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Purpose: Corneal keratocyte-fibroblast-myofibroblast (KFM) transformation plays a
critical role in corneal stromal wound healing. However, the impact of engineered
nanomaterials (ENMs), found in an increasing number of commercial products, on this
process is poorly studied. This study investigates the effects ofmetal oxide ENMsonKFM
transformation in vitro and in vivo.

Methods: Cell viability of rabbit corneal fibroblasts (RCFs) was tested following treat-
ment with 11 metal oxide ENMs at concentrations of 0.5 to 250 μg/ml for 24 hours.
Messenger RNA (mRNA) and protein expression of αSMA, a marker of myofibroblast
transformation, were measured using RCFs after exposure to 11 metal oxide ENMs
at a concentration that did not affect cell viability, in media containing either 0 or
10 ng/ml of TGF-β1. Additionally, the effect of topical Fe2O3 nanoparticles (NPs)
(50 ng/ml) on corneal stromal wound healing following phototherapeutic keratectomy
(PTK) was determined.

Results: V2O5, Fe2O3, CuO, and ZnO ENMs were found to significantly reduce cell viabil-
ity as compared to vehicle control and the other seven metal oxide ENMs tested.
V2O5 nanoflakes significantly reduced mRNA and protein αSMA concentrations in
the presence of TGF-β1. Fe2O3 NPs significantly increased αSMA mRNA expression in
the presence of TGF-β1 but did not alter αSMA protein expression. Topically applied
Fe2O3 NPs in an in vivo rabbit corneal stromal wound healing model did not delay
healing.

Conclusions: Fe2O3 NPs promote corneal myofibroblast induction in vitro but do not
impair corneal stromal wound healing in vivo.

Translational Relevance: These experimental results can apply to human nanomedical
research.

Introduction

Metal oxide engineered nanomaterials (ENMs) are
widely used in consumer products, such as sunscreens
and cosmetics, and industrial applications due to
their UV-protective and semiconductor properties.1
Moreover, they are utilized for biomedical cancer
therapy2 and as biosensors.3 In addition to consumer
products, occupational exposure also occurs during

the manufacturing of products containing metal oxide
ENMs.4 Direct ocular exposure to metal oxide ENMs
in the environment or the workplace can lead to
ocular surface damage. Although ample literature
exists regarding the cytotoxic effects of metal oxide
ENMs onmammalian cells,5–10 a paucity of research is
available regarding their impact on corneal cells, partic-
ularly in vivo.11–14

The maintenance of a clear and transparent
cornea is essential for functional vision, in which the
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keratocyte is the key stromal cell. Following corneal
injury, quiescent keratocytes transform into fibrob-
lasts, an activated phenotype, which enter into the cell
cycle and migrate into the injured area.15 As wound
repair proceeds, fibroblasts differentiate into myofi-
broblasts that are characterized by the expression of
alpha-smooth muscle actin (αSMA). Myofibroblasts
are typically larger and contain more actin stress fibers
than other fibroblasts.16 This keratocyte-fibroblast-
myofibroblast (KFM) transformation is strongly
promoted by transforming growth factor-beta (TGF-
β), a cytokine secreted by corneal epithelial cells that
can control the behavior of fibroblasts.17

In normal wound healing, myofibroblasts disappear
from the site of the injury after wound closure and
initial remodeling.18 Importantly, excessive numbers
and/or extended persistence of myofibroblasts in the
wound space can lead to fibrosis and a loss of corneal
transparency, also known as stromal haze.19

