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A B S T R A C T   

The application of biomaterials on immune regenerative strategies to deal with unsolved pathologies is getting 
attention in the field of tissue engineering. In this context, graphene oxide (GO) has been proposed as an 
immune-mimetic material largely used for developing stem cell-based regenerative therapies, since it has shown 
to influence stem cell behavior and modulate their immune response. Similarly, amniotic epithelial stem cells 
(AECs) are getting an increasing clinical interest as source of stem cells due to their great plasticity and 
immunomodulatory paracrine activities, even though GO bio-mimetic effects still remain unknown. To this aim, 
GO-functionalized glass coverslips have been used for AECs culture. The results demonstrated how GO-coating is 
able to induce and accelerate the Epithelial-Mesenchymal Transition (EMT), in a process mediated by the 
intracellular activation of TGFβ1-SMAD2/3 signaling pathway. The trans-differentiation towards mesenchymal 
phenotype provides AECs of migratory ability and substantially changes the pattern of cytokines secretion upon 
inflammatory stimulus. Indeed, GO-exposed AECs enhance their pro-inflammatory interleukins production thus 
inducing a more efficient activation of macrophages and, at the same time, by slightly reducing their inhibitory 
action on peripheral blood mononuclear cells proliferation. 

Therefore, the adhesion of AECs on GO-functionalized surfaces might contribute to the generation of a tailored 
microenvironment useful to face both the phases of the inflammation, thereby fostering the regenerative process.   

1. Introduction 

Amniotic-derived stem cells isolated from placenta have been pro
posed as promising candidates in developing therapeutic treatments in 
regenerative medicine [1–4]. Amniotic epithelial cells (AECs) which are 
among the most studied amniotic-derived cells to date, along with the 
large availability, also offer many advantages such as no ethical con
cerns, high plasticity without any tumor derives as well as both basal 
and induced immunomodulatory properties [1,5]. 

In particular, the increasing clinical interests on AECs are mainly 
related to their great plasticity that had been attributed to their early 

embryological stage origin and to the presence of a variable subpopu
lation of cells expressing pluripotent markers [6–9]. The preclinical 
settings started to define insights the AECs pro-regenerative mechanisms 
expressed by combining trans-differentiation with paracrine activities 
[10]. To this regard, AECs are able to differentiate into tendon-like cells 
in experimental injured Achille tendons [4,11,12]. Likewise, other evi
dences demonstrated a similar trans-differentiation ability of AECs to
wards cardiomyocyte-like and hepatocyte-like cells [13,14]. 

AECs immune paracrine activity had been well documented to date 
in different systems to accelerate healing by promoting the transition 
from the inflammatory to the proliferative phase [15,16] and by 
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developing an anti-fibrotic action [17,18]. AECs express a basal release 
of immunomodulatory bioactive factors aimed physiologically to 
generate the immune tolerance at the barrier between the two 
semi-allogenic organism: mother and fetus [19,20]. However, the 
immunomodulatory properties of AECs are also amplified in response to 
inflammatory stimulus [21,22] and when the cells have been inserted in 
injured tissues [4]. Additionally, also tissue engineering strategies have 
also been proposed to potentiate the AECs immune action by seeding 
them on immune inductive scaffolds [23]. 

Alternatively, graphene oxide (GO) has been proposed as an immune 
mimetic material largely used for eliciting stem cell-based regenerative 
therapies [24,25] even though this strategy has never been tempted up 
to now on AECs. Indeed, GO possess exceptional properties with respect 
to other additives or nanomaterials. It is a one atom thick molecule and 
therefore its surface is widely extended with respect to its weight 
allowing to adsorbe/interact with a heavy amount of proteins, drugs, 
ligands and cell membranes. Moreover, the low cost and the ease of 
functionalization and therefore the possibility to tune at will properties 
such as water affinity, adsorption capacity towards different molecules, 
surface charge, to name a few, makes GO a very attractive alternative. 
To this regard, it has been proven that GO constructs used for cardiac 
regeneration were able to reduce inflammation by interacting with 
macrophages and decreasing the release of reactive oxygen species [26]. 
At the same time, evidences collected in vitro demonstrated that GO 
nanoparticles (GONPs) were able to inhibit LPS-induced interleukin 6 
(IL-6) release and to stimulate IL-10 synthesis in blood cell cultures [27]. 
Similarly, GO enriched polypropylene suture threads buttons decreased 
the expression of inflammatory markers in primary human gingival fi
broblasts exposed to LPS [28]. 

Noteworthy, GO-based treatments may regulate stem cells immune 
response by modulating their phenotype, in particular, by inducing the 
epithelial-mesenchymal transition (EMT) as demonstrated on human 
retinal pigment epithelial cells and lung carcinoma epithelial cells 
[29–31]. In presence of GO, epithelial cells demonstrated to 
down-regulate E-Cadherin and β-Cadherin epithelial markers while 
mesenchymal markers like Vimentin, N-Cadherin, α-SMA and matrix 
metalloproteinases (MMP-2 and MMP-9) were upregulated. Taking 
advantage of such a mechanism, GO was able to enhance the migration 
potential of epithelial stem cells, which could be crucial for accelerating 
wound healing [30,31]. Despite GO-based materials are revealed as 
great promises for biomedical applications by receiving increasing 
attractiveness [32–35], there is lack of information available on their 
effect on AECs, an emerging source of stem cell broadly proposed for the 
regeneration of several biological systems [36] as well as for developing 
stem cell based- and -free protocols for autoimmune diseases. To this 
aim, the present research has been designed to assess the effects of 
GO-loaded glass surfaces on AECs phenotype, to study the intracellular 
pathway involved and, finally, to verify the impact on stem-cell immune 
paracrine activity. 

