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Aim: To demonstrate that cobalt nanoparticles doses are safe for use in humans and to understand the
consequences of the particulate effects, which may persist inside the cells. Materials & methods: Human
adipose stem cells were used. We evaluated cell recovery by viability test, morphology and ultrastruc-
ture using electronic and optical microscopy, while gene expression was assessed utilizing real-time PCR.
Results: After exposure, most stem cells recovered their normal function. Co;04-nanoparticles remained
inside the cell for the entirety of the considered time. A slight modification of gene expression was ob-
served in the exposed cells. Conclusion: After exposure to 100 M cobalt nanoparticles, most cells returned
to normal function. Nanoparticle toxicity was due to ions released by dissolution as well as from the
nanoparticles themselves.

First draft submitted: 14 May 2019; Accepted for publication: 29 November 2019; Published online:
7 February 2020

Keywords: cell morphology e inductively coupled plasma mass spectrometry e molecular biomarkers e nanotoxicol-
ogy e TEM

Cobalt (Co), along with iron (Fe) and nickel (Ni), is a transition metal belonging to group VIIIb of the periodic
table. It is an essential element for cell physiology and animal health; in fact, Co is an important constituent
of vitamin B12 and is involved in several cell pathways, such as the metabolism of fats and carbohydrates, the
conversion of folate into their active form, protein synthesis and the prevention of demyelination [1]. Co deficiency
is quite unusual and potentially lethal; conversely, Co intoxication, caused by excessive levels in the body, occurs
more frequently and is dangerous as well [2].

Along with Fe and Ni, Co is one of the three naturally occurring magnetic metals; it is able to retain its magnetic
properties at high temperatures. Therefore, Co has many applications, such as for energy storage systems and catalytic
processes (3. In particular, Co, in its bulk form, is used for green technologies and is also an integral component
in powering electric vehicles, wind and wave generators, solar energy technologies sensors, electrochemistry and
magnetic fluids 4,5]. However, at the nanoscale dimension, too, Co is promising for several nanotechnological
applications ranging from chemistry to nanomedicine, where it is used as a highly sensitive MRI contrast agent [6].
In this scenario, an issue that should be considered is the exponential growth of production, use and discharge of Co
nanoparticles (Co-NPs). Consequently, the human body is very likely to come into contact, intentionally or not,
with Co-NPs that may easily enter the body in different ways [7-9], encounter cells of different tissues and then act
on them by perturbing their physiology [10]. In this perspective, special attention should be paid to the presence of
multipotent stem cells, a population residing in almost all human tissues that fulfills important functions, including
renewal, repair and remodeling [11]. Among the different stem cell populations, mesenchymal stem cells (MSCs)
are very interesting due to their great potential in many medical applications, such as regenerative medicine, bone
marrow transplantation and orthopedic injuries. Unfortunately, MSCs are more sensitive to NP exposure than are
differentiated cells [10,12-14]; thus, it is important to evaluate the effects of the Co-NPs on MSCs and to determine a
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cell’s ability to recover after exposure. Furthermore, another aspect that should be taken into account when studying
NPDs is so-called ‘dissolution’, a phenomenon that can occur when NPs are placed in an aqueous solvent such as
culture medium or saline solution. In previous studies, we demonstrated that Co-NPs can gradually dissolve in the
culture medium, generating ions whose presence may contribute to NP toxicity (3,9,15].

The intention of this study was to evaluate the outcome of a single 3-h exposure of zerovalent Co-NPs (zCo-NPs),
Co-oxide (Co304-NPs) and Co ions (Co*") to human adipose-derived stem cells (hASCs), a subpopulation of
MSCs. Furthermore, after the exposure we followed the cells for 15 days to evaluate their ability to recover their
physiological functions.

hASC:s are found in the stromal vascular fraction of adipose tissue, which is easily accessible in large quantities
by using a minimally invasive harvesting procedure [16]. In addition, hASCs seem to be as effective and, in some
cases even more suitable, than bone marrow-derived MSCs in clinical applications [17,18].

The results presented in this paper aim to add new information to the body of knowledge about the potential
recovery of stem cells exposed to NDs.

Materials & methods

Nanoparticles

Cobalt oxide nanopowder (Co3O4-NPs, purity 99.8%, acrodynamic particle size <50 nm) was purchased from
Sigma-Aldrich (Milan, Italy). Cobalt zerovalent nanopowder (zCo-NPs purity 99.8%, acrodynamic particle size
<28 nm) was purchased from IOLITEC (Heilbronn, Germany).

