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Abstract

Background Montmorillonite (Mt) and its derivatives are now widely used in industrial and biomedical fields. There-
fore, safety assessments of these materials are critical to protect human health after exposure; however, studies on
the ocular toxicity of Mt are lacking. In particular, varying physicochemical characteristics of Mt may greatly alter their
toxicological potential. To explore the effects of such characteristics on the eyes, five types of Mt were investigated

in vitro and in vivo for the first time, and their underlying mechanisms studied.

Results The different types of Mt caused cytotoxicity in human HCEC-B4G12 corneal cells based on analyses of ATP
content, lactate dehydrogenase (LDH) leakage, cell morphology, and the distribution of Mt in cells. Among the five
Mt types, Na-Mt exhibited the highest cytotoxicity. Notably, Na-Mt and chitosan-modified acidic Na-Mt (C-H-Na-Mt)
induced ocular toxicity in vivo, as demonstrated by increases corneal injury area and the number of apoptotic cells.
Na-Mt and C-H-Na-Mt also induced reactive oxygen species (ROS) generation in vitro and in vivo, as indicated by

2!, 7'-dichlorofluorescin diacetate and dihydroethidium staining. In addition, Na-Mt activated the mitogen-activated
protein kinase signaling pathway. The pretreatment of HCEC-B4G12 cells with N-acetylcysteine, an ROS scavenger,
attenuated the Na-Mt-induced cytotoxicity and suppressed p38 activation, while inhibiting p38 activation with a
p38-specific inhibitor decreased Na-Mt-induced cytotoxicity.

Conclusions The results indicate that Mt induces corneal toxicity in vitro and in vivo. The physicochemical properties
of Mt greatly affect its toxicological potential. Furthermore, ROS generation and p38 activation contribute at least in
part to Na-Mt-induced toxicity.
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Introduction

The last few decades have undergone a revolution in the
applied use of nanomaterials to medicine, industry, and
pharmaceuticals. A variety of engineered nanomateri-
als, such as liposomes [1, 2], polymeric nanoparticles [3,
4], and inorganic nanomaterials [5, 6], have been inves-
tigated for their use in safe preservation and their con-
trolled release for effective drug delivery. Among the
current types of nanomaterials, nanoclay holds great
promise for its enhanced therapeutic effects. In recent
years, clay minerals and types of nanoclay have been
intensively studied and are considered key materials
due to their abundance, low costs, and environmen-
tally friendly properties [7]. Clay minerals are essential
components of many medicinal products such as Talc,
Activated Attapulgite, Bentonite, and Magnesium Alu-
minum Silicate [8]. Clay minerals are also used in phar-
maceuticals due to their biological activity. Among FDA
approved drugs, clay minerals are mainly used to treat
gastrointestinal and topical diseases [9]. Besides their
applications in medicine and pharmaceuticals, because
of their unique physicochemical properties, nanoclays,
including montmorillonite (Mt), are being increasingly
applied to a broad spectrum of industrial purposes, such
as food packaging [10, 11], and wastewater treatment
[12-14]. Yet this rapid expansion in the commercializa-
tion of Mt has raised human health concerns [15]. The
potential for human exposure to these materials will
inevitably increase; hence, a safety assessment of Mt is
imperative to protect both the environment and human
health.

Mt is the name for class of widely distributed silicate
clay minerals that have a 2:1 type layered structure [16].
For a three-layer structure of Mt, each crystal platelet,
is composed of two silicon-oxygen tetrahedral sheets
sandwiching an aluminum-oxide octahedral sheet. The
interlayer cations adsorbed by Mt mainly include Na‘t
and Ca’"; hence these Mts are respectively known as
Na-montmorillonite (Na-Mt) and Ca-montmorillon-
ite (Ca-Mt) [17, 18]. Given its good compatibility, high
adsorption, and strong cation exchange ability, Mt has
been widely studied as a drug delivery carrier for mod-
ulating drug release [19]. Widespread applications in
medicine have led to the production of Mt and its deriva-
tives. For example, the cross-linked chitosan nanocom-
posite hydrogels can be obtained by introducing Mt into
chitosan, which not only may serve as a drug sustained
release carrier but also improves the drug loading capac-
ity of chitosan [20]. Further, a chitosan-Mt hydrogel was
able to recruit natural cells and promote calvarial heal-
ing without additional therapeutic drugs or stem cells,
suggesting it harbors tissue engineering potential [21]. A
novel nanocomposite, this prepared by Mt as the matrix
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carrier, with Fe;O, nanoparticles as filler, and carra-
geenan as stabilizer, was recently considered to play a role
as a biologically active pH-responsive drug [22]. Notably,
Mt also has been studied as a drug delivery carrier for the
eye, to improve the bioavailability and efficacy of drugs.
On the one hand, Mt is directly used as a drug delivery
carrier, for example, 0.12 umol of brimonidine (BMD)
drug can be inserted into the interlayer of 1 g of Mt [23].
On the other hand, drugs can be inserted into the modi-
fied Mt and even further encapsulated as liposomes, to
better regulate a drug’s release [19, 24—26].

The toxicity of Mt has received less attention. Applying
a 0.05% concentration of Mt resulted in toxicity after its
exposure to human embryonic kidney (HEK) cells and
SiHa cervical cancer cells for 24 h; that study also indi-
cated Mt-induced toxicity may be related to the size,
aspect ratio, and concentration of Mt [15]. Research
using the HepG2 hepatoma cell line has shown that
Na-Mt has potential genotoxicity: Na-Mt can induce
micronuclei formation under non-cytotoxic concentra-
tions, thus potentially posing a risk to human health,
especially under long-term exposure [27]. Nanoclays,
which are separated from the clay portion of the soil, are
currently used as adsorbents for the treatment of waste-
water or hazardous leaks, or as media for oil well drill-
ing, paints, and cosmetics [28]. Globally, 25,000 to 51,000
tons of nanoclays are used annually, including bentonite
and organic modified clays, and there is a trend towards
further increase [29]. Due to the extensive use of Mt
composite materials and their common contact with the
respiratory tract of various human populations, stud-
ies on the toxicity of unmodified and modified Mt in
human lung cells and lung tissues of rats have been con-
ducted [28, 29]. Both the original Mt and modified Mt
led to toxicity in lung cells and lung tissues, which could
cause their morphological changes to cells; however, the
modifying Mt could change its main physical and chemi-
cal properties, including morphology and surface area,
which changes the toxicity of lung cells and lung tis-
sues [28, 29]. Nevertheless, the toxicity of Mt in other
organs, especially the eye, has yet to be studied to provide
empirical support for the safe development of new clay
nanocomposites.

In this study, we investigated the effects of different
properties of Mt on corneal toxicity, both in vitro and
in vivo. The Mt used here consisted of primitive Na-
montmorillonite (Na-Mt) and Ca-montmorillonite (Ca-
Mt), as well as prepared acidified Na-montmorillonite
(H-Na-Mt), chitosan modified acidified Na-montmo-
rillonite (C-H-Na-Mt), and magnetic montmorillonite
(MMt) based on Na-Mt. Among them, Na-Mt, H-Na-
Mt, and C-H-Na-Mt are used in some ocular drug deliv-
ery systems, including Brimonidine—montmorillonite



Liu et al. Particle and Fibre Toxicology (2023) 20:8 Page 3 of 21
Na-Mt H-Na-Mt  C-H-Na-Mt Ca-Mt MMt ’
G— e - o ’——L ' Na-Mt
»  —
— p— ,!_.(‘.l.('- o= — é..’ -.‘ ety
l | C-H-Na-Mt
HCEC-B4G12 Eeaalil 4
| # SEEN (@
)
l Exposure for 7 days
L === J\ = '-)\‘ '"—"—./\ === J\ 4""-'."4/ l
Exposure for different times \\‘i(i/
o, ..0000\
)
o000
uo..g S0 N\
‘. b+ 4 N ———
coee ~——
Characterization Cytotoxicity Cell morphology Uptake ROS g MAPK si Corneal injury Apoptosis  ROS generation MAPK signaling

