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ABSTRACT: Here, we report the different antioxidant and physiological
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effects of maghemite nanoparticles (y-Fe,O; NPs) obtained using various amaippnics | B
Fe**: Fe** molar ratios (FM1 = 1: 1, FM2 = 1: 2, and EM3 = 2: 3) via

coprecipitation from ferrous/ferric salts. We investigated the physical, T

optical, and antioxidant properties of FM1, FM2, and FM3 nanoparticles " = =

by conducting UV, Raman, FTIR, and EDX spectroscopic analyses along e,

with DPPH radical scavenging activity. Results showed the highest DPPH
scavenging activity in the FM2 group (50.76%), while the activity in the

E

E

E
=
2

BT bt o

FM1 and FM3 groups was 23.60% and 34.63%, respectively. In addition, . :‘:r 1

topical application of nanoparticles induced significant but different anti- oo o IR A

inflammatory and immunomodulatory effects in Dermatophagoides farinae e — N o)
extract/2,4-dinitrochlorobenzene (DFE/DNCB)-sensitized BALB/c mice. - %:-r j]i* ;:::: :T:mw;

The FM2 treatment alleviates more effectively the DFE/DNCB-induced
atopic dermatitis-like (AD-like) symptoms in mouse ears (edema,
excoriation, scaling, and hemorrhage). In comparison with the DFE/DNCB-sensitized mice, FM2 treatment greatly reduced the
size and weight of the spleen and the lymph nodes. It also suppressed mast cell infiltration (2-fold) and reduced dermal and
epidermal thickness in mice. In addition, FM2 treatment exhibited better inhibition of the mRNA levels of Th1 (IFN-y and TNF-a)
and Th2 cytokines (IL-4, IL-S, IL-6, IL-10, IL-13, and IL-31), as well as the levels of various inflammation-related proteins (COX-2,
iNOS, and TNF-a). Moreover, we demonstrated that an increasing proportion of Fe** in Fe?*: Fe** enhances the antioxidant activity
and increases the anti-inflammatory and immunomodulatory effects of y-Fe,O; NPs in an AD mouse model. Thus, y-Fe,O; NPs
could be used in the formulation of nonsteroidal drugs for AD treatment.

KEYWORDS: Fe**: Fe*" initial molar ratio, maghemite (y-Fe,0;) nanoparticles, antioxidant, anti-inflammation, immunomodulation,
atopic dermatitis

B INTRODUCTION

Skin atopic dermatitis (AD) is generally chronic skin
inflammation characterized by scales, erythema, pruritus, dry
skin, and chronic relapsing dermatitis, which affect the children
(15-30%) and adults (2—10%) worldwide." Some allergic
symptoms, such as redness, rashes, and itchy skin lesions, also
characterize the disease. AD is caused by several factors,
including genetic mutations, stress, environmental factors (e.g.,
dust mites, pollen, fungi), and immunologic factors.” Immune-
cell infiltration carried out by dendritic cell subtypes,
macrophages, mast cells, T cells and eosinophils is upregulated
in AD lesions.® In addition, AD exhibits a “biphasic
inflammation”, in which the acute phase is a Th2-mediated
disease, while a switch toward Thl and Thl7 mediation
initiates the chronic phase of AD.* An increase in Th2 cells
induces an upregulation in the expression of various cytokines,
which are responsible for the severity of skin inflammation as
well as dysfunction in the skin barrier observed in ADS

Moreover, activation of Thl cells induces INF-y and TNF-a
cytokines which contribute to the promotion of macrophage
activation subsequently leading to the activation of inflamma-
tory pathways.® Additionally, activation of Th17 cells causes an
increase in IL-17 secretion, which contributes synergistically
with IL-22 to stimulate inflammation upon skin and skin
barrier disruption.” Furthermore, the overexpression of several
inflammation-related biomarkers (iNOS, COX-2)® and chemo-
kines (CCL19, CCL20, CXCL10) have been reported in the
pathogenesis of AD.” Currently, topical steroids (i.e., topical
calcineurin inhibitors and topical corticosteroids) are effective
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Figure 1. Physical and optical characteristics of maghemite nanoparticles (y-Fe,O; NPs) obtained from varied Fe?*: Fe®* initial molar ratios (FM1
=1:1, FM2 = 1: 2, and FM3 = 2: 3). (A) Scanning electron microscopy (SEM) images of the y-Fe,O; NPs. Scale bar S nm. (B) Zeta potential and
representative photography of FM1, FM2, and FM3 nanoparticles at 1 mg/mL. (C) UV—vis spectra of FM1, FM2, and FM3 nanoparticles at 100
pug/mL. (D) Raman spectra of FM1, FM2, and FM3 nanoparticles. (E) Fourier-transform infrared (FTIR) absorbance spectra of FM1, FM2, and
FM3 nanoparticles. (F) X-ray diffraction (XRD) patterns of the y-Fe,O; NPs, consistent with the diffraction data in the 1997 JCPDS. (G)
Elemental composition of the y-Fe,O; NPs from energy-dispersive X-ray analysis (EDX).

in controlling the symptoms of AD.'” However, there are side
effects of long-term use of topical corticosteroids in skin, such
as skin atrophy, thin spidery blood vessels, striae formation,
and lymphoma development.11 Thus, there needs to research
on potent topical agents to reduce side effects. Consequently, a
group of recent studies has focused on therapeutic alternatives
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in AD, such as plant extracts, bioactives, phytochemicals, and
nanomaterials.'”

Maghemite nanoparticles (y-Fe,O; NPs) are presented as a
biocompatible and stable form of superparamagnetic iron oxide
nanoparticles.13 There is an increasing interest in y-Fe,O; NPs
owing to their wide range of technological applications,
particularly in diagnostic systems (i.e., biosensing), bioimaging

https://dx.doi.org/10.1021/acsabm.0c01092
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(i.e., biolabeling and tracking, molecular imaging, magnetically
guided drug therapy, and magnetic resonance imaging (MRI)
contrast agent), protein separation, cancer treatment, and as
part of a target delivery system (ie., drug and gene
delivery).'*~*°

Generally, y-Fe,O; NPs are synthesized using various
methods, including magnetite (Fe;0,) nanoparticle oxidation,
micro emulsion, sol—gel synthesis, flame spray pyrolysis, and
coprecipitation methods.”"** In particular, coprecipitation of
ferrous/ferric mixed salts with varied Fe?*: Fe3* initial molar
ratios result in variation in the phase composition, crystallinity,
and magnetic properties of the synthetic y-Fe,O; NPs.”””** The
increasing proportion of Fe** was reported to promote
magnetite (Fe;O,) formation, while increasing the Fe®*
proportion favors y-Fe,O,.”” Interestingly, variation in the
Fe®": Fe*" initial molar ratio ranging from 1: 1 to 1: 2 has also
been reported in y-Fe,O; NPs synthesis.”* In addition, in the
atmosphere, coprecipitation from different Fe?*: Fe®* initial
molar ratios lead preferentially to y-Fe,O; instead of Fe;O,
because the molar ratio of Fe?*: Fe>* changes.”” Thus, studies
have deeply investigated the physical and chemical changes
that occur in iron oxide nanoparticles, which are associated
with the variation of the Fe’*: Fe®* molar ratio in the
coprecipitation method. However, no study has evaluated the
physiological properties of y-Fe,O; in conjunction with varying
Fe’*: Fe’! initial molar ratios.