2. Materials and methods 

2.1. Ethics statement 

No ethic statement is required for the present research since: 1. ovine 
AECs and PMBS isolation have been both isolated from waste biological 
samples collected at the abattoir from animals slaughtered for food 
purposes; 2. human leukemia monocytic cell line (hTHP1) were pur
chased from ATCC (Manassas, Virginia, USA). 

2.2. Preparation of GO suspension 

An aqueous solution of 4 g/L of graphene oxide (Graphenea, 
Donostia San Sebastian, Spain) was added to Ultrapure MilliQ water 
(electric resistance >18.2 MΩ/cm), from a Millipore Corp. model Direct- 
Q 3 system, to reach the concentration of 20 μg/mL and bath 

ultrasonicated for 30 min (37 kHz, 180 W; Elmasonic P60H; Elma). The 
concentration of GO was checked spectrophotometrically at λmax of 230 
nm by using a Varian Cary 100 BIO UV–vis spectrophotometer. GO flake 
dimensions and ζ-potential were determined by using dynamic laser 
light scattering (DLS) (90plus/BI-MAS ZetaPlus multiangle particle size 
analyzer, Brookhaven Instrument Corp.). 

2.3. Activation of substrates 

The reactions were carried out by using two different supports, i.e., 
16 mm and 5 mm round glass coverslips, previously washed and ultra
sonicated in isopropanol and acetone. Each side of the substrates was 
activated with an UV-ozone lamp (PSD-UV4 Novascan UV Ozone System 
Base model, Novascan Technologies, Boone; NC) for 30 min to increase 
the hydrophilicity of the surface and to improve the covalent binding of 
molecules. After the activation, the substrates were incubated with a 3- 
(aminopropyl)triethoxysilane (APTES) (Sigma-Aldrich, ST. Louis, MO) 
solution 1 M in ethanol for 1 h to form the silanized derivatives and then 
rinsed with ethanol to remove the excess of APTES. 

2.4. Preparation of GO-functionalized substrates 

The GO-functionalized substrates were prepared as previously 
described [33]. In detail, the APTES-activated coverslips were dipped in 
20 μg/mL aqueous solution of GO for 5 h. In this way, GO flakes were 
covalently bound to APTES amino groups, exposed on activated sub
strates surfaces, through epoxy ring opening reaction or amide forma
tion with edge carboxylic groups. After the incubation, the coverslips 
were rinsed with Milli-Q water to get rid of any excess of GO and sub
sequently sterilized under UV lamp for 2 h. 

2.5. AFM, FTIR and Raman spectroscopy characterization 

The surface topography of GO-functionalized coverslips was inves
tigated with AFM by using the Multimode 8 AFM microscope (Bruker, 
Billerica, Massachusetts) equipped with a Nanoscope V controller in 
Tapping in air mode. Commercial silicon cantilever RTESPA-300 
(cantilever resonance frequency 300 kHz and nominal elastic constant 
40 N/m) with a nominal tip radius of 8 nm was used to analyze prop
erties such as topography across a scan size of 20 μm × 20 μm. The 
images were analyzed by Nanoscope Analysis 1.8 software and the 
bearing analysis tool was used to calculate the percentage of surface 
covered by GO flakes, in the form of both single layers and overlapped 
GO. 

IR spectra were obtained using a Shimadzu IRAffinity-1S FTIR 
spectrophotometer (Shimadzu Italia S.r.l., Milan, Italy) equipped with a 
sealed and desiccated interferometer, a DLATGS (Deuterated Triglycine 
Sulphate Doped with L-Alanine) detector and a single reflection diamond 
ATR crystal (QATR 10, Shimadzu Italia S.r.l., Milan, Italy). All FTIR 
spectra were recorded in the range from 500 to 3500 cm− 1 co-adding 45 
interferograms at a resolution of 4 cm− 1 with Happ–Genzel apodization. 
The ATR crystal was carefully cleaned before each analysis, a back
ground was recorded for each sample and the measurements were per
formed in triplicate. Spectra manipulation was carried out with the 
software LabSolution IR version 2.27 (Shimadzu Italia S.r.l., Milan, 
Italy). The Raman spectra of GO-functionalized substrates were obtained 
by confocal and high-performance Raman microscope (XploRA PLUS, 
HORIBA, Japan) with deep-cooled CCD detector technology. LabSpec 
(Horiba, Japan) was employed to control the Raman spectroscopic 
system and for the optimization and processing of the acquired data. All 
Raman spectroscopic measurements were performed in the range of 
900–1900 cm− 1 and with a 1800-line/mm grating. A single spectrum of 
the sample has been detected with a 532 nm laser, with a time of 8 s and 
20 accumulations. For the Raman mapping of the G band intensity, an 
area of 400 μm2 was chosen by using a 100 × objective and scanned with 
an excitation laser of 532 nm. Raman spectra are the overlaid spectra 
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obtained by multivariate analysis (LabSpec 6’s Multivariate Analysis 
module) recorded in an area of 400 μm2, using step between the points 
of 400 nm through SWIFT modality with a time of 1 s of acquisition and 
1 accumulation. Furthermore, a pinhole of 100 μm and a 50 μm slit were 
used. 

2.6. AECs isolation and culture 

Ovine AECs were collected from the amniotic membrane (AM) of 
fetuses at middle stage of gestation. AECs were collected following a 
previously validated protocol [37]. Freshly isolated AECs were seeded at 
a density of 10.000 cells/well in a 12 well/plate on commercial glass 
coverslip as a control (AECs) or on GO-functionalized ones (AECs + GO). 

