree of injury. For quantification of DNA damage,
the total score for the 300 nucleotides analyzed ranges from
0 (minimum damage = no cells damaged) to 400 (maximum
damage=all nucleoids with class 4 damage), being estimated
from the formula: ID (AU)=N1+2N2+3N3+4N4/2/100; Where,
ID=DNA damage index; AU arbitrary unit; N1...N 4=nucleoids
classified as class 1, 2, 3 or 4;?=number of nucleotides analyzed,
including class zero.

Statistical Analysis

For statistical analysis of DNA damage rates found in cells
MRMC, Analysis of Variance (ANOVA) was applied. In cases
where they were detected differences between treatments, the
Fisher test was applied at a significance level of 5% (p<0.05).
In the MSG, the “box cox” transformation was used; suitable
for absolute numbers and then Analysis of Variance (ANOVA)
was applied. Of same way as used for MRMC when they were
detected differences between treatments in MSG, the Fisher test
was applied at the level of significance 5% (p<0.05). For statistical
analysis of the frequency of cells with DNA damage checked in
MRMC, Analysis of Variance (ANOVA) was also applied and,
when differences between treatments were detected, the Fisher
test was applied at the level of significance 5% (p<0.05).

Processing of MRMC and MSG for analysis of cell
morphology in light microscopy

Cells were prepared for morphological analysis in a culture plate
of six wells, containing a microscopy coverslip (18x18 mm) in
each well. 2x105 cells were initially cultured and grown adhered
to the coverslips. After 24 hr, each experimental group received
treatment with the BAN sample (260 pg/mL, 160 pg/mL and
85 ug/mL). Tests were performed in duplicate. After the time
of treatment, the culture medium was removed and the cells
washed three times with PBS (NaCl 0.154 M; 0.1M Na,HPO ; pH
7.4). Cells adhered to one of the coverslips were fixed with 2%
paraformaldehyde in phosphate buffer for 10 min. After being
washed with PBS, the cells were stained with a solution of 0.2%
cresyl violet in 20% ethanol for 5 min. The cells adhered to the
other coverslip, in each of the experimental groups, were stained
with 4% Giemsa solution in methanol, for 5 min, without going
through a fixation.
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Processing of MRMC and MSG for analysis of cell
morphology in Transmission electronic microscopy

For the analysis of the ultrastructure, cell cultures were
maintained. After the adhesion of the cells to the bottom of
the flask, the BAN sample was added to the culture. After 48
hr of treatment, the culture medium was removed and placed
in centrifuge flasks to which the cells were added previously
trypsinized. The samples were then centrifuged at 740 g for 5
min, and the cells resuspended in 1 mL of PBS. This procedure
was repeated twice times. The cells, after being trypsinized and
centrifuged.’> The cells were resuspended in 1 mL of fixative
consisting of 2% glutaraldehyde, 4% paraformaldehyde, diluted
in 0.1 M sodium cacodylate buffer, pH 7.4, and 2% sucrose. After
one hour, the samples were centrifuged at 740g and washed,
for 10 min, with sodium cacodylate buffer (0.1 M, pH 7.4) plus
sucrose 4%. This procedure was repeated twice. Then, the samples
were post-fixed for one hour, protected from light, in a mixture
composed of 1% osmium tetroxide, 0.8% potassium ferricyanide
and 5mM calcium chloride diluted in sodium buffer (0.1 M, pH
7.4). After being washed twice with sodium cacodylate buffer
for 10 min, cells were stained in block with 0.5% aqueous uranyl
acetate for one hour, protected from light. They were then
washed with sodium cacodylate buffer, for 10 min and then with
distilled water. The cells were then dehydrated in increasing
concentrations of acetone: 30%, 50%, 70%, 90% and 100% (this
last repeated three times). Dehydration time was 10 min for each
of acetone concentrations.

RESULTS

Animal cell culture is now essential for scientific, biotechnological,
and diagnostic research. Alongside this advancement, biosafety
concerns have also emerged, drawing attention to the possible
risks handling animal cell cultures poses to human health and,
to a lesser extent, the environment. To control these risks, a
thorough risk assessment of the cell cultures and the type of
manipulation is required before starting any activity. It involves
evaluating each case separately for cell cultures that have been
genetically engineered or not, as well as the possibility that they
could purposefully or inadvertently come into contact with
hazardous microbes. The latter risk is more likely to materialize
when adventitious contaminants are pathogenic or have a higher
capacity to endure in harsh conditions.