This report highlights the different antioxidant activities as
well as the potent but varied anti-inflammatory and
immunomodulatory activities of y-Fe,O; NPs as a function
of the molar ratio of Fe**: Fe>* (FM1 = 1: 1, FM2 = 1: 2, and
FM3 = 2: 3). We compared the ability of FM1, FM2, and FM3
nanoparticles to quench DPPH free radicals as well as the
efficacy to alleviate the Dermatophagoides farinae extract (DFE;
house dust mite extract) and 2,4-dinitrochchlorobenzene
(DNCB)-sensitized inflammation and immune dysregulation
in BALB/c mice. Finally, we evaluated the expression levels of
various inflammatory biomarkers, as well as the immune-
related cytokines and other AD-related chemokines in the
mouse ear.

B RESULTS

Physical and Optical Characteristic of FM1, FM2, and
FM3 Nanoparticles. The physical properties of synthesized
y-Fe,05 NPs by changing the molar ratio of Fe**: Fe**(FM1 =
1: 1, EM2 = 1: 2, and FM3 = 2: 3) were investigated by using
UV—vis, Raman, Fourier-transform infrared (FTIR), and
energy-dispersive X-ray spectroscopy (EDX) spectroscopic
analyses, along with SEM and zeta potential measurement. As
shown in Figure 1A, the SEM image confirmed the nanoscale
size of the synthesized particles. Moreover, the y-Fe,O; NPs
were round in shape. The average size of the y-Fe,O; NPs was
roughly estimated to be 16 nm on average. Nanostructural
homogeneity in particle size and distribution was observed. No
significant differences could be observed among FM1, FM2,
and FM3 samples with respect to particle size and shape.

Figure 1B shows a representative photograph of nanoparticle
suspension samples at 1 mg/mL. The characteristic color of y-
Fe,0; NPs was brown, but it was gradually changed from light
to dark brown as the ratio of Fe*" was increased.

To further examine the characteristics of the nanoparticle
suspensions, zeta potential values were assessed by measuring
the electrophoretic mobility of the nanoparticle droplets. The
zeta potential was used as an important measure to evaluate
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the stability of colloidal dispersions, as it is representative of
the degree of repulsion between adjacent particles in charged
dispersions.”> When the negative (=) or positive (+) zeta
potential value is high, aggregation between particles does not
occur, and the dispersion is considered to be stable.”
However, if the value is low, the attraction between particles
is stronger, and coagulation and flocculation occur easily.”®
The measured zeta potentials of FM1, FM2, and FM3 were
+24.76, + 23.9, and +23.05 mV, respectively (Figure 1B).
According to our data, nanoparticles did not aggregate
immediately after synthesis.

As shown in Figure 1C, the UV—vis spectra of FM1, FM2,
and FM3 nanoparticles (100 ug/mL) ranged from 300 to 800
nm. The UV blocking properties of the nanoparticles were
increased in proportion to the increase in Fe*" in the range of
800 to 370 nm. However, at 370—200 nm, the UV blocking
effect of FM1 was better than that of FM2.

Figure 1D presents the Raman spectra of the FM1, FM2,
and FM3 samples recorded from 100 to 800 cm™'. The FM1
and FM2 spectra exhibited Raman-active phonon modes at
around 220 and 275 cm™! (strong peaks) and around 387, 499,
580, and 668 cm™! (weak and broad peaks). The FM3 spectra
exhibited Raman-active phonon modes near 220 and 277 cm™"
(weak peaks) and around 377 and 583 cm™' (weak and broad
peaks). Although the Raman mode of FM3 was weak
compared to FM1 and FM2, it became evident that y-Fe,O;
crystals were not formed in large quantities. However, it was
further observed that y-Fe,O; was also produced in FM3 at
220, 277, 377, and 583 cm™'. Upon comparing the Raman
modes of FM3 to FM1 and FM2, the 499 and 580 modes were
largely absent from FM3. This phenomenon suggests that the
499 and 580 modes affected the UV blocking properties from
370 to 200 nm. FTIR spectra of FM1, FM2, and FM3 samples
were showed in the range of 385—2000 cm™' (Figure 1E).
Absorption peaks were recorded at approximately 391, 439,
and 1636 cm™". It has generally been reported that y-Fe,O;
with a spinel crystal structure exhibits four T, phonon modes,
which are expected to occur at 212, 362, 440, and 553 cm™ L7

Although Fe;O, and y-Fe,O; have showed the characteristic
high-angle peak of (511) was found at approximately $7° for
Fe;0, and 57.3° for y-Fe,0,”° In Figure IF, the X-ray
diffraction (XRD) patterns of prepared FM1, FM2, and FM3
nanoparticles did not display any significant differences. All
peaks coincided with the cubic y-Fe,O; phase, which was
consistent from diffraction data in 1997 JCPDS. In addition, a
typical y-Fe,O; phase characterization of the (511) peak was
identified at approximately 57.3°. The nanoparticle size was
estimated using the Debye—Scherrer formula, based on the
which sizes of FM1, FM2, and FM3. The size of FM1, FM2,
and FM3 were determined to be 13.3, 10.1, and 9.2 nm,
respectively. Moreover, the nanoparticle size increased as the
proportion of Fe** was increased.

Finally, EDX data confirmed the elemental constituents of
iron oxide were iron and oxygen atoms (Figure 1G). Thus, our
results suggest that the main phase of iron oxide nanoparticles
in FM1, FM2, and FM3 is y-Fe,0;

Antioxidant Properties of FM1, FM2, and FM3
Nanoparticles. As shown in Figure 2, only FM2 significantly
quenched DPPH free radicals (50.76%) at 10 mg/mL
concentration, whereas FM3 and FM1 exhibited lower free
radical scavenging activity at the same dose (34.63% and
23.60%, respectively). The FM2 concentration required for

https://dx.doi.org/10.1021/acsabm.0c01092
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Figure 2. DPPH radical scavenging activity of maghemite nano-
particles (y-Fe,O; NPs) was determined using various initial Fe*:
Fe* molar ratios (FM1 = 1: 1, EM2 = 1: 2, and FM3 = 2: 3). Positive
control is ascorbic acid (10 pg/mL). Data are presented as mean +
SD. Different letters designate significant differences, as determined at
the level of p < 0.05 using Duncan’s multiple range posthoc test.

reaching the ICy, value was approximately 9.8 mg/mL. Our
findings highlight the potent antioxidant activity of FM2.

Cell Viability and FM2 Nanoparticle Uptake. We
evaluated the cytotoxicity of FM2 nanoparticles at 0, 25, 50,
100, 200, and 500 ug/mL after 4, 6, 12, and 24 h of exposure
using human keratinocyte cell line (HaCaT cells) (Figure 3A).
The results showed that cell viability was above 100%,
regardless of the FM2 nanoparticle concentration and
incubation time used. In particular, the cell viability of cultures
treated with 100 and 200 pg/mL concentration for 12 h was
increased by 123.83% and 126.75%, respectively, when
compared with the untreated group. After 24 h, HaCaT cells
treated with 200 ug/mL concentration observed no significant
change in cell viability compared to cells treated with 100 pg/
mL concentration. However, the skin cell viability of the S00
ug/mL nanoparticle-treated group was lower than that of the
100 and 200 pg/mL nanoparticle-treated groups after 12 and
24 h.

Prussian blue staining, which is generally used to visualize
iron, confirmed the presence of y-Fe,O; NPs content in
HaCaT cells. The uptake of nanoparticles into these HaCaT
cells was investigated using this method. The cells were
evaluated whether they were stained or not; the intensity of the
staining was not considered. Penetration of HaCaT cells by
FM2 was observed at 4 h of incubation. According to the
concentration of nanoparticles, the uptake rate of FM2 was
increased in the cells. Thus, FM2 nanoparticles were shown to
penetrate keratinocytes.