Dissolution of NPs in culture medium

zCo-NPs and Co304-NPs were suspended in 40 ml of complete medium (DMEM:DMEM/F12 1:1 [Sigma
Aldrich], supplemented with 2 mM L-GlIn, 1% penicillin—streptomycin, 0.1% gentamicin and 10% fetal bovine
serum (FBS) at a concentration of 10 mg/ml as cobalt (400 mg of zCo-NPs and 544 mg of Co3O4-NDs), placed
in an ultrasonic bath for about 15 min, transferred to petri dishes, and incubated at 37°C and 5% CO, under
continuous shaking. After 24 h, the NPs were removed by a magnet, the supernatants were centrifuged three-times
at 15,500 g for 15 min at room temperature (RT), thereafter at 300,000x g for 2 h at 4°C. The samples were
filtered through a 0.22-pm filter and then split into aliquots of 10 ml and stored at -80°C until analysis. To evaluate
the variability due to different preparations, we performed two independent experiments. The presence of Co was
also evaluated in complete culture media without NPs.

Solubilized metal evaluation by inductively coupled plasma optical emission spectrometry

The amount of Co ions in NP-free filtrates was analyzed by Optima™ 7000 DV inductively coupled plasma optical
emission spectrometry (ICP-OES; Perkin-Elmer, CA, USA). Prior to measurement, the filtered supernatants were
transferred to clean tubes for acid digestion. Thereafter, 4 ml of aqua regia (37% HCI and 65% HNOj in 3:1
ratio) were added to 1 ml of each sample and the acidified samples were heated following a two-stage digestion
program using a ETHOS TC microwave (Milestone Inc., Sorisole, Italy). The heating procedure consisted of a
first step of 10 min at 1000 W to reach a temperature of 200°C and a second step of 15 min at 1000 W, 200°C.
After cooling, the digested samples were transferred to 15-ml ICP-OES analysis tubes and diluted to 10 ml with
MilliQ water (Millipore, Milan, Italy). The analyses were conducted on samples from two independent bioassays,
and each measurement was replicated three-times.

Samples

The five subjects involved in this research gave their informed consent for inclusion before they participated in
the study. The procedures were performed in accordance with the Ospedale di Circolo Ethical Committee and
the European Communities Council Directive of EU/63/2010. hASCs were isolated from mammary adipose
tissue obtained from five healthy women who underwent surgery for gigantomastia at the ‘Ospedale di Circolo’,
Varese, Italy. Average age of the subjects was 43 =+ 4 years. They had not experienced any great weight loss from
dieting (BMI was from 18.8 to 29 kg/m?), were nonsmokers, had no history of metabolic disorders and were not
taking medications at the time of the medical procedure. Owing to the gigantomastia, we were able to obtain large
amounts of adipose tissue from the same depot; furthermore, the rigorous selection of the subjects insured that
specimens were of good quality and rich in hASCs.
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hASC isolation & culture

hASCs were isolated according to the Gronthos and Zannettino protocol modified in our laboratory [16]. Briefly, the
stromal vascular fraction was obtained by collagenase type II digestion (Sigma Aldrich) at 37°C for 1 h in agitation.
Stromal vascular fraction was filtered (100 pm cell strainers) and centrifuged at 180x g for 10 min; the resulting
pellet was washed with erythrocyte lysis buffer (154 mM NH4Cl, 10 mM KHCO3 and 1 mM EDTA), then
seeded in T25 flasks maintained at 37°C, 5% CO,. After 6 h, nonattached cells were removed. Cells were grown in
DMEM:DMEM/F12 1:1, supplemented with 2 mM L-Gln, 1% penicillin—streptomycin, 0.1% gentamicin and
10% FBS. hASCs were subsequently cultured in T75 flasks and used at fifth confluence for all experiments.

hASC characterization
Cells were characterized by cytofluorimetric analysis, as previously described by Cherubino ez 4. [16], immunos-
taining and qPCR.