Scheme 1 Schematic diagram of the experiments done in vitro and in vivo to evaluate the corneal toxicity induced by montmorillonite (Mt) with
different properties. HCEC-B4G12 cells were treated with Na-Mt, H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMt to assess cytotoxicity, cell morphological
changes, cell uptake, ROS production, and the expression of MAPK signaling proteins. Ocular irritation tests were performed on rats to monitor the
area of corneal injury, corneal apoptosis, ROS generation in the cornea, and the expression of MAPK signaling proteins in the cornea of rats. Both

in vitro and in vivo, the Mt types showed distinct corneal toxicity

hybrid formulation (BMD-MMT) [23], Montmorillon-
ite/betaxolol hydrochloride complex (MT/BH complex)
[19], and BH-Montmorillonite/chitosan nanoparti-
cles (BH-Mt/CS NPs) [26], while Ca-Mt and MMt are
used in water pollution treatment. All five Mt types
were thoroughly characterized by analytical methods
to determine their structure. This characterization
revealed that the C-H-Na-Mt contains high C and N
elements, and chitosan was successfully modified to
the surface of H-Na-Mt. We hypothesized that chitosan
may critically affect the corneal toxicity potential of
Mt. It was revealed that chitosan indeed plays a pivotal
role, in that chitosan functionalization of Mt mitigated
its cytotoxicity. Additionally, we determined the roles
of ROS and the MAPK signaling pathway in the toxic-
ity from Mt. Since Mt as a drug carrier can prolong the
residence time of the drug on the ocular surface, the
eye, a sensitive organ, carries a high risk of Mt accu-
mulation. To sum up, this is the first study of corneal
toxicity and its mechanisms for five Mts with different
properties conducted in vivo and in vitro, by address-
ing cytotoxicity, changed cell morphology, cell uptake
of Mt, ROS production, oxidative stress, and signaling
pathways (Scheme 1).

Materials and methods

Chemicals and reagents

Commercially available Na-montmorillonite was used
(purity 97%; Zhejiang Sanding Group Co. Ltd., China).
Sulfuric acid and other chemicals were purchased from
Sinopharm Chemical Reagent Co., Ltd. All reagents used
in this preparation of Mts are of analytical grade purity
and were used without any further purification. Dulbec-
co’s modified eagle medium (DMEM), penicillin/strep-
tomycin, and fetal bovine serum (FBS) were obtained
from Life Technologies (Carlsbad, CA, USA). The
2/,7'-dichlorofluorescin diacetate (H,DCF-DA), N-ace-
tylcysteine (NAC), p38 MAPK inhibitor, extracellular
signal-regulated kinases (ERK) inhibitor and c-Jun N-ter-
minal kinases (JNK) inhibitor were bought from Sigma-
Aldrich (St. Louis, MO, USA). Dihydroethidium (DHE)
came from the Beyotime Biotechnology Co., Ltd. (Shang-
hai, China), while fluorescein sodium was obtained from
Macklin Biochemical Co., Ltd (Shanghai, China).

Preparation of Mt with different properties

To prepare the H-Na-Mt, Na-Mt powder and a 3 mol/L
H,SO, solution were placed in a flat-bottomed flask
and stirred at 80 °C for 4 h. After their reaction, each
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sample was centrifuged and washed with deionized
water. After drying them at 80 °C for 12 h, the samples
were ground and screened.

To obtain C-H-Na-Mt, firstly, 200 mg chitosan was
dissolved with 40 mL of 5% acetic acid solution and
stirred at 80 °C to obtain a 5 g/L chitosan stock solu-
tion. Secondly, 0.25 g of H-Na-Mt powder was placed
in the plasma grafting reactor, and argon gas was
injected into the reactor for 10 min at a pressure of
50 Pa with the power of 100 W. Thirdly, the treated
H-Na-Mt was transferred to the prepared 80 mL
0.2 g/L chitosan solution (diluted from the 5 g/L chi-
tosan stock solution) that was being heated at 80 °C,
and continued to be heated and stirred at 80 °C for
24 h. C-H-Na-Mt composites were collected by centri-
fuging, washed several times with 5% acetic acid solu-
tion and endotoxin-free ultrapure water, and finally
dried in a vacuum oven at room temperature. The
MMt was synthesized via the hydrothermal method.
To do this, 2.7 g of FeCl;-6H,0, 80 mL of ethylene gly-
col, 7.2 g of NaAC, and 2 g of sodium dodecyl sulfate
(SDS) were added into the beaker and stirred magneti-
cally for 0.5 h. Then 0.5 g of Mt was added and this
stirred again for 0.5 h. The mixture was transferred
to the PTFE inner tank for the hydrothermal reac-
tion conducted at 180 °C for 10 h. Under the action
of an external magnetic field, the solid and liquid are
separated and the waste liquid from the upper layer
is removed. The ensuing solids were transferred to a
centrifugal tube, washed with ethanol and deionized
water, and oven-dried at 60 °C.

Cell culture and treatment with different types of Mt
HCEC-B4G12 (human corneal cell line) was obtained
from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ,
Braunschweig, Germany) and cultured according to the
recommended conditions. These cells were maintained
in a complete medium, which consisted of 89% Dul-
becco’s modified eagle medium, 10% FBS, and 1% peni-
cillin/streptomycin. All cell cultures were incubated at
37 °C in a humidified environment with 5% CO,. Next,
the five types of Mt (Na-Mt, H-Na-Mt, C-H-Na-Mt,
Ca-Mt, and MMt) were respectively dispersed in phos-
phate-buffered saline (PBS) to prepare stock solutions
(50 mg/mL). The stock solutions were diluted to differ-
ent concentrations within a culture medium containing
2% FBS and 1% penicillin/streptomycin, just before the
cells’ treatment. The cells were adjusted to a concentra-
tion of 1 x 10° cells/mL, in a volume of 100 L per well
in 96- well plates, for the below toxicity assays.
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Cytotoxicity and morphological assessments
HCEC-B4G12 cells were collected and plated in 96-well
plates at a density of 1 x 10* cells/well and cultured over-
night in a CO, incubator. Next, the cells were exposed
to Na-Mt, H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMt
having different concentrations (1.56—100 pg/mL) for
24 and 48 h. As recently described [30], the ATP levels
were measured by using the CellTiter-Lumi" Plus Lumi-
nescent Cell Viability Assay (Beyotime, Beijing, China),
while the LDH Release Assay (Beyotime, Beijing, China)
was used to assess the membrane integrity of HCEC
B4G12 cells, with cell viability examined by applying the
Cell Titer 96 Aqueous One Solution Cell Proliferation
Assay (Promega Corporation, Madison, W1, USA). Lumi-
nescence and absorbance were respectively recorded in a
microplate reader (SpectraMax ID3, Molecular Devices,
USA). Finally, morphological changes of HCEC-B4G12
cells were also examined under a phase-contrast micro-
scope (Leica DM16000B, Germany).

Cellular uptake

Using a dose of 50 pg/mL, the five types of Mt (Na-Mt,
H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMt) were respec-
tively used to treat HCEC-B4G12 cells for 24 h, after
which the cells were seeded in 6-cm-diameter dish and
cultured overnight at 37 °C in a 5%-CO, incubator. The
cells were washed three times with PBS and collected,
then fixed overnight with 2.5% glutaraldehyde solution at
4 °C. After undergoing gradient dehydration and embed-
ding, the sample cells were sectioned by ultrathin slicer,
stained and dried, and examined with transmission elec-
tron microscope (TEM; Hitachi H7650, Japan).