The toxicity of metal oxide ENMs is thought to
be mainly due to the reactive oxygen species (ROS)
that they generate, however, direct toxicity through
the release of metal ions20,21 with subsequent damage
to the cell and mitochondrial membranes likely also
plays a role.8 Oxidative stress activates the TGF-β-
induced transition of fibroblasts to myofibroblasts in
various tissues including the cornea.22–24 We there-
fore hypothesized that metal oxide ENMs would
decrease corneal fibroblast viability, while simulta-
neously propelling additional fibroblasts to undergo
KFM transformation. The present study aimed to
examine the viability and fibroblast-to-myofibroblast
transformation of corneal fibroblasts in vitro follow-
ing exposure to each of the following 11 metal oxide
ENMs: magnesium oxide (MgO), aluminum oxide
(Al2O3), titanium oxide (TiO2) (25 nm and 100 nm),
vanadium pentoxide (V2O5), iron(III) oxide (Fe2O3),
copper(II) oxide (CuO), zinc oxide (ZnO), cerium(IV)
oxide (CeO2) (10 nm and 30 nm), and tungsten(VI)
oxide (WO3). We selected these metal oxide ENMs
because they are commonly used in commercial and
industrial applications.25 Informed by in vitro results,
we tested the effect of topical Fe2O3 nanoparticles
(NPs) on corneal stromal wound healing using an
in vivo rabbit phototherapeutic keratectomy (PTK)
model.

Materials & Methods

ENM Synthesis and Characterization and
Preparation of Suspensions

The ENMs utilized in this study were produced,
synthesized, and/or described by the Engineered

Nanomaterials Coordination Core (ERCC) as part
of the Nanotechnology Health Implications Research
(NHIR) Consortium at the Harvard T.H. Chan
School of Public Health. The following gold and
metal oxide ENMs were assessed in this study
(primary particle diameter in parenthesis): Au (15 nm),
MgO (20 nm), Al2O3 (30 nm), TiO2 (25 nm and
100 nm), V2O5 (100 nm), Fe2O3 (10 nm), CuO
(50 nm), ZnO (50 nm), CeO2 (10 nm and 30 nm),
and WO3 (15 nm). The citrate-capped Au NPs were
synthesized following the Turkevich method26 and
characterized by Dong and colleagues.27 The MgO,
TiO2 (25 nm), TiO2 (100 nm), V2O5, CuO, and ZnO
were procured by Strem Chemicals, Inc. (Newbury-
port, MA), Acros Organics (Carlsbad, CA), Precheza
(Přerov, Czech Republic), NanoShel LLC (Wilming-
ton, DE), Sigma Aldrich (St. Louis, MO), and Melio-
rum Technologies, Inc. (Rochester, NY), respectively.
The physicochemical and biological characteristics of
CuO and ZnO have been described by Eweje and
colleagues,28 while the 25 nm and 100 nm of TiO2
have been characterized by Ahn et al.29 and Lee et
al.,30 respectively. The Al2O3, Fe2O3, CeO2, and WO3
nanoparticles were synthesized via flame spray pyrol-
ysis using the Harvard Versatile Engineered Nanoma-
terials Generation System (VENGES).31 The synthe-
sis and characterization of Al2O3, Fe2O3, and CeO2
were detailed by Beltran-Huarac and colleagues.32 The
physicochemical and biological properties of MgO,
V2O5, and WO3 have been presented by our group
previously.13 All the nanomaterials used in this study
had a near-spherical shape except V2O5, which was
in the form of a nanoflake. Primary particle diame-
ters as measured by transmission electron microscopy
and specific surface area as measured by Brunauer-
Emmett-Teller (BET) method are summarized in
Supplement A.

Before use, resuspended ENMs were sonicated
using a calibrated sonication system (2510R-MT;
Branson Ultrasonics, Danbury, CT) following the
protocol described by DeLoid and colleagues.33 In
brief, each ENM was placed into a 15 ml conical
tube and deionized water (DW) was added to
achieve a final concentration of 2.5 mg/ml. Next,
the nanosuspensions were vortexed at high speed
for 30 seconds and sonicated for ∼3 to 6 minutes as
detailed for each material (Supplement B). Follow-
ing sonication, the stock suspensions were vortexed
again for at least 30 seconds at high speed and
diluted with culture media or balanced salt solution
(BSS; Alcon, Geneva, Switzerland) to the final
concentration. All diluted suspensions were used
immediately after preparation and all preparation
procedures were repeated every 24 hours. The stabil-
ity of metal oxide nanomaterials in suspension was
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tested with dynamic light scattering (DLS). The
hydrodynamic diameter and polydispersity index were
measured using a DLS instrument (Zetasizer Nano
S90, Malvern Instruments Ltd., Malvern, UK) at 1
and 24 hours after preparation. (Supplement B).