For immunostaining, CD44 antibody was used as a stemness marker and adiponectin receptor 1 (ADIPORI)
antibody as an adipogenic differentiation marker. hASCs were seeded on coverslips and incubated for 24 h at
37°C, 5% CO,; cells were then fixed with 4% paraformaldehyde for 10 min at RT and permeabilized with
0.1% TWEEN-20 in phosphate-buffered saline (PBS) solution supplemented with 2% bovine serum albumine
for 30 min at RT. After permeabilization, cells were incubated overnight at 4°C with primary antibody anti-CD44
diluted 1:50 (Abcam, Milan, Italy) or with anti-ADIPOR1 diluted 1:100 (Abcam). Cells were then incubated for
1 h with anti-goat secondary polyclonal antibody conjugated with Alexa Fluor® 488 and diluted 1:500 (Abcam)
for CD44 antibody or with secondary anti-donkey polyclonal antibody conjugated with Alexa Fluor 647 diluted
1:600 (Abcam, Milan, Italy) for ADIPORI antibody. For nuclear staining, cells were treated with 1 pg/ml 4',6-
diamidino-2-phenylindole diluted 1:5000 for 5 min at RT. Finally, cells were observed under a Zeiss Axio Imager Z1
fluorescence microscope (Carl Zeiss AG, Werk Géttingen, Germany), equipped with an AxioCam digital camera
(Zeiss, Jena, Germany).

For qPCR, CD44 and CD90 genes were used as positive stemness markers, while FABP4, ACRP30 and
ACSS2 genes were taken as differentiation markers. Values, derived from the five subjects, were normalized with
two reference genes (GAPDH and $2m) according to the method of Palombella ez 4/, [19] and quantified by using
the 22 method. Each experiment was repeated three-times.

RNA extraction & qPCR

Total RNA was isolated using the MiniPrep kit (ZymoResearch, Italy) according to the manufacturer’s protocol.
The extracted RNA was quantified by the QuantiFluor® RNA System (Promega, W1, USA) and assessed by 1%
gel electrophoresis to verify the integrity. The RNA was reverse transcribed using the iScript™ cDNA Synthesis
Kit (BioRad, Italy) and the cDNA was stored at -20°C until use. qPCR was conducted using iTaqTM Universal
SYBR® Green Supermix (BioRad). The Beacon Designer Program (BioRad) was used to design specific primers;
the sequences are shown in Table 1.

Each sample was prepared as reported in Rossi ez a/. 20. Here, 1 pl (5 ng) of cDNA, 1 pl of forward and reverse
primer mix (6 uM), 7.5 pl of SYBR Green Supermix (2x) and water to a final volume of 15 ul were mixed and
placed in the CFX 96 Thermocycler (BioRad). A thermal cycle comprised the following settings: 5 min at 95°C,
10 s at 95°C and 30 s at 60°C for 40 cycles.

Based on our previous experience and published data (3,211, we selected HSP70, MT2A, MLL, SDHBI, CASP3,
QSEC1, and VMPI as target genes to determine gene expression. Values, derived from five subjects, were normalized
with three reference genes, GAPDH, 2m and RPL13 according to the method of Palombella ez 4/. (19 and quantified

by using the 2-24¢

method. Each experiment was repeated three times.
Cell exposure for toxicity, recovery & gene expression
For all the experiments, cells were maintained as reported in the section ‘hASC isolation and culture’.

For cytotoxicity, 500 cells were seeded into a 96-well plate and then cultivated for 24 h at 37°C in 5% of CO; to
equilibrate and become attached before treatment. Cells were then exposed for 3 h at increasing amounts of dissolved
Co (resulting from the dissolution of zCo-NPs in culture medium), corresponding to 0, 1.06, 2.12, 4.24, 6.36 and
8.48 pg of Co (200 pl final volume). In parallel, cells were also exposed to the same Co amount of zCo-NPs and
CoCl, freshly prepared in culture medium. NP suspensions were prepared before each treatment using an ultrasonic
bath for 15 min to disperse NPs in culture medium. After exposure, the plate was equilibrated at RT for 30 min and
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Table 1. Primers used in this work.