2.7. Experimental plan 

The different stem cell conditions and analysis performed are sum
marized in Fig. 1. Briefly, freshly isolated AECs were cultured in stan
dard condition as control (AECs on uncoated coverslip) or on GO-coated 
coverslip (AECs + GO) until 70–80% of confluence. Then, the culture 
media (CM) was replaced with serum-free medium supplemented with 
or without 1 μg/mL LPS for 1 h. The cultural medium was replaced again 
with fresh serum-free medium and the cells were cultured for further for 
24 h. At the end, AECs were collected as well as the serum-free CMs by 
centrifuging them at 300 g for 10 min to remove cell debris. AECs were 
analyzed for epithelial and mesenchymal gene and protein markers, 
assessed for TGFβ pathway and, finally, tested for migration. CM were 
used for assessing cytokines and chemokines release and for performing 
immune biological assays on ovine PBMC and human leukemia mono
cytic cell line hTHP1 [38]. 

2.8. Gene analyses 

The EMT gene markers were analyzed by Real-time qPCR and 
normalized to GAPDH (Table 1). The relative expression was calculated 
by the comparative Ct (ΔCt) [39] and expressed as fold change over 
freshly isolated AECs (T0) = 1. The reaction of RT-PCR was performed in 
triplicate for each experimental replicate of each different biological 
sample (n = 3). 

2.9. Immunohistochemistry 

AECs phenotype was defined by analyzing the epithelial (E-Cadherin 
and CYTO8) and mesenchymal (VIM) protein expression and localiza
tion by immunocytochemistry (ICC) as previously reported [21]. Nu
clear counterstaining was obtained with DAPI (Vectastain) at the final 
dilution of 1:2000 in PBS. The omission of primary antibodies (Abs) was 
used as negative control. Details on Abs and dilutions are specified in 
Table 2. The reaction was carried out in triplicate on each biological 
replicate (n = 3) for each experimental condition. 

2.10. ROS production and viability assay 

The effects of GO on cell viability were investigated in AECs and 
AECs + GO by assessing ROS production and cell proliferation using, 
respectively, DCFDA (Cellular ROS Detection Kit:Abcam) and MTS 
proliferation assay (G3582, Promega). ROS detection was performed by 
using the fluorogenic agent 2′,7′-dichlorofluorescein diacetate (DCFDA), 
which is able to diffuse into the cells and be deacetylated by cellular 
esterases to a nonfluorescent compound, following later oxidization by 
ROS to 2′, 7′- dichlorofluorescein (DCF). For this purpose, both AECs and 
AECs + GO were plated into 96-multiwell plates at cell densities of 
10,000 cells/well. Twenty-four hours later, the cells were washed with 
PBS and incubated with 10 μM DCFDA diluted in phenol red–free me
dium (DMEM F12, Corning) for 40 min at 37 ◦C in the dark, according to 

Fig. 1. Experimental design of AECs seeded on GO-coated glass coverslips. GO-induced EMT was studied by analyzing the gene expression of the CYTO8 (epithelial 
marker), SNAL, TWIST, ZEB (transcription factors of the EMT) and VIM (mesenchymal marker), the protein expression of CYTO8 and E-CAD (epithelial markers), 
VIM (mesenchymal marker) and pSMAD2, SMAD2/3 (downstream markers of TGFβ signaling pathway), the migration assay at 24 and 48 h, and the SBE reporter 
assay. GO-induced immunomodulatoty properties of AECs secretome was studied by analyzing the chemokine expression with a Human Inflammation Antibody 
Array membrane, and the biological effect on hTHP-1 and oPBMCs. 

Table 1 
Primers details used for RT-qPCR analysis (also reported in Russo V et al., 2022 
[40]).  

Gene Forward Reverse 

VIM 5′-GACCAGCTCACCAACGACA-3′ 5′-CTCCTCCTGCAACTTCTCCC-3′ 
CYTO8 5′-CTCAAAGGCCAGAGGGCTTC-3′ 5′-CTTGGCCTGAGCATCCTTGA-3 
SNAIL 5′- 

GTCGTGGGTGGAGAGCTTTG− 3′ 
5′- 
TGCTGGAAAGTGAGCTCTGG− 3′ 

TWIST 5′-GCCGGAGACCTAGATGTCATTG- 
3′ 

5′-CCACGCCCTGTTTCTTTGAAT- 
3′ 

ZEB 5′- 
TGGCAAAAGAAAACCCATGGAAA- 
3′ 

5′-AAAGTGACCAGGGCTCACAG- 
3′ 

GAPDH 5′-CCTGCACCACCAACTGCTTG-3′ 5′- 
TTGAGCTCAGGGATGACCTTG-3′  
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the provider’s instructions. After an additional wash with PBS, fluores
cence was evaluated at excitation of 495 nm and emission of 529 nm for 
80 min by using EnSpire® Multimode Plate Reader (PerkinElmer, Wal
tham, MA, USA). For data analysis, blank readings were subtracted to 
every single measurement. On the other hand, AECs and AECs + GO cell 
proliferation was assessed by using CellTiter96 Aqueous One Solution 
Cell Proliferation Assay following manufacturer’s instruction (G3582, 
Promega). 

2.11. TGFβ pathway assessment 

TGFβ and SMAD 2/3 activation was assessed by using SBE reporter. 
For WB analysis the total protein was extracted from each sample in lysis 
buffer (50 mM Tris HCl pH 8, 250 mM NaCl, 5 mM EDTA, 0.1% Triton X- 
100 10%) with Phosphatase Inhibitor (P5726, Sigma) and Protease In
hibitor Cocktails (P8340, Sigma) diluted according to manufacturing 
instruction. Samples were put on ice for 30 min, and then centrifuged at 
12,000×g for 12 min at 4 ◦C. The supernatant was collected, and 5 μL of 
the supernatant were used to determine protein concentration with 
Quick Start™ Bradford 1x Dye Reagent (BioRad). Afterwards, 30 μg of 
total protein was separated by 10% SDS-PAGE, and then transferred to 
nitrocellulose membranes (BIORAD) with TURBO Transfers (BioRad). 
Membranes were subsequently incubated with Every blot blocking so
lution (Biorad) for 5 min. Primary antibodies (Table 2) were incubated 
overnight at 4 ◦C whereas specific secondary HRP conjugated IgG an
tibodies for 1 h, at room temperature. ClarityMax ECL reagents (LiteA
blot PLUS Euroclone EMP011005) were used to detect signals with 
Azure Byosystem. Densitometric analysis was performed using ImageJ. 

