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Abstract A number of commercially available metal/
metal oxide nanoparticles (NPs) such as superparamagnetic
iron oxide (SPION) are utilized by the medical field for a
wide variety of applications. These NPs may able to induce
dermal toxicity via their physical nature and reactive surface
properties. We hypothesize that SPION may be toxic to skin
via the ability of particles to be internalized and thereby
initiate oxidative stress, inducing redox-sensitive transcrip-
tion factors affecting/leading to inflammation. Due to the
skin’s susceptibility to UV radiation, it is also of importance
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to address the combined effect of UVB and NPs co-exposure.
To test this hypothesis, the effects of dextran-coated SPION
of different sizes (15-50 nm) and manufacturers (Micro-
Mod, Rostock-Warnemunde, Germany and KTH-Royal
Institute of Technology, Stockholm, Sweden) were evalu-
ated in two cell lines: normal human epidermal keratinocytes
(HEK) and murine epidermal cells (JB6 P"). HEK cells
exposed to 20 nm (KTH and MicroMod) had a decrease in
viability, while the 15 and 50 nm particles were not cyto-
toxic. HEK cells were also capable of internalizing the KTH
particles (15 and 20 nm) but not the MicroMod SPION (20
and 50 nm). IL-8 and IL-6 were also elevated in HEK cells
following exposure to SPION. Exposure of JB6 P* cells to all
SPIONSs evaluated resulted in activation of AP-1. Exposure
to SPION alone was not sufficient to induce NF-xB activa-
tion; however, co-exposure with UVB resulted in significant
NF-xB induction in cells exposed to 15 and 20 nm KTH
SPION and 50 nm MicroMod particles. Pre-exposure of JB6
P* cells to UVB followed by NPs induced a significant
depletion of glutathione, release of cytokines, and cell
damage as assessed by release of lactate dehydrogenase.
Altogether, these data indicate that co-exposure to UVB and
SPIONs was associated with induction of oxidative stress
and release of inflammatory mediators. These results verify
the need to thoroughly evaluate the adverse effects of UVB
when evaluating dermal toxicity of engineered NPs on skin.

Keywords Nanoparticles - Skin exposure -
Ultraviolet radiation - Iron oxide
Introduction

Nanotechnology is a rapidly emerging field resulting in the
discovery of unique materials with a variety of applications
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from electronics to engineered tissues [1]. Superparamag-
netic iron oxide nanoparticles (SPION) have a variety of
uses in the biomedical field [2]. Biocompatible SPION
particles have been utilized for a number of in vivo
applications such as magnetic resonance imaging contrast
agents [3-7], targeted drug delivery systems [8, 9],
hyperthermia treatment of tumors [10-12], and wound
healing [13].

SPIONSs can be functionalized with a variety of surface
coatings and targeting ligands to increase visualization/
detection of tumors [14—16] as well as visualization of a
number of biological processes (i.e., apoptosis, cell traf-
ficking, and gene expression [17-20]). Variations in par-
ticle size (with hydrodynamic diameter from 10 to 500 nm
[21]) and surface coatings affect blood half-life, biodistri-
bution, and particle uptake [22—25]. Various coatings allow
the functional properties of the nanoparticles (NPs) to be
customized for a number of clinical applications [26]. The
most common coatings are derivatives of dextran, albumin,
silicones, polyethylene glycol (PEG) [26], polyethylene
oxide (PEO), poloxamers, and polyoxamines [27]. Bio-
logical applications typically utilize SPION coated with a
water soluble polymer such as dextran or PEG [28] which
allows for greater dispersion. Dextran-coated SPIONs have
shown the most promise because of their long half-life and
low toxicity [26]. Introduction of these novel materials
requires a thorough safety evaluation as well as an under-
standing of the impact of the nanomaterials on human
health.

Dermal exposure is a potential route of exposure to
SPION due to their production and novel use in wound
healing [13]. Conjugation of NPs and therapeutic drugs has
the potential to enhance the effectiveness via protection of
these drugs from their natural inhibitors, such as enzymatic
degradation [13]. One such potential use is the conjugation
of thrombin to iron oxide NPs for utilization in the pro-
motion of wound healing as it is necessary for the con-
version of fibrinogen to fibrin and whose action is critical
and necessary for the early and late stages of wound
healing [13]. SPION have also been shown to have adverse
effects to dermal fibroblasts [26]. Currently, there is limited
literature available evaluating the toxic effects of SPIONs
to the skin and skin cells.

Another important aspect to consider when evaluating
dermal particle toxicity is the susceptibility of the skin to
ultraviolet radiation (UVR). Solar radiation reaching the
earth consists mainly of UVA (315-400 nm) and UVB
(280-315 nm) light and is a major environmental and
occupational exposure risk. As a result of reduction of the
stratospheric ozone layer, there has been an increase in
dermal exposure to UVR accompanied by an increase in
the development of associated skin diseases [27, 28]. UVR
has been shown to be a source of exogenous and
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environmental reactive oxygen species (ROS). ROS, such
as superoxide anion, hydroxyl radical, hydrogen peroxide
and molecular oxygen, are involved in cell proliferation,
apoptosis, immune responses, and cell differentiation [29].
Overproduction of ROS can result in the development and
progression of a variety of skin maladies in which
inflammatory mediators are implicated [30]. Therefore, the
ability of UVB to potentiate NP-induced toxicity should be
considered.

