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Abstract
Today advancements in nanotechnology havemade extensive progress in tissue engineering.
Application of ceriumoxide nanoparticles (CeO2) has improved regenerativemedicine due to their
antioxidant properties. In this study, nanoparticles were used to increase the efficacy of skin
substitutes.Human skin samples were decellularized using fourmethods and studied via histological
stainings andDNA content analyses. ThenCeO2 dispersing and its stability were investigated. The
prepared acellular dermalmatrices (ADMs)were immersed inCeO2 suspension and their effects were
evaluated on growth of cultured human adipose derived-mesenchymal stem cells (hAd-MSCs) using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and histologicalmeth-
ods.Moreover, their antioxidant properties were assessed based onDPPHdegradation. Changes in
the collagen contents of the scaffolds containing cells andCeO2were also determined by electron
microscopy and their tensile strengthwas compared toADM.Our results indicated that use of
trypsin/NaOHprotocol resulted inmost efficient cell removal whilemaintaining extracellularmatrix
(ECM) architecture. Among different dispersalmethods, the approach usingDulbecco’smodified
Eagle’smedium (DMEM), wettingwith fetal bovine serum (FBS) and ultrasonic bath resulted in the
best stability. Furthermore, it was shown that CeO2 not only had no toxicity on the cells, but also
increased the growth and survival of hAd-MSCs by about 27%, improved free radical scavenging, as
well as the amount of collagen and tensile strength of the scaffolds containing nanoparticles compared
to theADM. It can be concluded that the combination of ADM/CeO2/hAd-MSCs could be a step
forward in skin tissue engineering.

Abbreviations

ADM acellular dermalmatrix

Ad-MSCs adipose-derived
mesenchymal stem cells

CeO2 ceriumoxide

DAPI 4, 6-Diamidino-2-
phenylindole

DMEM Dulbecco’smodified
Eagle’smedium

DMSO dimethyl sulfoxide

DPPH 2, 2-diphenyl-1-
picrylhydrazyl

ECM extracellularmatrix

EDTA ethylenediaminetetraace-
tic acid

FBS fetal bovine serum

MTT 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazo-
liumbromide

OD optical density
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PBS phosphate buffered saline

SEM scanning electron
microscope

TEM transmission electron
microscope

1. Introduction

Skin is important because of various sensory, protec-
tive and metabolic functions. Although in surface
damages, the skin naturally repairs itself, in deep
wounds, the healing process is disrupted [1]. In such a
situation, different methods are used to improve the
treatment outcome. These methods include use of
soluble molecules such as growth factors, gene target-
ing, stem cell therapy, tissue engineering, cellular
reprogramming, protein delivery, biomimetic scaf-
folds and other medical devices [2, 3]. Regenerative
medicine is rapidly growing as a new discipline in
biomedical research and focuses on the replacement
and regeneration of damaged cells, tissues and organs
[4]. Tissue engineering is an interdisciplinary field in
medical sciences, which use suitable growth factors
and extracellular matrices (as scaffolds) to support cell
growth [5].

Ad-MSCs are a population of multipotent
mesenchymal stem cells that can be differentiated into
a variety of cell types. For some time, Ad-MSCs have
been studied extensively in rehabilitation medicine
and tissue engineering due to their secretion of regen-
erative growth factors, differentiation capacity, immu-
nomodulatory effects, and migration to the site of
injury [6].

Decellularized matrices provide a natural micro-
environment for cellular adhesion and proliferation.
They promote processes such as angiogenesis, cell
division and have even shown antimicrobial activities
[7, 8]. It should be noted that the variability of the
extracellular matrix structure at different stages of
preparation might affect the interaction of the matrix
with the host [9]. So the preparation of these matrices
should be donewith great accuracy.

In recent years, with the advent of nanotechnol-
ogy, regenerative medicine has progressed and combi-
nation of these methods seems to be a promising
approach in restoring the function and repair of
damaged tissues and organs [10]. In most cases, the
physical, chemical, and biological properties of nanos-
cale materials indicate differences in comparison with
bulk. Nanoparticles are materials of less than 100 nan-
ometers in all three dimensions [11]. CeO2 nano-
particles are considered as a scavenger for free radicals
(antioxidant) [12, 13] Applications of these nano-
particles in biomedicine include: anti-inflammation
[14], protection against laser ocular lesions [15], pro-
tection against radiation-induced tissue damage
[16, 17], induction of angiogenesis and wound healing

[18–21], reduction of neurological diseases [22–25],
anti-angiogenesis and inhibiting of tumor invasion
[26–28], bone tissue engineering [20] and others [29].

