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Purpose: The high-speed development of nanotechnology industry has fueled a plethora of engineered nanoparticles (NPs) and NP-
based consumer products, further leading to massive and uncontrolled human exposure. In this regard, the researches addressing the
safety assessment of NPs should be re-approached from the perspective of test parameters variety, closely simulating daily life
scenarios. Therefore, the present study adopts complex in vitro models to establish the safety profile of Fe;O4 NPs, by using 2D and
3D human epidermis models under both standard and UV exposure conditions.

Methods: Advanced 3D human reconstructed epidermal tissues and two different monolayers of immortalized human cells
(keratinocytes and fibroblasts), using series of in vitro assays were employed in the current study to evaluate multiple biological
responses, as follows: i) divers protocols (skin irritation, phototoxicity assay); ii) different conditions (= UV exposure) and iii) a wide
variety of quantification methods, such as: MTT, NR and LDH colorimetric tests — performed to evaluate the viability of the cells/
microtissues, respectively, the cytotoxicity of the test compounds. In addition, IL-la ELISA assay was used to quantify the
inflammatory activity induced by the test samples, while immunocytochemistry analysis through fluorescent microscopy was
employed to provide insightful information regarding the possible mechanism of action of test samples.

Results: The two test samples (S; and S,) induced a higher cell viability decrease on immortalized human keratinocytes (HaCaT)
compared to human fibroblasts (1BR3), while 3D-epidermis microtissues showed similar viabilities when treated with both samples
under standard conditions (-UV rays) — for both type of evaluation protocols: skin irritation and phototoxicity. However, UV irradiation
of 3D-microtissues pre-exposed to test samples led to different results between the two test samples, revealing that S, sample induced
a significant impairment of human epidermis viability, whereas S; sample elicited an activity similar to the one recorded under
standard conditions (-UV).

Conclusion: The present results indicate significant differences in toxicity between the two in vitro models under UV conditions,
highlighting the importance of model selection and exposure parameters in assessing NP safety. Thus, our findings suggest that Fe;O,
NPs may pose some risks under specific environmental conditions, within the limitations of the experimental setup, and further
research is needed to refine safety guidelines.
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Introduction

Human exposure to engineered nanoparticles (NPs) has increased considerably in recent years due to myriad of NPs applications
in the commercial products, though investigations concerning their potential toxicological impact is still in progress.' NPs uptake
into the human body is mainly achieved through three entry routes: i) oral ingestion; ii) inhalation and iii) skin penetration.” Even
> and inhalation® of NPs, the literature is scarce of data

concerning the dermal penetration of NPs and the resulting health outcome.” However, according to the comprehensive study

though several studies discuss aspects regarding oral ingestion

published by Vance and collaborators, the assessment of 770 nanotechnology-enabled products along with their possible
exposure pathways declared the skin as the main exposure organ responsible for NPs entry. This fact may be caused by
a plethora of products that are especially manufactured to be in contact with the skin or the hair.! Also, a large number of NPs-
based consumer products are personal care or cosmetic items and are therefore targeted for topical application.®

An important role among NPs is played by magnetite NPs (Fe;O4 NPs). Their applications in the cosmetics industry
being beneficial due to the detoxifying and antioxidant properties, as they provide skin protection by capturing and
neutralizing free radicals and reducing oxidative stress, thereby helping to prevent, to some extent, premature skin aging.”
Furthermore, Fe;O4 NPs can be used for the transport and gradual release of active substances, enabling more effective
penetration into the skin while also optimizing their distribution through external stimuli (magnetic fields).'® Although
NPs offer numerous advantages, they also bring challenges related to scalability, stability, costs, and toxicity, thus their
safety and toxicity profiles remain subjects of intense debate.

Due to their small size, large surface area, and positive charge, NPs interact with the biological microenvironment,
potentially exhibiting dose-dependent toxicity and the risk of increasing the concentration of active substances that reach
the circulatory system. Numerous recent studies have focused on deepening the understanding of interactions between
NPs and skin, taking in consideration the possible nanotoxicological impact of the NP-based test compounds, especially
when undergoing a long-term contact'' or UV exposure.'?

Regarding the biocompatibility and chemical stability of Fe;04 NPs, several studies emphasize the importance of
biological testing to prevent toxic reactions or adverse effects that pose health risks in both biomedical and cosmetic
applications.'*'* However, even though UV irradiation is widely applied to these NPs for various proposes, such as

photocatalyzing systems for biological applications'>"”

or for the synthesis of magnetically stabile aqueous nano-
formulations (ie Fe;O4-chitosan NPs),'® thus endorsing the stability of Fe;0,4 NPs under UV irradiation and the possible
lack of reactive compounds generation under these conditions, investigation of magnetite NPs as potential skin irritant
compounds still represents a topic of interest for various domains, such as: cosmetics,” textile industry,”” tattoos,”'
nanotoxicology management® and wastewater treatment,'’ especially since metal and metal oxide NPs are described as
the most utilized kind of NPs on the market and the skin considered to be the main entry route.'

Nevertheless, in addition to the NPs physico-chemical behaviour to UV rays, another important factor plays a key role
in the safety screening of the NPs at the skin level: UV irradiation of cutaneous tissue, which can induce a significant
negative impact on the skin that weakens the skin’s protective barrier, by causing oxidative damage and affecting cellular
DNA in the form of thymine dimers, that may further lead to skin inflammation and suppress immunity,> resulting in
premature aging (UVA rays) and even in increased risk of skin cancer, including melanoma (UVB rays).?* Also, the US
Government Accountability Office (GAO) revealed that significant side effects can be induced by NPs presence in
sunscreens that can penetrate damaged skin, endorsing the importance of biological testing and safety assurance.”” Thus,
taking into consideration all the above-mentioned aspects, regardless of the type of NP, biological screening must not lose
sight of the effects that the skin could manifest after being presensitized by NP-skin contact, following subsequent
exposure to UV irradiation. An aspect that may closely simulate possible real-life scenario. Therefore, to obtain
a comprehensive screening profile, biological evaluations of NP-induced effects at the skin level should be performed
both on healthy models (standard conditions) and on UV-irradiated models. Yet, to the best of our knowledge, no study
has investigated the potential toxicological effects of FesO4 NPs pre-sensitized skin cells following UV irradiation,
a scenario that may occur in real life under certain circumstances.