Internalization of dextran-coated SPION particles can
lead to the dextran shell being broken down resulting in
particle chains and aggregates, which may influence cel-
lular processes and viability [27, 31]. Our central hypoth-
esis is that SPIONs may cause skin toxicity via particle
uptake and induction of oxidative stress leading to activa-
tion of AP-1/NF-xkB and cytokine release with enhance-
ment of the toxic effect from UVB exposure (Scheme 1).
To address these questions, the effects of SPIONs of dif-
ferent sizes and manufacturers were evaluated in normal
human epidermal keratinocytes (HEK) and murine epi-
dermal JB6 P cells with or without UVB exposure. The
ability of SPIONs to be taken into the cells and thereby
induce cellular toxicity as well as oxidative stress in JB6
P* cells was assessed by evaluating cell damage as mea-
sured by lactate dehydrogenase (LDH), decreases in glu-
tathione (GSH), as well as activation of AP-1 and NF-xB
and release of inflammatory cytokines after exposure. The
obtained data provide insight into potential mechanisms of
dermal toxicity induced by exposure to SPION.

Materials and Methods
Chemicals

Fatty acid-free human serum albumin, sodium dodecyl
sulfate, fetal bovine serum (FBS), GSH, and MTT were
purchased from Sigma Chemicals Co. (St. Louis, MO).
ThioGlo-1 was obtained from Covalent Inc. (Wobum,
MA). Phosphate-buffered saline (PBS), alamar Blue and
minimum essential medium (MEM) were purchased from
Invitrogen Corporation (Carlsbad, CA). Luciferase Assay
system was purchased from Promega Corporation (Madi-
son, WI).

Particles

Dextran-coated SPION with primary particle sizes of 20
and 50 nm were obtained from MicroMod (Rostock-
Warnemunde, Germany). 15 and 20 nm dextran-coated
SPION were manufactured and obtained from KTH-Royal
Institute of Technology (Stockholm, Sweden).
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Scheme 1 SPIONSs interaction
with skin may induce skin
toxicity via particle uptake and
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Synthesis of Dextran-Coated SPION

Analytical grade solutions of FeCl,, FeCls, hydrochloric
acid, ammonium hydroxide, and dextran were used. A
stock solution of iron(IIT) and iron(Il) in chloride media
was prepared by dissolving the respective salts with
deoxygenated 0.1 M HCI aqueous solution to a final con-
centration of 1 and 0.5 M. This solution was added to a
deoxygenated solution containing 0.7 M NH; under
mechanical stirring at 250 rpm. The particles were aged in
the solution for about 45 min, decantated by magnetic
settling, and washed with deoxygenated water three times.
After the third wash, 10.9 g of dextran (Mw: 6000, 40,000,
and 70,000 Da) was added to 45 ml of magnetite NPs. The
SPION and the dextran were then mixed using Multi-Wrist
Shaker for 24 h. The final product was placed into Spectra
Pro MWCO 25,000 membrane for dialysis for 3 days,
while changing the water every 3 h. The presence of
dextran coating was then verified using FT-IR (Nicolet
Instrument model Avatar-100 equipped with ATR diamond
at 303 K) and size was verified by dynamic light scatter
(DLS).

Transmission Electron Microscopy (TEM) of SPION

A small amount of suspended solution (3-5 drops) was
added into a glass vial containing 10 ml of ultrapure water.
The sample was sonicated (Vibra Cell, Newtown, CT) for
1 min to ensure the sample is well dispersed. One drop of
the NP suspension was deposited onto a copper grid, which

Gene Transcription

Pro-inflatinatory genes

IL-1p,IL-8, TNF-a. IL-6, iNOS (?)

is coated with formvar and carbon. The sample was left to
dry before the TEM analysis could be conducted. More-
over, to determine the particle size and its distribution, the
images were processed using software “the Image J”. 100
particle counts per sample were evaluated to determine and
generate the average number of particle in dry form.

DLS Analysis

A small amount of suspended solution (3-5 drops) was
added into a glass vial containing 10 ml of ultrapure water.
The sample was sonicated (Vibra Cell, Newtown, CT) for
1 min to ensure the sample is well dispersed. Minimum
amount of 1 ml of the sample (suspension) was placed into
a quartz cuvette. The sample was analyzed using a Delsa
NanoC DLS (Beckman Coulter, Brea, CA). The results
from DLS are passed upon and reported in the form of
maximum intensity peak because the algorithm used to
determine the particle size is based upon intensity.

Fourier Transform Infra Red Spectroscopy (FTIR)

A small amount of suspended or powdered solution was
placed onto the sample holder of the FTIR instrument
(Avatar 360 FTIR; Thermo Fisher Scientific, Waltham,
MA). The data are collected and reported in the form of
spectra where the wave number ranges from 400 to
4,000 cm~'. This technique is used to determine the
functional groups of organic species, e.g., dextran, as well
as the inorganic polymer iron oxide.
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Normal HEK Cell Culture and SPION Exposure

Cryopreserved first pass HEK (Lonza; Basel, Switzerland)
were seeded in 75-cm? flasks and grown to ~75 % con-
fluency, harvested, and plated in the inner wells of 96-well
plates at a concentration of 12,500 cells/well in 200 pl of
KGM-2 medium. Medium was placed in the peripheral
wells of the plate to stabilize plate temperature and mini-
mize evaporation from the inner wells. The cells were
grown for 18 h in a 5 % CO, atmosphere at 37 °C and
exposed routinely to SPION. A stock solution of 400 pg/ml
was prepared for each NP in the KGM-2 cell culture
medium by briefly vortexing. SPION were placed in the
wells (n = 6 wells/treatment) and the HEK were exposed
for 24 h. Media from the treatments was harvested and
stored at —80 °C for analysis of cytokines.