In this study, first we attempted to produce a
decellularizedmatrix of human skin with themost cell
removal and minimal damage to the ECM. Then we
studied different methods for cerium oxide nano-
particles (CeO2) dispersion and the amount of nano-
particles taken up by the ADM was determined based
on photoluminescence of free CeO2 nanoparticles.
Antioxidant activities of ADM and ADM/CeO2 were
determined by DPPH assay. Finally, we investigated
the effects of CeO2 on viability and growth of hAd-
MSCs seeded onADM/CeO2withMTT assay and col-
lagen density and their alignment were studied using
histological stainings and electron microscopy. Fur-
thermore, the effects of CeO2 on improving mechan-
ical properties of these skin substitutes were
determined by tensile test.

2.Materials andmethods

2.1.Materials
Cerium oxide (CeO2) nanoparticle powder (US
Research Nanomaterials, Inc.). Trizol, Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS) and trypsin/EDTA solution were acquired from
Gibco (Germany). Phosphate buffered saline (PBS)was
obtained from DENA Zist Asia (Iran), and sodium
dodecyl sulfate (SDS), Triton X-100 and absolute
ethanolwere purchased fromMerck (Germany).

2.2. CeO2 nanoparticles dispersion
In present study, the aqueous suspension of CeO2

nanoparticles was used. In order to achieve a homo-
geneous suspension, nanoparticle powder was dis-
persed in various conditions including different media
(PBS, ddH2O and DMEM), pH (acidic and physiolo-
gic) and CeO2 concentrations (1 and 20 mgml−1) as
well as wettingwith FBS andwater.

2.3. Zeta potential andparticle sizemeasurements
Nanoparticle suspensions with a significant deposition
and color variation were discarded from further
analysis. The stability of other suspensions were
measured at 0 and 24 h time intervals after dispersion
using a Particle Size Analyzer (Vasco3—Cordouan—
France) and Zeta meter (Zeta Compact—CAB—
France), which uses a laser with the wavelength of
633 nm.

2.4.Optical properties of dispersedCeO2

Photoluminescence and UV–visible spectroscopy
were performed to evaluate optical properties and
obtain excitation and emission wavelengths of our
CeO2 nanoparticles. Subsequently, the photolumines-
cence (PL) was recorded by a spectero fluorophot-
ometer (Perkinelmer Is 45. US).
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2.5. Preparation of human acellular dermal
matrix (hADM)
Human skin samples were obtained after liposuction
surgery. After several washeswith physiological serum,
skin samples were cut into 0.5×0.5 or 0.5×2.5 cm2

pieces as required. The ADM should be able to provide
a natural microenvironment for cellular adhesion and
proliferation. Different decellularization methods
including: treatment with NaCl/Triton X-100 or SDS
[30], trypsin/Triton X-100 [31] and trypsin/NaOH
[32] were applied. At the end of all treatments, the
scaffolds were washedwith PBS to remove the remain-
ing detergents completely. The samples prepared
using the best protocol were finally lyophilized using a
freeze-dryer (Christ-Germany).

2.6.DNA content
A comparison was made between DNA content in the
intact and ADM samples prepared using trypsin/
NaOHprotocol. In order to quantify the efficacy of cell
removal, DNA extraction was performed using TRIzol
according to manufacturer’s instructions using 80 mg
of fresh samples. To determine the concentration of
DNA, optical density of samples were read at 260 and
280 nm wavelengths using a nanodrop (Thermo
Scientific, US).

2.7. ImmersingADMs inCeO2 suspension
In order to test the effects of CeO2 nanoparticles,
scaffolds prepared using trypsin/NaOH as the best
decellularization method were immersed in nanopar-
ticles. Zeta potential and particle size measurements
indicated that use of ultrasound bath and FBS was the
best protocol for preparation of CeO2 suspension.
ADMs were placed in suspensions of nanoparticles
with different concentrations for 24 h. For better
penetration of nanoparticles into the scaffolds, this
step was performed in a shaker-incubator at 37 °C and
230 rpm. Agglomerated nanoparticles were also
washed with sterile PBS. Before cell seeding on
ADM/CeO2, these scaffolds were sterilized with 70%
ethanol for 20 min followed by incubation with sterile
PBS containing penicillin (10000 units ml−1) strepto-
mycin (10000 μg ml−1) antibiotics for 1 h. To deter-
mine the amount of nanoparticles taken up by the
ADM, different concentrations of CeO2 NPs (0.25,
0.5, 0.75, 1, 1.5 and 2 mgml−1) were prepared and
standard curve was created (excitation wavelength=
342 nm). Standard curve determines the relationship
between two quantities (PL and CeO2 concentrations).
ADMs were immersed in CeO2 suspension (1mgml−1