Magnetic Albumin Polymers

Results of the biological effects of magnetic NPs contained in
bovine albumin polymers using different biological assays are
described in Figures 1 to 5. One of the experimental approaches
initially carried out was the determination of the diameter of
the maghemite particles present in the BAN samples, which was
performed through Transmission Electron Microscope (TEM)
analysis. At the BAN, the NPs were slightly spherical (Figure 1a).
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Table 1: Different concentrations of BAN showed different viabilities of
MRMC and MSG cell lines.

Concentation of  Survival of Survival of MSG
BAN MRMC

120 pg/mL 65% 70%

260 pug/mL 60% 65%

160 pg/mL 61.5% 60%

85 ug/mL 32.5% 55%

The analysis of 400 particles in the photomicrographs showed
diameters ranging between 5 and 150 nm, which demonstrates
that these particles are, Mult dispersed (Figure 1b).

Maintenance and propagation of MRMC and MSG

To determine the concentration of magnetic albumin polymers
(BAN) to be administered to the cells of the genotoxicity tests,
viability tests with MRMC and MSG cell lines. As shown in
Figure 1c and Table 1, magnetic albumin polymers at different

concentrations showed different viabilities.

Determination of BAN concentrations to be
administered to MRMC and MSG

Because albumin nanoparticles may be made in soft circumstances
and include a variety of compounds, they are an appealing drug
delivery strategy. The purpose of this work was to use a membrane
contactor to advance the desolvation process for the creation of
Bovine Albumin Nanoparticles (BAN). First, a syringe pump
was used to create the BAN nanoparticles on a small scale. Using
the following ideal parameters, with uniform sizes ranging from
5 and 150nm BAN nanoparticles with a polydispersity index
of 0.047 were produced: pH 8.1, 100 mg mL™" BAN albumin
solution (4 mL), and 2 mL min™' flow rate of oleic acid-coated
particles (8 mL).

Treatment of MRMC and MSG with BAN

The staining test with acridine orange and ethidium bromide
allowed the distinction between viable, necrotic and apoptotic
cells in each of the experimental groups. Figure le and Table
2 illustrate the frequency of MRMC cells in the process of
degeneration, as well as its path of degeneration. It can be seen
that the frequency of cells in degeneration was significantly
greater in the BAN-treated groups at different concentrations.
The route of most frequent degeneration was apoptosis. This is
only smaller than the necrosis in the control positive. MSG cells
were also evaluated for cell degeneration and the results are
illustrated in Figure 1f. Unlike what happened in MRMC, in MSG
only at a concentration of 260 pg/mL BAN induced a considerable

frequency of cells in degeneration as shown in Table 3.
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Distinguishing between apoptosis, necrosis and
degeneration pathways by means of staining
with acridine orange and ethidium bromide and
Evaluation of DNA damage of isolated cells in
microgel Comet Assay

As in MRMC, in MSG the most common degeneration pathway
frequent, both in the groups treated with BAN and in the untreated
one, were apoptosis, except for the positive control (Figure 1f).
In the comet assay, for each cell lineage, about 250 nucleoids
per treatment were tested. The different classes of comet were
detected in almost all experimental groups. The results obtained
for each cell line are presented in two ways: Frequency of cells
with DNA damage, which indicates the frequency of cells in
each experimental group, classified as class 1, 2, 3 and 4 comets;
and index of DNA damage, which reflects the intensity of DNA
damage in cells.

Criteria for classifying cells as apoptotic, necrotic or
viable

The frequency of MRMC cells with DNA damage is shown in
Figure 1g and Table 4. The frequency of MSG with DNA damage
is shown in (Figure 1h).