FM1, FM2, and FM3 Nanoparticles Attenuate Ear
Skin Lesions and Reduces Spleen and Lymph Node
Weight in Atopic Dermatitis-Induced BALB/c Mice. To
investigate the therapeutic effects of FM1, FM2, and FM3 on
DFE/DNCB-sensitized mice ears, we recorded the evolution
of mouse ear thickness and skin lesions for 26 days (Figure
4A)

The ear thickness of AD groups induced with DFE/DNCB
increased in 4.4-fold after 26 days of treatment compared with
the control (normal group) (Figure 4A). Interestingly,
repeated topical application of y-Fe,O; NPs (AD + FM],
AD + FM2, and AD + FM3) markedly reduced ear thickness
after 26 days (1.7-, 1.9-, and 1.8-fold, respectively) compared
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Figure 3. Viability and nanoparticles uptake in human keratinocyte
cell line (HaCaT cells). (A) Viability of the HaCaT cells treated with
various concentrations (25—500 pug/mL) of the maghemite nano-
particles obtained from a Fe?*: Fe3* = 1: 2 initial molar ratio, namely,
FM2. HaCaT cells were exposed to FM2 nanopatrticles for 4, 6, 12,
and 24 h, and viability of cells was evaluated using the EZ-Cytox assay
kit. Data are presented as means + SD (B) Visualization of FM2
nanoparticle-treated cells by Prussian blue staining. HaCaT cells were
incubated with FM2 at concentrations of 50 and 100 ug/mL for 4, 12,
and 24 h. The cells were stained with Prussian blue and recorded
under a microscope. Scale bar: 20 um.

with group of the AD. Additionally, significant difference was
not showed between the curative effects of FM1, FM2, and
FM3. Moreover, improvement in the ear thickness induced by
steroid treatment (AD + S group) was similar to that of all
three y-Fe,O; NP groups. Thus, all nanoparticles are effective
in inhibiting ear thickening.

Next, as shown in Figure 4B, the DFE/DNCB-sensitized
mice ears lesions of the AD groups were observed edema,
excoriation, scaling, and hemorrhage. Upon repeated topical
application of y-Fe,O;NPs (AD + FM1, AD + FM2, and AD +
FM3), the DFE/DNCB-induced skin lesions were significantly
reduced in both ears. Photographs of the ears show that FM1
and FM2 were more effective in attenuating the AD-like skin
lesions, with appearances similar to that of the control and
steroid-treated groups. These results suggest that y-Fe,O;NPs
are potential topical agents for the treatment of characteristic
phenotypes of AD.

Increases in the weight and size of immune tissues (lymph
nodes and spleen) are generally associated with abnormalities
in the immune system and are usually used as indicators in
AD.” As shown in Figure 4C and 4D, DFE/DNCB
stimulation significantly enhanced the weight of the spleen
(1.6-fold) and lymph nodes (S5.8-fold) in the AD group
compared to that in the control (normal group). Intriguingly,
cotreatment with y-Fe,O;NPs (AD + FM1, AD + FM2, and
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Figure 4. Histopathological analysis to assess the effect of maghemite nanoparticles (y-Fe,O; NPs) obtained from varied Fe**: Fe®* initial molar
ratios (FM1 = 1: 1, FM2 = 1: 2, and FM3 = 2: 3) on mice ear thickness and immune organ size and weight. (A) Ear thickness of mice was
measured throughout the duration of treatment with a dial thickness gauge. The Dermatophagoides farinae extract (DFE) and 2,4-
dinitrochlorobenzene (DNCB) application induced atopic dermatitis (AD)-like skin inflammation, and the FM1, FM2, and FM3 nanoparticles, or
Dermatop ointment containing prednicarbate at 0.25% w/w were locally administrated to decrease ear thickness. (B) Photographs of mice ears at
26 days. (C) Photographs and weight of spleens at 26 days. (D) Photographs and weight of lymph nodes at 26 days. Data are presented as mean +
SD. Different letters designate significant differences, as determined at the level of p < 0.05 using Duncan’s multiple range posthoc test. Control,
sham normal group; AD, DFE/DNCB-induced group; AD + FM1, FMI nanoparticles-treated DFE/DNCB-induced mice; AD + FM2: FM2
nanoparticles-treated DFE/DNCB-induced mice; AD + FM3: FM3 nanoparticles-treated DFE/DNCB-induced mice; AD + S: Dermatop ointment
(contains prednicarbate at 0.25% w/w)-treated DFE/DNCB-induced mice.

AD + FM3) significantly reduced spleen weight (1.4-, 1.3- and
1.4-fold, respectively) and lymph node weight (1.5-, 2.2-, and
2.1-fold, respectively) compared with that in the AD group. In
addition, no meaningful difference was shown in the loss of
spleen weight among the test groups, the weight after
treatment was similar to that of the control group (AD
nontreated group) and steroid-treated group. Additionally,
among the nanoparticles, the decrease in lymph node weight
was better with FM2 and FM3 treatments, comparable to the
steroid-treated group. Regarding size evolution of the spleen
and lymph nodes, the DNF/DNCB treatment induced organ
enlargement, while y-Fe,O;NP treatments led to a notable
reduction in the size of these organs compared with that in the
AD induced group. Among nanoparticles, FM2 and FM3
significantly decreased the size of the lymph nodes and spleen
as opposed to FM1. However, the effect of steroids on spleen
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and lymph node size was slightly better than that of all
nanoparticles. Overall, FM1, FM2, and FM3 greatly decreased
spleen size and weight; however, FM2 and FM3 were more
efficient at decreasing lymph node size and weight.

FM1, FM2, and FM3 Nanoparticles Reduce Epider-
mal, Dermal Thickness, Mast Cell Infiltration. To evaluate
further whether the Fe**: Fe* ratio modifies the effect of y-
Fe,O;NPs on DFE/DNCB-induced skin hypertrophy, and
mast cell infiltration, hematoxylin and eosin (H&E) section of
mice ears were stained. Our results showed that repeated
topical application of DFE/DNCB led to potent inflammation
of the ear, including thickening of dermal and epidermal tissues
of the AD group (approximately 7.8- and 4.9-fold, respectively)
compared with the control group (normal) (Figure SA, D, and
E). However, cotreatment with y-Fe,O;NPs (AD + FM1, AD
+ FM2, and AD + FM3) significantly reduced the thickness of
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Figure S. Histological and immunohistochemistry analysis. Histological analysis to estimate the effect of maghemite nanoparticles (y-Fe,O; NPs)
obtained from varied Fe?*: Fe®* initial molar ratios (FM1 = 1: 1, FM2 = 1: 2, and FM3 = 2: 3) on epidermal and dermal thickness, and mast cell
infiltration in mice ear. (A) Photomicrographs of ear skin sections stained with hematoxylin and eosin (H&E) or (B) toluidine Blue. Scale bar: 200
pum. In panel B, black arrows indicate mast cells which appear as a purple spot. (C) Representative photomicrographs of immunostained ear section
displayed a remarkable difference in staining intensity for the NF-kB p6S and CK S between atopic dermatitis model and nanoparticle treatment
models. Scale bar: 100 ym. (D, E) The thickness of dermal and epidermal tissues was measured using the H&E photomicrographs. (F) The
number of mast cells infiltrated in the ear tissue was counted using photomicrographs. Data are presented as mean =+ SD. Different letters designate
significant differences, as determined at the level of p < 0.0S using Duncan’s multiple range posthoc test. Control, sham normal group; AD, DFE/
DNCB-induced group; AD + FM1, FMI nanoparticles-treated DFE/DNCB-induced mice; AD + FM2: FM2 nanoparticles-treated DFE/DNCB-
induced mice; AD + FM3: FM3 nanoparticles-treated DFE/DNCB-induced mice; AD + S: Dermatop ointment (contains prednicarbate at 0.25%

w/w)-treated DFE/DNCB-induced mice.

dermal tissue (1.8-, 2.3-, and 2.2-fold, respectively) and
epidermal tissue (2.3-, 2.9-, and 2.5-fold, respectively) with
reference to the AD group. Among the nanoparticles, FM2
exhibited better actions in decreasing the thickness of dermal
and epidermal tissues. However, the dermal and epidermal
thickness of FM2-treated mice was higher (3.4- and 1.7-fold)
than the control group but were similar to the steroid-treated
mice. Thus, FM2 induced a highest reduction of the ear
thickness among the NPs groups.