All data presented above regarding: i) the highly increasing exposure of humans to nano-based products and ii) the
UV impact on the skin level, amplifies the implementation of a comprehensive pre-marketing testing, especially when
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referring to topical exposure, as already mentioned, the cutaneous tissue is considered the most targeted site for nano-
enabled formulations."*

However, strict regulations on the use of animals for in vivo testing of cosmetics or personal care products make the in vivo
testing strategy to seem unapproachable. This fact may have led to discrepancy between the need for studies evaluating the
commercial NP-based products on skin and the actual number of studies that approach this issue; as since 2009, the use of
animals for evaluation of acute toxicity of cosmetics has been forbidden and is governed by the Seventh Amendment (2003/
15/EC) of the Cosmetic Directive (76/768/EEC). Moreover, beginning with March 2013, the requirements broaden to
evaluations regarding chronic (repeated exposure) toxicity, carcinogenicity and toxicokinetic of cosmetic products and
cosmetic ingredients. The aim of these regulations is to ensure animal welfare by developing complex alternative in vitro
methods based on human tissue models that can efficiently reveal the human behavior following the testing of cosmetic
products.”2® In response to these regulations, the European Commission has acknowledged the European Centre for the
Validation of Alternative Methods (ECVAM) for the responsibility of leading and supervising all the steps necessary for the
validation of in vitro alternative methods. Thus, ECVAM-validated tests aim to replace in vivo animal testing.*’ Therefore,
MatTek company has developed an ECVAM-validated assay (OECD TG 439) for evaluation of skin irritation potential of test
products (liquids and solids) on human reconstructed epidermis model — EpiDerm™ along with another protocol for
phototoxicity assessment of the samples.*°

Taking into consideration the need for biological screening of metal NPs by implementing validated and standardized
in vitro alternative methods, the present study was designed to offer insight information related to the security profile of
two different Fe304 NPs on human skin for both standard (-UV) and UV-treated in vitro models, along with the impact
risks converging from it. Therefore, the assessment of the possible skin irritation potential and the phototoxic impact of
two Fe;O4 NPs samples (S; and S;) on 3D human reconstructed epidermal models under standard parameters and UV
irradiation was employed. In addition, the cytotoxic potential of the samples (S; and S,) on two immortalized human cell
lines from skin origin (keratinocytes — HaCaT and fibroblasts — 1BR3 cells), was also assessed under standard and UV
parameters, obtaining different data depending on the 2D in vitro cell model employed. Thus, the present study is
intended to represent a pioneering research in the safety assessment field of NPs and should be considered as a model,
especially for traditional-simplistic experimental designs that should be re-approached from the perspective of the variety
of test parameters that should closely simulate daily life scenarios.

Materials and Methods

Magnetite (Fe3O4) NPs Test Samples (S, and S,)

Method

Both Fe;O4 NPs tested in the present study were synthesized through combustion method using the Fe(NO5)3-9H,0 as
an oxidizing agent and C¢gHgO7-H,O as a fuel.>! Both recipes were designed to obtain 0.03 mol of Fe;04 NPs, with some
differences in the synthesis process; therefore, their physicochemical properties are slightly different.

Experimental Setup

Firstly, to obtain sample (S;), a stoichiometric amount of reactants was used, while for the second sample (S,),
a double stoichiometric amount was used, with a purity correction to Fe(NO3)3-9H,0 of 98% applied in addition
(Figure 1). The experimental methodology for both samples was described in detail in our previously published
articles, as follows: Moaca et colab®? describes the synthesis process for sample S; and reference®® describes the
synthesis of sample S,.

Data Analysis

The first sample (S;) presents a diameter between 8.22 and 23.0 nm and the magnetic properties translate into a value of

53 emu/g, as described in a previous published article;** while, the second sample (S,) displays a diameter ranging in size

from 4.26 to 13.1 nm and saturation magnetization of 46.26 emu/g, as presented in another recently published article.*?
Nevertheless, a more detailed comparison in terms of physico-chemical features of the two test samples (S; and S,)

can be consulted in Table 1.
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Fe(NO,);-9H,0

CGH807.H20

Sz — with excess of fuel Distilled water

400 °C
absence of air

Figure | Schematic representation of Fe3O4 NPs synthesis through combustion method.

Cell Lines and Cell Culture Conditions

Materials

The 2D cell lines used in the current study were immortalized human keratinocytes (HaCaT — catalog no. 300493, CLS
Cell Lines Service GmbH) and human skin fibroblasts (1BR3 — catalog no. 90011801, European Collection of
Authenticated Cell Cultures). The sterile media used for cell proliferation were: i) Dulbecco’s modified Eagle medium
with high glucose of 4.5 g/ (DMEM) and ii) Eagle’s minimum essential medium (EMEM), both media being acquired
from American Type Cell Collection (ATCC), while the supplements — foetal bovine serum (FBS), trypsin/EDTA and
penicillin/streptomycin mixture were purchased from Sigma Aldrich (Munich, Germany).

Experimental Setup

HaCaT cells were cultured in DMEM media enriched with 10% FCS, while 1BR3 cells were cultured in EMEM
supplemented with 15% FBS. Both cell lines were supplemented with 1% antibiotic mixture of penicillin/streptomycin
solution and cultured under sterile conditions and further maintained in humidified atmosphere at 37°C and 5% CO,
using a Steri-Cycle 1160 incubator (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Data Analysis

Viability Assessment on 2D Cell Cultures + UV Exposure by Means of Neutral Red (NR) Assay

This method evaluates the percentage of viable cells by taking advantage of the lysosomes capacity to incorporate the
neutral red dye through active transport, thus under acidified extracted conditions only the viable cells will be able to
release the incorporated stain. In the present study, Neutral Red Assay Kit — cell viability/cytotoxicity ab234039 (Abcam,
Cambridge, United Kingdom) was used, according to the manufacturer’s protocol.