CeO2) followed by measuring PL after 24 h of immer-
sion. Finally, the amount of nanoparticles taken up by
theADMwas calculated.

2.8. Antioxidant activity assay
Antioxidant properties of the acellular dermal matrix
(without nanoparticles and containing different

concentrations of CeO2) were assessed by 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH) assay. ADM and
ADM/CeO2 were placed into wells of 48 well plates.
1 ml of 100 μMDPPH solution was added to each well
and incubated for 90 min in dark. DPPH free radical
content was measured by monitoring the changes in
the absorbance at 517 nm by a UV–vis spectrophot-
ometer (unico, S2100UV) [33].

DPPH degradation was calculated using the fol-
lowing formula:

Percentage of DPPH scavenging

absorbance of blank absorbance of sample

absorbance of blank
100=

-
´

2.9.Derivation and culture of hAd-MSCs
Human adipose-derived mesenchymal stem cells
(MSCs) were isolated from adipose tissues obtained
through liposuction surgery. MSCs isolation and
characterization were carried out as reported pre-
viously [34]. Cells were cultured in DMEM supple-
mented with 10% FBS and 1% penicillin-
streptomycin. Cultures were incubated in a humidi-
fied atmosphere containing 5% CO2 at 37 °C with a
change of culturemediumonce every other day.

2.10.Histological studies
Efficacy of different decellularization protocols on cell
removal and maintenance of ECM integrity as well as,
the effects of CeO2 on ECM components and the
interactions of cultured Ad-MSCs on human ADM,
were studied using histological methods. All samples
were fixed in 4% formaldehyde and processed by a
tissue processor (DID SABZ CO, Iran). After embed-
ding, thin slices of tissues (5–7 μm) were prepared
using a microtome (Leitz, Austria). In the next step,
samples were deparaffinized by xylen and then
descending ethanol grades were used to increase dye
penetration into tissue samples. H&E and varius
specific stainings (Picro sirius red, Van Gieson, Picro
—indigo carmine and 4,6-Diamidino-2-phenylindole
(DAPI) stainings)were then applied as required.

2.11.MTTassay for hAd-MSCs
The effects of CeO2 on survival of hAd-MSCs were
examined byMTT assay. For this purpose, hAd-MSCs
were seeded in three 96 well plates at a concentration
of 6000 cells per 200 μl of culture medium. When the
cells reached 70% confluency, they were treated with
different concentrations of CeO2 ranging from
17×10−6 to 170 μg ml−1 for 24, 48 and 72 h. In order
to determine cell survival, 20 μl MTT solution was
added to each well and cells were incubated at 37 °C
for 3 h. The media containing MTT solution were
replaced with 150 μl dimethyl sulfoxide (DMSO) to
dissolve the insoluble formazan crystals and the
absorbances were measured at 545 nm using an ELISA
(enzyme-linked immunosorbent assay) reader
(Awareness Technology Inc.—US).
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2.12.MTTassay for ADM/CeO2 /hAd-MSCs
Prepared ADM/CeO2 constructs (0.5×0.5 cm2)
were placed into three 48 well plates. 1×105 hAd-
MSCs per 40 μl were seeded onto each scaffold and left
for 1 h for cells to attach to the scaffolds. Then, 800 μl
of culture medium was added to each well and
incubated at 37 °C and 5% CO2. Media were changed
every other day. Viability and growth of cultivated cells
on the scaffolds were evaluated after 12 h and also at
days 3, 7 and 14 byMTT assay as described previously.

2.13. Scanning electronmicroscopy
Topology comparison between ADM, ADM/Ad-
MSCs and ADM/CeO2/Ad-MSCs as well as adhesion,
growth and morphology of cells on the dermis
scaffolds were studied using SEM (VP 1450, LEO—
Germany). Samples were fixed in glutaraldehyde,
dehydrated with ethanol and dried in air. Finally, all
scaffolds were coated with gold-palladium and studied
by SEM.