TEM of HEK Cells Following SPION Exposure

To study the uptake of the dextran-coated SPION into
HEK, the cells were grown to 70 % confluency in 25-cm?
flasks and exposed to 26 pg/cm® of SPION for 24 h. The
HEK were harvested with trypsin/EDTA, rinsed in Hanks’
Balanced Salt Solution (HBSS), and fixed with Trump’s
fixative. The cells were rinsed in 0.1 M phosphate buffer,
embedded as a pellet in 3 % agar, and post-fixed in 1 %
osmium tetroxide in 0.1 M phosphate buffer. The cells
were briefly rinsed in distilled water, dehydrated through
graded ethanols, cleared in acetone, and infiltrated and
embedded in Spurr’s resin. Thin sections (~ 800 ;\) were
mounted on copper grids and examined unstained on a
FEI/Philips EM208S TEM.

JB6 P* Cell Culture and Co-exposure of UVB
and SPION

Epidermal JB6 P cells were utilized to study the effects of
SPION on the AP-1 and NF-xkB pathways involved in
mediating inflammatory responses [32-36]. The JB6 fam-
ily of mouse epidermal clonal genetic variants (P*/P™)
provides a suitable model for studying critical gene regu-
lation events. Tumor-promotion-sensitive JB6 P cells
respond irreversibly to phorbol esters, resulting in the
induction of anchorage independent growth as well as
tumorigenicity [34-36]. JB6 PT mouse epidermal cells
were transfected with an AP-1-luciferase reporter plasmid
(JB6/AP-1) or a NF-xB luciferase reporter plasmid (JB6/
NF-xB). The cell line was a kind gift from the laboratory of
Dr. Nancy Colburn (National Institutes of Health, Freder-
ick, MD). The JB6 P cells were cultured in Eagle’s MEM
containing 5 % fetal bovine serum and 2 mM L-glutamine.
The cells were grown at 37 °Cin a 5 % CO, atmosphere to
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reach 80 % confluency before exposure to SPION. Prior to
NP exposure, one group of cells was exposed to 4 kJ/m*
UVB radiation in MEM without phenol red and another
group of cells remained under normal growth conditions in
MEM without phenol red. To evaluate cytotoxicity and
oxidative damage, cells were exposed to various concen-
trations of SPION (2.6, 5.2, 13, or 26 ug/cmz) in MEM
medium without phenol red for 24 h at 37° C. After
incubation, cells were washed twice with PBS, pH 7.4, and
harvested using a cell scraper. Cellular supernatants were
collected and utilized for evaluation of release of LDH and
cytokines. JB6 cell homogenates were prepared by freezing
at —80 °C.

Viability Assessment of HEK and JB6 P* Cells
Following Fe;0, NP Exposure

Cell viability was assayed by two methods: MTT (Sigma/
Aldrich; St. Louis, MI) and alamar Blue (Invitrogen;
Carlsbad, CA). The MTT viability assay was used to
determine cytotoxicity of SPION to HEK cells. After the
treatment, medium was removed and the cells were incu-
bated with MTT medium (0.5 mg/ml in KGM-2) for 3 h
under cell culture conditions. The tetrazolium dye was
extracted from the cells with isopropanol, transferred to a
new plate, and the absorbance quantitated at 550 nm in a
Multiskan RC plate reader (Labsystems; Kennett Square,
PA). The raw values for all the assays were normalized by
the controls and expressed as percent viability. The 96-well
plates were centrifuged after the incubation to ensure that
the NP did not interfere with the absorbance or fluores-
cence readings.

The viability of JB6 P* cells following exposure was
evaluated using the alamar Blue bioassay, as described by
Keane et al. [37]. Cells were incubated at 37 °C with 10 %
alamar Blue (4 h). A fluorescence multiwell plate reader
(CytoFluor Series 4000, PerSeptive Biosystems, Framing-
ham, MA) with 530 nm excitation and 580 nm emission
was then employed in the assay. The results are analyzed
using CytoFluor Version 4.2.1 (PerSeptive Biosystems,
Framingham, MA).

Due to potential interactions of the dextran-coated
SPION with the viability assays, the UV/Visible spectrum
was determined [38]. The NP were suspended in the assay
medium in a 15-ml centrifuge tube, incubated under cell
culture conditions for 3 h, and pelleted by centrifugation.
The NPs in the MTT medium were rinsed and extracted
with agitation. The extracted solution was transferred to
quartz cuvettes and absorbance read at intervals from 300
to 700 nm on a UV-Vis spectrophotometer using the
KGM-2 medium as the blank. The alamar Blue medium
was transferred to a 96-well black plate and fluorescence
read at intervals between 565 and 640 nm.
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Production of Cytokines by HEK Cells

Human cytokines, IL-6, IL-8, and TNF-o, were quantified
by multiplexing with the Bio-Plex suspension assay system
(Bio-Rad Laboratories; Hercules, CA). Treatment and
control media from the viability assays were incubated
with the capture antibody (conjugated to bead), fluores-
cently labeled and analyzed. The cytokines were quanti-
tated relative to a standard curve. The limit of detection for
each cytokine is as follows: IL-8, 0.5 pg/ml; IL-1, 1.1 pg/ml;
and TNF-o, 3.0 pg/ml. The data from each cytokine were
normalized to viable cells.

LDH Activity

In order to assess cell damage induced by SPION exposure
with or without UVB pre-treatment, LDH release was
evaluated in the supernatant of exposed cells. The level of
LDH in cellular supernatants of JB6 cells was assayed
spectrophotometrically by monitoring the reduction of
nicotinamide adenine dinucleotide at 340 nm in the pres-
ence of lactate using the LDH Reagent Set (Pointe Scien-
tific, Lincoln Park, MI). LDH release was normalized to
viable cells.