Table | Several Features of S; and S, Samples Obtained Through
Combustion Method

Sample | Phase Composition | Dxgp [nm] | Dyem [nm] | Ms [emu/g]

S Fe;O,4 18 8.22-23.0 53

Sz Fe304 9 4.26-13.1 46.26
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In brief, the cells (HaCaT and 1BR3) were cultured in 96-well plates to an initial density of 10* cells/well. When the
confluence reached 80%, the old media was removed, and the cells were exposed for 18h to two different samples of
Fe;04 NPs (S, and S,) using concentrations of 25, 50, 100, 150, 200 pg/mL. Afterwards, the medium was replaced with
1x PBS and the cells were maintained in 50 pL/well 1x PBS for UVA irradiation (a procedure that avoids the possible
formation of phototoxic compounds released by the cell culture medium under UV conditions). UV irradiation was
realized by employing a wavelength of 365 nm and a cumulative dose of 300 mJ/cm? (0.3 J/cm?) which might simulate
a real-life scenario.** The irradiation procedure was performed at room temperature — RT by means of Biospectra system
(Vilber Lourmat, France).

In the same time, another plate was maintained under standard conditions (-UV), at RT, in a dark chamber. When the
UV irradiation was finished, both types of plates (containing UV irradiated cells and no irradiated cells) were washed
with 1x PBS, stained with 150 pL/well of 1 x NR solution and incubated for 2h. Afterwards, the cells were washed again
and for the final step 150 pL/well of 1x solubilization solution was added. The optical density of the released dye was
measured at 540 nm wavelength and further used to quantify the rate of viable cells, by applying the following formula:

O.D.sample
Cellviability (%) = 100
ell viability (%) O.D.negative control (cells treated with medium) %

Nuclear and Lysosome Staining of HaCaT Cell Line Under Standard and UV Conditions
To observe the detailed changes that may occur inside the cells when treated with two different Fe;O4 NPs (S; and S,)
under specific conditions (standard and UV treatment), a double staining was performed for two important cellular
compartments: lysosomes and cell nuclei. In this regard, lysosomal staining kit — green fluorescence — cytopainter
ab112136 (Abcam, Cambridge, United Kingdom) was used for lysosomal staining, while Hoechst 33342 reagent was
used for cell nuclei counterstaining by employing a working solution of 1:2000 dilution in 1x PBS.

The exposure parameters (£UV) of cell cultures and the stimulation treatment (18h) with S; and S, samples were
identical to the ones described for the cell viability assessment.

EpiDerm™" Model

Materials

Two reconstructed three-dimensional (3D) human epidermis model kits (EPI-200-SIT and EPI-200-PHO, Lot 30838 and
Lot 30890), containing multiple viable human keratinocytes layers and a functional stratum corneum, were purchased
from MatTek Life Science Company (Bratislava, Slovak Republic). The 3D-epidermis model is an ECVAM-validated
skin model to assess skin irritation and represents an assay governed by OECD TG 439.

Experimental Setup

EpiDerm™ Standard Operation Procedures (SOP) — A Phototoxicity Test and Irritancy Assessment

To perform both the in vitro skin irritation and phototoxicity tests, the epidermis inserts were removed from agarose,
wiped and transferred to 6-well plates containing 0.9 mL/well of assay medium for 1h. Afterwards, the medium from the
wells was removed and 0.9 mL/well of fresh medium was added followed by incubation overnight in humidified
atmosphere with 5% CO, at 37°C. The next day, all inserts were treated for 18h with two different Fe;04 NPs (S
and S,), following the moisturizing of the tissue surface with DPBS to improve contact of the epidermis surface with
both Fes04 NPs samples (S; and S,). Duplicate samples of epidermis inserts were used for each test compound.

(a) After stimulation, the test irritation protocol was employed as follows: each epidermis insert was repeatedly rinsed
with DPBS to remove the test samples and were further prepared for the MTT viability assay, as described in another
subsection. Meanwhile, the medium left in the wells was further used for LDH and IL-1a quantification.

(b) For phototoxicity protocol the inserts were transferred after 18h into a new 6-well plate pre-filled with 900 pL/
well of DPBS. Afterwards, half of the inserts were exposed to UVA irradiation by employing a wavelength of 365 nm
and a cumulative dose of 6 J/em?, using the Biospectra system (Vilber Lourmat, France). The UVA exposure was
performed at room temperature — RT.
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The irradiation intensity was in good agreement with the manufacturer’s SOP and Kandarova’s group.’® Also, the
protocol respected the OECD test guideline for testing of chemicals on reconstructed human epidermis for phototoxicity
assessment.

Meanwhile, the UVA-free plates were maintained in the dark at RT. When the irradiation protocol was completed, all
the inserts were carefully washed with DPBS and the inserts were placed into another 6-well plate pre-filled with 1h-
acclimatized assay medium (0.9 mL/well) and further incubated overnight.

Data Analysis

Viability Assay of EpiDerm'"" Model for Irritancy and Phototoxicity Protocols via MTT Test

To evaluate the viability of epidermis inserts, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was performed. In brief, 300 pL of 1mg/mL MTT solution in DMEM was added into each well of a 24-well plate
before the microtissues were transferred. The 24-well plate containing the epidermis inserts was incubated for 3h and
afterwards the insoluble formazan products were extracted overnight at 4°C in 2mL isopropanol. In the next day, 4
samples of 200 pL aliquots of each extracted formazan solution were transferred to a 96-well plate, and the optical
density (OD) of the samples was determined at 570 nm using a microplate reader (xMark™ Microplate, Bio-Rad
Laboratories, Hercules, CA, USA).