In vivo ocular irritation tests in rats

Healthy 3-week-old male Wistar rats were purchased
from the Pengyue Experimental Animal Company (Jinan,
China) and used in this study. Animal procedures con-
formed to the Association for Research in Vision and
Ophthalmology Animal Statement and were approved
by the Committee of Yantai University for the Care
and Use of Laboratory Animals (Certification number:
YTU20210901). All rats were placed in 12-h dark/light
cycle under standard laboratory conditions, and allowed
to get available water and food ad libitum. Before imple-
menting the ocular irritation tests, the rats were ran-
domly assigned to four groups: low dose Na-Mt, high
dose Na-Mt, low C-H-Na-Mt, and high C-H-Na-Mt, and
allowed to acclimate for 1 week. Next, 5 pL of Na-Mt
(2 mg/mL and 10 mg/mL) or C-H-Na-Mt (2 mg/mL and
10 mg/mL) were dropped into the conjunctival sac of
the left eye of rats, by gently pulling down the lower eye-
lid. Lids of rats were lightly closed for ca. 1 s to reduce
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any leakage of the Na-Mt and C-H-Na-Mt suspensions
of different concentrations. The left eyes of rats in each
group were exposed to differing concentrations of Na-Mt
and C-H-Na-Mt three times per day at 6-h intervals for
1 week, while the right eye of each rat went untreated as
the control.

Corneal fluorescein staining

After 7 days of exposure to Mt as described in the above
procedures, corneal injury and the extent (area) of this
injury were assessed by a corneal fluorescein staining
test. In brief, 3% fluorescein was dropped into the con-
junctival sac of rats, and 2 min later the cornea of each
rat was detected by cobalt blue light irradiation with slit
lamp, and photographed. Further, visible signs of corneal
edema and corneal opacification were looked for using a
slit lamp microscope, and photographs also obtained.

TUNEL assay

The One-step TUNEL Apoptosis Assay Kit (Beyotime,
Beijing, China) was used to perform the TUNEL assay
(terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling assay) for 8-um-thick corneal cryosec-
tions. Briefly, cryosections of the cornea samples were
fixed with 4% paraformaldehyde for 60 min, and then
washed thrice with PBS, followed by the addition of 0.3%
Triton X-100 and incubation at room temperature for
5 min. Next, for the TUNEL staining, the TUNEL test
solution was prepared according to the manufacturer’s
instructions. To each sample, 50 pL of TUNEL solu-
tion was added and this incubated at 37 °C for 60 min
in darkness. After rinsing three times with PBS for cor-
neas, 4',6-diamidino-2-phenylindole (DAPI) was added
to counterstain and seal each cryosection sample. Three
cryosections from each rat’s cornea were analyzed and
photographed by confocal laser scanning microscopy
(CLSM; Zeiss LSM 800, Germany).

Measurement of ROS in vitro and in vivo

The production of intracellular ROS in HCEC-B4G12
cells was detected by H,DCF-DA staining as described
previously [30]. Briefly, H,DCF-DA (10 pM) was used
to treat HCEC-B4G12 cells for 30 min in a cell culture
incubator. To remove the unbound dye, the cells were
washed three times with PBS and then exposed to Na-Mt
and C-H-Na-Mt of various concentrations (3.13-50 pg/
mL) with a phenol red-free medium. Subsequently, the
cells were incubated continuously and the oxidation of
H,DCEF-DA was later detected by CLSM (Zeiss LSM 800,
Germany) at 2, 6, 12, and 24 h. In vivo, the levels of cor-
neal ROS were measured via DHE staining of 8-um-thick
corneal cryosections. Briefly, cryosections were fixed
with 4% paraformaldehyde at room temperature for
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60 min. Then, the sections in 10 uM DHE were incubated
for 30 min in the dark, after which DAPI was added to
counterstain and seal each after rinsing with PBS for cor-
neas. Three sections of each rat were analyzed and pho-
tographed using CLSM (Zeiss LSM 800, Germany).

Immunofluorescence staining of the cornea

The eyeballs of rats were fixed with 4% paraformaldehyde
for 2 h, then embedded with optimal cutting temperature
compound (OCT) at —80 °C and cut into 8-um-thick sec-
tions for their immunofluorescence staining. Cryosec-
tions were washed twice with PBS, permeabilized with
0.3% Triton X-100 in PBS, and blocked in 0.1% Triton
X-100 and 2% bovine serum albumin (BSA) in PBS. The
blocked corneal tissue was then incubated overnight at
4 °C with primary antibodies: these were p38, phospho-
p38 MAPK (Thr180/Tyr182), ERK1/2, phospho-ERK1/2
(Thr202/Tyr204), JNK, and p-JNK (Thr183/Tyr185) (Cell
Signaling Technology; Danvers, MA, USA). After the
corneal cells were incubated with secondary antibodies,
their nuclei were counterstained with DAPI. All sections
were detected using CLSM (LSM 800, Zeiss, Germany).

Western blot analysis

Total cellular proteins were extracted from HCEC-
B4G12 cells treated with Na-Mt, and protein concentra-
tions determined by using the BCA Protein Assay Kit
(Beyotime). The primary antibodies used for this were
p38, phospho-p38 MAPK (Thr180/Tyr182), ERK1/2,
phospho-ERK1/2 (Thr202/Tyr204), JNK, and p-JNK
(Thr183/Tyr185) (Cell Signaling Technology; Danvers,
MA, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Proteintech, 60,004-1-Ig) served as the loading
control for total cellular proteins. Western blot analysis
was performed from three independent experiments for
each treatment. To quantify the intensity of the resulting
bands, Image ] software was used (v1.53c).

Statistical analysis

To analyze the data, Graph Pad Prism 6 was used
(Graph Pad Software; La Jolla, CA, USA), and results are
expressed as the mean + standard deviation (SD). For the
experiments of NAC pretreatment and protein expres-
sion inhibition, statistical significance of their results
was evaluated by one-way analysis of variance (ANOVA)
followed by the Dunnetts tests for the comparisons
between different concentrations to the vehicle control,
or two-way ANOVA followed by Sidak’s multiple com-
parisons test to distinguish which two treatment groups
differed significantly. Differences between means were
considered statistically significant when the resulting
p-value was <0.05.
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Results

Characterization of Mt with different properties

To better understand the differences between Mt and
to verify that the preparation of modified Mt was suc-
cessful, we first characterized the five types of Mt.
The SEM and TEM micrographs of Na-Mt, H-Na-Mt,
C-H-Na-Mt, Ca-Mt and MMt are shown in Fig. 1A.
Na-Mt appears as a rock-like macroparticle with a
rough, crumpled surface (Fig. 1a), this consistent with
other research [13]. By way of comparison, significant
differences were observed in Ca-Mt, which had the
typical dense structure of Mt but a much smoother sur-
face and far fewer cracks (Fig. 1d). After acid washing
of Na-Mt, many wrinkles appeared at the edge of the
flakes, resulting in disorderly stacked flakes and numer-
ous uneven pores in H-Na-Mt composites (Fig. 1b).
The montmorillonite structure was destroyed by H' in
sulfuric acid, during which time H™ replaced cations in
the interlayer domain, resulting in a weakened inter-
layer bonding force of the Mt crystal layer and the peel-
ing and reduction of lamellae and their acid dissolution,
which is confirmed by the left-shift of the (001) reflec-
tion in XRD pattern (Fig. 1C). This result is also con-
sistent with previous reports [31, 32]. Compared with
H-Na-Mt, fewer nanosheets were found after the addi-
tion of chitosan (Fig. 1c), because some polymers were
decorated on the surface of C-H-Na-Mt. Furthermore,
C and N elements with a high mass fraction existed
homogenously in the C-H-Na-Mt composites (Fig. 1B),
indicating that chitosan was uniformly successfully
modified to the surface of H-Na-Mt. In addition, the
surface of MMt was also investigated. Plenty of spheri-
cal Fe;O, nanoparticles (Fig. le) were observed in
MMt.