Gene name

GAPDH

B2m

RPL13

CD44

CD90

FABP4

ACRP30

ACSS2

HSP70

IQSEC1

MT2A

SDHBT1

MLL

CASP3

VMP1

Sequence 5'-3' Melting temperature (°C)  Accession number
FW Primer CCCTTCATTGACCTCAACTAC 61.5 M17851.1
Rev Primer CATTGATCACAAGCTTCCCG 61.6
FW Primer TTCTGGCCTGGAGGCTATC 60.0 AB021288.1
Rev Primer TCAGGAAATTTGACTTTCCATTC 59.0
FW Primer TATGAGTGAAAGGGAGCC 60.0 NM_012423.3
Rev Primer ATGACCAGGTGGAAAGTC 60.0
FW Primer GCAGTCAACAGTCGAAGAAG 62.9 AY101192.1
Rev Primer GTCCTCCACAGCTCCATT 62.9
FW Primer CTCTACTTATCCGCCTTCACT 62.9 NM_006288.4
Rev Primer CGTTCTGGGAGGAGATGG 63.0
FW Primer AAGTCAAGAGCACCATAACCT 63.3 NM_001442.2
Rev Primer GCATTCCACCACCAGTTTATC 63.4
FW Primer GGAAGGAGAGCGTAATGGA 62.7 NM_004797.3
Rev Primer AGTTGGTGTCATGGTAGAGAA 62.7
FW Primer ATACAAGGTGACCAAGTTCTACA 63.3 NM_018677.3
Rev Primer GTGACAGGCTCATCTCCAA 63.3
FW Primer TGACAACAGGCTGGTGAA 63.0 M11717.1
Rev Primer CGCTTGTTCTGGCTGATG 62.9
FW Primer GTCGGTTGGTCTGCTACT 62.9 NM_001134382.3
Rev Primer AGGTCGTTGAACAGGAAGAT 62.9
FW Primer GCAAATGCAAAGAGTGCAAATG 64.2 NM_005953.5
Rev Primer ACTTGGCACAGCCCACAG 66.9
FW Primer GGAAGGCAAGCAGCAGTAT 64.3 NM_003000.2
Rev Primer ACAGCAGGCACAGAGAATG 64.2
FW Primer GAGGCTTAGGAATCTTGACTT 61.3 AF232001.1
Rev Primer CAACAGACTTGGCAATACAC 61.1
FW Primer TGGACTGTGGCATTGAGAC 63.9 NM_004346.4
Rev Primer CCAGGTGCTGTGGAGTATG 64.0
FW Primer TCGGTACAGCAATCGGAGAG 65.6 NM_030938.5
Rev Primer GCATGTTCCAGCATCTCTTCAA 65.4

FW: Foward; Rev: Reverse.

the culture medium was replaced with 1:1 PBS and CellTiter-Glo® Luminescent Cell Viability Assay (Promega,
Milano, Italy). To adopt the most suitable assay, an interference testing evaluation was performed previously. Data
from our laboratory (UNPUBLISHED DATA) and from the literature (22-25] recommended introducing additional
washing steps when an MTT assay is used or to prefer a fluorescence or photoluminescence assay. CellTiter-Glo is
based on the luciferase reaction to quantify the amount of ATP present in cells; the luminescent signal is directly
proportional to the number of viable cells. The plate was stirred for 2 min and left at RT for 10 min before detecting
the luminescence using the Infinite F200 plate reader (Tecan Group, Minnedorf, Switzerland).

To evaluate cell recovery capability, 1500 cells were seeded into a 24-well plate and then exposed for 3 h at
the nominal concentration of 2 pg/400 pl of working volume (86 uM) of Co contained in Co304-NPs, zCo-
NPs or CoCl,. The dose and the exposure time used in this experiment caused cell mortality not higher than
20-30% (EC20). After the exposure, treatment solutions were removed, cells were washed with PBS and fresh
medium containing RealTime-Glo™ MT reagent (Promega) was added. This assay is a nonlytic, homogeneous,
bioluminescent method to estimate cell viability in real time by measuring the reducing potential of cells and, thus,
metabolism. Viable cells reduce the prosubstrate to generate a substrate for luciferase. The luminescent signal was
recorded using the Infinite F200 plate reader every 24 h for 7 days. All the experiments were run in triplicate and
repeated three-times.

For gene expression, cells were grown in a T75 flask until the fifth confluence were exposed to zCo-NPs, Co was
dissolved from zCo-NPs and CoCl, at the EC20. After 3 h, the cells were collected for RNA extraction.
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Figure 1. Human adipose-derived stem cells characterization. (A) CD44 antibody-positive cells, Alexa Fluor® 488 dye. (B) ADIPOR1

antibody-positive cells, Alexa Fluor 647 dye. Nuclei stained with 4/,6-diamidino-2-phenylindole. Scale bar: 20 um. (C) gPCR of stemness

genes CD44 and CD90, and adipogenic genes FABP4, ACRP30 and ACSS2. Values, normalized with the reference genes GAPDH and 28m,

are expressed as mean =+ standard deviation of five subjects.

