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MXene (TizC,T,), as a novel 2D material, has produced a great interest due to its promising properties in biomedical
applications, nevertheless, there is a lack of studies dedicated to investigate the possible toxic effect of MXene in embryos.
Herein, we aim to scrutinize the potential toxicity of MXene nanosheets on the early stage of the embryo as well as
angiogenesis. Avian embryos at 3 and 5 days of incubation were used as an experimental model in this investigation. Our
findings reveal that MXene may produce adverse effect on the early stage of embryogenesis as ~46% of MXene-exposed
embryos died during 1-5 days after exposure. We also found that MXene at tested concentration inhibits angiogenesis
of the chorioallantoic membrane of the embryo after 5 days of incubation. More significantly, RT-PCR analysis of seven
genes, which are key regulators of cell proliferation, survival, cell death and angiogenesis, revealed that these genes were
deregulated in brain, heart and liver tissues from MXene-treated embryos in comparison with their matched controls. Our
study clearly suggests that MXene at studied concentration might induce a toxic effect on the early stage of embryoge-
nesis; nevertheless, more investigations are necessary to understand the effect at low concentrations and elucidate its

mechanism at the early stage of normal development.
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INTRODUCTION

In recent years, many nanomaterials such as metallic
nanoparticles [1, 2], metal oxide nanoparticles [3], car-
bon nanostructures [4, 5] and polymeric nanoparticles [6]
have been widely used in many fields. MXenes are a
novel family of 2D materials which have shown a great
potential in a myriad of industrial and biomedical appli-
cations. Due to their ultrathin planar structure, MXenes
exhibit promising physiochemical properties with great
application potentials in the biomedical field [7, 8]. MXene
(Ti;C,T,) was discovered in 2011 as a 2D ceramic mate-
rial made of bulk crystal called MAX [9], where in
MAX phase, “M” represents an early transition metal
(e.g., titanium), “A” represents the IIIA or IVA group
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elements, and “X” is either carbides (C) or nitrides (N).
MXenes have a general formula of M, X, T, [10].
As known, the M-X covalent bonds and M-A metal-
lic bonds in the MAX phase are quite strong. However,
by utilizing robust etchants (hydrofluoric acid or lithium
fluoride-hydrochloric acid mixtures [11] or ammonium
hydrogen bifluoride [12, 13], the reactive M—A bonds can
be destroyed and the A-element layers can be selectively
detached, resulting in multilayered (m-) MXene with a
general formula M, , X, T, (n =1,2,3), where T, are
surface-termination functionalities [14]. Since it involves
carbides and/or nitrides, MXene inherently has good con-
ductivity, which makes it a great candidate for next-
generation energy storage devices [15]. Additionally,
due to its versatile chemistry, MXene (Ti;C,T,) has
shown potential in a wide range of applications includ-
ing purifying water, chemical sensors, photo- or elec-
tro catalysis, electromagnetic interference shielding, and
many applications in the biomedical field including drug
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delivery as well as molecular imaging [16-19]. MXene
nanosheets can serve as drug carriers; with its high
specific surface area that can accommodate abundant
anchoring sites and reservoirs as well [20]. The ultrathin
structure also contributes to various possible biological
applications such as enzyme-triggered biodegradation, cel-
lular endocytosis, distinct biodistribution, and metabolism
pathways [20-23]. Moreover, the ability of tailoring the
structure of MXene to precise design synthesized in the
pristine structure of MAX phase, contributes to the flexible
and extensive multi-functionalities of MXenes, and creates
promising potential for theranostic nanomedicine [24].