Criteria for DNA damage analysis and Processing of
MRMC and MSG for analysis of cell morphology in
light microscopy

Regarding the index of DNA damage presented by the MSG
(Figure 1i and 1j), data analysis showed that the index of the
groups treated with BAN (260 pg/mL, 160 pg/mL and 85 ug/
mL -95, 99 and 91, respectively) is significantly higher than
that of the control group (2.22 AU). In order to verify whether
BAN induced changes in the morphology and ultrastructure of
the cells, they were analyzed under a light microscope and an
electron microscope of transmission. Under the light microscope,
untreated MRMC are polygonal shaped which can vary from
little elongated to more rounded according to the confluence
of culture and cytoplasmic projections which connect one cell
to another. The nucleus of these cells is spherical or ovoid, with
one or two nucleoli evident. Treatment with BAN, at different
concentrations, did not induce changes in the morphology of
these cells. Treatment with BAN, at different concentrations,
did not induce changes in the morphology of these cells, as
illustrated in Figure 2 (c and d). MSG are irregularly shaped,
have long cytoplasmic processes which give a starry appearance.
They have an oval, central nucleus with evident nucleoli (Figures
3a and 3b). When treated with BAN sample, the MSG did not
show morphological changes (Figure 3c). However, clusters of
magnetic albumin polymers, apparently not internalized by cells
(Figure 3d).
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Table 3: Shows the frequency of MSG cells in degeneration was Processing of MRMC and MSG for analysis of cell

significantly greater in the BAN-treated groups at different hol inT . . lect . .
concentrations. morphology In Iransmission electronic microscopy

To elucidate the effects of BAN on the ultrastructure of cells and

BAN concentrations Degenerative MSG cells _ . o o .
I — 12.7% to investigate a possible internalization of magnetic NPs a study
was carried out by TEM. At TEM, MRMC have an irregular
260 pug/mL 25.7% . I
shape, a large nucleus and numerous cytoplasmic projections.
0,
160 pig/ml. 17256 Their cytoplasm is rich in membranous organelles, maintaining
85 pug/mL 12% the characteristic ultrastructure pattern of secretory cells. When
Table 2: Shows the frequency of MRMC cells in degeneration treated with BAN, these cells showed no changes. However,
was significantly greater in the BAN-treated groups at different despite the light microscope, they are not visualized BAN NPs
concentrations.
E e VLT T e, N
BAN concentrations Degenerative MRMC cells ﬁJ _, 5 e , : !
Negative control 7.22% \ > : '
™ e
260 pg/mL 18.55% .
Y AN
160 pg/mL 13.65% :

85 ug/mL 12%

Table 4: Shows the frequency of MRMC cells with DNA damage.

BAN Frequency of cells with Damage

concentrations DNA damage index

Negative control 8% 4.22 AU

260 pg/mL 85.22% 130 AU

160 pg/mL 55.44% 59 AU

85 pg/mL 37.23% 44 AU Figure 1a: TEM showing the diameter of the maghemite Albumin

particles.

The frequency of MRMC cells in the process of
degeneration, necrosis and apoptosis

counts

Diameter in nm

Figure 1b: Diameters ranging between 5 and 45 nm, which demonstrates that these particles are multi-dispersed, n=400 particles;
D,=9,1; 0 =0,32.
W= )
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Figure 1c:

Number of viable MSG after cultivation X 10°

-10

Figure 1d: For MSG, in the groups treated with 160 and 260 pg/
mL, the cell survival rate was app. 55 and 70% respectively. Different
nembers in the columns denote a significant difference (p<0.05).
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Magnetic albumin polymers at the concentration 160 pg/mL
allowed survival of app. 65% of MRMC, while at the concentration of 260
ug/mL, the survival rate was 60%. Different letters in the columns denote a

BAN 260pg/mL

significant difference (p<0.05).

negative control { BAN 160pg/ml. [ BAN 260pg/ml.

<10 necrosis

frequency of MRMC in degeneration %

) apotosis

Figure 1e:

associated with cells, under the electron microscope these cells
had some clusters of NPs inside, some located in the cytoplasmic
projections, as can be seen in Figure 4a and 4b. Clusters of
BAN were observed in greater quantity when dispersed outside
the cells (Figure 4c). At TEM, MSG are characterized by
having an irregular surface with protrusions, voluminous and

negative control  BAN 85pg/mL. BAN 160pg/m

lllustrates the frequency of MRMC cells in the process of
degeneration, necrosis and apoptosis. Different numbers in the columns

BAN 260ug/mL positive control

denote a significant difference (p<0.05).
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negative control  BAN 85ug/mL  BAN 160ug/m BAN 260pg/mL  positive control

Figure 1f: In MSG the most common degeneration pathway frequent, both in
the groups treated with BAN and in the untreated one was apoptosis. Different
numbers in the columns denote a significant difference (p<0.05).

frequency of damaged cells DNA %

e

negative control  BAN 85ug/mL  BAN 160ug/m  BAN 260ug/mL  positive control

20

Figure 1g: Frequency of cells with DNA damage, which indicates the frequency

of MRMC in each experimental group, classified as class 1, 2, 3 and 4 comets;

and index of DNA damage, which reflects the intensity of DNA damage in cells.
Different numbers in the columns denote a significant difference (p<0.05).