Fluorescence Assay of GSH

GSH concentration in JB6 PT cell homogenates was
determined using ThioGlo-1, a maleimide reagent which
produces a highly fluorescent product upon its reaction
with sulthydryl groups [39]. A standard curve was estab-
lished by addition of GSH (0.04-2.0 uM) to 0.1 M phos-
phate buffer (pH 7.4) containing 10 uM ThioGlo-1. GSH
content was estimated by an immediate fluorescence
response registered upon addition of ThioGlo-1 to cell
homogenates. A Shimadzu spectrofluorometer RF-5000 U
(Shimadzu, Japan) was employed in the assay with exci-
tation 388 nm and emission 500 nm. The data were
acquired using an excitation slit of 1.5 nm and an emission
slit of 5 nm. The fluorescence signals were exported from
the spectrofluorometer using RF-5000 U PC Personal
Fluorescence software (Shimadzu, Japan).

Assay of AP-1 and NF-xB Activity In Vitro

To study whether SPION exposure caused changes in AP-1
and NF-xB activities, JB6 P cells (5 x 10* cells/ml) were
cultured in 96-well plates (200 pl per well) in Eagle’s
MEM supplemented with 5 % fetal bovine serum plus
2 mM L-glutamine. Plates were incubated at 37 °C in a
humidified atmosphere of 5 % CO,. Twelve hours later,
cells were cultured in MEM supplemented media with
0.1 % FBS (24 h) to minimize basal AP-1 and NF-xB

activity. JB6 P cells pre-exposed with/without UVB
4 kJ/mz) were treated with SPION (2.6, 5.2, or 26 ug/cmz)
or vehicle (PBS). Following 24-h incubation with SPION,
the cells were incubated with 200 pl of 1x lysis buffer
provided by the manufacturer (Promega, Madison, WI) and
the luciferase activity was measured using a luminometer
(Monolight 2010, Analytical Luminescence Laboratory,
San Diego, CA). The results are expressed as relative AP-1
or NF-kB activity compared to respective controls.

Production of Cytokines by JB6 P* Cells

Levels of the mouse inflammatory cytokines, IL-6, MCP-1,
IFN-y, TNF-o, and IL-12, were assayed in the cell superna-
tants with/without UVB and SPION exposure. The concen-
trations were determined using the BD Cytometric Bead
Array, Mouse Inflammation kit (BD Biosciences, San Diego,
CA). Six bead populations with distinct fluorescence inten-
sities have been coated with capture antibodies specific for
IL-6, IL-10, MCP-1, IFN-y, TNF-o, and IL-12p70 proteins.
The six bead populations are mixed together to form the
BD"" CBA which is resolved in the FL3 channel of a flow
cytometer. The sensitivity of the assay is 5-7.3 pg/ml. The
data from each cytokine were normalized to viable cells.

Protein Assay

Total protein in cellular homogenates from JB6 P™ mouse
epidermal cells following exposure with/without UVB and
SPION was evaluated using a Bio-Rad protein assay kit
(Richmond, CA).

Statistics

Treatment-related differences were evaluated using two-
way ANOVA, followed by pair-wise comparison using the
Student—Newman—Keuls tests, as appropriate. Statistical
significance was considered at p < 0.05.

Results
TEM and Size Distribution of SPION

TEM and DLS were utilized to determine the size distri-
bution of SPION particles (Fig. 1). TEM analysis of KTH
SPION (15 nm; Fig. la, e) found particles to be
15.0 £ 3.7 nm while the 20 nm particles (Fig. 1d, h) were
20.4 £ 7.5 nm. DLS evaluation of particles in water and
cell culture media found the 15 nm KTH particles were
100 and 134 nm, respectively, while the 20 nm KTH par-
ticles were 111 and 160 nm, respectively (Table 1). Mi-
croMod SPION (20 nm; Fig. 1c, g) were confirmed to be
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Fig. 1 TEM (a—d) and size distribution (e~h) of SPION: KTH SPION
15 nm (a, ) and 20 nm (b, f), MicroMod SPION 20 nm (¢, g),and 50 nm
(d, h)

Table 1 Particle size evaluation of SPION

SPION Particle size (nm)
TEM DLS
Water Cell culture
media
KTH SPION-dex 15 £ 3.7 100 134
lab made, 15 nm
KTH SPION-dex 204 + 7.5 111 160
lab made, 20 nm
20 nm MicroMod 21.1 £ 4.7 346 87
nanomag-D-SPIO
50 nm MicroMod 549 +16.6 428 103

nanomag-D-SPIO

21.1 & 4.7 nm and the 50 nm particles (Fig. 1d, h) were
determined to be 54.9 £+ 16.6 nm. In water and cell culture
media, the 20 nm MicroMod particles were 346 and 87 nm,
respectively, while the 50 nm particles had a particle size
of 428 and 160 nm, respectively (Table 1). Dextran coating
of all the SPION particles was confirmed via FTIR.

Fig. 2 Viability of HEK
following exposure to SPION.
a MicroMod 20 nm, 100
b MicroMod 50 nm, ¢ KTH

15 nm, d KTH 20 nm.
Conditions: HEK cells (12,500
cells/well) were exposed to 2.6-,
5.2-, 13-, or 26-pg/cm”> SPION
(n = 6 wells/treatment) for 24 h
at 37 °C. After the incubation,
cells were washed twice with
PBS (pH 7.4), and cell viability 0
was determined by the MTT 0 2.6 5.2
assay. Significance indicated by
*p < 0.05 versus control

a 120

Cell Viability
(% of control)
- (=) [~
> > <>

(53
=

c 120
100
80

60

Cell Viability
(% of control)

40

20

0
0 2.6 5.2

KTH 15nm SPION-Dex-Lab Made, [1g/cm?