As Fig. 1C shows, the pronounced characteristic
peaks of Na-Mt at 260=6.97°, 19.69°, and 28.41° cor-
respond to the diffractions of (001), (100), and (004)
crystal faces of montmorillonite (Beidellite PDF#43-
0688). Especially, the (001) crystal face featured the
largest diffraction intensity, being the main character-
istic peak of Mt. The intense peaks seen at 20=20.67°
and 26.54° correspond to the diffractions of (100) and
(011) crystal faces of quartz (PDF#70-3755) [31, 33].
According to the Bragg diffraction Eq. (2dsinf=n))
[34], the spacing distance (d) between the (001) planes
of Na-Mt is ca. 1.27 nm. The XRD spectrum of Ca-Mt
revealed a profile similar to Na-Mt. After the acid treat-
ment, the d,, values increased to 1.53 nm, indicating
a significantly exfoliated Na-Mt structure. Adding chi-
tosan slightly changed the layer spacing due to surface
modification, not an intercalation process. The main
peaks of Fe;O, (PDF#76-0956) were apparent in MMt
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[13], corresponding to Fe;O, nanoparticles loaded
onto MMt’s surface, which agrees with observations in
Fig. 1A(e).

A thermogravimetric analysis (TGA) was done to study
the thermodynamic stability of C-H-Na-Mt compos-
ites and to research the weight ratio of chitosan to Mt
in this composite. In Fig. 1D are the TGA curves of the
H-Na-Mt and C-H-Na-Mt composites under a flow of Ar
atmosphere. The ca. 2.3% weight loss of H-Na-Mt up to
156 °C was related to the removal of water, with a neg-
ligible weight loss (~2.0%) from 156 to 450 °C. The sec-
ond weight loss ratio (~3.6%), from 450 to 800 °C arose
from self-dehydroxylation of the hydroxyl groups on
the surface of H-Na-Mt [34]. For the C-H-Na-Mt com-
posite, three clearly separated weight loss stages were
evident: at 40-156 °C, 156-450 °C, and 450-800 °C,
these mainly attributed to the combustion of absorbed
water, the grafted chitosan, and the H-Na-Mt structure,
respectively. Thus, the content of grafted chitosan was
calculated as~4.8% in the C-H-Na-Mt composite. For
the characterization of the addition of chitosan, in addi-
tion to the TGA, XPS analysis and FTIR analysis were
performed. The presence of Si, O, and N in the H-Na-
Mt composite were observed (Additional file 1: Fig. S1),
which is consistent with the EDS analysis in Fig. 1B. The
typical N 1s peak (Additional file 1: Fig. S1A) is attrib-
uted to the —NH, functional groups in chitosan, which
is consistent with our previous study [34]. Compare with
H-Na-Mt, obviously left shift in the position of XPS Si 2p
peak and O 1s peak were observed in C-H-Na-Mt (Addi-
tional file 1: Fig. S1B & C), suggesting the deformation
of silica tetrahedral sheet, and this result is consistent
with our previous report [35]. Therefore, these findings
suggest chitosan was grafted onto Mt. Due to the low
concentration of chitosan in the C-H-Na-Mt compos-
ite (about 4.8 wt% from TGA analysis), the FTIR analy-
sis of H-Na-Mt and C-H-Na-Mt did not show obvious
difference.

Cytotoxicity of different types of Mt in HCEC-B4G12 cells

Mt reportedly poses potential genotoxicity to the HepG2
human hepatic cell line [27]. Here we investigated and
compared the cytotoxicity of five types of Mt (Na-Mt,
H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMt) in human
HCEC-B4G12 corneal cells. It has been reported that
FBS in the medium may affect the aggregation and tox-
icity of nanomaterials [36, 37]. To investigate the com-
plete medium on the particle size of five kinds of Mt, we
performed light microscopy (Additional file 1: Fig. S3A)
and dynamic light scattering (DLS) (Additional file 1: Fig.
S3B) to examine morphology and particle size after 48 h
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Fig. 1 Characterization of montmorillonite (Mt) with different properties. A SEM (left panel) and TEM (right panel) images of Na-Mt (a), H-Na-Mt (b),
C-H-Na-Mt (c), Ca-Mt (d), and MMt (e). B EDS mapping images of the C-H-Na-Mt composite. C X-ray diffraction peaks of Na-Mt, H-Na-Mt, C-H-Na-Mt,
Ca-Mt, and MMt. D TGA curves of the H-Na-Mt and C-H-Na-Mt composites. Scale bars are 100nm (SEM) and 500 nm (TEM)
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Fig. 2 Cytotoxicity of montmorillonite (Mt) with different properties in HCEC-B4G12 cells. HCEC-B4G12 cells were treated with various
concentrations (1.56-100 pg/mL) of five types of Mt for 24 h (A, C and E) and 48 h (B, D and F) before the measurements. A, B Effects on the ATP
content of HCEC-B4G12 cells. C, D Cell viability examined using the CCK-8 assay. E, F Effects on membrane integrity of HCEC-B4G12 cells based
on the LDH assay. Data points are the mean £ SD from three independent experiments with three parallel samples per concentration in each

experiment. *p <0.05 compared with the control

of incubation with complete medium containing differ-
ent concentrations of FBS, including 2% and 10%. The
result showed that the particle size of MMt and Ca-Mt
decreased in an FBS concentration-dependent man-
ner, while the particle size of other types of Mt did not
change significantly (Additional file 1: Fig. S3). There-
fore, to reduce the effect of FBS on toxicity and keep cells
close to normal physiological state, we chose to use the
medium with a 2% FBS concentration in Mt exposure.
The in vitro Mt toxicity was assessed after 24 h and 48 h

of treatment, by three parameters: ATP content, LDH
leakage, and CCK8 viability assay (Fig. 2). Consistently,
all Mt materials caused time- and concentration-depend-
ent decreases in both the ATP content (Fig. 2A & B) and
cell viability (Fig. 2C & D). Among them, Na-Mt gener-
ated the most severe cytotoxicity, followed by H-Na-Mt,
being least for MMt. Compared with the control, the
ATP content in HCEC-B4G12 cells treated with 100 pg/
mL of Na-Mt for 48 h dropped to the level of approxi-
mately 12.6% (Fig. 2B). Nevertheless, only when the
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concentration reached 100 pg/mL did MMt significantly
reduce the intracellular ATP content; the ATP content
of HCEC-B4G12 cells exposed to 100 pg/mL of MMt for
48 h still remained at ca. 85.8% (Fig. 2B). The cell viability
of HCEC-B4G12 exposed to five Mt types showed a simi-
lar trend to the treatments’ impact on intracellular ATP
levels (Fig. 2C & D). For example, cell viability of HCEC-
B4G12 cells treated with 100 pg/mL Na-Mt for 48 h
dropped to 10.8%, while that of those cells exposed to
100 pg/mL MMt for 48 h could persist at a much higher
level of 51.4% (Fig. 2D). Further, the magnitude of LDH
leakage in cells reflects the effect of exposure to Mts upon
cell membrane integrity. As shown in Fig. 2E, applying
the Na-Mt treatment at a concentration of only 6.25 pg/
mL nonetheless induced a significant release of LDH in
HCEC-B4G12 cells within 24 h, with an 17.8% increase in
LDH leakage compared to the control group. Note, how-
ever, that the LDH release of HCEC-B4G12 cells treated
with 6.25 pg/mL MMt also showed a significant differ-
ence at 24 h, albeit increased by only 9.2% over the con-
trol group (Fig. 2E). Moreover, the level of MMt-induced
intracellular release of LDH was the lowest (Fig. 2E & F).
Altogether, different types of Mt caused varying degrees
of cytotoxicity in a dose-dependent manner as evidenced
by a decrease in ATP content, inhibition of cell viabil-
ity and LDH release. Besides, LDH release at 48 h of Mt
treatment was obvious higher than that at 24 h, suggest-
ing that the destruction of cell membrane integrity by Mt
would be exacerbated with time.