Cell Culture

Primary rabbit corneal fibroblasts (RCFs) were
isolated as previously described34,35 and used between
passages 3 and 7. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) low glucose
(HyClone; GE Healthcare Life Sciences, Logan,
UT) supplemented with 10% fetal bovine serum
(FBS; Atlanta Biologicals, Lawrence, GA) and 1%
penicillin-streptomycin-amphotericin B (PSF; Lonza,
Walkersville, MD). RCFs were plated on a 6-well plate
at a density of 1.5 × 105 per 2 ml of culture medium
for PCR and western blot and left to adhere for
24 hours. The following day, the media was changed
to growth media containing 0 or 10 ng/ml TGF-β1
with ENM or distilled water (vehicle control); 10
ng/ml of TGF-β1 has been previously shown to induce
myofibroblast transformation in rabbit and human
fibroblasts.34,35 For PCR analysis, cells were harvested
after the 24-hour incubation. For western blot analysis,
after 24-hour incubation, cells were cultured in fresh
media containing TGF-β1 (0 or 10 ng/ml) without
ENMs for another 48 hours.

Cell Viability Assays

The impact of the 11 metal oxide ENMs on
the viability of RCFs was determined using MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] and Calcein AM (acetoxymethyl) assays. For
the MTT assay, RCFs were seeded into a 96-well plate
at a concentration of 2000 cells per 100 μl of culture
medium and allowed to attach overnight. The cells
were then treated for 24 hours with different concen-
trations of NPs ranging from 0.05 to 250 μg/ml in six
replicates in the absence of TGFβ-1. Citrate-stabilized
Au NPs (14 nm) show low or no toxicity in vitro,36 so
we used citrate-capped Au NPs (15 nm; 5 μg/ml) as a
negative control. Saponin (1 mg/ml) and distilled water
were used as positive and vehicle controls, respec-
tively. Then, 10 μl MTT solution (5 mg/ml in PBS)
was added to each well and the cells were incubated
at 37°C for 3 hours. The media containing MTT
solution was replaced with 125 μl dimethyl sulfoxide
(DMSO) to dissolve the insoluble formazan crystals
and absorbances were measured at 570 nm using a

microplate reader (Synergy 4; BioTek Instruments,
Inc., Winooski, VT). For the Calcein AM assay, RCFs
were seeded at a density of 2000 cells per well and were
incubated overnight in black-walled 96-well plates in
100 μl of culture medium. The media was removed
and replaced with a 1 mM solution of Calcein AM in
PBS the following day. The cells were incubated for
30 minutes at 37°C, and the fluorescence was measured
with a 490 nm excitation filter and a 520 nm barrier
filter using themicroplate reader. All viability tests were
performed in triplicate. Wells without cells were used
as blank controls. The relative cell viability (%), relative
to vehicle control wells, was calculated by (absorbance
of treated cells − absorbance of blank)/(absorbance
of vehicle control − absorbance of blank) × 100.

RNA Extraction and Quantitative Real-Time
PCR

RCFs were plated on a 6-well plate at a density
of 1.5 × 105 per 2 ml of culture medium and left to
adhere for 24 hours. The following day, the media was
changed to growth media containing 0 or 10 ng/ml
TGF-β1 with ENM or distilled water (vehicle control);
10 ng/ml of TGF-β1 has been previously shown to
induce myofibroblast transformation in rabbit and
human fibroblasts.34,35 Total RNA was extracted from
RCFs at 24 hours after treatment with TGF-β1 (0
or 10 ng/ml) and ENMs or vehicle control using
the GeneJET RNA Purification Kit (Thermo Fisher
Scientific,Waltham,MA) following the manufacturer’s
specifications. The RNA was quantified by measur-
ing its absorbance at 260 nm using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scien-
tific). Quantitative real-time PCR was performed
using the SensiFAST Probe Hi-ROX One-Step kit
(Bioline, Taunton,MA) andTaqMan aptamers specific
to human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Oc03823402_g1; Thermo Fisher Scientific)
or αSMA (ACTA2, Oc03399251_m1; Thermo Fisher
Scientific) in total volume 10 μl per reaction as previ-
ously described34; GAPDH expression (a housekeep-
ing gene) served as a control. Experiments were
repeated at least three times. Gene expression data
were calculated as previously reported37 and normal-
ized relative to the expression of mRNA from cells in
the absence of both TGF-β1 and ENMs.