2.14. Transmission electronmicroscopy (TEM)
In order to investigate the effects of CeC2 on collagen
arrangement and orientation, we used TEM. Samples
were fixed in glutaraldehyde, dehydrated with ethanol
and an ultramicrotome (Leica EM UC7, Austria) was
used to make 80 nm slices of tissues. Finally, after
staining with uranyl acetate and lead citrate, samples
were examined using TEM (AB 912, LEO—Germany).

2.15. Tensile test
The comparison of themechanical properties between
ADM, ADM/Ad-MSCs and ADM/CeO2/Ad-MSCs
(0.5×2.5 cm2) was performed by measuring elasti-
city strength of the samples at Dental Materials
Laboratory of Mashhad University of Medical
Sciences. For this purpose, constructs were placed into
6well plates and 5×105 hAd-MSCswere seeded onto
each scaffold and incubated for different time points.
To do the test, samples were placed between two grips

of testing machine (SANT-M, Iran). Measurements of
tensile strength and elongation at break were obtained
from stress–strain curves at days 3, 7 and 14 after
seeding.

2.16. Statistical analyses±
All results were analyzed using GraphPad Prism v6.07
software. Results are expressed asmean,±SD. Statistical
comparisons between two groups were made using the
Student’s t-test, whilemultiple comparisons weremade
using two-way analysis of variance (ANOVA). More-
over, Dunnett test was adopted to compare every mean
to a control mean after ANOVA and p<0.05 was
considered to be statistically significant.

3. Results

3.1. Stability of dispersedCeO2nanoparticles
Different protocols of dispersion were used to achieve
the most stable suspensions for CeO2 nanoparticles.
When samples were prepared by wetting with water
and dispersed using ultrasonic bath the formation of
sediment in the early hours (figure 1), resulted in
elimination of this protocol from the continuation of
the study. When citric acid was used as a stabilizer, the
suspensions had apparent stability but were not
suitable for use in biological systems. The dispersed
nanoparticles in deionized water, PBS and DMEM
using vortex and sonication bath were apparently
stable for 24 h. The results of zeta potential measure-
ment and particle size (table 1) indicated that nano-
particles had the highest stability in DMEM.
Moreover, when FBS was used for wetting, the zeta
potential was negatively affected and the particle size
became smaller and thusmore stable.

3.2. Evaluating excitation and emissionwavelengths
of CeO2 suspension
In order to evaluate optical properties of nanoparticles
after dispersion, photoluminescence and UV–visible

Figure 1.Dispersion of CeO2 in differentmedia, without FBS (A): (1) ddH2O (2)PBS (3)DMEM.Discoloration created duo to
precipitation indicates the instability of the prepared suspensions. (B) In acidic pH apparent stability is observed (C). Differentmedia
including: (1), (2)DMEM+10%FBS, (3), (4)PBS+10%FBS (5,6) ddH2O+10%FBS containing different concentrations of
CeO2: (1), (3), (5) 20 mg ml−1, (2), (4), (6) 1 mg ml−1.
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spectroscopy were used. Excitation and emission
wavelengths for CeO2 were determined as about 342
and 475 nm respectively.

3.3. Fabrication of scaffolds
Histological studies were used to determine the most
effective decellularization protocol, for which two
main factors were important; more efficient cell
removal and the least damage to the ECM. H&E
staining of intact and decellularized specimens showed
that trypsin/NaOH method resulted in the greatest
cell removal (figure 2(1)) and specific stainings of
collagen including Picro sirius red (figure 2(2)), Van
Gieson (figure 2(3)) and Picro—indigo carmine

(figure 2(4)) indicated the most preserved ECM
structure using this method. The efficacy of cell
removal using trypsin/NaOH method was further
assessed by DAPI staining (figures 3(a) and (b)) and as
seen infigure 3(b) the nuclei were removed effectively.

3.4.DNA content
Decellularization results were quantified by assessing
DNA contents before and after cell removal using
trypsin/NaOH method, which was selected as decel-
lularization protocol based on histological studies.
Comparing the optical densities of DNA samples
extracted from intact and decellularized samples

Figure 2. Investigating the efficacy of decellularization by histologicalmethods. H&E staining of control and decellularized samples
are shown in (1). Samples were stainedwith Picro sirius red (2), VanGieson (3) and Picro-indigo carmine (4) in order to check the
integrity of the ECM.Controls (a) are shown alongwith representative samples decellularizedwith differentmethods including
trypsin/NaOH (b), NaCl/SDS (c), trypsin/TritonX-100 (d) andNaCl/TritonX-100 (e). H&E images show a better cell removal in
micrographs (c) and (e), and the least changes in the structure of collagens were observed in the scaffolds preparedwith trypsin/NaOH
as comparedwith control skin samples. Scale bar 500 μm.