Localization of different types of Mt in HCEC-B4G12 cells
Using TEM, the in vitro uptake and the intracellu-
lar distribution of Mt with different properties were

Control
. s

ey i

Fig. 3 TEM assay of cellular uptake and localization of montmor

=
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analyzed for HCEC-B4G12 cells. Results are presented
for representative TEM images of HCEC-B4G12 cells
treated with Na-Mt (Fig. 3C & D), H-Na-Mt (Fig. 3E &
F), C-H-Na-Mt (Fig. 3G & H), Ca-Mt (Fig. 31 & J), and
MMt (Fig. 3K & L). In the control HCEC-B4G12 cells
not exposed to Mt (Fig. 3A & B), we could not detect
the distribution of any Mt type in either cell mem-
brane or cytosol. After 24 h of exposure, the five Mt
types were respectively visible in the cytoplasm, and
some Na-Mt had even aggregated around the cell mem-
brane. Compared with the control, the nuclear area of
cells exposed to the five types of Mt was significantly
reduced relative to their total cell area. These findings
suggest that Mt-induced cytotoxicity may be due to
their entry into cells rather than just their effects on the
cell surface.

Effects of different types of Mt on the morphology

of HCEC-B4G12 cells

The morphology of HCEC-B4G12 cells changed in
response to an increasing concentration of Na-Mt,
H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMt. At 24 h
(Fig. 4A), the morphology of HCEC-B4G12 cells
became irregular when exposed to 6.25 pg/mL of
Na-Mt, 25 pg/mL of H-Na-Mt, C-H-Na-Mt, and
Ca-Mt, and 100 pg/mL of MMt. At 48 h (Fig. 4B), the
changes in cell morphology became more prominent
with greater treatment concentrations. Under 100 pg/
mL exposure to all five Mt types, most of the HCEC-
B4G12 cells were detached, being round with cell
debris, and their density evidently reduced. Consistent

C-H-Na-Mt

s

illonite (Mt) with different properties in HCEC-B4G12 cells. HCEC-B4G12 cells were

exposed to five types of Mt (50 pg/mL) for 24 h. A, B TEM images showing the ultrastructure of control HCEC-B4G12 cells. Consistent with (A, B) but
for HCEC-B4G12 cells exposed to Na-Mt (C, D), H-Na-Mt (E, F), C-H-Na-Mt (G, H), Ca-Mt (1, J), and MMt (K, L). Red arrowheads indicate the localization
of five types of Mt in HCEC-B4G12 cells. Scale bars are 2 um (A, C,E, G, I, K) and T um (B, D, F, H, J, L)
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Fig. 4 Morphological images of HCEC-B4G12 cells under a bright field view. Morphological changes in HCEC-B4G12 cells were observed by
phase-contrast microscopy following 24 h (A) and 48 h (B) exposure to five types of montmorillonites with corresponding concentrations. Scale
bar: 25 um
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with cytotoxicity, Na-Mt impacted cell morphology the
most, while MMt had the least effect.

Mt caused corneal damage and apoptosis in vivo

According to the above in vitro experimental results, all
five Mt types—Na-Mt, H-Na-Mt, C-H-Na-Mt, Ca-Mt,
and MMt—showed toxicity in HCEC-B4G12 cells, of
which Na-Mt was the most toxic and MMt the least
toxic. In addition, Na-Mt, H-Na-Mt and C-H-Na-Mt
have been studied in the treatment of glaucoma, such as
BMD-MMT [23], MT/BH complex [19], BH-Mt/CS NPs
[26]. Therefore, we selected Na-Mt and C-H-Na-Mt, two
materials with relatively discernible toxicity and closely
tied to medical applications to eyes, as representatives
for in vivo experimentation. Based on the existing stud-
ies on the use of Mt as an ocular drug delivery carrier,
which used a sample concentration of 2.8 mg/mL to drop
into the lower conjunctival sac of each cornea for eye-
irritation test in vivo [19, 25, 26], we chose 2 mg/mL as

Merge
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the starting dose to be tested in the in vivo corneal tox-
icity study. Furthermore, According to the Organization
for Economic Co-operation and Development (OECD)
Guidelines for the Testing of Chemicals, Test Guideline
No. 405 In Vivo Eye Irritation/Serious Eye Damage in the
OECD toxicity test standard [38], the maximum dose to
the eye should not exceed 0.1 mL in volume or 100 mg
in weight. Since this in vivo study only set two groups,
so we set the high-dose group to be fivefold that of the
low-dose group, that is, 10 mg/mL, and the administra-
tion volume was 5 pL. Therefore, we investigated the
in vivo corneal toxicity of Na-Mt and C-H-Na-Mt at
concentrations of 2 mg/mL (low dose group) and 10 mg/
mL (high dose group). To assess the toxic effects of Mt
in vivo, Na-Mt or C-H-Na-Mt was repeatedly exposed to
the corneal surface of rats for 1 week, followed by cor-
neal imaging and TUNEL assay performed using the slit
lamp microscope and CLSM, respectively. As shown in
Fig. 5, compare with the control, when the eyes of rats
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Fig. 5 Corneal damage and apoptosis caused by montmorillonites (Mts) in vivo. A Representative photos of the anterior ocular segment of rat
eyes treated with different concentrations (2 and 10 mg/mL) of Na-Mt or C-H-Na-Mt. B Representative images of corneal injury, under cobalt blue
light, incurred after exposure to different concentrations (2 and 10 mg/mL) of Na-Mt or C-H-Na-Mt were detected by fluorescein sodium staining.
The extent of corneal damage is indicated by the green fluorescence area. White arrowheads point to damage of the cornea. C Statistical analysis of
the corneal damage area of green fluorescence at 7 days following exposure to different concentrations (2 and 10 mg/mL) of Na-Mt or C-H-Na-Mt.
D Representative images of immunofluorescence of rat cornea for TUNEL (red) and DAPI (blue). The left eye of rats was dripped with Na-Mt or
C-H-Na-Mt. At 7 days post-exposure, corneal sections were prepared for fluorescence microscopy for their analysis by the TUNEL assay. E The
number of TUNEL™ cells of corneal sections treated with Na-Mt versus C-H-Na-Mt. Data are presented as the mean = SD. *p < 0.05 compared with

the control. Scale bars: 50 um
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were exposed to Na-Mt or C-H-Na-Mt their cornea
became rough and cloudy (Fig. 5A), with a large extent
of damaged areas corresponding to the green patchy
staining (Fig. 5B), and many apoptotic cells appearing in
corneal tissue (Fig. 5D). As shown in Fig. 5C, at 1-week
post-exposure, Na-Mt and C-H-Na-Mt caused a similar
range of corneal damage, with a ca. 20% and 50% increase
relative to the control in the cornea- injured area of rats
exposed to a low dose (2 mg/mL of Na-Mt and C-H-
Na-Mt) and high-dose groups (10 mg/mL of Na-Mt and
C-H-Na-Mt), respectively. As evinced by Fig. 5E, com-
pared with the control eye of rats, the exposure to 2 mg/
mL of Na-Mt or C-H-Na-Mt increased the number of
TUNEL-positive cells by ca. fivefold, whereas exposure
to 10 mg/mL Na-Mt and C-H-Na-Mt increased them ca.
19- or 13-fold, respectively. Taken together, these results
revealed greater a damaged area and abundance of apop-
totic cells with higher concentrations of Na-Mt and C-H-
Na-Mt. Moreover, a high dose of Na-Mt induced more
apoptotic cells in vivo than did C-H-Na-Mt.