Protein Extraction andWestern Blot

RCFs were plated on a 6-well plate at a density
of 1.5 × 105 in culture medium and left to adhere
overnight. The following day, the media was changed
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to growth media containing 0 or 10 ng/ml TGF-
β1 with ENM or distilled water. After 24 hours,
cells were cultured in fresh media containing 0 or
10 ng/ml TGF-β1 without ENMs for another 48 hours.
Protein was extracted using a radioimmunoprecipi-
tation assay (RIPA) buffer and Protease/Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific). Equiv-
alent amounts of protein (10 μg) were loaded onto
a 10% NuPAGE Bis-Tris gel (Life Technologies,
Carlsbad, CA). Gel electrophoresis was performed at
100 mA for 35 minutes per gel, followed by trans-
fer to a nitrocellulose membrane (Life Technologies)
at 1.3 A for 10 minutes. The membrane was blocked
at 37°C for 1 hour with a blocking buffer containing
80% PBS, 10% FBS, and 10% Superblock (Thermo
Fisher Scientific). The membrane was incubated with
a primary antibody specific to anti-αSMA (A5228;
Sigma-Aldrich) diluted 1:5000 in a blocking buffer at
37°C for 1 hour. The blot was washed three times in
TBS with 0.1% Tween-20 (TBS-T) before incubating
with peroxidase-conjugated goat anti-mouse antibody
(KPL, Gaithersburg, MD) diluted 1:20,000 in a block-
ing buffer at 37°C for 1 hour. After washing twice
with TBS-T and once with TBS, protein bands of
interest were detected using a western blotting detec-
tion kit (WesternBright Quantum, Advansta, Menlo
Park, CA) and Sapphire Biomolecular Imager (Azure
Biosystems, Dublin, CA). The same blot was stripped
with RestoreTM Western Blot Stripping Buffer (Thermo
Fisher Scientific) for 20 minutes at room tempera-
ture and reproved with anti-GAPDH (G8795; Sigma-
Aldrich) diluted 1:2000 in blocking buffer at 37°C for
1 hour as a reference protein. Densitometry analyses
were done with ImageJ software (National Institutes of
Health, Bethesda, MD). The band densities of αSMA
were normalized to the values of GAPDH. Western
blot analyses were performed on samples from at least
three independent experiments.

Animals

Twelve New Zealand White female rabbits (Charles
River Laboratories, Wilmington, MA) were used in
this study with a mean ± SD bodyweight of 3.7 ±
0.1 kg. The study was approved by the Institutional
Animal Care and Use Committee of the University of
California, Davis (IACUC #19691) and performed in
compliance with the Association of Research in Vision
and Ophthalmology statement for the use of animals
in vision research. A detailed ophthalmic examina-
tion was performed before inclusion in the study. Only
animals without ocular disease were included in the
study.

Phototherapeutic Keratectomy and
Postoperative Treatment

Rabbits premedicated with intramuscular (IM)
injection of midazolam (0.7 mg/kg) and hydromor-
phone (0.1 mg/kg) were anesthetized using an IM
injection of ketamine (15–30 mg/kg) followed by
isoflurane (1%–4%) inhalation. The surgical area was
disinfected with 0.2% povidone-iodine solution. The
cornea of the right eye (OD) was treated with
0.5% proparacaine hydrochloride ophthalmic solution
(Alcon) and a central zone marked with an 8 mm
trephine (MSI Instruments, Phoenixville, PA). The
epithelium within the marked area was then debrided
using an excimer spatula (Beaver-Visitec International,
Inc, Waltham, MA) followed by a PTK (6 mm
diameter, 40 Hz, 250 pulses, 100 μm depth) using
a NIDEK EC-5000 excimer laser (Nidek Co. Ltd,
Gamagori, Japan) as described previously.38 The left
eye remained unwounded and served as a control.
Atropine sulfate ophthalmic solution 1% (Akorn,
Inc., Lake Forest, IL) and ofloxacin 0.3% ophthalmic
solution (Alcon) were administrated OD following
the PTK treatment. Buprenorphine (0.04 mg/kg)
was administered subcutaneously for postoperative
analgesia. Rabbits were randomly assigned to receive
40 μl of BSS (n = 6, vehicle control) or Fe2O3 NP
(250 μg/ml) in BSS (n = 6) in both eyes six times a
day.