Table 1.The results of zeta potential andCeO2 particle size after using differentmethods for dispersion, asmeasured at different time points.

Medium Method

Zeta potential

after 1 h

Zeta potential

after 24 h

Particle size after

1 h (nm)
Particle size after

24 h (nm)

ddH2O Ultrasonic −17±1 −20±1 260±20 150±20
PBS Ultrasonic −24±1 −23±1 200±10 210±20
DMEM Ultrasonic −27±2 −26±2 100±20 110±20
DMEM Wettingwith FBS −34±2 −33±2 110±20 80±20
DMEM Probe sonic −31±1 −30±1 110±10 70±20
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Figure 3.Confirming the efficacy of trypsin/NaOHmethod used for decellularization of human skin.DAPI staining (a) and (b) and
DNA content analysis (c). In control fresh skin sample (a) the cell nuclei are seen as shining blue dots, and (b) indicates the sample after
decellularization. (c)Adecrease inDNA content from about 315–45 ng μl−1 indicates 85%DNA removal in decellularized sample
relative to the fresh skin. Scale bar 500 μm.Mean±standard deviation (SD).

Figure 4.Confirmation of the nature of Ce on skin scaffolds loadedwithCeO2 nanoparticles by SEM. (1)ASEMmicrograph of loaded
scaffold inwhich two regionswere selected and further analyzed by energy dispersive x-ray spectrometer analysis. In spectrum1, the
presence of carbon peaks reflects the organic nature of thematrix, while spectrum2 confirms the presence of cerium element loaded
on samples. (2)Backscattered electron images of a scaffoldwithout nanoparticles (a) and a scaffold after immersion in nanoparticles
(b). The arrows indicate the presence of CeO2 nanoparticles onADMafter immersion in nanoparticles. Scale bar 100 μm.
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indicated 85% decrease in cellular remains after
trypsin/NaOH treatment (figure 3(c)).

3.5. Ceriumoxide nanoparticles loaded onADM
The nature of the nanoparticles and their presence on
the scaffolds were confirmed using a scanning electron
microscope. As seen in figure 4(1), the Ce peaks
obtained in spectrum 1 confirm the nature of cerium
metal. While the C peaks recorded in spectrum 2 are
related to the high carbon content of the scaffold. It
should be noted that the Au peaks are related to gold,
which was used for coating samples in preparation
phase. Comparison between ADM and ADM/CeO2

confirms that the scaffolds are impregnated with CeO2

nanoparticles (figure 4(2)). The amount of nanoparti-
cles taken up by the ADMwas obtained from subtract-
ing the photoluminescence data before and 24 h after
immersing, as about 280 μg ml−1.

3.6. Free radical scavenging
Antioxidant properties of decellularized samples (with
and without CeO2) were investigated by DPPH assay.
DPPH is a stable free radical. Absorbance reduction at
517 nm and color change of the solution from purple
to yellow is observed, when DPPH free radicals are
scavenged by exposure to antioxidant agents. The
results showed that DPPH degradation depends on
CeO2 concentration. The DPPH scavenging of
ADM/CeO2 with 0, 0.5, 1, 5 and 10 mgml−1 of CeO2

concentrations, were about 3.9%, 31.91%, 39.09%,
47.87%and 52.27%, respectively.

3.7. Characterization of hAd-MSCs
The expressions of specific cell surface antigens were
investigated using flow cytometry (figure 5). These
cells expressed the typical markers of MSCs (CD44,
CD73, and CD90), while they were negative for CD34
andCD11b.