MicroMod 20nm nanomag-D-spio, j1g/cm?

Viability of HEK Following Exposure to Fe;O4 NPs
(SPIONs)

The effects of metal oxide NPs on a number of cytotoxicity
assays have been reported; therefore, UV/Visible is an
evaluation of the cytotoxicity assays utilized in this study
conducted to determine any interactions of the viability
dyes (MTT and alamar Blue) with the test SPIONs. The
results revealed that the absorbance and fluorescence val-
ues of the controls (no NP) are the same as the media
containing the SPION (data not shown). This indicates
little to no interaction of the SPION with the dyes of the
viability assays.

Exposure of HEK cells to 20 nm MicroMod revealed a
significant decrease (16 %) in viability following treatment
with 26 pg/cm? SPION (Fig. 2a). 50 nm MicroMod
(Fig. 2b) and 15 nm KTH SPION (Fig. 2¢) did not induce
cytotoxicity in HEK at the concentrations evaluated. The
larger 20 nm KTH SPION (Fig. 2c) induced significant
cytotoxicity with a 20-25 % reduction in viability at all
concentrations evaluated (2.6-26 pg/cm?).

Uptake of SPION by HEK

The control cells (no treatment) appear healthy, with no
inclusions resembling the NP (Fig. 3a). Identifiable elec-
tron-dense MicroMod SPION were not observable within
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Fig. 3 TEM of HEK cells following SPION exposure. No treatment
(a), MicroMod SPION 20 nm (b) and 50 nm (¢), KTH SPION 15 nm
(d), and 20 nm (e). Conditions: HEK cells were grown to 70 %

the HEK (Fig. 3b, c). An electron translucent matrix sim-
ilar to that noted in the native prep was occasionally
present in cells treated with the 20 nm colloid (Fig. 3b).
The KTH SPION agglomerates were found in the cellular
vacuoles of isolated cells as well as discrete agglomerates
which were sometimes located within the cell cytoplasm.
(Fig. 3d, e). Overall, the exposed cells contained vacuoles
but otherwise appeared healthy.

Release of Inflammatory Cytokines by HEK Following
Exposure to SPION

Inflammatory cytokine, IL-6, IL-8, IL-1f, IL-10, and TNF-a,
release from HEK cells was analyzed in the supernatant
following exposure to SPION for 24 h. KTH SPION (15 and
20 nm) induced a significant 4.25- and 3.25-fold increase in
IL-8 release, respectively, while only 50 nm MicroMod
SPION induced a significant (1.5-fold) release of IL-8
(Fig. 4a). IL-6 release was significantly increased (1.6-fold)
by exposure to 15 nm KTH SPION, while both 20 and
50 nm MicroMod SPION were capable of significantly
inducing elevated levels (1.6- and 1.9-fold, respectively) of
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confluency in 25-cm? flasks and exposed to 26 pg/cm?® of SPION for
24 h. The HEK were harvested with trypsin/EDTA, rinsed in HBSS,
and fixed with Trump’s fixative

IL-6 (Fig. 4b). IL-1p, IL-10, and TNF-« levels were below
detectable levels in the samples evaluated.

Effect of SPIONs on Cell Viability, Cell Damage,
and Oxidative Stress in JB6 P* Cells

Cytotoxicity was evaluated in mouse epidermal cells (JB6
P cells) following exposure to MicroMod SPION (20 and
50 nm) or KTH (15 and 20 nm) for 24 h with or without
UVB pre-treatment. MicroMod (20 nm; Fig. 5a) or KTH
(15 and 20 nm; Fig. 5c, d) alone were not cytotoxic to
IJB6 Pt cells at the doses evaluated (2.6, 5.2, 13, and
26 ug/cmz). Exposure to MicroMod SPION (50 nm) alone
resulted in a significant 5 % reduction in cell viability at
the highest dose evaluated (26 ug/cmz) (Fig. 5b). Co-
exposure with UVB and 26 pg/cm? MicroMod (20 and
50 nm) or KTH (15 nm) SPION led to a significant (11, 6,
or 11 %, respectively) reduction in viability of JB6 P
cells; however, these results were not greater than the
effects observed from the individual exposures.

LDH activity was evaluated in JB6 P* cell cultures as an
assessment of cellular damage following SPION exposure
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Fig. 4 Inflammatory cytokine release from HEK following exposure
to SPION: IL-8 (a), IL-6 (b). Conditions: HEK cells were grown to
70 % confluency in 25-cm® flasks and exposed to 26 pg/em® of
SPION (n = 6 wells/treatment) for 24 h. After exposure, cellular
supernatant was collected and inflammatory cytokines were mea-
sured. Significance indicated by *p < 0.05 versus control

with or without UVB pre-treatment. Both sizes (15 and
20 nm) of KTH SPION particles alone induced a signifi-
cant 2- and 2.5-fold increase, respectively, in the release of
LDH following exposure to 26 pg/cm?®, while exposure to
MicroMod SPION (20 and 50 nm) alone did not result in
LDH release (Fig. 6). UVB exposure alone was sufficient
to induce a significant 17-fold increase in the release of
LDH compared non-UVB-treated control. The combined
effect of UVB and KTH SPION (15 and 20 nm) also
resulted in significant (1.2- and 1.5-fold, respectively),
synergistic, and size-dependent increase in the release of
LDH as compared to UVB control as well as a 8.6- and 6.7-
fold increase, respectively, in LDH versus non-UVB SPI-
ON-treated cells. Co-exposure to UVB and MicroMod
SPION (20 and 50 nm) did not lead to detectable levels of
LDH above that observed in cells treated with UVB alone.