The SBE Reporter kit (Cat#: 60654, BPSBioscience) was used for 
monitoring the activity of TGFβ/SMAD signaling pathway in the EMT of 
AECs seeded on normal or GO-coated coverslips, following manufac
turer’s instructions. Briefly, after the cells reached 50–60% confluence, 
the DNA transfection was performed by using lipofectamine with the 
provided vectors from the kit. After 24 h of transfection, the medium 
was changed to serum-free medium with the activator TGFβ1 (final 
concentration 10 ng/mL) or the inhibitor SB-505124 (final concentra
tion 2 μM). After 18 h of stimulation, luciferase activity was evaluated by 
dual-luciferase (Firefly-Renilla) reporter assay system (BPS Bioscience, 
60683–1, USA) with a luminometer following manufacturer’s protocol. 
The normalized luciferase activity of the SBE reporter was obtained by 
subtracting the background and the non-inducible firefly luminescence 

before representing the ratio of Firefly luminescence from Notch Firefly 
luciferase to Renilla luminescence from control Renilla luciferase. 

2.12. Migration test 

AECs or AECs + GO were tested for their migration properties by 
seeding them on 500 μm cell culture inserts (Ibidi, 80209) placed on top 
of normal (AEC) and GO-coated (AEC + GO) coverslips. After reaching 
full confluence, cells were starved for a period of 5 h in serum-free 
media. Then, the cell culture inserts were removed and the incubation 
was continued and monitored for 24 and 48 h in fresh serum-free media. 
The wound closure of each well was photographed using a digital 
camera. The percentage of wound healing and the velocity of migration 
was quantified by + Imagej migration plugin software [41]. 

2.13. Cytokine and chemokine array 

Multiple pro and anti-inflammatory cytokines released in the AECs 
and AECs + GO, with or without LPS exposure, were detected by using a 
specific Human Inflammation Antibody Array (Abcam, ab134003) car
ried out according to the manufacturer’s instructions and previously 
validated on ovine AEC model [42,43]. 

2.14. PBMCs proliferation assay 

The immunomodulatory activities of AECs were analyzed on pe
ripheral blood mononuclear cells (PBMCs) by testing their proliferation. 
Briefly, ovine PBMCs were obtained by density gradient centrifugation 
with Ficoll-Paque PLUS (Amersham Bisciences, catalogue 18-1152-69) 
of 16 mL peripheral blood following manufacturer’s instruction. 
PBMCs were then activated by adding phytohemagglutinin (PHA; 
Sigma) at a final concentration of 2.5 μg/mL. A total of 2 × 105 of PHA 
stimulated PBMCs were plated and cultured for 72 h with CM derived 
from immune-activated AECs (LPS stimulus) seeded on normal or GO- 
coated coverslips. PBMCs proliferation was assessed by using Cell
Titer96 Aqueous One Solution Cell Proliferation Assay following man
ufacturer’s instructions (Promega-G3582). 

2.15. Analysis of hTHP1 IL6 secretion 

CM biological effect on activated human macrophages was per
formed by assessing the IL-6 release through an ELISA assay. In detail, 
the human THP-1 cells were maintained in RPMI 1640 medium con
taining glutamine and supplemented with 10% FBS and 1 mM sodium 
pyruvate (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Afterwards, monocytes were differentiated into macrophages, as previ
ously described [38]. THP-1-derived macrophages were treated with the 
CM diluted 1:1, with complete RPMI medium for 24 h. Thereafter, the 
supernatants were collected, centrifugated at 3000×g for 10 min at 4 ◦C, 
filtered using a 0.2 μm Ministart sterile filter (Sartorius, Varedo, Italy), 
and stored at − 80 ◦C until further use. These cellular supernatants were 
used to quantify the concentrations of released IL-6 using the Human 
IL-6 Uncoated Invitrogen ELISA Kit assay (ThermoFisher, San Diego, CA, 
USA) according to the manufacturer’s directions. The plates were read at 
450 nm and the sensitivity of the ELISA assay was in the range 2–200 
pg/mL. 

2.16. Statistical analysis 

The quantitative data were obtained by analyzing each sample in 
triplicate for each experimental condition performed at least in tripli
cate. The results were firstly assessed for distribution using Shapiro 
Wilks test and analyzed by t-test or One-way Anova test followed by 
Tuckey post hoc test. (GraphPad Prism 9, GraphPad Software, San 
Diego, CA, USA). Significant was set at p < 0.05. 

Table 2 
Primary and secondary antibodies used for ICC and WB. (Ref(a) [21]; Ref(b) 
[40]).  