Uptake & morphology

These experiments were performed in steady state. For optical microscopy 5000 cells were cultured in DMEM
on 24 mm? coverslips into 6-well culture plates, cultivated at 37°C in 5% CO,, and then exposed to EC20 of
Co0304-NPs or zCo-NDPs for 3 h. After the exposure, NPs were removed; cells were washed with PBS and, after
an appropriated time (0, 5, 10 or 15 days), fixed for 10 min with 100% methanol at RT, then stained with
hematoxylin—eosin solution according to standard procedures.

For Oil Red O staining after exposure and 15 days of recovery, cells were washed with PBS, fixed with 10%
formalin for 30 min at RT, then rinsed twice with water and incubated for 5 min at RT with 60% isopropanol.
After isopropanol’s removal, Oil Red O working solution (Sigma-Aldrich) was added for 10 min at RT. Cells were
then washed twice with water and slides were mounted using Eukitt (Bio-Optica, Milano, Italy).

For transmission electron microscopy (TEM) analysis, 100,000 cells were cultured in a T25 flask and treated
as previously described. At the end of the experiment the cells were harvested, fixed and embedded as previously
described [10], and finally observed by using a Morgagni electron microscope (Philips, Eindhoven, The Netherlands)
operating at 80 kV.

Statistical analysis

For qPCR, data analysis was performed by Student’s t-test on the ACt values of exposed cells versus unexposed
cells, used as control. Data from five samples were expressed as mean values (& standard error) and were considered
significantly different at p < 0.05.

Results

Nanoparticle characterization

Characterization of the NPs used in this research was reported in our previous publications: Palombella ez /. [10]
for zCoNPs and Papis ez al. 191 for Co3O4-NDPs.

hASC characterization

Immunostaining and qPCR analysis (Figure 1) indicated that the hASCs used are mostly stem cells. The majority
of the cells are CD44 positive (Figure 1A); conversely, ADIPORI1-positive cells are rarely visible (Figure 1B).
qPCR outcome, reported in Figure 1C, confirmed the immunostaining results, showing high mRNA expression
of stemness genes (CD44 and CD90) and very low expression of adipogenic genes (FABP4, ACRP30 and ACSS2).
Taken together, these results support those previously obtained by FACS analysis, in which the expression of
CD44, CD90, CD105 and HLA class I markers represented a characteristic of the entire hASC population, thus
operationally defining the homogeneity of the cells under study [16].
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Figure 2. Human adipose-derived stem cells viability and proliferation. (A) Cell viability of human adipose-derived
stem cells after 3 h exposure to increasing concentrations of dissolved zerovalent Co-NPs (dissolved Co), of zCo-NPs or
CoCl;. (B) Time recovery capability of cells exposed for 3 h at the nominal concentration of 1 ug of Co contained in
Co304-NPs, Co-NPs or CoCl; (200 ul final volume). Results are expressed as increase of cell number. Data are expressed
as mean values + standard error (n = 5).

Ctr: Control; zCo-NP: Zerovalent cobalt-nanoparticle.

Dissolution of NPs in culture medium

Since the aim of this study was to evaluate the effect of ions released from NPs suspended in a culture medium, we
used saturated solutions to guarantee the maximum amount of NPs dissolved in the culture medium. ICP-OES
analysis detected 424 ppm (mg/1) of Co for zCo-NPs and only 3.32 ppm for Co3O4-NPs.

Cytotoxicity & recovery

Due to the very low dissolution of Co3O4-NDPs, viability experiments were only performed on Co derived from
the dissolution of zCo-NPs in culture medium, freshly made zCo-NP suspension and CoCl; solution (however, as
reported in Papis ez al. [21], the Co304-NP toxicity evaluated on two different cell lines in the same experimental
setting was similar). The results, shown in Figure 2A, demonstrated good overlap among all the considered
treatments, confirming that, under these experimental conditions, cell toxicity is prevalently due to Co ions.
Figure 2B, reporting the results of cell recovery that was monitored for 7 days after 3 h exposure at EC20, indicated
that although all the samples reached steady step (plateau) at day 5, the proliferation curve is different according
to the treatment. In the control sample (Ctr), cell viability increased faster than in the exposed cells. Interestingly,
cells exposed to CoCl, recovered more readily than those exposed to zCo-NPs and Co3O4-NPs, which displayed

similar behavior.