Afterwards, the following formula®® was used to evaluate the irritancy potential of test samples:

O.D.sample
Microti ability (%) = x 100
ierotissue viability () O.D.negative control (inserts treated with DPBS)

Cytotoxicity of EpiDerm' Model Using Lactate Dehydrogenase (LDH) Release Test

The LDH release assay was employed to evaluate the cytotoxic potential of S1 and S2 samples under standard conditions
and UV irradiation. In this regard, after the stimulation protocol of epidermis models was accomplished, the medium
surrounding the inserts was harvested and used for LDH quantification, as described in detail in another recently
published article.*® For this method, the Pierce LDH Cytotoxicity Assay Kit (ThermoFisher Scientific, No 88954) was
employed.

Quantification of Inflammatory Markers of EpiDerm'"" by Assessing Interleukin | Alpha (IL-10) via ELISA Method

To assess the IL-1a release of the stimulated 3D-reconstructed human epidermis models into the culture media, an
enzyme-linked immunosorbent assay (Human IL-1 alpha ELISA kit, Invitrogen, ThermoFisher Scientific, Cat No
BMS243-2) was performed, according to the manufacturer protocol, by quantifying the anti-human IL-la antibody
absorbed on the bottom of the microwells that reacts with the human IL-1a released by the microtissues (into the
medium) after exposure to S; and S, = UV. Further, a biotin conjugated anti-human IL-1a antibody interacts with the
human IL-la bound by the first antibody (free biotin-conjugated antibody is removed during a washing step). In the
following step, addition of streptavidin-HRP reacts with the biotin-conjugated anti-human IL-la antibody (free
Streptavidin-HRP is removed during a washing step), afterwards the substrate solution reactive containing HRP is
added, and a blue colored product reaction is obtained. The intensity of the blue color is proportional to the concentration
of human IL-1a released into the media. The optical density is determined at 450 nm wavelength using a microplate
reader (xMark™ Microplate Spectrophotometer, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Human IL-10a amount
(pg/mL) was quantified based on a standard curve generated from seven human IL-1a standard dilutions (R* = 0.9983).

Histopathological Assessment of 3D Reconstructed Human Epidermis Models

For histopathological analysis, the 3D models were fixed in 10% buffered formalin for 48 h and afterwards were
embedded in paraffin. Four pm-thick sections were cut using a Leica Rotary Microtome (Leica Biosystems Nussloch
GmbH, Nussloch, Germany) and mounted on glass slides, deparaffinized in xylene and rehydrated. Finally, the samples
were stained with the conventional Hematoxylin & Eosin (H&E). Image acquisition and analysis were performed using
a Nikon Eclipse E 600 microscope (Nikon Microscopes/Instruments Division, Vienna, Austria).
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Statistical Analysis

GraphPad Prism 9 version 9.3.01 (GraphPad Software, San Diego, CA, USA) was used for graphical representation and
statistical analysis. Data are presented as mean values + standard deviation (SD). One-way ANOVA was performed to
obtain the statistical differences, followed by Dunnett’s post-test. Statistically significant differences between negative
control group (-UV) versus exposed groups were labelled with asterisks, as follows: *p < 0.1; **p < 0.01; ***p < 0.001;
**%*p < 0.0001.

Results

Cell Viability Assessment of the 2D Keratinocytes and Fibroblasts Cultures Under
Standard and UV Conditions via NR Assay

As shown in Figure 2, both cell lines (HaCaT and 1BR3 cells) presented good cell viability (above 91.76% for HaCaT
and above 92.3% for 1BR3), after exposure to five different concentrations (25, 50, 100, 150, 200 pg/mL) of test samples
(S; and S;), under standard conditions (-UV). However, the results showed that both cell lines manifested a slight cell
viability decrease after exposure to UV radiations, observing that HaCaT cell population was more affected, compared to
1BR3 cells, as following: HaCaT control cells + UV presented a viability of 93.1%, whereas under the same exposure
conditions (+UV radiation), 1BR3 control cells showed a viability of 96.4%. However, both cell lines respected the same
trendline, showing a slight decrease of cell viability while increasing the concentrations of both Fe;0,4 samples (S, and
S,). Nevertheless, the most significant impact on cell viability was recorded when the cells were exposed to UV
radiations following treatment with S, sample; in this situation HaCaT cells elicited a viability rate of 80.9%, while
1BR3 cells presented a viability of 8§9.92%.
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Figure 2 The effect induced by Fe;O,4 test samples (S; and S,) on: (A) human keratinocytes HaCaT and (B) human fibroblasts - IBR3 at 18 h post-stimulation under
standard and UV conditions, employing the NR assay. Results are presented as cell viability percentage (%) normalized to negative control cells (cells treated with medium,
under standard conditions). The data represent the mean values * standard deviation (SD) of three independent experiments. One-way ANOVA analysis was applied to
determine the statistical differences followed by Dunnett post-test (*p < 0.I; **p < 0.01; **p < 0.001; ****p < 0.0001 versus control cells -UV, considered as negative
control).
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Nuclear and Lysosome Staining of 2D Human Keratinocytes (HaCaT Monolayer)
Under Standard and UV Conditions

To better understand the cytotoxic effect induced by NP samples, the 2D cell culture that underwent the most significant
impairment after exposure to S; and S, samples (represented by HaCaT cell line, as revealed through NR assay) was
treated with the highest test concentration (200 pg/mL), under standard and UV conditions, in order to assess the impact
of the samples on the nuclear and lysosome compartments of HaCaT cell culture, by employing fluorescence microscopy
visualization, as presented in Figures 3 and 4.