Investigation Primary Antibody Dilution Secondary 
Antibody 

Dilution 

ICC E-Cadherina (LS Bio, 
Massachusetts, 
USA) 

1:100 Anti-rabbit Alexa 
Fluor (Sigma- 
Aldrich, St. Louis, 
MO, USA) 

1:200 

CYTO8a,b (Abcam, 
Cambridge, UK) 

1:200 Anti-mouse Alexa 
Fluor (Sigma- 
Aldrich, St. Louis, 
MO, USA) 

1:500 

VIMa,b (Agilent 
Technologies, 
California, USA) 

1:200 Anti-mouse Cy3 
(Sigma-Aldrich, St. 
Louis, MO, USA) 

1:750 

WB Rabbit pSMAD2a 

(3108 Cell 
Signalling) 

1:500 Anti-rabbit HRP 
conjugated 
(31461, Pierce™ 
Antibody) 

1:2000 

Rabbit SMAD2/3a 

(3102 Cell 
Signalling) 

1:500 Anti-rabbit HRP 
conjugated 
(31461, Pierce™ 
Antibody) 

1:2000 

Mouse α-TUBULINa 

(SIGMA 
T5168) 

1:1000 Anti-mouse HRP 
conjugated (Santa 
Cruz sc 516102) 

1:10000  
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3. Results 

3.1. Characterization of GO aqueous dispersion 

The concentration of the GO dispersed in Milli-Q water was checked 
spectrophotometrically. The UV–vis spectra showed a characteristic 
absorption peak at λ 230 nm (Fig. 2A), which can be attributed to the π- 
π* transitions for aromatic C–C bonds and a shoulder at λ 290–300 nm 
being the fingerprint of n- π* transitions of carbonyl groups. Preliminary 
DLS and ζ-potential experiments evidenced that GO dispersions 
comprised large-sized (average diameter of 777.1 ± 123.8 nm) and 
negatively charged (− 25.02 ± 1.65 mV) flakes, with a polydispersity 
index of 0.33 ± 0.02, indicating the modest homogeneity in size of the 
material. 

3.2. Surface characterization of GO-functionalized coverslips 

AFM analysis was used to characterize the surface of the GO- 
functionalized supports. The analysis revealed the presence of individ
ual GO sheets with not uniform lateral dimensions, in agreement with 
DLS measurements. The ultrasound vibrations of the bath sonicator, 
used to promote the GO dispersion, favored the breaking of the sheets 
into smaller and not homogeneous flakes. Isolated GO sheets were well 
visualized onto the surface of GO-functionalized samples. In addition, 
the topographical AFM analysis was employed to investigate the thick
ness of the GO flakes present onto coverslips surface. The AFM images 
were analyzed by Nanoscope Analysis 1.8 Software, tracing several 
topographical cross sections on the GO-functionalized area and 
recording the vertical distance values. The height profiles confirmed the 
presence of single layers of GO sheets with a thickness of few nanometers 
(Fig. 3A). In the same samples it was also possible to notice brighter 
ripples with a thickness that reached tens of nanometers, due to the 
random reaction of GO flakes with the APTES-activated surface and the 
consequent GO sheets overlapping. Moreover, the bearing analysis of 
AFM software performed on three different 400 μm2 regions (Fig. 3B–D), 

and the relevant (Fig. 3B1-D1), revealed that GO flakes were uniformly 
distributed on the coverslips surface, covering the 70.4 (±5.5) % of the 
surface. 

The chemical conjugation of GO to the coverslips was confirmed by 
FT-IR spectroscopy. The FTIR spectrum of GO-functionalized glass was 
compared to that of the glass in Fig. 2B. The presence of GO in the GO- 
functionalized glass was confirmed by the peak around 3300 cm− 1 

referring to the O–H stretching of GO; the peak at 1724 cm− 1 due to the 
C––O stretching of carbonylic and carboxylic groups of GO and the 
bands between 1550 cm− 1 and 1650 cm− 1 highlighting the presence of 
the olefinic and aromatic C––C sp2 of the hydrocarbon lattice. The band 
at 1250 cm− 1 corresponding to C–N stretching confirmed the binding of 
GO to the silanized glass. Moreover, the two C–H stretching bands 
around 2900 cm− 1 were indicative of the presence of saturated carbon in 
the GO structure. Eventually, the huge band of the glass around 1050 
cm− 1 due to Si–O asymmetric stretching became broader and split into 
two peaks, due the presence of C–O stretching in the1000-1300 cm− 1 

region. 
To further confirm the distribution of GO flakes on the coverslips 

surface, Raman spectroscopy analysis was performed. Firstly, the single 
spectrum of the GO-functionalized substrate confirmed the presence of 
the D and G fingerprints peaks of GO centered at ~1350 and ~1600 
cm− 1 (Fig. 2C), respectively: the G band related to sp2 hybridized carbon 
atoms forming the honeycomb structure, and the D peak indicative of 
the defects of the aromatic lattice and therefore due to edges, sp3 carbons 
and bonds of carbon with oxygen atoms. Lastly, the cumulative Raman 
spectra obtained for a 400 μm2 area (Fig. 2D) and the relevant Raman 
mapping of G band intensities on the same region (Fig. 2E) were re
ported. The intensity color scale of the mapping varies from dark brown, 
for zones without GO, to bright yellow for regions with the maximum 
concentration of GO. Despite the presence of dark regions, Raman 
spectroscopy confirmed the relatively homogeneous coverage of the 
analyzed surface by GO flakes, in agreement with AFM measurements. 

Fig. 2. (A) UV–vis spectra of 20 μg/mL GO dispersion. (B) FTIR spectra of glass coverslip (red spectrum) and GO-functionalized coverslip (black spectrum). (C) 
Raman spectra of GO-functionalized coverslip. (D) Cumulative Raman spectra for a 400 μm2 area of GO-coverslip. (E) Relevant Raman mapping of D and G bands 
intensity on the same 400 μm2 region. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. GO induces EMT in AECs 

In order to assess the EMT process in AECs, the expression of 

epithelial and mesenchymal markers was evaluated by Real-Time PCR 
and immunofluorescence (Fig. 4). Gene expression data showed a 
downregulation of the epithelial marker CYTO8 (p < 0.05) and 