Cellular uptake & morphology

Figure 3 shows optical microscopy images concerning the morphology and uptake of cells not exposed (Figure 3A—
D) and exposed to EC20 (Figure 3E-N). In detail, Figure 3E & I showed that, after 24 h of exposure, the NPs
are internalized by the cells and stored in cytoplasmic vesicles. Figure 3F-H clearly displayed that, despite their
removal, Co3O4-NPs remained inside the cell for the entire considered time. Conversely, 10 days after exposure, no
zCo-NPs were found in almost all the observed cells. After 15-day recovery, cells stained with Oil Red O (Figure 4)
did not show particular differences in their morphology after being exposed (Figure 4B & C) and not exposed
(Figure 4A). Interestingly, as shown in Figure 4B, cells are able to proliferate even in the presence of Co3O4-NPs.
Most of these observations were confirmed by TEM analysis; in fact, as depicted in Figure 5A-D, the morphology
of unexposed cells is that expected for hASCs embedded for TEM observation. The cell body was rounded, the
nucleus was large, indented and eccentric, with abundant euchromatin and a prominent nucleolus; lysosomes, lipid
droplets and vacuoles of different sizes were present in the cytoplasm and the cell membrane was characterized by
some pseudopodia-like protrusions [10]. Notwithstanding the low cell mortality, the EC20 used in these experiments
provoked some ultrastructural modifications, even causing severe cellular damage that, probably, depended on NDPs.
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Control Co,0,-NPs zCo-NPs
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Figure 3. Representative pictures, stained with hematoxylin-eosin. (A-D) Unexposed cells; (E-H) Co304-NPs exposed
cells and (I-N) zerovalent cobalt-NPs exposed cells. Within 3 h, the NPs were internalized by the cells and stored in
cytoplasm vesicles (E & 1). After 5-day recovery NPs were still present (F & L). After 10-day recovery, Co304-NPs
remained inside the cells (G), whereas no zCo-NPs were noticed (M). Same conditions were observed after 15-day
recovery (H & N). Scale bar: 20 um.

zCo-NP: Zerovalent cobalt-naanoparticle.

As shown in Figure 5E-N, there are more pseudopodia-like protrusions, vacuole vesicles, and lysosomes of different
sizes in the exposed cells than observed in unexposed ones (Figure 5A-D); furthermore, several mitochondria
have lost their organization (Figure 5I). Vacuoles, often containing low electron-dense material, were present in
the cytoplasm of the exposed samples, including those observed immediately after 3 h of exposure (Figure 5E
& I). These characteristics confirmed that NPs were massively internalized as agglomerated mainly by endocytic
mechanisms. Once internalized, NPs remained inside the cytoplasm up to 5 days (Figure 5F & L). As depicted in
Figure 5G & H, from the 10th day after the exposure, NPs remained exclusively in the cells exposed to Co3 O4-NPs.
In contrast, as shown in Figure SM & N, no NPs were found in those cells exposed to zCo-NPs. Although no
patchy chromatin distribution was observed in treated cells, the rough endoplasmic reticulum and Golgi apparatus
did not appear to be particularly affected; some blebbing cells (an example in Figure 5N), characteristic of an
apoptotic state, are present.
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Figure 4. Representative pictures of human adipose-derived stem cells, stained with Oil Red O staining after 15-day
recovery. (A) Unexposed cells, (B) cells exposed to Coz04-NPs, (C) cells exposed to zCo-NPs. Interesting is the presence
of cells able to proliferate (arrow); lipid droplets (*). Arrow: Co304-NPs. Scale bar: 20 um.

zCo-NP: Zerovalent cobalt-nanoparticle.

Gene expression

The relative gene expression of the examined genes (HSP70, MT2A, MLL, SDHBI1, CASP3, IQSECI and VMPI)
is reported in Figure 6. At the amount of Co used in this research, only the expression of the VMPI of those
samples exposed to dissolved zCo-NPs appeared significantly downregulated (p < 0.05). For the other genes, we
only observed a slight modification in the exposed versus the unexposed cells. Generally, the response did not seem
to be dependent on the Co formulation.