Mast cell infiltration is involved in the pathogenesis of AD.’
We further evaluated whether FM1, FM2, and FM3 inhibited

1257

mast cell infiltration in ear tissues using toluidine blue staining.
As shown in Figures S B and F, ear sections showed an
increased number of infiltrated mast cells in DFE/DNCB-
stimulated mice (AD group; $.33-fold) compared with the
control group. While, y-Fe,O;NP cotreatments (AD + FM],
AD + FM2, and AD + FM3) considerably reduced the average
number of infiltrated mast cells (2.79-, 3.16-, and 4.47-fold,
respectively) compared to the AD group. Although FM2 and
FM3 were effective at suppressing mast cell infiltration into ear
tissues, infiltration rates were higher than those of the control
group. Interestingly, there was no significant difference
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Figure 6. Effect of maghemite nanoparticles (y-Fe,O; NPs) obtained from varied Fe**: Fe** initial molar ratios (FM1 = 1: 1, FM2 = 1: 2, and FM3
= 2: 3) on the expression of various genes related to atopic dermatitis of mice ear. mRNA expression of Thl, Th2, and Th17 cytokines and
chemokines were evaluated: (A) IFN-y, (B) TNF-q, (C) IL-4, (D) IL-S, (E) IL-6, (F) IL-10, (G) IL-13, (H) IL-31, (I) IL-17, (J) CCL19, (K)
CCL20, and (L) CXCL10. Data are presented as mean =+ standard deviation. Different letters designate significant differences, as determined at the
level of p < 0.05 using Duncan’s multiple range posthoc test. Control, sham normal group; AD, DFE/DNCB-induced group; AD + FM1, FM1
nanoparticles-treated DFE/DNCB-induced mice; AD + FM2, FM2 nanoparticles-treated DFE/DNCB-induced mice; AD + FM3, FM3
nanoparticles-treated DFE/DNCB-induced mice; AD + S, Dermatop ointment (contains prednicarbate at 0.25% w/w)-treated DFE/DNCB-

induced mice.

between FM2, FM3, and steroid-treated groups. Thus, FM2
and FM3 were most effective at preventing mast cell
infiltration into ear tissues.

P65-mediated NF-kB activation is an important element in
the context of skin inflammatory diseases.”® We observed the
NF-kB p65 expression in the skin lesions of the ears of patients
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with AD. Figure 5C shows that, in the AD group, there was a
relatively high p6S expression (strong positive staining)
compared with that in the control (normal group). In
comparison, in the ear tissue of y-Fe,O;NP-treated mice
(AD + FMI, AD + FM2, and AD + FM3), a lower p6S
expression was observed compared with the AD group.
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induced mice.

Additionally, positive staining in the FM2 group was more
visible in comparison with the FM1, FM3, control, and steroid-
treated groups.

Impairment of skin barrier function is reported to induce
downregulation of cytokeratin S expression.”’ To further
evaluation whether FM1, FM2, and FM3 improve AD-related
skin barrier dysfunction, we assessed cytokeratin S (CK S)
expression in lesional ear skin of mice (Figure SC). The topical
application of DFE/DNCB of AD groups clearly down-
regulated the CK S expression (weak positive staining)
compared with the control (normal group). Whereas, the
FM1, FM2, FM3, and steroid treated groups were notably
upregulated expression (strong positive staining) compared
with the AD group. Additionally, among the NP groups, the
intensity of CK S-positive staining was stronger in FM1 and
FM3, which were comparable to the control and steroid-
treated groups. Our findings show the ability of FM1, FM2,
and FM3 to restore the impairment of skin barrier function in
AD.

Collectively, these results suggest that upon topical
application, FM2 and FM3 exhibited most alleviation of the
lesional conditions in AD in the form of suppression of the ear
thickening induced by DFE/DNCB stimulation, limitation of
inflammatory cell infiltration, inhibition of p6S transcription
factor activation, and downregulation of CK S.
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FM1, FM2, and FM3 Nanoparticles Reduce mRNA
Expression of AD-Associated Cytokine. The difference in
the action mechanism of nanoparticles obtained from varied
Fe’": Fe** molar ratios, we investigated the mRNA levels of
AD-related Thl-, Th2-, Th17-secreted cytokines, and chemo-
kines. As shown in Figure 6A and 6B, upon DFE/DNCB
treatment, mRNA levels of IFN-y and TNF-a in AD groups
were significantly upregulated compared with the control
group, whereas in the AD + FM1, AD + FM2, AD + FM3, and
AD + S groups, mRNA levels of IFN-y and TNF-a were
significantly decreased in comparison to the AD group. In
particular, FM2 and FM3 drastically inhibited the mRNA
levels of TNF-a (16.5- and 10.5-fold, respectively) compared
to the AD group (Figure 6B). Also, the FM2 and FM3-induced
TNEF-a levels were similar to those in the control and steroid-
treated groups.

Next, the DFE/DNCB application of AD group significantly
upregulated the mRNA levels of IL-4, IL-5, IL-6, IL-10, IL-13,
and IL-31, compared against the control group, whereas all y-
Fe,O;NPs and steroid treatments significantly downregulated
the mRNA levels of the Th2 cytokines (Figure 6C — 6H).
Specifically, all y-Fe,O;NPs (AD + FMI, AD + FM2, and AD
+ FM3) significantly decreased the mRNA levels of IL-6
(32.4-, 30.6-, and 12.9-fold, respectively) compared to that in
the AD induced group (Figure 7E). Also, no significant
difference was showed in IL-6 mRNA inhibition among the NP
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groups, and the results were comparable to those showed in
the control and steroid-treated groups.

Moreover, the AD groups significantly increased the mRNA
level of IL-17 (7.83-fold) in the compared with the control
group. A significant reduction in IL-17 mRNA levels in the AD
+ FM1 group (5.9-fold), AD + FM2 (4.2-fold), AD + FM3
(5.3-fold), and AD + S (6.9-fold) compared with the AD group
(Figure 6I) was observed. Moreover, the FM1 and FM3 were
marginally more efficient than the FM2 nanoparticles, whereas
the control and steroid-treated groups had slightly lower IL-17
mRNA levels than the FM1 and FM3 groups.

Furthermore, the mRNA levels of the enhanced chemokines,
including CCL19, CCL20, and CXCL10 of AD groups were
significantly decreased the mRNA levels of these chemokines
compared with the control, FM1, FM2, and FM3 groups
(Figure 6]J—6L). In particular, all nanoparticles (AD + FM1,
AD + FM2, and AD + FM3) clearly suppressed CCL20 mRNA
levels (15.4-, 11.9-, and 11.6-fold, respectively) compared with
the AD group. Moreover, there was no meaningful difference
was observed in the CCL20 mRNA levels in the NP groups
when compared to the control and steroid-treated groups or
among the three groups (Figure 6K).