Mt induced ROS overproduction in vitro and in vivo

To gain mechanistic insight into Mt-induced toxicity
effects, we tested whether Mt induced ROS overproduc-
tion in vitro and in vivo. HCEC-B4G12 cells were treated
with Na-Mt (3.125, 12.5, and 50 pg/mL) and C-H-Na-
Mt (3.125, 12.5, and 50 pg/mL), and their ROS produc-
tion monitored at 2, 6, 12, and 24 h. ROS generation
occurred as early as the 2-h time-point under the 50 pg/
mL Na-Mt treatment (Fig. 6A). Maximum ROS induction
was 12-fold that of the vehicle control at 12 h and 50 pg/
mL Na-Mt treatment. At 24 h, although ROS generation
was still significantly high in comparison with the con-
trol, the levels were less prominent than those at earlier
time-points (Fig. 6A & D). Reduced ROS levels may be
due in part to cellular antioxidant response mechanisms
and reduced cell viability. The accumulation of ROS in
the C-H-Na-Mt treatment group showed a similar trend
to that in the Na-Mt treatment group (Fig. 6B & E). For
example, ROS induction was detected as early as the 2 h

(See figure on next page.)
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mark under the 3.125 pg/mL C-H-Na-Mt treatment.
Maximum ROS induction was fourfold that of the vehicle
control at 6 h under the 50 pg/mL Na-Mt treatment.

To investigate the accumulation of Mt-induced ROS
in vivo, we directly exposed the ocular surface of Wistar
rats to Na-Mt or C-H-Na-Mt (2 and 10 mg/mL). Con-
sistent with in vitro results, ensuing ROS production
was also concentration-dependent (Fig. 6C). Exposure
to Na-Mt and C-H-Na-Mt at different concentrations
increased ROS levels in rat corneal tissue when compared
with the untreated control. Compared with the vehicle
control, ROS levels increased by 8- and 17-fold at 7 days
after exposure to 2 and 10 mg/mL Na-Mt, respectively
(Fig. 6F); the corresponding increases for C-H-Na-Mt
exposure were 7- and 12-fold (Fig. 6F). Hence, the Na-Mt
treatment induced higher levels of ROS production than
did C-H-Na-Mt treatment in vivo. The augmented ROS
levels suggested Na-Mt and C-H-Na-Mt caused oxidative
stress.

NAC pretreatment attenuated Mt-induced cytotoxicity

To further investigate the role of ROS production in
the cytotoxicity of Mts, we used NAC (a ROS scaven-
ger) to inhibit the levels of intracellular ROS. As shown
in Fig. 6G & H & ] & K, HCEC-B4G12 cells were pre-
treated with 10 mM NAC for 1 h prior to their exposure
to 12.5 and 50 pg/mL of Na-Mt or C-H-Na-Mt for 6 h.
The images of CLSM based on ROS fluorescence stain-
ing indicated that the NAC pretreatment of cells signifi-
cantly suppressed ROS generation. Further, pretreating
the HCEC-B4G12 cells with NAC (10 mM) for 1 h, prior
to their treatment with 1.56 —100 pg/mL Na-Mt and
C-H-Na-Mt for 12 h alleviated Mt-induced cytotoxicity,
as evidenced by the reductions in ATP content (Fig. 61 &
L) These results revealed that the cytotoxicity of types of
Mt was partly mediated by ROS generation.

Mt activates the MAPK signaling pathway in vitro

and in vivo

JNK, ERK1/2, and p38 MAPK, three important members
of mitogen-activated protein kinase (MAPK) family, are

Fig. 6 ROS overproduction induced by montmorillonites (Mts) in vitro and in vivo, and the effects of NAC pretreatment on Mt-induced cytotoxicity
in vitro. A, B Under CLSM, ROS levels of HCEC-B4G12 in vitro were investigated by H,DCF-DA staining (green) at 2, 6, 12 and 24 h after exposure to
Na-Mt (A) and C-H-Na-Mt (B) applied in various concentrations (0, 3.125, 12.5, and 50 ug/mL). D, E Quantification of the ROS fluorescence intensity
in (A, B). C Representative DHE staining (green) of the corneal section of rats after their exposure to different concentrations (2 and 10 mg/mL) of
Na-Mt or C-H-Na-Mt for 7 days in vivo. Nuclei were stained by DAPI (blue). F Quantification of ROS fluorescence intensity of different groups in (C).
Data are presented as the mean £ SD. * p <0.05 compared with the control. G, J Representative images of ROS levels of HCEC-B4G12 monitored by
CLSM. HCEC-B4G12 cells were pretreated with 10 mM NAC for 1 h before exposing them to different concentrations (12.5 and 50 pg/mL) of Na-Mt
or C-H-Na-Mt for additional 6 h. H, K Quantification of ROS fluorescence intensity in (G, J). I, L ATP content was measured at 12 h post-exposure to
Na-Mt and C-H-Na-Mt, with and without pretreatment with NAC. Data points are the mean 4 SD from three independent experiments, with three
parallel samples per concentration in each experiment. *p < 0.05 compared with the control lacking the NAC pretreatment. #p < 0.05 compared
with the control receiving the NAC pretreatment. ¥p <0.05 between treatments with and without NAC pretreatment at the same concentration of

different Mt. Scale bars: 50 um
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closely associated with apoptosis and oxidative stress [39,
40]. To determine whether Mt triggers MAPK signaling,
the expression and phosphorylation of MAPK signaling
proteins was respectively detected by Western blot and
immunofluorescence staining, both in vitro and in vivo.
After the Na-Mt treatment of HCEC-B4G12 cells for

Concentration (ug/mL)

12 h and 24 h, both ERK1/2 and p38 showed significant
activation, and JNK was not activated until 24 h after
treatment as demonstrated by their increased phospho-
rylation (Fig. 7A & B), whereas the total levels of these
proteins had barely changed. For example, after apply-
ing Na-Mt at a concentration as low as 1.56 pug/mL to
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Fig. 7 Effects of montmorillonite (Mt) on the MAPK signaling pathway in vitro and in vivo. A, B Representative bands of the western blot of
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to the densitometric analysis. Intensities of bands were normalized to the amount of GAPDH. *p <0.05 between the Na-Mt treatment and the
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Fig. 7 continued

HCEC-B4G12 cells for 12 h, the level of p38 phospho-
rylation was about 1.3-fold that of the control group
(Fig. 7C). After 24 h, the level of JNK phosphorylation in
the 6.25 ug/mL Na-Mt treatment group was 1.8-fold that
of the control group (Fig. 7D).

We also further verified that Mt activated MAPK sign-
aling pathway in vivo by immunofluorescence staining of
corneal tissues. Similarly, the results showed that JNK,
ERK1/2, and p38 were each significantly activated in the
corneal tissues of rats exposed to Na-Mt and C-H-Na-
Mt for 7 days, as demonstrated by their increased phos-
phorylation, while the total levels of all three proteins
were virtually unchanged (Fig. 7E-]). For example, com-
pared with the vehicle control, phosphorylation of p38
in corneal tissues increased by ca. twofold at 7 days after
exposure to 2 mg/mL of either Na-Mt or C-H-Na-Mt
(Fig. 7K & L). Likewise, for both Mts, the phosphoryla-
tion of p38 in corneal tissues increased by ca. threefold
at 7 days post-exposure to 10 mg/mL of either (Fig. 7K
& L). The phosphorylation of ERK1/2 and JNK showed
similar trends, but JNK was activated at a relatively weak
level, this being consistent with the results of in vitro
experiments.

NAC pretreatment regulates the MAPK signaling pathway
To investigate the biological significance of MAPK phos-
phorylation for Mt-induced cytotoxicity, HCEC-B4G12
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cells were pretreated for 2 h with specific inhibitors
targeting p38 (SB203580), ERK1/2 (U0126), and JNK
(SP600125), followed by exposure to 25 ug/mL Na-Mt for
24 h. The decrease in ATP content induced by Na-Mt was
partially rescued by pretreatment with 10 pM SB203580
(Fig. 8B), whereas pretreatment with SP600125 or U0126
did not significantly affect the ATP content vis-a-vis the
Na-Mt treatment-only group (Additional file 1: Fig. S4B
& D). The western blot further confirmed the efficiency
of SB203580, SP600125, and U0126 at inhibiting p38
(Fig. 8A), INK (Additional file 1: Fig. S4A), and ERK1/2
(Additional file 1: Fig. S4C), respectively, with no effect
on the total protein level of each. These results revealed
that, although these three MAPK signaling proteins are
phosphorylated, only p38 contributes to Na-Mt-induced
cytotoxicity.