As shown in Figure 3, HaCaT control cells (UV) present good nuclear and lysosomal morphology, the cell nuclei
showing no signs of chromatin condensation, nuclear membrane blebbing or DNA fragmentation, whereas the lysosomal
compartment presents normal distribution and localization close to the nucleus, a specific feature for interphase of cell
division. However, as depicted in the enlarged pictures through red arrows, a high number of lysosomes present
accumulation of the S; sample, under both parameters (-UV/+UV), but no significant alteration of the lysosomal
compartment was observed. Also, HaCaT cell nuclei elicit normal morphological features after 18h post-exposure to
S;, thus revealing that the mechanism of action responsible for S; activity on HaCaT cells is closely related to
a lysosome-mediated pathway.

Control Control
Y, + UV

Figure 3 Immortalized human keratinocytes (HaCaT) monolayer visualized by fluorescence microscopy at I8h post-exposure to S; (concentration of 200 pg/mL), under
standard (-UV) and UV parameters. Nuclear and lysosome staining was presented both ways: i) separated (hoechst and lysosome) and combined (overlay). Red arrows
present the accumulation of Fe304 NPs, preponderantly in the lysosome compartment. Control cells -UV were considered as negative control. Scale bar represents 20 ym.
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Control

overlay

Figure 4 Immortalized human keratinocytes (HaCaT) monolayer visualized by fluorescence microscopy at |8h post-exposure to S, test sample, under standard (-UV) and
UV parameters. Nuclear and lysosome staining was presented both ways: i) separated (hoechst and lysosome) and combined (overlay). Cell nuclei alterations are indicated
by white arrows and lysosomal impairment is marked by the yellow arrows. Control cells -UV were considered as negative control. Scale bar represents 20 pm.

The double staining of nuclear and lysosome compartments of the 2D human keratinocyte model revealed normal
morphological aspects — a good chromatin distribution within cell nuclei and normal lysosomal features for both control
cells (no exposure to UV and UV-treated cells). Also, HaCaT cells treated with S, sample for 18h, under standard
conditions (-UV) presented normal nuclear elements with only few lysosomal alteration signs.

However, the immortalized human keratinocytes treated with S, (200 pg/mL) under UV conditions were significantly
affected regarding both: 1) the nuclear characteristics (observing a condensation of the chromatin — indicated by the white
arrows) and ii) the lysosome features (observing their diffuse distribution with an increase in volume, which is pointed
out by the yellow arrows), as presented in Figure 4.

Nevertheless, the images did not reveal Fe;04 accumulation within the lysosomal compartment of HaCaT cell culture
when treated with S, sample (200 ug/mL) for 18h, under both standard (-UV) and UV-treated cells (+UV), in contrast to
the accumulation phenomenon observed when the HaCaT culture was exposed to S; sample employing the same

experimental conditions (ie concentration, time treatment interval and £UV rays).
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Irritation and Phototoxicity (+ UV) Evaluation of EpiDerm'"" Inserts via MTT, LDH
and IL-la Assays

As presented in Figure 5, none of the tested Fe;O4 NPs (S; and S,) showed a significant irritating potential on the
reconstructed human epidermis model; S; and S, samples induced a cell viability of 89.87 + 2.8% and 85.20 + 1.06%,
respectively. Also, the results are sustained by the quantification of the LDH amount released by epidermis inserts in the
culture medium, revealing that the test samples did not induce a cytotoxic effect on the reconstructed human skin model — S,
induced a cytotoxicity percentage of 4.07 + 1.09%, while S, manifested a cytotoxicity rate of 6.95 + 1.02%, following an
interval of 18h stimulation time.

The phototoxicity protocol employed under standard conditions (-UV) revealed similar viability percentages of the
3D-epidermis models as the ones obtained within the irritancy test. However, when exposed to UV irradiation (total dose
of 6 J/em?), epidermis inserts treated with test samples (S; and S,) elicited lower viability rates of 75.84 + 0.15% and
69.2 + 0.16%, representing a decrease of more than 10% for both samples when compared to the viability rates obtained
under standard conditions (-UV).

The cytotoxicity assessment of epidermis microtissues revealed no important LDH leakage into the medium, yet the
highest level of LDH was noticed under UV radiation, obtaining cytotoxic rates of 4.58 + 0.11% for S; and 9.03 = 0.31%
for S,.

Even if in the 2D models, S, sample induced only a maximum rate of 20% reduction in cell viability at concentrations
of 200 ug/mL (+UV), in the 3D models, the same concentration caused a 31% reduction in viability of the microtissues.
A discrepancy that highlights the increased sensitivity of 3D reconstructed human epidermis to nanoparticle toxicity,
especially when 3D models are further exposed to UV stress.

When referring to the possible inflammatory activity of the sample-treated microtissues (Table 2), no important
release of the interleukin 1 alpha (IL-1a) was quantified into the culture media, recording concentrations of IL-1a close to
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Figure 5 Irritation (A) and phototoxicity data (B) of 3D reconstructed human epidermis after exposure to 200 ug/mL of S, and S, for a period of 18h. Results are
presented as viability percentage (%) normalized to negative control = NC (microtissues treated with medium, under standard conditions -UV). The data represent the mean
values # standard deviation (SD) of three independent experiments. Positive control (PC) is represented by SDS |%. One-way ANOVA analysis was applied to determine the
statistical differences followed by Dunnett post-test (*p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus control cells -UV, considered as NC).
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Table 2 Inflammatory Marker (IL-lo) Release of 3D Reconstructed Human
Epidermis After Exposure to 200 pg/mL of S, and S, for a Period of 18h via

ELISA Method

Irritancy Assessment PC** NC* S S,
SDS 1% DPBS
IL-1a (pg/mL) 19.73 £ 052 | 225+ 0.03 | 2.53 +0.03 3.1 £0.04
Phototoxicity evaluation | Conditions NC* S S,
IL-1a (pg/mL) -uv 1.71 £ 0.01 10.5 £ 0.04 | 12.56 £ 0.14
+UV 8.6 +£0.06 | 16.07 £0.07 | 20.98 + 0.23

Notes: *NC = negative control; **PC = positive control.

the ones released by the negative control microtissue, when the irritancy evaluation protocol was employed. However,
the inflammatory marker (IL-10)) augmented into the media 18h post-exposure of epidermis inserts to S; and S, samples,
when the phototoxicity protocol was employed, as follows: the amount of IL-1a increased when 3D-microtissues were
further exposed to UV irradiation — from 10.5 £+ 0.04 pg/mL (-UV) to 16.07 + 0.07 pg/mL (+UV) after treatment with S,
while for the 3D microtissue exposed to S, the amount of IL-1a grew from 12.56 + 0.14 pg/mL (-UV) to 20.98 + 0.23 pg/
mL (+UV), revealing an important inflammatory marker release, especially for the UV-treated 3D human reconstructed
epidermis models.