Ophthalmic Examination Scoring and
Imaging

The semiquantitative preclinical ocular toxicology
scoring (SPOTS) system39 was employed to evalu-
ate the anterior segment using a portable slit lamp
(SL-15; Kowa Co. Ltd., Nagoya, Japan). Rebound
tonometry (TonoVet; Icare, Helsinki, Finland) and
Fourier-domain optical coherence tomography (FD-
OCT; RTVue 100, software version 6.1; Optovue Inc,
Fremont, CA) were also performed on days 1, 3,
7, 14, 21, and 28 following PTK treatment. Stromal
haze thickness as reflected by a hyperreflective zone
in the OCT image was measured manually using the
caliper function integrated into the OCT software
as described previously.40 Fluorescein stain (HUB
Pharmaceuticals, LLC, Rancho Cucamonga, CA) was
performed to assess epithelial wound area twice daily
with digital photography (Nikon D300). The remain-
ing wound area at each time point was measured
using ImageJ software (version 1.52k) and compared
with the baseline wound area for each rabbit, and the
percentage of the remaining wound area was calculated
for each time point.
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Tissue Harvest, Processing, and
Immunohistochemistry

Rabbits were euthanized by intravenous injec-
tion of pentobarbital (100 mg/kg) and both eyes
were removed for immunohistochemical examina-
tion. Enucleated eyes were fixed in 10% neutral
buffered formalin, paraffin-embedded and sectioned
at 5 μm. Sections were deparaffinized in xylene,
subjected to citrate buffer (pH 6.0) for heat-induced
epitope retrieval, peroxidase-blocked, and incubated
withmouse anti-αSMA (A5228; 1:100 dilution, Sigma-
Aldrich) antibody overnight at 4°C. Sections were
then stained with goat anti-mouse secondary antibody
conjugated toAlexa Fluor 488 (1:250 dilution, Thermo
Fisher Scientific), followed by nuclear counterstain-
ing with DAPI, and coverslipped. There was no stain-
ing when the secondary antibody was used alone as a
negative control. Slides containing a globe section from
each rabbit were imaged along the whole length of the
cornea using a Leica DMi8 fluorescence microscope
(Leica Microsystems, Buffalo Grove, IL). Corrected
total cell fluorescence (CTCF) was calculated using
the following formula, with the data from fluorescence
microscopy images, using ImageJ software: CTCF =
integrated density – (area of selected cell × mean
fluorescence of background readings).

Statistical Analysis

Data were presented as mean ± standard devia-
tion (SD) and statistical analyses were performed with
GraphPad Prism 8 (GraphPad Software, San Diego,
CA). All data sets were compared with Student’s t-
test using Welch’s correction, or one-way analysis of
variance (ANOVA), followed by a Dunnett’s multiple
comparisons test as indicated. Significance was defined
as P < 0.05 for all analyses. Statistically significant
differences are indicated in figures as *P < 0.05, **P
< 0.01 or ***P < 0.001, unless stated otherwise.

Results

ENMs Differentially Decreased Cell Viability

For the 11 metal oxide ENMs tested, the results
from MTT and Calcein AM assays were remarkably
consistent except TiO2 (Fig. 1). The CeO2 (10 nm) and
WO3 NPs showed mild toxicity at the highest concen-
tration tested (250 μg/ml) in one or both assays. By
contrast, V2O5, Fe2O3, CuO, and ZnO ENMs showed
greater toxicity with cell viabilities less than 80% at
the highest concentration (250 μg/ml). Interestingly,

TiO2 (100 nm) NPs at concentrations (≥25 μg/ml)
showed significantly greater cell viability compared to
vehicle control with Calcein AM but not MTT assays.
Automated cell counting was performed using cells
treated with vehicle or TiO2 (100 nm) NPs (250 μg/ml)
for 24 hours and demonstrated that cell viability was
decreased by 51% in comparison to vehicle control
consistent with the MTT assay (Supplement C).