3.8. CeO2 induced cell proliferation
The viability and growth of cultured hAd-MSCs in the
presence of different concentrations of CeO2

(figure 6(a)) and on ADM/CeO2 (figures 6(b) and (c))
were evaluated by MTT assay. Results indicated that
this nanoparticle has no toxicity on the cells. However,
using 1.7×10−3 μg ml−1 (10−8 M) concentration of
CeO2 at 48 and 72 h increased the growth of these cells
by 114% and 93% respectively. Moreover, in order to
determine the optimal concentration for increasing
the proliferation of cultured cells on ADMs, scaffolds
were immersed in different concentrations of nano-
particle suspensions. MTT assay for various construc-
tions on days 3, 7 and 14 indicated that use of
1 mg ml−1 CeO2 resulted in the highest cell prolifera-
tion. MTT data also confirmed cell adhesion at 12 h
and the increase in cell growth until day 14 after cell
seeding. In this experiment, ADM/Ad-MSCs were
considered as control groups.

H&E staining for ADM/hAd-MSCs and
ADM/CeO2/hAd-MSCs on days 3, 7 and 14 also
showed increased number of cells in the presence of
CeO2 (figure 7(1)). SEM was utilized to assess the sta-
tus of Ad-MSCs on the surface of the scaffolds in the

Figure 5. Flow cytometry analysis used for characterization of humanAd-MSCs. Results demonstrated that cells weremainly positive
for the antigens CD90 (a), CD73 (b), CD44 (c) andnegative for CD34 (d) andCD11b (e). ISO-FITC, ISO-PE and ISO-APCwere
considered as controls. (FITC: Fluorescein isothiocyanate; PE: phycoerythrin; APC: Allophycocyanin).
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control and test samples. As shown in figure 7(2) the
increase in the number and also attachment of the cul-
tured cells onto the ADM/CeO2 (figure 7(2)(b)) can
clearly be observed in comparison to the control group
(figure 7(2)(a)). The formation of pseudopodia in cul-
tured cells on ADM/CeO2 represents the stimulatory
effects of this nanoparticle on cellular attachment and
penetration.

3.9. Effects of CeO2 on collagen density
Picro sirius red and Picro-indigo carmine stainings
(figure 8) were used to evaluate the effects of CeO2 on
collagen density produced by the cells in the scaffolds.
Increasing in collagen density was observed in
ADM/CeO2/hAd-MSCs compared to ADM/hAd-
MSCs. SEM images also represented the structure of
the scaffolds after exposure to CeO2. These images
confirm the higher density of scaffold collagens after
treatment with CeO2 (figure 9(1)). In addition, TEM
images (figure 9(2)) confirm these results and indi-
cated the maintenance of collagen fibrils alignment
even after collagen deposition in ADM/CeO2/

hAd-MSCs which changed orientation of these fibrils
at day 14.

3.10. CeO2 increased tensile strength
The composition and organization of the ECM can
affect the biomechanical properties of the skin. In this
study, various treatments were performed on the skin
which may change the ECM structure. So, ultimate
tensile strength (UTS) as a mechanical property was
evaluated as shown in table 2. Results indicated that
biomechanical properties of the samples changed
during the 2 weeks time of the experiment. In all three
time points ADM/CeO2/Ad-MSCs had a maximum
ultimate tensile load at failure (N). Based on these data,
it can be concluded that cells and CeO2 nanoparticles,
as well as time, have improved mechanical properties
of the ADM probably through changing the structure
of the ECM.

4.Discussion

The purpose of the skin tissue engineering is to achieve
a skin substitute, which can be successfully trans-
planted and to form a grainy tissue, capable of
angiogenesis and re-epithelialization [35]. Reports on
Ad-MSCs have shown the differentiation potential of
these cells into fibroblast-like cells [36], as well as