Fig. 3. (A) AFM image of surface topography and corresponding height cross-sectional profiles of GO-functionalized coverslips. (B–D) Three different AFM images of 
400 μm2 surface of GO-functionalized coverslips. (B1-D1) Images, corresponding to the surfaces depicted in B-D, in which the blue regions represent the areas 
covered by GO flakes, including single-layer nanosheets and overlapped GO sheets. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. (A) Genes expression analyses of EMT related 
markers. The graph shows the gene expression of 
CYTO8, SNAIL, TWIST, ZEB and VIM in the AECs +
GO samples normalized on AECs = 1 (dashed line). 
Significance is relative to comparison with AECs ob
tained by t-test analysis and is denoted by the super
script *p < 0.05 and **p < 0.01 vs AECs. (B) 
Representative images of AECs and AECs + GO for 
CYTO8 (green) and VIM (red). The nuclei were 
colored with DAPI (blue). Magnification at 10×. Scale 
bar 100 μm. Values were considered significant for p 
< 0.05, with the indicated superscripts **p < 0.01 vs 
AECs. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   
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upregulation of transcription factors SNAIL (p < 0.05), TWIST (p <
0.01), ZEB (p < 0.05) and late mesenchymal marker VIM (p < 0.01) in 
the samples AECs + GO compared to control AECs (Fig. 4A). Immuno
fluorescence results confirmed the molecular data showing greater 
positivity to VIM marker and a very weak presence of CYTO8 in AECs +
GO samples respect to AECs that display high positivity to CYTO8 and 
only some cells positive to VIM (Fig. 4B). Accordingly, the cell 
morphology changes according to the culture conditions (data not 
showed). 

3.4. GO induces an increase of ROS production without affecting cell 
viability 

According to recent evidences, GO may influence cell viability due to 
its ability to induce an increase in ROS production [44,45]. Therefore, 
ROS production was measured in both AECs and AECs + GO by using 
DCFDA method for 80 min (Fig. 5A). Intriguingly, both AECs cultured on 
normal (AECs) and GO-coated coverslips (AECs + GO) showed a 
time-depended increase of ROS production (Fig. 5A). However, a sig
nificant difference in ROS generation was recorded from 45 to 80 min in 
AECs + GO compared to AECs (Fig. 5A). 

In order to explore whether this increase of ROS production affected 
cell viability, AECs and AECs + GO were subjected to MTS-based cell 
proliferation assay (Fig. 5B). Notably, AECs + GO showed similar pro
liferation rate compared to AECs, thus suggesting that AECs viability 
was not affected by the GO-induced increasing of ROS production. 

3.5. GO induces EMT through the activation of TGFβ1/SMAD signaling 
pathway 

In order to study the signaling pathway involved in the GO-induced 
EMT on AECs it was firstly evaluated SMAD protein phosphorylation. 
The WB results showed an upregulation of the ratio pSMAD/SMAD on 
the AECs + GO in comparison to the control (Fig. 6A). Moreover, 
SB505124 treatment (AECs + GO + SB) was able to reduce the pSMAD/ 
SMAD to the basal levels. On the contrary, no differences were observed 
on AECs and AECs + SB. To confirm the involvement of the TGFβ1/ 
SMAD signaling pathway activation, SBE luciferase assay was used. 
While no luciferase activity was observed on the control, TGFβ1 stim
ulation (AECs + TGFβ1) markedly increased SMAD phosphorylation. 
(Fig. 6B). Notably, GO induced an increased luciferase activity similar to 
the positive control (AECs + TGFβ1), whilst the phosphorylation of 
SMAD induced by GO was inhibited when the cells were treated with 
SB505124 (AECs + GO + SB) (Fig. 6B). 

3.6. GO stimulates a mesenchymal-type of collective migration 

The early activation of EMT is often associated with an increase of 

cell migration. To this regard, the wound healing assay was performed to 
evaluate the effects of GO on AECs lateral migration. The results showed 
a similar cells clonal movement, but a faster wound closure was already 
evident in AECs + GO after 48 h compared to control AECs that do not 
show a complete closure of the wound at the same time point (Fig. 7A). 
This data was supported by the analyses of the percentage of closure in 
which was evident how AECs + GO were able to reach already the 50% 
of closure at 24 h compared to AECs (p < 0.01) (Fig. 7B). 

The speed analyses showed how AECs + GO displayed an increased 
speed of migration at 24 h and 48 h respect to control AECs (p < 0.005) 
even though at 48 h they diminished their rate (p < 0.01) (Fig. 7C). On 
the contrary, AECs moved homogeneously and at the same speed with 
no significance differences recorded between 24 h and 48 h (Fig. 7C). 

Finally, the double immunohistochemistry for E-Cadherin and 
Vimentin performed during cell migration indicated that either AECs 
and AECs + GO showed collective type of migration (Fig. 7D). However, 
AECs showed mainly membrane expression of E-Cadherin and relatively 
low expression of Vimentin, suggesting an epithelial type of collective 
migration (Fig. 7D); conversely, AECs + GO greatly increased Vimentin 
expression and reduced or showed cytoplasmic expression of E-Cad
herin, further suggesting that these cells migrate according to a 
mesenchymal-type of collective migration (Fig. 7D) [46]. 

3.7. GO modulates AECs immune response by inducing release of either 
pro- and anti-inflammatory mediators 

In order to determine whether GO under an inflammatory condition 
affects the secretion of different cytokines or chemokines, a specific 
Human Inflammation Antibody Array was used to test conditioned 
medium (CM) derived from either AECs and AECs + GO stimulated with 
LPS in order to recapitulate an inflammatory insult (Fig. 8). To this aim 
cells were treated with 1 μg/mL LPS for 1 h and then the stimulus was 
removed from the CM that was collected after other 24 h. 