A few studies investigated the effect of MXene in vitro
and in vivo [25, 26]. In this context, different cell
line models were used to investigate the cytotoxicity of
MXene [22], these studies demonstrated that MXene has
low cytotoxicity to normal cells and higher toxic effect
against cancerous cells [22, 25, 26]. Although such results
might seem promising, in vitro results do not always
correlate well with in vivo counterparts. While, a lim-
ited number of studies regarding the outcome of MXene
in vivo were performed, few of these studies suggest
minor toxic effect on animal models [27]. More specif-
ically, a recent study, using zebrafish, evaluated the bio-
compatibility of MXene on oral tissue and body weight
screening, their results did not show a significant toxic
effect of MXene [27]. Nevertheless, due to complete lack
of information on the outcome of MXenes on vertebrate
embryogenesis and angiogenesis. Herein, we explored the
outcome of MXene (Ti;C,T,) on the early stage of the
normal development and angiogenesis using the chicken
embryo and its chorioallantoic membrane (CAM as a
model), which is largely used by our group [28]. Our study
pointed out, for the first time, that MXene provokes a sig-
nificant toxic effect on the embryo; meanwhile, it inhibits
blood vessels development of the CAM of the embryo. On
the other hand, we showed that this effect is due to the
deregulation of several key controller genes of cell pro-
liferation, survival, cell death and angiogenesis in several
organs and tissues from exposed embryos.

EXPERIMENTAL DETAILS

Synthesis of 2D-MXene Nanosheets

Ti,C,T, sheets were prepared by the chemical removal of
Al from Ti;AlIC, (MAX phase) using 48% HF solution [9].
Every 1 gm of Ti;AlC, powder was chemically etched
using 10 mL 48% HF solution and stirred for 18 hours at
room temperature. The obtained etched MAX was washed,
dried under vacuum, and intercalated with DMSO for
24 hours. Finally, the delamination step was performed
using ultra-sonication under argon gas to get the desired
delaminated MXene.
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Characterization of MXene

The surface morphology and the elemental composition
of the as-prepared MXene was determined using scanning
electron microscopy (SEM) coupled with energy disper-
sive spectrometer (EDS). FEI Nova NanoSEM 450 was
used to investigate the morphology of the synthesized
MXenes. We examined the morphology of the as-prepared
MXene sheets using Talos Transmission Electron Micro-
scope (FEI), operated at 200 KV and provided with a new
Ceta 16M camera. X-ray diffraction (XRD) was applied
to study the crystal phase of the particle as prepared alky-
lated MXene using PAN analytical X-ray diffractometer
equipped with a Cu-Ka1 radiation source (A = 1.5405 A).

Evaluation of the Effect of MXene

Treatment on the Embryo

Fertilized chicken (White Leghorn) eggs were purchased
from the Arab Qatari for Poultry Production and placed
in an egg incubator at 37 °C with 70% humidity. Thirty
eggs were used for each set of experiment. Embryos were
treated with MXene suspension at day 3 of incubation,
as described previously by our group [29]. Every embryo
was treated with 30 ug of MXene in PBS suspension by
traversing the amniotic membrane of the embryos using
a microcapillary tube. PBS treated (30 ul) embryos were
used as controls. Embryos were sacrificed at day 8 and
autopsied; then, embryos as well as brain, liver and heart
tissues were harvested for macroscopic examination and
RNA extraction for RT-PCR analysis. Three independent
sets of experiments were performed to induce reproducible
results.

Chorioallantoic Membrane (CAM) Assay

Embryos at 5 days of incubation were used to explore the
outcome MXene on the CAM. The CAM of the embryos
were treated with 30 pg of the as-prepared MXene sus-
pension which was placed on a circular glass cover slip
as previously illustrated by our group [28]. PBS treated
(30 ul) embryos were used as controls. After 24 h, the vas-
cular development of the CAM was examined daily over
the period of four days with a stereomicroscope, images
were captured, and the number of branching points and
length of the vessels were quantified using ImageJ soft-
ware [30]. Three independent sets of experiments were
performed to get reproducible results.

RNA Isolation and Reverse Transcription
(RT)-PCR Analysis

Total RNA was purified from brain, heart and liver tis-
sues of chicken embryos using the RNeasy Plus Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s
instructions. cDNA synthesis and PCR amplification were
performed using Invitrogen Superscript III One-Step RT-
PCR System with Platinum™ 7ag DNA Polymerase
Enzyme (ThermoFisher Scientific, USA) according to
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Table I. Primer sets used for RT-PCR amplification.