3
4
2
80 2
1
40
1
20 T
o <+

negative control BAN 85pg/mL BAN 160pg/m BAN 260pg/mL positive control

non-DNA damage index (au)

-40

Figure Th: Percentage of light and heavy DNA damage of MSG found in each
treatment. Different numbers in the columns denote a significant difference
(p<0.05).

irregular nucleus with evident nucleoli. The cytoplasm is rich
in membranous organelles such as endoplasmic reticulum, oval
mitochondria and developed Golgi complex. When treated with
BAN, the MSG showed no changes in ultrastructure, but had
agglomerates of NPs inside (Figure 4d and 4e). The micrographs
showed a greater amount of BAN agglomerates in the outside the
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Figure 1i: The groups of MRMC treated with BAN, (85 ug/mL, 160 pg/mL and
260 pg/mL), is significantly higher than that of the control group (2.22 AU).
Different letters in the columns denote a significant difference (p<0.05).
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Figure 1j: Effect of BAN treatment on MRMC treated with BAN (85 pg/mL,
160 pg/mL and 260 pg/mL) on DNA damage index. Different numbers in the
columns denote a significant difference (p<0.05).

cells (Figure 4d). Figures 4 and 5 show TEM of MRMC and MSG
subjected to different treatments: (a) negative control; (b) 85 pg/
mL BAN; (c) 160 pg/mL of BAN; (d) 260 pug/mL BAN. Arrows
indicate the presence of magnetic NPs clusters. Figure 5 shows
TEM of MRMC subjected to different treatments: (a) negative
control; (b) 85 pg/mL BAN; (c) 160 ug/mL of BAN; (d) 260 g/
mL BAN. Arrows indicate the presence of magnetic NPs clusters.

DISCUSSION

As the most abundant blood plasma protein, encapsulation
of BAN in polymers constituted by this protein could confer
high degree of biocompatibility to the sample®*** The magnetic
albumin polymers used in this study are made up of maghemite,
iron oxide found in oxidized form. The fact of being in shape
oxidized makes maghemite less reactive, with less potential for
toxicity to cells. Maghemite NPs present lower toxicity than those
of magnetite, iron oxide which is found in reduced form.* To
be used in the biomedical area, in the organism, the magnetic
NPs cross the endothelial barrier and accumulate specifically in
target cells, without inducing damage to normal cells. NPs must
therefore present characteristics that lead to its biocompatibility.
Among these characteristics, the chemical nature of the NPs and
their coverage. When the iron oxide NPs were free or associated
with a manganese atom, induce dose-dependent toxicity and,
when associated with a cobalt atom, the toxicity was higher.*
Zheng, et al. 2019 demonstrated that NPs of the same chemical
nature (magnetite), but coated with different coverage also

Figure 2 : Treatment with BAN, at different concentrations, did not induce changes in the morphology of these cells, as illustrated in (2a and 2b). Treatment
with BAN, at different concentrations, did not induce changes in the morphology of these cells, as illustrated in (2c and 2d).
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Figure 3: MSG are irregularly shaped, have long cytoplasmic processes which give

a starry appearance. They have an oval, central nucleus with evident nucleoli (3a and

3b). When treated with BAN sample, the MSG did not show morphological changes (3c).
Clusters of magnetic albumin polymers, apparently not internalized by cells (3d).

induced different results. However, when they were coated with
albumin, they induced increase in the rate of cell proliferation.
Another important factor is the size of the NPs; it is necessary
that the NPs are small enough that there is no precipitation,
allowing the Brownian motion acts as a dispersing agent.*® In
addition, the reduced size of the particles can make it difficult
to recognition by the mononuclear phagocyte system. Using
transmission electron microscopy, it was determined that the
modal diameter of encapsulated maghemite NPs in BAN is 9.1
nm. This size is similar to that of previously tested nanoparticle
samples in vitro,* with varying degrees of compatibility. Some in
vivo studies show that BAN with a diameter in the 7-12 nm range
has more favorable to their applications. Uniform iron oxide
nanoparticles in the size range from 10 to 24 nm and polydisperse
14 nm iron oxide particles were prepared.*’