In summary, FM1, FM2, and FM3 obtained from varied
Fe®": Fe’" initial molar ratios (1: 1, 1: 2, and 2: 3, respectively)
effectively decreased the mRNA expression of Thl-, Th2-, and
Th17-secreted cytokines and chemokines. However, FM2 and
FM3 exhibited higher levels of inhibition of AD-related
biomarkers.

FM1, FM2, and FM3 Nanoparticles Inhibit the
Expression of Various AD-Associated Inflammatory
Biomarkers in BALB/c Mice Ear Tissue. Since AD is a
chronic inflammatory disease, we performed PCR and Western
blotting to determine whether FM1, FM2, and FM3 are
effective in suppressing the expression levels of several AD-
associated inflammatory biomarkers. As shown in Figure 7A
and B, DFE/DNCB application significantly increased the
mRNA expression of COX-2, iNOS, and TGF-f1, as well as
protein expression of COX-2, iNOS, TNF-q, IL-6, and Mac-1
compared with the control group. However, when compared
with the AD group, all y-Fe,O; and steroid treatments
significantly decreased mRNA expression and protein levels
of these inflammation-related biomarkers. Similarly, in both
PCR and Western blotting data, FM2 exhibited the highest
COX-2 inhibition, 4.9- and 4.6-fold, individually, compared to
that in the group of AD. In addition, FM2 COX-2 levels were
similar pattern to those showed in the control and steroid-
treated groups.

FM1, FM2, and FM3 Nanoparticles Modulate Akt,
ERK, p38, and IxB-a Signaling Pathways. We investigated
whether FM1, FM2, and FM3 can regulate the phosphor-
ylation of Akt, ERK, p38, and IkB-a (Figures 8 and 9). Results
showed that DFE/DNCB treatment drastically downregulated
p-AKT levels in the AD, AD + FM1, AD + FM2, and AD +
FM3 groups compared with the control and steroid-treated
groups. In addition, FM1, FM2, and FM3 treatment groups
showed a significant reduction of p-AKT level compared to the
AD group. Moreover, among the group treatments, FM3
exhibited the highest reduction of p-AKT level compared with
FM1 and FM2. In addition, DFE/DNCB-sensitized the AD
groups significantly increased the levels of p-ERK and p-p38
when compared with the control group. Intriguingly, only the
AD + FM2 and AD + FM3 groups decreased significantly in p-
ERK and p-p38 levels by comparison with the AD group, while
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Figure 8. Modulation of Akt, ERK, p38, and IxB-a phosphorylation
by the maghemite nanoparticles (y-Fe,O; NPs) obtained from varied
Fe®*: Fe®* initial molar ratios (FM1 = 1: 1, FM2 = 1: 2, and FM3 = 2:
3) of atopic dermatitis-induced mice model (ear). Data are presented
as mean + SD. Different letters designate significant differences, as
determined at the level of p < 0.05 using Duncan’s multiple range
posthoc test. Control, sham normal group; AD, DFE/DNCB-induced
group; AD + FM1, FMI1 nanoparticles-treated DFE/DNCB-induced
mice; AD + FM2, FM2 nanoparticles-treated DFE/DNCB-induced
mice; AD + FM3, FM3 nanoparticles-treated DFE/DNCB-induced
mice; AD + S, Dermatop ointment (contains prednicarbate at 0.25%
w/w)-treated DFE/DNCB-induced mice.

the AD + FMI treated group exhibited a significant increase in
p-ERK and p-p38 levels compared to the AD group. The
inhibitory effects of FM2 and FM3 on p-JNK were higher than
those of the control and steroid-treated groups, whereas only
FM3 induced higher p-p38 inhibition compared to the control
and steroid-treated groups. In addition, the phosphorylation of
IkB-a was inhibited by all three types of nanoparticles
compared with the AD group. Among the nanoparticle groups,
the inhibition of p-IkB-a was the highest in the FM2 group.
The FM2 group showed more effective inhibition than the
steroid-treated group and levels were lower when compared
with the control.

B DISCUSSION

Maghemite nanoparticles (y-Fe,O;NPs), a stable form of iron
oxide nanoparticles, have several biomedical applications,
including bioimaging (molecular imaging, magnetically guided
drug therapy, and MRI contrast agent), as well as drug and
gene delivery.'"”?° This study demonstrated the influence of
Fe®": Fe® initial molar ratio (FM1 = 1: 1, FM2 = 1: 2, and
FM3 2: 3) on the antioxidant, anti-inflammatory and
immunomodulatory effects of y-Fe,O; NPs in DFE/DNCB-
sensitized AD-like BALB/c mice.

In this study, the XRD spectra of the chemically synthesized
7-Fe,O; NPs used in the study showed a characteristic high-
angle peak (S11) at 57.3°, which is specifically attributed to y-
Fe,0;.”® In addition, the Raman spectra displayed broad bands
around 377—387 (FM1, FM2, and FM3) and 499 cm™! (FM1
and FM2), which could be attributed to y-Fe,0;.>"*”
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Figure 9. Molecular targets of y-Fe,O; NPs with anti-inflammatory and immunomodulatory effects in atopic dermatitis signaling pathways.

However, the Raman bands around 220 (FMI1, FM2, and
FM3), 275—277 (FM1, FM2, and FM3), and 668 cm™! (FM1
and FM2) could be assigned to a-Fe,0,.%” In addition, the
Raman band which appeared at 580—583 cm™' (FM1, FM2,
and FM3) could be assigned to the a-Fe,O; peak reported
near $90 cm™'.** a-Fe,0; is known for its antiferromagnetic or
weak ferromagnetic behavior at 25 °C, while y-Fe,O; is
reported to be a typical ferromagnetic mineral.>* y-Fe,O; is
reported to be thermally unstable and is oxidized to a-Fe,O; at
higher temperatures (above 673 K).”> The presence of a-
Fe,0; phase in the Raman data is due to gradual increase in
temperature from laser power.

For FM1 and FM2, it was found that both the a-Fe,O; and
7-Fe,0; phases could coexist. FM3, on the other hand, was
found to have an a-Fe,O; phase only. The reason for this was
the small size of the FM3 nanoparticles (8.7 nm). Thus, when
irradiated by XRD, the temperature was increased by more
than 673 K and phase transitions to a-Fe,O; occurred.

However, FM1 and FM2, whose sizes are 9.1 and 12 nm,
only partially undergo phase transition, so that the a-Fe,O;
phase and y-Fe,O; phase coexist.

XRD spectra indicated y-Fe,O; in the iron oxide samples
with the Fe?*: Fe®* ratios: 1: 1, 1: 2, 2: 3.** Thus, some
differences were observed between the physical and optical
properties of FM1, FM2, and FM3. The objectives of the study
was to determine whether the initial molar ratio of Fe’": Fe®"
induces variations in the y-Fe,O; NPs antioxidant properties.