TGF-β1-Induced αSMAmRNA Expression
Was Decreased by V2O5 Nanoflakes and
Increased by Fe2O3 NPs, but Only V2O5
Nanoflakes Altered αSMA Protein expression
in the Presence of TGF-β1

We studied the effects of the 11 metal oxide ENMs
on αSMA mRNA expression using quantitative real-
time PCR (Fig. 2A). While most ENMs showed no
significant change (P > 0.05) in αSMAmRNA expres-
sion in the absence or presence of TGF-β1, αSMA
mRNA was significantly decreased (P < 0.01) in V2O5
nanoflake treated cells and significantly increased (P
< 0.001) in Fe2O3 NP treated cells in the presence of
TGF-β1. Western blot analyses were also performed
on RCF lysates to measure the expression of αSMA,
which was significantly decreased (P < 0.01) by V2O5
nanoflake but not altered (P > 0.05) by Fe2O3 NP in
the presence of TGF-β1 (Figs. 2B and 2C).

Fe2O3 NP Showed No Effects on Stromal Haze
Formation Following PTK Treatment

Epithelial wound closure did not differ between
the Fe2O3 NP- and BSS-treated groups at all time
points. (Figs. 3A and 3B). Stromal haze thickness
as measured by FD-OCT (Fig. 3C) was significantly
altered over time (P< 0.001) but did not differ between
groups at any time point (P > 0.05; Fig. 3D). Using
immunohistochemistry, αSMA protein expression in
the stroma (Fig. 3E) did not markedly differ between
groups at 28 days following PTK treatment (P =
0.686; Fig. 3F). Conjunctival hyperemia, swelling, and
discharge, corneal opacity, and uveitis were assessed in
all PTK-treated eyes until re-epithelialization using the
SPOTS system, with no significant differences being
found between groups (P > 0.05; data not shown).

Discussion

This study investigated in vitro effects of 11 metal
oxide ENMs on cytotoxicity and KFM transforma-
tion of corneal stromal cells. Both CuO and ZnO NPs
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Figure 1. Rabbit corneal fibroblast cell viability was markedly reduced following treatment with somemetal oxide ENMs. The MTT (A) and
calcein AM (B) assays exhibited similar cell viability results for 11 metal oxide ENMs except for TiO2. The V2O5, Fe2O3, CuO, and ZnO ENMs
exertedmore potent cytotoxic effects than the other metal oxide ENMs. The heatmaps represent corneal fibroblast cell viability percentage
relative to vehicle control. In the heatmaps, purple and red indicate a high and low percentage of cell viability. *P < 0.05, one-way ANOVA
followed by Dunnett’s multiple comparisons test was performed to compare with the vehicle (DW) controls. DW, deionized water; Au NP,
gold nanoparticle; MgO, magnesium oxide; Al2O3, aluminum oxide; TiO2, titanium dioxide; Fe2O3, iron(III) oxide; CuO, copper(II) oxide; ZnO,
zinc oxide; CeO2, cerium(IV) oxide; WO3, tungsten trioxide.

release abundant metal ions and their cytotoxic effects
are primarily due to this phenomenon.5,21 Thus, it
was unsurprising that CuO and ZnO NPs exhibited
marked cytotoxicity to corneal fibroblasts consistent
with previous studies in other ocular cells types includ-
ing human corneal limbal epithelial cells and fibrob-
lasts,14 lens epithelial cells,41 retinal ganglion cells,42
and retinal photoreceptors.43 Although CuO and ZnO
NPs decreased cell viability and delayed epithelial and
fibroblast migration in the present as well as previ-
ous studies,13,14 they did not appear to alter KFM
transformation in vitro at the concentrations tested.
However, ZnO NPs delayed corneal epithelial migra-
tion in vivo and prior studies reported that they
induced pulmonary fibrosis and increased myofibrob-

last expression in vivo,13,44–50 suggesting that further
in vitro and in vivo studies are warranted.