Histopathological Assessment by H&E Staining
The skin samples from the control group had a normal histological structure (Figure 6A), while the control group exposed to
UV radiations showed a slight increase of the keratin layer (hyperkeratosis) and moderate accumulation of epidermal

Figure 6 Histopathological examination of the 3D skin models by H&E staining. Section from the untreated control microtissue, considered as negative control x40
(A); control group exposed to UV showing epidermal hyperplasia and hyperkeratosis, x|10 (B). Group treated with S, depicted signs of epidermal hyperplasia and
hyperkeratosis, x40 (C), and superficial erosion following UV exposure, x|0 (D). Topical application of S, revealed erosion of the epithelium with less viable cells, x40 (E);
with more significant erosion aspects recorded for the UV-irradiated microtissue with S, x40 (F).
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keratinocytes, namely epidermal hyperplasia (Figure 6B). Topical application of S; depicted a thick epidermis, with many
proliferated keratinocytes, some of them showing reactive changes as binucleation, cell vacuolization and visible nucleoli
(Figure 6C). Moreover, the surface of the epidermis showed several superficial signs of erosion, an aspect that was more
evident when the 3D-microtissue was exposed to UV radiations (Figure 6D). Compared with the group exposed to Sy, the one
treated with S, was more affected and showed evident erosions of the epidermis, with less viable keratinocytes (Figure 6E).
A more significant effect was also observed when the group was exposed to UV radiations (Figure 6F).

Discussion
When referring to the physicochemical features of the test samples (S; and S;), the reaction stoichiometry is a critical
factor influencing the synthesis of magnetic iron oxide NPs (MIONPs), particularly in determining the phase, size, and
magnetic properties of the resultant samples. The stoichiometric balance between iron and oxygen during combustion
directly affects the formation of different iron oxide phases, such as magnetite (Fe;O,) and maghemite (y-Fe,O3), which
exhibit distinct magnetic characteristics and applications in various fields, including biomedicine and catalysis.*’ >’
Moreover, the use of iron(II) and iron(II) sources can lead to different outcomes, affecting the resultant particle size and
morphology. However, the present study used the same iron source(Ill) for Fe;O4 NP generation, but different
stoichiometric reports between oxidizer and fuel, obtaining the same phase composition (ie Fe;0,4), perhaps due to the
work condition (absence of air), yet the physicochemical features of the samples obtained were distinct (see Table 1).
Nevertheless, it has been shown that precise control over the stoichiometry can yield nanoparticles with desired
magnetic properties, as variations in the iron-to-oxygen ratio can lead to changes in the oxidation state of iron, which is
crucial for the magnetic behavior of the nanoparticles.***' The formation of iron oxide nanoparticles through combustion
often results in a complex interplay of oxidation and reduction reactions, where the stoichiometric balance can dictate the

efficiency of the synthesis process and the properties of the final product,***

the reason why the present study
implemented an alternative to the current methods to obtain the magnetite nanoparticles, which requires low amounts
of energy as it consists of a single-step process, has a short duration and is also environmentally friendly. Thus, a simple
and facile technique for obtaining the Fe;0O4 NPs was developed by our group using no air atmosphere, by bubbling the
gases resulting from the combustion process into a vessel with distilled water (see Figure 1).

Stoichiometry refers to the quantitative relationship between reactants and products in a chemical reaction, it is often
expressed in terms of the equivalence ratio, which is the ratio of the actual fuel-to-oxidizer ratio to the stoichiometric fuel-to-
oxidizer ratio. Variations in this ratio can significantly influence the combustion characteristics. One can observe that the
granule size depends on the reaction stoichiometry since a combustion reaction does not occur for any molar fuel/oxidizing
agent ratio. In addition, when the fuel was added in excess, the saturation magnetization was slightly lower, as well as the
crystallite size determined by X-ray diffraction (see Table 1). Probably, this is due to the organic residues resulting from fuel
combustion. Our findings are in agreement with the literature, which states that the morphology and phase composition of
combustion products can also be affected by stoichiometry. Variations in stoichiometry can lead to changes in particle
morphology and combustion temperatures, which in turn influence the overall efficiency of the synthesis process.**** This is
particularly relevant in self-propagating high-temperature synthesis, where the stoichiometric balance between reactants can
dictate the extent of combustion and the characteristics of the resulting materials.*®*’

Therefore, the influence of reaction stoichiometry on the combustion synthesis of iron oxide magnetic nanoparticles is
complex, involving the careful selection of precursors, control of the fuel-to-oxidizer ratio, and optimization of synthesis
conditions. These factors collectively determine the phase, size, and magnetic properties of the nanoparticles, which are
critical for their applications in medicine.>” 3%4®