Antioxidant compounds can inhibit oxidative stress by
neutralizing reactive oxygen species or free radicals, which
cause cell damage.36 Herein, we determined the antioxidant
activities of FM1, FM2, and FM3 nanoparticles by evaluating
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their capacity to quench DPPH radical scavenging. The results
demonstrated that only FM2 (50.76 + 2.14% DPPH
scavenging) exhibited significant antioxidant activity at 10
mg/mL, while FM1 (23.60 + 1.70% DPPH scavenging) and
FM3 (34.63 + 3.05% DPPH scavenging) displayed lower
antioxidant activities. In particular, the dose of FM2 that was
needed for 50% DPPH scavenging (ICs,) was determined to
be 9.8 mg/mL. Paul et al. reported an ICs, value of 113.96 mg
for y-Fe,O; NPs made by a solution combustion method,
followed by sample calcination at 650 °C.”” Antioxidant
properties might have resulted from electron transfer from the
nanoparticles to the nitrogen atoms in DPPH free radicals.””**
In addition, in y-Fe,0;, each iron cation exists in a trivalent
state (ferric ion, Fe**).”” These are potent reducing agents and
are thus used in antioxidant assays for their reducing power."’
Moreover, antioxidant activity was positively correlated with
the proportion of Fe**. Thus, the lower antioxidant activity of
FM1 nanoparticles could potentially be attributed to impurities
of Fe;0, in the sample. Alibeigi et al. showed a mixed phase of
Fe;0,/y-Fe,O; nanoparticles using a coprecipitation method
(Fe**: Fe" = 2:1) in the atmosphere, while obtaining only y-
Fe,O; from Fe*": Fe’* = 1: 2.”* Our findings suggest that the
initial Fe**: Fe’* molar ratio might influence the antioxidant
activity of y-Fe,O5 nanoparticles, and an increase in Fe** over
Fe’* might enhance the antioxidant efficacy of y-Fe,O4
nanoparticles. Oxidative stress is associated with chronic
inflammatory disease. Chronic inflammation causes cellular
side effects by depleting antioxidants and producing excessive
free radicals.”' Inflammatory cells produce inflammatory
mediators, such as cytokines, which act on active inflammatory
cells, and release more reactive species themselves. Also,
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excessive expression of cytokines was shown to cause changes
in expression of specific micro-RNAs and oxidative stress-
induced genes.”” Accordingly, several studies have reported a
relationship between inflammation and antioxidant ef-
fects.'>*>*

Transdermal absorption of nanoparticles has been reported
that nanoparticles of 40 nm were capable of penetration the
perifollicular dermis through the hair follicle."® The elastic
nanoparticles size of 100—150 nm were able to penetrate the
stratum corneum matrix through channel-like structures.*>*
Moreover, particles of 0.5-1.0 mm had been shown to
penetrate the stratum corneum, and reached the dermis in skin
tissue.”® Therefore, our data are consistent with previously
reported results. Our nanoparticles were estimated to be
roughly FM1 is 9.2 nm, FM2 is 10.1 nm, and FM3 is 13.3 nm
in size on average. In fact, the FM was observed to be much
smaller than those previously reported to target tissues. Thus,
FM nanoparticles may be better penetrated than those
previously reports in the skin, such as epidermis and the
stratum corneum.

Inflammation is the immune mechanism for host defense
response to invading pathogens and damaged cell involving
phagocytic cells, including dendritic cells, mast cells, innate
lymphocytes and macrophages, gradually restored the structure
and function of normal cell.”” AD induced inflammatory skin
disorder is related to severe pruritic, redness and swelling of
the skin and is characterized by the infiltration of inflammatory
cells.’® Various inflammatory cytokines and biomarkers,
including TNF-a, IL-6, iNOS, COX-2, TGF-$1, NF-kB, and
Mac-1, have been found associated with the pathogenesis of
AD.***! In this study, we demonstrated that FM1, FM2, and
FM3 treatments strongly alleviated the inflammatory symp-
toms (ear swelling, dermal and epidermal thickening, and mast
cell infiltration in lesioned tissues) and obviously down-
regulated the expression of the inflammatory biomarkers
(iNOS, COX-2, TGF-f1, TNF-a, and Mac-1), which were
triggered by DFE/DNCB application. In a previous study, we
showed that y-Fe,O; NPs can reduce levels of IL-6 and TNF-a
pro-inflammatory cytokines in ultraviolet-induced photoaging
human skin cells.”” Shen and co-workers used iron oxide
nanoparticles to attenuate the inflammation-related swelling
process, prevent mast cell infiltration, and suppress INF-y,
TNF-@, and IL-6 expression at the inflammatory site.”” In
addition, the y-Fe,O; phase of iron oxide nanoparticles was
reported to exhibit lower levels of pro-inflammatory cytokines
compared with the Fe;O, phase.’® In summary, we
demonstrated that y-Fe,O; NPs exhibited a remarkable anti-
inflammatory activity in the ear of DFE/DNCB-treated mice.
Additionally, changes in the Fe®": Fe’* initial molar ratio
caused variations in the y-Fe,O;NP anti-inflammatory activities
and better effects were obtained by increasing the Fe’
proportion.

Immune dysregulation of innate and adagtive immunity is
related with the pathogenesis of AD.” Generally, the
combined effects of DFE and DNCB are used to induce an
animal model of AD.*® The topical application of DFE/DNCB
increased the size and weight of immune organs such as the
spleen and lymph nodes (Figure 4C and D), similar to that
reported in a group of previous studies.’>*” Also, our findings
revealed that DFE/DNCB treatment of AD groups signifi-
cantly increased the expression of Thl, Th2, and Thl17 cells,
which lead to a remarkable upregulation in cytokine mRNA
expression by the immune cells (Figure 6). Although all y-
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Fe,O; NPs significantly downregulated cytokine mRNA
expression, FM2 displayed better inhibition of Thl and Th2
activities, whereas FM1 and FM3 significantly suppressed
Th17 activity. Our results agree with studies reporting that iron
oxide nanoparticles can inhibit cytokine secretion in stimulated
Thl (INF-y and TNF-a), Th2 (IL-4 and IL-6), and Th17 (IL-
17) cells.***% Overall, our findings demonstrated that -
Fe, O3 NPs have a potent immunomodulatory effect in the ear
of DFE/DNCB-treated mice. However, the Fe**: Fe>' initial
molar ratio clearly influenced the immunomodulatory activities
of the y-Fe,O;NPs and an increasing proportion of Fe’* led to
formation nanoparticles that showed better curative effects.

p38/ERK is an important signaling pathway involved in
inflammatory skin diseases.®! Inhibition of p38/ERK signaling
contributes to the attenuation of severe inflammatory
responses in the dermis.”” Our results showed increased
phosphorylation levels of ERK and p38 proteins upon DFE/
DNCB treatment. Intriguingly, FM1 amplified the activation of
p38/ERK signaling, which could explain the lower inhibition of
the Thl-secreted cytokines compared with FM2 and FM3
(Figure 7A and B). Yang et al. reported that p38 inhibition
regulates Thl responses.”” In contrast, FM2 and FM3
alleviated the DFE/DNCB-activated p38/ERK. FM2 and
FM3 could be considered as p38/ERK inhibitors. The p38/
ERK inhibitors have been reported to alleviate the impairment
in skin barrier proteins induced by IL-17.°* Moreover, NF-xB
induces the expression of IL-1, IL-6, IL-12, TNF-a, and
chemokines.”® Studies have also reported that degradation of
IxkBa triggered by IxBa phosphorylation releases the tran-
scription-activating subunits of NF-kB.°° Our results showed
that all nanoparticles significantly suppressed the p-IkB-a
protein levels, which were significantly activated upon DFE/
DNCB treatment. These findings suggest that FM2 and FM3
improved inflammatory conditions in AD by inhibiting ERK
and p38 phosphorylation.

B CONCLUSION

To our knowledge, this is the first report that comprehensively
analyzes the antioxidant and physiological effects of y-Fe,O;
NPs obtained via chemical coprecipitation from ferrous/ferric
salts by varying the Fe?*: Fe®* initial molar ratio (FM1 = 1: 1,
FM2 = I: 2, and FM3 = 2: 3). Our study demonstrated a
significant antioxidant activity at 10 mg/mL with FM2 (51%
DPPH scavenging) and lower results with FM1 (24% DPPH
scavenging) and FM3 (35% DPPH scavenging). Interestingly,
all nanoparticles clearly alleviated the DFE/DNCB-induced
allergy-inflammation symptoms and markedly regulated the
related biomarkers in the BALB/c AD mouse model. However,
FM2 (1: 2) nanoparticles exhibited the highest anti-
inflammatory and immunomodulatory effects, followed by
FM3 (2: 3) and FM1 (1: 1). In addition, FM2 and FM3
induced anti-inflammation and immunomodulation post
treatment of the mice ears with DFE/DNCB by blocking the
ERK and p38 signaling pathways. Accordingly, we suggest that
the Fe’: Fe* initial molar ratio could influence the
antioxidant, anti-inflammatory, and immunomodulatory effects
of y-Fe,O;NPs, and the increasing proportion of Fe®* might
lead to the formation of y-Fe,O;NPs with enhanced curative
properties.