In order to determine the cellular redox status of JB6 P™
cells following exposure to SPION with or without UVB
pre-treatment, the level of GSH in the cells was evaluated.

The addition of ThioGlo-1"" to cell homogenates produces
an instantaneous increase in fluorescence as a result of the
formation of GSH-ThioGlo-1" reaction products. As
shown in Fig. 7a, 20 nm MicroMod SPION alone induced
a significant 10-20 % reduction (2.6-13 pg/cm?) in the
level of GSH in JB6 P* cells while 50 nm MicroMod
SPION (Fig. 7b) alone did not induce oxidative stress as
evidenced by no changes in GSH levels. KTH SPION
(15 nm; Fig. 7c) alone induced a dose-dependent
(30-60 %) decrease in GSH levels following exposure to
2.6-26 pg/cm?, respectively. 20 nm KTH SPION (Fig. 7d;
2.6-26 pg/cm?) alone also induced a dose-dependent
(20-50 %, respectively) decrease in GSH levels. UVB
alone was not sufficient to induce reduction in GSH levels
in JB6 P* cells. Pre-exposure to UVB followed by Mi-
croMod SPION (20 and 50 nm) had no effect of the level
of GSH in JB6 P cells (Fig. 7a, b). KTH SPION (15 nm)-
treated cells pre-exposed to UVB exhibited a more pro-
found reduction (60 % vs. UVB control and 20 % vs. non-
UVB exposed SPION-treated cells) in GSH levels only at
the highest concentration evaluated (26 pg/cm?; Fig. 7c).
The combined effect of UVB and KTH SPION (20 nm)
also resulted in significant (32-42 %) reduction in GSH
levels as compared to UVB control at all the concentrations
evaluated (2.6-26 pg/cm?, respectively) as well as a 20
(2.6 pg/cm?) and 25 % (5.2-26 pg/cm?) decrease in GSH
versus non-UVB SPION-treated cells (Fig. 7d).

Activation of AP-1 in JB6 P* Following Exposure
to SPION

Activation of AP-1 was assessed in JB6 P cells exposed to
0, 2.6, 5.2, or 26 ug/cm2 MicroMod SPION (20 and
50 nm) or KTH SPION (15 and 20 nm) for 24 h. Exposure
of JB6 P* cells to KTH SPION particles resulted in a size-
and dose-dependent increase in AP-1 activity. KTH SPION
(15 nm) alone induced a dose-dependent 26, 47.5, and
83 % increase in AP-1 activity versus control following
exposure to 2.6, 5.2, and 26 pg/cm” SPION, respectively,
while a significant induction of AP-1 activity (44 and
55 %, respectively, vs. control) was observed following
exposure to 2.6 and 26 pg/cm® of 20 nm KTH SPION
alone (Table 2). MicroMod SPION alone induced a similar
size-dependent response with 20 nm particles resulting in
significant (35-46 %) AP-1 induction at all doses evaluated
(2.6-26 pg/cm?), while 50 nm particles significantly
(16-27 %) induced AP-1 when exposed only to 5.2 and
2.6 pg/em?, respectively. UVB alone caused a significant
activation of AP-1. Pre-treatment with UVB followed by
exposure to 15 nm KTH SPION did not result in a sig-
nificant activation of AP-1 as compared to UVB control
(Table 2), while 20 nm KTH SPION (26 pg/cmz) with
UVB induced a significant increase (40 %, vs. UVB
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Fig. 5 Viability of JB6 P* cells following exposure to SPION with
or without UVB pre-treatment: MicroMod 20 nm (a), MicroMod
50 nm (b), KTH 15 nm (c), KTH 20 nm (d). Conditions: prior to NP
exposure, one group of JB6 PT cells (1 x 10°) were exposed to 4 kJ/
m? UVB radiation in MEM without phenol red and another group of
cells remained under normal growth conditions in MEM without
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Fig. 6 Release of LDH by JB6 P* cells following exposure to
SPION with or without UVB pre-treatment. Conditions: prior to NP
exposure, one group of JB6 P cells (1 x 10%) were exposed to 4 kJ/
m* UVB radiation in MEM without phenol red and another group of
cells remained under normal growth conditions in MEM without
phenol red. Following UVB exposure, cells were incubated in phenol-
free MEM with 2.6, 5.2, 13, or 26 ug/cm2 for 24 h at 37 °C. After the
incubation, cells were washed twice with PBS (pH 7.4) and then cell
viability was determined with 10 % alamar Blue. Values are
means = SEM of three experiments. Significance indicated by
*p < 0.05 versus corresponding control, “p < 0.05 versus non-UVB
exposed cells
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phenol red. Following UVB exposure, cells were incubated in phenol-
free MEM with 2.6, 5.2, 13, or 26 ug/cm2 for 24 h at 37 °C. After the
incubation, cells were washed twice with PBS (pH 7.4) and then cell
viability was determined with 10 % alamar Blue. Values are
means = SEM of three experiments. Significance indicated by
*p < 0.05 versus control, *p < 0.05 versus non-UVB exposed cells

control) in AP-1 activity following exposure. The com-
bined effect of UVB and MicroMod SPION on AP-1
activation was greater than the sum of the individual effects
of SPION and UVB exposure (Table 2).