As mentioned above, Na-Mt treatment induced the
ROS production of HCEC-B4G12 cells. We next inves-
tigated whether ROS generation influenced functioning
of the MAPK signaling pathway. For this, HCEC-B4G12
cells were pretreated with 10 mM NAC for 1 h to remove
ROS, and then exposed to Na-Mt for 24 h. The western
blot results suggested that the NAC pretreatment partly
reversed the p38 phosphorylation status, but it did not
alter phosphorylation of either JNK or ERK1/2 (Fig. 8C).
This implies that p38 activation following Na-Mt



Liu et al. Particle and Fibre Toxicology (2023) 20:8

treatment was triggered, at least in part, by the genera-
tion of ROS.

Discussion

Exploring the effects of Mt on the eye is important for
assessing human health risks and potential ocular appli-
cations. Although Mt is widely used, their toxic poten-
tial has not been well studied so far, especially its corneal
toxicity, which is still unclear. Here, a comprehensive
study of five types of Mt (Na-Mt, H-Na-Mt, C-H-Na-Mt,
Ca-Mt, and MMt) and their corneal toxicity in vitro and
in vivo was performed, and the underlying mechanism of
Mt-induced corneal toxicity experimentally explored in
detail.

Previous studies reported that Mt exerts toxic effects
on kidney cells [15], hepatoma cells [27], bronchial epi-
thelial cells [28], and mice lung tissue [29]. To our best
knowledge, this is the first study to show that corneal
toxicity can arise from exposure to different types of
Mt. Notably, both the unmodified Mt and modified Mt
have been used as drug delivery carriers in studies of
ocular diseases; however, the toxicity of these Mt types
in the eye has gone overlooked. For example, bromoni-
dine, an a2-adrenergic receptor agonist, is inserted into
the interlamellar space of the Na-Mt lattice to increase
the preocular surface retention time of the drug and to
reduce intraocular pressure in glaucoma patients [23].
In addition to pristine Na-Mt, studies have shown that
some organically modified Mts, such as H-Na-Mt [19,
24, 25] and C-H-Na-Mt [26], can also deliver eye drops
to delay drug release and increase drug bioavailability for
use in glaucoma therapy. In addition to medical appli-
cations, Mt, such as Ca-Mt [41] and MMt [13], has also
been widely studied for application in the field of envi-
ronmental governance and food packaging. The eye is a
highly special and sensitive organ that can be exposed
to various substances due to direct exposure to the envi-
ronment. As a drug carrier, Mt may have side effects on
the eye, and Mt dispersed in the environment also has a
risk of damage to the eye. Therefore, the exploration of
ocular toxicity of Mt can not only provide basis for the
clinical applications of Mt, but also provide support for
the risk assessment of Mt in the industrial application.
Accordingly, in our study, Na-Mt, H-Na-Mt, C-H-Na-Mt,
Ca-Mt, and MMt were chosen for their corneal toxicity
assessment, and human HCEC-B4G12 corneal cells were
used in the in vitro assays.

Since the safety profile of Mt may be changed by their
organic modification [29, 42], we first characterized the
different types of Mt to compare the differences between
their physicochemical properties and to verify the suc-
cessful Mt modifications (Fig. 1). The SEM and TEM
enabled us to analyze the surface morphology of Na-Mt,
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H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMt. Overall,
Ca-Mt appears to have less cracking and smoother sur-
faces relative to Na-Mt. The many spherical nanoparticles
appearing on the surface of Mt after its Fe;O, treatment
confirmed the successful preparation of MMt. Acid
washing of Na-Mt using H,SO, increased wrinkles to the
edge of the thin layer; subsequent introduction of chi-
tosan into H-Na-Mt significantly reduced the presence of
nanosheets. Furthermore, the successful preparation of
H-Na-Mt and C-H-Na-Mt was verified by XRD and EDS
mapping. After successfully obtaining the two pristine
Mts (ie., Na-Mt and Ca-Mt) and the three organically
modified Mts (i.e., H-Na-Mt, C-H-Na-Mt, and MMt), we
were in a sound position to investigate their toxicity to
cornea cells, both in vitro and in vivo.

To confirm whether Mt and its derivatives are capa-
ble of corneal toxicity, we performed extensive cyto-
toxicity tests using HCEC-B4G12 cells. ATP content,
cell viability and LDH leakage are widely used indica-
tors in cytotoxicity assays [30, 39]. All five tested Mt
types induced different magnitudes of cytotoxicity in
the HCEC-B4G12 cells. With a greater Mt concentra-
tion and longer exposure time, ATP content and cell
viability of HCEC-B4G12 cells gradually decreased,
while LDH leakage gradually increased, suggesting
that enhanced Mt cytotoxicity was time- and concen-
tration dependent (Fig. 2). Except for MMt, among the
Mts, the other four types exhibited high cytotoxicity, of
which Na-Mt was clearly the most toxic; hence, H-Na-
Mt, C-H-Na-Mt, and MMt as modified based on Na-Mt
decreased the cytotoxicity of HCEC-B4G12 cells to
varying degrees, respectively. This finding is similar to
that reported in a recent study [29], in which modify-
ing the Mt with quaternary ammonium compounds
reduced its pulmonary toxicity to exposed mice. By
contrast, other research reported that the organic
modification of Mt could increase its hazard poten-
tial. For example, Cloisite 30B, an organically modi-
fied Mt nanoclay, induced higher toxic effects relative
to the original nanoclay in human lung cells [28]. In
addition, Sharma et al. [43] explored the genotoxicity
of natural clay mineral Mt (Cloisite®Na") and organo-
modified Mt (Cloisite®30B) in Caco-2 cell models, and
their results showed that compared with non-geno-
toxic Cloisite®Na™, the organo-modifier (quaternary
ammonium compound) incorporated in Cloisite®30B
may be an important reason of genotoxicity. Connolly
et al. [42] prepared two organoclays, by introducing
hexadecyl trimethyl ammonium bromide and octadecyl
trimethyl ammonium chloride into bentonite, respec-
tively; both increased cytotoxicity in different cell mod-
els, including HaCaT skin cells, C3A liver cells, and
J774.1 macrophage-like cells. Similarly, another study
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Fig. 8 Effects of NAC pretreatment on the MAPK signaling pathway. A, B HCEC-B4G12 cells were pretreated with 10 uM SB203580 (p38 inhibitor)
for 2 h prior to a treatment with Na-Mt for additional 24 h. The expression levels of p38 and p-p38 were investigated by western blot analysis (A).
ATP content was measured by the CellTiter-Lum Plus Luminescent Cell Viability Assay (B). C Representative western bands of JNK, p-JNK, ERK1/2,
p-ERK1/2, p38, and p-p38 in HCEC-B4G12. HCEC-B4G12 cells were pretreated with 10 mM NAC for 1 h before exposing them to 25 pg/mL Na-Mt
for an additional 24 h. GAPDH is the loading control (A, C). Data points are the mean 4 SD from three independent experiments, with three parallel
samples per concentration in each experiment. *» < 0.05 compared with the control lacking the SB203580 pretreatment. *p <0.05 compared

with the control receiving the SB203580 pretreatment. ¥p < 0.05 between treatments with and without SB203580 pretreatment at the same

concentration of Na-Mt

reported that surface modified nanoclays could reduce
cellular inflammation and genotoxicity in in vitro mod-
els of alveolar epithelial cells (A549) and activated
THP-1 macrophages (THP-1a) [44]. From these find-
ings, it can be found that different organic modification
methods can either reduce the cytotoxicity of Mt or
increase the cytotoxicity of Mt, which may be related to
the compounds grafted on Mt.