Figure 6. Investigating the effects of CeO2 nanoparticles on viability of humanAd-MSCs byMTTassay. (a)Viability of Ad-MSCs
following treatmentwith different concentrations of CeO2 after 24, 48 and 72 h. As seen in the graph, after 24 h treatment, increasing
CeO2 concentration resulted to an increase in cell growth. At 48 and 72 h, the highest growth rates were related to the concentration of
1.7×10−3 μg ml−1 of CeO2. (b)Viability and growth of Ad-MSCs seeded onADMandADM/CeO2 using four different
concentrations of CeO2 nanoparticles were determined after 3, 7 and 14 d of incubation. (c)A significant increase was observed in
Ad-MSCproliferation cultured on the scaffolds immersed in 1 mg ml−1 CeO2 on days 3 and 7, data related to a biological repeat are
shown as representative.Mean± standard deviation (SD), n=3, **** indicates p<0.0001.
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Figure 7.Effects of CeO2 incubation time onAd-MSCs seeded onADM. (1) Skin scaffolds seededwithAd-MSCs in absence (a), (c),
(e) or presence (b), (d) and (f) of CeO2 nanoparticles were stainedwithH&E after 3 (a), (b), 7 (c), (d) and 14 (e), (f) days of culture. Cells
are indicatedwith arrows and an increase in cell number is observed in nanoparticle-coated scaffolds as compared to the controls. The
presence of cells in e and f demonstrates cell survival until day 14. (2)Presence of cells was also confirmed by SEM (a and b×2000, c
and d×5000).Morphology of Ad-MSCs cultured onADM (a), (c) is comparedwith cells grown onADM/CeO2 (b), (d) after 10 days
of culture. Increased number of cells, as well asmorphological changes can be observed relative to controls, indicating inducing effects
of CeO2 on proliferation and penetration of Ad-MSCs into the scaffolds. Creation of pseudopodia and cell adhesion to the scaffolds
coatedwithCeO2 is shown in d. Scale bar: (1) 200 μm; 2 (a), (b) 20 μm; 2 (c), (d) 10 μm.
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stimulation of collagen synthesis and angiogenesis in
the injured skin [37]. Cultivation of Ad-MSCs on
ADM is reported as one strategy to accelerate wound
healing by many investigators. However, the method
used for preparation of ADM is important to facilitate
the attachment, viability and differentiation of cul-
tured cells. For ADMpreparation, in this study human
skin samples harvested after liposuction surgeries were
decellularized using four different protocols. The
results of histological studies and DNA extraction
confirmed the suitability of the trypsin/NaOH
method as shown in the previous studies [32]. It is
undeniable that every decellularization method will
alter ECM structure though to a different degree.
Although, NaOH and trypsin promote cell removal
process, they may disrupt collagen fibers and other
ECMcomponents [38].

New concepts in skin tissue engineering offer spe-
cial needs for biomimetic scaffolds. Nanomaterials
can be used to enhance tissue and organ regeneration
by affecting cellular behavior. However, optimization
of dispersion methods should be considered as an
important factor affecting their biological properties
[39]. In this study, different methods of dispersion
were investigated and it was finally determined that
wetting with FBS can increase the stability of the sus-
pension. Since the interaction between the nano-
particles and the hydrophilicproteins prevents their
agglomeration, stabilization of the suspension is pre-
dictable after addition of FBS.Moreover, previous stu-
dies have shown the role of FBS in the stability of
nanoparticle suspensions [40, 41]. It has been shown

that CeO2 nanoparticles stimulate the growth and pro-
liferation of normal cells [42]. These nanoparticles also
accelerated wound healing process and angiogenesis
[43]. In this study, the toxicity of CeO2 on hAd-MSCs
was evaluated usingMTT assay in three days of culture.
Our results indicated that this nanoparticle not only
had no toxicity on cells but also induced their prolifera-
tion at optimized concentrations. However, due to NPs
agglomeration and deposition, high concentrations of
CeO2 nanoparticles (170 and 17 μgml−1) led to a sig-
nificant decrease in proliferation rate on days 2 and 3.
These negative effects may depend on the mechanisms
of CeO2 nanoparticles uptake by cells and subsequently
their pH‐dependent antioxidant activity. The aggre-
gated nanoparticles penetrate into cells through cla-
thrin-dependent endocytosis, and cannot directly pass
through cell membrane as is the case for mono-
dispersed CeO2 nanoparticles [42]. So these nano-
particles ultimately localized in lysosomes (acidic pH)
can cause accumulation of free radicals and production
ofH2O2which is toxic for cells [44].

In order to have an efficient skin tissue engineer-
ing, in this study various concentrations of CeO2

nanoparticles (0.5, 1, 5 and 10 mgml−1) were loaded
onto hADMs, followed by culture of hAd-MSCs on
these constructs for two weeks. Increased growth and
proliferation of cells was observed at the concentration
of 1 mgml−1 as compared with untreated groups. The
results of antioxidant assays for scaffolds showed a
concentration-dependent trend for antioxidant effects
of CeO2. Although physiological levels of reactive oxy-
gen species (ROS) are essential for different steps of