Activation of NF-xB in JB6 P" Cells After Exposure
to SPION

NF-xB is a redox-sensitive transcription factor, which is
involved in the regulation of a number of inflammatory
reactions [40—-42]. We found that exposure to SPION (KTH
15 and 20 nm; MicroMod 20 nm) alone did not cause
induction of NF-xB in JB6 P* cells. The only significant
induction (1.4-fold increase vs. control) of NF-xB occurred
following exposure to 5.2 pg/cm® MicroMod SPION
(50 nm) alone (Table 3). UVB exposure alone was suffi-
cient (89.5-fold increase vs. non-UV control) to induce
activation of NF-xkB. The combined effect of UVB and
SPION exposure resulted in a further activation of NF-xB
as compared to the sum of the individual effects. 15 nm
KTH SPION (5.2 pg/cm?) and UVB induced a significant
synergistic activation of NF-xkB with the combined effect
greater than the effects observed from the individual
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Fig. 7 GSH Levels in JB6 P* cells following exposure to SPION
with or without UVB pre-treatment. MicroMod 20 nm (a), MicroMod
50 nm (b), KTH 15 nm (c), KTH 20 nm (d). Conditions: prior to NP
exposure, one group of JB6 PT cells (1 x 10°) were exposed to 4 kJ/
m? UVB radiation in MEM without phenol red and another group of
cells remained under normal growth conditions in MEM without
phenol red. Following UVB exposure, cells were incubated in phenol-

exposures. MicroMod 50 nm SPION exposed cells pre-
treated with UVB showed a greater than additive activation
of NF-kB (Table 3).

Release of Inflammatory Cytokines by JB6 P* Cells
Following Exposure to SPION

Release of the inflammatory cytokines, IL-6, MCP-1, IFN-y,
TNF-o, and IL-12, was evaluated in the cellular supernatant
following exposure to SPION with or without UVB pre-
treatment. Release of TNF-o was slightly elevated following
exposure to KTH SPION (15 and 20 nm) alone; however, the
results were not significantly different from control cells.
MicroMod SPION alone did not induce TNF-o release
(Fig. 8a). KTH SPION (15 and 20 nm) alone induced a
significant (57 and 63 % increase, respectively, vs. control)
release of IL-6 from JB6 P cells following exposure
(Fig. 7b). MCP-1 levels were significantly increased (76 %)
following exposure to KTH (15 and 20 nm) or MicroMod
(20 nm) alone (Fig. 8c). Pre-exposure to UVB and then
SPION did not result in an amplification of cytokine release

=n

_

A o ® S D
I — T — .

GSH (% of control)
()
(=}

%0 26 52 13 26
MicroMod 50nm nanomag-D-spio, j1g/cm?

120

#p<0.05, vs corresponding control
*p<0.05, vs no UV sample

100

®
=

GSH (% of control) o
& 2

[
=

0
0 2.6 5.2 13 26

KTH 20 nm SPION-Dex-Lab Made, pg/cm?

free MEM with 2.6, 5.2, 13, or 26 ug/cm2 for 24 h at 37 °C. After the
incubation, cells were washed twice with PBS (pH 7.4) and then cell
viability was determined with 10 % alamar Blue. Values are
means = SEM of three experiments. Significance indicated by
*p < 0.05 versus corresponding control, “p < 0.05 versus non-UVB
exposed cells

(Fig. 8).1L-12 and IFN-y levels were below detectable levels
in the samples evaluated.

Discussion

Increased use of NPs for a number of applications has led
to a need to understand and evaluate their toxicity. Su-
perparamagnetic iron oxide NPs have a number of appli-
cations in the biomedical field from use as an MRI contrast
agent to potential carriers for drug delivery. A variety of
published reports have evaluated the biocompatibility of
SPION particles in a variety of cells, i.e., macrophages
[43], endothelial [15], and fibroblasts [26, 27]. Investiga-
tions of the effects of SPION on keratinocytes and epi-
dermal cells are limited.

Surface modification of SPION has been utilized to
tailor the functional properties of the NP for a wide variety
of clinical applications [8, 9]. These surface modifications
affect the rate and ability of cells to engulf particles.
Uncoated SPION are recognized by fibroblasts and

@ Springer
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Fig. 8 Inflammatory cytokine release by JB6 P' cells following
SPION exposure with or without UVB pre-treatment: TNF-o (a), IL-6
(b), MCP-1 (c¢). Conditions: prior to NP exposure, one group of JB6
P* cells (1 x 10°) were exposed to 4 kJ/m? UVB radiation in MEM
without phenol red and another group of cells remained under normal
growth conditions in MEM without phenol red. Following UVB

endocytosed into vacuoles within cells [26, 27, 44] and
result in disruption of cellular cytoskeleton and decreased
cellular proliferation [26, 27]. PEG-modified SPION are
more readily engulfed by fibroblasts [44], while albumin-
modified are not readily engulfed by cells and induce cel-
lular proliferation [27]. Dextran-coated SPION are capable
of being internalized by a number of primary as well as
tumor cells in concentrations ranging from 0.011 to
0.118 pg/cell with peritoneal macrophages engulfing up to
0.97 pg [15, 45, 46]. In line with published reports, the
KTH SPION (15 and 20 nm) evaluated in our study were
found in vacuoles of HEK; however, the MicroMod SPION
(20 and 50 nm) were not internalized by HEK cells.
Excessive exposure to ultraviolet light can cause both
acute and chronic skin damage [29]. Acute dermal expo-
sure to ultraviolet light has a variety of side effects known
as erythema, inflammation, and/or sunburn, while chronic
UV exposure can cause pigmentary changes, pre-mature
photoaging, and an increased risk for the formation of
cutaneous melanoma and non-melanoma skin cancers
[47—49]. Short-term exposure to low-dose UV radiation has
been shown to result in the formation of ROS [30, 50, 51].
The presence and the formation of ROS is able to
damage biomolecules [52] during cellular oxidative stress
[51]. It has also been demonstrated that UV-light-induced
ROS were also able to cause structural and functional
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exposure, cells were incubated in phenol-free MEM with 2.6, 5.2, 13,
or 26 pg/cm2 for 24 h at 37 °C. After the incubation, cells were
washed twice with PBS (pH 7.4) and then cell viability was
determined with 10 % alamar Blue. Values are means + SEM of
three experiments. Significance indicated by *p < 0.05 versus
corresponding control, *p < 0.05 versus non-UVB exposed cells