On the other hand, when referring to the NPs applications in the biomedical field and particularly on the skin level, the most
studies have been closely focused on the enhancement performance of products, including: superior UV protection, increasing
hydration power, supporting skin regeneration and pigmentation uniformity, boosting encapsulation efficiency, enhancing
dermal penetration and active substance release, as well as improving physical stability.*>** However, the toxicological
screening of nano-enabled products should also be a constant concern and should especially include the recently developed
validated alternative methods, such as 3D in vitro reconstructed human epidermal models designed for the safety assessment

of skin care products, as these methods may represent the future in pre-marketing testing.
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Advances in 3D skin models have become more efficient compared to traditional 2D models and they also provide an
ethical alternative to toxicological testing on animals. 2D cultures have numerous limitations: lack of cell-to-cell and cell-
to-extracellular matrix interactions, loss of morphological, functional, and metabolic specificity, and inability to simulate
heterogeneous diseases, thus greatly reducing the accuracy of toxicity assessment.’® The advantages of the 2D model for
in vitro evaluations remain the low cost and simplicity (accessibility) of testing. These models fail to accurately
reproduce the in vivo microenvironment for skin and offer limited perspectives on the physiological reactions of the
body to external stimulus, limiting their value in complex toxicological and biological studies.’'** However, 3D models
replicate more accurately the structure of human skin, providing a more precise assessment of skin toxicity, irritation, and
sensitization.”' Furthermore, 3D bioprinting enables the integration of multiple cell types, such as adipocytes, fibroblasts,
and keratinocytes, creating a full layer of skin composed of the epidermis, dermis, and hypodermis. Complex structures
(blood vessels) can also be replicated through bioprinting, though this often involves significant technical challenges
(high costs, complex technical validation and interpretation).>

3D human reconstructed epidermal models were already successfully employed to assess the toxicological profile of
several nano-enabled formulations at skin level, such as proniosomal gel,>* Ag NPs> or a wide variety of metallic NPs
(iron, aluminum oxide, titanium oxide and silver).® However, to the best of our knowledge no study has investigated the
impact of iron oxide NPs at skin level using UV-irradiated 3D human functional epidermis models.

Thereby, the present study includes 3D in vitro microtissues (designed by MatTek Life Science Company, Bratislava,
Slovak Republic) to evaluate the safety profile in terms of irritation potential and phototoxic impact of two physico-
chemically different Fe304 NPs (S, and S;) on human epidermis. The data obtained (Figure 5) revealed a similar impact
of Sy and S, samples on the 3D microtissues when both types of assessment methods (irritancy and phototoxicity) were
employed, by obtaining similar viability percentages of the 3D-reconstructed human epidermis when no UV radiation
was applied, as follows: i) S1 sample induced a viability of 89.87 + 2.8% under the irritancy protocol, while a viability
rate of 87.06 £ 0.69% was recorded after the phototoxicity protocol employment; ii) S, sample presented a similar
pattern, inducing a viability of 85.20 + 1.06% under the irritancy protocol and a viability rate of 83.32 + 0.38% when the
phototoxicity method was performed. However, different effects depending on the test sample (S; versus S,) were
recorded when the phototoxicity assessment was performed using UV irradiated models, the viability rates decreasing by
more than 10% when compared to the standard condition (-UV) data, as follows: S; sample induced a viability of 87.06 +
0.69% under standard condition (-UV), while the viability percentage recorded for the UV-treated microtissues was 76.84
+ 0.15%; S, sample induced a viability of 83.32 & 0.38% under standard parameters (-UV) and a viability rate of 69.2 +
0.16% when the 3D-reconstructed human epidermis was further exposed to UV rays.

Nevertheless, according to the study published by Kandarova and collaborators,*' a sample is not associated with an
irritant potential if the cell viability of the inserts employed for the skin irritation protocol is above 50%, therefore none
of the test sample (S; and S,) should be labelled as an irritancy-inducing compound.

Yet, the histopathological examination (Figure 6) revealed important erosion features of the UV-irradiated micro-
tissues treated with S,, while the 3D-reconstructed epidermis treated with S; showed only signs of hyperkeratosis and
hyperplasia (under the same UV conditions), an aspect that was also observed for the control microtissue exposed to UV
rays. Thus, even though the S, sample should not be considered an irritant compound, a recommendation should be
issued regarding a biofriendly coating of the NPs surface, that may further tailor its colloidal stability®’ and possibly the
biomedical acceptance. Several approaches that may enhance the biological acceptance of the NPs are based on: i)

3839 or chitosan coated NPs,°® surfactant-enabled stabilization®' or ii) direct incorpora-

polymer coatings: ie silica layers
tion of NPs in different nano-platforms such as: magnetoliposomes&’63 or solid-lipid nanoparticles (SLN).®*

The present study also assessed the test samples (S; and S,) on two different human skin cells: immortalized human
keratinocytes (HaCaT) and human fibroblasts (1BR3) quantifying the cell viability percentages by means of the neutral
red (NR) colorimetric assay, a method that evaluates the ability of the viable cells to assimilate the NR reagent within
their lysosomal compartment, that further leads to the viability rate quantification by comparing the NR lysosomal uptake

rate of the xenobiotic-treated cells to the NR lysosomal uptake percentage of the control cells.’”*>

66,67 thus

NR assay could be considered a well-founded technique due to its capacity to evaluate the integrity of the lysosomal

Moreover, it has already long been established that NPs toxicity is strongly linked with lysosomes activity,
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compartment and should provide insight data regarding the basic pathways involved in the present Fe;O4 NPs test
samples (S; and S,) cytotoxic activity.

The relatively low UV cumulative dosage of 0.3J/cm® employed for the irradiation of the 2D cell cultures post-
exposure to Fe;04 NPs was selected as it could simultaneously meet two different criteria: it may simulate more closely
a real-life scenario, being also correlated with several transformations at keratinocytes level, such as activation of
ErbB2.**

The results obtained in the present study via the NR assay revealed that under the same exposure conditions
(concentration, time exposure and + UV stress) the human keratinocytes cell line (HaCaT 2D model) expressed
a lower cell viability rate, compared to the human fibroblast monolayers (I1BR3 cell culture), obtaining
a concentration-dependent viability decrease pattern, as follows: i) for the HaCaT model the viability rates ranged
between 102.45% and 91.76% (when the cells were not exposed to UV rays) and between 95.92% and 80.9% (post-UV
exposure); ii) the IBR3 in vitro model elicited viabilities of 101.81% and 92.3% when the cells were not irradiated, while
the viability rates recorded for the same cell line after UV exposure were between 98.26% and 89.92%, for the same test
concentrations, between 25 and 200 pg/mL. Thus, the results obtained through the NR assay revealed that the potential
cytotoxic activity of the test samples (S; and S,) may be related to the lysosomal compartment impairment translated to
the NR uptake capacity of the cell-treated lysosomes.