Discussion

The toxic potential of NPs is a matter of concern due to their own distinctive physico-chemical characteristics
and the ability to interact with living organisms and complex biological environments. Therefore, published
experimental data in the nanotoxicology field have steadily increased since first appearing in 1990, and markedly
during the last decade.

Little is known about how NPs are eliminated from the cells and what happens after single or repeated
exposures [26]. In addition, the need to prolong the retention time of internalized NPs in the body to improve their
efficacy in imaging, drug delivery and theranostic applications [27] increases the possibility that NPs come in contact
with cells, including stem cells, which are more sensitive. It is, therefore, important to determine a concentration
range for NPs that is safe and can be used without causing irreversible cell damage. Therefore, we focused our study
on the effect of Co-NPs and Co ions on hASCs, the most abundant stem cells residing in the body [28].

Our results on cell viability during the recovery phase demonstrated that, if not compromised by mechanical
damage due to the massive NP internalization [29], the function of most of the hASCs exposed to zCo-NPs and
Co304-NPs returns to normal. However, when cell toxicity develops, it is probably due to both NPs as such and to
the ions released by dissolution in the culture medium or after entering the cell. It is recognized that dissolution is
one of the main sources of NP toxicity, and although it can take considerable time to perform such a study and it
is complicated by issues such as particle separation from solution, it represents a key aspect of nanotoxicology [30].
Co ions are involved in several cellular processes, for example, in the induction of hypoxia by the increase in
the inducible HIF-1a, which, in turn, could be the cause of reduced cell proliferation (31. Some authors [32,33]
reported that at a concentration of 100 uM, like used in our experiments, Co ions may induce reactive oxygen
specie synthesis, which is responsible for DNA damage that, in turn, can alter the synthesis and the activity of
many signaling proteins involved in the stress response, such as cell proliferation and apoptosis induction. qPCR
experiments did not reveal any important involvement in mRNA expression of those genes susceptible to metal
exposure and implicated in general (HSP70, MT2A) or in specific cell processes (SDHB1, MLL, CAS3, IQSECI).
However, except for MT2A, a general downregulation was found in all the examined genes from exposed samples.
VMP1 is a protein localized in the autophagosomal membrane and associated with autophagy, membrane traffic
and cell adhesion [34,35]. Cells deficient in VMP1 display defects in autophagosome biogenesis or maturation as
well as in the secretory pathway (36]. Notwithstanding its involvement in such important functions and preliminary
indications of its responsiveness to metal exposure [37], VMPI was only significantly downregulated in those cells
exposed to the medium containing dissolved zCo-NPs. Under the experimental conditions in our study, we found
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Control
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5-day
recovery

10-day

15-day
recovery

Figure 5. Transmission electron microscopy analysis. Representative pictures of unexposed (A-D),
Co304-NPs-exposed (E-H) and zCo-NPs-exposed human adipose-derived stem cells (I-N). After 3 h of exposure, NPs
were internalized (arrows, E & I). After 5-day recovery, NPs were still present (arrows, F & L). After 10-day recovery,
Co304-NPs were still present (arrows, G). Differently, no Co-NPs were found (M). Same conditions were observed after
15-day recovery (H & N). Regardless of the NPs, cell membrane presented pronounced pseudopodia-like protrusions
and several empty vacuoles (E-N). Arrowhead showed a disorganized mitochondria (l). Scale bars: (A, B, C, E, H, M &
N) 2 um; (D & G) 5 um; (F) 500 nm; (I & L) 1 um.

zCo-NP: Zerovalent cobalt-nanoparticle.

a nonsignificant decrease in SDHBI mRNA expression, indicating that, in general, mitochondrial function is
not perturbed; however, TEM analysis indicated that mitochondria appeared disorganized, which may be due to
impairment of other mechanisms that do not directly involve SDHBI mRNA expression.