alterations in cutaneous proteins, e.g., collagen, elastin, and
glycosaminoglycans, probably contributing to dermal
phototoxicity and photoaging of the skin [53]. In this study,
to evaluate the combine effect of UVB and SPION, JB6
cells were exposed to 4 kJ/m?> UVB prior to SPION
exposure. The dose of UVB utilized in this study was
sufficient to induce cell damage (LDH release) as well as
AP-1 and NF-xB but did not induce cell death.

The reported low toxicity and long half-life of dextran-
modified SPION have made them a NP of particular
interest for biological applications [15, 54]. Internalization
of dextran-coated SPION can result in the dextran shell of
the particles being broken down leading to the formation of
particle chains/aggregates within the cell capable of
inducing alterations in cellular processes. The presence of
dextran-coated SPION within the cell may also induce
oxidative stress via production of ROS. Due to the mag-
netic properties of SPION, direct measurement of radical
production by electron spin resonance was not possible. In
order to evaluate ROS production following SPION
exposure, measurements of oxidative stress, specifically
GSH, were utilized. A complex antioxidant defense system
in the cells is present to detoxify ROS via the reduction of
antioxidants. The presence of intracellular thiols within the
antioxidant network has been shown to inhibit cytokine
production. Specifically, GSH is an important sulfur-
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containing antioxidant, which maintains the intracellular
redox status by efficiently regulating the cellular defenses
protecting against the development of oxidative stress by
directly scavenging ROS [55-62]. In line with this, we
found dose-dependent decreases in GSH levels in mouse
epidermal cells following exposure to KTH SPION parti-
cles (15 and 20 nm), indicating the occurrence of oxidative
stress as a result of exposure. An additive dose-dependent
reduction in GSH level (up to 42 %) was found after
combined exposure to UVB and KTH SPION (20 nm).

The cellular depletion of GSH has been shown to
increase ROS formation, thereby resulting in enhanced
cytokine secretion [63]. The generation of free radicals and
subsequent oxidative stress are considered to be the central
pathway involved in the development of a variety of skin
disorders, such as photosensitivity and phototoxicity,
photoaging, carcinogenesis, and cutaneous autoimmune
diseases [64—66].

Changes in redox state of the cell due to overproduction
of ROS results in induction of AP-1 and NF-xB [67-69].
AP-1 activation occurs via the upregulation of protein
kinase C in response to oxidant exposure [70-72], while
activation of NF-«xB occurs due to ROS acting as a second
messenger [73, 74]. In this study, AP-1 but not NF-«xB
activation occurred following SPION exposure alone. The
combined effect of UVB and KTH SPION exposure sig-
nificantly induced NF-xB, while the AP-1 response was
additive due to very high activation from UVB alone.

Upregulation of NF-kB and AP-1 has been shown to
cause an increase in the production of a number of
inflammatory cytokines and chemokines, including IL-1,
IL-6, IL-8, TNF-o, MCP-1, MIP-1a, MIP-2, COX-2 and
iNOS, which are responsible for the development of a
variety of disease states [40—42]. IL-8, IL-6, and IL-1 have
been implicated in the development of dermal irritation
[75-78]. Keratinocytes release TNF-a and IL-1f in
response to acute tissue injury or inflammation. Release of
IL-8, which plays a role in skin inflammatory disease [79],
is stimulated by TNF-a and IL-1f. SPION and ultrasmall
superparamagnetic iron oxide internalized by primary rat
and murine macrophages were shown to be anti-inflam-
matory via release of IL-10 and a reduced production of
inflammatory stimuli [43]. Dextran-coated SPION have
been shown to decrease the phagocytic function of murine
macrophages, while inducing an increase in the release of
pro-inflammatory cytokines, i.e., TNF-o [80]. This study
showed release of IL-8 and IL-6 by HEK cells following
exposure to KTH SPION and MicroMod. Elevated levels
of MCP-1 were secreted by JB6 cells in response to the
smaller SPION particles alone, while the larger (50 nm)
particle did not induce MCP-1 release. KTH SPION par-
ticles alone (15 and 20 nm) were also capable of signifi-
cantly inducing IL-6. UVB alone or in co-exposure with

@ Springer

SPION did not have an effect on release of the inflam-
matory cytokine evaluated.

Overall, the current results showed SPION-induced
cytotoxicity and oxidative stress with induction of the
redox-sensitive signal transduction pathways, AP-1 and
NF-xB. Exposure to SPION alone, specifically the smaller
NP evaluated (15 and 20 nm), caused oxidative stress via
depletion of GSH, induction of AP-1, and release of pro-
inflammatory mediators MCP-1 and IL-6. In conclusion,
our data indicate that SPION exposure can cause size-
dependent dermal induction of oxidative stress, activation
of signal transduction pathways, and subsequent release of
inflammatory mediators. The observed increased effects of
combined exposure of UVB and SPION may be considered
additive. However, considering the possibility of internal-
ization of SPION particles by skin cells with no remarkable
cytotoxic effect, accumulation of these particles in the skin
may lead to cumulative effects and further investigation is
needed.
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