This test allowed to analyze not only anti- and pro-inflammatory 
cytokines but also angiogenetic factors. To this regard, it has been 
demonstrated how GO induced the increase of several inflammatory 
cytokines (such as IL3, IL16, TNF-α, TNF-β, EOTAXIN, EOTAXIN-2, MIG, 
IFN-γ, IL-12 p70, MIP-1δ) compared with AECs cultured under control 
conditions (Rantes, MIP-1β, IL-1α) when stimulated with LPS (Fig. 8). 
Conversely, AECs without GO up-regulated the secretion of anti- 
inflammatory molecules (IL-13, TGFβ1, IL-10, IL-11, I-309, IL-12 p40) 
respect to AECs + GO (PDGF-BB) (Fig. 8). Intriguingly, different soluble 
factors with angiogenetic potential were induced by the two conditions. 
In particular, GO increased the secretion of IL-17, sTNF RI, sTNF RII 
whereas AECs alone preferentially induced IL-7, M-CSF (Fig. 8). 

Fig. 5. AEC’s viability and cytotoxicity under GO-coated coverslips exposition. (A) Reactive oxygen species (ROS) generation measured by DCFDA Cellular ROS 
Detection Kit on AECs seeded in normal or GO-coated coverslips. (B) Cell viability studies performed with MTS proliferation assay. Significance indicated with the 
superscript *p < 0.05, ***p < 0.001 and ****p < 0.0001 vs AECs. 
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3.8. GO affects the immunomodulatory properties of AECs 

In order to test the paracrine activity of CM collected from AECs and 
AECs + GO, proliferation of peripheral blood mononuclear cells 
(PBMCs) and IL-6 secretion from hTHP-1-derived macrophages has been 
analyzed. Proliferation of PBMCs was assessed as an index of AECs 
inhibitory abilities, while IL-6 secretion on THP-1-derived macrophages 
was assessed as an index of immune cell activation. 

As result, CM derived from both AECs and AECs + GO suppressed 
PHA-stimulated PBMCs proliferation of 75% and 60%, respectively. 
Moreover, LPS stimulation further increased the reduction of PBMCs 
proliferation in AECs (Fig. 9). Conversely, AECs + GO stimulated with 
LPS showed a significant reduction in the PBMCs inhibition (Fig. 9A). In 
addition, CM derived from both AECs and AECs + GO stimulated with 
LPS induced a marked release of IL-6 with a significant increase recor
ded in AECs + GO (Fig. 9B). 

4. Discussion 

In summary, the present study demonstrated that GO coated on glass 
surfaces is able to accelerate EMT on ovine AECs through the TGFβ/ 
SMAD-dependent pathway activation. In particular, this is the first 
instance where the immunomodulatory impact of GO has been exam
ined emphasizing the potential of utilizing the EMT induced by this 
biomimetic material to target stem cell regenerative capabilities. 

These results were obtained by using an in vitro model taking 
advantage of glass coverslips functionalized with micrometric GO flakes, 

as confirmed by FTIR analyses. Both AFM measurements and Raman 
spectroscopy highlighted the homogeneous and prevailingly single layer 
distribution of GO over the slides despite a few ripples of overlapping 
GO sheets were monitored by AFM. The uniform distribution of micro
metric GO over the coverslips ensured that cells, seeded on the func
tionalized substrates, were always in contact with GO flakes thus 
exploiting its features. In particular, AECs could take advantages of the 
significant morphological and structural changes of the cellular mem
brane induced by GO on different cells [33] as well as its tendency to 
adsorb and therefore concentrate proteins on its surface [47]. 

Of note, no evidences of toxicity were recorded in AECs, thus indi
cating the safety of this support for cell culture despite that fact that GO 
was able to increase ROS production as similarly reported in other cell 
source [44,45]. 

However, the most impressive influence exerted by GO on AEC was 
the activation of signaling mechanisms inducing a massive EMT. The 
EMT-MET processes have been documented in AECs, a subset of 
epithelial stem cells, either under physiological condition during labor 
(by fostering the weakening of the amniotic membrane and the delivery) 
or under applicative biomedical procedures. More in detail, AECs may 
be induced towards EMT during in vitro expansion [37,48] or in vivo after 
transplantation into mesenchymal-derived tissues [40]. To the in vitro 
regard, AECs once isolated from amniotic membrane (AM) undergo EMT 
as an adaptive response to the 2D incubation within three cultural 
passages if not properly expanded [21,49]. Interestingly, AECs when 
seeded onto GO-coated coverslips show a faster EMT onset compared to 
CTR cells, thus suggesting the GO modulation of the mechanisms 

Fig. 6. TGFβ signaling pathway analysis on GO-induced EMT. (A) Western blot of SMAD2/3 and pSMAD2/3 in AECs and AECs + GO with or without SB505124. (B) 
Graphical representation SBE luciferase assay in order to assess TGFβ signaling pathway activation. Significance is represented with the superscript *p < 0.05, **p <
0.01 and ***p < 0.001. 
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controlling cell phenotype. 
The EMT-inductive action of GO has been previously demonstrated 

in other cell models even if the mechanisms involved remain contra
dictory. Liao and colleagues [29] demonstrated that reduced-GO (rGO) 
was able to trigger EMT activation in A549 epithelial cells within 48 h 
through the uptake either of nanosheets or particle aggregates of rGO via 
endocytosis. Consistently, Park and co-workers also reported that 
nano-GO (a granular material) quickly induces EMT in retinal pigment 
epithelium cells by activating phospholipase D (PLD) pathway [31]. 
Alternatively, GO-mediated EMT induction has been demonstrated to be 
stimulated by interactions between plasmatic membrane and GO [30] or 
through its passive diffusion [50]. Conversely, in the present study GO 
induced EMT acting at membrane level since any GO particle internal
ization was hooked to the coverslip thanks to covalent bounds [33]. 