Gene name

Primers

ATF-3 (Activating transcription factor-3)

FOXA-2 (Forkhead box A2)

INHIB-A (Inhibin beta-A)

MAPRE-2 (Microtubule-associated protein, RP/EB family, member 2)
RIPK-1 (Receptor (TNFRSF)-interacting serine-threonine kinase-1)
SERPINA-4 (Serpin peptidase inhibitor 4)

VEGF-C (Vascular endothelial growth factor C)

GAPDH (Glyceraldehyde-3-phosphate dehydrogenase)

5-AAAAGCGAAGAAGGGAAAGG-3
5'-ATACAGGTGGGCCTGTGAAG-3
5-GACCTCTTCCCCTTCTACCG-3
5-AGGTAGCAGCCGTTCTCAAA-3
5-GCCACCAAGAAACTCCATGT-3
5-GCAACGTTTTCTTGGGTGTT-3
5'-CAAAGGAGCCTTCCACAGAG-3’
5-GTCACTTCTGATGGCAGCAA-3
5'-CCGTACAGAATTGCAGCAGA-3
5-TTCCATTAGCACACGAGCTG-3
5'-CCAGCAAAAGGGAAAATGAA-3
5-CACCACTGATGCCAGAGAGA-3
5-AGGGAACACTCCAGCTCTGA-3
5-CTCCAAACTCTTTCCCCACA-3'
5-CCTCTCTGGCAAAGTCCAAG-3
5-CATCTGCCCATTTGATGTTG-3

the manufacturer’s protocol. RT-PCR amplification was
performed using primer sets for activating transcription
factor-3 (ATF-3), forkhead box-A2 (FOXA?2), inhibin beta-
A (INHIBA), microtubule-associated protein RP/EB fam-
ily member-2 (MAPRE-2), receptor (TNFRSF)-interacting
serine-threonine kinase-1 (RIPK-1), serpin peptidase
inhibitor-4 (SERPINA-4), vascular endothelial growth
factor-C (VEGF-C) (Table I). GAPDH primers were used
as an internal control.

In order to obtain a relative quantification of gene
expressions, images acquired from RT-PCR were analyzed
using ImageJ software 1.52 k [30]. The intensity of the
bands relative to the GAPDH bands were used to calculate
a relative expression of genes in each tissue (brain, heart
and liver).

Statistical Analysis

Statistical significance was calculated for each of the three
measurements. SPSS 64-bit version 23 was applied to
carry out the previous tests where probabilities less than
0.05 (p < 0.05) were considered statistically significant.

RESULTS

Characterization of Ti;C, MXene

MXene (Ti;C,T,) was prepared as described in the meth-
ods section. Figure 1 shows the morphological features of
the MXene powder. SEM images show the well-exfoliated
MXene flakes (Fig. 1(A)). The as-synthesized MXene
nanosheets are well delaminated with an average length of
650 nm and an average width of 450 nm as displayed by
the TEM image in Figure 1(B).

Elemental analysis was conducted by Energy dispersive
spectrometer (EDS) coupled in the SEM machine to deter-
mine the elemental composition in the synthesized MXene
(Fig. 1(C)). XRD pattern of synthesized Mxene nanosheets
(Fig. 1(D)) indicates the good etching of MAX phase to
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MXene due to the absence of the characteristic peak for
Aluminum at 26 ~39° [31]. Furthermore, the presence of
(110) peak at ~61° 26 in the XRD pattern of ¢-Ti;C,T,
indicates less ordered arrangement of MXene flakes.