We determined that V2O5 nanoflakes were moder-
ately toxic to RCFs, consistent with our previous study
of corneal epithelial cells in vitro13 as well as other
studies on mammalian cells with V2O3 nanotubes,
V2O5 NPs, and V2O5 nanotubes.51–53 In aggregate,
these data suggest that nanosized vanadium oxide
materials are noxious to cells regardless of their shape
or oxidation state. Occupational inhalation exposure to
V2O5 increases the risk of obstructive lung disease54
as these ENMs induce pulmonary inflammation and
fibrosis in mice and rats.55,56 Unexpectedly, a low
concentration of V2O5 nanoflakes reduced mRNA
and protein expression of αSMA in vitro consistent
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Figure 2. The V2O5 nanoflake decreased and Fe2O3 NP increased TGF-β1-induced mRNA expression of αSMA, but only V2O5 nanoflake
significantly altered αSMA protein expression. (A) Gene expression of αSMAwas analyzed by quantitative real-time PCR with normalization
against GAPDH. (B) Representative western blot images showing the expression of αSMA and GAPDH. (C) Protein expression of αSMA was
analyzed by western blotting with normalization against GAPDH. The data represent mean ± SD. n ≥ 3. **P < 0.01, ***P < 0.001, one-way
ANOVA followed by Dunnett’s multiple comparisons test was performed to compare with TGF-β1 treatment only.

with other studies of metal oxide ENMs that reduce
fibrosis.57,58 V2O5 nanoflakes delayed corneal epithelial
migration in vitro but did not impact corneal epithe-
lial wound healing in vivo in a rabbit model.13 There-
fore, V2O5 nanoflakes warrant further investigation
to explore their potential as a therapeutic agent for

preventing stromal haze formation following injury or
surgery.

We identified mildly reduced corneal fibroblast cell
viability following exposure to Fe2O3 NPs. Consis-
tent with these findings, previous studies have shown
that Fe2O3 NPs exhibit mild toxicity on human
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Figure 3. Stromal haze formation andαSMAexpression did not significantly differ between rabbits treatedwith topical Fe2O3 NP or vehicle
control (BSS). (A) Representative images of corneal epithelial wound healing in rabbits treated with topical Fe2O3 NP or BSS six times daily
following a PTK. (B) No significant differences are identified between Fe2O3 and BSS treated groups at all time points. (C) Representative
anterior segment SD-OCT images of the normal cornea (C, top row) and stromal haze (C, bottom row). At 14 days after PTK treatment, the
hyperreflective stromal hazewasobserved in the central anterior stromaandwas similar betweengroups. (D) Stromal haze thickness showed
no significant differences between Fe2O3 NP- and BSS-treated groups at all time points. (E) Representative image of immunohistochemical
staining forαSMA (green) in the central anterior stroma. Nucleiwere stainedwithDAPI (blue). (F) Bar graph showing the averages of corrected
total cell fluorescence (CTCF) for αSMA. No significant differences in the CTCF were observed between Fe2O3 NP- and BSS-treated groups.
Data are represented as mean ± SD.

lung and bronchial cells by inducing oxidative stress,
especially mitochondrial oxidative damage.59–61 In
TGF-β1-inducedmyofibroblasts, Fe2O3 NPsmarkedly
increased in vitromRNA expression of αSMA, but not
protein. The cause of this incongruency is unknown,
but it may be related to posttranslational modifica-
tions and/or protein degradation.62,63 We also deter-
mined that topical Fe2O3 NPs did not affect corneal re-

epithelialization or stromal haze formation in an in vivo
study using a rabbit PTK model. This contrasts with
a previous study of long-term inhalation exposure to
Fe2O3 NPs which induced pulmonary fibrosis through
a macrophage inflammatory response.64 In aggregate,
these data suggest that ocular exposure to Fe2O3 NPs
should not impact corneal epithelial or stromal wound
healing.
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In conclusion, four ENMs (V2O5, Fe2O3, CuO, and
ZnO) demonstrated greater toxicity to cultured RCFs
in comparison to seven other metal oxide ENMs. The
V2O5 nanoflakes attenuated KFM transformation in
vitro, but further investigations are required to deter-
mine their impact on stromal wound healing. While
Fe2O3 NPs induced KFM transformation in vitro, it
did not impact stromal wound healing in vivo.
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