When cells are treated with nanomaterials and inor-
ganic materials with large particle sizes, most of these
materials are taken up by cells and they can even enter
key organelles such as mitochondria, thus producing
toxic effects in these cells [45-47]. Here we employed
TEM to visualize the distribution of different types of Mt
in cells and the negative intracellular changes induced
by their treatment with various Mts (Fig. 3). TEM
images confirm that all five types of Mt are taken up by
HCEC-B4G12 cells within 24 h and localized within the
cytoplasm, which implies the underlying mechanism
of cytotoxicity induced by Mts may be attributed to the
overproduction of ROS caused by Mt entry into cells,
which further leads to cell damage. An in vitro study

using J774.1 macrophages demonstrated that cells can
uptake organoclays, which are then encased in multiple
intracellular vesicles in the cytoplasm [42]. Similarly, in
our study, intracellular vesicles containing different types
of Mt were clearly detected in the cytoplasm of HCEC-
B4G12 cells and some of these cells were undoubtedly
in a state of Mt phagocytosis. Notably, a large amount of
Na-Mt is attached to the cell membrane but not so in the
cytoplasm, which could explain why Na-Mt is more toxic.
Moreover, several studies have shown that certain nano-
materials, including SiO, and CeO, nanoparticles (NPs),
can alter the morphology of cells [30, 37, 48]. Thus, we
further investigated whether the cytotoxicity and the cel-
lular uptake of Na-Mt, H-Na-Mt, C-H-Na-Mt, Ca-Mt,
and MMt are capable of affecting the morphology of
HCEC-B4G12 cells. As seen in Fig. 4, HCEC-B4G12 cells
without an Mt treatment were evenly distributed, having
a regular shape and smooth surface, whereas the density
of cells exposed to the five types of Mt decreased in a
time- and dose-dependent manner, and their cell mem-
brane was damaged and the cell contour was ambiguous.
This result is consistent with another study that found
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Fe**-Mt damaged the cell membrane and changed the
morphology of A549 cells [49]. That Na-Mt caused the
most severe morphological changes, whereas MMt could
only elicit significant morphological changes at a high
concentration, is consistent with their cytotoxicity testing
results (Fig. 2).

As mentioned above, we selected Na-Mt (pristine Mt)
and C-H-Na-Mt (organically modified Mt) as representa-
tives for the follow-up in-depth toxicity tests, because
of their distinctive toxic effects and known use in ocular
applications. Guided by published experimental meth-
ods [48, 50], we then examined the in vivo injuries and
apoptosis to the cornea of rats exposed to Na-Mt or
C-H-Na-Mt exposure through 1-week repeated exposure
experiments (Fig. 5). Consistent with in vitro cytotoxicity,
all these latter results showed concentration-dependent
corneal toxicity of Na-Mt and C-H-Na-Mt, being higher
from Na-Mt.

Oxidative stress is generally the most commonly stud-
ied factor after toxic effects in toxicology studies. The
excessive increase in ROS generation due to mitochon-
drial damage disrupts the balance between oxidative
pressure and the natural antioxidant defense system,
resulting in oxidative stress [51, 52]. Previous studies
have found that oxidative stress may be an important
toxicological mechanism responsible for the adverse
health effects of inorganic nanomaterials and air pollu-
tion particles [30, 45, 53—55]. Work by Maisanaba et al.
[27] demonstrated that Mt (Cloisite®Na®) at relatively
high concentrations can induce oxidative stress in HepG2
cells that is accompanied by increased ROS production.
An earlier study obtained similar results, in which Mt
(Cloisite Na*®) induced a significant increase in ROS
production in HepG2 cells; however, ROS production did
not occur in cells treated with organoclay (Cloisite 93A®)
[56]. The excessive production of ROS, as an upstream
event, can trigger oxidative stress that ultimately leads
to cell death [39]. Our experimental data prove, for the
first time, whether in vivo or in vitro, that exposure to
Mt with different properties drives ROS overproduction
in corneal cells (Fig. 6). Crucially, in vitro, ROS produc-
tion induced by Mt in HCEC-B4G12 cells was time- and
concentration-dependent; likewise, ROS production in
corneal tissues exposed to Mt in vivo was also concen-
tration-dependent. It is worth noting that, in the in vitro
experiments, the trend in ROS production induced by
the parent Na-Mt is of decreasing after attaining its peak
value, whereas that induced by modified C-H-Na-Mt
is one of continual increase. A reason for this disparity
could be that the Na-Mt treatment quickly leads to the
disappearance of mitochondria in cells or even the death
of many cells, so that ROS can no longer be produced,
in contrast to the C-H-Na-Mt treatment under the same
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conditions, which causes far less damage to cells. Fur-
thermore, the inhibition of ROS significantly lessened
the rate of cellular ATP depletion induced by the differ-
ent types of Mt (Fig. 6), suggesting that ROS accumula-
tion is the upstream event that triggers cytotoxicity, this
being consistent with our previous findings [30, 37, 39].
Additionally, we found that Mt activated the MAPK sign-
aling pathway both in vitro and in vivo (Fig. 7). MAPK
signaling entails the involvement of p38 MAPK, JNK, and
ERK, which participate in various physiological and path-
ological processes [39, 57]. Interestingly, ROS is known
to mediate the activation of p38, JNK, and ERK1/2 sign-
aling molecules in the MAPK signaling pathway [58]. In
our study, pretreatment with NAC, an antioxidant that
scours for ROS, attenuated the Mt-induced increase of
p-p38, revealing that p-p38 activation was in fact ROS-
mediated (Fig. 8C). The use of a p38 MAPK inhibitor also
provided evidence that p38 is paramount for Mt-induced
cell death (Fig. 8A&B). However, ERK1/2 and JNK were
phosphorylated under Mt exposure (Fig. 7), but the NAC
treatment did not affect their activation (Fig. 8C), which
suggests these processes may not be directly related to
ROS. Meanwhile, pretreatment with ERK1/2 and JNK
inhibitor did change the ATP content compared with
treatment Mt alone (Additional file 1: Fig. S4). We should
emphasize that ROS inhibition only partially alleviated
the cytotoxicity caused by Mt. The further causes of Mt-
induced toxicity remain to be investigated.

Conclusions

This study is the first to have investigated the corneal
toxicity of different types of Mt in vitro and in vivo and
its underlying mechanism. For five types of Mt, namely
Na-Mt, H-Na-Mt, C-H-Na-Mt, Ca-Mt, and MMLt, their
induced cytotoxicity in HCEC-B4G12 cells was inferred
from a lowered ATP content and diminished cell viabil-
ity, increased LDH leakage and ROS generation, and the
degree of altered cell morphology. At the same time, our
results also show that the toxicity of Na-Mt without any
modification exceeds that of Ca-Mt or any of the modified
Mts (H-Na-Mt, C-H-Na-Mt, and MMt), with that of MMt
being the least. Western blot analysis enabled us to uncover
the potential toxicity mechanism, whereby the MAPK
signaling pathway plays a unique role in regulating Na-Mt
induced cytotoxicity. Consistent with the in vitro results,
Na-Mt and the modified C-H-Na-Mt also induced toxic-
ity of the rat ocular surface, caused ROS overproduction,
and activated the p38, ERK1/2, and JNK proteins in MAPK
signaling pathway in vivo. Notably, overproduction of ROS
appears figure prominently in corneal toxicity induced by
montmorillonite distinguished by its different properties.
Our study provides a timely and fruitful research direction
and novel insights into Mt-induced corneal toxicity and its
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underlying mechanisms, which could be used in the ocular
administration of Mt and other similar material involving
the eye. For a better understanding of which signal path-
ways play a crucial role in Mt-induced corneal toxicity,
additional experimental studies are now needed.
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