Aiming to determine the biocompatibility of polymers of
magnetic albumin tests (BAN) in the present study, toxicity
tests and genotoxicity were tried; in addition to evaluating the
morphology and ultrastructure of MSG and MRMC cells grown
in the presence of BAN. It was necessary to determine the
concentration of polymers to be delivered to cells; what was done
through feasibility tests performed by exclusion using the vital
dye trypan blue. From the viability test with trypan blue, it was
defined that the cells would be cultured in the presence of BAN at
a concentration of 260 pg/mL as it was in this concentration that
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BAN sample induced a significant reduction of app. 32.5 % and
61.5%, in the viability of MRMC and MSG, respectively. When
the aim is to analyze in vitro the genotoxic effects of a compound,
the concentration to be used must be defined in cytotoxicity tests.
In this way, it is possible to establish the responses of a single
compound in different systems or of several compounds in a single
system. Therefore, in this study, with the aim of determine if the
possible effects of BAN sample were dose-dependent, also if used
the BAN sample in two other concentrations that corresponded
to 32.5% and 61.5% the one that allowed app. the viability of 55%
of the cells (260 pg/mL). This last test, however, has not been
indicated to evaluate the toxicity of the NPs, because their color,
both those found in the culture medium and the that are inside
the cells, interferes with the reading on the spectrophotometer. In
this study it was possible to verify that magnetic albumin polymers
showed cytotoxic effects on MRMC and MSG. In MSG, the BAN
sample induced toxicity only at the highest concentration (260
pg/mL), while in MRMG; this effect was grown in the presence of
BAN. It is plausible to assume that genetic instability of MRMC is
due to the fact that they are tumor-derived.*

When cell death presents all the morphological and biochemical
reactions of apoptosis, but was induced by a particular compound
or physical stimulus, is not a programmed process but a cellular
response to changes environmental issues.*! It is known that iron,
although it is an essential element for the body, when in excess can
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Figure 4: MSG under the electron microscope had some clusters of NPs inside, some located in the cytoplasmic projections, as can be seen in 4a and 4b. Clusters
of BAN were observed in greater quantity when dispersed outside the cells (4c). At TEM, MSG is characterized by having an irregular surface with protrusions,
voluminous and irregular nucleus with evident nucleoli. The cytoplasm is rich in embranous organelles such as endoplasmic reticulum, oval mitochondria

and developed Golgi complex. When treated with BAN, the MSG showed no changes in ultrastructure, but had agglomerates of NPs inside (4d and 4e). The
micrographs showed a greater amount of BAN agglomerates in the outside the cells (4d).

Figure 5: TEM of MRMC subjected to different treatments: (a) negative control; (b) 85 pg/mL BAN; (c) 160 ug/mL of BAN; (d) 260 ug/mL BAN. Arrows indicate
the presence of magnetic NPs clusters.
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cause oxidative stress in cells, leading to formation of hydroxyl
radicals and superoxide, causing damage to the cell membrane,
proteins and DNA.* In this way, the cytotoxicity and apoptosis
detected in this study may have been triggered by free radicals
induced by the presence of iron in BAN. The association between
cytotoxicity and genotoxicity is well established, as DNA damage
is considered to be an important apoptosis-inducing mechanism
and necrosis.*