Effect of MXene on the Early Stage of the Normal
Development of the Embryo

In order to explore the potential toxicity of MXene on the
early stage of embryogenesis, we examined the effect of
the MXene on chicken embryos on the 3rd day of incu-
bation as described in the method section. We deposited
30 pg of MXene on 52 chicken embryos; in parallel, we
treated 14 embryos with 30 ul of PBS in the same site as
controls. Then, we examined the embryos every day for
the next 5 days; we found that 24 (~46) of 52 embryos die
before 8 days (P < 0.05) of incubation (Table II); while,
only 1 embryo out of 14 controls (~7%) was found dead
at the same period. The number of embryos that died dur-
ing the subsequent period of MXene-treatment were 4, 3,
1 and 1 on days 2, 3, 4 and 5 of incubation, respectively,
after exposure. The few live embryos which remained on
day 5 after exposure were euthanized and dissected to iso-
late internal organs such as brain, heart and liver for further
analysis.

Macroscopic and microscopic examination of embryos
and organs were performed. We did not observe any con-
siderable difference between MXene treated embryos and
controls in terms of body size and shape in addition to
internal organs (data not shown). However, the blood ves-
sel development in some internal organs, such as liver,
brain and heart are slightly inhibited in MXene-exposed
embryos at 3 days of incubation (data not shown).

Effect of MXene (Ti;C,T,) on Angiogenesis of the
CAM Model

The effect of MXene on angiogenesis was assessed
using the CAM of the chicken embryo at 5 days of
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Figure 1.

incubation as illustrated in the methods section. Signifi-
cantly higher number of deaths was observed in MXene-
exposed embryos 24 out of 34. While, 35% (12/34) of
MXene-treated embryos died within 24 hours, 9% (2/22)
of them died after 48 hours of exposure. More signifi-
cantly, we found that MXene-treatment inhibited the for-
mation of new blood vessels of the CAM compared
to PBS treated controls (Figs. 2(A and B)). Quantita-
tive analysis of obtained results indicates that the num-
ber of blood vessel junctions (measure of the newly
formed blood vessels) was significantly less (P < 0.0130)
for MXene-treated embryos compared to controls 81.05%
reduction (Fig. 2(C)). Similarly, total length of blood ves-
sels was also significantly less (P < 0.0001) for MXene
treated embryos compared to controls, 54.45% reduction

(Fig. 2(D)).

Table Il. Outcome of MXene (Ti;C,T,) exposure on chicken
embryos.

Number of embryos
Number of Number of dead before 9 days of
embryos* cases incubation (%)
MXene-exposed 52 24 (46.15)
Control 14 1 (6.66)

Note: *Embryos were exposed at the 3rd day of incubation.
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Morphology of Ti,C,T, by SEM (A) and TEM analysis (B). EDS (C) and XRD pattern (D) of synthesized MXene.

Outcome of MXene (Ti;C,T,) on Gene

Expression of Brain, Heart and Liver

Tissues of Exposed Embryo

We examined the expression of ATF-3, FOXA-2, INHIBA,
MAPRE2, RIPK-1, SERPINA-4 and VEGFC genes in
brain, heart and liver tissues from MXene-treated and
their matched control embryos using RT-PCR method-
ology. These genes were selected based on our previ-
ous investigations regarding the outcome of single walled
carbon nanotubes (SWCNs) on the embryo and human
normal bronchial epithelial cells, particularly in relation
to their role as key regulators of cell proliferation, sur-
vival, cell death and angiogenesis [29, 32]. We found
that ATF-3, FOXA-2, INHIBA, MAPRE2 and RIPK-1
genes are up-regulated in brain, heart and liver tissues of
MXene-treated embryos in comparison with control tissues
(Figs. 3 and 4); while, SERPINA-4 and VEGF-C genes are
down-regulated in tissues from MXene-exposed embryo.