Figure 8.Histological analysis showing the effects of CeO2 on collagen density.Histological analysis of ADM/Ad-MSCs (a), (c) and (e)
andADM/CeO2/Ad-MSCs (b, d and f) at days 3 (a), (b), 7 (c), (d) and 14 (e), (f) as stainedwith Picro indigo carmine (1) and Picro
sirius red (2). Increasing the color intensity of ADM/CeO2/Ad-MSCs confirms the increase in the density and diameter of collagen
fibers. Scale bar 200 μm.
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Figure 9. SEMandTEMmicrographs showing the effects of CeO2 on collagen density. (1): Representative SEMmicrographs of ADM
×500 (a)ADM/Ad-MSCs (b) andADM/CeO2/Ad-MSCs (c). Increasing collagen density in (b) comparedwith (a) shows the
production of collagen byAd-MSCs, and increased density of collagen in (c) compared to (b) shows the inducing effects of CeO2 on
collagen production. In addition, TEMmicrographs×4000 (2) showorientation, alignment and deposition of collagen fibrils in
ADM/Ad-MSCs (a), (b)ADM/CeO2/Ad-MSCs (c), (d) at days 7 (a), (c) and 14 (b), (d). These images show that the alignment of the
fibers in the presence of CeO2 is preserved until day 14.Moreover, the arches at the junction of fibers confirm thefibrous tissue and
their altered orientation due to the difference in regionalmechanics. Scale bar: SEM100 μm;TEM500 nm.
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wound healing [45], its excessive reduction which occurs
at high concentrations (5 and 10mgml−1) of cerium, can
result to a decrease in cell proliferation. Furthermore, his-
tological images and SEM confirmed the stimulatory
effects of CeO2 on growth and cell proliferation. More-
over, as evidenced by histological stainings, SEM and
TEM, when the combination of ADM/CeO2/Ad-MSCs
was used, collagen production and deposition were
increased in the presence of nanoparticles. It has been
shown that expression and deposition of collagen are
associated with increased levels of transforming growth
factor β (TGFβ) [46–48]. This factor is secreted by fibro-
blasts in the wound healing process. In addition, it can
also be produced by Ad-MSCs. So, it can be concluded
that this factor might be secreted either by the stem cells
or less probablyfibroblasts produced by differentiation of
Ad-MSCs on the scaffolds. Collagen is important in cell-
ECM interactions and cellular adhesion and migration
[49]. On the other hand, in the wound healing process, it
is shown that due to reduction of tensile strength, regen-
eration time is longer, but using collagen sponge, the par-
allel deposition of newly synthesized collagen fibrils can
be promoted. Thus, the tissue increase in the tensile
strength resulted in faster recovery [50]. The tensile
strength comparison between ADM, ADM/Ad-MSCs
and ADM/CeO2/Ad-MSCs confirmed the effective
impacts of CeO2 on the scaffolds mechanical properties.
As shown in TEM images, in this study collagen fibrils in
ADM/CeO2/

hAd-MSCs have been deposited in a parallel alignment.
Collagen fibril arches on day 14 confirm the alteration of
the collagen fibers to fibrosis structure. Although these
structures are organized in wound healing process by
fibroblasts, we have shown that these arches were created
in vitro for the first time. Since matrix fibrillation affects
cell proliferation, the reduced cell growth observed on
day 14, might be due to this fibrillation. In spite of
reduced cell growth at day 14, due to the uniaxial stretch
and rotation, alignment and straightness of collagen in
the direction of this stretch, the tensile strength will
increase as shown by mechanical test in our study. Ulti-
mately, the data reported in this study indicate the poten-
tial of this constructions containingADMscaffolds, CeO2

nanoparticles and Ad-MSCs as a better approach for skin
regenerativemedicine [50].

5. Conclusion

Our results showed that trypsin/NaOH protocol had
the lowest damage to the ECM as compared to other
protocols used for decellularization in this study.
Among different dispersal methods, the approach
using DMEM medium, wetting with FBS and using
ultrasonic bath resulted in the best stability of CeO2

suspension. The MTT assay indicated that CeO2 not
only had no toxicity on the cells, but also increased the
growth and survival of hAd-MSCs at a certain
concentration.Moreover, antioxidant andmechanical
tests and also histological studies confirmed enhancing
effects of CeO2 on proliferation and survival of hAd-
MSCs aswell as the amount of collagen in the scaffolds.
In summary, it can be concluded that the combination
of ADM/CeO2/hAd-MSCs could be a step forward in
skin tissue engineering, however, more studies on
animalmodels are required to confirm these results.
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ADM3 6.66 13.38 0.29
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ADM/CeO2/Ad-MSCs 14 115.49 9.26 7.47
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