The comet assay has been considered one of the best methods
to quantify DNA damage, because of its great sensitivity,
allowing measuring not only double strand breaks, but also
single strand breaks, in addition to of sites susceptible to alkaline
attack, oxidative DNA damage, and cross-linking. In addition,
genotoxicity tests such as micronucleus and cytogenetic analysis
are not appropriate in cell lines with chromosomal instability,
such as MRMC, since this instability would make it difficult
to distinguish between intrinsic damage or caused by an
experimental treatment.**® In MRMC and MSG, treatment with
BAN sample induced an increase in frequencies of cells with DNA
damage and the index of this damage in MRMC, this increase
was significant for all concentrations tested, with the results with
BAN sample at the highest concentration, significantly greater
than those obtained with the other two concentrations. If added
to the cytotoxicity data obtained by the staining assay, it can be
concluded that in MRMC there may be genotoxicity without
significant cytotoxicity. This conclusion can also be obtained
in MSG in which BAN sample induced a similar increase in
the frequencies of cells with DNA damage and on the index of
this damage, while cytotoxicity significant is only verified in the
highest concentration of BAN. In this work, in MRMC treated
with the major concentrations, intermediate or minor of BAN
sample, class 3 and 4 comets (damage intense) represented 7%,
2.3% or 2.2%, respectively, of the total cells with damage in each
experimental group. In MSG these values were 1%, 0.8% and
0.1%, respectively. These values are not directly related to the
highest percentages of apoptosis displayed by both cell types
after BAN treatments. Various reasons could explain this fact: the
continued presence of free radicals, the possibility that class 1 and
2 cells also lead cells to apoptosis, changes in repair mechanisms
that make them ineffective. The morphological changes indicative
of apoptosis detected in MRMC and MSG by the acridine and
ethidium bromide orange staining assay, it was not confirmed
under the light microscope. It is likely that cells analyzed under
a light microscope represent the set of viable cells and cells in
the initial phase of apoptosis, since they did not present any
evident morphological alteration. Under the light microscope,
no morphological alterations were found, which is interesting
result regarding the use of this nanostructured material in
biomedical applications. This observation was confirmed by
transmission electron microscope analyzes, even in the presence
of some clusters of BAN internalized in both cell types. Under the
light microscope, the interiorization of BAN was not observed,
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which may reflect the limitation in detecting BAN by the stains
used or even death of the cells that had endocytosed BAN and
subsequent loss of adhesion capacity of the same as the coverslips
investigated. Cells can endocytose molecules bound to albumin
that are subsequently hydrolyzed in lysosomes and released into
the cytosol, where they exert their biological action.”” Although
BAN have been visualized by TEM within cells, it is important to
note that these did not show absorption vesicles, a characteristic
of the process of endocytosis.

CONCLUSION

This study showed that BAN presents cytotoxicity related to
sample concentration and cell type; induces, as the main route
of degeneration, apoptosis, which is always less than 30%; has
genotoxic activity, but mostly damage of light intensity (class 1
and 2); in minor concentrations, may present genotoxic activity
and do not have corresponding cytotoxic; showed no alterations
in the morphology or ultrastructure of both cells; had its BAN
internalized by some cells. In studies of nanoparticle-cell
interactions carried out in vitro, it is plausible expect more severe
effects than those performed in vivo, since living organisms have
a series of mechanisms to restore the homeostatic balance, which
are absent in cell cultures and therefore describe a situation of
acute cytotoxicity. Based on the results obtained in this study, it
is possible to conclude that, under the experimental conditions
using the BAN sample: Different cellular patterns can be observed
and classified: Living cells have a uniform green nucleus; Cells
in early stages of apoptosis still have their membranes intact
and, therefore, they have a green nucleus, but not uniformly
colored. Chromatin condensation, DNA cleavage and/or
nuclear fragmentation occur; Cells in late stages of apoptosis
show chromatin condensation and orange areas in the nucleus.
Because in the final stages of the process already lost membrane
integrity and BE predominates over AA. Apoptotic cells may
still have apoptotic bodies; Necrotic cells have lost membrane
integrity and therefore present uniform orange core. While the
results obtained in this article point to the biocompatibility of the
sample of magnetic albumin polymers, other studies should be
carried out in order to establish an in vivo experimental model for
better clarify the biocompatibility of magnetic albumin polymers.
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SUMMARY

The study reveals that magnetic albumin (BAN) exhibits
cytotoxicity based on sample concentration and cell type, causing
apoptosis and genotoxic activity. It also shows no alterations in
cell morphology or ultrastructure and may be internalized by

some cells. In vitro studies may have more severe effects than

in vivo studies, as living organisms have mechanisms to restore
homeostatic balance. Different cellular patterns can be observed
under experimental conditions using BAN samples, including
living cells with a uniform green nucleus, early apoptosis cells
with chromatin condensation, late apoptosis cells with orange
areas, and apoptotic cells with a uniform orange core.
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