Other toxic effects of Co ions could be due to its competition with Ca*" in the cell-signaling and -binding
proteins [38]. Although the amount of Co®* released by Co3O4-NPs in the medium was very low [9,39], Co3O4-NP
toxicity was recognized and presumably caused by the fast cell internalization through endocytosis, via the clathrin-
dependent pathway [9,15,29,39]. Once inside the cells, Co3O4-NPs are preferably stored in endocytic vesicles, which,
in turn, are recruited by lysosomes whose acidic pH can progressively solubilize the NPs that continuously release
ions over a long period.
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Figure 6. Gene expression. mRNA-relative expression of HSP70, MT2A, MLL, SDHB1, CASP3, IQSECT and VMP1 genes
in unexposed human adipose-derived stem cells (control, white bars), human adipose-derived stem cells exposed for
3 h to zerovalent cobalt-nanoparticles (black bars), dissolved zerovalent cobalt-nanoparticles (light gray bars) and
CoCl, (dark gray bars). Values are normalized with the reference genes GAPDH, 82m and RPL13, and the expression
has been reported as 222t data statistically significant according to Student’s t-test.

p < 0.05; n=5.

Ctr: Control; zCo-NP: Zerovalent cobalt-nanoparticle.

Interestingly, an old, established publication mentioned that, despite the proven competition of Co®" with Ca**,
an extracellular increase in Ca?" triggered a complete program of keratinocyte differentiation, whereas Co** did
not [40]. Our experiments with Oil Red O staining did not indicate that differentiation speeded up but did indicate
that, occasionally, cells can also undergo mitosis in the presence of NPs, a circumstance already observed in cells
exposed to Fe3O4-NDPs [24]. In contrast, cell ultrastructure demonstrated that exposed cells, though alive, can display
typical alterations of an early apoptotic state. As concerns cellular uptake, microscopic analysis confirmed that NP
internalization was rapid, nonspecific and concentration dependent [29]. After 10 days from the exposure we were
not able to detect zCo-NPs inside the cells, which could be due to NP dissolution and NP clearance. Whereas
relatively little effort has been made to investigate NP removal, it is known that it can be affected by multiple factors,
including size, shape, chemical—physical surface characteristics and functionalization, which, in turn, influence the
formation of aggregates (strongly bonded NPs) and/or agglomerates (loosely bonded NPs) [41,42]. Pham ez a/. 142)
reported that if iron oxide nanoparticles are not stabilized appropriately, the particles may aggregate, impeding or
slowing the clearance; these studies are of great interest, in particular when NPs are used as contrast agents.

Conclusion
Considering the exponential growth of production, use in nanomedicine and consequent discharge, NPs may easily
enter the body. For this reason, it is important to know what happens once they are internalized by the cells,
particularly in the case of stem cells as they are more sensitive. In this scenario, it is fundamental to consider NP
dissolution and clearance. In this study, we addressed these aspects of nanotoxicology. The results of the present
work suggested that, after a single NP exposure, cells may survive if they have not suffered any mechanical damage
due to massive NP internalization. Gene expression appeared to show a general tendency to decrease; however,
increased sample numbers for gene expression analysis to boost the statistical power would be required to ascertain
whether this is indeed biologically relevant. Furthermore, once internalized, the two formulations displayed a
different behavior, probably due to fast dissolution and clearance of zCo-NPs in comparison with Co3O4-NDs.
This work did not examine all the cellular mechanisms in depth; however, it is helpful to become aware of
exposure doses that are safe for humans and to understand the consequences of the particulate effects of the
nonmetabolizable nanoparticles, which may persist inside the cell and act even for a long time.

Future perspective

This work is intended to provide guidance on determining the safety dose of exposure using NPs and to determine
the fate of NPs once they are internalized by the cells. As numerous metal NPs are used in nanomedicine, ranging
from iron, to zinc, cadmium and many others, it will be important to extend this type of study to other NPs and,
insofar as possible, to investigate the cellular mechanisms in greater depth.
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Summary points

e Human adipose stem cells were used as a model to evaluate cobalt-nanoparticle (Co-NP) toxicity.

e Treatment has been conducted using EC20, an effective dose without causing high mortality.

e Evaluation of two different formulations of Co-NP was conducted; an aspect that should be taken into account
when studying NP effects.

e The study was conducted by a multidisciplinary approach based on cell morphology, ultrastructure and gene

expression.

NP dissolution is different and dependent on NP formulation.

After 24 h of Co-NPs exposure a negligible effect on gene expression was shown.

Different Co-NPs can persist inside the cells for varying times.

If not compromised by mechanical damage due to the massive NP internalization, the function of the human

adipose-derived stem cells returns to normal.
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