Nevertheless, the literature presents several pathways involved in Fe;O4 NPs-induced apoptosis/necrosis, such as:
reactive oxygen species (ROS) production, lysosomal impairment and mitochondrial function alteration of BAX/BCL-2
ratio.? Other studies even discuss the relation played by surface coatings in lysosomal uptake rate, which may further
affect the degradation of the NPs, thus influencing ROS or other pathways involved in iron oxide cellular mechanism of
action.®®%® Therefore, considering this information, for a more insight into the mechanism of action of the test samples,
both the nuclear staining and lysosomal counterstaining of the HaCaT cells treated with test samples under standard
(-UV) and UV conditions were performed, and the acquired images were analyzed by means of fluorescent microscopy,
as presented in detail in Figures 3 and 4. Nevertheless, the method endorsed our assumption, revealing different degrees
of sample accumulation at the lysosome level and cytotoxic effects related to this phenomenon; thus, HaCaT control cells
under the two exposure conditions (-UV/+UV) exhibited no important signs of cells nuclei alteration or lysosome
impairment features, the lysosomal compartment presenting standard distribution and a normal localization in close
proximity to the nucleus, a specific feature for interphase of cell division.”” However, S; sample presented a high
accumulation rate at lysosome level of HaCaT cells, with no important cytotoxic activity (see Figure 3), while S, sample,
even though did not present high accumulation rate at the lysosome level, induced important cellular alterations of the
HaCaT monolayer at both the nuclear and lysosomal levels, only under UV exposure conditions.

As already mentioned before in this study, even though S, sample did not induce important alteration under standard
conditions, the UV-treated epidermis models revealed a different cytotoxic potential of S, sample. This constitutes an
aspect that should draw attention to the increased sensitivity of 3D models to nanoparticle toxicity, when exposed to UV
stress. In addition, the phenomenon observed herein highlights the importance of safety screening of materials using
advanced 3D in vitro models and simulating different conditions that may occur in real-life scenarios, such as when the
cutaneous tissue come in contact with Fe;O, NPs followed by a relatively low UVA exposure. Also, this research
underscores the fact that studies evaluating material safety should no longer be limited to classical monolayer cell
cultures that may bypass some biological outcomes, possible due to the limited skin microenvironment reproduction that
fails to offer accurate physiological feedbacks to external stimulus.’**>

Nevertheless, both samples (S; and S,) can be considered safe for human skin exposure under standard conditions,
when the following parameters are employed: contact time of 18h and concentration up to 200 pg/mL. In addition, S1
sample induced similar results under UV exposure conditions as well, results that are in good agreement with other
recently published studies that sustain the innocuous effect of MIONPs at human skin level, as follows: Eric F. Bernstein
et al’' reports the inclusion of Fe;O4 NPs in sunscreen formulations as an effective and safe method not only for
protection against UVA and UVB radiation but also against high-energy visible (HEV) blue light while also contributing
to shade formation that makes them more cosmetically appealing. Similar results were obtained by Elbrolesy, A and
collab.,”* when magnetite (the colored oxide that can protect the skin from visible light, being biodegradable and non-
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toxic once it enters the human body) was combined with ZnO nanoparticles. Thus, the resulting sunscreens were
considered non-toxic, biocompatible, and to possess an extended radiation-blocking capacity (UVA and visible light).
Another study, which evaluated the impact of magnetite on human dermal fibroblasts using 72 hours cell stimulation
time, revealed no major changes of cell viability, even when this long time interval was employed.”® Also, knowing that
Fe;04 NPs are magnetic NPs and could be used in different nanoplatforms as tools for magnetic stimuli-enabled
nanoplatforms, our group has recently investigated the impact of magnetic field for a period of approximately 30 min
on skin derived-cell cultures (HaCaT and A431), revealing that up to a frequency of 312.4 kHz and amplitude of 370 G,
no important cytotoxic effects are caused.”*”*

The present study would like to underline the fact that a direct comparison of the results obtained by employing 2D
in vitro models and 3D human reconstructed microtissues may constitute a limitation of the current study due to the
incongruence of the two in vitro models and also due to different UV cumulative dosage used for the irradiation of the
in vitro models (monolayers versus 3D microtissues), which may not be transposed exactly from one model (2D) to the
other one (3D).

Conclusion

To provide a complex safety profile of test compounds, it is absolutely necessary to employ advanced screening methods and
varied experimental parameters (different assays, several concentrations and different exposure conditions of in vitro models +
UV irradiation). The present research being the first one that evaluated the potential toxicological effects developed by Fe;O4
NPs using in vitro human 2D and 3D skin models under UV conditions. Therefore, increased attention should be paid to each
type of compound when assessing its security profile, since, as revealed in the present research, usual external conditions (such
as UV rays) or small changes of the physico-chemical characteristics of test samples can lead to quite different biological
results, even if the synthesis method of the samples is identical. In the particular case evaluated in the current research, S,
sample did not induce an important viability impairment of human epidermis models, showing also a lysosomal-dependent
mechanism of action, while S, sample did not present high lysosomal uptake rate within human keratinocytes, showing
detrimental activity on reconstructed human epidermis, especially when the 3D-microtissues were exposed to UV irradiation.
Thus, the present findings revealed that within the limitations of the study regarding the incongruence of the two in vitro
models and UV irradiation dosage, some Fe;O4 NPs may give rise to undesirable effects under specific environmental
conditions (UV stress) and further investigations are requested to sharpen the safety guidelines.
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