B MATERIALS AND METHODS

Synthesis of FM. The y-Fe,O;NP samples were synthesized by
adjusting Fe**: Fe** molar ratio as 1: 1, 1: 2, or 2: 3.>* Briefly, FeCl,:
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Figure 10. Scheme of atopic dermatitis (AD) induced BALB/c mice model. Eight-week-old female BALB/c mice were randomly assigned into six
groups with 8 mice per group. AD were induced via a repeated and alternating localized application on the skin of Dermatophagoides farinae extract
(DFE; House mite extract, 10 mg/mL) and 2,4-dinitrochlorobenzene (DNCB, 1% in 200 uL of acetone/bean 0il-3:1) on stripped ears. Thus, 20
uL of DFE or DNCB was alternatively administrated every 4 days for 26 days. The maghemite nanoparticles obtained from varied Fe**: Fe** initial
molar ratios (FM1 = 1: 1, FM2 = 1: 2, and FM3 = 2: 3) were administrated locally by dermal application (100 pg/cm?®/treatment) every 2 days.
The Dermatop used as a positive control was also locally administrated (800 pg/cm?/treatment, containing 0.25% w/w prednicarbate). On the 26
day, animals were sacrificed and the earlobe, spleen, and lymph nodes were collected as described in the Materials and Methods.

4H,0 (Junsei, ExtraPure) and FeCl;-6H,0 (Junsei, ExtraPure) salts
were solubilized and mixed to obtain the desired molar ratio of Fe*:
Fe®*. The solution was mixed well by shaking for 30 min and then
strongly mixed at a high temperature (80 °C) while adding NH,OH
slowly until reached a neutral pH (pH 7, and then the solution was
continuously stirred for 2 h. The coloration of the nanoparticle
solution was red-brown. Next, the remaining electrolytes were
eliminated from the nanoparticle solution by washing with distilled
water.

Physical and Optical Properties of FM1, FM2, and FM3
Nanoparticles. The physical and optical characteristic of synthesized
FM1, FM2, and FM3 nanoparticles were evaluated by field emission
scanning electron microcopy (HITACHI, S-4500S), 200 kV; (-
potential measurements by using a zeta-potential analyzer (Otsuka
electronics, ELSZ-2000); UV—vis spectra collected the nanoparticle
absorbance in the range of 300—800 nm (Shimadzu, UV-1280);
vibrational modes of molecules via Raman spectra were collected
between 100—800 cm™' (Thermo Fisher Scientific, Nicolet Almega
XR); FTIR spectra collected absorption bands of nanoparticles
between 385—2000 cm™' (Agilent Technologies, Agilent Cary 630
FTIR spectrometer installed with diamond ATR accessory); X-ray
diffraction continuously collected diffraction pattern of tested samples
at the diffraction angles between 20—70° (XRD, Rigaku Denki, D/
mAX-200); and EDX analyzed the elemental composition of
nanoparticles samples (HITACHI, S-4500S).

Antioxidant Effect of FM1, FM2, and FM3 Nanoparticles.
The antioxidant activity of nanoparticles (10 mg/mL) was assessed by
the DPPH method for insoluble solid materials, such as iron oxide
particles, as described by Paul et al.>” The positive control was used as
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ascorbic acid (10 ug/mL) and the DPPH activity was calculated by
following eq 1I:

DPPH radical scavenging (%) = [(Ac — As)/Ac] X 100 (1)
where As is the sample absorbance or positive control and Ac is blank
DPPH solution absorbance. The linear regression analysis of the
dose—response curve plotting between the percentage of DPPH
radical inhibition and nanoparticle concentration was conducted to
identify the effective concentration of nanoparticle samples required
to obtain 50% inhibition of the DPPH radical.

Skin Cell Culture and Viability. HaCaT cells (ATCC, Virginia,
USA) were incubated in Dulbecco’s modified Eagle’s medium
(Welgene, Gyeongsan-si, Republic of Korea) with 10% heat-
inactivated fetal bovine serum (Gibco, Grand Island, NY, USA) and
1% penicillin—streptomycin antibiotics solution (Welgene, Gyeong-
san-si, Republic of Korea) in a 5% CO, incubator. Viability of the
HaCaT cells was determined using the EZ-Cytox cell viability assay
kit (Daeil Lab Service, Seoul, Republic of Korea). Cytotoxicity of the
FM2 was evaluated using HaCaT cells (5 x 10* cells/well in a 96-well
plate) treated with the nanoparticles (25, 50, 100, 200, and S00 ug/
mL) for 4, 6, 12, and 24 h. Afterward, 10% EZ-Cytox was added into
the media and incubated at 30 min CO, incubator. Subsequently, the
absorbance of supernatant solution was measured at 450 nm on a
microplate reader refer to a wavelength reference of 650 nm.

Cellular Uptake of Nanoparticles. The uptake of FM2 y-Fe,0;
nanoparticles was histologically assessed using Prussian blue staining.
HaCaT cells were cultured at concentration S X 10* cells/well onto a
24-well plate and then incubated in 5% CO, incubator for 24 h.
Afterward, the HaCaT cells were incubated in 0.5 mL of new culture
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medium containing FM2 at concentration of 50 and 100 yg/mL with
variance incubation time; 4, 12, and 24 h. The FM-treated cells and
normal cells were fixed with 4% paraformaldehyde (Sigma-Aldrich
Co.) solution in PBS. The fixed cells were incubated with 4%
potassium ferrocyanide solution and 2% hydrochloric acid solution
(1: 1, v/v) (Abcam ab150674, Cambridge, UK) for 30 min and
counterstained with nuclear fast red (Abcam, Cambridge, UK).
Nanoparticle uptake by HaCaT cells were analyzed by a microscope
(Eclipse TS100; Nikon, Tokyo, Japan) at 400X magnification.

Animals and Treatment of AD. All experimental animals were
conducted with appropriate guidelines and regulations. The animal
experimentations were authorized by the Institutional Animal Care
and Use Committee of Konkuk University (KU15114). Eight weeks
aged of female BALB/c mice were obtained from Samtako (Osan,
Republic of Korea). The mice were randomly divided into groups of
four in clear aspen chip-inserted in plastic cages and were fed with
standard mouse diet and tap water. The animal room conditions were
controlled to the 40—45% of relative humidity at a temperature of
20-21 °C and a 12-h dark-light cycle.