DISCUSSION

To the best of our knowledge, the effect of MXene
(Ti;C,T,) has not been sufficiently studied in conjunc-
tion with human health; however, few in vitro and in vivo
studies have explored the effect of MXene nanosheets
on biological systems [26, 33, 34]. While the effect of
MXene during the early stage of vertebrate embryonic

J. Biomed. Nanotechnol. 16, 1-9, 2019
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Figure 2. Effect of MXene on angiogenesis of the chorioallantoic membrane (CAM) of the chicken embryo after 24 h of treat-
ment (A). MXene treatment inhibits angiogenesis in comparison with the control (B). Number of junctions in controls versus
MXene exposed embryos (C). Total length of blood vessels of controls versus MXene exposed embryos (D).

development is still nascent; we herein report, for the first
time, that MXene has a significant toxic effect on the
early stages of embryogenesis and can inhibit angiogene-
sis of the CAM; in our study we used the chicken embryo

Brain

o]
-

model which is considered as an excellent experimental
model for embryogenesis and angiogenesis [28, 29]. Our
study pointed out that MXene has an important embry-
otoxic effect during normal development since ~46% of
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Figure 3. RT-PCR analysis of ATF-3, FOXA-2, INHIBA, MAPRE2, RIPK-1, SERPINA-4 and VEGFC genes in brain, heart and liver
tissues from normal and MXene-exposed embryos. This analysis was performed using normal tissue and their corresponding
MXene-tissues from exposed embryo (C: Control tissues; T: MXene-exposed tissue). GAPDH gene amplified from the same

tissue samples indicates similar loading in each group.

J. Biomed. Nanotechnol. 16, 1-9, 2019



MXene Nanosheets May Induce Toxic Effect on the Early Stage of Embryogenesis

Alhussain et al.

Gene Expression in Brain Tissue of Chick Embryos
A
30.
+p=0.005
1
Il Control
2™ M Treated
c
2
(&)
©
°
% 10-

INHIBA MAPRE2 RIPK1 SERPINA4 VEGFC

Genes

o..
ATF3 FOXA2

3

Fold Change

ATF3  FOXA2

B Gene Expression in Heart Tissue of Chick Embryos
50-
I Control
~pm0,006
40- — I Treated
o
2 30
2
o
3
S 201
10-
o.
ATF3  FOXA2 INHIBA MAPRE2 RIPK1 SERPINA4 VEGFC

Genes

Gene Expression in Liver Tissue of Chick Embryos

I Control
M Treated

INHIBA MAPRE2 RIPK1 SERPINA4 VEGFC
Genes

Figure 4. Quantification of ATF-3, FOXA-2, INHIBA, MAPRE2, RIPK-1, SERPINA-4 and VEGFC gene expression of brain, heart and
liver of MXene exposed embryos and their controls. We clearly note that ATF-3, FOXA-2, INHIBA, MAPRE2, RIPK-1, SERPINA-4
genes are up regulated in tissues from MXene-exposed embryos in comparison with their matched control tissues.

MXene-treated embryos died within 1 to 5 days after
exposure. Nevertheless, macroscopic analysis of embryos
and organs did not display notable deviation from control
groups in size or morphology. Meanwhile, we noted that
MXene inhibits angiogenesis of the embryo and the CAM
upon exposure at 5 days of incubation. While, earlier stud-
ies indicated that MXene treatment can induce oxidative
stress and increase intracellular reactive oxygen species
level in mammalian cells [22]. Therefore, we assumed that
oxidative stress generated by MXene nanosheets might
have resulted in toxicity and consequently mortality of
exposed embryos. On the other hand, it has been recently
demonstrated that MXene might induce higher toxic-
ity towards human cancerous cell lines in comparison to
normal ones [35]; meanwhile, a new study revealed that
MZXene has a limited toxic effect on zebrafish embryo [27].
Accordingly, we believe that different experimental mod-
els, such as mammalian and others, are needed to elucidate