Under similar experimental conditions, the nano-topography char
acteristics of the biomaterial surfaces have been proposed as drivers of in 
vitro cell behavior. Fiedler et al. demonstrated how topographically 
patterned interfaces with dimensions ≥10 nm influences the adhesion 
and proliferation of multipotent mesenchymal stromal cells and human 
osteoblasts [51]. Furthermore, it has been evidenced that GO-coated 
glass offers nanoscale topographical cues for stem cell attachment, 

proliferation, and differentiation [52]. In this context, several studies 
have observed how the surface topography of functionalized scaffolds 
can induce EMT by upregulating TGFβ secretion [53–56]. Indeed, TGFβ 
pathway is a key mechanism in promoting EMT by transcriptionally 
controlling a number of downstream genes [57]. The intracellular 
signaling is activated by TGFβR complex’s receptor and operates on 
SMADs (SMAD2/3) effectors by inducing the serine phosphorylation 
upon ligand binding [58]. Similarly, the results obtained in this study 
seem to confirm the nano-topographical hypothesis, as GO-coated sur
face is able to induce EMT by activating, analogously, TGFβ-dependent 
mechanisms. In detail, GO induces the real time TGFβ-mediated 
SMAD2/3 phosphorylation promoting the shift towards mesenchymal 
phenotype of GO-exposed AECs. 

In agreement with previous findings, GO-induced EMT enhanced 
AECs migration [29,31]. Of note, in this study more information on cell 
mobility was collected. Indeed, it has been demonstrated that GO pro
moted a collective cell movement thus activating a typology of migra
tion very effective in promoting wound closure. Notably, depending on 
the nature of the interactions amongst cells it is possible to distinguish 
between two types of collective migration: (1) slow migration of tight 
fasten epithelial cells and (2) faster migration of mesenchymal cells 

Fig. 7. Migratory potential of AECs under GO exposition. (A) Representative images of the cells migration ability under control condition (AECs) and under GO 
stimulation (AECs + GO) at 24 and 48 h (Scale 100 μm) (B) Representation of the percentage of wound healing closure where 0 represent the empty scratch and 100 
the closed scratch. Significance is represented with the superscript *p < 0.05 (AECs + GO vs AECs 48 h), **p < 0.05 (AECs + GO vs AECs 24 h) and aap<0.01 (AECs +
GO 48 h vs AECs + GO 24 h). (C) Graphical representation of the rate of closure (μm/h). Significance is represented with the superscript ***p < 0.005 (AECs + GO vs 
AECs 24 h), *p < 0.05 (AECs + GO vs AECs 48 h) and aap<0.01 (AECs + GO 24 h vs AECs + GO 48 h). (D) Immunocytochemistry of E-Cadherin (red) and Vimentin 
(green) on AECs (left) and AECs + GO (right) during migration. Magnification in 10×. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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bearing weak heterophilic interactions [46]. In particular GO-coated 
surface induced in cultured AECs a mesenchymal-like collective 
migration highlighted by the prevalence of Vimentin positive cells on 
the border of the experimentally induced wound, instead of the E-cad
herin positive ones recorded in control conditions, controlling an 
epithelial-like collective migration. 

The GO-induced EMT significantly impacted also the immunomod
ulatory properties of AECs, both in their basal state and under inductive 
(LPS) conditions. The immunomodulation is exerted mainly through the 
paracrine/autocrine actions of the released cytokines and chemokines. 

Indeed, those molecules are essential in modulating the dialogue be
tween stem cells and cells populating the damaged tissue, foremost 
amongst them the immune cells. Reasonably, GO-mediated immune 
behavior is modified in response to AECs induced mesenchymal 
phenotype shift, as previously reported under different experimental 
conditions [21,40]. For instance, GO nanosheets seem to play a role in 
activating M1 pro-inflammatory macrophages in a way that is strictly 
dependent on their size [59,60]. Furthermore, in presence of an in
flammatory stimulus, GO uptake rather than inducing a strict 
M1-polarization, promotes the control of M1/M2 balance, thus ensuring 

Fig. 8. Cytokines factors profile expression. (A) The layout of the array and representative images of chemokines detection. (B) Quantification by densitometric 
analysis of antibodies array of untreated AECs and treated samples (AECs + LPS and AECs + GO + LPS), collected after 24 h from the LPS stimulation. 

Fig. 9. Biological effect of AECs derived secretome on 
immune cells. (A) PBMCs proliferation assay after 
PHA induction and CM-AECs exposition ± GO and ±
LPS. Significance is represented with the superscript; 
ap < 0.01 (vs PBMCs); bp < 0.01 (vs PBMCs + PHA); 
ep < 0.01 (vs PBMCs + PHA + CM-AECs + LPS). (B) 
IL-6 secretion of hTHP-1-derived macrophages after 
CM-AECs + LPS exposition ± GO. Significance is 
represented with the superscript; ap < 0.01 (vs THP- 
1); bp < 0.01 (vs THP-1 + LPS); cp < 0.01 (vs THP- 
1 + CM-AECs + LPS).   
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a facilitated innate immune response [61]. To this regard, the present 
results demonstrated that GO-AECs exposed to LPS enhance their 
pro-inflammatory interleukins production, thus inducing a more effi
cient activation of THP1 in releasing IL-6 and, at the same time, by 
reducing their inhibitory action on PBMC proliferation. 

5. Conclusion 

In conclusion, the adhesion of epithelial stem cells on a GO- 
functionalized surface might overall constitute a tailored microenvi
ronment useful to face the inflammatory phase of the regenerative 
process. Indeed, GO promoting the shift of AECs towards the mesen
chymal phenotype potentiates both their anti-fibrotic [62–64] and 
pro-regenerative actions [4,36,40,65]. In fact, AECs due to EMT enhance 
cell migration and the secretion of inflammatory mediators, thereby 
increasing the recruitment of other immune cells. Moreover, such 
behavior provides a favorable local condition to promote matrix 
remodeling [40] and endogenous progenitor activation which are both 
essential to speed up the wound repair by moving the inflammatory 
stage toward the more advanced proliferative and regenerative phases. 
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