In this study, AD was induced to BALB/c mice via a repeated and
alternated topical a(gplication of DFE/DNCB on the ears, as
previously described.”” First, the mice were randomly separated into
two main groups, including the AD noninduced groups (control,
normal group, n = 8) and the AD-induced groups. AD induced groups
comprised the AD group (DFE/DNCB only treated group, n = 8;
DFE treatment: 10 mg/mL, 20 uL; DNCB treatment: 1% DNCB in
200 uL of acetone/bean oil-3:1, 20 uL), AD + FM1 (DFE/DNCB
and FM1, n = 8; FM1 treatment = 100 pg/cm’/treatment), AD +
FM2 (DFE/DNCB and FM2, n = 8; FM2 treatment = 100 ug/cm?/
treatment), AD + FM3 (DFE/DNCB and FM3, n = 8; FM3
treatment = 100 pg/ cm?/ treatment), and the positive control group,
namely AD + S (DFE/DNCB and steroid ointment-treated group, n =
8; steroid treatment = 800 ug/ cm? dermatop containing 0.25% w/w
prednicarbate, SANOFI-AVENTIS KOREA CO., Republic of Korea).
The mice’s earlobe skin was stripped five times using a surgical tape
(Nichiban, Tokyo, Japan). Afterward, DNCB solution (20 uL) were
painted on earlobe skin, and after 4 days DFE (20 yL) were applied.
Consequently, DNCB and DFE stimulation were applied frequently
once a week in a total duration of 4 weeks. Nanoparticles or steroids
were applied directly to the earlobes of the mice via topical therapy
using a painting brush every 2 days during AD induction for 4 weeks
(Figure 10).

Ear thickness in mice was measured using a dial thickness gauge
(Kori Seiki MFG, Co., Japan). When mice were sacrificed, the
earlobe, spleen, and lymph nodes were removed and further analyzed
by histopathological analysis. The lymph nodes were weighed by
using a CP-224S electronic balance (Sartorius, Gottingen, Germany).

Histological and Immunohistochemical. The serial paraffin
section with 6 ym thickness was stained with H&E, toluidine blue,
and immunohistochemical staining. Then, dermis and epidermis
thickness were evaluated using an optical microscope (Eclipse TS100;
Nikon, Tokyo, Japan) at 40X magnification. Toluidine blue was
utilized to stain the mast cells; in the next section, the stained cells
were counted in a field of 0.25 mm X 0.25 mm (0.0625 mm?) using
the optical microscope. The ears sections were incubated with 10%
goat serum for 30 min, subsequently a primary antibody against NF-
kB p6S or rabbit CK S (Abcam, Cambridge, UK) was used to treat
the ear sections under the condition at 4 °C for 24 h. Next,
biotinylated goat antirabbit immunoglobulin G (H+L) horseradish
peroxidase-conjugated antibodies (Zymax, San Francisco, CA, USA)
was added to all ear sections. In the following step, 3,3'-
diaminobenzidine (DAB Substrate Kit; Vector Laboratories, CA,
USA) and hematoxylin were applied to stain the ear segments. After,
the sections of ears were observed using the optical microscope at
100X magnification and images were analyzed by OptiView 3.7
software (Korea Lab Tech, Seongnam, Republic of Korea).

Analysis of mMRNA Expression. Total RNA from ear tissue was
isolated using TRIzol reagent. The RNA pellet was air-dried and
resuspended to DEPC treated water. The first-strand complementary
DNA (cDNA) was synthesized to the by Superscript III reverse
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transcriptase (Invitrogen Co., Carlsbad, CA, USA). Real-time PCR
was conducted with Thermal Cycler Dice TP850 (Takarabio Inc.,
Shiga, Japan). Also, real-time PCR was analyzed using a mixture
containing SYBR Premix Ex Taq (Takara, Tokyo, Japan), cDNA, and
of dH,0. The PCR amplification were conducted under following
conditions: 10 s at 95 °C, 40 cycles of 5 s at 95 °C, and 30 s at 60 °C,
1S s at 95 °C, 30 s at 60 °C, and 15 s at 95 °C. The target genes of
mRNA levels were normalized to GAPDH mRNA levels as follows:
relative of mRNA expression = 27 (ACt of target gene — ACt of
GAPDH), where Ct is the threshold cycle value. The target gene of
mRNA expression was analyzed on each sample then were normalized
to the expression levels of GAPDH and presented as relative mRNA
levels. The primers used for PCR were: GAPDH, F (5'-CATGGCC-
TTCCGTGTTCCTA-3') and R (§'-TGTCATCATACTTGGC-
AGGTTTCT-3'); IFN-y, F (5'-TCAAGTGGCATAGATGTG-
GAAGAA-3') and R (5-GAAGCCGTACAGACGAGCTCA-3'),
TNF-a, F (5-AAGCCTGTAGCCCACGTCGTA-3’) and R (5'-
GGCACCACTAGTTGGTTGTCTTTG-3'); IL-4, E (S'-
TCTCGAATGTACCAGGAGCCATATC-3’) and R (5'-AGCACC-
TTGGAAGCCCTACAGA-3'); IL-S, F (5-ACAGGAGAAGGGAC-
GCCAT-3") and R (5'-GAAGCCGTACAGACGAGCTCA-3'); IL-6,
F (5'-CCACTTCACAAGTCGGAGGCTTA-3') and R (§'-
GCAAGTGCATCATCGTTGTTCATAC-3'); IL-10, F (5'-
TCAGCTGTGTCTGGGCCACT-3’) and R (S-TTATGAG-
TAGGGACAGGAAGCCTCA-3'); IL-13, F (5'-GCAACATCAACA-
GGACCAGA-3') and R (§'-GTCAGGGAATCCAGGGCTAC-3');
IL-31, F (5-TCGGTCATCGCACATCTGGAG-3') and R (5'-
GCACAGTCCCTTTGGAGTTAAGTC-3'); IL-17, F (5'-TCCCC-
TCTGTCATCTGGGAAG-3') and R (5'-CTCGACCC-
TGAAAGTGAAGG-3'); CCL19, F (5'-GCCTCAGATTAT-
CTGCCAT-3’) and R (5-AGACACAGGGCTCCTTCTGGT-3');
CCL20, F (§-TCTTCCTTGCTTTGGCATGGG-3") and R (5'-
CAGTCGTAGTTGCTTGCTTCTGC-3'); CXCL10, F (5'-
AGAACGGTGCGCTGCAC-3’) and R (5'-CCTATGGCCCTGGG-
TCTCA-3'); iNOS, F (5-GGAATGGAGACTGTCCCAGCA-3')
and R (5-GTCATGAGCAAAGGCGCAGA-3'); COX-2, F (5
GCCAGGCTGAACTTCGAAACA-3’) and R (5'-GCTCACG-
AGGCCACTGATACCTA-3'); and TGF-f1, F (§-CTTTAGG-
AAGGACCTGGGTT-3’) and R (5'-CAGGAGCGCACAAT-
CATGTT-3').

Western Blot Analysis. Protein extracts of ear tissues were
sonicated in RIPA buffer with protease inhibitor (Roche, Mannheim,
Germany). The quantification of total protein was calculated by Bio-
Rad DC protein assay kit (Hercules, CA, USA). The proteins were
separated using a SDS-PAGE gel and transferred to PVDF blotting
membranes (GE healthcare, Chicago, IL, USA). After blocking, the
membranes were incubated with the primary antibodies (COX-2,
iNOS, TNF-q, IL-6, phospho-p38, phospho-AKT, phospho-ERK, f-
actin, and Mac-1) purchased in Cell Signaling Technology (Danvers,
MA, USA). After that, the membranes were treated with HRP-
conjugated secondary antibodies (Abcam, Cambridge, MA, UK). The
chemiluminescence analysis was conducted with Li-COR C-DiGit
Blot Scanner (Lincolon, NE, USA) and Image] (NIH Rockville, MD,
USA).

Statistical Analysis. Statistical analyses were performed with the
Statistical Package for the Social Sciences version 18.0 (SPSS Inc.,
Chicago, IL, USA). Multiple group data were analyzed using one-way
analysis of variance of Duncan’s multiple range post hoc test.
Statistical significance was considered at p < 0.05. All results are
presented as the mean + standard deviation. Also, the data are
representative of three independent experiments.
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