6

the actual effect and mechanism of MXene during the
normal development of the embryo. Meanwhile, it is
important to highlight that our present study reveals, for
the first time, that MXene nanosheets can inhibit angio-
genesis in different organs of exposed embryos and the
CAM model. Several investigations explored the outcome
of various nanomaterials in vitro and in vivo including
angiogenesis [36—40]. Earlier studies reported the pro-
angiogenic effect of various nanomaterials; however, other
investigations showed some anti-angiogenic effect [41].
Several nanomaterials can act at molecular level and gen-
erate either favorable or adverse effects in a concentration
dependent manner [42]. More specifically, previous reports
pointed out that nanoparticles including single-walled car-
bon nanotubes (SWCNTSs) can provoke apoptosis in vitro
and embryotoxicity in addition to its ability to inhibit
angiogenesis via the deregulation of several key controller
genes related to cell proliferation, survival, cell death and

J. Biomed. Nanotechnol. 16, 1-9, 2019
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angiogenesis [29, 43]. Thus, in our present investigation
we examined the effect of MXene on the expression pat-
terns of a set of genes related to these important bio-
logical events. Accordingly, we studied the expression
patterns of ATF3, FOXA2, INHBA, MAPRE2, RIPK2,
SERPINA-4 and VEGF-C genes in brain, heart and liver
tissues from MXene-exposed and their matched control
embryos. We observed that ATF-3, FOXA-2, INHBA,
MAPRE2 and RIPK-1 genes are up-regulated in MXene-
treated embryonic tissues. On the other hand, it is essen-
tial to highlight that SERPINA-4 and VEGF-C genes are
down-regulated in brain, heart and liver tissues of MXene-
exposed embryos in comparison with their matched tissues
from control embryos. Upregulation of FOXA?2 is involved
in the processes of proliferation, invasion and metastasis,
as well as epithelial mesenchymal transition (EMT) [44],
which are major events during embryogenesis and carcino-
genesis. Similar to FOXA2, ATF3, MAPRE2 and RIPK1
are involved in controlling proliferation of cells; their over-
expression results in uncontrolled cell growth [45, 46].
Furthermore, during normal development of the embryo,
INHBA plays a key role in axis development and organo-
genesis [47]; higher expression is linked with toxic effects.
On the other hand, SERPINA4 defends against vascular
and organ injury and tumor progression; concordant with
our data obtained, loss of SERPINA4 is associated with
septic shock, hypertension, cardiovascular and renal injury
and hepatic neoplasia in animal models [48]. VEGFC
plays a role in development of blood vessels as well as
lymphatic system; loss of VEGFC in Xenopus laevis tad-
poles as well as zebrafish induces irregular blood vessel
formation in addition to lymphatic vessel defects [49],
which can induce toxicity in embryos.

These results are consistent with our previous studies
concerning the outcome of SWCNTs on the early stage
of the normal development and human normal bronchial
epithelial cells [29, 32]. Thus, our present investigation
clearly demonstrates that MXene may have potential toxic
outcome on the early stages of embryogenesis which
can be mediated by the deregulation of several genes
including ATF3, FOXA2, INHBA, MAPRE2, RIPK2,
SERPINA-4 and VEGF-C. However, further studies are
required to conclusively verify the concentration depen-
dent effect of MXene and other MXenes in chicken
embryo as well as human health including the normal
development of the embryo.

CONCLUSIONS

In this study, we used the chicken embryo model to explore
the outcome of MXene exposure on the early stage of
the embryo and angiogenesis. Our data pointed out, for
the first time, that MXene at the studied concentration
can provoke considerable adverse effect during embryoge-
nesis and inhibit angiogenesis of the CAM. Accordingly,

J. Biomed. Nanotechnol. 16, 1-9, 2019

we found that at studied concentration, MXene deregu-
lates a set of genes related to cell proliferation, survival,
cell death and angiogenesis which are important biologi-
cal events during normal development. However, the effect
of lower concentrations of pure MXenes in addition to
MZXene based compounds on vertebrate embryos still need
to be investigated. In addition, we believe that detailed
in vitro and in vivo studies are still required to fully iden-
tify and generalize the outcome of MXene exposure and
its mechanism of action in biological systems.
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